


Using the VitalSource® ebook
Access to the VitalBookTM ebook accompanying this book is 
via VitalSource® Bookshelf – an ebook reader which allows 
you to make and share notes and highlights on your ebooks 
and search across all of the ebooks that you hold on your 
VitalSource Bookshelf. You can access the ebook online or 
offline on your smartphone, tablet or PC/Mac and your notes 
and highlights will automatically stay in sync no matter where 
you make them.

1.	 Create a VitalSource Bookshelf account at  
https://online.vitalsource.com/user/new or log into 
your existing account if you already have one.

2.	 Redeem the code provided in the panel  
below to get online access to the ebook.  
Log in to Bookshelf and select Redeem at the top right 
of the screen. Enter the redemption code shown on the 
scratch-off panel below in the Redeem Code pop-up and 
press Redeem. Once the code has been redeemed your 

ebook will download and appear in your library.

DOWNLOAD AND READ OFFLINE 
To use your ebook offline, download BookShelf to your PC, 
Mac, iOS device, Android device or Kindle Fire, and log in to 
your Bookshelf account to access your ebook:

On your PC/Mac
Go to https://support.vitalsource.com/hc/en-us and 
follow the instructions to download the free VitalSource 
Bookshelf  app to your PC or Mac and log into your 
Bookshelf account.

On your iPhone/iPod Touch/iPad 
Download the free VitalSource Bookshelf App available 
via the iTunes App Store and log into your Bookshelf 
account. You can find more information at https://support.
vitalsource.com/hc/en-us/categories/200134217-
Bookshelf-for-iOS

On your Android™ smartphone or tablet
Download the free VitalSource Bookshelf App available 
via Google Play and log into your Bookshelf account. You can 
find more information at https://support.vitalsource.com/
hc/en-us/categories/200139976-Bookshelf-for-Android-
and-Kindle-Fire

On your Kindle Fire
Download the free VitalSource Bookshelf App available 
from Amazon and log into your Bookshelf account. You can 
find more information at https://support.vitalsource.com/
hc/en-us/categories/200139976-Bookshelf-for-Android-
and-Kindle-Fire

N.B. The code in the scratch-off panel can only be used once. 
When you have created a Bookshelf account and redeemed 
the code you will be able to access the ebook online or offline 
on your smartphone, tablet or PC/Mac.

SUPPORT
If you have any questions about downloading Bookshelf, 
creating your account, or accessing and using your ebook 
edition, please visit http://support.vitalsource.com/

Accessing the E-book edition  

No returns if this code has been revealed.

https://online.vitalsource.com/user/new
https://support.vitalsource.com/hc/en-us
https://support.vitalsource.com/hc/en-us/categories/200134217-Bookshelf-for-iOS
https://support.vitalsource.com/hc/en-us/categories/200134217-Bookshelf-for-iOS
https://support.vitalsource.com/hc/en-us/categories/200134217-Bookshelf-for-iOS
https://support.vitalsource.com/hc/en-us/categories/200139976-Bookshelf-for-Androidand-Kindle-Fire
https://support.vitalsource.com/hc/en-us/categories/200139976-Bookshelf-for-Androidand-Kindle-Fire
https://support.vitalsource.com/hc/en-us/categories/200139976-Bookshelf-for-Androidand-Kindle-Fire
https://support.vitalsource.com/hc/en-us/categories/200139976-Bookshelf-for-Androidand-Kindle-Fire
https://support.vitalsource.com/hc/en-us/categories/200139976-Bookshelf-for-Androidand-Kindle-Fire
https://support.vitalsource.com/hc/en-us/categories/200139976-Bookshelf-for-Androidand-Kindle-Fire
http://support.vitalsource.com/




SERIES IN MATERNAL-FETAL MEDICINE
Published in association with the  

Journal of Maternal-Fetal & Neonatal Medicine

Edited by
Gian Carlo Di Renzo and Dev Maulik

Howard Carp, Recurrent Pregnancy Loss, ISBN 9780415421300

Vincenzo Berghella, Obstetric Evidence Based Guidelines, 
ISBN 9780415701884

Vincenzo Berghella, Maternal-Fetal Evidence Based Guidelines, 
ISBN 9780415432818

Moshe Hod, Lois Jovanovic, Gian Carlo Di Renzo, Alberto de Leiva,  
Oded Langer, Textbook of Diabetes and Pregnancy, Second Edition, 
ISBN 9780415426206

Simcha Yagel, Norman H. Silverman, Ulrich Gembruch,  
Fetal Cardiology, Second Edition, ISBN 9780415432658

Fabio Facchinetti, Gustaaf A. Dekker, Dante Baronciani,  
George Saade, Stillbirth: Understanding and Management, 
ISBN 9780415473903

Vincenzo Berghella, Maternal–Fetal Evidence Based Guidelines,  
Second Edition, ISBN 9781841848228

Vincenzo Berghella, Obstetric Evidence Based Guidelines, Second Edition, 
ISBN 9781841848242

Howard Carp, Recurrent Pregnancy Loss: Causes, Controversies, and 
Treatment, Second Edition, ISBN 9781482216141

Moshe Hod, Lois G. Jovanovic, Gian Carlo Di Renzo, Alberto De Leiva,  
Oded Langer, Textbook of Diabetes and Pregnancy, Third Edition, 
ISBN 9781482213607



Edited by

Moshe Hod MD
Director, Division of Maternal Fetal Medicine
Rabin Medical Center
Sackler Faculty of Medicine, Tel-Aviv University
Petah-Tiqva, Israel

Lois G. Jovanovic MD
Clinical Professor of Medicine, University of Southern California
Keck School of Medicine
Adjunct Professor of Biomolecular Science and Engineering
University of California at Santa Barbara
CEO and Chief Scientific Officer
Sansum Diabetes Research Institute, Santa Barbara, CA, USA

Gian Carlo Di Renzo MD PhD
Professor and Chairman
Department of Obstetrics and Gynecology
Director, Perinatal and Reproductive Medicine Center and Midwifery School, University Hospital
Perugia, Italy
Director, Permanent International and European School of Perinatal and Reproductive Medicine (PREIS)  
Florence, Italy

Alberto de Leiva MD PhD
Professor of Medicine, Universitat Autònoma de Barcelona
Director, Department of Endocrinology, Diabetes and Nutrition
Hospital de la Santa Creu i Sant Pau
Principal Investigator, EDUAB-HSP, CIBER-BBN, ISCIII
Vice President and Scientific Director, Fundación DIABEM
Barcelona, Spain

Oded Langer MD PhD
Former Babcock Professor and Chairman
Department of Obstetrics and Gynecology
St. Luke’s–Roosevelt Hospital Center
University Hospital for Columbia University
New York, NY, USA



MATLAB® is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does not warrant the accuracy of the text or exercises in 
this book. This book’s use or discussion of MATLAB® software or related products does not constitute endorsement or sponsorship by The MathWorks 
of a particular pedagogical approach or particular use of the MATLAB® software.

CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2016 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20160414

International Standard Book Number-13: 978-1-4822-1362-1 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. While all reasonable efforts have been made to publish reliable 
data and information, neither the author[s] nor the publisher can accept any legal responsibility or liability for any errors or omissions that may be made. 
The publishers wish to make clear that any views or opinions expressed in this book by individual editors, authors or contributors are personal to them 
and do not necessarily reflect the views/opinions of the publishers. The information or guidance contained in this book is intended for use by medical, 
scientific or health-care professionals and is provided strictly as a supplement to the medical or other professional’s own judgement, their knowledge of 
the patient’s medical history, relevant manufacturer’s instructions and the appropriate best practice guidelines. Because of the rapid advances in medi-
cal science, any information or advice on dosages, procedures or diagnoses should be independently verified. The reader is strongly urged to consult 
the relevant national drug formulary and the drug companies’ and device or material manufacturers’ printed instructions, and their websites, before 
administering or utilizing any of the drugs, devices or materials mentioned in this book. This book does not indicate whether a particular treatment is 
appropriate or suitable for a particular individual. Ultimately it is the sole responsibility of the medical professional to make his or her own professional 
judgements, so as to advise and treat patients appropriately. The authors and publishers have also attempted to trace the copyright holders of all material 
reproduced in this publication and apologize to copyright holders if permission to publish in this form has not been obtained. If any copyright material 
has not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any electronic, 
mechanical, or other means, now known or hereafter invented, including photocopying, microfilming, and recording, or in any information storage or 
retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://www.copyright.com/) or contact 
the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides 
licenses and registration for a variety of users. For organizations that have been granted a photocopy license by the CCC, a separate system of payment 
has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for identification and explanation 
without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

http://www.copyright.com/
http://www.taylorandfrancis.com
http://www.crcpress.com
http://www.copyright.com


To the most important people in my life

My wife Zipi; my sons Roy, Elad, and Yotam; my parents Esther and Michael; my grandchildren Dan, 
Guy, Noa, Carmel, and Dor; and their mothers Maya and Timi

For their tolerance, patience, and love—they made it all possible
Moshe Hod



This page intentionally left blankThis page intentionally left blank



vii

Contents

Preface	 xi
Contributors	 xvii

	 1.	 Introduction: Merging the legacies and hypotheses—Maternal medicine meets fetal medicine	 1
Moshe Hod, Kypros Nicolaides, Hamutal Meiri, and Nicky Lieberman

	 2.	History of diabetic pregnancy	 11
David R. Hadden

	 3.	Metabolism in normal pregnancy	 17
Emilio Herrera and Henar Ortega-Senovilla

	 4.	 Intermediary metabolism in pregnancies complicated by gestational diabetes	 28
Bartolomé Bonet, María Bonet-Alavés, and Isabel Sánchez-Vera

	 5.	Nutrient delivery and metabolism in the fetus	 34
William W. Hay, Jr., Paul J. Rozance, Stephanie R. Wesolowski, and Laura D. Brown

	 6.	Pathogenesis of gestational diabetes mellitus	 49
Yariv Yogev

	 7.	 Autoimmunity in gestational diabetes mellitus	 57
Alberto de Leiva, Dídac Mauricio, and Rosa Corcoy

	 8.	Epidemiology of gestational diabetes mellitus	 69
Yariv Yogev, Avi Ben Haroush, Moshe Hod, and Jeremy Oats

	 9.	Genetics of diabetic pregnancy	 78
Komal Bajaj and Susan J. Gross

10.	Animal models in diabetes and pregnancy research	 84
Catherine Yzydorczyk, Delphine Mitanchez, and Umberto Simeoni

11.	 Pathologic abnormalities of placental structure and function in diabetes	 91
Rhonda Bentley-Lewis, Maria Rosaria Raspollini, and Drucilla Roberts

12.	 The great obstetric syndromes: The roots of disease	 97
Rinat Gabbay-Benziv and Ahmet A. Baschat

13.	 Placental origins of diabesity and the origin of preeclampsia	 100
Gernot Desoye and Berthold Huppertz

14.	Diagnosis of gestational diabetes mellitus	 110
Donald R. Coustan and Boyd E. Metzger

15.	 Cost-effectiveness of screening and management programs for gestational diabetes mellitus	 119
Louise K. Weile, James G. Kahn, Elliot Marseille, and Nicolai Lohse

16.	Changing health policy: From study to national policy	 131
Ofra Kalter-Leibovici, Nicky Lieberman, Ronni Gamzu, and Moshe Hod

17.	 Ideal weight gain in diabetic pregnancy	 136
Gerard H.A. Visser and Harold W. de Valk

18.	Medical nutritional therapy for gestational diabetes mellitus	 138
Lois Jovanovic

19.	 Pharmacologic treatment of gestational diabetes mellitus: When to start and what agent to use	 147
Celeste P. Durnwald and Mark B. Landon

20.	Gestational diabetes mellitus: The consequences of not treating	 157
Oded Langer



viii  Contents

21.	 Gestational diabetes mellitus in multiple pregnancies	 169
Matteo Andrea Bonomo and Angela Napoli

22.	Glycemic goals in diabetic pregnancy and de�ning “good control”: Maternal and fetal perspective	 179
Liran Hiersch and Yariv Yogev

23.	 Insulin therapy in pregnancy	 187
Lois Jovanovic and John L. Kitzmiller

24.	Use of oral hypoglycemic agents in pregnancy	 200
Oded Langer

25.	The drug dilemma of oral antidiabetic agents in pregnancy: Metformin	 211
Yoel Toledano, Moshe Zloczower, and Nicky Lieberman

26.	Facing noncommunicable diseases’ global epidemic: The battle of prevention starts 
in utero—The FIGO challenge� 219
Luis Cabero and Sabaratnam Arulkumaran

27.	 Links between maternal health and noncommunicable diseases	 226
Anil Kapur

28.	Diabetic pregnancy in the developing world	 234
Eran Hadar, Eran Ashwal, and Moshe Hod

29.	Managing diabetic pregnancy in China	 242
Huixia Yang, Weiwei Zhu, and Rina Su

30.	Gestational diabetes mellitus, obesity, and pregnancy outcomes	 246
Harold David McIntyre, Marloes Dekker-Nitert, Helen Lorraine Graham Barrett, 
and Leonie Kaye Callaway

31.	 Obesity versus glycemic control: Which contributes more to adverse pregnancy outcome?	 253
Amir Aviram and Yariv Yogev

32.	Pharmacological treatment for the obese gestational diabetes mellitus patient	 259
Fiona C. Denison and Rebecca M. Reynolds

33.	Role of exercise in reducing the risks of gestational diabetes mellitus in obese women	 266
Raul Artal

34.	Role of bariatric surgery in obese women planning pregnancy	 273
Ron Charach and Eyal Sheiner

35.	Fetal lung maturity	 287
Gian Carlo Di Renzo, Giulia Babucci, and Graziano Clerici

36.	Monitoring during the later stage of pregnancy and during labor: Glycemic considerations	 299
Harold W. de Valk and Gerard H.A. Visser

37.	 Timing and mode of delivery	 305
Salvatore Alberico and Gianpaolo Maso

38.	Management of the macrosomic fetus	 312
Federico Mecacci, Marianna Pina Rambaldi, and Giorgio Mello

39.	Congenital malformations in diabetic pregnancy: Prevalence and types	 315
Paul Merlob

40.	Diabetic embryopathy in the preimplantation embryo	 321
Asher Ornoy and Noa Bischitz

41.	 Postimplantation diabetic embryopathy	 329
Ulf J. Eriksson and Parri Wentzel

42.	Fetal malformations detected with magnetic resonance imaging in the diabetic mother	 351
Tuangsit Wataganara

43.	Continuous glucose monitoring in pregnancy	 362
Marlon Pragnell and Aaron Kowalski



Contents  ix

44.	Insulin infusion pumps in pregnancy	 368
Ilana Jaye Halperin and Denice S. Feig

45.	Closed-loop insulin delivery in type 1 diabetes pregnancy	 373
Zoe A. Stewart and Helen R. Murphy

46.	Noninvasive glucose monitoring	 381
Itai Ben-David and Pierre Singer

47.	 Reproduction and its impact on health and disease	 391
Sara Ornaghi and Michael J. Paidas

48.	Diabetes, pregnancy, and the developmental origins of health and disease	 403
Gerard H.A. Visser and Mark A. Hanson

49.	 Interventions to improve pregnancy outcome in obese pregnancy: Implications for mother and child	 408
Rahat Maitland and Lucilla Poston

50.	Lifestyle interventions to reduce risk of diabetes among high-risk pregnant and postpartum women	 415
Lisa Chasan-Taber

51.	 Can fetal macrosomia be predicted and prevented?	 425
Maria Farren and Michael Turner

52.	Hypoglycemia in diabetic pregnancy	 432
Graziano Di Cianni, Cristina Lencioni, Emilia Lacaria, and Laura Russo

53.	Hypertensive disorders and diabetic pregnancy	 441
Jacob Bar, Moshe Hod, and Michal Kovo

54.	Diabetic retinopathy	 453
Nir Melamed and Moshe Hod

55.	Diabetic nephropathy	 466
Elisabeth R. Mathiesen, Lene Ringholm, and Peter Damm

56.	Diabetic ketoacidosis	 473
Annunziata Lapolla and Maria Grazia Dalfrà

57.	 Thyroid disease in pregnancy	 479
Yoel Toledano and Gabriella Solomon

58.	Quality of care for the woman with diabetes at pregnancy	 489
Alberto de Leiva, Rosa Corcoy, Alejandra de Leiva-Pérez, and Eulàlia Brugués

59.	Early pregnancy loss and perinatal mortality	 502
Kinneret Tenenbaum-Gavish, Anat Shmuely, and Moshe Hod

60.	Short-term implications of gestational diabetes mellitus: The neonate	 512
Delphine Mitanchez, Catherine Yzydorczyk, and Umberto Simeoni

61.	 Long-term outcomes after gestational diabetes mellitus exposure in the offspring	 519
Delphine Mitanchez, Catherine Yzydorczyk, and Umberto Simeoni

62.	Metabolomics and diabetic pregnancy	 524
Angelica Dessì, Roberta Carboni, and Vassilios Fanos

63.	Fetal growth restriction: Evidence-based clinical management	 529
Eduard Gratacós and Francesc Figueras

Index		 535



This page intentionally left blankThis page intentionally left blank



xi

Preface

In 2014, the International Federation of Gynecology and 
Obstetrics (FIGO) embarked on a new gestational diabetes 
mellitus (GDM) initiative with the ambitious objectives of 
(1) raising awareness of the links between hyperglycemia 
and poor maternal and fetal outcomes and to the future 
health risks to mother and o�spring, and demanding a 
clearly de�ned global health agenda to tackle this issue, 
and (2) creating a consensus document that provides guid-
ance for testing, management, and care of women with 
GDM regardless of resource setting and disseminating and 
encouraging its use. In order to develop such international 
guidance, FIGO brought together a group of experts (Moshe 
Hod, Anil Kapur, David A. Sacks, Eran Hadar, Mukesh 
Agarwal, Gian Carlo Di Renzo, Luis Cabero Roura, Harold 
David McIntyre, Jessica L. Morris, and Hema Divakar) to 
develop a document to frame the issues around gestational 
diabetes and suggest key actions to address the health bur-
den posed by it. �e result—“�e International Federation of 
Gynecology and Obstetrics (FIGO) Initiative on gestational 
diabetes mellitus: A pragmatic guide for diagnosis, manage-
ment, and care”—was published in the International Journal 
of Gynecology and Obstetrics 131 (S3) (2015) S173–S211 and 
launched at the FIGO World Congress in October 2015 in 
Vancouver. 

Despite challenges of providing guidance given the lim-
ited high-quality evidence available, this guide outlines 
current global standards for the testing, management, and 
care of women with GDM and provides pragmatic recom-
mendations, which, because of their level of acceptability, 
feasibility, and ease of implementation, have the potential to 
produce a signi�cant impact. Suggestions are provided for 
a variety of di�erent regional and resource settings based 
on their �nancial, human, and infrastructure resources, 
as well as for research priorities to bridge the gap between 
current knowledge and evidence. In assessing the quality 
of evidence and grading of the strength of recommenda-
tions, the guide follows the terminology proposed by the 
Grading of Recommendations, Assessment, Development 
and Evaluation (GRADE) Working Group in which strong 
recommendations are numbered as 1 and conditional/weak 
recommendations are numbered 2 with the quality of sup-
porting evidence labeled from very low quality to high qual-
ity of evidence. 

�e guidelines were extremely well received globally but 
it is the next phase that will be even more challenging for 
FIGO—the implementation of this extensive document via 
capacity building, education, and advocacy, as well through 
establishing a research network which will be able to provide 
evidence on operational and clinical implementation of the 
guidelines and provide health economics evidence to support 

the cost-e�ectiveness of the universal diagnosis approach. 
A summary of the main areas of focus is provided in the fol-
lowing, although we strongly suggest reading the original 
document, which is open access and includes references and 
can be found at www.�go.org/�go-project-publications.

Gestational diabetes mellitus
Hyperglycemia is one of the most common medical condi-
tions women encounter during pregnancy, with an estimated 
one in six live births (16.8%) to women with some form of 
hyperglycemia in pregnancy. While 16% of these cases may 
be due to diabetes in pregnancy (either preexisting diabetes—
type 1 or type 2—which antedates pregnancy or is �rst iden-
ti�ed during testing in the index pregnancy), the majority 
(84%) is due to gestational diabetes mellitus (GDM). 

�e occurrence of GDM parallels the prevalence of 
impaired glucose tolerance (IGT), obesity, and type 2 diabe-
tes mellitus (T2DM) in a given population. �ese conditions 
are on the rise globally. Moreover, the age of onset of diabetes 
and pre-diabetes is declining while the age of childbearing is 
increasing. �ere is also an increase in the rate of overweight 
and obese women of reproductive age; thus, more women 
entering pregnancy have risk factors that make them vulner-
able to hyperglycemia during pregnancy. 

GDM is associated with a higher incidence of maternal 
morbidity, including cesarean deliveries, shoulder dystocia, 
birth trauma, hypertensive disorders of pregnancy (includ-
ing pre-eclampsia), and subsequent development of T2DM. 
Perinatal and neonatal morbidities also increase; the latter 
include macrosomia, birth injury, hypoglycemia, polycy-
themia, and hyperbilirubinemia. Long-term sequelae in 
o�spring with in utero exposure to maternal hyperglyce-
mia may include higher risks for obesity and diabetes later 
in life. 

In most parts of low- and middle-income countries 
(LMICs) (which contribute to over 85% of the annual global 
deliveries), most women are either not screened or improp-
erly screened for diabetes during pregnancy—despite these 
countries accounting for 80% of the global diabetes burden 
and for 90% of all cases of maternal and perinatal deaths 
and poor pregnancy outcomes. In particular, eight LMICs—
India, China, Nigeria, Pakistan, Indonesia, Bangladesh, 
Brazil, and Mexico—account for 55% of the global live births 
(70 million live births annually) and 55% of the global bur-
den of diabetes (209.5 million) and should be key targets 
for any focused strategy on addressing the global burden of 
GDM pregnancies. �ese countries have been identi�ed as 
priority countries for all future GDM interventions.

http://www.figo.org/figo-project-publications
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Given the interaction between hyperglycemia and poor 
pregnancy outcomes, the role of in utero imprinting in 
increasing the risk of diabetes and cardiometabolic disorders 
in the o�spring of mothers with hyperglycemia in pregnancy, 
and increasing maternal vulnerability to future diabetes and 
cardiovascular disorders, there needs to be a greater global 
focus on preventing, screening, diagnosing, and managing 
hyperglycemia in pregnancy. �e relevance of GDM as a pri-
ority for maternal health and its impact on the future burden 
of noncommunicable diseases is no longer in doubt, but how 
best to deal with the issue remains contentious, as there are 
many gaps in knowledge on how to prevent, diagnose, and 
manage GDM to optimize care and outcome. �ese must be 
addressed through future research.

Diagnosing GDM
Global healthcare organizations and professional bodies have 
advocated a plethora of diverse algorithms for screening and 
diagnosis of GDM that have been criticized for lacking valida-
tion, inasmuch as they were developed based on tenuous data, 
the biased result of expert opinions, which were based on eco-
nomic considerations or were convenience oriented, thereby 
creating confusion and uncertainty among care providers. 
One underlying yet fundamental problem, as shown consis-
tently by several studies, including the Hyperglycemia and 
Adverse Pregnancy Outcomes (HAPO) study, is that the risk 
of poor pregnancy outcomes associated with hyperglycemia 
is continuous, with no clear in�ection points.

It is therefore clear that any set of criteria for the diagno-
sis of GDM proposed will need to evolve from a consensus 
approach, balancing risks and bene�ts in particular social, 
economic, and clinical contexts. In addition to di�erent cut-
o� values, the lack of consensus among di�erent professional 
bodies for an algorithm for screening and diagnosis of GDM 
is perhaps an even larger problem. 

Selective testing based on clinical risk factors for GDM 
evolved from the view that in populations with a low risk 
of GDM, subjecting all pregnant women to a laboratory test 
was not considered cost-e�ective. Variations in risk factors 
have resulted in di�erent approaches, generally with poor 
sensitivity and speci�city. �e major problem of risk factor–
based screening is its high demand on healthcare providers 
with more complex protocols for testing, which result in 
lower compliance by both patients and healthcare providers.

Given the high rates of hyperglycemia in pregnancy in 
most populations and that selective testing based on known 
risk factors has poor sensitivity for detection of GDM in a 
given population, it seems appropriate to recommend uni-
versal rather than risk factor–based testing. �is approach 
is strongly recommended by FIGO and is particularly rele-
vant to LMICs where 90% of all cases of GDM are found and 
ascertainment of risk factors is poor owing to low levels of 
education and awareness and poor record keeping. In many 
of these countries, there is little justi�cation for selective 
testing, as they also have ethnic populations considered to 

be at high risk, and universal testing will have to be strictly 
implemented and measured to ensure that all women are 
o�ered the test. 

�e diagnosis of diabetes in pregnancy as de�ned by the 
WHO criteria and the diagnosis of GDM should be made 
using a single-step 75 g OGTT as per the recommendation of 
the IADPSG (2010) and WHO (2013). FIGO suggests various 
alternatives based on resource settings in Table P.1.

Glucose measurement: Technical 
considerations in laboratory and 
point-of-care testing
Most glucose measurements in laboratories are performed 
on serum or plasma. Faster laboratory turnaround time is 
one reason that plasma has become the gold standard for 
glucose measurement. However, in most laboratory panels 
(i.e., the comprehensive metabolic panel), serum is the most 
suitable sample for all other laboratory tests performed, and 
so a “panel” glucose is usually a serum glucose.

Ideally, for diagnosis of GDM, reliable test results should 
be based on venous plasma samples properly collected and 
transported prior to laboratory testing by an accredited labo-
ratory. However, this ideal situation may not be present in 
many primary care settings, particularly in the developing 
world where proper facility for collection, transport, storage, 
or testing may not exist. In this situation, FIGO recommends 
that it is acceptable to use a plasma calibrated handheld glu-
cometer with properly stored test strips to measure plasma 
glucose. Regular calibration should be undertaken with 
standard test solutions (usually supplied by the glucose 
meter manufacturer). 

Management of hyperglycemia 
during pregnancy
Fetal and maternal outcomes are directly correlated with 
the degree of maternal glycemic control. �e primary goal 
of treatment for pregnancies complicated by diabetes is to 
ensure as close to normal outcome as possible for the mother 
and o�spring by controlling maternal hyperglycemia. Since 
fetal macrosomia is the most frequent complication of dia-
betes, special e�ort should be directed toward its diagno-
sis and prevention. Fetal assessment can be achieved by a 
fetal kick count, biophysical pro�le, and cardiotocography 
(nonstress test).

Maternal hyperglycemia and macrosomia are associated 
with increased risk of intrauterine fetal death and other 
adverse outcomes. �erefore, induction of labor may be con-
sidered at 38−39 weeks, although there is no good-quality 
evidence to support such an approach. �us, some guide-
lines suggest that a pregnancy with good glycemic control 
and a seemingly appropriate gestational-age fetus ought to 
continue until 40−41 weeks. Given the signi�cantly greater 
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Table P.1  Options for diagnosis of GDM based on resource settings

Setting 

Strategy 

Grade 
Who to test and 

when Diagnostic test Interpretationa

Fully resourced settings All women at 
booking/�rst 
trimester

Measure FPG, RBG, or 
HbA1c to detect 
diabetes in pregnancy

1|⊕⊕⊕O

24−28 weeks If negative: perform 75 g 
2-hour OGTT

Fully resourced settings 
serving ethnic 
populations at high 
riskb

All women at 
booking/�rst 
trimester

Perform 75 g 2-hour 
OGTT to detect 
diabetes in pregnancy

2|⊕OOO

24−28 weeks If negative: repeat 75 g 
2-hour OGTT

Any setting (basic); 
particularly medium- 
to low-resource 
settings serving 
ethnic populations 
at risk 

All women 
between 24 
and 28 weeks

Perform 75 g 2-hour 
OGTT

1|⊕⊕⊕O

Alternative strategies as currently used in speci�ed countries
China: Medium- to 

low-resource settings 
serving populations 
at high risk

All women at 
booking/�rst 
trimester

Measure FPG to detect 
diabetes in pregnancy

>7.0 mmol/L or 
>126 mg/dL.

FPG values between 5.6 
and 6.9 mmol/L (100 
and 125 mg/dL) 
consider as GDM

2|⊕OOO 

24−28 weeks If negative: perform 75 g 
2-hour OGTT

Or
To reduce number of 

OGTTs measure FPG.
Only in women with 

values between 4.5 and 
5.0 mmol/L (81 and 90 
mg/dL) perform 75 g 
2-hour OGTT

Value >5.1 mmol/L or 
>92 mg/dL diagnostic 
of GDM

1|⊕⊕⊕O

2|⊕OOO

Indian subcontinent: 
Medium- to 
low-resource settings 
serving rural/
semi-urban/urban 
ethnic populations 
at high risk

All women at 
booking/�rst 
trimester

Measure fasting or 
nonfasting 2-hour value 
after 75 g OGTT

Reading between 7.8 and 
11.0 mmol/L or 140 
and 199 mg/dL 
indicates GDM

2|⊕OOO

24−28 weeks If negative: repeat test

Latin America: 
Medium- to 
low-resource settings

All women at 
booking/�rst 
trimester

Measure FPG to detect  
diabetes in pregnancy

>7.0 mmol/L or 
>126 mg/dL.

2|⊕OOO

FPG values between 5.6 
and 6.9 mmol/L (100 
and 125 mg/dL) 
consider as GDM

24−28 weeks If negative: perform 75 g 
2-hour OGTT

75 g 2-hour glucose value 
>7.8 mmol/L or >140 
mg/dL is diagnostic of 
GDMd

(Continued)
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risk of shoulder dystocia at any birthweight above 3750 g for 
babies of women with diabetes, consideration may be given 
to elective cesarean delivery when the best estimate of fetal 
weight exceeds 4000 g. Recommendations are provided for 
prenatal supervision, fetal growth assessment, fetal well-
being surveillance, and timing and mode of delivery.

Blood glucose control can be evaluated in one of three 
ways: glycosylated hemoglobin (HbA1c), self-monitoring of 
blood glucose, and continuous glucose monitoring. �e rec-
ommendations for glucose monitoring in women with GDM 
are given in the document. Attempts must be made to achieve 
glucose levels as close as possible to those seen in normal 
pregnancy. Elevated glucose values, speci�cally postpran-
dial glucose levels, are associated with adverse pregnancy 
outcomes in patients with hyperglycemia in pregnancy. Data 
suggest that postprandial glucose levels are more closely 
associated with macrosomia than fasting glucose levels. No 
controlled study has, as yet, established the optimal plasma 
glucose level(s) to prevent increased fetal risk. Glycemic tar-
gets for women with GDM are provided.

Overweight and obese women before pregnancy are at 
an increased risk for pregnancy complications including 

diabetes, hypertensive complications, stillbirth, and cesar-
ean delivery. Recommendations are given for weight gain 
during pregnancy for women with diabetes. Nutritional 
therapy includes an individualized food plan to optimize 
glycemic control. It should be based on personal and cul-
tural eating habits, physical activity, blood glucose measure-
ments, and the expected physiological e�ects of pregnancy 
on the mother and her fetus. Nutritional intervention for 
diabetes, speci�cally pregnancy complicated with diabetes, 
is consistently considered a fundamental treatment modal-
ity and is the �rst-line therapy for all women diagnosed with 
GDM. Women with GDM and DIP must receive practical 
education that empowers them to choose the right quantity 
and quality of food. Recommendations are given for nutri-
tion therapy in women with GDM, and for physical activity, 
which has been shown to have bene�ts. 

Management using pharmacological treatment may also 
be required. In the short term, for women with GDM requir-
ing drug treatment, glyburide is inferior to both insulin and 
metformin, while metformin (plus insulin when required) 
performs slightly better than insulin. Recommendations 
for pharmacological treatment in women with GDM are 

Table P.1 (Continued)  Options for diagnosis of GDM based on resource settings

Setting 

Strategy 

Grade 
Who to test and 

when Diagnostic test Interpretationa

United Kingdom: All 
settings

Selected women 
at booking/as 
soon as 
possiblee

Perform 75 g 2-hour 
OGTT

FPG of 100 mg/dL or 
5.6 mmol/L or above or 
2-hour plasma glucose 
of 140 mg/dL or 
7.8 mmol/L or above 
is diagnosticg24−28 weeks If negative: perform 75 g 

2-hour OGTTOffered also to 
other women 
with risk 
factors for 
GDMf

Abbreviations: �FPG, fasting plasma glucose; RBG, random blood glucose; HbA1c, glycosylated hemoglobin; GDM, gestational 
diabetes mellitus; OGTT, oral glucose tolerance test.

a	 Interpret as per IADPSG/WHO/IDF guidelines unless stated otherwise.
b	 Asians are at high risk of hyperglycemia during pregnancy, which may include previously undiagnosed diabetes. The propor-

tion of previously undiagnosed diabetes is highest in the youngest age group particularly among women. In Asian populations, 
FPG and HbA1c have much lower sensitivity to diagnose diabetes than the 2-hour post-glucose value. In a study of 11 Asian 
cohorts, more than half of the diabetic subjects had isolated postchallenge hyperglycemia. In a study in China, 46.6% of the 
participants with undiagnosed diabetes (44.1% of the men and 50.2% of the women) had isolated increased 2-hour plasma 
glucose levels after an OGTT. Therefore, the need to identify postprandial hyperglycemia seems especially relevant in Asian 
populations. 

c	 Diabetes in Pregnancy Study Group in India (DIPSI) Guideline.
d	 Latin America Study Group.
e	 Women with a past history of GDM or women with glycosuria of 2+ or above on one occasion or of 1+ or above on two or more 

occasions (as detected by reagent strip testing during routine prenatal care in the current pregnancy).
f	 BMI above 30 (calculated as weight in kilograms divided by height in meters squared), previous macrosomic baby weighing 

4.5 kg or above, family history of diabetes, �rst-degree relative with diabetes, minority ethnic family origin with a high prevalence 
of diabetes.

g	 National Institute for Health and Care Excellence (NICE) Diabetes in pregnancy: management of diabetes and its complications 
from preconception to the postnatal period. NICE guidelines [NG3]. Published February 2015. http://www.nice.org.uk/guidance/
ng3/evidence.

http://www.nice.org.uk/guidance/ng3/evidence
http://www.nice.org.uk/guidance/ng3/evidence
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given. It is important to note that there is no long-term 
evidence on the safety of oral antidiabetic drugs (OADs). 
�e following insulins may be considered safe and e�ective 
treatment during pregnancy: regular insulin, NPH, lispro, 
aspart, and detemir.

Postpartum management
�e postpartum period is crucial, not only in terms of 
addressing the immediate perinatal problems but also in the 
long term for establishing the basis for early preventive health 
for both mother and child, who are at a heightened risk for 
future obesity, metabolic syndrome, diabetes, hypertension, 
and cardiovascular disorders.

Mothers with GDM and diabetes in pregnancy need to 
be encouraged and supported in initiating and maintaining 
breastfeeding. Breastfeeding has been shown to be protec-
tive against the occurrence of infant and maternal compli-
cations, including reduction in childhood obesity, T2DM, 
and even T1DM. Moreover, breastfeeding helps postpar-
tum weight loss. Treatment with insulin or commonly used 
OADs, such as glyburide and metformin, is not a contrain-
dication to breastfeeding as levels of OAD medications in 
breast milk are negligible and do not cause hypoglycemia 
in the baby. 

For all women diagnosed with hyperglycemia for the �rst 
time during pregnancy (GDM and DIP), the glycemic status 
should be reevaluated with a 75 g oral OGTT at 6−12 weeks 
a�er delivery with diagnosis based on the WHO criteria for 
diabetes, impaired fasting glucose (IFG), and impaired glu-
cose tolerance (IGT) in the nonpregnant state. Women who 
do not have diabetes or pre-diabetes, according to these de�-
nitions, are still at risk of progression to diabetes and other 
cardiovascular problems and require ongoing surveillance 
according to local protocol. 

Irrespective of the glycemic status on early postpartum 
testing, it should be assumed that women with GDM have 
the same or a higher level of future risk of diabetes and 
cardiovascular disease as people with prediabetes and they 
should be advised to maintain a healthy lifestyle with an 
appropriate diet, regular exercise, and normal body weight. 
Furthermore, to ensure optimal health before attempting 
their next pregnancy, they should seek consultation with 
healthcare providers knowledgeable about diabetes preven-
tion. Progression to diabetes is more common in women 
with a history of GDM compared with those without GDM 
history, despite equivalent degrees of IGT at baseline. Both 
intensive lifestyle and metformin have been shown to be 
highly e�ective in delaying or preventing diabetes in women 
with IGT and a history of GDM and lowering the risk of pro-
gression from GDM to T2DM.

Obstetricians, family physicians, internists, pediatricians, 
and other healthcare providers must link postpartum follow-
up of a GDM mother with the child’s vaccination and routine 
pediatric care program to ensure continued follow-up and 
engagement of the high-risk mother−child pair.

Preconception care
Preconception care is a set of assessment measures and inter-
ventions undertaken prior to conception. �ese are aimed at 
identifying and modifying medical, behavioral, and social 
risks to women’s health during pregnancy, which may pre-
vent or mitigate adverse pregnancy outcomes.

Pregnancies should be planned and maternal assessment 
with possible interventions should occur prior to conception 
to improve pregnancy outcome and maternal health. �is 
may not only improve immediate maternal, perinatal, and 
neonatal outcomes, but possibly may have long-term bene�-
cial e�ects on both the mother and her baby, lasting well into 
adulthood and impacting next-generation o�spring, through 
epigenetic changes and intrauterine fetal programming. It is 
estimated that 30%−90% of women have at least one condi-
tion or risk factor, such as anemia, undernutrition, obesity, 
diabetes, hypertension, and thyroid disorders, that may bene�t 
from an appropriate preconception intervention; however, 
only 30%−50% of pregnancies are planned and receive proper 
preconception care. �e key challenges are increasing aware-
ness and acceptance of the concept of preconception counsel-
ing and increasing a�ordability and access to preconception 
services to women of reproductive age. 

Universal preconception care, as a concept, is still a chal-
lenge in most parts of the world, where a signi�cant propor-
tion of women do not have access to prenatal care or receive 
only one or two prenatal visits, the concept of preconception 
care is a far-o� goal but envisaged as an intervention that 
could dramatically change maternal and neonatal health 
and outcomes. Screening for conditions such as malnutri-
tion, anemia, overweight and obesity, hypertension, diabetes, 
and thyroid dysfunction may have a signi�cant impact. For 
women with diabetes, preconception care is also cost-saving 
and yet only half the women with diabetes undergo appropri-
ate preconception glycemic control. 

In summary, to address the issue of GDM, FIGO recom-
mends the following:

●● Public health focus: �ere should be greater international 
attention paid to GDM and to the links between maternal 
health and noncommunicable diseases on the sustainable 
developmental goals agenda. Public health measures to 
increase awareness, access, a�ordability, and acceptance 
of preconception counseling, and prenatal and post-
natal services for women of reproductive age must be 
prioritized.

●● Universal testing: All pregnant women should be tested 
for hyperglycemia during pregnancy using a one-step 
procedure and FIGO encourages all countries and its 
member associations to adapt and promote strategies to 
ensure this.

●● Criteria for diagnosis: �e WHO criteria for diagnosis 
of diabetes mellitus in pregnancy and the WHO and the 
International Association of Diabetes in Pregnancy Study 
Groups (IADPSG) criteria for diagnosis of GDM should 
be used when possible. Keeping in mind the resource 
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constraints in many low-resource countries, alternate 
strategies described in the document should also be con-
sidered equally acceptable.

●● Diagnosis of GDM: Diagnosis should ideally be based on 
laboratory results of venous plasma samples that are prop-
erly collected, transported, and tested. Given the resource 
constraints in many low-resource countries, it is accept-
able to use a plasma-calibrated handheld glucometer for 
diagnostic purposes.

●● Management of GDM: Management should be in accor-
dance with available national resources and infrastructure 
even if the speci�c diagnostic and treatment protocols are 
not supported by high-quality evidence, as this is prefer-
able to no care at all.

●● Lifestyle management: Nutrition counseling and physical 
activity should be the primary tools in the management 
of GDM. Women with GDM must receive practical nutri-
tional education and counseling that will empower them 
to choose the right quantity and quality of food and level 
of physical activity. �ey should be advised repeatedly 
during pregnancy to continue the same healthy lifestyle 
a�er delivery to reduce the risk of future obesity, T2DM, 
and cardiovascular diseases.

●● Pharmacological management: If lifestyle modi�ca-
tion alone fails to achieve glucose control, metformin, 
glyburide, or insulin should be considered as safe and 

e�ective treatment options for GDM during the second 
and third trimesters.

●● Postpartum follow-up and linkage to care: Following a 
GDM pregnancy, the postpartum period provides an 
important platform to initiate bene�cial health practices 
for both mother and child to reduce the future burden of 
several noncommunicable diseases. Obstetricians must 
establish links with family physicians, internists, pedia-
tricians, and other healthcare providers to support post-
partum follow-up of GDM mothers and their children. 
A follow-up program linked to the child’s vaccination and 
regular health check-up visits provides an opportunity for 
continued engagement with the high-risk mother−child 
pair. 

●● Future research: �ere should be greater international 
research collaboration to address the knowledge gaps 
to better understand the links between maternal health 
and noncommunicable diseases. Evidence-based �nd-
ings are urgently needed to provide best practice stan-
dards for testing, management, and care of women 
with GDM. Cost-e�ectiveness models must be used in 
countries with speci�c burden of disease and resources 
to make the best choices for testing and management 
of GDM.

Moshe Hod
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Introduction: Merging the 
legacies and hypotheses—
Maternal medicine meets 
fetal medicine
Moshe Hod, Kypros Nicolaides, Hamutal Meiri, and Nicky Lieberman

Introduction
�is chapter was written in line with the need to revolution-
ize maternal fetal medicine by returning the M (maternal) to 
the MFM subspecialty (maternal–fetal medicine) by introduc-
ing a new paradigm of care composed of novel technologies 
and comprehensive services in order to reduce maternal and 
fetal morbidity and mortality. A three-�oor service model is 
introduced, composed of the prepregnancy clinic, the inverted 
pyramid of antenatal care, and the postpregnancy clinic, each 
with a combined methodology composed of existing and 
novel testing procedures (such as preglycemic evaluation in 
the prepregnancy clinic, free circulating DNA during the �rst 
trimester, or echocardiography of the newborn in the postna-
tal service, among many others). All �oors begin at the level of 
community clinic/family obstetrician before the high-risk spe-
cialists are called to service and introduce a contingency man-
agement and prevention follow-up. �e approach expresses 
the need to provide comprehensive service starting from a 
traditional patient evaluation spanning medical and preg-
nancy history and demography, biochemical and biophysical 
markers, sonography, chemical blood tests, and introducing 
“omics” to fetal medicine. �is approach enables personal-
ized medicine and a systematic method to focus the medical 
attention on those who need it most, allowing the others to 
have a less intensive medical involvement. It �ts the new world 
of social media, computerized algorithms derived from mega 
databases, and the need to integrate all sources of information 
and know-how to generate an evidence-based medical treat-
ment plan as required in today’s world of medicine. �is chap-
ter calls for introducing training and education to the new 
doctor generation and to systematically adjust the maternal–
fetal medicine (MFM) system of care in order to achieve the 
required improvement in maternal and fetal health.

�e �rst 9 months of life shapes the o�spring’s adulthood 
while simultaneously impacting maternal life a�er pregnancy. 

Such long-term e�ects on the health of mothers and their 
children are mediated through epigenetic, physiological, endo-
crinological, and biochemical pathways and by imprinting of 
responses to stress. �ey contribute to the increased postpreg-
nancy risk of developing noncommunicable diseases (NCDs) 
that are passed on from one generation to the next through the 
critical period of pregnancy. A need for an all-encompassing 
approach for improving maternal and fetal medicine is thus 
required to interrupt the vicious cycle that starts at pregnancy 
disorder in order to improve the maternal life in this genera-
tion and the fetal life of the future generations. �e holistic 
approach is needed to merge the importance of maternal and 
fetal health in the MFM subspecialty. �is chapter presents 
a new three-�oor holistic and multidisciplinary model for 
maternal and fetal medicine. �e model’s �rst �oor is pre-
pregnancy care and involves family planning and assessment 
of the prior risks for NCDs and their prepregnancy control 
and prevention. It continues through the introduction of the 
inverted pyramid of antenatal care that shi�s the emphasis 
from the third to the �rst trimester of pregnancy, o�ering a 
multidisciplinary screening and risk assessment followed by 
individually tailored prevention and management pathways. 
�e third �oor is the postpregnancy health management to 
minimize long-term damage. �is model of MFM care is pro-
posed to improve maternal outcome and prevent short- and 
long-term complications not only to the mothers but also to 
their children and the coming generations.

Bringing maternal–fetal medicine to 
the new era of medicine
MFM was established a few decades ago as a multidisci-
plinary subspecialty dedicated to optimizing pregnancy 
and perinatal outcomes. �e MFM subspecialty emerged 
from the need to combine diagnosis and treatment of both 
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the mother and her fetus in cases of high-risk pregnancies. 
�e rapid advance in sonography, the introduction of MRI, 
and the leap jump of measuring fetal DNA in maternal blood 
have shi�ed the MFM emphasis to fetal medicine. �is prog-
ress occurs in parallel to increased maternal morbidity and 
failures in the attempts to decrease maternal mortality rates 
over the last few decades.1–3 �us, there is a need to reem-
phasize the maternal component (M) in the MFM specialty 
by means of introducing new concepts and advanced diag-
nostic procedures and policies coupled with changes in edu-
cation and training, in order to implement improvements 
in healthcare services for pregnant women and enable the 
introduction of a personalized medical approach.1,2

In this commentary, we aim to present a new paradigm 
for healthcare service reorganization combining front-edge 
technologies for early diagnostics, prevention, and treat-
ments that can assist healthcare organizations in achieving 
reduced morbidity and mortality while optimizing cost ben-
e�t for the obstetrical care as a whole and pregnancy out-
comes in particular. �e approach is patient centered and 
o�ers services to meet the individual patient needs.

The Neglected M in MFM
Although the maternal and fetal medicine subspecialty was 
originally introduced to equally address fetal and/or mater-
nal aspects of pregnancy management, the main focus of 
MFM today is the diagnosis and treatment of fetal complica-
tions and improving neonatal outcome. �e health of preg-
nant mothers is no longer getting su�cient attention. �is 
situation may have been in�uenced by the rapid progress in 
prenatal diagnosis of congenital and chromosomal anoma-
lies, the introduction of fetoscopic surgery for in utero treat-
ments of fetal disorders and advanced imaging and Doppler 
methodologies, and the profound impact of these develop-
ments in reducing the incidence of major pregnancy disor-
ders, stillbirth, and preterm birth.3

As the advanced treatment o�ered by neonatal intensive 
care units progressed, premature babies with very low birth 
weight are saved generating challenges for the postdelivery 
management of newborns.4

At the same time, maternal morbidity rates have been ris-
ing.5 One major contributor, mainly in developed countries, 
is the obesity epidemic6 causing increased rates of metabolic 
disorders, diabetes, hypertensive disorders, and cardiovascu-
lar diseases (CVDs), all of which are chronic in nature, in the 
general population. Women a�ected by these diseases have 
an elevated risk for pregnancy disorders, including hyper-
tension disorders in pregnancy, gestational diabetes (GDM), 
and prematurity as suggested by the American College 
of Obstetricians and Gynecologists (http://www.acog.
org/Resources-And-Publications/Committee-Opinions/
Committee-on-Obstetric-Practice/Obesity-in-Pregnancy). 
�e constant rise in the rates of delivery by cesarean section 
entails elevated risks of placenta accreta and hemorrhages.7 
Furthermore, new assisted reproductive technologies 
opened the possibility for women to conceive among those 
with kidney, lung, heart, and other serious medical diseases 

and for pregnancy at an advanced maternal age.8 Finally, 
there is a continuing trend across the developed world to 
postpone family planning and attempt to conceive at an 
advanced maternal age, with Italy leading the convoy with 
34.9% of women delivering at age 35 and older as reported 
by the EUROPRESTAT project evaluating pregnancy sta-
tistics of 39 countries in Europe (http://www.europeristat.
com/reports/european-perinatal-health-report-2010.htm). 
While this may in turn be a source of organ regeneration and 
extension of maternal longevity,9 it is also associated with 
increased risk for preeclampsia, intra uterine growth restric-
tion (IUGR), and preterm birth.10 Consequently, a higher 
percentage of pregnant women are at high risk for develop-
ing serious maternal complications during pregnancy and 
the postpartum period.1,5

In the United States, the major etiologies of maternal 
mortality during pregnancy, labor, and delivery are CVDs, 
14.6%; infection or sepsis, 13.6%; non-CVDs, 12.7%; cardio-
myopathy, 11.8%; hemorrhage, 11.4%; thrombotic pulmo-
nary embolism, 9.6%; hypertensive disorders of pregnancy, 
9.4%; cerebrovascular accidents, 6.2%; amniotic �uid embo-
lism, 5.3%; and anesthesia complications, 0.7% as reported 
by the National Center for Chronic Disease Prevention 
and Health promotion, NCCDPHP (http://www.cdc.gov/
reproductivehealth/MaternalInfantHealth/PMSS.html). 
�ese leading causes of maternal morbidity and mortality 
demonstrate that prepregnancy health (especially in the 
context of CVDs) contributes to increased pregnancy com-
plications. Further emphasis of the potential bene�t of early 
diagnosis and prevention (especially of hypertensive disor-
ders during pregnancy) is attempted at reducing maternal 
mortality during pregnancy or immediately a�er delivery, 
also demonstrating how the mode of delivery and postnatal 
care impacts pregnancy outcome.9,10

In the 2010 annual convention of the American Society 
for Maternal and Fetal Medicine, M.E. D’Alton was the �rst 
to address the question: “Where is the ‘M’ in Maternal Fetal 
Medicine?”11 She urged to outline a speci�c plan for clinical, 
educational, and research initiatives in order to return the 
maternal “M” in MFM to the center of fetal and maternal 
medical care. In 2012, a step forward was undertaken by the 
leading U.S. authorities in obstetrics and gynecology by pub-
lishing their recommendations to enhance education and 
training in maternal care for MFM fellows, to improve medi-
cal care and management of pregnant women, and to address 
critical research gaps in maternal medicine.4,11 However, to 
really return the focus to the maternal M in MFM, educa-
tion and training alone are insu�cient. A revolution in ser-
vice provision and introduction of the front-edge diagnostic 
and prevention technologies is required in order to shi� the 
emphasis to early diagnosis and prevention, to introduce an 
individualized approach, to combine the front-edge genom-
ics into the standard of care, and to shi� the paradigms of 
perinatal and antenatal care to emphasize maternal and 
not just fetal aspects. And this will make the di�erence, 
save lives, and improve the use of �nancial resources to 
the patients’ bene�t. Such a paradigm shi� is timely and is 
required to improve maternal health and fetal outcome.

http://www.acog.org/Resources-And-Publications/Committee-Opinions/Committee-on-Obstetric-Practice/Obesity-in-Pregnancy
http://www.acog.org/Resources-And-Publications/Committee-Opinions/Committee-on-Obstetric-Practice/Obesity-in-Pregnancy
http://www.acog.org/Resources-And-Publications/Committee-Opinions/Committee-on-Obstetric-Practice/Obesity-in-Pregnancy
http://www.europeristat.com/reports/european-perinatal-health-report-2010.htm
http://www.europeristat.com/reports/european-perinatal-health-report-2010.htm
http://www.cdc.gov/reproductivehealth/MaternalInfantHealth/PMSS.html
http://www.cdc.gov/reproductivehealth/MaternalInfantHealth/PMSS.html


Bringing maternal–fetal medicine to the new era of medicine  3

�is paradigm shi� involves the introduction of multidis-
ciplinary assessment procedures and novel test technologies 
with a focus on early diagnosis and prevention/management 
of the major causes of maternal morbidities and mortality.12 In 
this commentary, we suggest the introduction of the inverted 
pyramid of antenatal care for early (�rst trimester) screening 
of a pregnant woman. �e aim is to detect the development 
of pregnancy disorders and outline the personalized path-
way for the prevention of these disorders to improve preg-
nancy outcomes, as proposed by Nicolaides.13 It is proposed to 
implement the inverted pyramid of prenatal care as the major 
paradigm for antenatal care during pregnancy.

Additional components o�ered in the current com-
mentary is the introduction of new means and tools for 
implementation into the routine practice of pregnancy 
management the methods for prepregnancy family planning 
and health evaluation. It will enable to assess the prior risks 
before conceiving and to plan ahead and provide appropri-
ate maternal care facilities. Using this framework will allow 
prior risk assessment and management before entering into 
the process of conceiving.

O�ering postpregnancy prevention and management can 
then complete the whole framework of comprehensive ser-
vices for pregnant women.

Combining the progress in fetal medicine with innova-
tion in maternal health not only o�ers remerging the M and 
the F of the MFM specialty but will also bridge the discrep-
ancies and introduce new strategies for pregnancy manage-
ment. �is approach can assist healthcare organizations in 
optimizing obstetrics care and pregnancy outcome.14

Bridging between maternal and fetal medicine: The 
maternal–fetal medicine hypotheses
�e integration between the “M” and “F” components of 
maternal and fetal medicine is required to enable compre-
hensive care and management.12 During pregnancy, women’s 
bodies and their fetuses are interconnected. Maternal heart 
adjustments occur in response to the increased physiological 
burden of pregnancy and the signaling of circulating factors 
that are exchanged between the mother and the fetus having 
a positive/negative impact.14 �ese are just obvious elements 
of the required integrative whole framework of the “M” and 
“F” components of MFM.

Pregnancy shapes adulthood health: The Barker 
hypothesis (fetal origins of adult diseases: programming 
and imprinting in utero)
Low birth weight: Increased risk for lifelong CVD and 
diabetes  Barker was the �rst to demonstrate how low 
birth weight is associated with elevated risk for CVDs in 
adulthood.12 He postulated that fetal shortage of nutrients 
and oxygen due to placental insu�ciency is associated 
with fetal development of physiological pathways for stress 
adjustment underlying recruitment of the same pathways 
in adulthood, and leading to the development of higher 
adulthood susceptibility to obesity, diabetes mellitus 
(DM), hypertension, and CVDs. According to Barker, 

these “programmed changes” are metabolic adaptations 
to fetal undernutrition expressed in enhanced catabolism 
and self-consumption of substrates for energy supplies.15 A 
prolonged fetal adjustment period to undernutrition also 
reduces endocrine concentration of fetal growth hormones, 
via the reduced transfer of amino acids and glucose across 
the placenta, due to decreased maternal insulin-like growth 
factor. �ese changes are followed by reduced rates of fetal 
growth also creating a process of response to stress that is 
repeated in adulthood life and thereby lead to metabolic 
disorders and CVDs.16

Low birth weight was shown to be associated with 
increased rate of ischemic heart diseases in adulthood. 
Studies with three large cohorts (>16,000 individuals) in 
the United Kingdom have shown that mortality from isch-
emic heart disease later in life were twofold higher in those 
born <2.5 kg at birth compared to the ones born >4.3 kg.17 
�in or stunted and small trunk babies who were born due 
to in utero undernutrition, hypoxia, and other changes are 
predisposed to consequential diseases in the long term.18 
Furthermore, increased mortality rates from coronary heart 
diseases are found among men born with a low birth weight, 
low placental weight, or narrow head circumference.19

�e prevalence of Diabetes Mellitous type 2 (type 2 DM)  
and impaired glucose tolerance later in life are threefold 
higher in people who were born with the smallest (<2.5 kg) 
birth weight compared to the people who weighed >4.3 kg 
at birth.20,21 �ere is evidence that de�ciency in insulin pro-
duction and insulin resistance are both determined in utero 
and that low-birth-weight babies develop in utero the “insu-
lin resistance syndrome” that prevailed in their adulthood, 
causing an impaired glucose tolerance, hypertension, and 
high concentrations of triacylglycerol.21,22

�e extreme example of the long-term impact of nutrient 
shortage in pregnancy was discovered with the Dutch study 
of individuals who were in utero during the Dutch famine 
of 1944–1945.23 �is study provides evidence linking fetal 
undernutrition to programmed insulin resistance and type 2 
diabetes. �eir glucose tolerance tests at age 50 years were all 
higher than in those conceived before or a�er the famine.21,22 
�is study has also provided evidence for long-lasting epigen-
etic e�ects transferred from the newborn to their progenies, 
not through the mother but through the father, indicating 
the profound impact of undernutrition on the DNA meth-
ylation of germ cells associated with facilitated aging-related 
diseases for the generations to come.16,21 Another example is 
the Chinese famine during 1954–1964, which was identi�ed 
to be associated with a higher likelihood to develop metabolic 
syndrome in adulthood.24 Based on all these changes, Time 
magazine published its series of articles on the way the �rst 
9 months shape the person’s health throughout life (http://
content.time.com/time/magazine/article/0,9171,2021065,00.
html#ixzz2s8IDDoru).

Blood pressure and hypertension  A multitude of studies 
have found a trend in which each 1  kg increase in birth 
weight is associated with a fall of around 3.5 mmHg in blood 
pressure in adult life.25 �ere is a strong association between 

http://content.time.com/time/magazine/article/0,9171,2021065,00.html#ixzz2s8IDDoru
http://content.time.com/time/magazine/article/0,9171,2021065,00.html#ixzz2s8IDDoru
http://content.time.com/time/magazine/article/0,9171,2021065,00.html#ixzz2s8IDDoru
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hypertension disorder in adulthood to low birth weight, 
thinness, stunting, and below-average head circumference.26

All the aforementioned examples have demonstrated 
how birth weight, in utero conditions, and epigenetic changes 
are associated with the increased adulthood morbidity from 
NCDs leading to a vicious cycle for generations to come.

Maternal aspects of placenta insuf�ciency
Increased maternal CVDs and decreased life expectancy 
due to preeclampsia  Another consequence of placental 
insu�ciency is preeclampsia, particularly the early form 
of the disorder. McDonald et  al., in their meta-analysis of 
35,000 women, have shown that hypertension disorders in 
pregnancy are associated with increased maternal morbidity 
from CVDs and DM 10  years later.26 Furthermore, Irgens 
et al., using the Medical Birth Registry of Norway, have shown 
in >600,000 women and their spouses a 10-year shortening of 
maternal longevity following early preeclampsia and IUGR.27

�us, placental insu�ciency is programming high sus-
ceptibility to CVDs and diabetes not only among babies 
born with lower birth weight but also among their mothers.

NCDs and maternal morbidity
Prepregnancy conditions of maternal health (obesity, dia-
betes, anemia, and undernutrition, kidney, blood, and heart 
diseases) all impact maternal health during pregnancy.28 
Prepregnancy diabetes and GDM can cause macrosomia, 
obstructed labor, postpartum hemorrhage, and neonatal 
mortality due to prematurity, respiratory distress syndrome, 
hypoglycemia, etc. Maternal undernutrition can lead to fetal 
metabolic and hormonal alterations causing lifelong sus-
ceptibility to certain diseases. At the same time, low birth 
weight and accelerated growth during childhood have been 
demonstrated as risk factors for CVD and type 2 DM.

�is vicious cycle starting from prepregnancy health, 
in�uencing the outcome, which in turn causes adulthood 

diseases associated with pregnancy disorders in the next 
generation onward, is now recognized as the link between 
the origin of NCDs in neonatal life and adulthood diseases 
(Figure 1.1). It requires implementation of healthcare assess-
ment and preventive interventions before pregnancy to 
reduce infant and maternal morbidity and mortality and 
prevent developing NCDs later in life.29

Vicious cycle of the NCD epidemic (obesity, diabetes, 
hypertension, metabolic syndrome): Fetal programming
According to the World Health Organization (WHO), of the 
57 million people who died in 2008, 36 million died from 
NCDs, stating that NCDs represent a “slow motion disas-
ter.”30 �e four main chronic diseases responsible for most 
NCD deaths are CVDs, including heart attacks and stroke 
(17.3 million annually); cancer (7.6 million); respiratory dis-
eases, such as chronic obstructive pulmonary disease and 
asthma (4.2 million); and diabetes (1.3 million).31

Intermediate risk factors predisposing to NCDs include 
hypertension, elevated blood glucose, hyperlipidemia, over-
weight, and obesity, which all can lead to the development 
of CVDs.

�e hypothesis about the developmental origins of health 
and disease put forward the concept that internal and exter-
nal environmental conditions during pregnancy cause 
critical biochemical, endocrinological, and epigenetic modi-
�cations in the DNA, cell di�erentiation, and formation of 
speci�c tissues in both the mother and her fetus/newborn.31 
While at birth these functional changes are currently not 
detected by conventional tests and are likely to be initially 
masked by systemic e�ects, the slow process of their devel-
opment into disorders may impact the health of the mothers 
and their children later in life.32

Epigenetic changes in DNA methylation and Cytosine-
Phosphate-Guanidin (CPG) Islands cause the silencing 
or activation of certain genes that are essential for the 

Adult life—
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Figure 1.1  Maternal medicine meets fetal medicine; the vicious cycle—noncommunicable disease epidemic.
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physiological function in early childhood and in adult life 
and could lead to an accelerated DNA clocking and aging.33 
�us, epigenetic methods could shed light on in utero pro-
cesses that predispose individuals to diseases in adult life.31–33

�e programmed in utero changes of the metabolism and 
physiology could lead to dysfunction and disease in adulthood. 
As such, the related pregnancy disorders such as preterm deliv-
ery, IUGR, and preeclampsia can be considered as markers of 
increased risk of CVDs, obesity, and metabolic disorders, and 
GDM could be the source for obesity and DM or—overall—
the origin of NCDs. In fact, the American Heart Association 
(AHA) has identi�ed women who develop hypertension 
disorder during pregnancy and women who have GDM as 
the two new high-risk groups for developing CVDs, which 
require special management and monitoring as included in 
the American Heart Association Stroke Council guidelines 
for the prevention of stroke in women (http://blog.heart.org/
preeclampsia-doubles-womens-stroke-risk-quadruples-later-
high-blood-pressure-risk/).

In order to reduce the in�uence of epigenetic, biochemi-
cal, endocrinological, and physiological preconditioning of 
NCDs in the perinatal period, preventative measures should 
be introduced, including the provision of su�cient prenatal 
care; prevention or optimal treatment of conditions such as 
obesity, diabetes, and chronic hypertension; and also direct-
ing the attention at prepregnancy assessment of their prior 
risks and family planning to assure women begin their preg-
nancy period with rich metabolic reservoirs and with a pre-
planned program for their pregnancy management based on 
their prior risks.

In this way, it may be possible to inhibit negative epi-
genetic, biochemical, physiological, and endocrinologi-
cal programming. �e importance of good maternal care 
beginning prior to conception and continuing during preg-
nancy and a�er delivery is therefore crucial to shape the 
health of mothers and their babies for life and to prevent 
the impact of internal and external e�ects of long-lasting 
changes, thus reducing the likelihood of NCD development 
in adulthood.

Reconnecting the M to the F in MFM
�e importance of improving maternal healthcare and ser-
vices can leverage on recent achievements of the medical 
research to introduce a strategic plan and policy.

A healthy pregnancy begins before conception.34,365 It con-
tinues during the gravid period with early recognition and 
management of complications if they arise, with strategies 
to prevent complications, planning for a timed delivery, and 
follow-up in the postdelivery period.37 Healthcare providers 
can help women prepare for pregnancy and for any potential 
problems during pregnancy with postpregnancy manage-
ment of complications that were not previously prevented.37

�e Maternal Medicine Meets Fetal Medicine project of 
the Clalit Health Services proposes a new strategy and aims 
to establish a new paradigm of pregnancy care. It extended 
from prepregnancy evaluation of prior risk of developing 
NCDs34,35 to the emphasis on a thorough evaluation of the risk 

of developing pregnancy disorders in the early trimester of 
pregnancy36 and the development of individualized pregnancy 
management and disorder prevention and monitoring toward a 
timed delivery,38 including management of maternal and new-
born health for those who developed pregnancy disorders.37

�e model proposes a change in the organization of the 
clinical services to pregnant women as a combination of 
hospital-based clinics and community clinics. �is combined 
paradigm of evaluation, prevention, treatment, and follow-up 
could provide high-quality perinatology services from pre-
pregnancy planning, through antenatal follow-up, to labor 
and to delivery and through the postpartum management.

Clalit Health Services approach
Clalit Healthcare Services is the largest health manage-
ment organization (HMO) in Israel and one of the largest 
in the world. It has more than 4 million insurees, operat-
ing more than 100 community clinics, 40 regional women’s 
health centers, and 14 hospitals with some of the leading 
maternal–fetal medicine departments in Israel. �e HMO 
employs thousands of family physicians and gynecologists, 
trains hundreds of interns and fellows, involves thousands of 
nurses and many midwives, and manages advanced labora-
tory services and testing infrastructure.

As a leading HMO in Israel, the organization is in the 
process of implementing the Clalit’s Maternal Medicine 
Meet Fetal Medicine project that is built of three “�oors”:

Pre-Pregnancy: Identifying NCDs and carriers of gene 
disorders before pregnancy
�e goal of the �rst �oor is to improve maternal health and 
prenatal outcome before the women get pregnant. While 
part of this campaign involves promotion of health educa-
tion to families, it also involves the assessment of the prior 
risk of developing pregnancy disorders and o�ers appropri-
ate interventions with proven e�cacy.38,39

In 2013, the AHA introduced the seven metrics to estab-
lish three health levels of well, intermediate, and sick status, 
based on blood pressure, obesity, blood glucose and choles-
terol levels, smoking, physical activity, and healthy diets, 
adjusted to age and gender. �e seven metrics are linked 
through a comprehensive algorithm to divide patients into 
one of the three categories.40

Preconception evaluation should follow this approach to 
establish the high, intermediate, and low risk of developing 
pregnancy disorders, given that the same criteria that are 
considered as risks for hypertension disorders in pregnancy, 
GDM, spontaneous preterm birth (SPB), and fetal growth 
restriction are underlying risks for developing major CVDs 
and metabolic disorders.30,31,41

�us, three categories of risk levels in pregnancy will be 
de�ned, and strati�cation will be performed at prepregnancy 
visit(s) to the family physician. Using patient interviews and 
blood tests (including the hemoglobin A1C test) and obtain-
ing family, pregnancy, and medical history from the patients 
and from their electronic medical record, the family phy-
sician will gather all the information available to establish 

http://blog.heart.org/preeclampsia-doubles-womens-stroke-risk-quadruples-laterhigh-blood-pressure-risk/
http://blog.heart.org/preeclampsia-doubles-womens-stroke-risk-quadruples-laterhigh-blood-pressure-risk/
http://blog.heart.org/preeclampsia-doubles-womens-stroke-risk-quadruples-laterhigh-blood-pressure-risk/
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the prepregnancy risk for NCDs. Hadar et al.42 have demon-
strated that when glycemic control and obesity are optimized 
prior to gestation, smoking and drinking are avoided before 
pregnancy, and moderate physical activity and a healthy diet 
are adopted before conception—which could prevent GDM, 
congenital malformation, abortion, prenatal and neonatal 
death, and adverse pregnancy outcomes.42

�e whole system will be accompanied by a team of 
genetic counselors in order to assess the prior risk of major 
genetic disorders. �is approach was adopted by American 
College of Obstetricians and Gynecologists (ACOG) antena-
tal Care–Introducing the Inverted Pyramid for Pregnancy 
Management43 and is widely o�ered in Israel. Chips for blood 
test are available for all couples to identify carriers of major 
ethnic-associated DNA-based diseases. Couples identi�ed as 
carriers will be directed for genetic counseling to consider 
various assisted fertility technologies, including preimplan-
tation Genetics diagnosis (PGD), whereas others are advised 
to begin with spontaneous conception.

For assessment of the major NCDs, the family physician/
community gynecologist could prepare the prior risk evalu-
ation and direct women to either dietitians and even to phys-
ical trainers to improve her prepregnancy conditions if she 
is at intermediate risk, or to an MFM specialist for glycemic 
controls and other endocrinological and biochemical moni-
toring, if her prior risk is high. �ose at a low risk are reas-
sured and could start with their family planning.

�e success of this preconception level of care depends 
on the implementation of uni�ed guidelines within the 
entire complex of family physicians and obstetricians in the 
community, together with dietitians, physical trainers, and 
high-risk hospital clinics.42 �ey will have joint meetings to 
discuss cases and guidelines and will use uni�ed medical 
records that will create a database for future quality evalua-
tion and research. As already reviewed by Hadar et al.,42 the 
e�ectiveness of prepregnancy care is highly dependent on 
such guidelines, education, and training, including patient 
education.44

Inverted pyramid of antenatal care and personalized risk 
management
�e second �oor of Clalit’s Maternal Medicine Meets Fetal 
Medicine project is proposed to follow the inverted pyramid 
of antenatal care suggested by Nicolaides.13 Unlike the cur-
rent antenatal care that focuses on a uniform service model 
reacting to complications when they develop and focusing 
on a uniform high-frequency visit plan during the third 
trimester of pregnancy, the inverted pyramid of antenatal 
care focuses on a thorough �rst trimester risk evaluation 
and aims to implement a personalized approach for subse-
quent management according to the individual risk score 
(Figure 1.2).

�e approach applies to both those who are already man-
aged by the MFM specialized center due to prior risk and to 
the rest of the pregnant women population.

�e �rst prenatal visit aims to quantify the woman’s risk 
in this pregnancy in developing major pregnancy disorders. 
�e evaluation is based on the obstetrics and medical his-
tory, demographics, biochemical serum markers, and bio-
physical parameters, including mean arterial blood pressure 
and sonographic image of nuchal translucency and uterine 
artery Doppler pulsatility index. All are entered into the risk 
algorithms to provide the patient risk for any of the chromo-
somal aberrations, preeclampsia, and IUGR, SPB, and GDM.

If performed at the community level, the inverted pyra-
mid of antenatal care requires training and certi�cation of 
the community ob-gyn physicians to incorporate the wider 
range of testing methodologies and equipment for provid-
ing a multiple marker screening and the use of advanced 
risk algorithms to enable the assessment of the patient risk 
to a diversity of major pregnancy disorders. In the United 
Kingdom, this stage is carried out in hospital departments 
that specialized in these procedures.

Based on the speci�c pregnant woman’s medical and 
obstetric history, her serum markers, blood pressure, and 
sonographic examination, the risk score will be determined. 
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Figure 1.2  The �rst trimester clinic and contingent management.



Bringing maternal–fetal medicine to the new era of medicine  7

Accordingly, her pregnancy management will be adjusted 
by a contingency management algorithm that will issue 
an individualized pregnancy monitoring tailored for low-, 
intermediate- and high-risk patients.

While women at high risk are directed toward more fre-
quent visits and o�ered preventive care to prohibit/reduce 
the risk of developing particular disorders while allowing 
the majority of gravid women who are at low risk to enjoy 
less medically intense pregnancy care, many women wish to 
experience pregnancy as a healthy period.

�e smaller group of women who are at a higher likeli-
hood of developing the threatening outcome will then be 
directed to an intensive process of evaluation and, when 
appropriate, o�ered preventive treatment. �e smaller size 
of this group enables to focus the e�orts on those who need 
it, while the majority will not require intensive medical 
attention.

�e model is shi�ing perinatal management from the 
treatment of complications a�er they develop to early risk 
identi�cation during the �rst trimester of pregnancy to 
enable prevention. For example, women who are at an ele-
vated risk for major pregnancy disorders, such as placental 
insu�ciency, are o�ered the use of daily aspirin already in 
the �rst trimester to prevent the development of preeclamp-
sia and IUGR, based on evidence that low-dose aspirin 
from the �rst trimester prevents preeclampsia, fetal growth 
restriction, and stillbirth by at least 50%.44 It has been evalu-
ated that the cost of implementing such broad �rst trimester 
evaluation and prevention is much cheaper than treating the 
long-term impact of preeclampsia on mothers and their o�-
spring, preventing further mortality and morbidity.45 �is 
approach was already taken in Australia on a small group 
of patients, which is further evaluated with the European 
Commission (EC) project Aspirin for preeclampsia (ASPRE). 
�e vast majority of women in the very-low-risk category 
can be reassured that preeclampsia and IUGR are unlikely.

�e power of the inverted pyramid and of the proposed 
contingent model of prevention could be demonstrated for 
the case of Down syndrome. Early screening is based on 
maternal age, biochemical markers, and nuchal translu-
cency. Based on the initial risk, a small proportion of women 
at the highest risk are directed to interventional procedures 
(Chorionic Villus Sampling [CVS], or early amniocentesis) 
and karyotyping. �e intermediate-risk group is referred to 
cell-free fetal DNA testing to assess for chromosomal abnor-
malities while the very-low-risk group is sent home. With 
this approach, the fetal medicine foundation group was able 
to show prediction of more than 97% of all major trisomies 
in the �rst trimester.46

In the case of SPB, an algorithm at 11–13 weeks identi-
�es a small, very-high-risk group with a history of SPB and a 
short cervix that can bene�t from the treatment of cerclage 
or followed up closely and o�ered prevention treatment with 
progesterone at the 22nd gestational week. Based on ran-
domized studies, evidence was found that the use of proges-
terone can prevent SPB by 45%.47 �e vast majority of women 
in the very-low-risk category can be reassured that SPB is 
unlikely.

Similar contingent approaches are being developed for 
GDM and macrosomia.48 Metformin and insulin have been 
shown to prevent GDM and macrosomia by 30%–40%.49

In the Clalit version of the inverted pyramid, low-risk 
pregnancies will be managed in community clinics, by 
general treating gynecologists. For high- and intermediate-
risk pregnancies, follow-up will be o�ered via two potential 
pathways:

●● Hospital maternal–fetal medicine clinics: High-risk preg-
nancy with a multidisciplinary team including special-
ized perinatologists, ultrasound experts and technicians, 
pregnancy nurse educators, dietitians, genetic counselor, 
and perinatal laboratory personnel with immediate refer-
ral to invasive diagnostic tests.

●● Women’s healthcare centers: A regional network of 
clinics that will have a dedicated service for high-risk 
women, with specialized perinatologists working in 
tight cooperation with the regional obstetric depart-
ment. It is important to note that in Israel today, some 
tests that are in the market and are important for a com-
plete risk assessment as o�ered by high-risk algorithms 
developed by the Fetal Medicine Foundation in London 
are not yet included in the pregnancy tests covered by the 
state insurance policy for pregnant women.* �us Clalit 
o�ers a local additional alternative, through its fully 
owned complementary insurance network of Mor  for 
Women Health providing access to these new services. 
�e inverted pyramid of antenatal care proposes two 
major additional clinic visits in the second trimester, at 
the 22nd and 32nd gestational weeks. �e model sug-
gests a stepwise reduction in the number of patients at 
the high-risk group during these additional visits, and 
the identi�cation of the intermediate group, which can 
be removed from close surveillance. �ose that are iden-
ti�ed to develop these conditions in late pregnancy can 
be o�ered planning for a timed or early delivery.

Postpregnancy: Early prevention of NCDs by early 
examination shortly after birth
�e third �oor of Clalit’s Maternal Medicine Meets Fetal 
Medicine project is o�ered for the postpregnancy period 
(Figure 1.3). �e prevalence of various forms of NCDs—
the whole spectrum of metabolic syndrome and premature 
CVDs—is increased in women with a history of maternal 
placental syndromes (pregnancy-induced complications), 
including GDM, pregnancy-associated hypertensive disor-
ders (e.g., preeclampsia), fetal growth restriction, preterm 
labor, and placental abruption.50 Following pregnancies 
with any of the aforementioned conditions, the informa-
tion will be passed to the family physician, neonatolo-
gist, and pediatrician, which will refer the patients to the 
needed consultants—e.g., diabetologists, endocrinologists, 

*	 In this context, it is important to note that this community clinic–based 
solution should be adopted as the healthcare model of each country that 
should involve not just midwives but also obstetric gynecologists.
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cardiologists, and nutritionists. �us, the women will be 
immediately managed aggressively in community clinics 
that will provide measures for the prediction and preven-
tion of future pathological conditions, including lifestyle 
management, medication, and family lifestyle advice and 
support.

Summary
NCDs such as CVDs, diabetes, obesity, and hypertension 
have signi�cant adverse impacts on maternal health and 
pregnancy outcomes, and through the imprinting mecha-
nism of intrauterine programming, the burden of future 
NCDs is highly in�uenced by pregnancy disorders and 
impacts the burden of NCDs in future generations.51,52

Research today has shown repeated cycles of vulnerabil-
ity to NCDs through major pregnancy disorders such as low 
birth weight, preeclampsia, GDM, and SPB that are propa-
gating the risk for NCDs to subsequent generations through 
epigenetic, physiological, endocrinological, and biochemical 
pathways.

Clalit’s Maternal Medicine Meets Fetal Medicine project is 
based on three “�oors.” At the core is the inverted pyramid of 
antenatal care that o�ers a systematic method to screen and 
prevent pregnancy disorders according to the principles set up 
by Nicolaides,13 involving �rst trimester risk score and con-
tingency managements of low-, intermediate-, and high-risk 
pregnancies according to individualized management plans. 
In the preconception period, Clalit’s Maternal Medicine 
Meets Fetal Medicine project o�ers an additional �oor to 

evaluate the preconception risks to adjust patient’s glycemic 
control and dietary, physical activity, and nonsmoking hab-
its before conception. Combining the two �oors will improve 
pre- and postpregnancy management and integrate the skills 
of the specialists in maternal and fetal medicine with inter-
nal medicine and family physicians to substantially improve 
maternal and fetal outcome. �e preconception service meets 
the needs and habits of the young generation through com-
munication and family planning. �e inverted pyramid �oor 
forms the opportunity for the majority of pregnant women 
to experience pregnancy as a healthy period, o�ering them 
reassuring evidence to enjoy such an approach. �e small 
proportion of women who are at a high risk and need close 
surveillance and perhaps treatment will have the opportunity 
to do so and will be o�ered a sensible service personalized 
to their needs. Together the two �oors are tailored better to 
the public. �e dedicated postpartum and child development 
�oor could o�er better monitoring to women who experi-
enced pregnancy complications in adjusting their lifestyle 
and taking healthcare measures. It enables early intervention 
and diagnosis of newborn complications to reach su�cient 
nutrient support, physical training, physiotherapy, and cog-
nitive progress in a period of plasticity of the brain and of 
other tissues to achieve better outcomes.51,52
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History of diabetic pregnancy
David R. Hadden

Introduction
One hundred years ago, the medical literature on diabetic 
pregnancy was very limited. Pregnancy itself was no less fre-
quent, but the outcome was a�ected by so many other major 
problems that the in�uence of a medical disorder of a chronic 
nature was both unrecognized and disregarded. Diabetes 
mellitus was also less prevalent, due both to demographic 
di�erences in the age of the population and to epidemiologi-
cal factors—mainly the absence of any e�ective treatment so 
that young people with diabetes had a life expectancy of only 
a few years. �e diagnosis of diabetes depended on the dem-
onstration of sugar in the urine and the well-known symp-
toms of thirst, polyuria, and weight loss, but there was no 
accurate measurement to assess severity, and the distinction 
between what are now known as type 1 and type 2 diabetes 
was only anecdotal. �ere was no documentation of the spe-
ci�c long-term complications of hyperglycemia in the eyes, 
nerves, heart, kidneys, or blood vessels.

Early history of diabetes
Diabetes was well recognized as a medical disorder 
>2000 years ago, and some well-known references are worth 
quoting. �e ancient Egyptian Ebers papyrus, dating to 
1500  BC, records abnormal polyuria; the Greek father of 
medicine Hippocrates (466–377 BC) mentioned “making 
water too o�en” and Aristotle also referred to “wasting of the 
body.” Aretaeus of Cappadocia (AD 30–90) in Asia Minor 
(now Turkey) is credited as the �rst to use the name “dia-
betes,” which is Greek for a siphon, meaning water passing 
through the body: “diabetes is a wasting of the flesh and 
limbs into urine – the nature of the disease is chronic, but 
the patient is short lived … thirst unquenchable, the mouth 
parched and the body dry ….” �e famous Arabian physi-
cian Avicenna (AD 980–1027) recorded further important 
observations that maintained and extended the previous 
Greek knowledge through what became known in Europe 
as the Dark Ages: he described the irregular appetite, men-
tal exhaustion, loss of sexual function, carbuncles, and 
other complications. �ere are also references to diabetes 
in ancient Hindu texts (AD 500) as a “disease of the rich, 
brought about by gluttony or over-indulgence in flour and 

sugar,” and in early Chinese and Japanese writings “the urine 
of diabetics was very large in amount and so sweet that it 
attracted dogs.”1,2

A�er the European Renaissance, the �rst physician to 
rediscover and record the sweetness of the urine in diabetes 
was �omas Willis in London (1679): “�e diabetes or piss-
ing evil … in our age given to good fellowship and guzzling 
down of unalloyed wine.” And Mathew Dobson 100 years 
later in Liverpool �rst demonstrated chemically the presence 
of sugar in the urine of diabetic patients. �e demonstration 
by Oskar Minkowski (1889) that removal of the pancreas in 
a dog unexpectedly resulted in uncontrolled polyuria—the 
urine sugar attracted �ies in the laboratory to the puddles 
on the �oor—was the signi�cant observation that eventu-
ally led to the extraction of insulin from the pancreatic islets 
in Toronto in 1922.3 �e story of the discovery of insulin is 
a remarkable record of disappointment: it was almost dis-
covered in 1906 by Zuelzer in Berlin, and then in 1912 by 
Scott in Chicago, but was actually extracted by Paulesco in 
Romania in 1920. However, the world recognizes the story 
of the Toronto group—including Banting, Best, Collip, 
and Macleod—as the de�nitive discovery, and in 1923, the 
Nobel Prize in Physiology or Medicine was awarded to two 
of them, Frederick Banting and JJR Macleod.4

Up until then, the only e�ective treatment for diabetes had 
been dietary, and it was well known that restriction of food 
would ameliorate the symptoms. John Rollo had demon-
strated this with his patient Captain Meredith in the army in 
Ireland in 1797, who obeyed his doctor’s advice, documented 
the reduction in urine volume and subsequent weight loss, 
and even extracted sugar from the urine by evaporation. �e 
dietary approach was carried to its logical extreme by the 
overenthusiastic approach of FM Allen in New York (1919), 
whose starvation therapy o�en temporarily returned the 
blood glucose to normal, but only succeeded in extending 
life for a year or so in the severe juvenile cases, all of whom 
became skeletally thin. Dr. Elliott Joslin is remembered as 
the Boston physician who bridged the period immediately 
before insulin’s discovery and the exciting clinical dem-
onstration of its e�ectiveness in the following decade.5 In 
London, Dr. Robin Lawrence, diabetic himself, on dietary 
therapy only in his early twenties, recorded how his life was 
saved in 1923 by a telegram from his doctor in Kings College 
Hospital: “I’ve got insulin, and it works – come back quick.” 
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He survived for many years and became the leading diabetes 
specialist in England.6

�ese two doctors, Joslin in Boston and Lawrence in 
London, became the leaders of the revolution that would 
take place in both the opportunity for and the outcome of 
pregnancy in diabetic women.

Pregnancy and diabetes before the 
discovery of insulin
A full historical review of fertility and of the outcome of 
pregnancy in di�erent parts of the world is beyond the scope 
of this chapter, but there are a number of aspects that are of 
particular relevance to the story of diabetes. Medical history 
in particular is constrained by publication bias, and there 
is much more available data regarding Europe and North 
America than in other parts of the world. �e geographi-
cal and ethnic di�erences in the distribution, development, 
and management of diabetes in di�erent places at di�erent 
times would be of great interest to review, but as the data 
are patchy and both diabetic and obstetric treatments o�en 
poorly de�ned, it may be that “History followed di�erent 
courses for di�erent peoples, because of di�erences among 
peoples’ environments, not because of biological di�erences 
among peoples themselves.”7 �ere are certainly both envi-
ronmental and genetic reasons for the di�ering prevalence 
and incidence of diabetes in di�erent countries, as much 
as for the di�erent outcomes of pregnancy, but the interna-
tional historical study of these factors is still in its infancy.

�e collection of vital statistics �rst became avail-
able at varying times in the developed Western countries. 
�e Scandinavian countries were �rst Sweden (1749) and 
Denmark (1801), England and Wales followed (1838), and 
then Russia (1867); although the process was initiated in 
the United States in 1880, it did not become complete until 
1933.8 Fertility rates have varied as much as death rates and 
migration in di�erent countries, so that population dynam-
ics will have a considerable e�ect on reported statistics for a 
single condition such as diabetes in pregnancy. �e classi-
cal Malthusian checks on death rate—disease, famine, and 
war—and the e�ects of celibacy and restraint on birth rate 
will have more e�ect on the overall outcome statistics of 
pregnancy in diabetic mothers than the diabetes itself. �e 
general fertility rate for England and Wales was about 130 
live births per 1000 women between the ages of 15 and 44 in 
1840 but is now only half that rate. At present, the total fertil-
ity rate (average number of children born per woman) varies 
from 2.1 in Western Europe to 6.7 in West Africa.9 However, 
there is no doubt that untreated diabetes must have been vir-
tually incompatible with successful pregnancy before about 
1850. In 1856, Blott in Paris wrote that “True diabetes was 
inconsistent with conception,” and certainly the then short 
life expectancy of a young woman with what we now call 
type 1 diabetes before the discovery of insulin would sup-
port that statement. Recent speculation on the possible 
nutritional causes of the present-day epidemic of type 2 
diabetes in older patients means that any data on diabetes 

successfully treated by diet only (which was probably type 2, 
rather than type 1) are of considerable theoretical interest, 
but it is perhaps important that these cases were not o�en 
reported in the literature and may well have been missed due 
to not even testing the urine for sugar.

In the preinsulin days, and for some time a�er, death of 
the mother during or soon a�er pregnancy from uncon-
trolled diabetes was the major risk. But maternal mortality 
was high for many reasons unrelated to diabetes, and retro-
spective analysis of data from England and Wales between 
1850 and 1937 shows that poor interventional obstetric care 
with increased risk of puerperal sepsis was more important 
than social or economic deprivation.10 �e maternal mortal-
ity rates for Scandinavian countries were much lower, and 
it is now clear that this was due to better overall obstetric 
management in the prevention of sepsis; in the United States, 
maternal mortality between 1921 and 1924 was 6.8 per 1000 
births, in England and Wales 3.9 per 1000 births, and in the 
Netherlands only 2.5 per 1000 births.8 �ese di�erences at 
national level have been widely discussed, but must be borne 
in mind when considering the isolated e�ect of maternal dia-
betes over those years.

Overall perinatal mortality (death of the fetus a�er 
28  weeks or within 7  days of delivery) has shown a more 
consistent fall over the same period of time in all Western 
countries. Most of the decline was in postneonatal mortality 
related to the rising standards of living and nutrition but also 
to improved public health measures—broadly speaking, the 
predominant form of infant mortality in Western countries 
was postneonatal in the nineteenth century and neonatal 
in the twentieth. �ere was not a close link between neo-
natal and maternal mortality, but there were very consider-
able di�erences in each of these measures between countries 
at the time of discovery of insulin (Table 2.1). �e overall 
infant mortality rates in Scandinavian countries were per-
sistently lower than in England and Wales, or Belgium, 
between 1920 and 1965, although all countries show a steady 
exponential decline.8 As perinatal mortality is now used as 

Table 2.1  Overall maternal mortality and infant and 
neonatal mortality for selected countries at the time 
of discovery of insulin

Country 

Maternal 
deaths, 

1921–1924, 
per 1000 

births 

Infant 
deaths, 

1924, per 
1000 
births 

Neonatal 
deaths, 
1924, 

per 1000 
births 

The Netherlands 2.5 67.3 18.6
Japan 3.3 166.4 67.5
England/Wales 3.9 75.1 33.1
Australia 4.5 57.1 29.8
United States 6.8 70.8 38.6

Source:	 Loudon, I., Death in Childbirth: An International Study 
of  Maternal Care and Maternal Mortality 1800–1950, 
Clarendon Press, Oxford, U.K., 1992, pp. 1–622.
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a main comparator for the outcome of diabetic pregnancy, 
it is important to bear these long-standing historical trends 
in mind.

Congenital malformations are also an important compar-
ator for obstetrical results, but the recognition of a possible 
link with maternal diabetes is much more recent: anecdotal 
accounts in small series in the 1940s were not supported until 
the report by the U.K. Medical Research Council in 195511 
and the larger series from Copenhagen in 1964.12 Historical 
records on the frequency of congenital malformations 
are very incomplete, and it was not until the International 
Clearinghouse for Birth Defects began to operate a�er 1974 
that any baseline data on the prevalence of congenital mal-
formations became possible.13 It is still di�cult to compare 
results for speci�cally identi�ed diabetic pregnancies with 
overall national malformation rates where the collection of 
cases is much less detailed.14 Other obstetrical complications 
such as preeclampsia appear today to be more common in 
diabetic pregnancy, but it is di�cult to trace this possible 
interrelationship back to the days before organized antenatal 
care. Some of the cases where maternal death occurred in a 
diabetic pregnancy may have been due to eclampsia rather 
than diabetic coma.

Gestational diabetes
�e concept of gestational diabetes, actually meaning hyper-
glycemia due to the pregnancy itself but in practice de�ned 
as “carbohydrate intolerance of varying severity with onset 
or �rst recognition during pregnancy,” is also recent.15 In the 
very �rst recorded case, Bennewitz, in 1823, considered that 
the diabetes was actually a symptom of the pregnancy, and 
as the symptoms and glycosuria disappeared a�er at least 
two successive pregnancies, he had some evidence to support 
his views.16 �at lesser degrees of maternal hyperglycemia 
were also a risk to pregnancy outcome dates back to studies 
in the 1940s in the United States17,18 and Scotland,19 which 
showed increased perinatal mortality some years before the 
recognition of clinical diabetes mellitus. �is led to the term 
prediabetes in pregnancy and to poorly de�ned concepts of 
temporary and latent diabetes. �e �rst prospective study 
of carbohydrate metabolism in pregnancy was established 
in Boston in 1954, using a 50 g 1-hour screening test, which 
has subsequently been widely adopted in the United States.20 
O’Sullivan21 �rst used the name gestational diabetes in 1961, 
following the term metagestational diabetes used by Dr. JP 
Hoet in 1954 a�er his early studies in Louvain, Belgium.22 
At that time, the U.S. emphasis was on establishing crite-
ria for the 100 g oral glucose tolerance test in pregnancy as 
an index of the subsequent risk of the mother developing 
established diabetes, and the well-known O’Sullivan cri-
teria were derived on this basis.23 At about the same time, 
Mestman, in southern California, began to identify the very 
considerably increased perinatal mortality associated with 
abnormal oral glucose tolerance in the obstetric popula-
tion of Los Angeles County Hospital, which then comprised 
>60% Latino mothers with the rest African-American and 

only a few Caucasian.24 Subsequent studies in many parts 
of the world have extended the recognition of what has now 
become, in some places, an epidemic of hyperglycemia in 
pregnancy. Jorgen Pedersen also used the term gestational 
diabetes in his monograph in 1967, but preferred to so clas-
sify a mother only a�er delivery, when he had demonstrated 
that her abnormal glucose tolerance in pregnancy had actu-
ally returned to normal postpartum; this rigorous de�ni-
tion has proved too di�cult to achieve in practice.25,26 �e 
true de�nition of hyperglycemia in pregnancy judged by the 
internationally acceptable 75 g oral glucose tolerance test 
awaits the results of the large Hyperglycemia and Adverse 
Pregnancy Outcome study.27 �e enthusiasm of the team at 
Northwestern University, Chicago, led by Norbert Freinkel 
and subsequently by Boyd Metzger has ensured that the con-
cept of gestational diabetes is now �rmly imprinted on the 
obstetric mind, as well as having established a major place 
as an epidemiological tool to study not only the immediate 
outcome of pregnancy but also the long-term e�ects on both 
mother and baby of the relatively short phase of hyperglyce-
mia during the latter part of the pregnancy.

Important early publications
�e historical development of understanding in obstetric, 
metabolic, and pediatric disciplines over the past 100 years 
is perhaps best illustrated by several more extensive quota-
tions and commentaries on seminal papers from the early 
literature: Bennewitz HG, Diabetes mellitus—A symptom of 
pregnancy [translated from Latin].28

�is is the �rst reference to diabetes in pregnancy. 
Although the patient was young, the clearly described onset 
of her symptoms during the pregnancy would now classify 
this as gestational diabetes. Is it possible that she only sur-
vived because she has a milder case who responded to diet, 
while all the more severe type 1 diabetic patients died?

Henry Gottleib Bennewitz publicly defended his the-
sis for the degree of doctor of medicine at the University 
of Berlin on June 24, 1824. It is a simple case report and 
review of the literature on the causes and treatments of 
diabetes known at that time. His Greek derivation of the 
word diabetes and his one-line de�nition of the symp-
toms are unchanged today: “Urine di�ering in quality and 
quantity from the normal  … accompanied by unquench-
able thirst and eventual wasting.” Before giving the case 
history, he summarized his belief that the diabetic con-
dition was in some way a symptom of the pregnancy, or 
due to the pregnancy. He noted that “Other disorders … 
began to break out as the pregnancy matured … the little 
�res which had hidden beneath the smouldering deceiving 
ashes broke forth and devoured again the woman’s condi-
tion in the most wretched manner.” He was convinced that 
“�e disease appeared along with pregnancy, and at the 
very same time …; when pregnancy appeared, it appeared; 
while pregnancy  lasted, it lasted; it terminated soon a�er 
the pregnancy.” He showed a degree of humility when he 
remarked that his patient must be something of a rare bird.
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�e case history commences on November 13, 1823, 
when Frederica Pape, aged 22, was admitted at 7 months in 
her ��h pregnancy to the Berlin In�rmary. �e �rst three 
pregnancies appear to have been unremarkable, but in the 
fourth in 1822 she had an onset of thirst and polyuria that 
had resolved spontaneously a�er delivery. �ese symptoms 
returned at an unspeci�ed time in her ��h pregnancy: she 
had “a really unquenchable thirst—she consumed more 
than six Berlin measures of beer or spring water, although 
the quantity of urine greatly exceeded the amount of liquid 
consumed, and the urine itself smelt like stale beer. Her voice 
was weak, skin dry, face cold and she complained of a drag-
ging pain in her back.”

Treatment was more a matter of belief than of under-
standing, but apart from having withdrawn 360 mL of 
venous blood all at once (the equivalent of 36 10 mL routine 
blood tests today) and taking a high-protein diet, probably 
de�cient in vitamins, she must have bene�ted from the rest 
and care. �e measurement of 2 oz of sugar in 16 lb (224 oz) 
of urine, which is equivalent to about 1% glycosuria, was 
Bennewitz’s only biochemical evidence of diabetes mellitus. 
From about 32 to 36 weeks, the patient had a recurrent sore 
throat and increased abdominal distension such that twins 
were suspected. When examined on December 28, 1823, 
the cervix was dilating and the fetal head already partially 
descended. On December 29, she had an obstructed labor, 
and the child died intrapartum, probably due to delay in the 
second stage. Bennewitz remarked that the baby was of “such 
robust and healthy character whom you would have thought 
Hercules had begotten.” �e infant weighed 12 lb, a fact wit-
nessed carefully. Postpartum, in spite of continued dieting, 
sweating and purging, and the application of eight leeches, 
the patient’s strength improved daily, and sugar disappeared 
from her urine. “With nature to preserve and treat her, we 
dismissed our patient cured.”

Unfortunately, there is no record of the woman’s sub-
sequent health, perhaps because Dr. Bennewitz presented 
his thesis within 6  months and, having been successful in 
obtaining his doctorate, dropped out of academic medicine. 
�is pregnancy would certainly qualify as “carbohydrate 
intolerance of varying severity with onset or �rst recogni-
tion during pregnancy”—which was the de�nition agreed 
for gestational diabetes at the �rst workshop–conference in 
Chicago in 1980.

Matthews Duncan graduated in Aberdeen and became 
one of the leading obstetricians of his day. �is compila-
tion of cases from the literature, from anecdotal reports, 
and from his own experience �rst identi�ed the serious 
problem of diabetes to the obstetrical world. He recorded 
at least 22 pregnancies in 15 mothers between the ages of 
21 and 38 (the data are confused in places): the mother 
survived the pregnancy for long enough to become preg-
nant again in 9 instances, in 5 died at the delivery, and in 
6 within a few months. �e cause of maternal death was 
usually diabetic coma, although it is not possible to exclude 
eclampsia, and some must also have developed puerperal 
sepsis, and one died from exacerbation of tuberculosis. 
Out of the 22  babies, 12 died, usually in utero, and they 

were usually of a large size: at least 10 survived and only 3 
miscarriages are recorded; another 20 pregnancies seem to 
have occurred before the recorded cases, so some of these 
mothers must represent late-onset type 2 or gestational dia-
betes, and these seemed to have a better prognosis for both 
mother and child.

So far as is known, all, with one exception, were mul-
tipara, the pregnancy of highest number being the tenth. 
�ey cannot be read without giving a strong impression 
of the great gravity of the complication, but they are not 
su�ciently numerous to justify any statistical argument 
based on the number of occurrences.

�e histories further show that

•	 Diabetes may come on during the pregnancy.
•	 Diabetes may occur only during pregnancy, being 

absent at other times.
•	 Diabetes may cease with the termination of the preg-

nancy, recurring some time a�erwards.
•	 Pregnancy may occur during diabetes.
•	 Pregnancy and parturition may be apparently unaf-

fected in its healthy progress by diabetes.
•	 Pregnancy is very liable to be interrupted in its course, 

and probably always by the death of the foetus.

Whit�eld Williams was professor of obstetrics at Johns 
Hopkins University and wrote the �rst major American 
textbook on obstetrics, which still survives today in the eigh-
teenth edition. He was concerned that the demonstration of 
sugar in the urine in pregnancy would be overinterpreted. 
“I know of no complication of pregnancy the signi�cance 
of which is more variously interpreted than the presence of 
sugar in the urine of pregnant women.” Williams blamed 
Matthews Duncan29 for concluding that the detection of 
sugar in the urine constituted one of the most serious compli-
cations of pregnancy, as Duncan’s views were accepted with-
out question, although they were based on a small series of 
22 pregnancies in 16 women collected from the then medical 
literature over 60  years, and his own small experience in 
Aberdeen. Williams30 presented six case reports to illustrate 
the various conditions in which sugar may be observed in the 
urine of pregnant women: simple lactosuria, transient gly-
cosuria (two cases), alimentary glycosuria, recurrent glycos-
uria, and mild diabetes. All resulted in a normal pregnancy 
outcome (although all the recorded birth weights were >8 lb). 
He then analyzed the urinary records of 3000 consecutive 
patients in the obstetrical department of Johns Hopkins 
Hospital, in 167 of whom sugar had been demonstrated by 
Fehling’s solution. He concluded that 137 of these repre-
sented de�nite postpartum lactosuria, being recognized 
only during lactation, and that almost all the others who had 
been recognized in late pregnancy were similar. He was able 
to accurately distinguish glucose from lactose in a few cases 
and found only 2 of the 167 cases had de�nite glycosuria and 
could thus be considered to have mild diabetes complicat-
ing pregnancy. �is may be the �rst evidence of screening 
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for gestational diabetes, suggesting a rather low prevalence 
in hospital practice in Baltimore, MD, nearly 100 years ago.

�e major di�culty in the bedside measurement of 
reducing sugars by Fehling’s test is no longer apparent, as 
all test strips now use a glucose oxidase system and recog-
nize only glucosuria (lactosuria will still occur but no longer 
causes medical concern). Whit�eld Williams then tabulated 
all reported cases (81) of diabetes complicating pregnancy 
from 1826 to 1907: he considered 15 cases to be doubtful, as 
glycosuria disappeared a�er delivery (including the famous 
patient �rst reported by Bennewitz in 1826, although he had 
not read the full case report in the original Latin). He calcu-
lated an overall immediate maternal mortality of 27%, with 
an additional 23% of mothers dying within the following 
2  years. He concluded: “Pregnancy may occur in diabetic 
women, or diabetes may become manifest during pregnancy; 
either is a serious complication, although the prognosis is 
not so alarming as is frequently stated.”

Joslin was the �rst internist to specialize in diabetes 
and wrote the �rst textbook on the subject. In 1915, 6 years 
before the discovery of insulin, he was able to describe 
seven personal cases of moderate or severe diabetes asso-
ciated with pregnancy. He wished to take a more hopeful 
view, but admitted that little progress had been made. Of his 
seven cases, four were dead—one by suicide, one with ure-
mic manifestations (eclampsia), one of diabetic coma while 
under the care of a clairvoyant, and the fourth, having sur-
vived one pregnancy with a healthy child, died of pulmo-
nary tuberculosis 2  months a�er losing her second child. 
But he was pleased that of the three remaining cases, one 
was in exceptionally good health, free from sugar, and had a 
normal child, another in a tolerable condition having been 
pregnant three times but with only one child now living, and 
the remaining case alive although severely ill with diabetes 
6 years a�er con�nement. He closed his paper with an opti-
mistic comment: “It is certainly true that with the improve-
ments in the treatment of diabetic patients [he meant strict 
diet], diabetic women will be less likely to avoid pregnancy.”

�e immediate postinsulin period was marked by some 
euphoria by both patients and their doctors, but it took 
a long time for the very considerable fear of pregnancy to 
diminish and to some extent that fear remains to the pres-
ent day. A careful retrospective assessment of those early 
years of insulin at the Rigshospitalet in Copenhagen from 
1926 to 1938 showed that although there had been no mater-
nal deaths in 22 pregnancies in 19 diabetic women mostly 

treated with insulin (probably the more severe and o�en 
referred cases), the perinatal mortality was still 57%.31 �e 
13 perinatal deaths included 6 stillbirths, 2 intrapartum 
deaths, and 5 early neonatal deaths; of the 10 living children, 
3 were asphyxiated at birth, 1 weighed only 1500 g, and 1 
was 5250 g. Histological examination of the pancreas in two 
full-weight fetuses showed a pronounced increase in the size 
and number of the islets of Langerhans. Dr. Brandstrup, 
who was in charge of these mothers’ care during that time, 
set the scene for the future advances made by his successor 
Dr. Jorgen Pedersen a�er the war.

Brandstrup noted that most of his patients had been 
considered to be well adjusted with insulin treatment, but 
that they still had high levels of blood sugar for the greater 
part of the day. He had previously undertaken physiologi-
cal studies in pregnant rabbits on the passage of carbohy-
drates across the placenta a�er intravenous injection and 
had shown that while glucose and pentoses passed across 
by a process of slow di�usion, the placental membrane was 
almost impermeable to disaccharides, including saccharose 
and lactose.32 He described one case treated in 1927, illus-
trated by a 24-hour curve for blood sugar, who had been 
treated with two doses of insulin daily, felt well, and was 
looked upon as treated adequately, but he was unhappy with 
the level of control achieved:

�e blood sugar is seen to keep at very high levels through 
a great part of the day. �is feature is typical of the severe 
cases of diabetes under treatment with insulin, and it 
explains why the children are subject to intrauterine 
obesity through excessive supply of sugar also now in 
the epoch of insulin therapy. But these children are not 
only fat: they are large too. �ey present a condition of 
universal macrosomia … it seems probable that it is the 
maternal hyperglycaemia alone that brings about the 
pathologic–anatomical changes in the child.

Conclusion
�ere is no doubt that had insulin not been discovered in 
1922, then the present-day outlook for successful pregnancy 
in a diabetic mother would still remain very poor because of 
continued maternal hyperglycemia, in spite of the enormous 
improvements in social, medical, and obstetrical care that 
have occurred in the intervening years.
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Metabolism in normal pregnancy
Emilio Herrera and Henar Ortega-Senovilla

Introduction
During pregnancy, the mother adapts her metabolism to 
ensure the continuous supply of nutrients to the fetus in 
order to sustain its exponential growth. Of the nutrients that 
cross the placenta, glucose is quantitatively the most impor-
tant, followed by amino acids. Although lipids cross the pla-
centa in much lower quantities, maternal lipid metabolism 
is consistently and intensely a�ected during pregnancy in 
order to satisfy both maternal and fetal needs. Fetal growth 
and development also depend on other essential nutrients, 
like vitamins. �e metabolism of certain vitamins is there-
fore a�ected during pregnancy to ensure their proper avail-
ability to the fetus. �e purpose of this chapter is to review 
the main changes in carbohydrate, amino acid, lipid, and 
vitamin metabolisms that take place throughout pregnancy 
under normal conditions.

Carbohydrate metabolism
Glucose is the primary energy source of fetoplacental tissues. 
During early pregnancy, both glucose tolerance and insu-
lin sensitivity are normal or greater than normal1 and the 
insulin responses to oral glucose are also greater than nor-
mal,2 whereas hepatic basal glucose production is normal.3 
However, by the third trimester of pregnancy, a progressive 
insulin resistance develops,4,5 and an increase in basal and 
postprandial insulin concentrations is seen.6 During late 
pregnancy, the mother develops hypoglycemia, which is espe-
cially conspicuous under fasting conditions, when the rate 
of gluconeogenesis from di�erent substrates is increased.7,8 
�e use of di�erent substrates for the increased gluconeo-
genesis is variable: the conversion of glycerol rather than 
other more classical gluconeogenic substrates, like pyruvate 
or alanine, to glucose is especially intense.9 �e development 
of maternal hypoglycemia, despite the increased gluconeo-
genesis and the reduced consumption of glucose by mater-
nal tissues caused by her insulin-resistant condition, is the 
result of the high rate of placental transfer of glucose, which 
is greater than that of any other substrate.10,11 �e predomi-
nance of glucose transfer by the placenta is brought about by 

facilitated di�usion according to concentration-dependent 
kinetics, thanks to the presence of a high number of glucose 
transporters, particularly GLUT1.11,12 �e fetus does not syn-
thesize glucose, but uses it as its main oxidative substrate. 
�is causes fetal glycemia normally to be lower than that of 
its mother, allowing a positive maternal–fetal glucose gradi-
ent, which facilitates its placental transfer.

An increased contribution of carbohydrate to oxidative 
metabolism occurs in late pregnancy, which is commensurate 
with the increased rate of glucose production. �e 24-hour 
respiratory quotient (RQ) has been shown to be higher in 
late pregnancy than postpartum.13 Since glucose utilization 
by maternal tissues during late pregnancy is reduced,14 the 
higher RQ seems to re�ect the obligatory use of glucose by 
the fetus,2 which uses an estimated 17–26 g glucose/day in 
late pregnancy,15 such values being well within the increment 
in carbohydrate oxidation found in pregnancy.

Protein and amino acid metabolism
�e accretion of protein is essential for fetal growth and 
must be sustained by the active transfer of amino acids from 
maternal circulation. �ere is no evidence that pregnant 
women store protein during early pregnancy, when fetal 
needs are scarce. �erefore, the increased requirements 
of late pregnancy must be met by metabolic adjustments 
that increase both dietary protein utilization and nitrogen 
retention in order to satisfy fetal demands. Protein metabo-
lism changes gradually throughout gestation so that nitro-
gen conservation for fetal growth achieves its full potential 
during the last quarter of pregnancy.16,17 Nitrogen balance 
studies showed that the rate of maternal nitrogen retention 
between 20 and 40 weeks of gestation was greater than the 
predicted need,18 leading to the proposal that the mother 
gains additional protein in her own tissues. �e increased 
nitrogen retention in late pregnancy is due to a reduction in 
urinary nitrogen excretion as a consequence of decreased 
urea synthesis,16 which is a re�ection of amino acid oxida-
tion. It is therefore suggested that, during late pregnancy, 
there is a shi� in the partitioning of amino acids toward 
net tissue deposition and away from oxidation.19 �us, in 

3
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late pregnancy, nitrogen balance is modi�ed to allow a more 
e�cient use of dietary proteins.20

Although these alterations in protein metabolism dur-
ing late pregnancy favor nitrogen conservation, pregnancy 
is associated with hypoaminoacidemia, which is especially 
evident during fasting, is present at early gestation, and per-
sists throughout pregnancy.21,22 Since insulin infusion in 
nonpregnant adults decreases both plasma amino acid lev-
els and protein breakdown, it is proposed that the decrease 
in plasma amino acids found during normal pregnancy 
is not associated with the insulin resistance condition of 
pregnancy. �us, maternal hypoaminoacidemia re�ects 
increased placental amino acid uptake. Additionally, mater-
nal oxidation of branched-chain amino acids decreases in 
late pregnancy, increasing their availability for transfer to 
the fetus.23

In contrast to glucose, the concentrations of most amino 
acids in fetal plasma are higher than those found in the 
mother, because placental transfer of amino acids is carried 
out by an active process, using selective transporters and 
metabolic energy.24,25 �is capacity to concentrate amino 
acids on the fetal side of the placenta against the concentra-
tion gradient is clearly seen in the fed and 24-hour fasted 
rat. As shown in Figure 3.1, under fed conditions, maternal 
total plasma amino acid levels are similar in 20-day pregnant 
rats and sex- and age-matched virgin animals, whereas the 
levels in fetal plasma are already higher than in the mother. 
However, a�er fasting, the decline of plasma amino acids 
in the late pregnant rat is greater than that seen in virgin 
animals, whereas fetal total plasma amino acid concentra-
tion remains the same as when fed. �us, under fasting, the 
fetal/maternal total amino acid ratio becomes even higher 
than when fed, showing the e�ciency of the placenta in 
transferring amino acids against the gradient. A multiplic-
ity of factors a�ects the overall placental amino acid deliv-
ery rates, including the activity and location of the amino 
acid transporter systems, changes in placental surface area, 

uteroplacental blood �ow, and maternal concentrations of 
amino acids,24 all of which change as gestation advances 
and are dependent on maternal health.26

Lipid metabolism
Accumulation of fat depots in maternal tissues and mater-
nal hyperlipidemia are characteristic features during normal 
pregnancy. Although lipids cross the placenta with di�culty, 
essential fatty acids (EFA) and long-chain polyunsaturated 
fatty acids (LCPUFA) are needed for fetal growth and devel-
opment and must arrive from maternal circulation. �us, 
throughout pregnancy, there are major changes in lipid 
metabolism.

Adipose tissue metabolism
Fat accumulation takes place during the �rst two-thirds of 
gestation27,28 and represents an important contribution to 
the increase in maternal body weight that take place dur-
ing pregnancy.29 It is the result of both hyperphagia and 
increased lipid synthesis and is driven by the greater respon-
siveness to insulin by adipose tissue that occurs during early 
pregnancy.30 During this early stage of pregnancy, there is 
also an increase in adipose tissue lipoprotein lipase (LPL) 
activity as reported in women31 and in rats,32 which cata-
lyzes the hydrolysis of circulating triacylglycerols (TAGs) 
that are carried in TAG-rich lipoproteins (i.e., chylomicrons 
and very-low-density lipoproteins [VLDLs]). �e hydrolytic 
products, nonesteri�ed fatty acids (NEFAs) and glycerol, are 
taken up by the subjacent tissue,33 and overall these changes 
facilitate the accumulation of lipids in maternal depots.

Further increments in maternal fat depots cease dur-
ing the third trimester of gestation as a consequence of two 
changes: (1) a decrease in the LPL activity,34 which mainly 
corresponds to that present in adipose tissue35 and causes a 
decline in the hydrolysis and uptake of TAG circulating in 
the TAG-rich lipoproteins, and (2) an increased activity of 
enzymes that cause the lipolysis of adipose tissue TAG stores, 
which is especially manifest under fasting conditions.36,37

�e placental transfer of the products of adipose tissue 
lipolysis released into the circulation, NEFA and glycerol, is 
quantitatively low,38 and therefore their main destination is 
maternal liver. In liver, NEFAs are converted into acyl-CoA, 
and glycerol into glycerol-3-phosphate, which are partially 
reesteri�ed for the synthesis of TAG. �ese are released back 
into the circulation in the form of VLDL, as maternal liver 
production is increased. In addition, glycerol is also used 
as a preferential substrate for gluconeogenesis, and NEFAs 
are used for β-oxidation, leading to energy production and 
ketone body synthesis. �ese pathways are markedly increased 
under fasting conditions in late pregnancy.8,39 Ketone bodies 
easily cross the placenta.40 Although not synthesized by the 
fetus, they reach the same concentration in fetal circulation as 
in the mother’s.41 In contrast to what occurs in adults, ketone 
bodies can be used by the fetus not only as energetic fuels but 
also as substrates for brain lipids.42,43
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�us, as shown in Figure 3.2, both the mother and the 
fetus bene�t from the increased adipose tissue lipolytic 
activity during late pregnancy, especially during periods of 
fasting. �e preferential conversion of glycerol to glucose 
allows the preservation of other gluconeogenic substrates 
like alanine and other amino acids for transfer to the fetus. 
�e active production of ketone bodies from fatty acids by 
fasting maternal liver allows both their transfer to the fetus 
and their use by maternal tissues such as skeletal muscle as 
alternative fuels. Ketone bodies also save glucose for its use 
by maternal tissues, like the nervous system that depends 
on glucose, and for its transfer by the placenta.

Pregnancy hormones may contribute to some of the 
changes taking place in adipose tissue metabolism. Figure 3.3 
summarizes the main pathways of adipose tissue metabo-
lism, showing how representative hormones exert active con-
trol on them. Insulin augments LPL activity and therefore 
increases the uptake of circulating TAG-rich lipoproteins, 
whereas it decreases the adipocytes’ lipolytic activity. �is 
later e�ect is achieved by increasing the conversion of cAMP 
into AMP and consequently decreasing the activator of the 
protein kinase A, which is responsible for the breakdown of 
intracellular TAG through the phosphorylation and activa-
tion of several key proteins like perilipin, adipocyte TAG 
lipase, and hormone-sensitive lipase (HSL).

On the other hand, lipolytic hormones increase the activ-
ity of the lipolytic cascade by increasing the activity of ade-
nylate cyclase and consequent production of cAMP, as is the 
case for glucagon and catecholamines, by interacting with 
their respective receptors (Figure 3.3).

In early pregnancy, increased estrogen, progesterone, and 
insulin favor lipid deposition and inhibit lipolysis. However, 
in late pregnancy, placental hormones like human chorionic 
somatotropin add to the e�ect of the insulin resistance by 
promoting lipolysis and fat mobilization. �is shi� from 
an anabolic to a catabolic state is further accelerated under 

fasting conditions, where maternal hypoglycemia seems to 
be responsible for an increase in catecholamine production44 
and consequently for increasing the breakdown of fat depot 
and promoting the use of NEFA and glycerol by maternal tis-
sues while preserving glucose and amino acids for the fetus.

Hyperlipidemia
Hyperlipidemia normally develops during the last third of 
gestation and mainly corresponds to increases in TAGs, with 
smaller rises in phospholipids and cholesterol.29,34 As well as 
the increase in VLDL levels described earlier, the increase 
in plasma TAGs also results from their proportional enrich-
ment in both low-density lipoprotein (LDL) and high-density 
lipoprotein (HDL),34 lipoproteins that are normally poor in 
TAGs. Such changes in the maternal lipoprotein pro�le and 
composition are the result of the combined action of several 
factors, which are schematically summarized in Figure 3.4: 
(1) the arrival of larger amounts of the adipose tissue lipolytic 
products, NEFA and glycerol, at the liver, which facilitates the 
hepatic synthesis of TAGs, and their subsequent release into 
the circulation as VLDL; (2) a decreased removal of VLDL 
from the circulation as a consequence of the reduced adi-
pose tissue LPL activity; (3) an increase in cholesteryl ester 
transfer protein activity that takes place at midgestation,45 
facilitating the transfer of cholesterol from LDL and HDL 
to VLDL in exchange for TAGs; and (4) the intense decrease 
in hepatic lipase (HL),34 which results in less conversion of 
the relatively buoyant HDL2b TAG-rich particles into smaller 
TAG-poor and cholesterol-rich particles (HDL3), allowing 
the former to accumulate in the circulation.34

Plasma estrogen increases hepatic VLDL production46 
and decreases HL expression and activity.47 Consequently, 
the increase in its concentration during gestation will add 
to the e�ects of the insulin resistance48 and contribute to the 
maternal hypertriacylglycerolemia.
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Figure 3.2  Schematic representation of maternal response to starvation during late pregnancy. Enhanced adipose tissue lipolysis 
increases the availability of glycerol in the liver, where it is used as the preferential substrate for gluconeogenesis, and of non-
esteri�ed fatty acids (NEFA) for ketogenesis. This mechanism enables the mother to preserve other gluconeogenic substrates, 
such as amino acids (mainly, alanine), and ensures their availability to the fetus while producing glucose for the fetus and her 
own needs. Note: TAG, triacylglycerols.
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Bene�ts of maternal hypertriacylglycerolemia to the 
fetus and newborn
Although maternal TAGs do not directly cross the placenta,49 
we think that there are several ways by which the fetus and 
newborn may bene�t from maternal hypertriacylglycerolemia:

	1.	 Use of TAGs as metabolic fuels. Although adult liver 
does not normally express LPL activity, studies in the 
rat have shown that under fasting conditions during late 
pregnancy, there is a marked increase in liver LPL activ-
ity.50 �is liver LPL seems to be the result of the washout 
of LPL from extrahepatic tissues carried out by the rem-
nants of the TAG-rich lipoproteins. In this way, under 

fasting conditions, the maternal liver switches from an 
exporter organ to an importer of plasma TAGs, which 
may be used as substrates for ketogenesis. �is allows the 
exaggerated increase in plasma ketone bodies, which, as 
discussed earlier, save glucose in maternal tissues and 
cross the placental barrier providing a substrate for the 
fetus.

	2.	 Placental transfer of polyunsaturated fatty acids (PUFA). 
EFA from the maternal diet and LCPUFA, derived either 
from the diet or by endogenous synthesis from EFA, are 
mainly transported in their esteri�ed form in mater-
nal plasma lipoproteins rather than as NEFA.51 �e 
placenta expresses receptors for all the major plasma 
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the case in late pregnancy, prevent these two effects of insulin, i.e., they decrease LPL activity and increase lipolytic activity. These 
actions are exaggerated at late pregnancy by the actions of catecholamines and lipolytic hormones produced by the placenta. ACS, 
acyl-CoA synthetase; MGAT, acyl-CoA monoacylglycerol acyltransferase; DGAT, acyl-CoA diacylglycerol acyltransferase.
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lipoproteins. It has di�erent lipolytic activities, includ-
ing LPL, phospholipase A2, and an intracellular lipase, 
and it also expresses fatty acid binding proteins (for 
a review, see Herrera et  al.52). �us, esteri�ed PUFA in 
maternal plasma lipoproteins are taken up either intact 
through the placenta’s receptors or a�er hydrolysis as 
their constituent fatty acids. Within the placental tissue, 
the fatty acids are reesteri�ed to be subsequently hydro-
lyzed along with those taken up intact and �nally dif-
fused into the fetal plasma by a mechanism that is not 
yet completely understood. �is process, together with 
the direct transfer of NEFA and the intrinsic placental 
fatty acid metabolism, determines the actual rate of the 
selective placental fatty acid transfer, which is essential 
for fetal development.

	3.	 Contribution to milk synthesis in preparation for lactation. 
Around parturition, there is a rapid rise in mammary gland 
LPL activity53 that, together with the low LPL activity in 
adipose tissue,35 drives circulating TAGs to the mammary 
gland. �is caused a rapid disappearance of maternal hyper-
triacylglycerolemia,34 and EFA and LCPUFA from maternal 
circulation are taken up by the mammary gland for milk 
synthesis to become available to the suckled newborn, con-
tributing to its normal development.

Adipocytokines and fetal growth
Adipose tissue secretes several speci�c proteins called adi-
pocytokines that play critical roles in energy homeostasis 
in adults, and some of them also modulate insulin action in 
di�erent tissues.54,55 Changes in the plasma levels of some of 
these adipocytokines during pregnancy are involved in the 
maternal changes of insulin sensitivity and are known to 
contribute to fetal growth. Here we will describe four adipo-
cytokines that are known to possess this property: adipocyte 
fatty acid binding protein (AFABP), leptin, adiponectin, and 
retinol binding protein 4 (RBP4).

AFABP is responsible for the intracellular tra�cking of 
fatty acids and interacts with HSL increasing its lipolytic 
activity.56 �is novel adipocytokine is present in human 
serum55 and its concentrations are associated with insulin 
resistance and type 2 diabetes,57 being higher in pregnant 
women with gestational diabetes mellitus (GDM) than 
in control subjects.58 �e concentration of AFABP in cord 
serum of control subjects is higher than in the correspond-
ing maternal serum, and in GDM fetuses, values correlate 
with neonatal fat mass.58

Leptin is produced by adipose tissue as well as by other 
tissues, including the placenta,59,60 its concentration in 
maternal plasma being increased during late pregnancy.60 
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Besides increasing adipose tissue lipolysis, leptin modulates 
glucose metabolism and insulin sensitivity, and maternal 
hyperleptinemia seems to contribute to the availability of 
nutrients to the fetus. Although the relationship between 
fetal leptin and birth weight has not been clearly established, 
leptin concentration in serum from the umbilical vein has 
a strong positive correlation with neonatal fat mass61 and is 
considered a marker of adiposity in the fetus.

RBP4 is another adipocytokine that has been shown to 
regulate glucose metabolism by reducing insulin sensitiv-
ity.62 During pregnancy, RBP4 is also synthesized by the 
placenta, and its concentration in maternal plasma increases 
progressively with gestational age as the placenta expands.63 
�e concentration of RBP4 in maternal and cord blood 
serum is higher in pregnant women with GDM than in con-
trols,58 and it has been proposed that this contributes to the 
higher insulin resistance found in women with GDM.

Adiponectin is another adipocytokine, but unlike the 
foregoing examples, it increases insulin sensitivity. During 
normal pregnancy, no signi�cant alterations in adiponectin 
levels have been found,64 but its levels negatively correlate 
with insulin resistance65 and they are lower in women with 
GDM than in control women.66 Cord blood adiponectin 
concentrations increase with gestational age and correlate 
positively with birth weights,67 suggesting a possible role in 
fetal adiposity and development. However, cord blood adipo-
nectin concentrations in women with GDM are lower than 
in controls, and no relationship is found between this vari-
able and neonatal fat mass or birth weight.58

Vitamin metabolism in pregnancy
Adequate maternal micronutrient and vitamin status is 
especially critical during pregnancy and lactation. Several 
micronutrient de�ciencies (like iron, iodine, zinc) are well 
established as contributors to abnormal prenatal develop-
ment or pregnancy outcome. Less well recognized for their 
importance are de�ciencies of vitamins. Evidence is accu-
mulating that maternal antioxidant status is important to 
prevent abnormal pregnancy outcomes. In lactation, the 
maternal status of several of these vitamins a�ects their 
concentration in breast milk. �e main cause of multiple 
vitamin de�ciencies is a poor-quality diet, even though gene 
polymorphism can also impair vitamin absorption or alter 
their metabolism and cause vitamin de�ciency.

We summarize here the changes in the metabolism of the 
vitamins during pregnancy that have the highest implica-
tions in fetal growth and development.

Hydrophilic vitamins
Folic acid
Folates act in a number of one-carbon transfer reactions, 
including purine and thymidylate biosynthesis, amino acid 
metabolism, and formate oxidation. Purine and thymidy
late biosyntheses are fundamental requirements underlying 

DNA and RNA synthesis. �us, it is obvious that these 
folate-dependent reactions are essential for fetal growth and 
development and for maternal well-being.

Pregnancy is associated with an increased folate demand 
and, in some cases, leads to overt folate de�ciency. �e increase 
in folate requirement during pregnancy is due to the growth 
of the fetus and uteroplacental organs. Circulating folate con-
centrations decline in pregnant women who are not supple-
mented with folic acid.68 Possible causes for the declines in 
blood folate include an increased folate demand for the fetus, 
increased folate catabolism, increased folate clearance and 
excretion, decreased folate absorption, hormonal in�uence on 
folate metabolism as a physiological response to pregnancy, 
and low folate intake.69,70 �ere is a strong positive associa-
tion between folate concentrations in maternal plasma, cord 
plasma, and placenta, suggesting that transplacental folate 
delivery depends upon maternal plasma folate concentrations. 
�e transfer of 5-methyltetrahydrofolate (the main form of 
folate in plasma) from the maternal to the fetal perfusate is 
not saturable in a range well above typical physiological con-
centrations71; also it is favored by the folate receptor, which is 
abundant in the epithelial cells of placenta.72

Studies conducted in recent years led to the recognition 
that supplementing the maternal diet with folic acid reduced 
the prevalence of folate de�ciency in pregnancy and pre-
vented pregnancy-related disorders. Data from these stud-
ies suggest that 200–300 μg folic acid per day is needed in 
addition to dietary folate to maintain normal folate status 
and to prevent folate de�ciency during pregnancy.73,74

Vitamin C
In addition to the prevention of scurvy, vitamin C (or ascor-
bic acid) has numerous other functions and is a cofactor for 
several enzyme systems. For humans, ascorbic acid is an 
essential vitamin, with an important antioxidant function. 
As antioxidant defense systems are important to protect tis-
sues and cells from damage caused by oxidative stress, an 
imbalance between increased oxidative stress and decreased 
antioxidant defenses impairs fetal growth.75 �us, pregnant 
women utilize a defense mechanism, composed of antioxi-
dant enzymes and nutrients including vitamin C, against 
oxidative stress and free radical damage. It is believed that 
ascorbic acid, a�er conversion to dehydroascorbic acid, 
crosses the placenta to enter fetal circulation. Once in the 
fetal circulation, dehydroascorbic acid is reduced back to 
ascorbic acid and is maintained in high concentrations on 
the fetal side in the placenta.76 Maternal serum vitamin C 
levels during the second trimester of gestation are correlated 
with birth weight and length in full-term babies.77

Lipophilic vitamins
Because lipophilic vitamins are fat soluble, they share 
several common mechanisms with other lipophilic sub-
stances in terms of their metabolism and transfer to the 
o�spring. Although lipophilic vitamins are essential during 
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intrauterine and early postnatal life, little is known about 
their placental transfer during pregnancy or their uptake by 
mammary gland during lactation.

Vitamin D
Vitamin D metabolites have numerous potential physiological 
and pharmacological actions, but their principal physiologi-
cal function is maintaining serum calcium and phosphorus 
concentrations in a range that supports cellular processes, 
neuromuscular function, and bone mineralization.

Signi�cant changes in maternal vitamin D and calcium 
metabolism occur during pregnancy to provide the calcium 
needed for fetal bone mineral accretion. Fetal concentra-
tions of 1,25-dihydroxy-vitamin D (1,25(OH)2D3, the active 
metabolite of vitamin D3) are low, whereas maternal levels 
are strikingly elevated during pregnancy.78 �is increase 
in maternal 1,25(OH)2D3 levels appears to be caused by 
increased production rather than decreased clearance, but 
the precise source of the increased 1,25(OH)2D3 synthesis 
has yet to be fully de�ned. 1,25(OH)2D3 can pass through 
the placental barrier in either direction to sustain the active 
transport of calcium across the placenta during late gesta-
tion. Approximately, 25–30 g of calcium is transferred to the 
fetal skeleton by the end of pregnancy, most during the last 
trimester. It has been estimated that the fetus accumulates 
up to 250 mg/dL calcium during the third trimester. �e 
three possible calcium sources that could supply the mother 
with the necessary calcium to support fetal growth include 
increased intestinal absorption from the diet, increased 
renal conservation, and increased bone mobilization.79

To date, there is no evidence to indicate a bene�cial 
e�ect of vitamin D intake during pregnancy above amounts 
routinely required to prevent vitamin D de�ciency among 
nonpregnant women.

Vitamin A
Vitamin A exists in several forms in animal tissues: retinol, 
retinal, retinoic acid, and retinyl esters, mainly as retinyl 
palmitate. All forms of vitamin A are hydrophobic com-
pounds, which are highly unstable in the presence of O2. 
A diet de�cient in either retinol or the provitamin A carot-
enoids that can be metabolized to retinol results in impaired 
growth, night blindness, and, ultimately, xerophthalmia 
and blindness. We now know that there are two metabolites 
of vitamin A, retinoic acid and retinal, that are responsible 
for growth and development by regulating gene expression, 
whereas retinal and its isomers are responsible for the visual 
function of vitamin A.

During pregnancy, concentrations of retinol in maternal 
plasma fall as gestation advances80 (Figure 3.5), which prob-
ably re�ects the increasing demands of the rapidly growing 
maternal and fetal tissues. It has been shown that retinol 
plays an essential role in the development of organs such as 
the lungs, heart, and skeleton, while retinoic acid enables the 
setting up of the vascular and nervous system and is involved 
as a morphogenic agent during embryonic development.81,82 
Multiple fetal anomalies occur in vitamin A de�ciency, as 
well as in knockout mice de�cient in the receptor for retinoic 
acid. An excess of vitamin A also induces the same type of 
abnormality: the importance of the abnormality depends on 
the period of gestation and the duration of the excessive or 
de�cient supply.83

�e mechanism of transfer of vitamin A from mother to 
fetus remains unknown, but it allows vitamin A levels in the 
fetus to remain una�ected by alterations in maternal vitamin 
A status, except in conditions of de�ciency or excess.84 �e 
placenta’s vitamin A content increases in the last trimester of 
pregnancy, thanks to the supply of vitamin A from maternal 
stores (i.e., liver).85 Studies in rats showed that in early gestation, 
maternal RBP (retinol binding protein) is transported across 
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the placenta and delivers retinol, whereas in late gestation, a 
di�erent mechanism appears to be operating because fetal 
liver is capable of synthesizing RBP.86 Studies in vivo show that 
maternal RBP does not cross the placental membrane barrier 
in the last trimester of gestation and cannot enter fetal circula-
tion,87 and homozygous RBP-null mutant mice are viable and 
fertile.88 In humans, serum apo-RBP (retinol-free) concentra-
tion appears to be elevated during pregnancy, suggesting that 
pregnancy may alter the a�nity of RBP for retinol or induce 
the binding of the vitamin to other uncharacterized proteins.89 
Moreover, other forms of vitamin A, such as retinyl esters and 
retinoic acid, can also be taken up at the placental barrier.

Nevertheless, there are no signi�cant correlations between 
maternal and cord plasma concentrations of retinol or carot-
enoids under normal conditions, although some authors 
report a weak but statistically signi�cant correlation when 
the concentrations of retinol in cord and maternal plasma 
are low.90 Published studies in humans show that maternal 
subclinical vitamin A de�ciency is related to neonatal sub-
clinical vitamin A de�ciency and to low birth weight90,91; 
furthermore, adequate vitamin A at delivery is positively 
associated with birth outcomes and children’s neurodevel-
opment in later childhood.92

�e situation with vitamin A in early lactation is peculiar. 
Because of the limited transplacental transfer, the infant’s 
liver stores of vitamin A at birth are small even in well-
nourished populations, so newborns are highly dependent on 
dietary intake of the vitamin to establish proper tissue stores, 
maintain rapid growth, and develop their immune system. 
Colostrum contains a higher vitamin A concentration than 
milk and has an important role to play in providing the ini-
tial protection from vitamin A de�ciency in the newborn.93 
�e timing of colostrum ingestion seems to play a role in the 
e�ciency of intestinal vitamin absorption, thus colostrum 
feeding on the day of birth is important for the establish-
ment of absorptive mechanism allowing intestinal transport 
of fat-soluble vitamins. Moreover, breast milk is also a good 
source of vitamin A and clinical vitamin A de�ciency is rare 
in breast-fed infants during their �rst year of life.

Debate surrounds the use of retinol supplements during 
pregnancy. �e use of retinol supplements in well-nourished 
mothers does not a�ect fetus concentrations. High doses 
of retinol are teratogenic, and in some countries, pregnant 
women are advised to avoid retinol-containing supple-
ments.94 However, this advice may lead to vitamin A de�-
ciency.95 Serum retinol is a relatively insensitive indicator of 
body vitamin A status: only 1% of the body’s reserves cir-
culate in the plasma, and homeostatic mechanisms control 
concentrations via retinol binding protein concentrations.

Vitamin E
Dietary vitamin E is present as tocopherol, mainly α- and 
γ-tocopherol, and tocopheryl esters. Plasma levels of vitamin 
E in the mother increase signi�cantly from the �rst trimes-
ter of gestation to reach a maximum in the third trimester 
of gestation (Figure 3.5).80,96,97 Unlike vitamin A, there is no 
speci�c carrier protein in the serum to transport vitamin E, 

which circulates as its nonesteri�ed alcohol form in serum 
lipoproteins. Changes in plasma α-tocopherol levels during 
pregnancy parallel maternal hyperlipidemia (see earlier in 
this chapter). In contrast, γ-tocopherol reaches a maximum 
concentration in maternal plasma at midgestation. �e rea-
son for the di�erent concentration patterns (between α- and 
γ-tocopherol) during pregnancy is unknown, but could be 
related to di�erences in their tissue uptake and intracellular 
metabolism.

α-Tocopherol concentration in the plasma of human 
fetuses is lower than in their mothers, but rises toward the 
end of pregnancy. Since α-tocopherol is carried in plasma 
mainly by VLDL and LDL, its uptake and handling by the 
placenta are similar to that of the other lipoprotein lipophilic 
components (see earlier in this chapter). �e placenta also 
expresses α-tocopherol transfer protein (α-TTP), and in a 
manner similar to its role in liver, it may actively contribute 
to the speci�c transfer of α-tocopherol to the fetus.98,99

Despite the existence of all these processes, e�orts to inves-
tigate the kinetics of the transfer of vitamin E by isolated 
human placental systems have found that it is speci�c for 
the natural stereoisomer, RRR-α-tocopherol, rather than any 
other form of vitamin E, but that its rate is very low. �is justi-
�es the consistent �nding of much lower α-tocopherol levels in 
fetal plasma and red blood cells than in maternal ones.

During lactation, vitamin E intake through milk is the 
way of supplying the newborn with an essential defense 
against oxygen toxicity and of stimulating the development 
of its immune system. A good supply of vitamin E to the 
o�spring is therefore particularly critical in this period. �e 
increase in vitamin E content in body tissues of the o�spring 
following birth is attributed to the ingestion of colostrum and 
milk, emphasizing the limited placental vitamin E transfer 
and the importance of milk consumption. Colostrum con-
tains a higher concentration of vitamin E than does milk,100 
which may imply an active uptake by the mammary gland in 
compensation for the limited placental transport. A decline 
in maternal circulating vitamin E concentration is noticed at 
the end of gestation or in early lactation; this decrease coin-
cides with the high concentration of α-tocopherol present 
in colostrum, and the two events are probably related. �e 
mechanism of transfer from blood into milk is not com-
pletely understood. Perhaps the transfer of vitamin E into 
milk occurs through a protein-mediated transport: the pres-
ence of an α-TTP-like mechanism in the mammary gland 
cannot be excluded nor can the presence of a lipoprotein 
scavenger receptor class B1 (SR-BI receptor) in the mammary 
gland, which could be involved in the uptake of α-tocopherol 
from HDL. In addition, the high concentration of vitamin E 
found in colostrum compared to mature milk might be due 
to an increase in the activity of mammary LDL receptors and, 
thus, to an important uptake of LDL by the mammary gland 
around parturition. LPL also seems to modulate the mam-
mary gland uptake of α-tocopherol from VLDL and chylo-
microns.101 In contrast to placental transfer of tocopherols, 
which remains low even when maternal serum levels are high, 
the transfer through colostrum and milk can be increased by 
increasing the ingestion of vitamin E by the mother.
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It is important to note that tocopherol is able to a�ect 
the metabolism of vitamin A in several tissues and may play 
a role in tissue retinol homeostasis. It has been shown to 
modulate the levels of retinol and total vitamin A in tissues 
such as the liver, kidney, and intestine. In vitro, tocopherol 
exerts an inhibiting or stimulating action (depending on the 
tissue) on the hydrolysis of retinyl palmitate.

Summary
Maternal metabolic adaptations during pregnancy are 
mainly directed toward maintaining a continuous availabil-
ity of substrates to enable fetal growth. Glucose, used as a 
primary energy source of fetoplacental tissues, is quantita-
tively the most important substrate crossing the placenta. 
During late pregnancy, the mother develops hypoglycemia 
as a result of the high rate of placental transfer, despite there 
being more active gluconeogenesis and a reduced consump-
tion of glucose.

Amino acids cross the placenta against the concentra-
tion gradient, thanks to an active process. Fetal growth is 
sustained by the transfer of amino acids from the maternal 
circulation. Protein metabolism changes gradually through-
out gestation, and although during late pregnancy there is 
increased nitrogen retention, the mother develops hypoami-
noacidemia, which is especially evident during fasting.

Fat depot accumulation and maternal hyperlipidemia are 
characteristic features of pregnancy. During late pregnancy, 
maternal adipose tissue lipolytic activity is increased, and 

the main destination of released NEFA and glycerol is the 
liver, where they are used for the synthesis of TAGs. �e glyc-
erol is also used as a gluconeogenic substrate and the NEFAs 
are also oxidized for ketogenesis.

Adipocytokines secreted by adipose tissue play critical 
roles in energy homeostasis in adults, and some of them 
modulate insulin action. Circulating levels of some of these 
adipocytokines are modi�ed during pregnancy, are involved 
in the maternal changes of insulin sensitivity, and are 
appeared to contribute to fetal growth. �is is the case for 
AFABP, leptin, adiponectin, and RBP4.

Major changes also occur in vitamin metabolism. 
Vitamins A and E are the most a�ected. Maternal plasma 
retinol falls as gestation progresses, whereas vitamin E 
levels increase parallel to the increase in plasma lipids. 
Transplacental transfer of these vitamins is limited, but both 
the fetus and the newborn need them. �ey are both taken 
up by the mammary gland, and their high concentration in 
colostrum seems to play an important role in the extrauter-
ine adaptations of the suckled newborn.
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pregnancies complicated by 
gestational diabetes
Bartolomé Bonet, María Bonet-Alavés, and Isabel Sánchez-Vera

Changes in intermediary metabolism 
during pregnancy
As has been shown in the previous chapters, major changes 
take place in the intermediary metabolism throughout preg-
nancy: changes that will facilitate the fetal needs of energy 
and precursors for fetal and placental growth, as well as 
for placental hormone synthesis. From a metabolic point 
of view, during gestation there are two di�erent periods. In 
the �rst half of pregnancy, during the embryo development 
period, there are maternal changes that lead to storage of 
energy and nutrients.1–3 During this time of pregnancy, there 
is both increased appetite and normal or increased insulin 
sensitivity. �ese changes will facilitate glucose and lipid 
uptake by adipose tissue, increasing the lipid stores.1–3 In 
fact, during the �rst half of pregnancy, most women show an 
increase in adipose tissue mass.4 Nevertheless, as pregnancy 
advances and the fetal–placental unit is rapidly growing, a 
marked shi� in the metabolic pathways is observed. �is 
second period is characterized by a state of maternal insulin 
resistance, decreasing the uptake of glucose in the insulin-
sensitive tissues, mainly the white adipose tissue and muscle 
(Figure 4.1, panel b). Such a condition facilitates the supply 
of glucose toward the fetus, where the daily glucose require-
ments are very high (30–50 g of glucose/day).5 �e insulin 
resistance is also responsible of the blunted curve that takes 
place a�er an oral glucose tolerance test or a regular meal.6–8 
Such a curve causes higher and more prolonged plasma lev-
els of glucose a�er a meal facilitating a higher glucose supply 
toward the fetus, as the transfer of glucose through the pla-
centa is via passive glucose di�usion and, therefore, concen-
tration dependent.9

Plasma lipid changes during pregnancy
During gestation, there are also relevant changes in lipid 
metabolism (Figure 4.1, panel b), changes most marked 
in the second half of pregnancy, when both plasma 

triglycerides and cholesterol reach the highest levels.1,2,10,11 
�e high plasma levels of triglycerides seem to be secondary 
to both an increased hepatic synthesis of very-low-density 
lipoproteins–triglycerides (VLDL-TG) and a decreased lipo-
protein lipase (LPL) activity in the adipose tissue in late ges-
tation.10,11 �ese changes are due to some of the hormonal 
changes observed during pregnancy. �e increased produc-
tion of VLDL-TG is secondary to the elevation of estradiol 
that takes place during gestation, as increased levels of estra-
diol stimulate the hepatic synthesis of triglycerides.12,13 Both 
the human placental lactogen, which reaches its maximum 
concentration by the end of pregnancy, and insulin resis-
tance increase adipose tissue lipolysis, leading to an abun-
dant supply of fatty acids to the liver.14,15 �e lower levels of 
adiponectin observed as pregnancy advances16,17 may also 
play a role in the increased hepatic synthesis of triglycerides, 
as under this condition, in the liver, there is a decrease in 
beta-oxidation18 and, therefore, the fatty acids are derived 
toward reesteri�cation and synthesis of triglycerides. �e 
high plasma levels of triglycerides are used as a source of 
energy for the maternal tissues, sparing glucose for the fetus 
and the maternal tissues where glucose is the only source 
of energy. In addition, they are used by the placenta, where 
LPL is present19; therefore, the placenta is able to hydrolyze 
the VLDL-TG, releasing fatty acids, which are taken up by 
placental cells.19 In fact, several studies have shown a posi-
tive relationship between maternal plasma triglycerides and 
birth weight.20,21

�e elevation of the plasma levels of cholesterol, mainly 
from low-density lipoproteins (LDLs),1,2,10,11 will facilitate 
the substrate for the elevated synthesis of steroid hormones 
that takes place during pregnancy. By the end of pregnancy, 
plasma levels of estradiol are almost a thousand times higher 
than in nonpregnant women and progesterone 10 times 
higher.22 Cholesterol is also a source of precursors for the 
high synthesis of cell membranes that takes place in the fast-
growing fetus.

As occurs in carbohydrates and lipid metabolism, there 
are changes in protein metabolism throughout pregnancy. 

4
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�ese changes develop gradually during gestation. By the 
end of pregnancy, when fetal growth is maximal, nitrogen 
retention is four times higher than in early pregnancy,23 sug-
gesting that amino acids are conserved for tissue synthesis. 
Nevertheless, the sum of total plasma amino acids declines 
by 15%–25%, re�ecting the enhanced uptake of amino acids 
by the placenta,24 where there is an energy-dependent active 
transport,24,25 providing a higher concentration of amino 
acids in fetal plasma. Such a mechanism facilitates the sup-
ply of amino acids for the rapid protein accretion that takes 
place in the fetus by the end of pregnancy.

Overall the metabolic changes observed during preg-
nancy are directed to supply nutrients to the placental–fetal 
unit, allowing in a short period of time the fast growing of 
both elements.

Mechanisms of pregnancy-induced 
insulin resistance
�e mechanisms involved in pregnancy-induced insulin 
resistance, although not completely understood, seem to 
be related to the placenta and the increased adipose tissue 
mass that develops during pregnancy (Figure 4.2). In preg-
nant rats, there is increased degradation of insulin by the 
placenta26; therefore, insulin removal is accelerated, caus-
ing a higher activity in the pancreatic beta cells. A similar 
phenomenon may occur in human pregnancies. Both the 

placenta and the increased adipose tissue promote impor-
tant changes in the maternal milieu: hormonal, in�amma-
tory, and metabolic. As pregnancy advances, there is an 
increase in the plasma levels of placental lactogen and estro-
gens. �e �rst condition leads to increased lipolysis and to 
higher plasma levels of free fatty acids15 that promote periph-
eral insulin resistance.27 �e elevation of estradiol and the 
decrease in adiponectin promote an increase in the hepatic 
synthesis and release of triglycerides, such as VLDL-TG; such 
a condition causes peripheral insulin resistance by increas-
ing the cell metabolism of fatty acids, raising the cellular lev-
els of NADH and ATP. �is intracellular condition lowers 
the glucokinase activity and the cell ability to phosphorylate 
glucose, decreasing the cell uptake of this substance. �e 
placenta and the higher adipose mass increase the plasma 
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levels of TNF-alpha, a condition that modi�es the intracel-
lular signaling of insulin, causing insulin resistance.28,29 �e 
insulin-sensitizing e�ects of adiponectin30 are plumbed by 
the decreased plasma levels of adiponectin observed in the 
second half of pregnancy. �e higher concentration of corti-
sol found in pregnancy increases the hepatic glucose produc-
tion and decreases the peripheral tissue glucose utilization, 
further increasing insulin resistance. �e high plasma levels 
of progesterone found during the second half of pregnancy 
also has been related with the pregnancy-induced insulin 
resistance.31

Mechanisms leading to the 
development of gestational diabetes
�e mechanisms leading to the development of gestational 
diabetes mellitus (GDM) have not been fully de�ned but 
are probably related to both an exacerbation of the beta-cell 
dysfunction in subjects genetically predisposed to beta-cell 
alterations and to the insulin resistance that takes place as 
gestation advances. In that sense, GDM will act like a type 2 
diabetes mellitus (DM). Regarding the beta-cell dysfunction, 
several mechanisms could be involved in this process. High 
progesterone levels may play a relevant role.32,33 Recently, in 
models of knockout mice,33 it has been shown that the lack 
of progesterone receptors is associated with a higher insulin 
secretion by beta cells. �erefore, the high levels of progester-
one that develop during pregnancy may damage these cells. 
�e hyperlipidemia observed during pregnancy may also 
decrease the capability of beta cells to secrete insulin.34,35 
Although fatty acids may induce insulin secretion,36 under 
certain circumstances, prolonged elevated levels of fatty 
acids may damage the beta cell, decreasing insulin secretion. 
In fact, in an experimental animal model during pregnancy, 
a decrease in plasma free fatty acids (FFA) and triglycerides 
increases insulin secretion a�er an oral glucose tolerance 
test.37 Recently, higher plasma levels of cholesterol have been 
linked to islet dysfunction38; therefore, pregnancy-induced 
hypercholesterolemia may play a role in the beta-cell failure 
associated with GDM.

�e higher food intake that develops during early preg-
nancy may cause beta-cell hyperplasia. In certain geneti-
cally predisposed subjects, this higher supply of glucose and 
fatty acids to the beta cell may increase the cell metabolism, 
leading to increased beta-cell apoptosis and cell death.34,39 
Such a phenomenon would compromise the capability 
of the beta cells to provide enough insulin in a period of 
increased insulin requirements causing development of 
GDM. Further research is needed for a better understand-
ing of the beta-cell dysfunction observed in GDM, in order 
to develop methods to improve this function and decrease 
the incidence of GDM.

Because the insulin resistance that takes place in the sec-
ond half of pregnancy plays a key role in the development of 
GDM, any condition susceptible to exacerbating this resis-
tance may play a role in the development of GDM. Obesity 
and the associated metabolic alterations also promote 

insulin resistance,40,41 exacerbating the pregnancy-induced 
insulin resistance and the risk of developing GDM.

Glucose alterations in GDM
Independent of the mechanisms involved, in GDM, there is 
a relative lack of insulin during a period of time with high 
insulin needs to compensate the insulin resistance that 
develops in the third trimester of pregnancy. When GDM 
develops, in the maternal tissues, the insulin-dependent 
glucose uptake is further decreased and hyperglycemia 
develops. Because the placental transfer of glucose is con-
centration dependent9 under conditions of maternal hyper-
glycemia and placental normal function, there is increased 
placental transfer of glucose (Figure 4.1, panel c), and fetal 
hyperglycemia and, secondary to this alteration, hyper-
insulinism develop. As insulin is one of the main growth 
factors during fetal life,42 hyperinsulinemia promotes fetal 
growth, macrosomia, and complications secondary to the 
delivery of a large baby, mainly both maternal perineal 
damage and birth trauma, including shoulder dystocia and 
Erb’s palsy. Once the umbilical supply of glucose is sud-
denly arrested a�er delivery, in the newborn, the remain-
ing hyperinsulinism increases the risk of hypoglycemia. 
�e macrosomic newborn will need monitoring of blood 
glucose within the �rst hour a�er birth and early feeds 
and occasionally may require intravenous administration 
of glucose.43 Hypoglycemia in the newborn, if not cor-
rected, may lead to brain damage.44 Fetal macrosomia also 
increases the risk of obesity, type 2 DM, and cardiovascular 
diseases later on in life.45,46

Lipid alterations in GDM
In GDM, as occurs in other conditions of insulin resistance 
and beta-cell dysfunction, there is an increase in plasma 
levels of triglycerides and cholesterol. �is e�ect should be 
added to the physiological hyperlipidemia induced by preg-
nancy10,11 (Figure 4.1, panel c). �erefore, women with GDM 
have higher plasma levels of triglycerides and cholesterol 
than found in normal pregnancies.47–49 Hypertriglyceridemia 
found in GDM may also play a role in the fetal macrosomia 
observed in these pregnancies, as several authors have shown 
a positive correlation between the plasma levels of triglycer-
ides and birth weight.20,21

Nevertheless, these increased plasma levels of both 
triglycerides and cholesterol, as occur in other condi-
tions through the life, may have deleterious e�ects on the 
normal development of pregnancy and on fetal growth. 
Increased levels of triglycerides have been associated to 
structural alterations in LDL.50,51 High triglycerides make 
LDL particles smaller and denser. Such particles are more 
susceptible to oxidation. �rough pregnancy, the maternal 
milieu changes, developing conditions that both increase 
and decrease LDL susceptibility to oxidation. Higher lev-
els of triglycerides, cholesterol, glucose, and progesterone 
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are prooxidant,52,53 but this e�ect may be blunted by higher 
levels of vitamin E and estradiol,22 two powerful antioxi-
dants whose levels are increased in pregnancy.22 In fact, our 
group and others have shown that in normal pregnancies, 
as pregnancy advances, despite increased plasma levels of 
triglycerides and cholesterol, LDL susceptibility to oxidation 
decreases,22,54 a phenomenon that is partially explained by 
the high levels of estradiol observed at the end of pregnancy. 
Nevertheless, under conditions of exacerbated dyslipidemia, 
the prooxidant e�ects may lead to increased LDL oxidation 
and to the consequences associated with this process. An 
increased LDL oxidation may have relevant consequences 
for the placenta as well as for the fetus. In a cell culture model 
of human placental trophoblasts and macrophages, LDL oxi-
dation is cytotoxic.55 If this process occurred during preg-
nancy, it could damage the placenta. If such damage were 
extensive, the placental capability to transfer nutrients and 
oxygen to the fetus might be decreased, compromising fetal 
growth. In fact, our group has shown a correlation between 
LDL susceptibility to oxidation and birth weight,22 suggest-
ing that in conditions where LDL oxidation is increased, the 
fetal growth is compromised. Furthermore, when oxidized 
LDL is taken up by human trophoblasts, through scavenger 
receptors and not by the LDL receptor, despite increasing 
the intracellular concentration of cholesterol, progesterone 
secretion is decreased56 (Figure 4.3). �ese data suggest that 
the metabolism of cholesterol from oxidized LDL does not 
follow the physiological pathways required for hormonal 
synthesis. �erefore, under circumstances of increased LDL 
oxidation, there may be a lack of cholesterol for the placenta, 
decreasing the placental synthesis of steroidal hormones as 
well as the transfer of cholesterol to the fetus. As occurs in 
other conditions, increased LDL oxidation may also lead to 
vascular dysfunction,57–59 decreasing the vascular blood �ow 
and the nutrient transfer to the fetus. �erefore, increased 
LDL oxidation could a�ect the transfer of nutrients and oxy-
gen to the fetus either damaging the placenta or decreasing 
the placental blood �ow.

Finally, conditions of increased plasma levels of choles-
terol and triglycerides have been linked to increased fatty 

streaks in the fetal arteries.60,61 As a consequence, children 
from GDM pregnancies may have a higher incidence of 
these alterations than newborns from normal pregnancies. 
Further studies are needed to demonstrate if stillborns from 
GDM pregnancies also have increased incidence of fatty 
streaks in their arteries.

To sum up, in GDM, there is a combination of factors that 
may a�ect the nutrient supply to the fetus (Figure 4.4). Under 
certain conditions, increased supply of glucose and triglyc-
erides toward the fetus may lead to increased fetal growth 
and macrosomia. Nevertheless, under certain conditions, 
dyslipidemia and hyperglycemia found in GDM may lead 
to increased LDL oxidation, placental damage, and vascular 
dysfunction; such a condition would decrease the transfer of 
nutrients toward the fetus and lead to intrauterine growth 
retardation (Figure 4.4). At present, most e�orts are directed 
toward blood glucose normalization, and little attention 
has been paid to the dyslipidemia and to the LDL oxidation 
associated with this process; in fact in our institution, in 
GDM pregnancies with optimal metabolic control, we have 
found a higher incidence of intrauterine growth retardation 
(13.5%) than macrosomic infants (9.1%).49 Further studies 
are needed to obtain a better understanding of the role of 
dyslipidemia in the maternal and fetal complications associ-
ated with GDM. �ere is a need of studies to determine why 
some pregnancies complicated by GDM causes intrauterine 
growth retardation instead of large infants.

Amino acid alterations in pregnancies 
complicated by gestational diabetes
In GDM, there is an increase in the number of essential and 
nonessential amino acids in umbilical venous and arterial 
concentration,62 compared to the values found in normal 
pregnancies. �e higher plasma levels of fetal amino acids 
do not seem to be related to a higher concentration in mater-
nal plasma, as only ornithine has been shown to increase in 
plasma from pregnant women with GDM.62 More recently, 
studies analyzing maternal protein and amino acid metab-
olism by stable isotope methodologies did not �nd signi�-
cant di�erences in either treated63 or untreated GDM64,65 
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compared to normal pregnancies. However, the elevation 
observed in the plasma amino acid concentration in the 
umbilical cord, but not in maternal circulation, suggests 
that placental amino acid exchange and/or fetal–placental 
metabolism is altered in GDM.62

Studies in vitro show that among the di�erent amino acid 
transporters, the expression of system A, which mediates the 
transfer of neutral amino acids such as alanine, serine, and 
glutamine, is increased in diabetic pregnancies.66,67 �is, in 
turn, could increase the uptake and delivery of neutral amino 
acids into the fetus. However, it does not seem to be the pri-
mary cause of accelerated fetal growth. Other transporters 
such as the speci�c system for leucine (system L) have also 
been shown to be increased in microvillous plasma mem-
branes isolated from GDM pregnancies with large babies 
for their gestational age.66,67 Nevertheless, other authors 
did not �nd an increased activity of these transporters.68 It 
is remarkable that leucine has been proven to be an e�ec-
tive stimulus for fetal insulin secretion in human pancreas 
studied in  vitro.69 In  vivo studies applying stable isotope 
techniques have provided evidence to suggest that leucine, 

taken up across the microvillous plasma membranes, is rap-
idly transferred to the fetus, contributing to the accelerated 
fetal growth in these patients.66,67 More studies are needed 
for a further clari�cation of the role of amino acid metabolic 
alterations associated with GDM.

In conclusion, GDM is a condition of increased mater-
nal metabolic fuels; such a condition in the majority of 
pregnancies leads to a higher fetal growth, although under 
certain conditions, the increased fuels, mainly lipids, 
through oxidative process and increased free radical gen-
eration may lead to placental and vascular damage, com-
promising the normal development of pregnancy and fetal 
growth.
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Introduction
Fetuses of diabetic mothers have markedly different 
growth rates and develop considerably different body 
compositions despite all having a mother with diabetes 
mellitus during her pregnancy. Fetuses of poorly con-
trolled diabetics who have wide swings in meal-associated 
plasma concentrations of glucose and fatty acids tend to 
be macrosomic, with large amounts of subcutaneous adi-
pose tissue. Such conditions are most commonly asso-
ciated with gestational diabetics. In contrast, severely 
diabetic pregnant women, particularly those with vas-
cular disorders and hypertension, frequently produce 
smaller placentas that transfer fewer nutrients to the 
fetus; their fetuses tend to be growth restricted and rela-
tively devoid of skeletal muscle and body fat. To appreci-
ate how such disparate patterns of growth can occur, it 
is important to understand the basic aspects of nutrient 
transport to the fetus. In the following discussion, data 
from a variety of animal models, principally sheep, are 
used to augment and support the more limited informa-
tion from humans.

Nutrients for the fetus
The principal metabolic nutrients in the fetus are glucose 
and amino acids. Glucose (including its metabolic prod-
uct lactate, which is produced primarily in the placenta) 
serves as the principal substrate in the fetus for mainte-
nance energy production and expenditure, energy storage 
in glycogen and adipose tissue, and the energy require-
ments of protein synthesis and growth. Amino acids, 
while primarily providing the structural basis for protein 
synthesis and growth, also serve as oxidative substrates 
for energy production, particularly when glucose supply is 
restricted. Fatty acids also are taken up by the fetus, where 
they are primarily used for structural components of 
membranes and for growth of adipose tissue. In humans, 
fatty acid oxidation occurs readily after birth, even in 

preterm infants, indicating that the lack of marked fatty 
acid oxidation in the fetus is primarily due to the ready 
supply and oxidation of glucose, lactate, and amino acids, 
as well as the limited amounts of enzymes and transport-
ers in fetal tissues necessary to deliver fatty acids into 
the mitochondria. Hormonal regulation of metabolic 
substrate utilization and growth in the fetus, including 
the effects of insulin and the insulin-like growth factors 
(IGFs), is important but secondary to the supply of nutri-
ent substrates.1–4

Role of the placenta in nutrient 
transfer to the fetus
The placenta plays a key role in nutrient transfer to the 
fetus. The placenta contains membrane transporter 
proteins for glucose, lactate, and fatty acids that facili-
tate their transport to the fetus by concentration gra-
dients. The placenta also actively concentrates amino 
acids in  the trophoblast cells of the placenta and then 
transfers the  amino acids to the fetal plasma, processes 
aided by the unique positioning of specific amino acid 
transporter proteins and systems on the maternal-facing 
and fetal-facing trophoblast membranes. The placenta 
also consumes nutrient substrates at a very high meta-
bolic rate, producing part of the transplacental nutri-
ent substrate gradient for glucose and fatty acids, as 
well as specific metabolic products of glucose, lipid, and 
amino acid metabolism that then provide a unique fetal 
plasma nutrient milieu. This creates a unique placental–
fetal metabolic interaction, in which certain substrates 
transported directly to the fetus by the placenta are then 
metabolized into products for both fetal and, in turn, 
placental metabolism. Collectively, these nutrient met-
abolic and transport processes provide a unique fetal 
nutrient metabolic milieu that supports the essential tis-
sue and organ-specific metabolic pathways necessary for 
the high growth rate and rapidly changing development 
of the fetus.1–4

5
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Nutrient supply and fetal metabolic rate
Estimates of carbon supply to the fetus are compared 
with requirements for energy production and storage in 
Table 5.1. �e fetal glucose/oxygen metabolic quotient, an 
index of that fraction of fetal oxygen consumption that 
could be accounted for by complete oxidation of net fetal 
glucose uptake from the placenta, is <1.0.4 Furthermore, 
the fraction of fetal glucose utilization that actually pro-
duces CO2 is only c. 0.5–0.6 (Table 5.2).5–7 �us, carbon 
substrates other than glucose are metabolized to meet the 
oxidative requirements imposed by the rate of fetal oxygen 
consumption; as noted earlier, these include lactate and 
amino acids principally, given the limited evidence for 

fatty acid oxidation in the fetus. At markedly reduced rates 
of glucose supply to the fetus, fetal glucose utilization rates 
(GUR) decrease proportionally, until about 50% of normal 
GUR, when GUR is maintained by the development of 
glucose production, initially glycogenolysis, but then also 
gluconeogenesis.8,9 Fetal oxygen consumption remains 
near normal under such conditions of reduced nutrient 
supply from the placenta, indicating an increase in the 
reciprocal oxidation of other substrates, such as glucose 
released from glycogen and gluconeogenesis from amino 
acids. Simultaneously, there is an associated decrease in 
fetal protein accretion rates, which limits the requirement 
for energy substrates to maintain protein synthesis and net 
protein balance.10

Table 5.2  Fetal carbon substrate oxidation in relation to fetal oxygen 
consumption (VO2)a

Substrate Oxidation fraction 

Carbon for oxidation 

(mmol/min/kg) Fraction of fetal VO2 

Glucose 0.55 0.09 0.29
Lactate 0.72 0.14 0.50
Amino acids 0.30 0.03 0.09

Total 0.88

Sources:	 Reprinted from Fetal and Neonatal Physiology, 4th ed., Hay, W.W., Jr., Brown, L.D., and 
Regnault, T.R.H., Fetal requirements and placental transfer of nitrogenous compounds, 
pp.  585–602, Copyright 2011, with permission from Elsevier; Hay, W.W., Jr. et  al., Am. J. 
Physiol., 256, E704, 1989; DiGiacomo, J.E. and Hay, W.W., Jr., Metabolism, 39, 193, 1990; 
Sparks, J.W. et al., J. Clin. Invest., 70, 179, 1982.

a	 Estimates derived from data in fetal sheep in late gestation.

Table 5.1  Estimated human fetal nutrient substrate balance in late gestation

 Carbon (g/kg/day) Calories (kcal/kg/day) 

Requirement
Accretion in carcass: nonfat (human) 3.2 32
Accretion in carcass: fat (human) 3.5 33
Excretion as CO2 4.4 0
Excretion as urea 0.2 2
Excretion as glutamate 0.3 2
Heat (measured as O2 consumption) 0.0 50

Total 11.6 119
Uptake

Amino acids 3.9 45
Glucose 3.7 26
Lactate 1.7 21
Fatty acids 1.1–2.2 17–34

Total 10.4–11.5 109–126

Sources:	 Reprinted from An Introduction to Fetal Physiology, Battaglia, F.C. and Meschia, G., Copyright 
1986, with permission from Elsevier; Reprinted from Fetal and Neonatal Physiology, 4th ed., 
Hay, W.W., Jr., Brown, L.D., and Regnault, T.R.H., Fetal requirements and placental transfer of 
nitrogenous compounds, pp. 585–602, Copyright 2011, with permission from Elsevier; 
Sparks, J.W. et al., J. Clin. Invest., 70, 179, 1982.
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Similar to nutrient deprivation, excess delivery of nutri-
ents to the fetus, such as with experimental glucose infusion 
into the fetus or mother, decreases amino acid oxidation, but 
has little e�ect on fetal metabolic rate. A maximal increase 
of c. 15% has been observed in fetal sheep infused directly 
with glucose and insulin.7 �e balance of excess glucose 
consumption under these conditions maximizes glycogen 
stores, and in those fetuses that can produce abundant fat, 
such as the human, augments the growth of adipose tissue. 
Excess fetal amino acids are used primarily for oxidation, 
substituting their carbon for that of glucose and lipids, and 
not excess growth of lean body mass.11–13 �us, fetuses of dia-
betic mothers tend primarily to be macrosomic (i.e., obese) 
due to increased storage of glucose and lipids as fat in adi-
pose tissue without increased oxidation of these maternally 
derived fuels/substrates. Similarly, excess insulin in the pres-
ence of excess amino acids has been shown in fetal sheep to 
produce the same linear growth rate with only minimally 
increased production of lean mass as occurs with normal 
insulin concentrations and amino acid supplies.14,15

Fetal carbohydrate supply and 
metabolism
�e rate of glucose transfer from maternal to fetal plasma 
and the net rate of fetal glucose uptake are directly related 
to the maternal glucose concentration (Figure 5.1a).16 Fetal 
growth rate, glycogen deposition, and fat production and 

storage in adipose tissue also are directly related to fetal 
glucose supply and uptake. �us, it is not surprising that 
fetuses of hyperglycemic, diabetic mothers tend to con-
tain maximal amounts of hepatic and muscle glycogen and 
excess body fat than do fetuses of more normally glycemic 
mothers, whether they are diabetic or not.17–20

�e concentration of glucose in the fetal plasma declines 
relative to that in the maternal plasma over the second half 
of gestation. �is increases the transplacental glucose con-
centration gradient in later gestation, providing a greater 
driving force to supply glucose for the increasing glucose 
requirements of the growing fetus.21 �e decrease in fetal 
glucose concentration over the second half of gestation rep-
resents an absolute increase in glucose clearance by the fetus. 
At least three principal mechanisms are responsible for this 
increase in glucose clearance: �e size, cellularity, and glu-
cose metabolic rate of the brain increase relative to other 
fetal tissues and organs; there is progressive development of 
fetal insulin secretion by the expanding mass of pancreatic 
islets and beta cells; and there is increased growth of insu-
lin-sensitive tissues, primarily skeletal muscle, and also the 
heart and adipose tissue.

Placental glucose transport
Glucose transporters
Placental glucose uptake and transfer are mediated by Na+-
dependent transport systems on both the maternal-facing 
microvillus and fetal-facing basal plasma membranes of the 
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Figure 5.1  (a) Schematic representation of the effect of maternal glucose concentration on uterine glucose uptake, based on 
experiments in which glucose was infused into pregnant sheep after an overnight fast to produce a large variety of maternal arterial 
blood glucose concentrations. Fick principle measurements were then made of net uterine glucose uptake rates versus the maternal 
arterial blood glucose concentration, which shows saturation kinetics with an approximate km value in the physiological range of 
maternal glucose concentration (about 50–60 mg/dL). (b) Fetal glucose uptake (net transfer of glucose from placenta to fetal circu-
lation) plotted versus maternal arterial glucose concentration, showing a saturable dependence of fetal glucose uptake on maternal 
glucose concentration. In addition, this relationship is left-shifted as fetal glucose concentration is decreased, showing that as fetal 
glucose concentration is decreased relative to that of the mother, which increases the maternal–fetal glucose concentration gradi-
ent, placental-to-fetal glucose transfer increases. (c) Net rate of uteroplacental glucose consumption in sheep, expressed per kilo-
gram of fetus, plotted versus fetal arterial plasma glucose. Solid line: values measured while maternal arterial plasma glucose was 
clamped at about 70 mg/dL. Dotted line: values measured while maternal arterial plasma glucose was clamped at about 50 mg/
dL. These data show that although maternal glucose concentration determines glucose entry into the uteroplacenta and fetus, 
actual uteroplacental glucose consumption is regulated largely by the fetal glucose concentration. (Reproduced from Hay, W.W. Jr., 
Placental function, in: Gluckman, P.D. and Heymann, M.A., eds., Pediatrics and Perinatology: The Scienti�c Basis, 2nd ed., Edward 
Arnold, London, U.K., 1996, pp. 213–227. With permission; [a] Adapted from data in Hay, W.W., Jr. and Meznarich, H.K., Proc. 
Soc. Exp. Biol. Med., 190, 63, 1988; [b and c] Adapted from data in Hay, W.W., Jr. et al., Am. J. Physiol., 258, R569, 1990.)
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syncytiotrophoblast.22 �e predominant molecular isoforms 
of glucose transporters (GLUT) in the placenta are GLUT1 
and GLUT3,23 although GLUT8 also has been found in the 
placenta and in sheep is reduced in amount with intrauterine 
growth restriction (IUGR),24 as has GLUT9, both isoforms 
of which appear to be increased in diabetic pregnancies.25 
Participation of GLUT3 in glucose uptake and transport has 
not been con�rmed in vivo in the human placenta, although 
in sheep placenta, cytochalasin binding assays indicate that 
GLUT3 might account for as much as 40% of glucose uptake 
by the end of gestation.26 Other studies in sheep indicate that 
GLUT3 is localized close to mitochondria where it might 
serve to support placental glucose uptake and energy pro-
duction at low glucose concentrations, thus preserving pla-
cental function.27 In other studies in human placental tissue, 
GLUT3 appears to peak earlier in gestation and declines 
toward term.28 GLUT3 also regulates intraplacental glucose 
transport that, in mice, at least, appears reciprocally related 
to leucine transport.29 Studies in human placentas indicate 
that GLUT3 is upregulated with intrauterine growth restric-
tion,30 as also found with the original classical studies of 
placental hypoxia in vitro.31 Further studies are indicated in 
diabetic pregnancies, as there is evidence that fetal macro-
somia is associated with increased expression of GLUT3.32

In  vivo studies of human placentas from high-altitude 
hypoxia with IUGR indicate reduced GLUT1 expression.33 
With GLUT3 upregulated under similar conditions, this 
would set the stage for enhanced placental glucose con-
sumption but reduced glucose supply to the fetus, perhaps 
contributing to fetal growth restriction. Other studies have 
noted that corticotropin-releasing hormone (CRH) also 
a�ects GLUT1 (increases) and GLUT3 (decreases) via spe-
ci�c receptors in trophoblast cells, though physiological 
signi�cance of these changes has not been determined.34 
Related to the e�ects of CRH, both GLUT1 and GLUT3 are 
downregulated by glucocorticoids, perhaps playing a role in 
how maternal stress can lead to placental insu�ciency and 
intrauterine growth restriction.35 Still other studies have 
ampli�ed the impact of placental GLUT1 and GLUT3 regu-
lation by systemic hormones. For example, one study noted 
that maternal growth hormone treatment increases fetal 
growth, in part, by enhancing placental nutrient transporter 
protein expression and hence fetal nutrient supply, as well as 
trophoblast proliferation and di�erentiation, and may have 
the potential to ameliorate intrauterine growth restriction.36

Despite considerable study, the regulation of placen-
tal GLUT expression and activity remain poorly de�ned. 
Placental GLUT1 is acutely upregulated by hypoxia and 
hyperglycemia and downregulated by hypoglycemia,37,38 
while hypoglycemia leads to downregulation, although one 
study found upregulation of GLUT1 in the growth-restricted 
rat placenta.39 Chronic changes in glycemia generally are 
associated with diminished expression and glucose trans-
port.40 In vitro studies indicate that changes in GLUT con-
centrations are related to transport capacity, but this has not 
been demonstrated in vivo, except in experiments in which 
the transporters were competitively blocked by pharmaco-
logic inhibitors. A recent study in mice also indicates that 

IGF-1 can upregulate GLUT1, GLUT3, GLUT8, and GLUT9 
su�ciently to correct some aspects of placental insu�ciency 
and reduced placental glucose uptake and transport.41 
Increasing maternal feed intake to meet calculated energy 
requirements in previously nutrient-restricted ewes dur-
ing the second half of gestation increases placental mass 
and fetal weight and the abundance of GLUT1, an adapta-
tion not observed if maternal food intake is increased above 
requirements,42 the opposite of what occurs with nutrient 
restriction that results in IUGR—inhibition of placental 
mammalian target of rapamycin (mTOR) and insulin/IGF-1 
signaling resulting in downregulation of placental nutrient 
transporters may link maternal undernutrition to restricted 
fetal growth.43

Kinetics of glucose uptake and transport by the placenta
Although the e�ect of the maternal glucose concentration on 
net placental-to-fetal glucose transfer demonstrates satura-
tion kinetics,16 this relationship does not necessarily de�ne 
the quantitative characteristics of placental-to-fetal glucose 
transport capacity, because as maternal glucose concentra-
tion and placental glucose transport are increased, both 
fetal glucose concentration and fetal GUR increase. Other 
studies in which glucose was infused directly into the fetus 
have shown degrees of increase (slope) and saturation of 
fetal GUR occurring at about the same fetal glucose con-
centrations as determined by maternal glucose infusions.44 
�us, the maternal glucose infusion approach re�ects fetal 
glucose consumption kinetics as well as those of placental-
to-fetal glucose transfer. To address this experimental prob-
lem, di�erent studies have used glucose clamp procedures to 
regulate the maternal-to-fetal glucose concentration gradi-
ent at di�erent maternal and fetal glucose concentrations.45 
As shown in Figure 5.1b, placental-to-fetal glucose transfer 
is sensitive to a change in fetal glucose concentration and 
thus the maternal-to-fetal glucose concentration gradient, 
regardless of the maternal glucose level.46

At almost any maternal glucose concentration, therefore 
uteroplacental glucose consumption rate (the metabolism 
of glucose by the uteroplacenta) is directly related to the 
fetal glucose concentration (Figure 5.1c). In fact, when the 
transplacental glucose concentration is abolished, c. 75% 
of the glucose consumed by the uteroplacenta is supplied 
by the fetal circulation.47 �ese observations imply that the 
fetal side of the uteroplacenta is markedly more perme-
able to glucose than the maternal side. �ey also indicate 
that changes in fetal glucose concentration have a strong 
in�uence on placental glucose �ux and metabolism. �e 
importance of this regulation of placental-to-fetal glucose 
transfer and net uteroplacental glucose consumption by 
fetal glucose concentration is highlighted by observations 
in chronically hypoglycemic pregnant sheep in which fetal 
glucogenesis developed.8 Fetal glucose production contrib-
utes glucose molecules to the fetal glucose pool and appears 
to be su�cient in amount to sustain fetal glucose utilization 
at near-normal rates. As a result, the placental-to-fetal glu-
cose concentration gradient and the placental-to-fetal 
glucose transfer rate are relatively reduced; under these 
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circumstances, uteroplacental glucose consumption is 
maintained at near-normal rates for the level of maternal 
glycemia. Fetal glucose production can compensate for a 
reduced maternal glucose supply and sustain placental as 
well as fetal glucose utilization requirements.

Gestational changes in placental glucose transfer
Placental glucose transport increases markedly over gesta-
tion. In sheep, the increase in transport capacity accounts 
for c. 60% of the increase in placental glucose transport, with 
an increase in the transplacental glucose concentration gra-
dient accounting for the remaining 40%.47 �is increased 
transport capacity most likely re�ects the growth of the 
surface area of the trophoblast and increased numbers of 
GLUT.26,37 It has not been determined if an increase in tro-
phoblast membrane GLUT concentration occurs as well. �e 
regulation of this developmental increase in GLUT abun-
dance, other than by remodeling of the trophoblast mem-
brane surface area, remains unknown.

Fetal glucose uptake and utilization
GUR in near-term fetal sheep is c. 5–7 mg/min/kg.48 �is 
value is similar to those measured in term human new-
born infants using stable isotope tracer methodology49 and 
is about half the value that occurs at midgestation in fetal 
sheep16 when fetal growth, protein turnover rate, and frac-
tional protein synthetic rates also are about twice those 
closer to term. �e high correlation between fetal glucose 
utilization and growth rates indicates that glucose probably 
serves a major role as the energy supply for the protein syn-
thesis required for growth. Indeed, fetal growth restriction 

is directly related to glucose deprivation.50 Table 5.3 presents 
estimated utilization rates of glucose in several fetal organs 
and the remaining carcass of fetal sheep in late gestation. All 
organs are dependent on the plasma glucose concentration 
for their speci�c rate of glucose uptake, while the skeletal 
muscle, heart, and liver develop insulin sensitivity in later 
gestation. �e acute e�ect of increased fetal plasma insulin 
concentrations results in increased fetal glucose utilization 
and decreased fetal plasma glucose concentrations.7 It still 
is not known to what extent basal insulin concentration 
a�ects glucose uptake by speci�c organs and tissues in the 
fetus. However, an acute decrease in the fetal plasma insulin 
concentration, such as by somatostatin infusion (studies in 
fetal sheep), does not a�ect measurements of the fetal GUR. 
�ese procedures do, however, lead to an increase in the fetal 
glucose concentration,51 which may be a consequence of 
decreased glucose disposal or increased glucose production. 
�us, the basal plasma insulin concentration in the fetus 
appears to regulate glucose production but not utilization; 
the latter is more under the control of the plasma glucose 
concentration.

A chronic decrease of fetal plasma insulin concentration, 
however, either by pancreatectomy or streptozotocin injec-
tion (a drug that leads to destruction of the pancreatic beta 
cells) into the fetus,52–54 results in an increased fetal plasma 
glucose concentration and decreased glucose utilization.55 
As discussed previously, fetal hyperglycemia decreases pla-
cental-to-fetal glucose transfer. Chronic hyperglycemia in 
fetal sheep also is associated with decreased peripheral tis-
sue insulin sensitivity and glucose utilization capacity,56 as 
well as the potential release of insulin’s normal inhibition of 
hepatic glucose production. Examples of metabolic e�ects of 
increased glucose supply to the fetus are shown in Table 5.4.1

Table 5.3  Metabolic rates in the fetus that account for glucose utilizationa

 Glucose utilization rate (mg/min/kg fetus) Percent of total 

Whole fetus (sheep, measured) 5.0 100
Whole fetus (human, estimated) 6.0–8.0 100

Brain (sheep, measured) 0.8 16
Brain (human, estimated) 4.0 50–67
Heart (sheep, measured) 0.65 13
Lungs (sheep, estimated) 0.1 2
Liver (sheep, measured) 0.1 2
Red blood cells (human, estimated) 0.1 2
Gut (sheep, estimated) unknown unknown
Carcass/skeletal muscle (estimated, sheep) 3.25 65

Total of organs accounted for 
Sheep 5.0 100
Human 8.2 103–137

Sources:	� Reprinted from An Introduction to Fetal Physiology, Battaglia, F.C. and Meschia, G., Copyright 1986, with permission 
from Elsevier; Reprinted from Fetal and Neonatal Physiology, 4th ed., Hay, W.W., Jr., Brown, L.D., and Regnault, T.R.H., 
Fetal requirements and placental transfer of nitrogenous compounds, pp. 585–602, Copyright 2011, with permission 
from Elsevier; Sparks, J.W. et al., J. Clin. Invest., 70, 179, 1982.

a	 Based on data in fetal sheep and estimates for human fetuses for the brain.
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As a result of chronic fetal glucose deprivation, from 
whatever cause, fetal growth rate diminishes and insu-
lin concentrations are reduced. However, fetuses from 
placental insu�ciency have increased basal and insulin-
stimulated GUR.57,58 In these fetuses, acute insulin has 
little e�ect on protein metabolism.12 �ese results indicate 
that the predominant growth-regulating e�ect of insulin 
in the fetus is its capacity to enhance glucose utilization 
rather than protein metabolism. Furthermore, tissues in 
the growth-restricted fetus may have di�erences in insu-
lin sensitivity in late gestation, with peripheral tissues 
remaining insulin sensitive for glucose disposal and the 
liver becoming insulin resistant to suppression of glucose 
production.57,58

Fetal glucose transporters
GLUT1 is found throughout the fetal tissues and on all 
endothelial cells and probably accounts for the major-
ity of basal tissue glucose uptake from the fetal plasma. 
GLUT4 is found in the heart, adipose tissue, and skeletal 
muscle. In the fetal sheep, GLUT1 protein concentration 

is upregulated by hypoglycemia and hypoinsulinemia 
in skeletal muscle and adipose tissue, while there is no 
change in the brain. In contrast, hyperglycemia appears to 
downregulate GLUT1 protein concentrations in most tis-
sues.37,59 Insulin-responsive GLUT4 protein is upregulated 
by hypoglycemia,37 but in response to hyperglycemia, it is 
initially upregulated and then downregulated toward nor-
mal, or to less than normal, levels in skeletal muscle and 
adipose tissue.59,60 Acute hyperinsulinemia decreases fetal 
glucose concentrations and increases whole fetal GUR,8 but 
it has been di�cult to demonstrate in which organs this 
increased GUR takes place. Hyperinsulinemia also appears 
to have acute e�ects on increasing protein concentrations 
for both GLUT1 and GLUT4.59,60 In humans, there is con-
siderable evidence for insulin lowering the plasma glucose 
concentration in the preterm and term newborn. �e prin-
cipal action of insulin in the human fetus is uncertain, but 
a unique e�ect, due to fatty acid supplies, is to promote 
lipid formation and deposition in adipose tissue. In this sit-
uation, substrate supply (glucose, fatty acids, triglycerides, 
and glycerol) probably is as or more important than insulin 
itself. Di�erent studies among species, tissues studied, ges-
tational ages, and conditions of glycemia and insulinemia 
show considerable variability and complexity of changes in 
GLUT concentrations during fetal life.

Kinetics of the glucose utilization rate in the fetus
�e capacity for glucose utilization in the human fetus 
can only be estimated from measurements in infants born 
preterm or in animal models such as the sheep. In preterm 
humans, doubling or even tripling of GUR from basal is 
possible.61 �is GUR capacity is variable, however, as 
increased entry of glucose into the fetal plasma from the 
placenta increases fetal glucose concentration and insulin 
secretion, which, in turn, augment fetal glucose utilization, 
thus limiting further increases in fetal glucose concentra-
tion. Glucose and insulin clamp experiments in fetal sheep, 
in which glucose or insulin or both are infused until GUR 
reaches maximal rates, have shown that plasma glucose and 
insulin concentrations act independently (i.e., additively) to 
increase glucose utilization and oxidation.8 Furthermore, 
while both glucose and insulin enhance fetal GUR accord-
ing to saturation kinetics, it is not known how this e�ect 
is partitioned among di�erent fetal organs. Despite wide 
changes in glucose utilization, the relative proportion of 
glucose oxidized during short-term 3- to 4-hour studies—c. 
55%—does not change signi�cantly over the entire range of 
glucose utilized. Furthermore, because oxygen consump-
tion, and thus the fetal metabolic rate, does not vary sig-
ni�cantly, if at all, under these circumstances, oxidation of 
other carbon substrates, such as amino acids and lactate, 
must increase in compensation. Indeed, acute hypoglyce-
mia in fetal sheep leads to a near doubling of the rate of leu-
cine oxidation relative to the rate of leucine disposal from 
the plasma.62 In the human fetus, glucose and/or insulin 
may promote lipogenesis more than oxidation. �is may 
occur because the human fetus naturally produces adipose 

Table 5.4  Fetal responses to increased glucose supply

Acute: mild–moderate

Increased glucose uptake
Increased insulin production and secretion
Hyperinsulinemia
Increased glucose utilization
Increased fetal oxygen consumption
Mild arterial hypoxemia
Respiratory acidosis
Increased placental lactate production
Increased fetal lactate uptake and utilization

Acute: severe

Arterial hypoxemia
Hypoinsulinemia
Increased erythropoietin
Increased fetal oxygen consumption
Metabolic acidosis
Decreased placental perfusion
Fetal demise

Chronic

Decreased insulin secretion and/or synthesis
Decreased peripheral insulin sensitivity
Increased ratio of placental glucose consumption to 

placental glucose transfer

Source:	 Reproduced from Hay, W.W., Jr. et al., Nutrition and devel-
opment of the fetus: Carbohydrate and lipid metabolism, 
in: Duggan, C.P., Watkins, J.B., Koletzko, B., and Walker, 
W.A., eds., Nutrition in Pediatrics: Basic Science and 
Clinical Applications, 5th ed., PMPH-USA, Ltd., Shelton, 
CT, in press, 2015, Chapter 28.
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tissue in late gestation, similar to adult humans in whom 
higher rates of glucose utilization are partitioned more into 
glucose storage in adipose tissue fat than into oxidation. 
Glucose carbon also contributes signi�cantly to the forma-
tion of glycogen, which is stored primarily in skeletal mus-
cle, but also in the heart, liver, and lung, and to the carbon 
contained in amino acids and synthesized proteins.

Fetal insulin secretion
Glucose-stimulated fetal insulin secretion (measured as an 
acute increase in fetal plasma insulin concentration) increases 
more than �vefold during the second half of gestation in fetal 
sheep and has been documented in third-trimester human 
fetuses.63,64 Fetal insulin secretion can be modi�ed by the 
degree, duration, and pattern of changes in the fetal plasma 
glucose concentration. Sustained, marked, relatively constant 
hyperglycemia actually decreases fetal insulin secretion, while 
pulsatile hyperglycemia increases fetal insulin secretion and 
fetal β-cells.56,65–68 �is is consistent with �ndings in gesta-
tional diabetic women in whom there is a strong tendency 
to develop increasingly exaggerated, meal-associated hyper-
glycemia in late gestation and associated increases in new-
born insulin secretion.69 �us, a principal cause of enhanced 
fetal insulin secretion is variability in the magnitude and the 
intermittent nature of fetal glucose concentration. Fatty acids 
also stimulate fetal insulin secretion; their concentrations are 
increased in pregnant diabetics and in their fetuses in late 
gestation, perhaps contributing to augmented insulin secre-
tion.66 Chronic hypoglycemia diminishes fetal insulin secre-
tion and β-cell mass.70 Increased amino acid supply augments, 
and decreased amino acid supply attenuates, fetal insulin 
secretion.71,72

Effect of other hormones on fetal 
glucose metabolism
Fetal thyroid hormone indirectly enhances fetal glucose uti-
lization by increasing the fetal metabolic rate (oxygen con-
sumption).73 Changes in fetal plasma cortisol concentrations 
during late gestation have little e�ect on fetal glucose con-
centrations or on the rates of glucose utilization.74 However, 
fetal plasma cortisol concentrations do increase in very late 
gestation, at which time cortisol-dependent increases in fetal 
hepatic glycogenolytic and gluconeogenic enzyme activities 
develop. �ese may enhance the glucogenic capacity of the 
fetus, thereby contributing to the endogenous glucose pro-
duction observed in normal fetuses just before term and at 
the time of delivery.75 Glucagon and circulating catechol-
amines (adrenal epinephrine and spillover norepineph-
rine from peripheral nerve endings) are normally present 
in modest concentrations in the fetal plasma, but they do 
stimulate fetal glucogenesis when infused into the fetus. 
Catecholamines promote glucose production at physiologi-
cal levels,76 but glucagon must reach relatively high concen-
trations in the fetal plasma to do this.77

Insulin, IGF, and other growth factors
Glucose acts at the transcriptional level to regulate the syn-
thesis and thus plasma concentrations of both IGF-1 and 
IGF-2.78,79 Conversely, infusion of IGF-1 into late-gestation 
fetal sheep promotes both glucose and amino acid utiliza-
tion.79 In turn, increased fetal plasma IGF-1 concentrations 
have been shown to either inhibit fetal protein breakdown80 
or promote fetal protein synthesis and accretion,79 depending 
on the availability of circulating amino acids. �ese observa-
tions indicate that IGF-1 indirectly enhances the capacity for 
glucose to promote the fetal nitrogen balance and growth.81 
Likewise, acutely increased insulin concentrations in fetal 
sheep promote glucose utilization, amino acid utilization, 
and net nitrogen balance,82,83 as well as activate proteins in 
the mitogen-activated protein (MAP) kinase cascade.84 Such 
e�ects are probably short-lived, as chronically raising fetal 
insulin concentrations above normal does not increase fetal 
growth beyond normal rates.15

Fetal glucose carbon contribution to 
glycogen formation
Many fetal tissues, including the placenta, as well as the 
brain, liver, lung, heart, and skeletal muscle, produce gly-
cogen over the second half of gestation.85 Liver glycogen 
content increases with gestational age (Figure 5.2) and is 
the most important store of glycogen for systemic glucose 
needs, because only the liver contains su�cient glucose-
6-phosphatase for the release of glucose into the circula-
tion.86 Skeletal muscle glycogen content increases during late 
gestation, whereas lung glycogen content decreases with loss 
of glycogen-containing alveolar epithelium, development of 
type II pneumocytes, and onset of surfactant production.87 
Cardiac glycogen concentrations decrease with gestation as 
cellular hypertrophy develops. Despite this decrease, the car-
diac glycogen content is essential for postnatal cardiac energy 
supply and cellular function; in fact, de�cits of cardiac glyco-
gen are associated with shortened survival time during peri-
ods of anoxia.87 Fetal glycogen synthetic rates vary from low, 
steady rates of accumulation in species with relatively long 
gestations, such as the human and sheep, to exceptionally 
high rates in species such as the rat that have relatively short 
gestations. In larger, more slow-growing fetuses (e.g., sheep, 
monkey, human), glycogen synthesis by the liver accounts 
for only a small (<10%) portion of fetal glucose utilization.88

Fetal glucogenesis
Tracer studies in humans89 and sheep16 have shown the same 
speci�c activity or enrichment ratio of tracer glucose to 
nonlabeled glucose in fetal as well as in maternal plasma when 
the tracer glucose is infused into the mother and is trans-
ported across the placenta to the fetus. �is demonstrates 
that the only source of glucose in the fetus is from the mater-
nal plasma. Otherwise, new glucose production into the fetal 
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plasma either from the fetus itself or from the placenta would 
dilute the tracer glucose coming from the mother along with 
unlabeled glucose, thus lowering the fetal labeled glucose-
speci�c activity or enrichment ratio. Furthermore, studies in 
fetal sheep have shown that the net uptake of glucose by the 
fetus from the placenta invariably is equal to the fetal GUR, 
independently measured with glucose tracers.48,57,90,91 �us, 
there is no evidence for fetal glucose production under nor-
mal conditions. Also, there is little if any fetal glucogenesis 
under the conditions of short-term (1–4 hours) changes in 
maternal and fetal glucose concentrations, placental-to-fetal 
glucose transfer, and fetal GUR. Measurable rates of fetal glu-
cose production only develop signi�cantly a�er prolonged 
periods (several days) of decreased fetal glucose supply and 
sustained fetal hypoglycemia and hypoinsulinemia.51–53,92–94 
�e capacity of the fetus to make new glucose molecules from 
nonglucose substrates (e.g., lactate, amino acids, and glycerol) 
varies considerably among species. In nearly all cases, this 
appears to be a late gestational development, augmented by 
hormonal signals including decreased insulin and increased 
cortisol and catecholamines that activate phosphoenolpyru-
vate carboxykinase, the rate-limiting step for gluconeogen-
esis, and glucose-6-phosphatase, the enzyme necessary for 
the release of glucose from the liver into the circulation.54,56

Fetal lipid metabolism
Placental lipid metabolism and fetal lipid supply
�e amount and type of fatty acid or complex lipid trans-
ported by the placenta varies among species. Placental lipid 
transport capacity is greatest in the hemochorial placenta of 
the human, guinea pig, and rabbit and least in the epithelio-
chorial placenta of the ruminant and the endotheliochorial 
placenta of the carnivores.95 �ere are many lipid substances 
in the plasma that are transported across the placenta that 
are essential for placental and fetal development, even if they 
do not contribute to nutritional or energy metabolism. Also, 
brown fat is common to all fetuses; it is essential for postna-
tal thermogenesis, even if the neonate is not “fat” with white 
adipose tissue. Furthermore, many lipid substances enter-
ing the fetus are qualitatively di�erent from those taken up 
by the uterus and uteroplacenta, implying active placental 
metabolism of individual lipid substances. More complex 
pathways include lipoprotein dissociation by placental 
lipoprotein lipase and phospholipase activity.96 Maternal 
plasma triglycerides are hydrolyzed by these enzymes and 
the released fatty acids are then taken up by the placenta. In 
the trophoblast cells, the fatty acids are then reesteri�ed and 
further hydrolyzed, facilitating their di�usion into the fetal 
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circulation. Triglycerides also are taken up and metabolized 
by complex processes in the placenta, including metabolic 
pathways of oxidation, and chain-lengthening, synthe-
sis, and interconversion pathways, followed by release into 
the fetal plasma as free fatty acids (FFAs) or lipoproteins.97 
A  schema of placental lipid uptake, metabolism, trans-
port, and metabolic interaction with the fetus is shown in 
Figure 5.3.3,97 Recent reviews summarize information about 
placental lipid transport and fetal lipid metabolism and 
accumulation.98–100

�e most important factor that regulates the �ux of lipid 
into the placenta and into the various pathways of transport 
and metabolism is the concentration of maternal plasma 
lipids, including FFAs and triglycerides. For example, pla-
cental triglyceride content increases in women who are 
fasting, who deliver preterm infants, or who have diabe-
tes mellitus—all conditions in which maternal plasma FFA 
concentrations are increased. Fatty acid transport into the 
fetal circulation is largely determined by the transplacental 
gradient of FFAs relative to available circulating binding 
protein concentrations and the activity and availability of 
their binding sites. In humans, fetal patterns of essential 
fatty acids and structural lipids correlate directly with the 
fatty acid/lipid composition of the maternal plasma (and, 
indirectly, the maternal diet).98–100

�e fetal impact of maternal plasma FFA and lipid con-
centrations is further re�ected in the fetal lipid content 
and adipose tissue development.101 Fatter (more macroso-
mic) human fetuses develop in pregnant women who have 
higher BMIs and plasma glucose, triglyceride, and insulin 
concentrations, particularly among women with diabetes 
during pregnancy.102 Reducing maternal plasma glucose 
and lipid concentrations with a complex carbohydrate diet 
also reduces fetal adiposity.103 Recent data also indicate 
that infants from mothers with gestational diabetes melli-
tus have increased neonatal hepatic fat, which could result 

from increased placental lipid transfer or increased de 
novo lipogenesis fueled by increased insulin and glucose 
concentrations.104

In humans, umbilical venous–arterial fatty acid concen-
tration di�erences in cord blood samples show that the net 
�ux of nonesterified fatty acids into the fetus from the mater-
nal circulation can account for the fetal requirement of fatty 
acids during the end of pregnancy.105 Similar estimates in 
nonhuman primates (e.g., monkey)106 indicate that in placen-
tal fatty acid, transfer across the placenta could account for 
all fetal fat deposition in late gestation. Overall, therefore, it 
appears that there is a relatively direct relationship between 
the permeability of the placenta to lipids, especially fatty 
acids, and the adiposity of the fetus at term. Human fetuses 
develop the most body fat, c. 15%–18% of body weight by the 
end of gestation. Guinea pig and rabbit fetuses whose moth-
ers were fed enriched lab chow are second at c. 12% and c. 
7%, respectively. �e sheep fetus develops only about 3% 
body fat by term, because there appears to practically no fatty 
acid transfer except for essential fatty acids across the ovine pla-
centa. Other small mammals produce even less fetal body fat 
content, such as the mouse at only about 1% (Figure 5.4).

Fetal lipid metabolism
Physiological changes that develop in the fetus in late 
gestation and increase nutrient utilization, such as the 
increase in plasma insulin concentration, act to enhance net 
maternal-to-fetal fatty acid and lipid transport by increas-
ing fatty acid utilization in the fetus (largely to develop 
adipose tissue).107 Increased utilization of fatty acids by 
fetal tissues lowers fetal plasma fatty acid concentrations 
relative to those in the maternal plasma and increases the 
maternal-to-fetal fatty acid concentration gradients.108 For 
example, human maternal venous blood concentrations of 
fatty acids are directly related to the umbilical artery FFA 
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concentrations and the umbilical vein–artery concentra-
tion di�erences of FFA.109

Recent evidence supports the unique roles for leptin 
in  fetal metabolism, including enhancement of growth.110 
Umbilical cord leptin concentrations correlate directly with 
birth weight, and also length and head circumference. �ey 
are higher in macrosomic infants of diabetic mothers and 
lower in infants with IUGR, indicating that the fetal meta-
bolic and hormonal milieu independent of fetal fat content 
may regulate leptin synthesis and circulating concentra-
tions. Interestingly, cord blood leptin levels also predicted 
weight gain independent of insulin concentrations over 
the �rst 2 years of life. �e e�ect of leptin levels on weight 
gain was independent of birth weight and was still evident 
at 24  months. �us, the wide variation in growth during 
infancy may be partly regulated by leptin levels present in 
utero in response to maternal diet and metabolism and by 
fetal fat accumulation.111

Placental amino acid uptake and 
transport to the fetus
Growth and regulation of placental amino acid 
transport capacity
In human and in many other species, fetal body weight in 
late gestation correlates positively with placental weight.112 
As pregnancy advances, the increasing protein synthetic 
and nitrogen balance demands of the growing fetus are 
met by an appropriate increase in placental size and 
amino acid transport capacity. �is enhanced transport 
is facilitated by increases in uteroplacental blood �ow, 
trophoblast membrane exchange area, and transporter 
concentrations in the trophoblast membranes.113 Fetal 
growth not only is supported by increased surface area for 

exchange, but amino acid transport systems also increase 
their transport activity over gestation.114,115 For example, 
studies that have evaluated intralitter variation in mice 
have shown that the lightest placenta of a litter adapts 
to meet fetal growth demands by increasing surface area 
for nutrient exchange as well as amino acid transporter 
activity.115

Several factors regulate the expression and activity of 
placental amino acid transporters. Insulin, IGF-1, inter-
leukin-6, and tumor necrosis factor-α all have been shown 
to stimulate placental system A transporter activity,117–119 
which is the amino acid transporter system responsible 
for the uptake of small nonessential neutral amino acids. 
Less is known about the regulation of placental system L 
transporter activity, which exchanges neutral amino acids 
for essential amino acids against their concentration gra-
dient, although a recent study of fetal IUGR produced in 
mice by uterine artery ligation could be reversed in part by 
IGF-1 gene transfection of the placenta with increased sys-
tem L activity.120 Insulin has been shown to increase system 
L activity,117 while a 4-day adiponectin infusion into preg-
nant mice downregulated system L activity and decreased 
fetal growth.121 Mechanisms by which these factors regu-
late amino acid transporter activity are currently being 
elucidated, though evidence supports the involvement of 
mTOR and signal transducer and activator of transcription 
3 nutrient sensing pathways.117,118

Fetal amino acid uptake
Amino acids are actively concentrated in the trophoblast 
intracellular matrix by Na+/K+-adenosine triphosphatase-
F- and H+-dependent transporter proteins at the maternal-
facing microvillous membrane of the trophoblast and then 
transported into the fetal plasma.122 �us, fetal amino acid 
concentrations are generally higher than maternal levels.123 
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�is active transport process is decreased by hypoxia and 
inhibitors of protein synthesis,124,125 while hypoamino-
acidemia increases transport, indicating that synthesis of 
the transporters is in part responsible for their functional 
state.126 Net total fetal amino acid uptake can account for up 
to 30%–40% of the combined carbon requirements for oxida-
tive metabolism and deposition in fetal protein, glycogen, 
and fat, providing 100% of the fetal nitrogen require-
ments.127,128 �e placenta and fetus also interact in a variety of 
ways to ensure amino acid supply to a large and complex set 
of vital developmental, metabolic, and signaling processes that 
are unique to fetal growth and development (Figure 5.5).5

Fetal amino acid metabolism
Fetal amino acid oxidation
Evidence for a relatively high rate of fetal oxidation of 
amino acids comes from three observations: Amino acids 
are taken up by the fetus in excess of their rate of deposi-
tion in fetal protein5; fetal urea production rates are quite 
high129; and fetal infusions of carbon-labeled amino acids 
have produced fetal production and excretion of labeled 
carbon dioxide.62 �e urea production rate in fetal sheep 

can account for c. 0.46 g/day/kg of nitrogen excretion, 
which is c. 25% of fetal nitrogen uptake in amino acids. 
Such fetal urea production rates are large, exceeding neo-
natal and adult weight-speci�c rates, indicating relatively 
rapid protein turnover and oxidation in the fetus. Direct 
measurement of fetal amino acid oxidation using carbon-
labeled isotopic tracers has determined fetal oxidation rates 
for leucine (c. 25% of utilization), lysine (c. 10% of utiliza-
tion), and glycine (c. 13% of utilization).130 �ese studies also 
demonstrated that the fetal oxidation/disposal rate ratio 
is directly related to the excess umbilical uptake of these 
amino acids above that required for protein accretion and 
to their plasma concentrations.127,131 Similarly, when amino 
acids are exogenously infused into fetal lambs during late 
gestation, the rates of leucine oxidation increase and the 
glucose/oxygen metabolic quotient decreases, indicating 
that the fetus will increase amino acid oxidation rates in 
lieu of glucose depending on substrate availability.13

Fetal protein synthesis and turnover
�e net umbilical uptake rates of several nonessential amino 
acids are less than their total rate of utilization, emphasiz-
ing the need for a relatively high rate of fetal amino acid 
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production.5,130 Protein synthetic rates also are high com-
pared to the adult. Fractional protein synthetic rate (kS) and 
fractional growth rate (kG) are higher in the midgestation 
fetus compared to the near-term fetus, both proportional 

to the higher metabolic rate and GUR at that stage of ges-
tation.131,132 �us, protein synthesis per millimole of oxygen 
consumed is quite constant from midgestation until term 
(Figure 5.6).

Skeletal muscle in the fetal sheep is a major consumer 
of both essential and nonessential amino acids from the 
circulation,133 re�ecting the relatively high rate of protein 
synthesis and nitrogen accretion of the fetus. Insulin and 
IGF-1 both have been shown to increase blood �ow to the 
fetal hindlimb (used as an estimate of skeletal muscle-
speci�c metabolic rates),133,134 promoting uptake of amino 
acids by the hindlimb. Euglycemic hyperinsulinemia 
also has been shown to promote the net uptake of several 
amino acids as well as increase glucose utilization by the 
fetal hindlimb.134,135 �erefore, it is reasonable to hypoth-
esize that insulin-induced glucose utilization by muscle 
increases net protein balance, in part by substituting car-
bon from glucose for that of amino acids in the tricarbox-
ylic acid cycle.136
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Pathogenesis of gestational 
diabetes mellitus
Yariv Yogev

Introduction
Gestational diabetes mellitus (GDM) is characterized by 
carbohydrate intolerance of variable severity, with onset or 
�rst recognition during pregnancy. �is de�nition applies 
whether or not there is a need for insulin and whether or not 
it disappears a�er the pregnancy. It does not apply to gravid 
patients with previously diagnosed diabetes.1 A detailed dis-
cussion of glucose regulation in pregnancy is beyond the 
scope of this chapter. However, two points are important 
for the discussion that follows. First, pregnancy is normally 
attended by progressive insulin resistance that begins near 
midpregnancy and progresses through the third trimester to 
levels that approximate the insulin resistance seen in indi-
viduals with type 2 diabetes. �e insulin resistance appears 
to result from a combination of increased maternal adiposity 
and the insulin-desensitizing e�ects of hormonal products 
of the placenta. �e fact that insulin resistance rapidly abates 
following delivery suggests that the major contributors to 
this state of resistance are placental hormones. Second, 
pancreatic β cells normally increase their insulin secretion 
to compensate for the insulin resistance of pregnancy. As a 
result, changes in circulating glucose levels over the course of 
pregnancy are quite small compared with the large changes 
in insulin sensitivity. Robust plasticity of β-cell function in 
the face of progressive insulin resistance is the hallmark of 
normal glucose regulation during pregnancy.

Although pregnancy is a carbohydrate-intolerant state, 
only a small proportion of pregnant women (3%–5%) develop 
GDM. As pregnancy advances, the increasing tissue resistance 
to insulin creates a demand for more insulin. In the great 
majority of women, insulin requirements are readily met, so 
the balance between insulin resistance and insulin supply is 
maintained. However, if resistance becomes dominant due to 
impaired insulin secretion, hyperglycemia develops. In the 
majority of such cases, it develops in the last half of pregnancy, 
with insulin resistance increasing progressively until delivery, 
when, in most cases, it rapidly disappears.

Controversy still exists about the screening and diagno-
sis of GDM. In the majority of cases, carbohydrate intoler-
ance is asymptomatic and can be detected only by routine 

screening challenge tests. A detailed discussion of variations 
in the diagnostic criteria is beyond the scope of this chapter, 
but the main issue is that the diagnosis of GDM is based on 
the screening of a large number of apparently healthy young 
women.

As in type 1 diabetes mellitus, GDM is associated with 
both insulin resistance and impaired insulin secretion.2–4 
�e two disorders also share the same risk factors, have a cor-
responding prevalence within a given population, and have 
the same genetic susceptibility; therefore, they are assumed 
to be etiologically indistinct, with one preceding the other.

In this chapter, the development of insulin resistance 
during pregnancy, hormones, and newly discovered factors 
associated with insulin resistance and secretion, the insulin-
signaling system during normal and diabetic pregnancy, 
and metabolic predictors of diabetes will be discussed.

Insulin sensitivity and resistance in 
pregnancy
�e majority of women with GDM appear to have β-cell 
dysfunction that occurs on a background of chronic insulin 
resistance. As noted earlier, pregnancy normally induces quite 
marked insulin resistance. �is physiological insulin resis-
tance also occurs in women with GDM. However, it occurs on 
a background of chronic insulin resistance to which the insu-
lin resistance of pregnancy is partially additive. As a result, 
pregnant women with GDM tend to have even greater insulin 
resistance than normal pregnant women.

�e cellular mechanisms underlying insulin resistance in 
normal and diabetic pregnancy are still unknown. �e mea-
surement of fasting insulin concentrations and the calcula-
tion of fasting insulin/glucose ratios can provide a qualitative 
but not a quantitative estimation of insulin sensitivity. In 
nonpregnant patients, hyperinsulinemic–euglycemic clamps5 
and minimal model analysis of intravenous glucose tolerance 
tests (IVGTTs)6,7 have been used to obtain quantitative data 
about insulin action. �e IVGTT model provides data on the 
glucose infusion that is required to maintain euglycemia dur-
ing constant insulin infusion. However, its use in pregnancy 

6
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is limited owing to the change in the relationship between 
common measures of body size, such as total body weight and 
body surface area. Catalano et al.8,9 were the �rst to conduct a 
prospective longitudinal study using the hyperinsulinemic–
euglycemic clamp model in obese and nonobese gravid 
women with normal glucose tolerance tests. �ey found a 47% 
decrease in insulin sensitivity in obese gravid women and a 
56% decrease in lean gravid women. Di�erences in whole-
body insulin sensitivity tend to be small in the third trimes-
ter, owing to the marked e�ects of pregnancy itself on insulin 
resistance. Nonetheless, precise and direct measures of insu-
lin sensitivity applied during the third trimester have identi-
�ed, in women with GDM, exaggerated resistance to insulin’s 
ability to stimulate glucose utilization.9

�e development of resistance to the glucose-lowering 
e�ects of insulin is a normal phenomenon of pregnancy. 
In a pioneer study, Burt et al.10 demonstrated that pregnant 
women experience fewer hypoglycemic events in response 
to insulin infusion than nongravid women. Accordingly, 
later research found women with normal pregnancies had 
progressively exaggerated insulin responses to ingested glu-
cose, together with a slightly decreased glucose tolerance.11,12 
Using the IVGTT model, Buchanan et  al.13 and Cousins 
et al.14 demonstrated a signi�cant (70%) reduction in insulin 
sensitivity during the second trimester of normal pregnancy, 
with a return to normal values shortly a�er delivery. Ryan 
et al.2 were the �rst to report quantitative di�erences in insu-
lin sensitivity between normal and diabetic pregnancies. 
Other researchers noted that insulin sensitivity was lower in 
patients with GDM than in patients with normal pregnan-
cies at 12–14 weeks of gestation, before the point of maximal 
physiological insulin resistance; however, the di�erence was 
not statistically signi�cant. By the third trimester, insulin 
resistance was similar in the two groups.8,14

Much e�ort has been invested to identify the tissues that 
contribute to the insulin resistance of pregnancy. Findings, 
in animal models, indicate a 40% reduction in insulin-
mediated glucose utilization by skeletal muscle and a similar 
e�ect in cardiac muscle and fat cells.15,16

It remains unclear whether hepatic insulin sensitivity is 
altered during gestation. Kalhan et al.17 and Cowett et al.18 
noted no signi�cant di�erences in basal glucose produc-
tion in pregnant women at term compared to nonpregnant 
control subjects when the data were expressed per kilo-
gram of body weight; however, expression of the data in 
relation to pregravid weight yielded an increase in hepatic 
glucose production in late pregnancy.19 Furthermore, in 
hyperinsulinemic–euglycemic clamp studies, hepatic glu-
cose production was signi�cantly less suppressed in lean and 
obese patients with GDM than in the control group.8,9

Hormonal effect in normal and 
diabetic pregnancy
Reproductive hormones tend to increase during pregnancy, 
most of them contribute to insulin resistance and altered 
beta-cell function.

Estrogen and progesterone
In early pregnancy, both progesterone and estrogen rise 
but their e�ects on insulin activity are counterbalanced. 
Progesterone causes insulin resistance, whereas estrogen 
is protective.20 An IVGTT given to estrogen-treated rats 
showed a signi�cant decrease in glucose concentrations and 
a twofold increase in insulin concentration21; the addition of 
progesterone was associated with a 70% increase in the insu-
lin response to a glucose challenge test, but there were no 
alterations in glucose tolerance.22 In cultured rat adipocyte 
tissue treated with estrogen, there was no e�ect on glucose 
transport, but maximum insulin binding was increased. 
However, progesterone decreased both maximum glucose 
transport and insulin binding.20,21

Gonzalez et  al.23 evaluated the role played by proges-
terone and/or 17beta-estradiol on sensitivity to insulin 
action that took place during pregnancy. Ovariectomized 
rats were treated with di�erent doses of progesterone and/
or 17beta-estradiol in order to simulate the plasma levels 
in normal pregnancy rats. A hyperinsulinemic–euglycemic 
clamp was used to measure insulin sensitivity. �e results 
suggested that the absence of female steroid hormones leads 
to decreased insulin sensitivity. �us, the rise in insulin sen-
sitivity during early pregnancy, when plasma concentrations 
of 17beta-estradiol and progesterone are low, could be due to 
17beta-estradiol. However, during late pregnancy, when both 
plasma concentrations of 17beta-estradiol and progesterone 
are high, the role of 17beta-estradiol may serve to antagonize 
the e�ect of progesterone, diminishing insulin sensitivity.23

Cortisol
Cortisol levels increase as pregnancy advances and by the 
end of pregnancy concentrations are threefold higher than 
in the nonpregnant state.24 Rizza et al.,25 in a clamp study, 
demonstrated that under infusion of high amounts of corti-
sol, hepatic glucose production increased and insulin sensi-
tivity decreased. Findings in a skeletal muscle model showed 
that an excess of glucocorticoid is characterized by decreased 
total tyrosine phosphorylation of the insulin receptor (IR); 
therefore, it seems logical that glucocorticoid-induced insu-
lin resistance is related to a postreceptor mechanism. In a 
study by Ahmed and Shalayel,26 30 pregnant women with 
GDM and 30 pregnant women with impaired glucose toler-
ance (IGT) were compared with 30 pregnant women with 
normal glucose tolerance. �e GDM and IGT groups were 
found to have signi�cantly higher levels of serum cortisol 
than the control group.

Prolactin
During pregnancy, maternal prolactin levels increase 7–10-
fold. Gustafson et al.27 reported that the basal insulin con-
centration and postchallenge glucose and insulin responses 
were greater in women with hyperprolactinemia than in 
healthy controls. �ese �ndings were supported by studies 
showing that the culture of pancreatic islet cells with prolac-
tin induces an increase in insulin secretion.28 Skouby et al.29 
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investigated the relationship between the deterioration in 
glucose tolerance and plasma prolactin levels in patients with 
normal and diabetic pregnancies. Oral glucose tolerance 
tests (OGTTs) were performed in late pregnancy and post-
partum. In late pregnancy, the GDM group had signi�cantly 
elevated fasting glucose levels compared to the controls, and, 
a�er glucose challenge, their insulin responses were sig-
ni�cantly diminished and the suppression of glucagon less 
pronounced. �ese di�erences in glucose metabolism were 
markedly reduced in the early postpartum period. �ere was 
no di�erence in basal prolactin concentrations between the 
two groups at either time point. �e prolactin levels were 
also not altered during the OGTTs, and there was no cor-
relation between the deterioration in glucose tolerance and 
the prolactin concentrations in either group. �us, abnormal 
prolactin levels are not of pathophysiologic importance in 
the development of GDM.

Human placental lactogen
Human placental lactogen (hPL) levels rise at the beginning 
of the second trimester, causing a decrease in phosphory-
lation of insulin receptor substrate (IRS)-1 and profound 
insulin resistance.20 Beck and Daughday30 demonstrated 
that overnight infusion of hPL results in abnormal glucose 
tolerance and increased insulin and glucose concentration 
in response to an oral glucose challenge. Accordingly, Brelje 
et al.31 found that in islet cell culture, hPL directly stimulates 
insulin secretion. �is may indicate that hPL directly reg-
ulates islet cell function and is probably the principal hor-
mone responsible for the increase in islet function observed 
during normal pregnancy.31

Leptin
Leptin is a 16 kDa protein encoded by the ob/ob (obesity) gene 
secreted by adipocyte tissue. It can modulate energy expen-
diture by direct action on the hypothalamus. Fasting insu-
lin and leptin concentrations correlate closely with body fat, 
making leptin a good marker of obesity and insulin resistance. 
As receptors to leptin are found in skeletal muscle, the liver, 
the pancreas, adipocyte tissue, the uterus, and the placenta, 
it may be responsible for both peripheral and central insulin 
resistance. Reductions in leptin concentrations are caused by 
weight loss, fasting, and starvation; leptin concentrations are 
increased with weight gain and hyperinsulinemia.

In animal models, using hyperinsulinemic–euglycemic 
clamp studies, infusion of leptin was found to increase the 
glucose infusion rate.32 Leptin levels are signi�cantly higher 
in pregnancy than in the nonpregnant state, especially dur-
ing the second and third trimesters,33–35 and this change in 
circulating leptin concentrations is generally consistent 
with changes in maternal fat stores and glucose metabolism. 
Results of studies by Laivuori et al.36 suggest that pregnancy-
associated increases in maternal plasma leptin may result 
from an upregulation of adipocyte leptin synthesis in the 
presence of increasing insulin resistance and hyperinsu-
linemia in the latter half of pregnancy. Investigators have also 

shown that leptin directly a�ects whole body insulin sensitiv-
ity by regulating the e�ciency of insulin-mediated glucose 
metabolism by skeletal muscle37 and by hepatic regulation of 
gluconeogenesis.38 Leptin may also wield an acute inhibitory 
e�ect on insulin secretion.39 Yamashita et al.40 suggested that 
an alteration in leptin action might play a role in GDM and 
fetal overgrowth weight gain. �ey found that pregnant mice 
treated with leptin had markedly lower glucose levels than 
controls during glucose and insulin challenge tests. However, 
despite the reduced energy intake and improved glucose tol-
erance, fetal overgrowth was not reduced. Results provide 
evidence that leptin administration during late gestation can 
reduce adiposity and improve glucose tolerance in the model 
of spontaneous GDM. �ese data suggest that alterations 
in placental leptin levels may contribute to the regulation 
of fetal growth independently of maternal glucose levels.

Kautzky-Willer et  al.41 measured plasma concentrations 
of leptin and beta-cell hormones during fasting and a�er an 
oral glucose load (OGTT of 75 g) in pregnant women with 
GDM and normal glucose tolerance at 28 weeks gestation 
and in women who were not pregnant. Plasma leptin con-
centration was higher in the women with GDM than in the 
women with normal glucose tolerance and higher in both 
these groups than in the nonpregnant controls. No change 
in plasma leptin concentrations was induced by OGTT in 
any group. Basal insulin release was higher in women with 
GDM than in women with normal glucose tolerance. �e 
authors concluded that women with GDM and no change in 
plasma leptin on oral glucose loading have increased plasma 
leptin concentrations during and a�er pregnancy. Vitoratos 
et al.42 investigated the changes in leptin levels and the rela-
tionship between leptin substance and insulin and glucose 
in pregnant women with GDM. Plasma leptin levels were 
measured in peripheral vein blood samples from healthy 
and diabetic women at 29 and 33 weeks gestation. Results 
showed a correlation of plasma leptin levels with fasting 
plasma insulin levels and plasma glucose levels measured 
1 hour a�er oral administration of 50 g of glucose. Serum 
leptin levels were signi�cantly higher in the women with 
GDM than in the women with uncomplicated pregnancies. 
�e GDM group also showed a signi�cant, positive corre-
lation of serum leptin levels with glycosylated hemoglobin 
levels, fasting serum insulin levels, and plasma glucose lev-
els measured 1 hour a�er administration of 50 g of glucose. 
�us, levels of leptin are elevated in women with GDM, and 
leptin metabolism depends on insulin levels and the sever-
ity of the diabetes. Wiznitzer et al.43 reported that umbilical 
cord leptin concentration was an independent risk factor for 
fetal macrosomia in nondiabetic pregnant women.

Other factors affecting gestational 
diabetes mellitus
Tumor necrosis factor-alpha
Tumor necrosis factor-alpha (TNF-α) has been implicated 
in the pathogenesis of insulin resistance in type 2 diabetes mel-
litus, but only limited data are available with regard to GDM. 
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Coughlan et al.44 investigated the e�ect of exogenous glucose 
on the release of TNF-α from placental and adipose tissue 
obtained from normal and diabetic pregnant women. �ey 
found signi�cantly greater TNF-α release under conditions of 
high glucose concentrations in the GDM group. As TNF-α has 
been implicated in the regulation of glucose and lipid metabo-
lism, and in insulin resistance, these data are consistent with 
the hypothesis that TNF-α is involved in the pathogenesis and/
or progression of GDM.

Catalano et  al.45 reported that changes in insulin sensi-
tivity from early to late pregnancy correlated with a gradual 
increase in TNF-α levels, which in turn correlated with the 
percentage change in body weight.

Adrenomedullin
Adrenomedullin is a newly discovered hypotensive peptide 
involved in the insulin regulatory system, and it may play 
a role in modifying diabetes in pregnancy. Di Iorio et al.46 
studied its correlation to GDM. Adrenomedullin concen-
trations were measured in maternal and fetal plasma and 
in amniotic �uid in diabetic and nondiabetic pregnancies. 
Overall amniotic �uid concentration was higher in the preg-
nant diabetic women (type 1 or GDM), but there was no 
di�erence between the group in maternal and fetal plasma 
levels. �ese �ndings suggest that placental adrenomedullin 
production is upregulated in diabetic pregnancy and that it 
may be important to prevent excessive vasoconstriction of 
placental vessels.

Adiponectin
Adiponectin is an adipose tissue hormone, which is a spe-
ci�c plasma protein that is secreted by adipocytes. It may 
facilitate the regulation of the glucose and lipid metabolism. 
Adiponectin decreases the hepatic glucose production and 
insulin resistance by upregulating fatty acid oxidation.47 
Adiponectin also suppresses the secretion of TNF-α by adi-
pose tissue, a factor that is known to contribute to insulin 
resistance.48 Studies have shown that adiponectin serum lev-
els were decreased in obese subjects49 and patients with type 
2 diabetes.50 In studies with rhesus monkeys, adiponectin 
plasma levels were signi�cantly decreased with the progres-
sion of obesity and insulin resistance.51 In all probability, 
adiponectin increases insulin sensitivity by enhancing the 
β-oxidation of free fatty acids and by decreasing the intra-
cellular concentrations of triglycerides.52,53 In patients with 
type 2 diabetes, who have the same risk factors for GDM, 
i.e., obesity, maternal age, ethnic origin, and family history, 
lower serum levels of adiponectin were detected. In mice, 
the intravenous administration of adiponectin was associ-
ated with loss of weight and reduced plasma concentrations 
of fatty acids54; the proportion of total body fat mass was cor-
related negatively with adiponectin serum levels.55 �e data 
suggests that low plasma adiponectin concentration during 
even early pregnancy may be associated with subsequent 
development of GDM.56–58 Levels of adiponectin have been 
assessed in fetal cord at delivery.58 A cord blood adiponectin 

level was extremely high in comparison to serum levels in 
children and adults and was positively correlated to fetal 
birth weights. No correlation was found between cord adi-
ponectin levels and maternal body mass index, cord leptin, 
or insulin levels. Cord adiponectin levels were signi�cantly 
higher compared with maternal levels at birth, and no cor-
relation was found between cord and maternal adiponectin 
levels. �ere were no signi�cant di�erences between adipo-
nectin levels at birth and 4  days postpartum. �ese �nd-
ings indicate that adiponectin in cord blood is derived from 
fetal and not from placental or maternal tissues. �e high 
adiponectin levels in newborns compared with adults may 
be the result of de�cient negative feedback on adiponectin 
production stemming from the lack of adipocyte hyper-
trophy, low percentage of body fat, or a di�erent distribu-
tion of fat storage in newborns. Adiponectin may emerge 
as a signi�cant factor in carbohydrate–fat metabolism and 
in the development of insulin resistance during pregnancy. 
Data suggest that there are decreased adiponectin levels in 
women with GDM compared with healthy control subjects. 
�is �nding supports the concept of a common pathogenesis 
between type 2 diabetes and GDM. Although adiponectin 
level appears to rise throughout pregnancy, its contribution 
to gestation remains unclear.

Pancreatic beta-cell function in 
normal pregnancy and gestational 
diabetes mellitus
Insulin is the main hormone controlling blood glucose con-
centration. Most commonly, assessment of beta-cell func-
tion is made by measuring the fasting insulin concentration 
or the response to glucose infusion. Fasting plasma insulin 
increases gradually during pregnancy—by the third trimes-
ter, levels are twofold higher than before pregnancy. Patients 
with GDM have fasting insulin levels equal to or higher than 
those of women with nondiabetic pregnancies, with the 
highest levels occurring in obese women with GDM.

During normal pregnancy, oral and intravenous glucose 
tolerance deteriorates only slightly, despite the reduction in 
insulin sensitivity.13 �e main mechanism responsible for that 
phenomenon is a gradual increase in insulin secretion by the 
beta cells. Kuhl12 reported a hyperbolic relationship between 
insulin sensitivity and beta-cell responsiveness to glucose in 
both pregnant and nonpregnant women, pointing to a role for 
the beta cells in pathological states such as GDM and demon-
strating the magnitude of the change in insulin secretion that 
is necessary to maintain glucose tolerance. �e mechanism 
responsible for increase insulin secretion during pregnancy is 
not well understood. A major contributing factor is the increase 
in the beta-cell mass, a combination of hyperplasia and hyper-
trophy.59 �e increased beta-cell mass can contribute to the 
increased fasting insulin concentration despite normal or 
lowered fasting glucose concentrations in late pregnancy, and 
the enhanced insulin response to glucose during pregnancy 
(twofold to threefold above nonpregnant levels).
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In GDM, the early insulin response to OGTT (15–30 
minutes a�er glucose ingestion) is reduced compared to 
nondiabetic pregnant control women, suggesting a defect in 
the beta-cell response.60 First-phase beta-cell responses to 
glucose infusion in GDM patients has also been reported to 
be reduced. GDM tends to be milder in women with a nor-
mal beta-cell response, and they are at relatively low risk for 
developing diabetes.61

Genetics, immunology, and gestational diabetes 
mellitus
Some patients with GDM manifest evidence for autoimmu-
nity toward beta cells (insulin autoantibodies and anti–islet 
cell antibodies); however, the prevalence of such autoim-
munity has been reported to be extremely low (<10%).62,63 
Mutations in the glucokinase gene occur in no more than 
5% of patients with GDM.64 �e inheritance of GDM was 
studied in a group of 100 women with previous GDM.65 �e 
women were reinvestigated 11  years postpartum and 60% 
were found to have either IGT or type 2 diabetes. An inves-
tigation of their parents showed that a substantial propor-
tion had neither parent a�ected with IGT or type 2 diabetes, 
which suggests a polygenic inheritance or environmental 
in�uence rather than autosomal dominance inheritance 
with high penetration rates. In addition, animal studies 
have shown that prenatal exposure to a diabetic intrauterine 
milieu increases the risk of GDM.

Harder et al.66 reported that the prevalence of type 2 dia-
betes was signi�cantly greater in mothers than in fathers of 
women with GDM, and there was also signi�cant aggrega-
tion of type 2 diabetes in the maternal–grandmaternal line 
compared to the paternal–grandpaternal line. �erefore, that 
may suggest that a history of type 2 diabetes on the mother’s 
side might be considered as a particular risk factor for GDM.

�e possible genetic background of GDM remains 
unclear. In particular, its association with human leukocyte 
antigen (HLA) class II polymorphism has been poorly stud-
ied, and the results are con�icting. In an attempt to clarify 
these discrepancies, Vambergue et  al.67 reported that the 
distribution of HLA class II polymorphism was not signi�-
cantly di�erent between GDM and IGT samples, and there 
was no signi�cant variation in DRB1*03 and DRB1*04 allele 
frequencies. �ese data provide further evidence that type 1 
or insulin-dependent diabetes mellitus HLA class II suscep-
tibility alleles cannot serve as genetic markers for suscepti-
bility to glucose intolerance during pregnancy.

Ober et al.68 studied the restriction fragment length poly-
morphisms near “candidate diabetogenic genes” in order to 
identify molecular markers for GDM genes. Genotypes for 
the insulin hypervariable region, insulin-like growth factor 2 
(IGF2), IR, and glucose transporter (GLUT)1 were studied in 
GDM and control subjects. �e results supported the hypoth-
eses that GDM has heterogeneous phenotypic and genotypic 
features and that the risk for GDM in black and Caucasian 
subjects is not related to obesity per se but to interactions 
between obesity and IR alleles. In Caucasian women, IR and 
IGF2 alleles interact to confer an additional risk for GDM. 
�us, in some women, genes responsible for susceptibility to 

GDM may be similar to the genes conferring risk of type 2 dia-
betes, whereas in others, novel genes may contribute to GDM.

Insulin signaling system in normal pregnancy and in 
gestational diabetes mellitus
�e action of insulin is triggered when it binds to the IR. �e 
IR belongs to the IGF receptor family, which possesses an 
intrinsic tyrosine kinase (TK) activity. �e receptor is com-
posed of two alpha-subunits, each linked to a beta-subunit 
and to each other by disul�de bonds; only the beta-subunit 
has enzymatic TK activity. When insulin binds to the recep-
tor, the conformational change activates the beta-subunit 
and autophosphorylation begins. �us, the activation of TK 
enzyme leads to increased tyrosine phosphorylation of cellu-
lar substrates. IRS-1, a cytosolic protein, binds to the phos-
phorylated intracellular substrates, thereby transmitting the 
insulin signal downstream. �e distribution of the IRS pro-
teins tends to be tissue speci�c: IRS-2 is more copious in the 
liver and pancreas, whereas both IRS-1 and IRS-2 are widely 
expressed in skeletal muscle. Insulin stimulates the activation 
and binding of the lipid kinase enzyme, phosphatidylinositol 
(PI)-3-kinase, and its binding to IRS-1. �e formation of PI is 
mandatory for insulin action on glucose transport. Knockout 
of the IRS-1 gene causes only a moderate increase in insulin 
resistance due to increased insulin secretion, but not overt 
diabetes. In women with GDM, the skeletal muscle contains 
lower levels of IRS-1 protein and signi�cantly less insulin-
stimulated IRS-1 tyrosine phosphorylation, while levels of the 
IRS-2 protein are increased. �ese �ndings suggest that the 
insulin resistance of GDM may be exerted through a decrease 
in the insulin resistance cascade at the level of the IRS pro-
teins. �e increased IRS-2 level may be a compensation for the 
reduced IRS-1 level.69 Glucose uptake by cells is mediated by 
a family of membrane proteins, GLUT1–GLUT4, which have 
a signi�cant sequence similarity. GLUT4 is the main insulin-
sensitive glucose transport, expressed uniquely in skeletal and 
cardiac muscles and adipose tissue. Garvey et al.70 reported 
that in rectus abdominis taken from lean and obese women 
with GDM, GLUT4 content was similar. In GDM, GLUT4 
gene expression is normal in skeletal muscles. To the extent 
that these muscles are representative of the total muscle mass, 
insulin resistance in skeletal muscle may involve impaired 
GLUT4 function or translocation, but not its depletion, as 
observed in adipose tissue. Garvey et al.71 demonstrated that 
the insulin-stimulated glucose transport in adipocyte tissue 
was reduced by 60% at term in women with GDM compared to 
nondiabetic pregnant women. Moreover, the GLUT4 content 
in adipocytes was profoundly depleted in 50% of the GDM 
group. �e whole group exhibited a novel abnormality in 
GLUT4 subcellular distribution, an accumulation of GLUT4 
in membranes cofractionating with plasma membranes 
and high-density microsomes in basal cells, and absence of 
translocation in response to insulin. �ese data suggest that 
abnormalities in cellular tra�c or targeting relegate GLUT4 
to a membrane compartment from which insulin cannot 
recruit transporters to the cell  surface. �is has important 
implications for skeletal muscle insulin resistance in GDM. 
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�e membrane protein plasma cell membrane glycoprotein-1 
(PC-1) has been identi�ed as an inhibitor of insulin receptor 
TK (IRTK) activity. Shao et al.69 investigated IR function and 
PC-1 levels in the muscle from three groups of obese subjects: 
women with GDM, pregnant women with normal glucose tol-
erance, and nonpregnant control subjects. No signi�cant dif-
ferences were found in basal IR tyrosine phosphorylation or 
IRTK activity among the three groups. A�er maximal insulin 
stimulation, IRTK activity increased in all subjects, but was 
lower in women with GDM by 25% and 39% compared with 
pregnant and nonpregnant control subjects, respectively. 
Similarly, IR tyrosine phosphorylation was signi�cantly 
decreased in the subjects with GDM compared to the other 
two groups. Treatment of the IR with alkaline phosphatase 
to dephosphorylate serine/threonine residues signi�cantly 
increased insulin-stimulated IRTK activity in the pregnant 
control and GDM subjects, but the rates were still lower than 
in the nonpregnant controls. PC-1 content in the muscle from 
GDM subjects was increased by 63% compared with preg-
nant control subjects and by 206% compared with nonpreg-
nant control subjects. PC-1 content was negatively correlated 
with IR phosphorylation and IRTK. Increased PC-1 content 
in the pregnant control and GDM groups suggests an exces-
sive phosphorylation of serine/threonine residues in muscle 
IR, both of which may contribute to the pregnancy-associated 
decrease in IRTK activity. In GDM, changes worsened, even 
when controlling for obesity. �ese postreceptor defects in 
insulin signaling may contribute to the pathogenesis of GDM 
and the increased risk for type 2 diabetes later in life.

Receptor autophosphorylation has also been reported to 
be impaired in GDM subjects, a �nding consistent with their 
increased insulin resistance.70 In addition, overexpression 
of membrane plasma cell di�erentiation factor-1 (i.e., PC-1) 
may play a role in developing insulin resistance by inhibit-
ing the TK activity of the IR.71 In GDM patients, PC-1 lev-
els were signi�cantly higher in skeletal muscle compared to 
nondiabetic pregnant women.72

Summary
GDM is carbohydrate intolerance resulting in hypergly-
cemia of variable severity with onset or �rst recognition 
during pregnancy. �e incidence of GDM is 0.15%–15%, 

and it corresponds to the prevalence of type 2 diabetes and 
IGT within a given population. �e predominant patho-
genic factor in GDM could be inadequate insulin secre-
tion. It has been convincingly demonstrated that GDM 
occurs as a result of a combination of insulin resistance 
and decreased insulin secretion. �e similar frequencies of 
HLA-DR2, HLA-DR3, and HLA-DR4 antigens in healthy 
pregnant women and women with GDM, and the low 
prevalence of markers for autoimmune destruction of the 
beta cells in GDM, rule out the possibility that GDM has 
an autoimmune origin. Pregnancy is associated with pro-
found hormonal changes that have a direct e�ect on carbo-
hydrate tolerance. In early pregnancy, both progesterone 
and estrogen levels rise, but their actions on insulin are 
counterbalanced, as progesterone causes insulin resistance 
and estrogen is protective. In the second trimester, hPL, 
cortisol, and prolactin levels all rise, causing decreased 
phosphorylation of IRS-1 and profound insulin resistance. 
In most subjects, pancreatic insulin secretion rise to meet 
this need, but in those with underlying beta-cell defects, 
hyperglycemia ensues. In women with GDM, the insulin 
resistance of pregnancy is exaggerated, especially if fast-
ing hyperglycemia is present, and is related to additional 
defective tyrosine phosphorylation of the IR beta-subunit. 
Recent research suggests that the postreceptor mecha-
nisms that contribute to insulin resistance of pregnancy 
are multifactorial but are exerted at the beta-subunit of the 
IR and at the level of IRS-1. �e resistance to insulin-medi-
ated glucose transport appears to be greater in the skeletal 
muscle from GDM subjects than from pregnant subjects. 
�ere is also a modest but signi�cant decrease in the maxi-
mal IR tyrosine phosphorylation in the muscle from obese 
GDM subjects. Results also suggest that increased IR ser-
ine/threonine phosphorylation and PC-1 could underlie 
the insulin resistance of pregnancy and contribute to the 
pathogenesis of GDM.

Whether additional defects are exerted further 
downstream from IRS-1 remains to be investigated. GDM 
is a predictor of diabetes (mainly type 2) later in life. �e 
cumulative incidence of type 2 diabetes is 50% at 5  years. 
GDM is also a predictor, or even an early manifestation, 
of the metabolic (insulin resistance) syndrome. GDM is a 
cardiovascular risk factor, and a�ected patients should be 
screened to prevent late complications.
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Autoimmunity in gestational 
diabetes mellitus
Alberto de Leiva, Dídac Mauricio, and Rosa Corcoy

Immunobiology of GDM
Pregnancy represents a distinct immunologic state; the fetus 
acts as an allogra� to the mother, needing protection against 
potential rejection.1,2 Humoral immunoreactivity does not 
change much during pregnancy, with the exception of low-
ered immunoglobulin G concentration at late phase, probably 
explained by placental transport.3 Regarding cellular immu-
nity, reduction,4,5 elevation,6 and no variation7 in the number 
of di�erent lymphocytic populations have been reported. �e 
�nal e�ect of pregnancy on previously active autoimmune 
processes is controversial,8,9 and multiple autoimmune dis-
turbances may be manifested during pregnancy.10

In diabetic pregnancy, immunological abnormalities 
occurring in diabetes are superimposed on immunological 
changes of pregnancy, eventually in�uencing maternal and 
fetal outcomes. �e interplay between sex hormones and 
the immune system is complex and multifactorial, a�ect-
ing many organs and systems. �e mechanisms of estrogen 
and progesterone modulation of individual components of 
the immune system have been extensively studied in vitro 
but not in humans. Older concepts of pregnancy as a state 
of systemic immunosuppression are oversimpli�ed. A more 
useful model may be the view of pregnancy as a modulated 
immunologic condition. As pregnancy advances, T-cell 
activity, natural killer activity, and possibly B-cell activ-
ity are reduced, whereas α-defensin levels and monocytic, 
dendritic cell and polymorphonuclear cell activities are 
increased. In general, levels of in�ammatory cytokines are 
reduced, whereas levels of cytokines that induce phagocytic-
cell recruitment or activity are increased; these alterations 
do not necessarily follow a clear �1 or �2 phenotype.

Gestational diabetes mellitus (GDM) is de�ned as an 
impairment of glucose tolerance �rst recognized at the index 
pregnancy.11 For this category of women, an increased risk 
of progression to type 2 diabetes mellitus (DM-2) has been 
repeatedly reported.12–15 Nevertheless, a subset of women 
with GDM depicts one or several autoantibodies (AA) against 
various pancreatic islet cell autoantigens, typically detected 
in type 1 diabetes mellitus (DM-1)16 as well as in high-risk 
subjects for the development of the disease, in particular, 

�rst-degree relatives of patients with DM-1 (FDRs-DM-1).17 
In type 1A diabetes, a selective destruction of the insulin-
producing cells occurred, mediated by T cells.

Diabetes-related antibodies and 
pregnancy
Prevalence and titers
Circulating islet cell antibodies, originally described by indi-
rect immuno�uorescence in 1974,18 have been demonstrated 
in the great majority of individuals with autoimmune diabe-
tes, both at the preclinical state and at the onset of clinically 
overt diabetes, and they persist in the circulation for a long 
time. Most investigated islet cell AAs include AAs to islet cell 
cytoplasm (islet cell AAs [ICAs]), to native insulin (insulin 
AAs [IAAs]), to GAD (GADA),19–21 and to tyrosine phospha-
tases (insulinoma-associated antigens IA-2A and IA-2β)22,23:

ICAs. �e prevalence of cytoplasmic islet cell antibodies 
in GDM has been reported to range between 0.98% 
and 14.7% in Caucasians,1–3,14–32 higher than in the 
control group,14,25,27,33–35 except in studies with low 
statistical power.36–38 Characteristically, ICA titers are 
low when compared with subjects with new-onset type 
1A diabetes and their FDRs.28,33–39

IAAs. �e presence of IAAs in sera of subjects with DM-1 
before initiating insulin treatment was �rst reported in 
1982.40 Since then, IAAs have been shown in 20%–50% 
of patients with DM-1 of recent diagnosis. IAA posi-
tivity displays a strong negative association with age: 
IAAs are positive in 90% of children who develop 
DM-1 before the age of 5 years, but in less than 40% 
a�er the age of 12 years.41 �is result is in accordance 
with the low prevalence of IAAs in women with GDM 
(0%–5.9%), even when addressed just by a low num-
ber of studies,25,27,36–39 with only one of them reporting 
a higher prevalence than in the control population.27 
When positive, IAA titers are also lower than those of 
patients with DM-1 and their FDRs.38 We have inves-
tigated the frequency of IAAs in women with GDM 
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using a radiobinding assay. We observed that only 
0.98% (2 of 203) of consecutive women at diagnosis of 
GDM displayed IAAs in their sera before initiation of 
treatment (registered frequency in control subjects, 0 
of 106 individuals; frequency in FDRs-DM-1, 4.7%). 
Interestingly, in the subgroup of ICA (+) women with 
GDM, the prevalence of IAAs was higher than in ICA 
(−) ones (11% vs. 0.7%), so that in women with GDM and 
ICA positivity, the prevalence of IAAs was not di�er-
ent than in FDRs-DM-1.25 Quite a di�erent issue is the 
appearance of insulin antibodies (IAs) in women with 
GDM treated with exogenous insulin. Our group has 
reported that 44% of women receiving human insulin 
therapy for GDM develop IAs, which may persist up to 
24 months a�er delivery.42 Similar �ndings have been 
described a�er treatment with lispro-insulin.43

GADAs and IA-2As. GAD is the biosynthesizing enzyme 
of γ-aminobutyric acid. Pancreatic β-cells express this 
enzyme, among other cell types. �e prevalence of these 
AAs in subjects with new-onset DM-1 is 60%–70% for 
GADAs, 40% for IA-2As, and 20% for IA-2βAs.44,45 All 
DRAAs could be useful for the screening of autoim-
mune diabetes. Because ICA measurement is time con-
suming and semiquantitative, currently it is usually 
used for con�rmation purposes. �e combination of 
two antibodies o�ers a good yield with GADAs/IA-2As 
and GADAs/IAAs being used in adults and children, 
respectively.46 Our group has reported that nonisotopic 
alternatives for GADA65 and IA-2As are suitable for 
the precise use of estimation of risk prediction and 
diagnosis of autoimmune diabetes.47

Some reports have shown that the prevalence of 
IA-2As in GDM ranges from 0% to 6.2%.27,34,38,48,49 
Several articles have compared the prevalence of IA-2As 
in women with GDM with that of a control population, 
the �gures being higher in two articles25,34 and similar 
in the other two.27,38 �ese antibodies are not frequent in 
this age range50 and are associated with rapid progression 
to severe insulinopenia.51 IA-2A titers in women with 
GDM are lower than in children with type 1A diabetes.48 
�e prevalence of GADAs in GDM has been reported to 
range from 0% to 10.8%,25,27,34,35,38,48,49,52,53,59,60–63,99 with 
an article from India describing a prevalence of 41% for 
of GADAs/IA-2As.59 Several reasons may account for 
these heterogeneous �ndings. First, each population has 
a di�erent genetic and environmental background that 
confer di�erent risks. Second, in each population, dif-
ferent ethnic groups may have di�erent susceptibility 
for GDM and to β-cell autoimmunity. �ird, method-
ological issues, such as study design or laboratory pro-
cedures, may justify these wide di�erences. As in the 
case of ICAs, their frequency has been reported to be 
higher than in the control population in some25,27,34,35,62 
but not all articles,38,54,55,58,63 probably because of the 
low statistical power of the latter. As for other diabetes-
related antibodies (DRAs), titers of GADAs in GDM 
have also been reported to be lower when compared 
with type 1A diabetes, autoimmune prediabetes, and 

FDRs-DM-1.35,60 Table 7.1 illustrates the prevalence of 
DRAs in GDM, reported in multiple publications.

A prospective German multicentric study has shown 
that GADAs in women with GDM bound fewer epi-
topes than GADAs in FDRs-DM-1.60 Whereas the 
prevalence and titers of GADAs to the major GAD65 
COOH-terminal middle epitope were not signi�cantly 
di�erent (91% vs. 100%, 88.6% vs. 100%), AAs to epit-
opes GAD65-midb (middle b) and GAD67 were less 
frequently detected in patients with GDM (57% vs. 90%, 
38% vs. 79%). AAs reactive to all epitopes of GAD65 
tested in this study were also less frequent in subjects 
with GDM, in comparison to FDRs-DM-1 (65% vs. 23%, 
p < 0.01). �e observed reduction of binding to GAD epi-
topes in women with GDM, in comparison with young 
FDRs-DM-1, is also seen in latent autoimmune diabetes 
of adulthood (LADA) patients.61 Similar to LADA, in 
GDM, the combined presence of various AAs is infre-
quent,25,27,34,48,49 which is consistent with the concept of a 
slow progression form of autoimmune diabetes.60

Transplacental passage of DRAs and related e�ects. DRAs 
are transferred to the fetus.42,62–67 �ey are mainly 
IgG and are actively transported by the placenta.68,69 
Maternal and fetal levels are highly correlated for 
IAs,42,62,64–66 ICAs,46 GADAs,62,70 and IA-2As.62 �is 
transplacental passage of antibodies lies behind the 
higher prevalence of DRA in cord blood from infants 
of diabetic mothers compared with infants of diabetic 
fathers.67 Postnatal elimination of transplacentally 
acquired DRAs has been prospectively investigated in 
infants born to type 1 diabetic mothers, with the mean 
elimination time being 3.1 months for ICAs and IAs, 
4.5 months for GADAs, and 4.3 months for IA-2As.72

Menon et  al.64 reported that the concentration of ani-
mal insulin in cord serum correlated with birth weight, 
but this observation has not been con�rmed by other 
authors.42,65,66,71,72 �e underlying mechanism would be 
an IA-facilitated maternal insulin transfer and, as a con-
sequence, an enhancement of fetal hyperinsulinism and 
related morbidity.73 Maternal insulin–IA complexes have 
been associated with toxemia,27,74,75 HELLP syndrome,76 
hypoglycemia,27,77 respiratory distress,27 and high hemato-
crit in the newborn.76 Nevertheless, other investigators have 
not observed a relationship between maternal levels of IAs 
and cord blood levels of insulin, 32–33 split proinsulin,72 
or C-peptide.65 In our experience, fetal outcomes were not 
in�uenced by the presence or titers of IAs, IAAs, or ICAs.78

In the nonobese diabetic mouse, the transplacental 
passage of maternal AAs increases the risk of experimen-
tal autoimmune diabetes in the o�spring,79 whereas the 
transmission of AAs against activated T cells is protective.80 
Interestingly, in infants of diabetic mothers, the presence of 
GADAs and IA-2As, but not of IAs, in cord blood samples, is 
associated with a lower risk of developing DRAs and DM-1.81 
However, when present in infants of diabetic fathers, DRAs 
are not protective, which seems to imply an active fetus self-
immune response in this case.81
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Heterogeneity of autoimmune 
diabetes
Autoimmune diabetes is caused by the destruction of β-cells 
of pancreatic islets by an immune-mediated process, pro-
moted by the interaction of genetic and environmental 
factors.82 AAs against pancreatic β-cell antigens precede 
the clinical onset of DM-1.82 Patients with DM-1 have an 
increased risk of other autoimmune disorders, including 
Graves’ disease, thyroiditis, Addison’s disease, celiac disease, 
and pernicious anemia.

Age not only modi�es the risk of autoimmune diabe-
tes but also the presence of AAs, the intensity of beta-cell 
destruction, the rate of progression to overt diabetes, and 
the degree of residual insulin secretion. Approximately 
30% of subjects with classic autoimmune diabetes (type 1A 
diabetes) present a�er age 35 years.83 In Caucasians, child-
hood autoimmune diabetes is associated with an increased 

prevalence of alleles DR3, DQB1*0201 and DR4, and 
DQB1*0302, with the proportion of heterozygotes declin-
ing with age at diagnosis.84 Children with the allele HLA 
DR2, DQB1*0602, almost never develop diabetes, whereas 
this allele confers a much lower protection for adult-onset 
autoimmune diabetes.

A minority of patients with DM-1 have no known etiol-
ogy and no evidence of autoimmunity (type 1B diabetes, 
idiopathic DM-1); most of these patients are of African or 
Asian origin. It is well known that autoimmunity against 
pancreatic islets may evolve in some instances as a highly 
aggressive process responsible of extreme insulinopenia, 
whereas in other occasions, it leads to a slow and nonag-
gressive process, practically asymptomatic, recognized by 
humoral autoimmunity markers.

During recent years, islet AAs have been demonstrated 
in the sera of a signi�cant fraction (5%–20%) of individu-
als with phenotypical characteristics of DM-2. As a result, 

Table 7.1  Prevalence of diabetes-related antibodies in women with 
gestational diabetes mellitus (%)

Author n ICA IAA GADA I-A2A 

Steel et al.26 50 10
Ginsberg-Fellner et al.29 88 35
Fallucca et al.27 39 5
Freinkel et al.14 160 7.5
Catalano et al.30 187 1.6
Bell et al.96 181 2.8
Stangenberg et al.31 55 1.8
Mauricio et al.33 307 12.4
Ziegler et al.39 55 11
Damm et al.36 139 2.9 0
Tuomilehto et al.52 112 5.0
Beischer et al.53 734 1.8
Mauricio et al.25 203 1
Petersen et al.54 139 2.2
Dozio et al.38 145 10 3.0 0 0
Fuchtenbusch et al.28 437 8.5 9.5 6.2
Fallucca et al.55 83 3.6
Whittingham et al.48 98 3 4 1
Panczel et al.109 68 14.7
Kinalski et al.34 156 5.1 7.0 3.2
Mitchell et al.56 100 6
Bartha et al.99 102 0.98 10.8
Kousta et al.57 321 4.0
Weng et al.58 66 4.5
Balaji et al.59 86 41 GADA/IA-2
Albareda et al.49 535 14 1.5 0.2
Bo et al.35 123 6.5 4.1

Source:	 de Leiva, A. et al., Diabetes Care, 30(Suppl. 2), 127, 2007. With permission.
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the  term LADA has been incorporated to de�ne this new 
clinical variant of diabetes.85–87

�ese patients with adult-onset autoimmune diabetes can 
be initially misclassi�ed as having DM-2. Characteristically, 
they display a lower rate of metabolic syndrome than 
patients with DM-2.88 �e distinction between adult-onset 
DM-1 and LADA is sometimes di�cult, but, characteris-
tically, patients with LADA evolve slowly toward insulin 
requirement (within 6 years), and older patients with LADA 
show even a slower progression.86,89 �e presence of GADA 
indicates a strong possibility of requiring insulin treatment 
earlier than expected in classical-type diabetes.

Some investigators believe that patterns of HLA suscep-
tibility in LADA patients are similar to those reported for 
classic DM-1, supporting the hypothesis that the genetics 
of autoimmune diabetes in children and adults are dif-
ferentiated by only relatively few age-dependent genetic 
e�ects and the slower progression of the insulin de�ciency 
in adults may be related to subtle variation in the HLA class 
II gene associations.90,91 On the contrary, other researchers 
have proposed that LADA patients di�er genetically from 
classical DM-1.92,93 Two distinct monocyte gene expression 
clusters have been identi�ed in autoimmune diabetes. One 
cluster, comprising 12 pro-in�ammatory cytokine/com-
pound genes, was detected in 60% of LADA patients and 
28% of adult-onset type 1 diabetic subjects but in only 10% 
of juvenile-onset type 1 diabetic patients. A second cluster, 
comprising 10 chemotaxis, adhesion, motility, and metabo-
lism genes, was identi�ed in 43% of juvenile autoimmune 
diabetes, 33% of LADA patients, and only 9% of adult-onset 
type 1 diabetic individuals.92

Genetic markers in 
autoimmune GDM
Although genetic markers hold a most relevant promise for 
the future, they are of only limited clinical value in the eval-
uation and management of diabetic patients. To screen for 
the genetic susceptibility of type 1A diabetes, HLA typing is 
most useful. �e HLA complex on chromosome 6p21.3 is a 
major susceptibility locus, IDDM1. �e HLA complex con-
tains class I and II genes that code for several polypeptide 
chains. �e class I genes are HLA-A, HLA-B, and HLA-C. 
�e loci of class II genes are designated by three letters: 
the �rst, -D-, indicates the class, the second (M, O, P, Q, R) 
the family, and the third (A or B) the chain. Both classes of 
molecules are heterodimers: class I exhibits an α-chain and 
β2-microglobulin and class II exhibits α- and β-chains. �e 
function of the HLA molecules is to present short peptides 
to T cells to initiate the immune response. Multiple genetic 
reports have demonstrated an association between various 
HLA alleles and autoimmune disorders.

In Caucasian patients with DM-1, HLA-D genes con-
tribute as much as 50% of the genetic susceptibility.94 
HLA-DQ genes appear critical to the HLA-associated risk 
of DM-1A. In any individual, four possible DQ dimers are 
encoded; positive risks for the disease are associated with 

α-chains that have an arginine residue 52 and β-chains 
that lack an aspartic acid at residue 57. �e highest genetic 
risk corresponds to those persons in whom all four 
HLA-DQ combinations meet this criterion (heterozygous 
for HLA DRB1*04-DQA1*0301-DQB1*0302 and DRB1*03-
DQA1*0501-DQB1*0201), with an absolute lifetime risk 
for DM 1A in the general population of 1:12. On the con-
trary, persons who are protected are those with DRB1*15-
DQA1*0201-DQB1*0602 (Asp57+) haplotypes.95 People 
carrying out the B1*0401 and 0405 subtypes of DRB1*04 
are susceptible, whereas the *0403 and *0406 subtypes are 
protective.

So far, the genes of HLA complex have been the 
most investigated genetic factors in autoimmune GDM 
(AIGDM). �e information obtained from various reports 
showed discordant results.14,36,37,96–98 In these protocols, 
the number of investigated subjects was small, and the 
analyzed populations quite heterogeneous. Rubinstein 
et al. depicted a strong association between HLA DR3/DR4 
and islet autoimmunity of women with GDM.31 A similar 
observation was provided by Freinkel et  al., showing a 
twofold increase in the frequency of DR3 and DR4 alleles 
in women with GDM.14 Ferber et  al.98 investigated 184 
German women with GDM; when compared with another 
group of 254 nondiabetic unrelated subjects, no elevation 
in the frequency of any HLA class allele was observed. 
Nevertheless, DR3 allele frequency was increased in GDM 
women with positivity to islet cell antibodies, particu-
larly GADA (p = 0.002), as well as DR4 and DQB1*0302 
(p =  0.009). �ose who had a DR3/DR4-containing gen-
otype are 60% of women who are islet antibody positive 
and 74% of women who developed DM-1 postpartum. 
Combining the determination of susceptible HLA alleles 
(DR3, DR4) with islet AA measurement increased the sen-
sitivity of identifying women with GDM developing post-
partum DM-1 to 92%. Damm et al. showed a trend toward 
an increased frequency of DR3/DR4 and a decrease fre-
quency of DR2 in women with GDM evolving to DM-1.36 
On the opposite, several reports could not found associa-
tion between increased prevalence of class II alleles and 
the presence of humoral islet cell autoimmune markers in 
women with GDM.73,45,99

C. Murgia et al., from the University of Cagliari, have 
reported a very high prevalence and very unusual dis-
tribution of antibodies in GDM patients of Sardinia (the 
population with the highest frequency of HLA DR3). �ey 
determined anti-GAD65, IA-2A, and IAA in a group of 62 
GDM patients and in 56 controls. Frequency of AAs was 
38.8% (7.1% for the control population), being IA-2A the 
most frequent antibody (29.0% in GDM patients, 7.1% in 
controls). �e prevalence of GAD-65 AA was 3.2% (absent 
in controls). IAAs were positive in 14.5% of women with 
GDM (absent in controls). Eight percent of all GDM 
cases were positive for two antibodies (0% in controls).98 
Pregestational weight and BMI of DRA-positive GDM 
patients were lower than of DRA-negative GDM patients, 
in coincidence with other reports. One plausible expla-
nation of these unique frequency and distribution of 
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pancreatic AAs among women presented with GDM in 
Sardinia is their distinct genetic background.

Anti-IA2 correlates with DQ8 and/or DR4/DQB1*0201 
and is negatively associated with DR3/DQB1*02012; IAA 
and ICA are found with higher frequency in individuals 
positive for DR4 and DQ8, while anti-GAD65 is more com-
monly found in type 1 diabetic patients with DR3 and/or 
DQB1*0201 haplotypes.100

Autoimmune GDM and LADA
S. Bo et al. investigated the di�erences in clinical charac-
teristics of women with GDM, whether associated with 
islet cell autoimmunity or not.35 A total of 207 women 
composed the total group of investigated subjects; 12.5% 
were carrying AAs in their sera, either ICAs or GADAs, 
usually at low titers. Women with GDM with autoimmune 
markers apparently presented a lower risk for the develop-
ment of conventional GDM (were younger, had lower pre-
pregnancy BMI, lower prevalence of diabetes in their FDRs, 
lower waist circumference, lower fasting plasma insulin, 
and lower weight increase during pregnancy). �e rate 
of insulin treatment during pregnancy was signi�cantly 
higher in the group positive for AAs. �ese observations 
led the authors to the conclusion that women with AIGDM 

displayed fewer features of insulin resistance, required 
more frequent insulin therapy than negative women, and 
presumably had presymptomatic DM-1. Nevertheless, 
other authors have reported that women with GDM with or 
without GADA positivity at follow-up display similar clini-
cal characteristics with the exception of BMI.57

It may be hypothesized that women with AIGDM have 
LADA, which it has been demonstrated not to be the case. 
LADA is neither the same than classic DM-1A with onset 
in adulthood; although ICA and GADA are common 
in LADA, both anti-IA2 and IAA are much less common in 
LADA than in DM-1.101

Our group has recently reported the characteristics of 
LADA in Spanish population in terms of β-cell autoimmu-
nity, insulin secretion, and clinical aspects.102 �e study was 
initially part of the Action LADA Project, which was locally 
extended for an additional period of 3 years. Cases of LADA 
were de�ned as patients age 30–70 years at the diagnosis of 
diabetes, who did not require insulin for at least 6 months 
a�er diagnosis, with GADA or IA-2A positivity. A total of 
82 consecutive patients with LADA, 78 patients with DM-1, 
and 480 patients with type 2 diabetes were included in the 
study. Table 7.2 shows the main clinical parameters of the 
three study groups. �e investigation of metabolic charac-
teristics depicted for patients with LADA an intermediate 
phenotype.

Table 7.2  Clinical characteristics, including fasting C-peptide concentrations of patients with type 1 diabetes, 
latent autoimmune diabetes in adults, or type 2 diabetes

  

P value for group comparisons

T1DM 
(n = 78)

LADA 
(n = 82)

T2DM 
(n = 480) T1DM—LADA T2DM—LADA

Sex (n, women) 33 (42.3%) 30 (36.6%) 174 (36.3%) 0.518 1.000
Age (years) 45.5 ± 11.9 53.4 ± 12.3 56.07 ± 11.0 <0.001 0.076
Age at diagnosis 42.6 ± 11.4 49.2 ± 11.7 53.0 ± 10.5 <0.001 0.011
Disease duration (months) 10 (6–39) 38 (6–59) 24 (6–47) <0.001 0.006
BMI (kg/m2) 25.6 ±4.92 26.9 ±4.4 29.9 ± 5.4 0.031 <0.001
Waist (cm) 90.4 ± 12.5 94.8 ± 16.6 101.6 ± 14.4 0.003 <0.001
SBP (mmHg) 123.2 ± 24.0 131.4 ± 19.1 138.6 ± 21.5 0.036 0.002
DBP (mmHg) 74.0 ± 15.1 79.5 ± 9.9 82.3 ± 11.7 0.001 0.035
Antihypertensive treatment 11 (14.1%) 30 (36.6%) 248 (51.7%) 0.001 0.012
Triglycerides (mg/dL) 90.7 ± 48.4 121.5 ± 84.3 163.3 ± 120.8 0.022 <0.001
Total cholesterol (mg/dL) 192.4 ± 37.4 202.4 ± 61.6 218.8 ± 37.9 0.420 0.284
HDL cholesterol (mg/dL) 67.7 ± 23.2 59.8 ± 17.5 50 ± 15.8 0.037 <0.001
LDL cholesterol (mg/dL) 113.2 ± 33.5 118.7 ±36.0 122.3 ± 35.5 0.321 0.192
Metabolic syndrome (n, %) 11 (15.5) 28 (37.3) 303 (67.2) 0.005 0.000
Fasting glycemia (mg/dL) 178.3 ± 80.7 164.8 ± 59.8 148.8 ± 56.3 0.529 0.010
HbAlc (%) 8.9 ± 2.7 8.1 ± 2.1 7.6 ± 1.9 0.098 0.007
C-peptide (pmol/L) 261.0 ± 234.0 587.0 ± 515.8 978.0 ± 480.7 <0.001 <0.001
Insulin treatment (alone or combined 

with other agents) (n, %)
78 (100.0) 37 (45.7) 91 (19.00) <0.001 <0.001

Source:	 Mollo, A. et al., Diabetes Metab. Res. Rev., 29, 446, 2013. With permission.
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�e prevalence of metabolic syndrome was higher 
among  patients with LADA than in patients with T1DM, 
but  lower in patients with T2DM. Fasting plasma glucose 
and HbA1c were higher in patients with LADA than in 
patients with T2DM. Hazard ratio for insulin treatment 
in LADA compared with T2DM was quite elevated (mean 
value of 8.34; p < 0.001). A faster progression to insulin 
treatment from the diagnosis of diabetes in patients with 
LADA when compared with patients with T2DM was 
clearly observed (Figure 7.1).

If immunotherapy becomes a reality for autoimmune 
diabetes, the investigation of both patients with LADA and 
women with AIGDM will be of great importance to iden-
tify subjects at high risk for T1DM who might bene�t from 
immune intervention. New initiatives to be developed in 
these two distinct types of autoimmune diabetes—LADA 
and AIGDM—may include, among others, (1) the assess-
ment of AAs to IA-2β, which have been associated with a 
very high risk of diabetes in ICA/IA-2A-positive relatives 
of DM-1 subjects103; (2) the use of the novel multi-antigen 
single radioimmunoassay, able to evaluate GADA, IA-2A, 
IAA, and islet beta-cell zinc cation e�ux transporter 
(ZnT8) AAs104; and (3) investigation of the humoral immu-
noreactivity against IA-2(256-760), the marker with the 
highest sensitivity for detection of humoral IA-2 immu-
noreactivity (IA-2 immunoreactivity has been underes-
timated, so far, in patients with LADA and AIGDM).105 
Furthermore, diagnosing LADA and AIGDM at the initial 
stage will be quite useful to initiate insulin earlier, facili-
tating improved glycemic control sooner as well as pre-
serving the residual beta cell function in these two distinct 
subclasses of autoimmune diabetes.106

GDM-related autoantibodies 
and the risk of maternal glucose 
intolerance/diabetes mellitus
�e majority of reports have agreed that positivity for DRA 
during pregnancy increases the maternal risk of glucose 
intolerance/diabetes (Table 7.3).

In the �rst investigation on the prevalence of ICAs in 
GDM, three of �ve ICA (+) gestational diabetic women 
developed classic type 1A diabetes shortly a�er pregnancy.26 
Additional studies have con�rmed an increased risk of 
diabetes33 or glucose intolerance30 in women positive for 
ICAs. �e association has also been extended to other DRAs: 
positivity for either ICA/IA-2A or GADAs increases the risk 
of DM-1 2 years a�er delivery, with the risk increasing with 
the number of positive antibodies.25

�ere are also articles reporting a lack of association of 
ICAs32 or GADAs58 with abnormal glucose tolerance at short 
term a�er delivery that could be attributable to a low sta-
tistical power of the studies. Nevertheless, it is important to 
highlight that only two of these articles performed statistical 
adjustment for other predictors.25,32

Our team have prospectively followed a group of 470 
women with GDM from the time of diagnosis until the time 
of the �rst postpartum oral glucose tolerance test (OGTT), 
and up to 7 years a�erward; another group of 200 women 
depicting normal OGTT at pregnancy, AAs negative, and 
similar age and BMI acted as control. Interestingly, the 
prevalence of all investigated AAs (ICA, GADA, IA-2A) 
markedly increased a�er delivery. In the systematic follow-
up postpartum, the analysis of the curve of survival free of 
DM interval revealed an abrupt decline for the AA + group 
at the very early phase of the curve, remained a�erward in 
a parallel fashion to the graphic displaying the behavior of 
the AA-negative group. In fact, about 80% of AA-positive 
women evolved to clinically overt diabetes within the �rst 
24  months postpartum (Figure 7.2a and b). Investigators 
from the Münich Diabetes Research Institution also found 
increased risk of progression to DM in the group of AA+ 
women with GDM presenting DR3 and DR4 haplotypes. In 
this context, the association to GADA appears to have the 
strongest in�uence.25

In addition to ICAs being predictive of diabetes at the 
�rst assessment a�er delivery,33 our team reported an 
impairment of the acute insulin response to intravenous 
glucose in women with GDM with positivity for ICAs and 
normal glucose tolerance a�er delivery.107 �e response was 
superimposable to that of ICA(+) FDRs-DM-1 (Figure 7.3). 
Interestingly, a Finnish study on FDRs of patients with 
LADA demonstrated similar metabolic features that were 
described by us in women with GDM and positivity for 
ICAs. �ese individuals (family members of patients with 
LADA) exhibited decreased insulin secretion, associated 
with an increased prevalence of risk genotypes.108

At longer follow-up, an increased risk of DM-1 has been 
demonstrated for ICA,27,29,36,47,109 GADA,27,54 and positivity 
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(From Mollo, A. et al., Diabetes Metab. Res. Rev., 29, 446, 
2013. With permission.)
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Table 7.3  Abnormal glucose tolerance at follow-up in women with gestational diabetes mellitus 
and diabetes-related antibodies

Author Follow-up ICAs GADAs IA-2As Several DRAs 

Steel et al.26 1 year Predictive of type 1 
diabetes

Ginsberg-
Fellner 
et al.29

Years Predictive of type 1 
diabetes

Stowers et al. 
(1985)

Up to 
22 years

Not predictive of 
the �nal state of 
glucose 
tolerance

Catalano 
et al.30

Up to 4 years Predictive of IGT

Stangenberg 
et al.31

2–4 months Not predictive of 
abnormal OGTTa

Mauricio 
et al.33

Months Predictive of 
diabetes

Damm et al.36 Up to 
11 years

Predictive of type 1 
diabetes

Beischer 
et al.53

Years GADAs at 
follow-up 
associated with 
type 1 and type 2 
diabetes

Petersen 
et al.54

Up to 
11 years

Predictive of type 1 
diabetes

Predictive of type 1 
diabetes

DFJA positivity predictive 
of type 1 diabetes.

Fuchtenbusch 
et al.28

Up to 5 years Predictive of type 1 
diabetesa

Predictive of type 1 
diabetes

Not predictive 
of type 1 
diabetesa

Risk of type 1 diabetes 
increases with the 
number of DRAs.a

Panczel 
et al.109

Up to 
14 years

Predictive of type 1 
diabetes

Kousta et al.57 Up to 
45 months

GADAs at 
follow-up not 
associated with 
different FBG or 
HOMA 
estimations of 
insulin secretion 
and sensitivity

Weng et al.58 1 year No association with 
diabetes/IGT

Lapolla et al.37 5 years DRA positivity, borderline 
in association to type 1 
diabetes.

Albareda 
et al.49

Up to 
11 years

DRA positivity not 
predictive of diabetes, 
type 1 diabetes, or type 
2 diabetes.a

Järvelä et al. 
(2006)

Up to 7 years Predictive of type 1 
diabetesa

Predictive of type 1 
diabetesa

Not predictive 
of type 1 
diabetesa

Number of DRAs 
predictive of type 1 
diabetes.a

Löbnner 
et al.110

Up to 
11 years

GAD and/or IA-2 positivity 
predictive of diabetes.a

Source:	 de Leiva, A. et al., Diabetes Care, 30(Suppl. 2), 127, 2007. With permission.
Note:	 For groups with several articles on the subject, only articles providing new information on the predictive ability of diabetes-related anti-

bodies are included.
Abbreviations:	� FBG, fasting blood glucose; HOMA, homeostasis model assessment; IGT, impaired glucose tolerance; OGTT, oral glucose toler-

ance test.
a	 Adjusted for other predictors.
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for one or more islet cell antibodies,54,110–112 with the risk 
increasing with the number of antibodies,27 but not for 
IA-2.25,27 Even for ICAs and GADAs, not all articles �nd a 
positive association between DRA positivity and diabetes 
at follow-up, which in some cases,28,27 but not others,49,57 
can be attributed to a low statistical power. For example, 
in our population, despite the aforementioned association 
of ICA positivity with postpartum abnormal glucose toler-
ance, DRA positivity (ICA/GADA/IA-2, alone or in any 
combination) was not predictive of diabetes at midterm 
follow-up.49 As in the case of short-term follow-up, only 
some studies have adjusted for other predictors27,49,110

In our opinion, the beta-cell secretory capacity of an 
otherwise normal glucose-tolerant woman may be chal-
lenged by the higher functional demand associated with 
the state of pregnancy. A�er delivery, the autoimmune 
process may follow di�erent pathways. One would be that 
of the restoration of normal glucose tolerance when preg-
nancy is over, with eventual persistence or disappearance 

of autoimmune markers. �is has already been observed 
in FDRs of type 1 diabetic subjects. Another possibility 
points to the appearance of DM-1 shortly a�er pregnancy. 
Alternatively, progression to an established state of glucose 
intolerance could occur, which may eventually progress 
to further deterioration of the insulin-secretory capacity 
as a result of the progression of autoimmune destruction 
of beta cells. If the autoimmune process evolves, the time 
course and degree of destruction may vary. �is can result 
in a full and rapid progression to late-onset DM-1, with the 
typical onset of the disease. Alternatively, the process may 
progress slowly, resulting in a long subclinical period with 
further progression to a non-insulin-dependent state man-
ifested as LADA. Moreover, the course of the autoimmune 
destruction of the beta-cell mass may be accelerated at any 
time point in patients with LADA resulting in a rapid-onset 
insulin-dependent form of DM-1 (Figure 7.4).25

�ese considerations were accepted by the Consensus 
Panel at the Fi�h International Workshop-Conference on 
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GDM (Chicago, 2007). In the �nal report of the confer-
ence, it was included the proposal that women with GDM 
depicting AA should be subjected during the follow-up to 
a closer surveillance due to their high risk to develop rapid 
progression to insulinopenic diabetes.113 �eoretically, this 
subgroup of women can be clearly considered as predia-
betic type 1. Although initiatives to prevent DM-1 have been 
unsuccessful so far, AA-associated GDM means a distinct 
category of candidates for such purpose. One illustration 
of the need that women with GDM depicting AA should be 
closely followed during pregnancy has been shown by the 
group of DM and pregnancy of the University of Padova, 
reported in 2013. �ree women attended either at pregnancy 
or at the postpartum displayed high GAD antibodies titers. 
�ey developed persistent autoimmune diabetes requiring 
insulin treatment (two of them during pregnancy and the 
third a�er partum).114

Autoimmune GDM: A distinct 
prediabetic stage
Approximately, 10% of women with GDM displays humoral 
autoimmune markers against pancreatic cells in association 
with glucose intolerance at pregnancy.

Freinkel et  al.24 foresaw the evolution of what may be 
de�ned as AIGDM, when they wrote in 1987, that GDM 
entails genotypic and phenotypic diversity and may include 

patients with slowly evolving DM-1. We consider that this 
condition may display the various types of expression of 
the immune reactivity against the β-cell. AIGDM appears 
to be the result of the variable expression of autoimmu-
nity against the beta cell, challenged by the higher func-
tional demand associated with the insulin-resistant state of 
pregnancy.115

�ere are di�erent time-course patterns in the progres-
sion  of AIGDM: from the restoration of normal glucose 
tolerance when pregnancy is over (even with eventual dis-
appearance of autoimmune markers) to the appearance of 
DM-1 shortly postpartum, to an established state of glucose 
intolerance that may eventually progress slowly, and to a non-
insulin-dependent state, manifested as LADA. Furthermore, 
the course of the autoimmune destruction of the residual 
beta cell mass may be accelerated at any time point resulting 
in a rapid-onset form of DM-1.

With these considerations, we have proposed that 
AIGDM be regarded as a distinct clinical entity.115 �is pro-
posal does not only make reference to a special subtype of 
GDM for academic or classi�cation purposes, but it also 
addresses a peculiar and complex prediabetic status, suscep-
tible of future new strategies for diabetes prevention. Due 
to its potential high risk for progression to clinically overt 
insulinopenia, women with AIGDM may be considered can-
didates for immune interventions.
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Introduction
Gestational diabetes mellitus (GDM) is de�ned as carbohy-
drate intolerance that begins or is �rst recognized during 
pregnancy.1 Although it is a well-known cause of preg-
nancy complications, a systematic review of its epidemiol-
ogy has become more complex following the introduction 
of new World Health Organization (WHO)/International 
Association Diabetes in Pregnancy Study Group (IADPSG) 
international criteria that are for the �rst time based on the 
risk of adverse perinatal outcomes.2 A further problem is the 
distinction of GDM from preexisting but undiagnosed dia-
betes, so that the degree of clinical surveillance may have a 
major impact on the estimated prevalence of GDM in a given 
population. �is is especially true in high-risk populations 
in which the onset of type 2 diabetes mellitus (type 2 DM) 
occurs at an early age.3 Further, investigators have used dif-
ferent screening programs and diagnostic criteria for GDM, 
making comparisons among studies di�cult.

In this chapter, the reported risk factors for GDM, dif-
ferences in its racial distribution, and evidence of a genetic 
or familial association will be discussed. �ese di�erences 
may well need to be further reviewed as studies using the 
new criteria become available. �e close relationship of 
GDM to polycystic ovarian syndrome (PCOS), the aspects of 
the associations between GDM and adverse pregnancy out-
comes, including congenital anomalies, and the risk of type 
2 DM will also be described.

Racial distribution of gestational 
diabetes mellitus
�e International Diabetes Federation recently estimated that 
16.6% of live births to women in 2013 had some form of hyper-
glycemia during the pregnancy of which 16% were GDM using 
the new criteria.4 �ere were major regional di�erences rang-
ing from 25.0% in Southeast Asian region to 10.4% in North 
America and the Caribbean region. Of concern, 91.6% of cases 
were in low- and middle-income countries where access to 
maternity care can be problematic. �e prevalence by interna-
tional diabetes foundation (IDF) region is shown in Table 8.1.

�e prevalence of GDM varies in direct proportion to 
the prevalence of type 2 DM in a given population or ethnic 
group.1 �e reported prevalence of GDM in the United States 
ranges from 1% to 14%, with 2% to 5% being the most com-
mon rate.5 In an earlier report, using previous WHO criteria, 
on the prevalence of diabetes and impaired glucose tolerance 
(IGT) in diverse populations in women between the ages of 20 
and 39, the WHO Ad Hoc Diabetes Reporting Group6 noted 
lower rates of diabetes (<1%) in Bantu (Tanzania), Chinese 
rural Indian, Sri Lankan, and some Paci�c populations fol-
lowed (1%–3%) by Italian women and white, black, and 
Hispanic women in the United States. Rural Fijian Indian and 
Aboriginal Australian women had 7% prevalence; the high-
est rate was found in Pima/Papago Indians and Nauruans 
(14%–22%). �e prevalence of IGT was low (<3%) in Chinese 
and Malays and was >10% in black and Hispanic women in 
the United States, urban Indian women in Tanzania, Pima 
and Nauruan, and some other Paci�c communities. �e 
combined age-standardized prevalence of diabetes and IGT 
ranged from 0% to 36%, with a >10% prevalence in one-
third of the populations and a >30% prevalence in Pima and 
Nauruan. Importantly, in some populations, more than half 
of the cases of diabetes were undiagnosed prior to the survey. 
IGT was mostly overlooked in routine clinical practice. �is, 
a substantial proportion of abnormal glucose tolerance in 
pregnancy, will be undetected without screening.

When analyzing these older studies, it is important 
before concluding that there are necessarily marked racial 
and geographic variations in the prevalence of GDM, to 
make allowance for the remarkably variable approaches 
used across di�erent studies, including di�erent methods 
of screening, di�erent oral glucose and intravenous glucose 
loads, and di�erent diagnostic criteria. For example, Dooley 
et  al.7 demonstrated that race as well as maternal age and 
degree of obesity must be taken into account in comparing 
the prevalence of GDM in di�erent populations. �eir study 
included 3744 consecutive pregnant women who under-
went universal screening. �e population was 39.1% white, 
37.7% black, 19.8% Hispanic, and 3.4% oriental/other. Black 
and Hispanic race, maternal age, and percentage ideal body 
weight had a signi�cant independent e�ect on the prevalence 
of GDM. �e adjusted relative risk (RR) was higher in black 

8
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(1.81 95% con�dence interval [CI] 11.13–2.89) and Hispanic 
(2.45, 95% CI 1.48–4.04) women than in white women. �e 
degree of carbohydrate intolerance was similar across racial 
groups; nevertheless, when the 92 patients with GDM under 
dietary control were analyzed separately, mean birth weight 
was found to be highest in Hispanic women and was low-
est in the blacks and Orientals. Hence, race had a signi�cant 
independent e�ect on birth weight, with percentage ideal 
body weight a signi�cant covariant. �ese �ndings are sup-
ported by Gunton et  al.8 who showed Asian women were 
more likely to have GDM than Caucasian women (31.7% vs. 
14%, p = 0.02), despite their lower body mass index (BMI).

Although the Hyperglycemia and Adverse Pregnancy 
Outcome (HAPO) study9 was not a population study, when the 
WHO/IADPSG criteria were applied to the glucose tolerance 
test (GTT) results, there were marked di�erences in the preva-
lence of GDM across the 15 �eld centers in 9 di�erent coun-
tries. �e overall prevalence was 16.1%, rates ranged from 8.7% 

in Beersheba, Israel, 9.9% in Barbados, West Indies, to 21% in 
Manchester, United Kingdom, and 23.7% Cleveland, United 
States (Table 8.2).10

Risk factors for gestational diabetes 
mellitus
�e traditional and most o�en reported risk factors for GDM 
are high maternal age, weight and parity, previous delivery 
of a macrosomic infant, and a family history of diabetes. 
�ese and other reported risk factors are summarized in 
Table 8.2. It is of great importance that the clinician under-
stand and use these characteristics, along with others, such 
as racial and geographic attributed risk (discussed earlier), 
to improve screening programs and diagnostic accuracy and 
perhaps to design better and more cost-e�ective selective 
screening and diagnostic tests.

Table 8.2  Frequency of gestational diabetes mellitus by hyperglycemia and adverse 
pregnancy outcome �eld center using World Health Organization/IADPSG criteria

Field center No. participants Percent with GDM 

HAPO overall 23,316 16.1
Cleveland, USA 784 23.7
Bell�ower, USA 1,903 22.9
Singapore 1,695 22.4
Bangkok, Thailand 2,426 21.2
Manchester, U.K. 2,250 21.0
Chicago, USA 738 16.5
Belfast, U.K. 1,634 15.5
Toronto, Canada 1,988 14.6
Providence, USA 746 14.2
Newcastle, Australia 653 13.6
Hong Kong, China 1,620 13.4
Brisbane, Australia 1,437 12.1
Barbados, West Indies 2,034 9.9
Petah Tikva, Israel 1,798 9.2
Beersheba, Israel 1,610 8.7

Source:	 Sacks, D.A. et al., Diabetes Care, 35, 526, 2012.

Table 8.1  Hyperglycemia in pregnancy (20–49 years) by IDF Region, 2013

IDF region Cases in live births (millions) Comparative prevalence (%) 

Africa 4.6 14.4
Europe 1.7 12.6
Middle east and North Africa 3.4 17.5
North America Caribbean 0.9 10.4
South and Central America 0.9 11.4
Southeast Asia 6.3 25.0
Western Paci�c 3.7 11.9

Source:	 International Diabetes Federation, IDF Diabetes Atlas, 6th ed., IDF, Brussels, Belgium, 2013.
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Jang et  al.11 examined 3581 consecutive Korean women 
and found a 2.2% prevalence of GDM. �e a�ected women 
were older and had higher prepregnancy weights, higher 
BMI, higher parity, and higher frequencies of known diabe-
tes in the family. �e risk of diabetes was closely associated 
with previous obstetric outcome, such as congenital malfor-
mation, stillbirth, and macrosomia. �e number of risk fac-
tors present in each individual increased the risk of diabetes, 
with the prevalence ranging from 0.6% in subjects without 
any risk factors to 33% in those with four or more. �us, it 
is possible that selective screening may be cost-e�ective in 
situations where health resources are scarce and where total 
screening is impossible.2

Similar results were reported in a retrospective cohort 
study of 2574 pregnant women, which suggested that elec-
tive screening programs have a true-positive yield.12 An age 
of ≥30, a family history of diabetes, obesity (BMI ≥ 27), and 
previous fetal macrosomia were the most important risk fac-
tors. Just over half (54.2%) of the population present with one 
or more risk factors. �e positive predictive value of screen-
ing increased with the number of risk factors, from 12% for 
the women with no risk factors to 40% for those with three 
or more risk factors.

In another study, Jang et  al.13 demonstrated that in the 
racially homogeneous population of Seoul, Korea, besides 
prepregnancy BMI, age, weight gain, and parental history 
of diabetes, short stature is an independent risk factor for 
GDM. Accordingly, Kousta et  al.14 reported that European 
and South Asian women with previous GDM were shorter 
than control women from the same ethnic groups, perhaps 
due to a common pathophysiological mechanism underly-
ing GDM and the determination of �nal adult height. Others 
have reported similar results.15

In a large retrospective cohort study in Canada, Xiong 
et  al.16 evaluated 111,563 pregnancies and detected a 2.5% 
prevalence of GDM. �e risk factors identi�ed were age 
>35  years, obesity, history of prior neonatal death, and a 
prior cesarean section. Interestingly, teenage mothers and 
women who drank less alcohol were less likely to have GDM.

�e risk factors mentioned earlier are mainly of mater-
nal origin. However, cumulative knowledge about the long-
term implications of exposure to the diabetic intrauterine 
environment (see Chapter X) has led to the addition of the 
mother’s fetal history to the risk factor list. Egeland et al.17 
investigated whether the mother’s own characteristics at 
birth could predict her subsequent risk of GDM. Using 
linked generation data from the Medical Birth Registry of 
Norway for all women born between 1967 and 1998, the 
authors identi�ed 498 women aged <32  years with GDM 
in one or more singleton pregnancies. �ey found that the 
women whose mothers had diabetes during pregnancy were 
at increased risk of GDM themselves. Signi�cant inverse 
trends in diabetes were noted in relation to birth weight, 
with an increased risk of GDM of 80%, 60%, and 40% in 
women whose birth weights were ≤2500, 2500–2999, and 
3000–3499 g, respectively, compared with women in the 
4000–4500 g group. Similar �ndings were observed for cat-
egories of weight for gestational age.

Is GDM a cause or an e�ect? A retrospective study in 
Hong Kong18 in 84 normotensive women showed that the 
progressive glucose intolerance throughout pregnancy 
is associated with an upward shi� in blood pressure in 
the third trimester. Hence, it is possible that blood pres-
sure changes below the diagnostic threshold for hyperten-
sive disorders of pregnancy may help identify women at 
increased risk of GDM.

�e relationship between dietary fat and glucose metabo-
lism has been recognized for many years. Epidemiological 
data in humans suggest that subject with a higher fat intake 
are more prone to disturbances in glucose metabolism.19 
Several researchers have hypothesized that polyunsatu-
rated fatty acid plays an essential role in the maintenance of 
energy balance and, through regulation of gene transcrip-
tion, may improve insulin resistance.20–22 A recent small 
study reported signi�cantly lower cord vein erythrocyte 
phospholipid fatty acid concentrations in 13 women with 
GDM compared with 12 women with normal pregnancies.23 
Accordingly, Bo et al.24 investigated the relationship between 
lifestyle habits and glucose abnormalities in 504 Caucasian 
women with and without conventional risk factors for GDM. 
�ey identi�ed 126 women with GDM and 84 with IGT. 
�ese women were older and shorter than the women with 
normal pregnancies and had signi�cantly higher prepreg-
nancy BMI, higher rates of diabetes in �rst-degree relatives, 
and higher intakes of saturated fat. In a multiple logistic 
regression model, all of these factors were associated with 
glucose abnormalities, a�er adjustment for gestational age. 
In the patients without conventional risk factors, only the 
percentage of saturated fats (odds ratio [OR] = 2.0, 95% CI 
1.2–3.2) and polyunsaturated fats (OR = 0.85, 95% CI 0.77–
0.92) were associated with gestational hyperglycemia, a�er 
adjustment for age, gestational age, and BMI. �us, the alleg-
edly independent role of saturated fat in the development of 
gestational glucose abnormalities takes on greater impor-
tance in the absence of conventional risk factors. �is sug-
gests that glucose abnormalities could be prevented in some 
groups of women during pregnancy.

A possible expression of the still unknown genetic link-
age in GDM was reported by Lao and Ho,25 who detected 
GDM in 62% of 163 women with the alpha-thalassemia 
trait compared to 14.7% out of 163 controls matched for age 
and parity.

Polycystic ovary syndrome and 
gestational diabetes mellitus
PCOS is a heterogeneous disorder a�ecting 5%–10% of 
women of reproductive age. It is characterized by chronic 
anovulation with oligo-/amenorrhea, infertility, typical 
sonographic appearance of the ovaries, and clinical or bio-
chemical hyperandrogenism. Insulin resistance is present in 
40%–50% of patients, especially in obese women.26

Holte et al.27 reported a higher rate of ultrasonographic, 
clinical, and endocrine signs of PCOS in 34 women who 
had had GDM 3–5  years before, compared to 36 matched 
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controls with uncomplicated pregnancies. Five of the 
women (15%) with previous GDM had developed manifest 
diabetes. �e authors concluded that in women with previ-
ous GDM, PCOS may form a distinct subgroup from women 
with normal ovaries and previous GDM, who may be more 
prone to develop features of insulin resistance syndrome.

Many other researchers reported similar results, Kousta 
et  al.28 found a higher prevalence of PCOS in 91 women 
with previous GDM compared to 73 normoglycemic control 
women (52% vs. 27%, p = 0.002), and Anttila et al.29 reported 
a 44% prevalence of PCOS in women with GDM, with no dif-
ferences in BMI before pregnancy or in weight gain during 
pregnancy compared to controls. �ey suggested a screening 
program for GDM in these patients.

Mikola et  al.30 retrospectively evaluated 99 pregnancies 
in women with PCOS compared with an unselected control 
population. �e average BMI and the nulliparity rate were 
higher in the PCOS group, as was the multiple pregnancy 
rate (9.2% vs. 1.1%). GDM developed in 20% of the patients 
with PCOS but in only 8.9% of the controls (p < 0.001). 
A BMI >25 was the best predictor of GDM (adjusted OR = 
5.1, 95% CI 3.2–8.3), and PCOS was an additional indepen-
dent predictor (adjusted OR = 1.9, 95% CI 1.0–3.5).

Koivunen et  al.31 found that compared with 48 control 
women, 33 women with previous GDM more o�en had sig-
ni�cantly abnormal oral glucose tolerance tests (OGTT); 
higher prevalences of polycystic ovaries (39.4% vs. 16.7%, 
p = 0.03); higher serum concentrations of cortisol, dehydro-
epiandrosterone, and dehydroepiandrostenedione sulfate; 
and a greater area under the glucose curve.

Multiple pregnancy and gestational 
diabetes mellitus
�e number of fetuses in multifetal pregnancies is expected 
to in�uence the incidence of GDM owing to the increased 
placental mass and, thereby, the increase in diabetogenic 
hormones. However, the reports are somewhat con�icting, 
probably because of the heterogeneous populations studied.

In an interesting study of the prevalence of GDM in dizy-
gotic (DZ) twin pregnancies with two placentas compared 
to monozygotic (MZ) twin pregnancies with one placenta, 
Hoskins32 evaluated 3458 recorded twin deliveries and found 
a higher proportion of di�erent sex compared with same-
sex twin pregnancies complicated by GDM (3.5% vs. 1.6%). 
�e estimated risk for DZ twin pregnancies relative to MZ 
pregnancies was 8.6 (95% CI 3.5–21.0). �e impact of fetal 
reduction on the incidence of GDM may support this theory. 
Sivan et al.33 examined 188 consecutive triplet pregnancies 
of which 85 were reduced to twins. �e rate of GDM was 
signi�cantly higher in the triplet group than in the reduction 
group (22.3% vs. 5.8%).

Similar results were reported by Schwarz et  al.34 in a 
study of 29,644 deliveries. �ey found that GDM was sig-
ni�cantly more frequent in the 429 twin deliveries (7.7% 
vs. 4.9%, p < 0.05). However, insulin requirements were not 

di�erent, suggesting a minor clinical impact. Wein et  al.35 
compared the prevalence of GDM between 61,914 singleton 
and 798 twin deliveries performed between 1971 and 1991. 
�e di�erence was signi�cant only for the earlier decade 
(5.6% vs. 7.4%, p = 0.025). However, in a follow-up program, 
there was a trend toward higher prevalence of overt diabe-
tes in women who had a diabetic twin pregnancy (18.5%) 
compared to those who had a diabetic singleton pregnancy 
(7.4%). Whether this represents a true increased risk for dia-
betes is unknown.

By contrast, using data derived from the Medical Birth 
Registry of Norway, Egeland and Irgens,36 controlling for 
other risk factors such as advance age, parity, maternal his-
tory of diabetes, and the woman’s own birth weight, found 
GDM in 6.6 per 1000 multiple pregnancies (n = 9,271) and 
in 5.0 per 1000 singleton pregnancies (n = 640,700) (OR = 
1.3 95% CI 1.0–1.7, p = 0.03). However, analysis strati�ed 
by maternal age or parity yielded no elevated risk of GDM. 
Others have also failed to demonstrate a higher prevalence of 
GDM in multiple pregnancies.37,38

Genetic factors
Animal studies have shown that female fetuses exposed 
to a diabetic intrauterine milieu have an increased risk of 
subsequent GDM. In a family history study, Harder et al.39 
reported a signi�cantly greater prevalence of diabetes 
(mainly type 2 DM) in the mothers of women with GDM 
than in their fathers. A signi�cant aggregation of type 2 
DM was also observed in the maternal–grandmaternal line 
compared to the paternal–grandpaternal line. However, in 
patients with IDDM, there was no signi�cant di�erence in 
the prevalence of any type of diabetes between mothers and 
fathers. �erefore, a history of type 2 DM on the mother’s 
side might be considered as a particular risk factor for GDM 
via “intergenerational transmission of type 2 DM,” which 
might be prevented by strict avoidance of GDM.

Dorner et al.40 reported a signi�cantly decreased familial 
diabetes aggregation on the maternal side in children with 
type 1 DM born between 1974 and 1984 compared to those 
born between 1960 and 1973. �is �nding was explained 
by the improved prevention of hyperglycemia during preg-
nancy since 1974 and particularly of GDM in women with 
familial diabetes aggregation. �ese authors also noted a 
highly signi�cant predominance of type 2 DM in the great-
grandmothers of individuals with type 1 DM compared to 
the paternal side. �ey suggested that GDM, which may rep-
resent a risk factor for diabetes transmission on the mater-
nal side, is o�en followed by “extragenerational” type 2 DM 
at a later age. Like Harder et al.,39 these authors suggested 
that their �ndings were consistent with the suspected tera-
togenic e�ect of GDM on diabetes susceptibility in the 
o�spring and that this was preventable by avoiding hyper-
glycemia in pregnant women and hyperinsulinism in fetuses.

Histocompatibility leukocyte antigen (HLA) studies are 
one way to establish a genetic linkage in certain diseases. In 
GDM, con�icting results have been reported. Kuhl41 described 



Early gestational diabetes mellitus diagnosis as a risk factor  73

similar frequencies of HLA DR2, DR3, and DR4 antigens 
in healthy pregnant women and women with GDM and 
low prevalences of markers of autoimmune destruction of 
the beta cells in GDM pregnancies. Likewise, Vambergue 
et al.,42 in a study of 95 women with GDM, 95 with IGT, and 
95 control pregnant women, found no signi�cant di�erence 
in the distribution of HLA class II polymorphism among the 
groups. However, the GDM and IGT groups presented some 
particular HLA patterns, pointing to a genetic heterogeneity 
of glucose intolerance in pregnancy.

Lapolla et  al.43 evaluated 68 women with GDM and 
matched controls for the frequency of HLA A, B, C, and DR 
antigens; the only signi�cant di�erences were an increase 
in Cw7 and a decrease in A10 in the GDM group. Budowle 
et al.44 reported that the Bf-F allele was found signi�cantly 
less frequently in nonobese black women with GDM com-
pared to controls and suggested similar genetic associa-
tions in nonobese black women with GDM and type 2 DM. 
Similarly, in another study, women with GDM who required 
insulin for glycemic control had a lower frequency of the 
Bf-F phenotype and a higher frequency of the Bf-f1 pheno-
type; they also had a lower frequency of the type 2 allele at 
the polymorphic locus adjacent to the insulin gene.45

Freinkel et  al.46 evaluated 199 women with GDM and 
148 patients with normal pregnancies and found that HLA 
DR3 and DR4 antigens occurred signi�cantly more o�en 
in black women with GDM. Ferber et  al.,47 in an analysis 
of 184 women with GDM, did not �nd an elevation in the 
frequency of any HLA II alleles in the GDM patients com-
pared with nondiabetic unrelated subjects. However, the 
DR3 allele was noted signi�cantly more frequently in 43 
women with islet autoantibodies and in the 24 women who 
developed type 1 DM postpartum. �e cumulative risk of 
developing type 1 DM within 2  years a�er pregnancy in 
the women with GDM with DR3 or DR4 was 22% and in 
the women without these alleles was 7% (p = 0.02). �e risk 
rose to 50% in the DR3- and DR4-positive women who had 
required insulin during pregnancy (p = 0.006). �ese results 
indicate that women with GDM who have islet autoantibod-
ies at delivery or develop type 1 DM postpartum have HLA 
alleles typical of late-onset type 1 DM and that both HLA 
typing and islet antibodies can predict the development of 
type 1 DM postpartum.

Recurrence of gestational diabetes 
mellitus
MacNeill et  al.48 conducted a retrospective longitudinal 
study of 651 women who had had a diabetic pregnancy and 
at least one other therea�er. �ey found a 35.6% recurrence 
rate of GDM. Multivariant regression models showed that 
infant birth weight in the index pregnancy and maternal 
weight before the subsequent pregnancy were predictive of 
recurrent GDM.

Higher recurrence rates (69% of 78 patients) were reported 
by Major et  al.49 Recurrence was more common when the 

following variables were present in the index pregnancy: 
parity ≥1 (OR = 3.6), BMI ≥ 30 (OR = 3.6), GDM diagnosed 
≤24 weeks gestation (OR = 20.4), and insulin requirement 
(OR = 2.3). A weight gain ≥7 kg (c. 15 lb) (OR = 2.9) and an 
interval between pregnancies of ≤24 months (OR = 1.6) were 
also associated with a recurrence of GDM. Spong et  al.50 
found a similarly high recurrence rate of 68% in 164 women 
with GDM. Risk factors for recurrence in this study were 
earlier diagnosis of GDM, insulin requirement, and hospital 
admissions in the index pregnancy.

Abnormal glucose tolerance test as 
a risk factor for adverse pregnancy 
outcome
�e relationships between maternal hyperglycemia mea-
sured during a 75 g OGTT administered early in the third 
trimester of pregnancy and adverse pregnancy outcome 
have been clearly demonstrated by the HAPO study.9 �e 
adjusted ORs were calculated for adverse pregnancy out-
comes associated with an increase in the fasting plasma 
glucose level of 1 SD (6.9 mg/dL [0.4 mmol/L]), an increase 
in the 1-hour plasma glucose level of 1 SD (30.9 mg/dL 
[1.7 mmol/L]), and an increase in the 2-hour plasma glucose 
level of 1 SD (23.5  mg/dL [1.3 mmol/L]). For birth weight 
above the 90th percentile, the ORs were 1.38 (95% CI, 1.32–
1.44), 1.46 (1.39–1.53), and 1.38 (1.32–1.44), respectively; for 
cord blood serum C-peptide level above the 90th percentile, 
1.55 (95% CI, 1.47–1.64), 1.46 (1.38–1.54), and 1.37 (1.30–
1.44); for primary cesarean delivery, 1.11 (95% CI, 1.06–1.15), 
1.10 (1.06–1.15), and 1.08 (1.03–1.12); and for neonatal hypo-
glycemia, 1.08 (95% CI, 0.98–1.19), 1.13 (1.03–1.26), and 1.10 
(1.00–1.12).

Likewise there were signi�cant continuous relationships 
for the secondary outcomes, the strongest being preeclamp-
sia followed by shoulder dystocia and birth trauma where 
for each 1SD rise the ORs ranged from 1.21 to 1.28 and 
1.20 across the three glucose measurements, respectively. 
Premature delivery, the requirement for an increased level of 
neonatal care, and treatment for hyperbilirubinemia were all 
related to the 1- and 2-hour postload levels, but not fasting 
glucose. Importantly, these relationships were independent 
of maternal BMI, age, family history of diabetes, gestational 
age at OGTT, infant sex, mean arterial pressure at OGTT, 
and hospitalization for complications of pregnancy.

Early gestational diabetes mellitus 
diagnosis as a risk factor
Early onset of GDM is a high-risk factor. Bartha et al.51 found 
that among 3986 pregnant women, those with early-onset 
GDM (n = 65) were more likely to be hypertensive (18.46% vs. 
5.88%, p = 0.006) and have higher glycemic levels and greater 
needs for insulin therapy (33.85% vs. 7.06%, p < 0.001) than 
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those in whom diabetes developed later (n = 170). All cases 
of neonatal hypoglycemia (n = 4) and all perinatal deaths 
(n  =  3) were in this group. �e women with early-onset 
GDM also had an increased risk of postpartum DM, whereas 
those with late-onset GDM had a minimal risk.52 �e per-
centages of overt diabetes and abnormal glucose tolerance 
were signi�cantly higher in the early-pregnancy group 
(n = 30) than in the late-pregnancy group (n = 72) (26.7% vs. 
1.4% and 40% vs. 5.56% respectively).

Congenital malformations
Schaefer-Graf et  al.53 in a review of 4180 pregnancies 
complicated by GDM (n = 3764) or type 2 DM (n = 416), 
reported that the congenital anomalies in the offspring 
affected the same organ systems described in pregnancies 
complicated by IDDM. The risk of anomalies rose with 
the increasing hyperglycemia at diagnosis or presenta-
tion for care. However, most other reports had conf lict-
ing findings. Bartha et  al.51 failed to find an increase in 
major congenital malformations associated with GDM, as 
did Kalter54 in a comprehensive review of the literature. 
An exception is the recent Swedish Health Registry study 
covering over 1.2 million births between 1987 and 1997.55 
The author identified 3864 infants born to women with 
preexisting diabetes and 8688 infants born to women 
with GDM. The total malformation rate in the first group 
was 9.5% and in the second group 5.7%, similar to the 
rate in the general population. However, the GDM group 
was characterized by an excess of certain malformations, 
suggesting that a subgroup of GDM are at increased risk 
of diabetic embryopathy, perhaps due to preexisting but 
undetected type 2 DM.

Martinez-Frias et  al.56 analyzed 19,577 consecutive 
infants with malformations of unknown cause and com-
pared those born to mothers with GDM with those of 
nondiabetic mothers. �eir �ndings indicated that GDM 
is a signi�cant risk factor for holoprosencephaly, upper/
lower spine/rib anomalies, and renal and urinary system 
anomalies. However, owing to the heterogeneous nature of 
GDM, which includes previously unrecognized and newly 
diagnosed type 2 DM, they could not rule out the possibil-
ity that the teratogenic e�ect is related to latent type 2 DM. 
Nevertheless, they concluded that pregnancies compli-
cated by GDM should be considered at risk for congenital 
anomalies.

By contrast, the relationship between GDM and the 
development of congenital malformations was examined 
in another population-based retrospective study using 
birth certi�cate data for all live-born children delivered 
between 1984 and 1991 in Washington State.57 �e preva-
lence of congenital malformations was 7.2%, 2.8%, and 2.1% 
among o�spring of mothers with established diabetes (n = 
8869), with GDM (n = 1511) and without diabetes (n = 8934), 
respectively. �at is, the rate of congenital malformations in 
the GDM group was only slightly higher than in the control 
group (OR = 1.3, 95% CI 1.0–1.6).

Hypertensive disorders
Preeclampsia and gestational hypertension are apparently 
more frequent in women with GDM. As noted earlier, the 
HAPO study demonstrated a strong association between 
increasing maternal glucose levels and preeclampsia. 
A  large study by Xiong et  al.16 detected preeclampsia in 
2.7% of 2,755 patients with GDM compared with only 1.1% 
of 108,664 patients with normal pregnancies (adjusted 
OR = 1.3, 95% CI 1.20–1.41). Similar results were observed 
for gestational hypertension. Likewise Dukler et al.58 stud-
ied 380 primiparous women with preeclampsia and 385 
primiparous control women for a total of 121,207 and 1,293 
deliveries, respectively. When adjusted for confounding 
variables, GDM was strongly associated with the recur-
rence of preeclampsia in the second pregnancy (OR = 3.72, 
95% CI 1.45–9.53).

Further evidence for the relationship between GDM 
and preeclampsia comes from the two RCTs of treatment of 
GDM—the ACHOIS59 and Landon and colleagues.60

In the ACHOIS study,59 the incidence of preeclampsia was 
reduced from 18% to 12% from the controls to the treatment 
group (adjusted treatment e�ect 0.70 [95% CI 0.51–0.95]).

In the Landon study,60 the incidence of preeclampsia in 
the treatment group was 2.5% compared with 5.5% for the 
controls (RR 0.46, 97% CI 0.22–0.97).

Go et  al.,61 in an 11-year follow-up study of a cross-
sectional sample of African-American women with a his-
tory of GDM (n = 289), reported one of the highest rates of 
microalbuminuria (MA) of all ethnic groups. �e presence 
of MA was not associated with insulin resistance, but it was 
signi�cantly and independently associated with glycosyl-
ated hemoglobin (HbA1c) levels and hypertension. Hence, 
hypertension and glucose tolerance in�uence MA through 
di�erent mechanisms, and screening for MA should be con-
sidered in this patient population.

Conditions associated with increased insulin resis-
tance, such as GDM, PCOS, and obesity, may predispose 
patients to essential hypertension, hypertensive pregnancy, 
hyperinsulinemia, hyperlipidemia, and high levels of plas-
minogen activator inhibitor-1, leptin, and tumor necrosis 
factor-alpha. �ese �ndings may also be associated with 
cardiovascular complications in these women.62 Jo�e et al.63 
provided further support for the role of insulin resistance in 
the pathogenesis of hypertensive disorders of pregnancy. In 
a prospective study of 4589 healthy nulliparous women, they 
found that the women with GDM had an increased RR of 
preeclampsia and all hypertensive disorders (RR = 1.67, 95% 
CI 0.92–3.05 and RR = 1.54, 95% CI 1.28–2.11 respectively). 
RR were not substantially reduced a�er further adjust-
ment for race and BMI (OR = 1.41 and 1.48, respectively). 
Furthermore, even within the normal range, multivariant 
analysis demonstrated that the level of plasma glucose 1 hour 
a�er a 50 g oral glucose challenge was an important predic-
tor of preeclampsia.

Innes et  al.64 evaluated 54 normotensive women who 
developed hypertension in pregnancy and 51 controls 
with normotensive pregnancies, matched for parity. Mean 
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postload glucose levels and the total glucose area under the 
curve were signi�cantly higher in the cases than the controls 
and were positively correlated with peak mean arterial pres-
sure. A�er adjustment for potential confounders, 2-hour 
postload glucose levels remained strongly related to the risk 
for hypertension and to peak mean arterial pressure, as did 
the total area under the curve. �e cases were also more 
likely to have had one abnormal OGTT. Stratifying analy-
ses by case severity (preeclampsia and gestational hyperten-
sion) yielded similar results. Among all subjects, more cases 
than controls were also diagnosed with GDM (31% vs. 12%, 
p = 0.008).

Risk of type 2 diabetes mellitus
Women with GDM have a 17%–63% risk of type 2 DM 
within 5–6  years.65 However, the risk varies according 
to di�erent parameters. For example, Greenberg et  al.66 
reported that the most signi�cant predictor of 6 weeks 
postpartum diabetes was insulin requirement, with RR = 
17.28 (95% CI 2.46–134.42) followed by poor glycemic 
control, glucose tolerance (GT) and glucose challenge test 
(GCT) ≥ 200 mg/dL. All of these factors probably repre-
sent the magnitude of the insulin resistance, which is the 
hallmark of future diabetes and of other vascular complica-
tions. Similarly, Bian et al.67 reported a diagnosis of diabe-
tes 1–5 years postpartum in 33.3% of patients with previous 
GDM (n = 45), but only 9.7% (n = 31) of those with IGT 
and 2.6% (n = 39) of normal controls. Two or more abnor-
mal OGTT values during pregnancy, a blood glucose level 
exceeding the maximal values at 1 and 2 hours a�er oral 
glucose loading, and high pregnancy BMI were all useful 
predictors of diabetes in later life.

To determine if recurrent episodes of insulin resistance 
(i.e., another pregnancy) contribute to the decline in beta-
cell function that leads to type 2 DM in high-risk indi-
viduals, Peters et al.68 investigated 777 Latino women with 
a history of GDM. Among the 87 (13%) who completed an 
additional pregnancy, the rate ration of type 2 DM increased 
to 3.34 (95% CI 1.80–6.19), compared with women without 
an additional pregnancy, a�er adjustment for other potential 
diabetes risk factors during the index pregnancy (antepar-
tum oral glucose tolerance, high fasting glucose, gestational 
age at diagnosis of GDM) and during follow-up (postpartum 
BMI, glucose tolerance, weight change, breast-feeding, and 
months of contraceptive use). Weight gain was also inde-
pendently associated with an increased risk of type 2 DM; 
the rate ration was 1.95 (95% CI 1.63–2.33) for each 4.5 kg 
gained during follow-up a�er adjustment for the additional 
pregnancy and other potential risk factors. �ese data show 
that a single pregnancy, independent of the well-known 
e�ect of weight gain, accelerates the development of type 2 
DM in women with a high prevalence of pancreatic beta-cell 
dysfunction.

What about milder, diet-controlled GDM? Damm69 
reported abnormal glucose tolerance in 34.4% of 241 women 
2–11  years a�er a diabetic pregnancy (3.7% IDDM, 13.7% 

type 2 DM, 17% IGT), in contrast to a control group in 
which none of the women had diabetes and 5.3% had IGT. 
�e independent risk factors for later development of dia-
betes were fasting glucose levels at diagnosis of GDM, deliv-
ery >3 weeks before term and abnormal OGTT 2  months 
postpartum. Low insulin secretion at diagnosis of GDM 
was also an independent risk factor. Even the nonobese glu-
cose-tolerant women with previous GDM had a metabolic 
pro�le of type 2 DM, i.e., insulin resistance and impaired 
insulin secretion. �us, the �rst OGTT should probably be 
performed 2 months postpartum to identify the women who 
are already diabetic and the women who are at highest risk of 
later development of overt diabetes.69 Interestingly, accord-
ing to Fletcher et al.’s study, both women with a history of 
GDM and their children are at risk of progressing to type 2 
DM.70 Whether this e�ect is due to a genetic or an in utero 
in�uence has yet to be determined.

Overall a systematic review and meta-analysis of 20 stud-
ies that included 675,455 women and 10,859 type 2 DM 
events concluded that the RR for women who had GDM of 
developing subsequent type 2 DM compared with women 
who had a normoglycemic pregnancy was 7.43, 95% CI of 
4.79–11.51.71

Summary
�e IDF estimate that in 2013 diabetes a�ected 21.4 million 
live births, which is 16.8%, of which 16% were due to gesta-
tional diabetes. �is is set in the context of the prediction 
that the total number of cases of diabetes will rise by 55% 
from 382 million in 2013 to 592 million in 2035.4 �is should 
alert physicians to the need to direct special attention to 
this population, especially in developing countries.

�e data presented in this chapter indicate that the epide-
miology of GDM is characterized by several features:

●● Di�erences in screening programs and diagnostic cri-
teria have made it di�cult to compare frequencies of 
GDM among various populations. Nevertheless, race 
has been proven to be an independent risk factor of 
GDM, which varies in prevalence in direct proportion 
to the prevalence of type 2 DM in a given population or 
ethnic group.

●● Identi�able predisposing factors for GDM include high 
maternal age, multiparity, obesity, previous delivery of a 
macrosomic infant, and a family history of diabetes.

●● In the absence of risk factors, the incidence of GDM is low. 
�erefore, some authors suggest that selective screening 
may be cost-e�ective, especially in view of the forecasted 
rise in the burden of GDM.

●● PCOS is an important risk factor for GDM, with special 
similarity in the existence of insulin resistance.

●● �e genetic diathesis is not well understood.
●● �e recurrence rate of GDM (35%–80%) is in�u-

enced by parity, BMI, early diagnosis of GDM, insulin 
requirement, weight gain, and the interval between 
pregnancies.
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●● GDM carries a signi�cantly increased risk of an adverse 
pregnancy outcomes relative to women with normal 
glucose tolerance.

●● Women with an early diagnosis of GDM represent a high-
risk subgroup, with an increased incidence of obstetric com-
plication, recurrent GDM, and development of type 2 DM.

●● Another subgroup of GDM is characterized by an 
increased risk of diabetic embryopathy, perhaps due to 
preexisting but undetected type 2 DM. �is should be 

considered in all patients with early diagnosis of GDM, 
accompanied by appropriate patient counseling.

●● Hypertensive disorders in pregnancy and a�erward is 
more prevalent in women with GDM. One possible mech-
anism is insulin resistance.

●● Women with GDM are at increased risk of developing 
type 2 DM, especially obese patients, those who were 
diagnosed before 24 weeks gestation, and those who 
required insulin for glycemic control.
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Genetics of diabetic pregnancy
Komal Bajaj and Susan J. Gross

Introduction
Recent discoveries due to advances in molecular technology 
have underscored the important role genetic factors play 
in the development, treatment, and consequences of the 
diabetic pregnancy. �is chapter reviews the genetic etiol-
ogy of maternal diabetes, factors in�uencing pregnancy out-
come, and what is known of the epigenetic consequences of 
hyperglycemia in pregnancy.

Gestational diabetes and relationship 
to type 1 and type 2 diabetes
Insulin resistance is a normal physiological alteration that 
occurs during pregnancy. Gestational diabetes mellitus (GDM) 
may develop when this normal resistance is coupled with 
pancreatic beta-cell insu�ciency. Women diagnosed with 
GDM are at much higher risk of developing type 2 diabetes 
mellitus (T2DM) a�er pregnancy, ranging between 17% and 
63% within 15 years, depending upon the population studied.1 
�e connection between GDM and signi�cantly increased risk 
of T2DM suggests that pregnancy serves as a stressor that o�en 
catalyzes progression to diabetes in predisposed individuals.2

GDM and T2DM share several common risk factors and 
underlying pathophysiology.3 Both conditions are associ-
ated with an elevated body mass index (BMI) and history 
of abnormal glucose tolerance. �e hallmark of both condi-
tions is a peripheral insulin resistance coupled with a rela-
tive insu�ciency in pancreatic beta-cell insulin production. 
�ere are striking parallels between these two diseases, sug-
gesting that there is considerable overlap between the genetic 
contributors to GDM and T2DM. Both are in fact strongly 
in�uenced by genetic and environmental factors. Table 9.1 
highlights the relative role genetic factors and obesity play in 
early-onset T2DM, GDM, and late-onset T2DM.

Unlike GDM and T2DM, type 1 diabetes mellitus 
(T1DM) is characterized by autoimmune destruction of beta 
cells. T1DM is typically diagnosed well before reproduction.4 
Table 9.2 outlines genes in which alterations are associated 
with susceptibility to T1DM, the majority of which relate to 
immunologic function. �e remainder of this chapter will 
focus on heritable components of GDM, and, since they 
share similar pathophysiology, T2DM.

The foundation: Lessons learned in a 
pregenomic era
Prior to widespread use of advanced techniques such as 
next-generation sequencing and arrays, the contribution of 
genetic factors to a disease was o�en characterized by obser-
vations made through family history, the study of twins, 
analysis of general population databases, and the character-
ization of rare disorders known to run in families.

A patient’s family history may provide clues as to condi-
tions a patient is at risk for in her lifetime. �e World Health 
Organization and the American College of Obstetrics and 
Gynecology both stress the importance of obtaining a thor-
ough family history as part of a patient encounter.14,15 Family 
history alone serves as a predictor of GDM.16 When com-
pared to individuals without any parental history of diabe-
tes, those that reported even one parent with diabetes had a 
2.3-fold risk of developing GDM. Furthermore, women with 
a diabetic sibling had an 8.4-fold increased risk of GDM.

Individuals who come from Hispanic, African, Native 
American, Asian, and Paci�c Islander background are at 
increased risk for GDM.17 �e prevalence of GDM in speci�c 
populations has been reported to be as high as 22%, whereas 
the prevalence in populations not considered to be high risk 
is between 2% and 5%.18 Such increased prevalence suggests 
a greater hereditary susceptibility in those populations.

Monogenic diabetes
While GDM is a multifactorial disorder, with a polygenic 
heritable and environmental component, there are mono-
genic forms of diabetes that comprise a small but important 
cohort of patients with diabetic pregnancy.

Maturity onset diabetes of the young
�e term “maturity-onset diabetes of the young (MODY)” 
dates back to the 1960s when diabetes was classi�ed into 
two forms—“juvenile onset” and “maturity onset.” MODY 
is characterized by insulin-dependent diabetes diagnosed 
prior to age 25 without the presence of autoantibodies.19 
MODY accounts for up to 5% of diabetes and is inherited 
in an autosomal dominant fashion. �e clinical features of 
MODY are heterogeneous and in and of themselves may not 
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raise suspicion for a monogenic syndrome unless a family 
history is clearly suggestive of an autosomal dominant pat-
tern. �is is further complicated by the fact that all types 
of MODY exhibit variable penetrance—not all individuals 
carrying a particular gene change will develop MODY.20 
Patients with MODY are typically diagnosed by age 25 and 
are o�en misclassi�ed as having either T1DM or T2DM.21 
A clearly distinguishing feature is the lack of autoantibod-
ies. Patients with MODY are categorized into di�erent types 
depending on the gene mutation. Table 9.3 highlights the 
gene defects associated with the various types of MODY.

Glucokinase (GCK) is an enzyme present in the β-cells of 
the pancreas that helps the cells, through phosphorylating glu-
cose to glucose-6-phosphate, accurately detect circulating glu-
cose and adjust insulin secretion accordingly. A loss of function 
mutation in the GCK gene impacts the ability to detect glucose 
at lower levels, thereby causing a rise in the homeostatic set 
point of blood glucose in that individual. Glucokinase mono-
genic diabetes (GCK-MODY) has been estimated to have a 
prevalence of 1.1 in 1000 primarily European population and 
that the prevalence in women with GDM is at least 0.9%.27 
Fi�y percent of the fetuses of women with GCK mutations will 
inherit the mutation. It is expected that an una�ected fetus of a 
mother with a GCK mutation would produce excess insulin in 
response to the increased circulating maternal blood glucose, 
causing an increase in birth weight compared to a fetus with the 

GCK mutation. In fact, a 700 g birth weight di�erence was seen 
between infants that did not carry the mutation and those that 
inherited the mutation from their mother.28,29 �ere are cur-
rently no standardized guidelines as to how to manage women 
with GCK mutations during pregnancy to minimize the risk of 
maternal and fetal complications.

While it is impractical to consider testing every woman 
with GDM for GCK mutations, narrow fasting glucose, BMI 
levels, and family history have been suggested as parameters 
that can be utilized to select patients with GDM for genetic 
testing.27,30 For example, using a BMI of <25 kg/m2 and fasting 
glucose of ≥5.5 mmol/L during pregnancy as screening crite-
ria, 2.7 women with GDM would need to be tested to �nd one 
case of GCK-MODY and 66% of all cases would be detected.27

Mitochondrial mutations
�e mitochondrial tRNA leucine 3243 mutation (3243 
mtDNA) results in a rare form of maternally inherited 
diabetes and deafness. �ere is variable expressivity of the 
condition, though all cases have some level of aberrant insu-
lin secretion and sensorineural deafness. �e mean age of 
onset of symptoms is between 30 and 40 years of age. A pro-
posed mechanism of disease is that diabetes develops due 
to an inappropriate storage of triacylglycerols, resulting in 
deterioration of pancreatic β-cell function.31 �e mutation 

Table 9.1  Comparison of the relative role of genetic factors and obesity in young-onset type 2 diabetes, 
gestational diabetes, and late-onset type 2 diabetes

 Early-onset type 2 diabetes Gestational diabetes Late-onset type 2 diabetes 

Age of diagnosis (years) 25–45 18–40 >45
Parental history of type 2 diabetes +++ ++ +
High prevalence racial origin +++ ++ +

Obesity +++ +++ +

Source:	 Forbes, M. and Hattersley, A.T., The genetics of diabetic pregnancy, in: Textbook of Diabetes and Pregnancy, Hod M, Jovanovic LG, 
and Di Renzo GC (Eds.), 2007, pp. 466–474. With permission.

Table 9.2  Genes associated with type 1 diabetes

Gene(s) Location 

HLA class I and HLA class II genes 6p21.3
Insulin receptor (INS) 19p13.3
Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) 2q33.2
Interleukin 2 receptor α (IL2Rα) 10p15.1
Interferon induced with helicase C domain 1 (IFIH1) 2q24.2
C-type lectin domain family 16 (CLEC16A) 16p13.13
Th1transcription factor (STAT4) 2q32.2-q32.3

Sources:	 Stankov, K. et al., Pediatrics, 132(6), 1112, 2013; C-type lectin domain family 16, available from: http://omim.org/entry/611303, 
accessed on April 29, 2014; INSR insulin receptor, available from: http://www.ncbi.nlm.nih.gov/gene/3643, accessed on April 
29, 2014; Cytotoxic T lymphocyte-associated 4, available from: http://omim.org/entry/123890, accessed on April 29, 2014; 
Interleukin 2 receptor, alpha, available from: http://omim.org/entry/147730, accessed on April 29, 2014; Boucas, A.P. et al., 
Arq. Bras. Endocrinol. Metabol., 57(9), 667, 2013; Knudsen, N.H. and Lee, C.H., Diabetes, 62(12), 4002, 2013; HGNC, 
Histocompatibility complex, available from: http://www.genenames.org/genefamily/hla.php, accessed on April 29, 2014.

http://omim.org/entry/611303
http://www.ncbi.nlm.nih.gov/gene/3643
http://omim.org/entry/123890
http://omim.org/entry/147730
http://www.genenames.org/genefamily/hla.php
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has been well described in several di�erent populations.32,33 
Since the 3243mtDNA mutation leads to an insulin secre-
tion defect, not a defect in insulin sensitivity, these patients 
initially do respond to medications that increase secretion 
such as glyburide. However, since there is a progressive loss 
of insulin secretion, the use of insulin is eventually required.

Technological advancements and 
de�nition of terms
Completed in 2003, the Human Genome Project produced 
a high-quality sequence of the human genome and provided 
details regarding its structure and organization. �is was fol-
lowed by the International HapMap Project in 2005, which 
provided a catalog of common genetic variants in human 

beings and how they are distributed among diverse popula-
tions.34 Both these important initiatives, along with advances 
in molecular technologies such as arrays and next-generation 
sequencing, provided the foundation for investigators to be 
able to evaluate many genes at one time and begin to make 
meaning of changes found in genotypes of many di�erent 
individuals and populations. See further Table 9.4.

Genetic predisposition to gestational 
diabetes and type 2 diabetes in a 
genomic era
�ough genome-wide association studies (GWAS) are not 
without their limitations, they have provided new insight 
into disease pathways and begun to dissect complex genetic 

Table 9.3  Types of maturity-onset diabetes of the young

Type Gene defect Physiologic defect MODY cases 

MODY 1 Hepatocyte nuclear factor-4-α Loss of function mutation results in decreased insulin 
secretion in response to glucose

<10%

MODY 2 Glucokinase gene Several different mutations result in faulty glucose detection 15%–30%
MODY 3 Hepatocyte nuclear factor-1-α Aberrant insulin secretion and altered renal excretion of 

glucose
50%–60%

MODY 4 Insulin promoter factor 1 (PDX1) Decreased activation of the insulin gene in response to 
hyperglycemia

Rare

MODY 5 Hepatocyte nuclear factor-1-β Atrophy of the pancreas 5%–10%
MODY 6 Neurogenic differentiation factor-1 Pancreatic development Rare
MODY 7 Kruppel-like factor 11 Transcription factor Rare
MODY 8 Bile salt–dependent lipase (CEL) Pancreatic function Rare
MODY 9 PAX4 Differentiation of endocrine pancreas Rare
MODY 10 Insulin gene (INS) Aberrant insulin production Rare
MODY 11 B-lymphocyte tyrosine kinase (BLK) Modi�cation of insulin transcription factors Rare

Sources:	 Naylor, R. and Philipson, L.H., Clin. Endocrinol., 75(4), 422, 2011; Shields, B.M. et  al., Diabetologia, 53(12), 2504, 2010; 
Thanabalasingham, G. and Owen, K.R., Br. Med. J., 343, d6044, 2011; Maturity-onset diabetes of the young, Type 7, available from: 
http://omim.org/entry/610508, accessed on April 23, 2014; Maturity-onset diabetes of the young, Type 8, available from: http://omim.
org/entry/609812, accessed on April 23, 2014; Maturity-onset diabetes of the young, Type 10, available from: http://www.genetests.org/
disorders/?disid=315205, accessed on April 23, 2014; Tyrosine kinase, B-lymphocyte speci�c, BLK, available from: http://omim.org/
entry/191305, accessed on April 24, 2014.

Table 9.4  De�nitions of terms commonly utilized during the discussion of advanced molecular techniques

Term De�nition

Epigenetics Any process that alters gene activity without changing the DNA sequence itself and leads to 
modi�cations that can be transmitted to daughter cell.35

Exome Composed of all exons, which are the coding portions of genes.36

Genome The entire genetic information (genes) for an organism, which is maintained in the nucleotide 
sequence of DNA; each organism has only one genome.37

Genome-wide 
association study

An approach that involves rapidly scanning markers across the complete sets of DNA, or genomes, of 
many people to �nd genetic variations associated with a particular disease.38

Locus (loci) A speci�c location of a gene or DNA sequence.
Monogenic A phenotype or disease that is the result of a change within a single gene.
Polygenic The combined action of alleles of more than one gene contribute to a particular phenotype or disease.39

Single-nucleotide 
polymorphism

Often called SNPs, these are the most common type of genetic variant in any species. Each SNP 
represents a difference in one nucleotide.40

http://omim.org/entry/610508
http://omim.org/entry/609812
http://omim.org/entry/609812
http://www.genetests.org/disorders/?disid=315205
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http://omim.org/entry/191305
http://omim.org/entry/191305
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architecture.41 GWAS and other forms of analysis allow for 
the discovery of variants associated with disease in genes 
not otherwise implicated in the disease process as well as 
the identi�cation of variants outside coding regions of DNA. 
�ese insights provide important clues to the pathogenesis of 
common diseases, including new loci related to diabetes sus-
ceptibility.42 �e following text summarizes some examples 
of genetic susceptibility categorized by suspected gene func-
tion. While this area of research is constantly growing and 
changing, the examples highlight the types of information 
that is being generated in the genomic era.

Insulin action and release
Single-nucleotide polymorphisms (SNPs) in the TCF7L2 
gene have been associated with a signi�cantly higher risk 
of T2DM in several di�erent populations.43,44 �e TCF7L2 
gene, located on chromosome 10q25.3, is a transcription 
factor that acts through regulation of pro-glucagon gene 
expression.45 When compared to noncarriers, the relative 
risk of T2DM was 1.45 for heterozygotes of the at-risk allele 
and 2.41 for homozygotes of the at-risk allele.44 Individuals 
with impaired glucose tolerance and the TCF7L2 gene vari-
ant were more likely to progress to diabetes over 3 years than 
those without the variant (HR 1.55, CI 1.2–2).46 Analysis in 
GDM also suggested an increased risk of GDM in individu-
als with TCF7L2 variant (OR 1.653, 95% CI 1.416–1.930).47

ABCC8, located on 11p15.1, codes for a receptor on the pan-
creatic beta cell involved in insulin secretion. Several variants 
within this gene have been associated with an increased risk 
of GDM and/or T2DM.48 In the Han Chinese population, for 
example, the C allele of the −3 T/C polymorphism in intron 24 
and the A allele of the R1273R in exon 31 were strongly associ-
ated with an increased susceptibility to gestational DM.49

Pancreatic beta-cell development 
and function
Some of the loci uncovered by GWAS and other applications 
of next-generation sequencing related to diabetes suscepti-
bility are in genes involved in pancreatic development and 

function (Table 9.5). �e attributable risk of T2DM associ-
ated with the allelic variants within each of these genes has 
been studied in several diverse populations.

Two of these genes, KCNQ1 and WFS1, are also associated 
with other genetic syndromes. �e KCNQ1 gene encodes for 
a subunit of a potassium channel (KvLQT1). Mutations in the 
KCNQ1 gene have been implicated in long-QT syndrome, a 
group of disorders involving a characteristic cardiac arrhyth-
mia. SNPs in KCNQ1 have also been shown to confer an 
increased risk of GDM in several di�erent populations.57,58

WFS1 is a gene involved in beta-cell survival. Mutations 
in this gene cause Wolfram syndrome, the features of which 
include diabetes, optic atrophy, and deafness.59

Impact of the abnormal glycemic 
environment on fetus
�e impact of maternal hyperglycemia and short-term 
adverse perinatal outcomes, including fetal macrosomia, 
is well known.60 Over the last decade, it has become clear 
that exposure to a diabetic milieu in utero is associated with 
impaired glucose tolerance and defective insulin secretory 
response in o�spring during adulthood, independent of 
genetic predisposition to diabetes based on family history.61 
When a fetus is female, in utero exposure increases her risk 
of developing GDM in her own pregnancies, thereby per-
petuating the transgenerational e�ect of hyperglycemia and 
contributing to the increase in T2DM.62 Furthermore, intra-
uterine hyperglycemia is also associated with an increased 
risk of obesity and cardiovascular diseases as an adult.63

�ere is a great deal of evidence to suggest that abnormal 
nutrition while in utero (both fetal overnutrition and under-
nutrition) results in epigenetic changes to genes in important 
metabolic pathways. Both animal and human models reveal 
altered methylation patterns64,65 a�er aberrant nutritional sta-
tus in utero. Coined “the fetal origins of adult disease,”66 this 
concept of early programming has tremendous public health 
implications. Because the epigenome is vulnerable during 
early development, encouraging patients to avoid such expo-
sures during the preconceptual and pregnant state may have 
tremendous impact on the prevention on adult diseases.63

Table 9.5  Genes and locations associated with type 2 diabetes mellitus

Gene Location 

KCNJ11 11p15.1
HHEX/IDE 10q23.33
SLC30A8 8q24.11
KCNQ1 11p15.5-p15.4
WFS1 4p16.1 

Sources:	 Saxena, R. et  al., Science, 316(5829), 1331, 2007; Zeggini, E. et  al., Science, 
316(5829), 1336, 2007; Steinthorsdottir, V., Nat. Genet., 39(6), 770, 2007; Scott, 
L.J. et al., Science, 316(5829), 1341, 2007; Williams, A.L. et al., Nature, 506(7486), 
97, 2014; Unoki, H. et al., Nat. Genet., 40(9), 1098, 2008; Sladek, R. et al., Nature, 
445(7130), 881, 2007; Hayes, M.G. et al., Diabetes, 62(9), 3282, 2013.
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Future frontiers
Pharmacogenomics is an area that holds tremendous poten-
tial for impact in the care of GDM in the future. �e ability 
to develop individualized regimens based on the patient’s 
genetic makeup may improve treatment outcomes. For 
example, glyburide (a sulfonylurea that stimulates the pan-
creas to release more insulin) has been utilized to success-
fully manage hyperglycemia during pregnancy.67 Women 
who fail to achieve glycemic control on glyburide must be 
transitioned to insulin. It has been demonstrated that the 
cytochrome P450 CYP2C9 is involved in the metabolism 
of  many drugs, including glyburide.68 �e CYP2C9 gene 
has several polymorphisms, and the degree of blood glucose 
reduction appears to di�er depending upon the genotype.69 
�ough further studies are needed, it is quite possible that 
in the future testing a patient’s genetic makeup to help guide 
treatment regimens may be a regular part of the care of the 
gestational diabetes.

In�ammatory markers have been associated with the devel-
opment of diabetes.70 Abnormal metabolic disturbances at 
the level of the adipocyte have been observed in women with 
GDM.71 Aberrant levels of galectin-1, a carbohydrate binding 
protein, in the second and third trimester are associated with 
GDM.72 Modern “omics” approaches—genomics, metabolo-
mics, proteomics, and transcriptomics—attempt to character-
ize patterns of various biological markers and translate those 
patterns into deeper insights regarding normal function and 
disease processes. �e creation of a metabolic “�ngerprint” 
for GDM, for example, would allow for deciphering biological 
processes, which translates into opportunities for prevention, 
early diagnosis, and treatment of disease.73

�e “exposome,” like modern “omics,” attempts to 
characterize patterns in order to gain insight into disease. 
In this case, the “exposome” includes all the exposures an 
individual encounters from conception onward. E�orts to 
implement assessment tools to measure early-life exposures 
and their impact on health outcomes are underway and may 
shed light on the development and outcome of the diabetic 
pregnancy.74

Practice points
●● Monogenic forms of diabetes comprise a small but impor-

tant cohort of patients with diabetic pregnancy.
●● Advances in molecular technology and understanding 

of the human genome have contributed to the identi�ca-
tion of new loci and pathways associated with increased 
susceptibility to diabetes.

●● Exposure to a diabetic environment in utero increases the 
risk of adult-onset chronic diseases such as obesity and 
diabetes.

Research agenda
●● Deconstruct the genetic basis of the complicated meta-

bolic pathways leading to diabetes in pregnancy.
●● Further characterize the epigenetic changes related to 

exposure to a hyperglycemic environment and their 
impact on adult-onset diseases.

●● Establish individualized treatment regimens based on 
genetic variants and metabolic pro�le.
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Animal models in diabetes 
and pregnancy research
Catherine Yzydorczyk, Delphine Mitanchez, and Umberto Simeoni

Maternal diabetes constitutes an unfavorable environment 
for the development of the fetus. �e concept that exposure 
in utero to a hyperglycemic environment has both a short- and 
a long-term impact in the o�spring is notably demonstrated 
by animal studies. Animal models for diabetes and pregnancy 
o�er various ranges of hyperglycemia, which can lead to fetal 
organ alterations, congenital malformations, and micro- or 
macrosomic fetuses and a�ect the o�spring later in life. �e 
purpose of this review is to give a comprehensive view of the 
most frequently studied animal models of diabetes and to 
demonstrate how animal models have permitted to elucidate 
some mechanisms involved in the pathogenesis of diabetes.

Animal models
Animal models of pregestational type 1 diabetes
Type 1 diabetes (T1D) in humans is characterized by a spe-
ci�c destruction of the pancreatic beta cells, commonly 
associated with immune-mediated damage.1

Surgical models
In rodents, a�er puberty, partial pancreatectomy (removal of 
95% of pancreatic weight) leads to a decrease in the number 
of beta cells and therefore to uterine and placental defects and 
altered fetal glucose metabolism regulation, associated with 
mild maternal diabetes (glycemia between 150 and 200 mg/dL). 
Insulin administration is not required and pregnancy rates are 
usually good. However, postsurgery mortality is relatively ele-
vated (20%) and a delay (2–3 months) exists between the surgi-
cal procedure and the development of diabetic symptoms.2

Chemical model
In general, human T1D is reproduced by streptozotocin 
(STZ) administration to rodents during adult life.3 STZ is a 
nitrosourea derivative isolated from Streptomyces achromo-
genes.4 It is a powerful alkylating agent that has been shown 
to interfere with glucose transport5 and glucokinase func-
tion6 and able to methylate DNA. Nevertheless, it is gener-
ally accepted that the cytotoxicity produced by STZ depends 
on DNA alkylation.7 STZ, relatively similar to glucose, is 

transported inside the cell only by the glucose transporter-2 
(GLUT-2) (STZ is not recognized by the other GLUTs). Beta 
cells of the islets of Langerhans express high levels of GLUT-2, 
therefore making them more vulnerable to STZ toxicity.8

Various modes of injection (intravenous or intraperito-
neal) and di�erent doses (30–50 mg/kg) have been proposed. 
Also, STZ administration can be performed during the pre-
gestational or gestational period that leads to the develop-
ment of severe or mild diabetes associated with two opposite 
fetus phenotypes, intrauterine growth restriction (IUGR), 
or macrosomia. In the case of mild diabetes, mothers are 
hyperglycemic (with blood glucose concentrations com-
prised between 120 and 300 mg/dL) and hypoinsulinemic 
and deliver macrosomic fetuses, whereas in the case of severe 
diabetes, mothers are insulin de�cient and hyperglycemic. 
�is leads to small-for-gestational-age fetuses, characterizing 
IUGR, and to fetuses with congenital malformations.9

Spontaneous animal models
�e nonobese diabetic (NOD) mice and biobreeding (BB) 
rats develop spontaneous pregestational T1D.

NOD mice develop a mild form of diabetes characterized 
by macrosomic fetuses and adiposity. Pancreatic beta cells 
become in�ltrated by mononuclear cells that lead to the devel-
opment of insulitis (in�ammation of the islets of Langerhans, 
present in NOD mice at 4–5 weeks old), followed by beta cell 
destruction, and a decrease in circulating insulin concentra-
tions. Mild diabetes is present between 12 and 30 weeks of age. 
However, insulin-dependent diabetes develops spontaneously 
only in 9% of NOD at 12 weeks of age and in 80% of them at 
30 weeks of age and is more prevalent in females.10 Contrary to 
human T1D, ketoacidosis is relatively mild and a�ected ani-
mals can survive for several weeks without insulin injection.

BB rats, which were originally derived from a Canadian 
colony of outbred Wistar rats, are a good model for the study 
of perinatal morbidity, small-for-gestational-age fetuses, and 
malformations.

Weight loss, polyuria, polydipsia, hyperglycemia, and insu-
linopenia appear around 12 weeks of age. Also, ketoacidosis 
is severe and can be fatal if exogenous insulin is not adminis-
tered. �e incidence is similar in males and females.11,12

10
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Animal models of type 2 diabetes
Type 2 diabetes (T2D) represents a heterogeneous group of 
disorders, which is characterized by insulin resistance (IR) 
and impaired insulin secretion, and de�ned by a raise in 
fasting or postload blood glucose concentration.

Spontaneously diabetic rats
�e Goto-Kakizaki (GK) rat model is a model of nonobese 
T2D.13,14 �is strain was developed by the successive inbreed-
ing of Wistar rats with the administration of highest blood 
glucose concentrations.15 GK rats develop some features 
that can be compared with the complications of diabetes 
observed in humans, as renal lesions,16 structural changes 
in peripheral nerves,17 and abnormalities of the retina.18 GK 
o�spring exposed throughout gestation to mild diabetes 
presents a severe reduction in beta cell mass. �is is associ-
ated with a lack of pancreatic reactivity to glucose that seems 
to be the consequence of a reduction in cell proliferation, a 
defect of insulin-like growth factor signaling pathways, and 
an increased apoptosis in the fetal pancreas.19,20

Chemical model
Human T2D is reproduced in rodents by administration of 
di�erent doses of STZ (80–100 mg/kg) in the neonatal period.21 
�e timing of the neonatal STZ injection seems to be impor-
tant in determining degrees of severity of the subsequent 
diabetic state. It has been shown that the e�ects observed in 
adulthood were higher if STZ was administrated 5 days a�er 
birth22 compared to an administration on the day of birth.23 
STZ administrated 5  days a�er birth leads in adulthood to 
the development of a frank basal hyperglycemia and glucose 
intolerance, an increase in glycosylated hemoglobin, a strong 
decrease in the pancreatic insulin stores, a reduction (50%) 
of basal plasma insulin level, and a default of plasma insulin 
response to glucose in vivo.24 Variations in the e�ects accord-
ing to the timing of STZ administration could be explained by 
the recovery of pancreatic insulin stores due to the regenera-
tion of part of the beta cells a�er the STZ insult.25

Animal model of gestational diabetes
�e heterozygous leptin receptor-de�cient (Lepr(db/+)) 
mouse shows an autosomal recessive mutation in the leptin 
receptor gene and serves as an animal model with gesta-
tional diabetes mellitus (GDM). During gestation, compared 
to wild-type, db/+ dams present hyperphagia, hyperlepti-
nemia, greater weight gain, abnormal insulin and glucose 
tolerance tests and their o�springs are heavier at birth.26

Outcomes in animal offspring of 
maternal diabetes exposure
Congenital malformations
Maternal diabetes a�ects embryonic development and 
induces congenital malformations. Skeletal, facial, cardiac, 
and visceral malformations have been observed in the 

fetuses at late gestation in a rat model with STZ-induced dia-
betes.27,28 Congenital malformations are also mentioned in 
fetuses from other models of diabetes such as the GK rats29 
and the BB rats with T1D.30 In NOD model, principally, neu-
ral tube defects and skeletal alterations have been observed 
in embryos from NOD female with overt diabetes.31

Also, congenital anomalies could be the result of a 
default in gene expression involved in the control of the 
developmental processes. A decrease in Pax-3 (a gene that 
encodes a transcription factor necessary for neural tube 
closure) expression has been involved in neural tube and 
cardiac malformations observed in mice with STZ-induced 
diabetes.32,33

Fetal organ alterations and long-term outcomes
Maternal diabetes is also associated in the o�spring with an 
alteration in the development of many organs. Notably, the 
heart, kidney, liver, and endocrine pancreas are the most 
a�ected, and cardiometabolic diseases may develop later in life.

Cardiovascular and renal systems
�e heart of fetuses from rats with STZ-induced diabetes 
is hypertrophic, while the o�spring born from rats with 
severe maternal diabetes shows cardiovascular dysfunction. 
In early adulthood, a decreased heart rate, an impairment 
of the vascular function characterized by a reduction of 
endothelium-dependent vasodilatation capacity to acetyl-
choline, and an increase in vasoconstriction to noradrena-
line have been shown in the o�spring exposed to diabetes 
in utero,34,35 therefore predisposing to cardiovascular dis-
eases. Fetuses from rats with STZ-induced diabetes show 
nephrogenesis characterized by a decrease in kidney weight 
and nephron number,36 which leads in adulthood to hyper-
tension37,38 and renal dysfunction.39

Liver
�e fetal and neonatal livers from STZ-induced diabetic 
dams show an increase in lipid accumulation. A decrease 
in insulin receptors has been observed in the fetal liver of 
diabetic rats.40 Alterations in signaling pathways have also 
been evidenced. In female o�spring (db/+), higher hepatic 
glucose-6 phosphatase activity has been found to be asso-
ciated with a decrease of Akt phosphorylation that leads 
to the development of an IR in the liver at adulthood.26 
Maternal diabetes interferes with fetal hepatocyte pro-
liferation and di�erentiation. It leads to hepatic damage 
characterized by the formation of edematous blood ves-
sels, karyolitic and pyknotic hepatocyte nuclei, and dis-
tortion of blood sinusoids. Also, mitochondrial damage in 
fetal hepatocytes was observed with an increase in apop-
totic cells41 that can participate in enhancing the libera-
tion of reactive oxygen species (ROS) and so contribute to 
the oxidative stress (OS). High levels of lipid peroxidation 
(thiobarbituric acid measurement) have been observed in 
the fetal liver of diabetic pregnant rats associated with a 
decrease in vitamin E levels that can be associated with 
congenital malformations.42
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Pancreas
�e fetal beta cells are extremely sensitive to maternal dia-
betes. In mothers with mild hyperglycemia, rat fetuses pres-
ent hypertrophy of the endocrine pancreas, hyperplasia of 
beta cells, and an increase of pancreatic and plasma insulin 
concentrations. A positive correlation has been observed 
between maternal glycemia and fetal weight.43–45

In the case of severe maternal diabetes, fetal beta cell mass 
has been shown to be either reduced or increased. A reduc-
tion of beta cell mass decreases the capacity of insulin secre-
tion, whereas an enhancement of beta cell mass increases the 
capacity of insulin secretion.46,47 When the fetus is exposed 
to very high concentrations of glucose, it will develop islet 
hypertrophy and beta cell hyperactivity associated with 
early hyperinsulinemia. On the other hand, the number 
of beta cells is decreased, and they are disorganized and 
depleted in insulin granules; therefore, they are not able to 
secrete insulin in vivo and in vitro.43 �is results to hypo-
insulinemia, a decrease in fetal glucose intakes.48 A negative 
correlation has been mentioned between maternal glycemia 
and fetal weight. Long-term outcomes involve an increase 
of obesity rate, an impairment of glucose tolerance, and an 
increased risk of IR, contributing to the development of T2D 
in adulthood.45

Animal models of diabetes: The role of 
intrauterine environment
An alteration of fetal environment may program the devel-
opment of metabolic diseases later in life.

Nutrition alteration
Maternal nutrition represents a major factor, and it is now 
well recognized that inappropriate nutrition in utero has 
notable metabolic consequences in adulthood.49 Beta cell 
development is irreversibly damaged by inadequate nutri-
tion during critical periods of fetal development.50

Caloric-nutrient restriction
In rat, global restrictions (40%–50% of normal intake) dur-
ing the last week of gestation lead to low birth weight (LBW) 
in o�spring and a decrease in beta cell mass that persists 
in adulthood with a reduction in insulin content.51,52 Also, 
nutrient restriction during the suckling period leads to a 
permanent reduction in beta cell mass in o�spring and the 
development of glucose intolerance with aging.53

Protein restriction
In pregnant rats fed with a low-protein (LP) diet, the mater-
nal plasma glucose and insulin levels are normal and fetuses 
are normoglycemic. Nevertheless, the development of the 
fetal endocrine pancreas is impaired, which leads to a de�-
cient insulin response and to fetal growth restriction. �e 
o�spring from LP dams presents a de�cit in beta cell mass,54 
reduced pancreatic insulin content and islet size, altered 

islet cell proliferation, decreased islet vascularization,54 
and increased islet cell apoptosis.55 In basal condition, they 
are normoglycemic, but glucose tolerance is impaired and 
insulin-stimulated glucose uptake is reduced54,56,57 in the 
muscle, adipocytes, and liver.58 �ere is also a gender e�ect: 
�e male o�spring undergo an impairment in glucose tol-
erance (17 months of age) and, therea�er, develop T2D and 
IR,59 whereas female o�spring only develop hyperinsu-
linemia and impaired glucose tolerance in a more advanced 
age (21 months).60

High-fat diet
In rats, maternal high-fat (HF) diet intakes during gesta-
tion lead to the development of some features of the meta-
bolic syndrome (MS) in male o�spring characterized by 
increased body weight, plasma levels of insulin, glucose, free 
fatty acids, and fatty acids and also glucose intolerance.61,62 
Furthermore, in female o�spring, paternal HF diet exposure 
leads to an early impaired insulin secretion and glucose 
tolerance that worsened with advanced age.63

Uteroplacental insuf�ciency
Uteroplacental insu�ciency is the major cause of IUGR. In 
rat models, IUGR can be induced by maternal bilateral uter-
ine artery ligation during late gestation (on day 19 of gesta-
tion). �eir pups have LBW and decreased levels of glucose, 
insulin, and insulin-like growth factor-1. �erea�er, diabe-
tes appears in adulthood at approximately 16–26 weeks of 
age associated with a default in beta cell secretory capacity 
and IR.64

Mechanisms
Oxidative stress
Diabetic pregnancy and macrosomia are associated with 
increased OS. Protein glycation and glucose auto-oxidation 
may generate ROS and therefore catalyzed lipid peroxida-
tion.65 ROS can be detoxi�ed by endogenous antioxidant 
enzymes (superoxide dismutase [SOD], catalase, glutathione 
peroxidase, and reductase) and vitamins (A, E, and C).

An increase in OS and an impairment of antioxidant 
enzymes have been found in fetuses and neonates from rodent 
experimental models with mild and severe STZ-induced dia-
betes.66,67 In o�spring with advanced age, maternal protein 
restriction leads to an increase in OS levels, characterized 
by an increased lipid peroxidation (hexanoyl lysine adducts), 
decreased antioxidant defenses (SOD), and an increase in 
islet �brosis markers (collagen I and III), which can lead to 
progressive beta cell loss and dysfunction.68 A poor maternal 
nutrition leading to LBW followed by accelerated postnatal 
growth is associated with impaired antioxidant defenses 
(SOD expressions) and increased markers of senescence (p21 
and p16) in the beta cells of pancreatic islets.69 To con�rm 
the role of OS in these metabolic alterations, nutritional 
and antioxidant therapies have been tested. Folic acid and 
antioxidant supplementations (α-tocopherol and ascorbate) 
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have been observed to decrease congenital malformations 
in term fetuses of rodents with STZ-induced diabetes.70,71 
Also, omega-3 fatty acid consumption restores the antioxi-
dant status of diabetic pregnant rats and decreases the rate 
of macrosomic pups at birth and lipid peroxidation (plasma 
thiobarbituric acid–reactive substance measurement) in dia-
betic mothers and their o�spring.72

Telomere shortening
Telomeres are repeated sequences of DNA (TTAGGG)n at 
the end of chromosomes that protect them against inappro-
priate DNA fusion, breaks, and shortening into coding DNA 
sequences.73 �us, they are essential for chromosome stabil-
ity. Telomeres have a high content in guanine and therefore 
are particularly susceptible to damage by OS,74 and a posi-
tive correlation has been observed between OS and telomere 
shortening.75 With each cycle of replication, the telomeres 
shorten; however, the telomerase makes additional copies of 
the hexanucleotide repeats to protect against this telomere 
loss. Data suggest that short telomeres may lead to prema-
ture beta cell senescence associated with a decreased beta 
cell mass and a default in insulin secretion and glucose toler-
ance. Using a mice model de�cient in telomerase, Kuhlow 
et al. have suggested that this enzyme is important to main-
tain glucose homeostasis.76 In rat o�spring, an LP diet expo-
sure in utero followed by an accelerated postnatal growth 
leads to a higher number of short telomeres and fewer long 
telomeres in pancreatic islets, re�ecting an accelerated islet 
telomere shortening.69

Epigenetic regulation
Epigenetic modi�cations can be de�ned as changes in the 
pattern of gene expression without involving changes in 
the DNA sequence. �e fetal environment can alter the 
epigenome in the o�spring, therefore leading to di�erent 
phenotypes.77–79 �ree main pathways can silence, acti-
vate, or regulate the level and time of expression of many 
genes: DNA methylation, histone modi�cations (acetylation, 
methylation, ubiquitination, phosphorylation, or ADP ribo-
sylation), and small noncoding RNAs, such as microRNAs 
(miRNAs).80,81 In general, these three epigenetic mechanisms 
appear to work together to regulate gene expression. DNA 
methylation or histone modi�cations can alter the expres-
sion of miRNAs, which can in turn regulate the expression 
level of DNA methyltransferases, histone methyltransferases, 
histone deacetylases, and methyl CpG-binding proteins and 
therefore regulate the epigenetic processes of DNA methyla-
tion and histone modi�cations.80 Nowadays, it is relatively 
well established that epigenetic alteration/modi�cation can 
a�ect several processes involved in glucose regulation and 
insulin secretion that can lead to the development of T2D.

DNA methylation
It is the best-known pathway. It usually leads to repression of 
transcription of the involved gene. Methylation takes place 
on CpG islands mainly located in the promoter region of 

the genes. Usually, if these islands of the promoter region 
are unmethylated, the gene is transcribed, but when a sig-
ni�cant part of the CpG islands is methylated, the gene can 
no longer be transcribed and is silenced. In early life, DNA 
methylation can be altered by many nutritional factors such 
as folate, choline, betaine, methionine, and vitamins B2, B6, 
and B12 (methyl donors).82 DNA methylation pattern can 
also be a�ected by OS. �e replacement of guanine by the 
ROS radical adduct-8-hydroxyguanine a�ects the methyla-
tion of adjacent cytosine.83 �erefore, this DNA modi�ca-
tion can a�ect the development and thus increase the risk 
of developing cardiometabolic diseases later in life. A global 
DNA hypomethylation has been observed in the liver of rats 
with T1D.84

LP diet is associated with impaired fetal growth and 
development of cardiometabolic diseases in the o�spring. 
Many epigenetic changes have been reported in o�spring 
exposed to a maternal LP diet. Hypomethylation of the pro-
moter of the glucocorticoids receptor (GR) associated with 
a decrease in DNA methyltransferase-1 expression and in 
expression and binding of methyl CpG-binding protein-2 
in the liver results in increased GR promoter activity and so 
can lead to the development of hypertension therea�er. An 
increased activation of the peroxisomal proliferator–acti-
vated receptor-α promoter has also been observed in the 
liver of these adult o�spring exposed to maternal LP diet,85 
which can be associated with induction of dyslipidemia.86

LP intakes during gestation in mice lead to DNA hypo-
methylation of the leptin promoter in adipose tissues associ-
ated with an alteration in body composition and increased 
food intakes in male o�spring and so could contribute to the 
development of MS.87

Histone modi�cations
In the nucleus of eukaryotic cells, DNA is coiled around 
octamers of globular proteins called histones, forming dense 
blocks of DNA and proteins named nucleosomes and that 
in conjunction form chromatin, the condensed form of 
DNA. Histones can be modi�ed on the tails by methylation, 
acetylation, phosphorylation, biotinylation, ubiquitination, 
and ADP-ribosylation.79,80 �ese modi�cations facilitate or 
obstruct the access of DNA to transcriptional factors and, 
together with the other epigenetic factors, regulate gene 
expression.

In a rodent model of IUGR that expressed a lower level 
of Pdx1 (a transcription factor critical for beta cell func-
tion),88 epigenetic modi�cations characterized by the loss of 
upstream stimulatory factor-1 binding at proximal promoter 
of Pdx1, recruitment of histone deacetylase 1 and the core-
pressor Sin3A, and deacetylation of histone H3 and H4 were 
observed. �is resulted in Pdx1 silencing, which persisted 
from 2 weeks to 4 months of age and was responsible for the 
prediabetic state in rats.89

Histone modi�cations were also proposed to decrease 
the expression of GLUT-4 (glycoprotein that facilitates 
glucose transport that is involved in the development of glu-
cose intolerance) in the IUGR o�spring. A reduction of glucose 
transport in the muscle is a feature of IR. Such alterations 
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persist at adulthood and could be an adaptive response to the 
decrease of insulin pancreatic production.90

Also, histone modi�cation and DNA methylation can be 
dependent on one another. Methylation of lysine 9 on H3 can 
promote DNA methylation, and in turn, CpG methylation 
can in�uence methylation of lysine 9 on H3.91

Noncoding RNAs
miRNAs are small single-stranded RNAs that do not encode 
proteins. Each miRNA binds to speci�c messenger RNAs 
(mRNAs) resulting in the degradation of target mRNA or 
inhibition of its translation into protein. miRNAs regulate 
the posttranscriptional expression level of many genes and 
processes such as apoptosis, cell growth, and di�erentiation 
in a large range of tissues. �erefore, miRNAs are involved 
in many processes including angiogenesis, cardiogenesis, 
nephrogenesis, and related diseases.92 miRNAs are critical 
regulators of metabolism. It has been shown that miR-103, 
miR-107, and miR-33 regulated insulin sensitivity and glu-
cose homeostasis.93–95 Also, an overexpression of miR-143 
was involved in the default of insulin pathway and glucose 
homeostasis.96

Conclusion
�e impact of an early exposure to an altered fetal environ-
ment (hyperglycemia, inadequate maternal nutrition) on 
the o�spring’s health and on the development of cardio-
metabolic diseases in adulthood is robustly demonstrated in 
animal models. �ese models also can o�er a major contri-
bution in the understanding of the mechanisms leading to 
such alterations. However, they have some limits in mimick-
ing human diseases.

An ideal animal model to mimic human T1D and T2D is 
not easy to develop. For T1D, this ideal animal model should 
be associated with an autoimmune destruction of beta cells 
at a very early stage of life to reproduce the human situation. 
However, in surgical animal models of diabetes, the decrease 
of beta cell number is the result of pancreatectomy, whereas 
in STZ-induced diabetes, beta cells are destroyed due to spe-
ci�c beta cell–induced death. �e spontaneous animal mod-
els (NOD mice and BB rats) seem to be good models because 
the destruction of beta cells is the result of an autoimmune 
process. In BB rat models, diabetes develops around puberty, 
whereas this occurs in aged animals in NOD mice.

�e ideal animal model of T2D should be a model with 
an IR and a default in pancreatic response resulting from 

this IR. However, in the model with STZ-induced diabetes, 
the main alteration is the beta cell destruction.

In an optimal experimental model of GDM, levels of 
glycemia before gestation would be normal, and then, a�er 
midgestation, glucose intolerance and impaired insulin 
secretion would be observed with a perturbation in glucose 
and IR in the dams and therefore a�ect the fetus.

A satisfying model of GDM is db/+ mice in which dia-
betes occurs during gestation, but the de�ciency in leptin 
receptor leads to phenotypes that di�er from human GDM. 
In STZ-induced diabetes, the destruction of beta cells during 
pregnancy leads to a diabetic experimental model during the 
pregnant state.

Nevertheless, in all cases, the elevated glucose and other 
metabolic substrates in the maternal compartment reach the 
fetuses and are involved in the induction of short- and long-
term outcomes of diabetes.

An alternative to the limits mentioned on rodent animal 
models with diabetes will be the use of larger animals that 
seem better to mimic the human diabetes.

Treatment of rabbit with alloxan is associated with the 
induction of T1D, notably on the long term. Injection of a 
monodose of alloxan (100 mg/kg) is rapidly taken up by the 
beta cells, which leads to the formation of free radicals and 
the fragmentation of beta cell DNA, as a consequence of the 
poor antioxidant defenses from these cells. Hypoinsulinemia 
and hyperglycemia have been observed 48 hours a�er the 
destruction of pancreatic b-cells.97

In cats, some similar characteristics to T2D in human are 
reported. Cats develop T2D in middle age, associated with 
obesity, IR, and subsequent beta cell loss.98

Administration of an HF diet and di�erent doses of STZ 
in dog lead to features similar to human T2D, characterized 
by obesity, IR, and compensatory hyperinsulinemia followed 
by a decrease in pancreatic function.99

�e nonhuman primates (NHPs) present disease with 
many similarities with the human ones like obesity, IR, dys-
lipidemia, and hypertension. Likewise, NHP spontaneously 
develop T2D with advanced age and also when a hyperca-
loric diet is administrated.100

Larger animal models of diabetes share important 
metabolic similarities with human pathology compared 
to rodent models. The life span to reproduce the natural 
history T2D and permit to study the long-term clinical 
complications observed in human. Moreover, larger ani-
mal models provide a valuable resource to test the safety 
and efficacy of therapeutic intervention prior to clinical 
trials.
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Introduction
In 1892, Ballantyne wrote: “A diseased foetus without his 
placenta is an imperfect specimen, and a description of a 
foetal malady, unless accompanied by a notice of the placen-
tal condition, is incomplete. Deductions drawn from such a 
case cannot be considered as conclusive, for in the missing 
placenta or cord may have existed the cause of the disease 
and death. During intrauterine life the foetus, the mem-
branes, the cord and the placenta form an organic whole, and 
disease of any part must react upon and a�ect the others.”1 
Indeed, a careful examination of the placenta contributes 
to the determination of the causes underlying fetal growth 
abnormalities, demise, or neonatal conditions. �e corre-
lation between placental histopathology and clinical data 
may augment our understanding of the sequence of patho-
logic events and enhance the management of the neonate or 
future pregnancies.

Although placental specimens are not routinely sent for 
pathological examination, there has been growing recog-
nition of its importance.2 Indications for placental referral 
include fetal conditions requiring admission to the neona-
tal intensive care unit and maternal diseases or disorders 
related to pregnancy, such as maternal diabetes.3 At a mini-
mum, the placenta requires gross examination a�er delivery 
to identify any visible pathology. �is macroscopic analysis 
should include assessment of the length and insertion site 
of the umbilical cord, the number of cord vessels, the state 
and color of the fetal surface and fetal membranes, the pres-
ence of abnormalities on the maternal surface, the color and 
the consistency of the villous tissue, and the presence of cho-
rionic plate lesions. Any abnormal �ndings should prompt 
a complete pathologic examination regardless of clinical 
history.4

At term, the normal human placenta is a focal, disk-
like thickening of the membranous sac that is achieved by 
splitting the membranes into two separate sheets, the cho-
rionic plate and the basal plate. Both sheets enclose the 

intervillous space as a cover and bottom. �e intervillous 
space is perfused with maternal blood, which circulates 
freely and directly around the trophoblastic surface of the 
placental villi. �e villi originate from a complex, treelike 
projection of the chorionic plate into the intervillous space 
(Figure 11.1). �e villous surface is surrounded by the tro-
phoblast and a core composed of stroma that supports the 
fetal vessels connected to the fetal circulation system via the 
chorionic plate and umbilical cord. At the placental mar-
gin, the intervillous space is obliterated as the chorionic and 
basal plates fuse together to form the chorion laeve.5

Pathophysiology of placental 
derangements in diabetes
Maternal diabetes mellitus complicates pregnancy through 
a variety of growth-promoting and growth-restricting forces 
that disrupt the normal development of both the fetus and 
placenta. Diabetes leads to increased in�ammation, which 
inhibits implantation, similar to the e�ect of intrauterine 
contraceptive devices that induce local in�ammation.6 In 
addition to in�ammation, oxidative stress resulting from 
diabetes negatively impacts uteroplacental vascular func-
tion, thereby altering the maternal intrauterine environ-
ment. Because the placenta serves as the sole source of fetal 
oxygen and nutrients, metabolic derangement in the pla-
cental environment, such as changes in glucose and insulin 
levels, can a�ect fetal development.

Maternal glucose reaches fetal circulation freely; there-
fore, when there is maternal hyperglycemia, the ensuing 
fetal hyperglycemia has several possible e�ects on the devel-
oping conceptus. �ese adverse sequelae include hyperplasia 
of the islets of Langerhans, increased insulin stored in the 
islets, and a greater probability of single umbilical artery for-
mation.7 Several studies have shown that additional placen-
tal �ndings in cases of maternal diabetes may be in�uenced 
by the level of dysglycemia or type of diabetes, possibly due 
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to the di�erent stages during pregnancy when the placenta is 
exposed to hyperglycemia.2,8–11 Maternal glycemic status can 
also in�uence the up- or down-regulation of insulin recep-
tors on trophoblasts.12 Because insulin does not physically 
cross the placenta into fetal circulation, the e�ect of insulin 
on maternal diabetes is indirect.

Insulin has also been shown to modulate ovarian ste-
roidogenesis13 that, at the earliest stages of pregnancy, 
allows the development of normal endometrial receptiv-
ity.14 During the course of pregnancy, nondiabetic women 
experience a progressive decline in insulin sensitivity 
associated with hyperinsulinemia,15 a physiologic state 
required to preferentially direct maternal nutrients toward 
the fetoplacental unit.16 However, women with gestational 
diabetes mellitus have been shown to express abnormal 
insulin secretion17 and pronounced insulin resistance.18 
�e resulting protein kinase C (PK-C) activation and 
increased oxidative stress lead to endothelial dysfunc-
tion of the decidual capillary network. �is dysfunc-
tion is associated with decreased vasodilation, increased 
leukocyte–endothelial cell adhesion, and increased vascu-
lar permeability.19,20

Type 1 diabetes during pregnancy is also associated with 
dysregulation of glucose and oxygen metabolic pathways, 
both of which a�ect placental villous growth and function. 
Di�erent degrees of changes in the syncytiotrophoblast, 
cytotrophoblast, trophoblastic basement membrane, and 
fetal vessels have been described and attributed to glycemic 
status. Alteration of placental development may contribute 
to increased risk of pregnancy complications such as pre-
eclampsia, macrosomia, fetal growth restriction, and fetal 
hypoxia. However, the extent to which maternal glycemic 
control contributes to placental abnormalities is still being 
considered in detail21 additionally, several studies have 
identi�ed histopathological placental abnormalities among 
women with well-controlled pregestational11,22–24 and gesta-
tional diabetes.25–27

�e fetal–placental vasculature, developed in the second 
week of pregnancy, is also negatively a�ected by maternal 
diabetes. Under normoglycemic conditions, the gestational 
sac invades the maternal decidua allowing the media and 
elastica of the uterine spiral arteries to loosen. �e endo-
thelium is then supported by connective tissue �bers. 
However, during diabetes in pregnancy, increased oxida-
tive stress and the activation of protein kinase pathways, 
particularly PK-C and mitogen-activated PK, may impair 
placental vasculature formation. In addition, the response 
of the fetal–placental vasculature to vasoconstrictor and 
vasodilator agents in diabetic placentas is signi�cantly 
attenuated compared to that of nondiabetic placentas.16,28 
Consequently, the diabetic placenta may not be able to 
respond adequately to demands for altered blood �ow, 
thereby leading to fetal compromise.28

Gross examination
A recent comprehensive systematic review of the literature 
provides a critical examination of the gross and histopatho-
logical �ndings associated with dysglycemia in pregnancy.21 
On initial gross examination, placental anomalies indicative 
of chronic insult may be present, including abnormal pla-
cental size and shape, infarcts or hemorrhages, cord defects, 
and membrane anomalies. While human placentas are gen-
erally round or oval, other shapes are not uncommon. Shape 
anomalies, such as a multilobulated placenta, may develop 
from abnormalities in fetal gene expression or fetal–mater-
nal interactions. An abnormal maternal environment, such 
as the presence of submucosal leiomyomas or a uterine scar, 
unprotected membranous fetal vessels as seen in vasa previa, 
or early uteroplacental vascular compromise, can also alter 
the shape of the placenta.5

Placental weight, measured a�er removing the cord, 
membranes, and maternal blood clots, is a function of gesta-
tional age, fetal weight, and fetal gender. �e placenta weighs 
approximately 450–550 g at term, and the fetal/placental 
weight ratio should be approximately 6–7. In pregnancies 
with appropriate-for-gestational-age infants, histological 
di�erences between diabetic and nondiabetic placentas are 
the most pronounced.29 Placental weight heavier than the 
95th or less than the 5th percentile for gestational age is o�en 
a sign of chronic insult. Maternal diabetes is o�en associ-
ated with large placentas heavier than the 90th percen-
tile although the di�erential diagnosis also includes fetal 
hydrops, congenital syphilis, villous edema, and Beckwith–
Wiedemann syndrome.30

Cord length is usually between 40 and 70 cm with a diam-
eter between 1 and 3 cm at term. A short or excessively long 
cord is related to an increased risk for fetal damage. Marginal 
cord insertion or velamentous cord insertion, which may 
be secondary to aberrant blastocyst implantation, may be 
associated with fetal or neonatal injury. Macroscopic analy-
sis of cord vessels can reveal histopathologic features such 
as thrombosis of vessels or the presence of a single artery, 

Figure 11.1  Hematoxylin–eosin section of normal placenta 
at term showing villi that form a complex treelike projection of 
the chorionic plate into the intervillous space.
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manifestations of vascular pathology, fetal malformation, or 
maternal diabetes.

�e placental surface is red and spongy at term. A dark-
red color suggests congestion of capillaries or chorangiosis 
that may be associated with maternal diabetes (Figure 11.2). 
Placental thickness is usually between 1.5 and 3 cm but dia-
betic placentas are o�en thicker. Macroscopic analysis of 
the fetal surface of the chorionic plate should include eval-
uation of the chorionic vessels for evidence of thrombosis. 
Dilated and/or discolored vessels suggest fresh thrombo-
sis, while tan–white or yellow �brosed vessels are indica-
tive of an old thrombus. �rombosis of chorionic vessels 
is more common in maternal diabetes but can also be seen 
in vascular anomalies accompanied by local trauma or sta-
sis, including true knots of the umbilical cord, velamen-
tous cord insertion, and umbilical cord entanglement.31 
�rombosis can also be found in thrombophilic states, fetal 
chromosomal disorders, toxic agents to fetal vessels, and 
some viral infections.4

Fetal membrane color may also be impacted by mater-
nal diabetes. Fetal membranes and the fetal surface of the 
chorionic plate are normally clean and transparent produc-
ing a blue color on the chorionic plate and pink color on the 
free membranes. However, in fetal acute chorioamnionitis, 
another characteristic of diabetic placentas, a di�use yel-
low/white–opaque feature is observed with in�ltration of 
granulocytes, lymphocytes, and other in�ammatory cells. 
In addition, meconium staining, also seen in maternal dia-
betes, may produce a green coloration of the membranes or 
a brown color if the meconium is accompanied by hemo-
siderin deposition.32 Because several pathologies may occur 
simultaneously, the best description of membrane color is 
o�en “normal” or “abnormal.” �e macroscopic evaluation 
of the maternal surface of the placenta should demonstrate 
the normal mosaic of 20–40 cotyledons. �is mosaic can be 
absent in pathologic conditions, such as vascular pathologies 
causing extensive �brin deposition. �e presence of adherent 
fresh or old blood clots dissecting the placental parenchyma 
is indicative of placental abruption. �ese features are also 
observed in placentas from patients carrying thrombophilic 
traits, maternal preeclampsia, or hypertension.

Microscopic evaluation
Placental pathology in pregnancies complicated by maternal 
diabetes varies based on physiological in�uences includ-
ing the type of diabetes, degree of dysglycemia, and insulin 
use.11,21,27 Type 1 diabetes is associated with increased cap-
illary volume and greater degrees of vascular dysfunction, 
including increased branching and nonbranching angiogen-
esis, likely the result of increased leakiness of fetal placen-
tal vessels.21,22 In addition, studies have shown that women 
with type 1 diabetes have a higher prevalence of placental 
dysmaturity while women with type 2 diabetes have a higher 
prevalence of placental infarcts.21 Compared to gestational 
diabetes, pregestational diabetes results in a greater number 
of histopathologic lesions, such as chorial edema and inter-
stitial hemorrhage,33 while gestational diabetes has been 
associated with increased �brinoid material, villous edema, 
hyperplasia, and thickening of the basement membrane.34

�e literature presents con�icting views regarding the 
degree to which maternal glycemic control a�ects placental 
histopathology. However, in a recent systematic review of the 
topic,21 several studies have shown that both pregestational 
and gestational diabetes are associated with an increased fre-
quency of placental villous immaturity, even with controlled 
glycemic levels.29,35 Other studies have found that placentas 
from women with diabetes and well-controlled glucose levels 
appeared normal when examined by routine light micros-
copy.36,37 A study of an aggregated population of women 
with pregestational or gestational diabetes strati�ed by 
glycemic control revealed that �rst-trimester “low” HbA1c 
levels (≤6.0%) were associated with more placental infarcts 
and less villous maturity compared to “high” HbA1c levels 
(>6.0%). When excluding the population of women with 
preeclampsia, only the placental infarct incidence remained 
signi�cantly di�erent between the two groups.11

Another well-documented e�ect of maternal diabetes in 
pregnancy is chorangiosis, described as the presence of 10 
or more villi with 10 or more capillaries in 10 or more low-
power microscopic �elds.29,38–43 Chorangiosis is believed to 
be a response to immature villi, another e�ect of maternal 
diabetes during pregnancy.29,44–47 Interestingly, one study 

(a) (b) (c)

Figure 11.2  Section of a normal placenta at 38 weeks gestational age (a), a placenta at 38 weeks gestational age complicated 
by maternal insulin-dependent diabetes mellitus and chronic hypertension (b and c) (hematoxylin–eosin). In (b) the villi are 
widely separated due to premature branching, and the villi have fewer capillaries and larger and more numerous syncytial knots 
(arrow and arrowhead). (c) Shows a chronic abruption with the retroplacental hematoma (arrow) with an indented and infracted 
parenchyma.



94  Pathologic abnormalities of placental structure and function in diabetes

demonstrated a difference in chorangiosis prevalence by 
race/ethnicity; white women with gestational diabetes 
had a higher rate of chorangiosis compared to nonwhite 
women with gestational diabetes.27 Villous immatu-
rity, defined as inadequate or absent terminal villi, can 
lead to relative hypoxia due to the fact that the centrally 
located villous capillaries will increase the distance oxy-
gen and nutrients need to travel from the maternal to fetal 
circulation.48

Chronic chorioamnionitis may also be present in the 
diabetic placenta. �is �nding is characterized by in�ltra-
tion of the membranes, chorionic plate, and umbilical cord 
by mature lymphocytes, plasma cells, and histiocytes.49,50 
Although chronic chorioamnionitis may be seen in the 
setting of infectious agents, other suggested mechanisms 
have included an imbalance of the systemic in�ammatory 
milieu associated with insulin resistance in gestational dia-
betes mellitus.51 In contrast to fetal acute chorioamnionitis, 
chronic chorioamnionitis is usually associated with villi-
tis of unknown etiology and cannot be evaluated via gross 
examination.52

One of the more common diseases associated with mater-
nal diabetes is hypertension. Whether pregnancy related, 
such as preeclampsia or pregnancy-induced hypertension, 
or pregestational, hypertension can cause vascular damage 
to the uterus leading to poor blood �ow to the placenta. �e 
resulting uteroplacental insu�ciency causes placental isch-
emia that is associated with infarction, chronic and acute 
abruption, and stunted placental growth. �is impaired pla-
cental growth is associated with a small organ, weighing less 
than the 10th percentile, and accelerated villous branching, 
also referred to as hypermaturity (Figure 11.2).53 In addi-
tion, hypertensive diabetic placentas have more syncytial 
knots, more vasculosyncytial membranes, smaller villi, 
centrally located villous vessels, and decreased vessels per 
villous compared to placentas from nonhypertensive dia-
betic pregnancies (Figure 11.3). Poor glucose control will 
exacerbate these �ndings and result in placentomegaly and 
macrosomia.54

Fungal placentitis, a relatively uncommon �nding, is 
also increased in the setting of maternal diabetes.55–61 �is 

pathology includes brisk funisitis or umbilical cord vasculi-
tis with peripheral umbilical cord abscesses (Figure 11.4).59 
�e presence of invasive hyphae within the Wharton’s jelly 
of the umbilical cord is thought to represent an increased 
risk for disseminated disease in the fetus, but even deeply 
invasive hyphae are usually benign.3 Consequently, it 
usually does not have signi�cant sequelae for the fetus, 
although rarely fungal placentitis can lead to overwhelm-
ing sepsis.62,63

Fungal infection may also promote umbilical cord vascu-
litis and abscess formation, also associated with acute cho-
rioamnionitis. �e abscesses typically have easily identi�able 
hyphae invading the Wharton’s jelly or super�cial hyphae 
and do not require special stains for visualization. Abscesses 
on the surface of the umbilical cord are nearly always due 
to Candida although they can be occasionally observed in 
group B β-hemolytic Streptococcal infections. When vis-
ible hyphae are absent, fungal speci�c staining such as silver 
stains should be used.

Figure 11.4  Hematoxylin–eosin section of an umbilical cord 
showing peripheral abscesses (arrow) that contain maternal 
white blood cells and abundant candidal forms (insert with 
silver stain).

(a) (b) (c)

Figure 11.3  Hematoxylin–eosin section of a normal placenta at 38 weeks gestation (a), a placenta at 38 weeks gestation with 
maternal gestational diabetes (b), and a placenta at 38 weeks gestation with insulin-dependent diabetes (c). Note the smaller villi 
in (a) have 1–3 capillaries, while those in (b) have 3–5, and in (c) have 10 or more. The villous stroma in (a) is dense and pink and 
the trophoblast has formed syncytial knots (arrow). The villous vessels are all peripheral (arrowhead). With diabetes, there are few 
syncytial knots (b and c), and the stroma is more open and clear.
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Conclusions
�e placenta in maternal diabetes is heavy, large, somewhat 
immature, and characterized by chorangiosis and vascular 
anomalies such as decidual vasculopathy. Increased vascu-
lar damage results in uteroplacental insu�ciency, reduced 
placental growth, and villous hypermaturity, a pathologic 
pro�le similar to that observed in hypertension during preg-
nancy. Placental pathologic characteristics have been shown 

to be in�uenced by the type of diabetes and degree of dys-
glycemia, but more research is required to elucidate the roles 
of demographic factors, such as race/ethnicity, and clinical 
characteristics, such as insulin use. Based on the interaction 
of these and additional genetic and environmental factors, 
increased risk for villitis, chorioamnionitis, and funisitis 
may exist. Further research into the pathology associated 
with diabetes is warranted to enhance our understanding of 
clinically relevant diagnostic and management information.
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The great obstetric syndromes: 
The roots of disease
Rinat Gabbay-Benziv and Ahmet A. Baschat

Introduction
�e term “great obstetrical syndromes” was originally 
applied to pregnancy-related disorders such as preterm 
labor, preterm premature rupture of membranes, preeclamp-
sia, spontaneous pregnancy loss, stillbirth, and abnormally 
delayed or accelerated fetal growth. All of them share a 
placental component as part of their etiology.1 �e under-
lying concept is one of multiple underlying etiologies that 
adversely interact with the maternal–fetal unit to initiate 
subclinical pathology that progresses to clinical manifesta-
tion that also results in fetal adverse outcome. �is concept 
is applicable to conditions such as gestational diabetes mel-
litus (GDM): a metabolic disease where the combination 
of maternal predisposition and placental factors results in 
progressively impaired glucose tolerance with secondary 
maternal and fetal e�ects that typically manifest in the third 
trimester.2–4 Understanding the contributory role of these 
interactions is important for prediction, screening, diagno-
sis, prognosis, and ultimately therapeutic interventions.

�is chapter aims to review the changes in maternal–
placental–fetal interface associated with normal glucose metab-
olism and the shi� to abnormal glucose metabolism up to the 
clinical threshold of GDM with an emphasis on the periconcep-
tion period, early gestation, and adaptive mechanisms through-
out pregnancy and their relationship to the evolution of disease.

Periconception interactions
�e placenta interfaces the maternal and fetal compartments, 
and in the �rst trimester, placenta-mediated maternal adap-
tations ensure preferential nutritional supply to the placenta 
and fetus. �is is achieved through a metabolic state that is 
characterized by relative increase in insulin resistance and 
anabolism,5 both are linked to the rise in human chorionic 
gonadotropin (hCG) and human placental lactogen (hPL). �is 
principal change in metabolic handling of nutrients results in 
higher postprandial glucose levels and increased placental glu-
cose utilization contributing to a rapid fall of fasting glucose 
levels accompanied by a rise in free fatty acids.6,7 While there 

is a compensatory increase in pancreatic β cells response and 
insulin secretion, the opposing e�ects of placental hormones, 
cortisol, and progesterone on metabolism remain progressive 
and prevalent so that the maintenance of placental and fetal 
nutrition prevails at the expense of maternal glycemic control. 
It is noteworthy that this metabolic pattern is ubiquitous and 
independent of maternal physical characteristics but can result 
in exaggerated metabolic e�ects in predisposed women. �e 
recognition that pregnancy is a diabetogenic state is based on 
these metabolic changes that can exceed the threshold to pre-
cipitate the development of overt GDM.

Maternal predisposition or 
hCG-mediated exacerbation?
�e damaging potential of increased glucose levels is re�ected 
by the increased rates of early pregnancy loss, placental dys-
function, maternal hypertensive disorders, and congenital 
birth defects in diabetic women with poor periconception gly-
cemic control.8–11 Catalano and colleagues compared longitu-
dinal changes in peripheral insulin sensitivity between lean 
and obese women with subsequent normal glucose tolerance 
or GDM from preconception throughout pregnancy using the 
hyperinsulinemic–euglycemic clamp technique.12,13 In these 
studies, all women experienced a 50%–60% decrease in insu-
lin sensitivity with advancing gestation. �e greater degree 
of insulin resistance that contributed to the development of 
GDM was attributable to preexisting insulin insensitivity and 
the superimposed pregnancy-related e�ect. Both lean and 
obese women who later on developed GDM had decrease insu-
lin sensitivity prior to pregnancy compared to their matching 
controls who continued to have normal glucose tolerance in 
pregnancy. �ese studies illustrate that GDM arises when the 
pregnancy-associated metabolic impacts push predisposed 
women over the threshold that constitutes normal glucose 
tolerance and that this e�ect is progressive with advancing 
gestation. �is further implies that the degree of preexisting 
vulnerability to metabolic deterioration determines the onset 
and degree of clinical disease and the potential for placental 
and fetal complications.

12
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Luoto et al.14 studied the impact of �rst-trimester dietary 
modi�cation and physical activity on the prevention of 
GDM and delivery of a large-for-gestational-age infant. In 
this study, pregnant women with at least one risk factor for 
GDM (age > 40, BMI > 25, prior GDM, prior macrosomia, 
and family history of diabetes) were recruited at 8–12 gesta-
tional weeks. Modi�cation of physical activity was initiated 
at recruitment and dietary consult started at 16–18 gesta-
tional weeks. �e study demonstrated that the interventions 
had an impact on infant birth weight but failed to reduce 
the rate of GDM. �is provides further evidence that therapy 
does not prevent the development of GDM but can reduce 
the consequences of the condition.

Interaction with placental 
development
�e placenta has many roles. Other than being a selective 
barrier between the maternal and fetal circulations that is 
capable of controlling nutrient and gas exchange, it also has 
immune and endocrine functions. �e conditions that con-
tribute to the development of the great obstetrical syndromes 
exert their e�ects in part by interfering with normal placen-
tal development that sets the stage for the development of 
pregnancy-related hypertensive disease, preterm delivery, 
stillbirth, abruption, and disrupted fetal growth.3

GDM is associated with maternal and fetal short-term 
and long-term complications. Well-recognized complica-
tions are the increased risk for type 2 diabetes for the mother 
and accelerated growth for the fetus. Although less com-
mon, but not less important are fetal adverse outcomes such 
as stillbirth, delivery complications attributable to macro-
somia, and neonatal metabolic complications. Late-onset 
metabolic complications for the o�spring are associated 
with endothelial/vascular dysfunction that may later cause 
obesity, hypertension, type 2 diabetes mellitus, and meta-
bolic syndrome. At least some of these complications may be 
related to aberrant placental structure or function caused by 
the metabolic milieu of the diabetic mother.

An important question is how early in gestation can 
placental changes related to diabetes be seen. Following 
fertilization, placentation is initiated when the trophoblast 
develops as a cell area that is distinct from the inner cell 
mass that will form the embryo. �e progenitor cytotropho-
blast cell is the stem cell of the placenta. �ese cells prolifer-
ate throughout gestation, di�erentiating along two pathways 
to form villous cytotrophoblast that ultimately will become 
either syncytiotrophoblasts (outer cellular layer) or extravil-
lous cytotrophoblasts (inner cellular layer). �e syncytiotro-
phoblast has several functions, including transport of gases, 
nutrients, and waste products and synthesis of peptide and 
steroid hormones that regulate placental, fetal, and maternal 
systems. �e extravillous trophoblast (EVT) has a prolifera-
tive component and an invasive component. Invasive EVT 
that invades the decidua is called interstitial EVT, whereas 
EVT that invades and remodels the spiral arteries is called 
the endovascular EVT. Endovascular invasion (intramural 

or intra-arterial) results in displacement of vascular smooth 
muscle and endothelial cells and transforms the narrow spi-
ral arteries into a low-resistance high-capacity vascular bed.

Diabetic placenta
�e term GDM encompasses all women �rst discovered in 
pregnancy and accordingly by itself does not distinguish 
between diabetes exclusively precipitated by pregnancy from 
preexisting type 2 diabetes incidentally discovered during 
pregnancy. In fact, in 30%–40% of women with GDM, the 
diagnosis is made prior to 20 weeks of gestation,15,16 increas-
ing the likelihood that there is an overlap with preexist-
ing type 2 diabetes. In principle, the disruption of normal 
placental development is most profound if it occurs early 
in gestation. Because early disruption of development occurs 
at a time when structural development, especially of the 
vasculature, is still incomplete, structural and functional 
placental dysfunction may ensue. In comparison, later devel-
opment of abnormal glycemic status is more likely to a�ect 
the functionality of the placenta. �e relationship between 
the degree of glycemic control and placental changes remains 
unclear. While some studies support the concept that the 
degree of damage is proportional to the degree of hypergly-
cemia, others have shown that even in tight glycemic control 
there are still histological di�erences in the diabetic placen-
tas compared to the nondiabetic ones.17–19

Macroscopically, the diabetic placenta is character-
ized by increased size and weight resulting in an increased 
placental-to-fetal-weight ratio.20–25 �ese changes are pro-
portional to the degree of hyperglycemia and suggest that in 
the diabetic environment, the placenta grows �rst and then 
contributes to accelerated fetal growth by increased glucose 
as well as other nutrient transfer.

Microscopically, a number of lesions have been found in 
increased frequency in placentas of diabetic women compared 
to controls. Villous �brinoid necrosis, a condition where vil-
lous stroma is replaced by �brinoid material, and villous 
immaturity with a decreased formation of terminal villi are 
observed. �ese changes may a�ect maternal–fetal nutrient 
delivery and gas exchange and accordingly may be precur-
sors to otherwise unanticipated fetal complications such as 
stillbirth.26,27 Chorangiosis and vascular hyperplasia of the 
chorionic villi are de�ned as the occurrence of 10 or more villi 
with 10 or more capillaries in 10 or lower-power microscopic 
�elds and may be a result of increased vascular recruitment 
that occurs with placental overgrowth. Infarction of 10% or 
more of the placenta and evidence of ischemia (Tenney–Parker 
changes) resulting in increased maturation of branching villi 
and increased numbers of fetal nucleated red blood cells as a 
marker of chronic fetal hypoxemia are also more commonly 
seen in the placentas of diabetic women.

Jones et al.28 suggested that even optimal glycemic con-
trol cannot abolish the placental e�ect as they have observed 
various degrees of changes in the syncytiotrophoblast, 
cytotrophoblast, trophoblastic basement membrane, and 
fetal vessels in six out of seven women with all ranges of 
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diabetic severity. Madazli et al.17 compared the histology of 
22 placentas from women with well-controlled GDM to 22 
placentas from nondiabetic women that served as control. 
�ey found a sixfold increase in villous immaturity and 
chorangiosis and a threefold increase in ischemic changes 
in the placentas of women diagnosed with GDM. �ese 
�ndings were con�rmed by the study of Daskalakis et al.,20 
which examined a large number of placentas by a pathologist 
that was blinded to the maternal glycemic status. �is study 
showed that GDM was associated with villous immaturity, 
chorangiosis, villous �brinoid necrosis, and nucleated red 
blood cells regardless of the maternal glycemic status.

Collectively, these studies document that the glyce-
mic control can have profound impacts on many critical 
developmental and functional aspects of the placenta. 
Interference with angiogenesis sets the stage for maternal 
hypertensive disorders. �e placenta that is subjected to 
the opposing stimuli of glucose-mediated growth accel-
eration and decrease in vascular development is at risk 
for local ischemic changes. �e increased intervillous 

di�usion distance of immature villi and the placental size 
to perfusion mismatch may predispose the fetus to sud-
den changes in gas and nutrient exchange. Accordingly, 
the placenta “becomes its own enemy” by initiating the 
sequence that leads from altered glycemic status to placen-
tal dysfunction. Understanding these pathways in greater 
detail will become important in modifying this sequence 
of events.

Conclusions
GDM can be regarded as one of the great obstetric syn-
dromes where early placental development coupled with 
maternal predisposition initiates a chain of events that 
a�ects placental, maternal, and fetal development with 
lasting impacts on mother and child. Understanding the 
pathways that mediate these e�ects to greater detail will 
be required to develop e�ective screening, prevention, and 
management approaches.
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Placental origins of diabesity 
and the origin of preeclampsia
Gernot Desoye and Berthold Huppertz

Introduction
�e placenta is a fetal organ that early in gestation rap-
idly develops through a series of essential steps. �ese 
encompass

●● Anchoring of the placenta to the maternal decidua
●● Opening of uterine glands to enable nutrient supply of 

the embryo during the �rst trimester of pregnancy, prior 
to onset of maternal blood �ow

●● Subsequent opening of spiral arteries to increase oxygen 
and nutrient supply to the fetus starting with the begin-
ning of the second trimester

●● Establishing villous structures and the �rst primi-
tive vascular plexus within the placenta independent of 
vasculogenesis within the embryo proper

Given the necessity to rapidly establish the uteroplacen-
tal vascular connection as well as the vasculature between 
embryo and placenta and because of the complex nature 
of the biological processes driving implantation, placenta-
tion, and embryo development, early gestation is a period 
of high vulnerability of both the placenta and embryo. 
Although tightly controlled by a variety of mechanisms, 
each of these processes can malfunction, which in cer-
tain situations may lead to impaired placental function 
later in pregnancy, which could manifest in pregnancy 
conditions such as preeclampsia and/or fetal growth 
restriction (FGR).

Its localization between the maternal and fetal blood 
systems makes obvious the essential contribution of the 
placenta to the fetal environment and thus fetal growth and 
development by mediating transfer of maternal nutrients. 
As the placenta is exposed to changes in both the maternal 
and the fetal circulation, one can expect that placental struc-
ture and function are altered in pregnancy conditions asso-
ciated with changes in the maternal environment such as in 
maternal diabesity.

This chapter will discuss the intense interplay 
between the mother and fetus and the role of the placenta 
as mediator. Maternal changes may lead to placental 

changes, which are essential for determining the fetal 
phenotype in maternal diabesity, while intrinsic pla-
cental changes may determine the maternal phenotype 
(preeclampsia) and/or the fetal phenotype (FGR). All of 
these changes will have long-term consequences for the 
fetus and childhood development as well as maternal 
health later in life.

Diabesity
Diabetes and obesity share several features such as insulin 
resistance, dyslipidemia, and in�ammation. �e term “dia-
besity” was coined to re�ect these commonalities. �e prev-
alence of diabesity is increasing dramatically.1,2 Especially 
alarming is that the percentage of overweight or obese chil-
dren is now above 20% in Europe.3 �erefore, childhood 
obesity is one of the greatest current challenges.4 It leads to 
an increasing number of individuals developing type 2 dia-
betes mellitus (T2DM) and other metabolic diseases early in 
life5 and therefore has become of considerable public health 
concern.3 Childhood obesity in girls increases their risk to 
develop diabesity prior to or within their pregnancy giv-
ing birth to o�spring with again a higher risk for develop-
ing diabesity later in their life, creating a self-perpetuating 
situation.

�e rise in the prevalence and severity of early-life dia-
besity has a multifactorial background, where complex 
interactions between genetic and environmental factors 
contribute.6 �ese interactions are dynamic with a strong 
e�ect during critical periods of development in prenatal and 
early postnatal life. �e �rst mechanistic principle of this 
environment-dependent programming with a long-term 
impact on health later in life was postulated in the 1970s of 
the last century.7 Since then, more detailed concepts have 
been developed trying to explain the association between 
later disease risk and fetal overnutrition (“fuel-mediated 
in utero hypothesis”), fetal undernutrition and postna-
tal overnutrition (“mismatch hypothesis”), and postnatal 
overnutrition (“accelerated postnatal growth hypothesis”).8 
Recently, a unifying concept has been proposed.9 All these 

13
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concepts ultimately explain why and how diabetes and/or 
obesity may develop later in life.

A key role is attributed to the intrauterine environment, 
in which the fetus grows and develops. �is intrauterine 
environment is characterized and determined by the con-
centrations of principle nutrients, cytokines, growth factors, 
and hormones.

Placenta in diabesity
How the placenta integrates maternal and fetal exposures10 
has been the subject of several reviews.11–24 It is unclear 
whether any of these placental changes are causally linked 
with the fetal and neonatal phenotype of pregnancies in 
diabesity. �erefore, we will focus on the speci�c con-
cept that fetal and neonatal insulin plays a central role in 
determining the neonatal phenotype25 and represents the 
mechanistic link with childhood diabesity and associated 
comorbidities.26 By emphasizing on the maternal and fetal 
glucose/insulin axis and its e�ects on placenta and fetus, we 
will explain the fetal phenotype and some aspects of intra-
uterine programming of childhood obesity in the wake of 
maternal diabesity.

The fetus/neonate in maternal diabesity
A growing body of evidence shows that the major di�erence 
in the neonatal phenotype between normal and diabetic/
obese pregnancies is the fetal body composition indepen-
dent of birth weight. While the fat-free mass is unaltered, 
neonates of diabesity pregnancies contain more fat. �ese 
di�erences are found even when born in the appropri-
ate-for-gestational-age range (between the 5th/10th and 
90th birth weight percentile).27–30 Interestingly, gestational 
diabetes mellitus (GDM) and maternal obesity are inde-
pendent risk factors for neonatal body fat and contribute 
additively.31

�e relative body fat of the neonate associates with that 
of the o�spring at age 9 years, whereas total body weights 
do not associate.32 �is reinforces the concept that the 
number of adipocytes for a human being is determined 
very early in the life cycle if not already in utero.33 �e tra-
jectory of adipocyte number cannot be changed not even 
when weight, i.e., fat, is lost. �us, once the growing fetus 
has developed more adipocytes in the wake of the diabesity 
environment, then the neonate may be strongly disposed 
to remain on this trajectory and have more adipocytes also 
in childhood.

According to the well-established Pedersen hypothesis, 
maternal hyperglycemia will lead to fetal hyperglycemia. As 
a result, fetal islets will become hypertrophic and hyperse-
crete insulin.34

�e hyperinsulinism may not only be the result of fetal 
hyperglycemia, because some amino acids such as arginine 
can also stimulate insulin secretion, especially from the 
overactive fetal pancreas as in maternal diabetes.35

Transplacental transport of nutrients 
in diabesity
Insulin secretagogues
�e placenta is richly endowed with glucose transporters 
foremost with GLUT1,36 which are dynamically regulated 
across gestation.37 �ese confer a high glucose transport 
capacity, which only becomes saturated at a maternal–fetal 
glucose concentration di�erence of 20–25 mM d-glucose.38 
�is overcapacity to transport glucose renders the placenta 
relatively insensitive to glucose transporter changes as they 
may occur in diabesity39 induced by hyperglycemia40,41 and 
other components of the intrauterine environment.42 In fact, 
direct measurements of maternal-to-fetal glucose transfer 
in placentas from normal and gestational diabetic pregnan-
cies did not �nd di�erences.43–45 �us the placenta per se 
does neither limit nor promote glucose �ux at least at the 
end of gestation. �e amount of glucose reaching the fetal 
circulation is thus dictated by its maternal–fetal concentra-
tion gradient with some contribution of uteroplacental and 
fetoplacental blood �ow.46

Arginine uptake into various placental cells has been stud-
ied, because of its precursor role for NO biosynthesis. Glucose 
as well as insulin is capable of stimulating arginine uptake 
into a trophoblast model cell line,47 which may suggest altera-
tions associated with maternal diabetes mellitus. However, 
trophoblast uptake does not necessarily correspond with 
overall transfer. �ere are no data available on transplacental 
arginine transport and potential changes in maternal diabetes 
mellitus. Arginine concentrations in the maternal circulation 
are higher in diabetes mellitus as compared to nondiabetic 
pregnancies, and this likely leads to an increase in the fetus. 
�is increase must be transient, because fetal steady-state 
concentrations of arginine are unchanged in diabetes.48 �e 
transient rise in fetal arginine elicits a pancreatic response as 
re�ected by elevated insulin levels.49 �is response is, how-
ever, limited to diabetic pregnancies, which is an indication 
of the accelerated β-cell maturation under the conditions of 
permanent overstimulation by glucose and perhaps arginine.

Lipids
�e augmented fat accretion in o�spring born to diabetes 
or obesity pregnancies has sparked interest in the question 
whether there is an increased transfer of lipids across the pla-
centa under these conditions to contribute to the buildup of 
fetal fat depots.50,51 Lipids are a complex class of molecules 
most of which contain fatty acids as esters such as triglyc-
erides (TGs), phospholipids, and cholesterol esters. �ese 
in turn are building blocks for lipoproteins, in which more 
than 95% of fatty acids are bound.

�e lipoproteins have to be hydrolyzed by lipases to release 
fatty acids, which is the lipid moiety transported to the fetus. 
For topological reasons, these lipases have to be located on 
the microvillous membrane of the syncytiotrophoblast. For 
most fatty acids, a maternal–fetal concentration gradient 
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exists, and hence, free fatty acids may traverse the placenta 
by simple di�usion, but an intermediate esteri�cation of free 
fatty acids to TGs within the placenta may occur, followed 
by lipolysis and release into the fetal circulation. Lipid stores 
in the placenta are elevated in diabesity.52,53 It is unknown 
whether this a�ects overall fatty acid transfer.

Endothelial lipase (EL), a close relative of lipopro-
tein lipase (LPL), was recently identi�ed on the microvil-
lous syncytiotrophoblast membrane at the end of gestation 
(Figure  13.1), whereas LPL was found in cells subjacent to 
the fetoplacental endothelium.54 EL is upregulated in placen-
tas from obese women with GDM, but unchanged in placentas 
from lean GDM cases.55 �is suggests that metabolic in�am-
mation together with diabetic conditions accounted for 
dysregulation of EL in pregnancies complicated by obesity 
and GDM. TNF-α and leptin, both in�ammatory cytokines 
o�en elevated in diabesity, are putative key regulators of EL.

A�er hydrolysis and release of fatty acids, they have to 
be transported across the placenta to ultimately reach the 
fetal circulation. �e transport will be accomplished by a 
range of fatty acid transporters present on the surface and 
of fatty acid–binding proteins in the cytoplasm of placental 
cells.56–58 Each of these has a di�erent preference for the vari-
ous individual fatty acids and may be subject to regulation 
by distinct changes in the diabesity environment.59,60

Notwithstanding the presumed key role of EL in hydro-
lyzing maternal lipoproteins on the placental surface and 
the fatty acid transporters for transplacental movement of 
fatty acids, it is unclear whether total placental EL activity or 
the transporter activity is the limiting and therefore deter-
mining factor for overall fatty acid transport. Moreover, it 

is also unknown whether overall transfer of the lipoprotein-
borne fatty acid is altered in diabesity.

Effect of fetal hyperinsulinism
Fetal hyperinsulinism as it o�en occurs in diabesity has sev-
eral e�ects, which may not only help sustain fetal develop-
ment and growth but also mediate long-term consequences 
associated with intrauterine exposure to the diabesity envi-
ronment (Figure 13.2).

Fetal metabolism and uptake of glucose and fatty acids
Glucose uptake into fetal tissues is stimulated by hyperin-
sulinism as re�ected by a higher glucose disappearance rate 
(“k-value”) in newborns of diabetic as compared to nondia-
betic pregnancies.34 �e insulin-stimulated glucose uptake 
will transiently decrease glucose levels in the fetal circulation, 
thereby steepening the maternal–fetal glucose concentration 
gradient with ensuing increased glucose �ux across the pla-
centa until steady-state concentrations will be reached. At 
this stage, the amount of glucose passing from mother to 
fetus is independent of the maternal glucose level and dic-
tated by the fetus. Whether a similar mechanism exists also 
for fatty acids is unknown. When fatty acid pro�les were 
measured in the cord blood of newborn from gestational 
diabetic and nondiabetic pregnancies, then lower proportion 
of polyunsaturated fatty acids were found in gestational dia-
betic newborn but only in the arterial and not in the venous 
cord blood. All other fatty acids were similar.61 �is would 
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indicate that the newborn takes up polyunsaturated fatty 
acids, which are needed in particular for the development of 
the retina and the brain, and this uptake may be under the 
regulation of fetal insulin. Insulin also stimulates TG forma-
tion in the fetal liver and in the white adipocytes.

Fetal hypoxia
�e insulin-stimulated glucose uptake into peripheral tissues 
and, in the presence of hyperglycemia, also into the liver is 
accompanied by enhanced aerobic glucose metabolism gen-
erating an increased demand for oxygen. At the same time, 
maternal and placental oxygen supply is impaired, because 
of more maternal hemoglobin being present in the glyco-
sylated form and thickening of the basement membrane of 
the syncytiotrophoblast. Occasionally, this is aggravated by 
reduced uteroplacental and fetoplacental blood �ow. Overall 
this will lead to an imbalance of oxygen demand and supply 
and chronic fetal hypoxia. A reduction in umbilical oxygen 
saturation and oxygen content,62 enhanced erythropoiesis,63 
and elevated cord blood erythropoietin levels64 are o�en 
manifestations of inadequate oxygen supply.

Placental vascularization
�e placenta as a fetal tissue receives fetal signals and adapts 
its development and function according to fetal needs. �is 
explains why the placenta is o�en hypervascularized in 
maternal diabetes.13 Corresponding data for maternal obe-
sity are missing. Mechanistically, low oxygen levels may 
upregulate hypoxia-sensitive proangiogenic factors such as 
�broblast growth factor 2, which promotes sprouting angio-
genesis and is increased in the placenta and fetal cord blood 
in diabetic pregnancies.65,66 Fetal insulin may also be capable 
of directly stimulating placental angiogenesis at least at the 

end of gestation, when its levels in the umbilical cord are 
associated with the capillary surface area.20,67 In vitro exper-
iments using primary human fetoplacental endothelial cells 
also demonstrated insulin stimulation of several pathways 
involved in angiogenesis.68,69

Fetal hypothalamus
�e human brain contains insulin receptors in various 
regions.70 During fetal development, insulin binding to brain 
receptors increases as the fetus grows, i.e., with advancing ges-
tational age.71 One of the sites in the brain susceptible to insu-
lin action is the hypothalamus. Insulin exerts neurotrophic 
functions and contributes to the organization of neuronal 
networks during critical periods of hypothalamic develop-
ment.72–74 �us, fetal hyperinsulinism is likely to a�ect the 
development of hypothalamus. Indeed in rat experiments, 
fetal hyperinsulinism was accompanied by increased insu-
lin concentrations in the immature brain75 with subsequent 
permanent dysplasia and neuronal hypotrophy of the ventro-
medial hypothalamic nucleus.9 �e prolonged intrauterine 
exposure to high insulin levels ultimately induces hypotha-
lamic insulin resistance. Since insulin also serves as satiety 
signal, this may contribute to neonatal overfeeding observed 
in some mother–o�spring pairs. Most recently, maternal 
hyperglycemia during an oral glucose tolerance test (oGTT) 
was associated with slower fetal brain responses.76

Conclusions
Collectively, fetal hyperinsulinism associated with mater-
nal diabesity not only modi�es the classical peripheral 
insulin-sensitive tissues but also has a broad spectrum of 
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central e�ects (Figure 13.2). �ese e�ects have been postu-
lated to contribute to the permanently increased disposition 
to adiposity and associated comorbidities such as T2DM.9 
Conceptually, this links the placenta and its absence of 
mechanism to protect the fetus from nutritional overload 
associated with diabesity, with the medium- to long-term 
o�spring risk for diabesity, and may help explain the trans-
generational transmission of diabesity risk.

Origin of preeclampsia
De�nition of preeclampsia
Since the cause, development, and etiology of preeclampsia are 
still far from being clear in a variety of aspects, the syndrome 
of preeclampsia remains a topic that generates new hypoth-
eses and new research data on a weekly basis. Although the 
real origin of preeclampsia is still a mystery, it is generally 
accepted that the placenta rather than the fetus is mandatory 
for this syndrome to develop. Hence, preeclampsia is based 
on a dysregulation of the placenta, which in turn leads to the 
maternal symptoms that de�ne preeclampsia. Here, the inter-
play between factors released from a dysfunctioning placenta 
on one hand and the maternal response on the other hand is 
based on the susceptibility of the mother to placenta-derived 
factors. �is complex interplay �nally de�nes whether or 
not a pregnant woman develops preeclampsia. Furthermore, 
time of onset, severity, and progression of preeclampsia into 
eclampsia all depend on this interaction between the mother 
and placenta. �us, even if the origin of preeclampsia lies 
within the placenta, the interactions between the fetus, pla-
centa, and mother need to be taken into account to de�ne the 
factors crucial for the onset of maternal symptoms.

Preeclampsia is speci�c for pregnancy, de�ned as occur-
ring a�er 20 weeks of gestation and is characterized by the 
onset of proteinuria and hypertension in a woman with 
so far normal blood pressure.77 Proteinuria is de�ned as 
≥0.3 g protein in 24-hour urine, or 0.1 g/L (>2+ on dipstick), 
while hypertension is de�ned as systolic blood pressure of 
≥140 mmHg and/or diastolic blood pressure of ≥90 mmHg.77 
Additionally, multiple features on top of proteinuria and 
hypertension may occur and are mostly restricted to the 
more severe types of the syndrome, including cerebral or 
visual disturbances, headache, nausea and vomiting, epi-
gastric or right upper quadrant pain, pulmonary edema 
or cyanosis, oliguria (less than 500 mL urine in 24 hours), 
impaired liver function, and thrombocytopenia.77

�e only cure for preeclampsia is still the delivery of the 
baby (and hence the placenta). So far there is no e�ective 
interventional treatment to prevent or even treat preeclamp-
sia. Hence, there is the danger for a woman su�ering from 
preeclampsia to progress into eclampsia, a life-threatening 
exaggeration associated with tonic–clonic seizures, stroke, 
and death.

Preeclampsia is one of the major reasons for maternal, fetal, 
and neonatal mortality and morbidity, and worldwide pre-
eclampsia a�ects about 2%–8% of all pregnancies, especially 
in developing countries.77,78 Here, preeclampsia accounts for 

10%–15% of maternal deaths, 12% of infants born SGA (small 
for gestational age), and up to 25% of stillbirths and neonatal 
mortality rates.79 Although preeclampsia is pregnancy spe-
ci�c, it has been shown to have long-term consequences for 
those women who experienced preeclampsia. Such women 
are at increased risk of a variety of diseases including chronic 
hypertension, diabetes mellitus, ischemic heart disease, cere-
brovascular disease, kidney disease, thromboembolism, 
hypothyroidism, and even impaired memory.80

Strati�cation of preeclampsia
During the last decade, e�orts have been undertaken to strat-
ify preeclampsia into various subtypes and trying to de�ne 
groups that are more homogeneous in terms of severity, 
marker expression, and onset of symptoms. One approach 
used blood pressure values to di�erentiate between a mild 
form of preeclampsia (systolic blood pressure between 140 
and 160 mmHg and/or diastolic blood pressure between 90 
and 110 mmHg) and a severe form of the syndrome (systolic 
blood pressure ≥160 mmHg and/or diastolic blood pressure 
≥110 mmHg). Another approach has used gestational age to 
de�ne an early-onset type (before 34 weeks of gestation) and 
a late-onset type (a�er 34 weeks of gestation).81

�e latter approach in combination with other studies has 
led to the idea that the early-onset type of preeclampsia is 
completely di�erent to the late-onset type of the syndrome. 
At the same time, it has to be stressed that the maternal symp-
toms of both types are identical and that mild and severe cases 
of preeclampsia can be found in both types. �e major di�er-
ence between the two types—besides the di�erent gestational 
age at onset—is the large overlap with FGR in the early-onset 
group82 (Figure 13.3). Hence, the features of preeclampsia per 
se are quite similar in both groups—if the other conditions 
that cluster around the diagnosis of preeclampsia and that 
lead to adverse outcomes are not taken into account.83 Today, 
the notion whether or not the two subtypes are di�erent in 
terms of their origin is still discussed controversially.

Late-onset type of preeclampsia
Worldwide most of the preeclampsia cases (80% and more84) 
can be attributed to the late-onset type. �e onset of symp-
toms of such cases occurs at a gestational age around the 
normal time of delivery (≥37 weeks of gestation), with most 
of the neonates showing normal growth without any signs 
of growth restriction (Figure 13.3). Also the placenta mostly 
does not show any gross morphological changes and displays 
normal values for volume and weight. Blood �ow from the 
mother toward the placenta as assessed by uterine artery 
blood �ow and blood �ow from the fetus toward the placen-
tas as assessed by umbilical artery blood �ow are mostly nor-
mal in those cases of late-onset preeclampsia as well.

Hence, it seems as if the late-onset type of preeclampsia—
although originating from factors derived from the placenta—
is a syndrome that only a�ects the mother rather than the 
fetus. Also, pregnancies with an enlarged mass and/or surface 
of the placenta, such as in diabetes mellitus, multiple preg-
nancies, anemia, or high altitude, tend to have an increased 
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risk to develop the late-onset type of preeclampsia.85 Here 
the question arises whether there needs to be a dysregula-
tion of placental development at all to cause this type of 
preeclampsia. �ere may well be cases where an increased 
maternal susceptibility in combination with an inadequate 
maternal response to placenta-derived factors could lead to 
preeclampsia without any dysfunctional placental deteriora-
tion.82 However, respective data are missing.

Early-onset type of preeclampsia
Di�erent to the late-onset type of preeclampsia, the early-
onset type of the syndrome only develops in a small propor-
tion of all preeclampsia cases, in 5%–20%84 (Figure 13.4). 
Early-onset preeclampsia only a�ects 1 in 200 pregnancies; 
however, at the same time, it is responsible for the majority of 
fetal and maternal morbidity and mortality in the developed 
world that are related to preeclampsia.86

It is not only the gestational age at the onset of symptoms 
that makes the early-onset type di�erent to the late-onset 
type. �e early-onset cases are mostly associated with growth 
restriction of the fetus. �is is why the early-onset type is rec-
ognized as showing features not present in the late-onset type. 

However, features thought to be speci�c for early-onset pre-
eclampsia such as changes of blood �ow within the maternal 
uterine arteries or even abnormal blood �ow in the umbilical 
arteries are regular �ndings in cases with pure FGR.

Hence, a dispute arose whether these �ndings are directly 
related to early-onset preeclampsia or whether there is an over-
lap of two independent syndromes, FGR and preeclampsia.82 
From a clinical point of view, this dispute is of no relevance. 
In a clinical setting, it is important to do the best for both, 
mother and child. Here it does not play a role whether there 
are two independent syndromes or just one with features of 
both. However, scienti�cally it indeed plays an important 
role since only a clear demarcation between FGR and pre-
eclampsia will help to identify the origins of both syndromes.

De�nition of FGR
FGR a�ects 5% of all pregnancies and is one of the leading 
causes of perinatal mortality and morbidity.87–89 In litera-
ture, several terms are used in parallel, leading to massive 
confusion. �e terms fetal growth restriction and intrauter-
ine growth restriction (IUGR) are synonymous and can be 
used to describe the same issue: a fetus who has not been 

Early and late onset preeclampsia

Abnormal placentaNormal placenta

Predisposed mother Predisposed mother

Severe
Preeclampsia

Mild or severe
Preeclampsia

++
Abnormal placenta

Normal mother

Normal placenta

Normal mother

Mild or severe
Preeclampsia

Normal outcome

+ +

Higher risk of woman later in lifeNormal risk of woman later in life

Figure 13.3  Origin of preeclampsia. Representation of a very simpli�ed scheme showing the players and combinations leading to 
preeclampsia. While the combination of a normal mother with a normal placenta should end in a normal outcome, all of the other 
combinations may result in preeclampsia. If one player is normal, the syndrome may be mild or severe, while the combination of 
both being abnormal or predisposed mostly results in severe cases of preeclampsia. In these scenarios, a predisposed mother will 
also carry a higher risk for, e.g., cardiovascular diseases later in life.
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Figure 13.4  Early-onset versus late-onset preeclampsia. Schematic representation of the length of pregnancy in weeks (0–40) with 
two speci�c time points: 20 weeks of gestation as the start of clinical symptoms of preeclampsia (per de�nition) and 34 weeks to 
discriminate between early-onset (prior to 34 weeks) and late-onset (after 34 weeks) preeclampsia. The two types of preeclampsia and 
fetal growth restriction (FGR) are further characterized by their occurrence rates in all preeclampsia and FGR cases (% values) and 
also by their massive overlap in early-onset cases and their negligible overlap in late-onset cases. In late-onset cases, it is still very dif-
�cult to achieve a clear distinction between FGR and small-for-gestational-age cases without growth restriction.
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able to achieve its growth potential.90 �ese two terms (fetal 
growth restriction and intrauterine growth restriction) are 
regularly mixed with the term small for gestational age and 
are even used as synonyms. However, fetuses who are SGA 
are de�ned being born below a certain growth percentile 
(e.g., below the 10th percentile). Not all of such fetuses are 
also growth restricted since there are fetuses with a normal 
growth trajectory but who are constitutionally small while 
otherwise normal.89,90 Ott has calculated that of 100 SGA 
babies with a growth below the 10th percentile, only 30 are 
growth restricted and hence are FGR.91

Furthermore, FGR can also appear with a baby being born 
above the 10th percentile. In such cases, the growth trajec-
tory of a fetus did not remain constant over the duration of 
pregnancy but rather massively declined (e.g., from the 70th 
percentile to the 30% percentile). Also such newborn babies 
are growth restricted without being SGA.90,92

Features of preeclampsia and FGR
�e clinically relevant features of early-onset preeclamp-
sia (excluding hypertension and proteinuria of the mother) 
may be caused by preeclampsia or may be the features of the 
overlying syndrome FGR.82 �is deleterious combination of 
early-onset FGR and early-onset preeclampsia dramatically 
increases the risk for both, mother and baby. �is is why 
these cases are highly relevant for clinical intervention.

�e idea that there are two overlapping syndromes rather 
than a single syndrome with both features is supported by a 
variety of studies and data:

	1.	 In cases with preeclampsia, the placenta does not dis-
play any gross morphological changes and also shows 
normal values for volume and weight. Of course, a 
macroscopically normal placenta does not necessar-
ily re�ect a histologically and functionally normal pla-
centa. Looking into the morphology of the placenta, 
also here preeclampsia has only modest e�ects, if at all. 
�ere have been a number of variables that have been 
quanti�ed using stereological techniques, including 
placental weight and volume, length, diameter, volume 
and surface area of villi, villous components and vascu-
lature,93–95 and villous domains and intervillous pores.96 
All of the aforementioned measures were not di�erent 
between healthy control placentas and those from pre-
eclampsia cases (without FGR). In the presence of FGR, 
these measures were signi�cantly di�erent, whether or 
not such cases were further su�ering from preeclampsia.

	2.	 Studies predicting preeclampsia and/or FGR using Doppler 
ultrasound to assess blood �ow in uterine arteries showed 
that again it is FGR rather than preeclampsia that is the 
e�ective component here. Nicolaides et al.97 have assessed 
uterine artery blood �ow between 11 +0 and 13 +6 weeks 
by Doppler ultrasound. �ese authors were able to calcu-
late a detection rate for early-onset preeclampsia of only 
40% at a 10% false-positive rate.97 Pilalis et al.98 used a simi-
lar approach and assessed uterine artery blood �ow using 

Doppler ultrasound between 11 and 14 weeks of gestation. 
�ese authors were able to calculate a sensitivity to predict 
early-onset preeclampsia of only 33.3%, while the sensitiv-
ity to predict all cases of preeclampsia (early and late onset) 
further decreased to 21%. At the same time, the sensitivity 
to predict early-onset FGR was 100% using the same pool 
of women.98

Etiology of preeclampsia
�e etiology of preeclampsia is still unclear, but as described 
earlier, the placenta is essential. Without the placenta, pre-
eclampsia does not develop. Only the presence of at least one 
of the two, defective placenta and/or a predisposed mother, 
may result in preeclampsia.82

Even today it is more than di�cult not only to exactly 
de�ne the syndrome of preeclampsia but also to de�ne the 
individual that is responsible for the development of the 
syndrome (mother or fetus). �us, preeclampsia may derive 
from at least three di�erent combinations of mother and 
fetus/placenta (Figure 13.5).

Cases with a normal placenta and a predisposed mother
Here the mother su�ers from an inadequate response system 
and may simply be overloaded by the normal release of fac-
tors from the placenta. Today, a number of factors leading to 
predisposition are de�ned as risk factors to increase the risk to 
develop preeclampsia including chronic hypertension or renal 
disease.

Preeclampsia and FGR
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Higher risk of woman
later in life
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Figure 13.5  Combinations of fetal growth restriction (FGR) 
and preeclampsia. As described earlier,82 preeclampsia could 
be derived from a dysfunctional villous trophoblast, while FGR 
could be derived from a maldeveloped extravillous tropho-
blast. The combinations of these defects in a single placenta 
determine whether only preeclampsia, only FGR, or the com-
bination of both develops. This may have direct effects on fetal 
growth and outcome, changes in biomarkers such as angio-
genic factors, and long-term effects on the mother or offspring.



References  107

�e overload of the maternal system may develop slowly 
resulting in normally grown babies (no FGR), clinical 
symptoms appearing mostly late in pregnancy (late-onset 
preeclampsia), and the absence of changes of predictive 
angiogenic markers such as PlGF and sFlt-1 prior to the 
onset of symptoms.99

Such women may well be the ones who su�er from a 
higher risk to develop cardiovascular diseases later in life.

Cases with a dysfunctioning placenta and a normal 
mother
Here, it seems as if mostly the villous syncytiotrophoblast is 
a�ected, releasing factors systemically harming the mater-
nal vascular system during pregnancy �nally leading to the 
clinical symptoms of preeclampsia. �e syncytiotrophoblast 
does no longer release most of the factors by controlled secre-
tion and apoptotic shedding. Rather, necrosis and aponecro-
sis82,100,101 result in the release of subcellular fragments and 
micro- and nanoparticles102,103 systemically a�ecting the 
maternal endothelium.104

�e normal maternal system may resist any deleteri-
ous changes for a longer time period, and hence clinical 
symptoms may develop only later in pregnancy (late-onset 
preeclampsia) and in the absence of changes of predictive 
angiogenic markers such as PlGF and sFlt-1.99 Also the 
fetus may develop into a normally grown baby (no FGR).

�e mother may recover completely a�er delivery without 
any further long-term e�ects.

Cases with a maldeveloped and dysfunctioning placenta 
and a predisposed mother
�ese are the most severe cases since the combination of 
both defects will de�nitively increase the severity of the 
symptoms of the mother.

A small proportion of these maldeveloped placentas may 
only show alterations of the syncytiotrophoblast. In those 
cases, the villous syncytiotrophoblast is a�ected and releases 
factors by necrotic and aponecrotic shedding, subsequently 
a�ecting a maternal system that is already impaired. �e over-
load of the maternal system will develop fast, and hence clinical 

symptoms will appear early in pregnancy (early-onset pre-
eclampsia) with no e�ect on the growth of the fetus (no FGR) 
and the absence of changes in predictive angiogenic markers.

However, a larger proportion of these maldeveloped pla-
centas may also show defects in extravillous trophoblast 
development and hence may additionally result in impaired 
trophoblast invasion.105 In those cases, the villous syncy-
tiotrophoblast is a�ected and releases factors by necrotic 
and aponecrotic shedding, while the maldevelopment of 
the extravillous trophoblast will alter maternal blood �ow 
toward the placenta106 subsequently impairing fetal growth. 
Again, the overload of the maternal system will develop early 
in pregnancy (early-onset preeclampsia), growth of the fetus 
will be impaired as well (FGR), and changes in predictive 
angiogenic markers will be quite striking.107

Again, such women may well su�er from a higher risk to 
develop cardiovascular diseases and other morbidities later 
in life. In cases with FGR, the babies may show fetal pro-
gramming as well.108,109

Conclusions
Preeclampsia and FGR are di�erent syndromes that have 
di�erent etiologies. Both may start as impaired development 
of the placenta a�ecting di�erent cell populations and tis-
sues within the placenta. FGR may develop on its own only 
a�ecting the fetus without any disturbance found in the 
mother. �e same is true for preeclampsia that only a�ects 
the mother without any changes of the fetus. It has to be con-
sidered that preeclampsia may be solely derived from a pre-
disposed mother who cannot response to normally released 
placental factors in a proper way and hence develops pre-
eclampsia in the presence of a normal placenta.

�e di�erent origins and pathways of the etiology of 
preeclampsia in combination with the simultaneous occur-
rence of FGR clearly hinder the further progress in identify-
ing the origins of the syndrome. It would be ideal to have 
markers in hand distinguishing between the di�erent ori-
gins and combinations of preeclampsia.
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Diagnosis of gestational diabetes 
mellitus
Donald R. Coustan and Boyd E. Metzger

History
Gestational diabetes mellitus (GDM) is generally consid-
ered to be carbohydrate intolerance with variable severity 
with onset or �rst recognition during pregnancy. �e con-
cept that pregnancy may bring about alterations of carbohy-
drate metabolism goes back more than 140  years. In 1882, 
J.  Mathews Duncan described what would later be called 
GDM, indicating that “diabetes may occur only during preg-
nancy being absent at other times or may cease with the ter-
mination of pregnancy recurring sometime a�erwards.”1 In 
1946, Miller observed that perinatal mortality was increased 
in the previous pregnancies of women with diabetes,2 and in 
1952 Jackson noted a high likelihood of previous stillbirth 
and fetal macrosomia in women with diabetes.3 A few years 
later, Carrington coined the term “gestational diabetes.”4 In 
the middle of the twentieth century, one commonly used set 
of diagnostic criteria for diabetes in the United States was 
that put forth by the U.S. Public Health Service (USPHS)5: a 
100 g, 3-hour oral glucose tolerance test (OGTT) was admin-
istered. Diabetes was diagnosed if both the fasting and 
3-hour whole blood glucose values were ≥130 mg/dL or if one 
of these two was elevated and, in addition, either the 1-hour 
value was ≥195 mg/dL or the 2-hour value was ≥140 mg/dL.

In 1964, O’Sullivan and Mahan published their classic 
treatise recommending pregnancy-speci�c glucose toler-
ance test criteria. Noting that pregnancy changes carbohy-
drate metabolism, such that glucose tolerance test norms 
might be altered, they described the results of 100 g, 3-hour 
OGTTs administered to 752 unselected pregnant women, 
predominantly in the late second or early third trimester. 
�ey considered potential diagnostic cuto�s at one, two, and 
three standard deviations above the means for each of the 
four blood glucose determinations. �e three sets of thresh-
olds were then applied retrospectively to a second dataset 
of OGTTs in 1333 previous pregnancies, with the outcome 
variable being the development of diabetes within 8  years 
of the index pregnancies. �ese subjects had been followed 
with periodic OGTTs. Cuto�s at two standard deviations 
above the means were chosen because 22% of gravidas meet-
ing those thresholds developed diabetes within 8  years. 

In a subsequent publication, 17–23 years of follow-up deter-
mined that almost two-thirds had developed diabetes within 
that time period.6 �e 1.9% prevalence of GDM identi�ed 
by these cuto�s was similar to the 2% prevalence of diabetes 
in a nonpregnant population in the 1940s.7 If one standard 
deviation had been used as a cuto�, then 16% of pregnant 
women would have been diagnosed with GDM. O’Sullivan 
and Mahan expressed concern about the potential adverse 
psychological e�ect of overdiagnosis if the lower thresholds 
were applied and noted that the predictive value for future 
diabetes, using the recommended thresholds, was similar to 
the predictive value of a steroid-modi�ed OGTT, which was 
in common use at the time.

O’Sullivan and Mahan decided to recommend that at 
least two values needed to be elevated in order to diagnose 
GDM, as was also the case for the United States Public Health 
Service (USPHS) criteria for diabetes in nonpregnant indi-
viduals. �e authors stated “It was considered expedient…
to require two or more values to be met or exceeded. In this 
way misclassi�cation due to a laboratory error, or occasional 
single high peaks resulting from unusually rapid absorption 
of glucose, could be avoided.”8 It was thus determined that 
the 100 g, 3-hour OGTT would be used to diagnose GDM 
and that two or more elevated values would be required for 
this diagnosis. �ese two requirements have persisted in the 
United States well into the twenty-�rst century.

Although the O’Sullivan and Mahan criteria were 
accepted by the American College of Obstetricians and 
Gynecologists in the late 1970s,9 changes in laboratory meth-
odology necessitated modi�cation of the cuto�s, which were 
originally based on the Somogyi–Nelson method of mea-
suring glucose, in venous whole blood samples, rounded 
to the nearest 5 mg/dL for easier memorization. In 1979, 
the National Diabetes Data Group (NDDG) in the United 
States recommended using the O’Sullivan criteria, modi-
�ed to account for the use of plasma rather than whole blood 
by adding 15% to the already rounded values, then round-
ing again to the nearest 5 mg/dL.10 In 1982, Carpenter and 
Coustan published a second modi�cation of the O’Sullivan 
and Mahan criteria, in which 5 mg/dL was subtracted from 
each of the original unrounded values, to account for the 

14
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change from less speci�c Somogyi–Nelson methodology 
to more speci�c enzymatic glucose measurement, and the 
resulting values were increased by 14% because of the change 
from whole blood to plasma.11 �ese various conversions 
of the original O’Sullivan and Mahan criteria are depicted 
in Table 14.1. When Sacks et  al.12 reconstructed the origi-
nal methodology of O’Sullivan and Mahan and ran parallel 
samples of whole blood and plasma, using Somogyi–Nelson 
versus enzymatic methodology, only the Carpenter and 
Coustan conversions were within 95% con�dence limits 
of the original O’Sullivan and Mahan values. By 2002, the 
American Diabetes Association (ADA) had endorsed the 
Carpenter and Coustan conversions.13

While the 100 g, 3-hour OGTT became the standard 
approach to diagnosing GDM in the United States, the 
75 g, 2-hour OGTT was in wide use throughout the rest of 
the world. �e World Health Organization (WHO) criteria 
for diagnosing diabetes and impaired glucose tolerance in 
nonpregnant individuals were commonly applied to preg-
nancy, such that if the fasting plasma glucose was below 
7 mmol/L (126 mg/dL) and the 2-hour value (a�er a 75 g glu-
cose challenge) was 7.8–11 mmol/L (140–199 mg/dL), GDM 
was diagnosed.14 A number of other tests and criteria are in 
use in various locations.

Another development in the United States was the use 
of a two-step protocol for screening and diagnosis of GDM. 
In 1973, O’Sullivan and colleagues described the glucose 
challenge test (GCT) based on data from 752 unselected 
gravidas who underwent the 50 g, 1-hour test and the 100 g, 
3-hour OGTT.15 A whole blood, Somogyi–Nelson glucose 
of 7.2 mmol/L (130 mg/dL) was identi�ed in 79% of indi-
viduals whose OGTT indicated GDM. �is cuto� would be 
equivalent to 7.9 mmol/L (143 mg/dL) if plasma and an enzy-
matic method of analysis were used. A subsequent study16 
demonstrated that a plasma glucose cuto� of 7.2 mmol/L 
(130 mg/dL), using an enzymatic method of glucose analysis, 
would identify nearly 100% of GDMs, while a 7.8 mmol/L 
(140 mg/dL) threshold identi�ed 90% of cases. A recent sys-
tematic review of screening tests for GDM,17 performed for 
the U.S. Preventive Services Task Force, found that studies 

evaluating a 7.8 mmol/L (140 mg/dL) threshold reported 
that 70%–88% of GDM cases would be identi�ed, whereas 
a threshold of 7.2 mmol/L (130 mg/dL) identi�ed 88%–99% 
of cases. At a threshold of 7.8 mmol/L (140 mg/dL), 11%–31% 
of una�ected gravidas would require an OGTT, while at 
7.2 mmol/L (130 mg/dL), 23%–34% require further testing.

The need for new criteria
In 1991, the summary and recommendations of the 
�ird International Workshop-Conference on Gestational 
Diabetes18 noted that there was a lack of international agree-
ment on testing for GDM, with various countries and pro-
fessional organizations promoting 50, 75, and 100 g glucose 
challenges as well as various sets of diagnostic thresholds. It 
was predicted that the 2-hour, 75 g OGTT eventually would 
become universally employed, just as it was for diagnosing 
diabetes outside of pregnancy. �e report noted that none 
of the commonly used criteria were based on pregnancy 
outcomes. �e summary pointed out that “With respect to 
GDM, the heart of the matter is the relationship between 
the degree of glucose intolerance and/or hyperglycemia and 
the risk of adverse maternal, fetal and neonatal outcomes…” 
�e report concluded that “�e highest priority should be 
given to e�orts to develop international consensus on meth-
ods and de�nitions.” A 1992 international workshop spon-
sored by the Eunice Kennedy Shriver National Institute of 
Child Health and Human Development (NICHD) added 
further support to the need for carefully designed multina-
tional studies to measure adverse perinatal e�ects of GDM.19

Hyperglycemia and Adverse 
Pregnancy Outcome study
�e Hyperglycemia and Adverse Pregnancy Outcome 
(HAPO) study20 was based upon the rationale that overt 
diabetes clearly increases the risk of adverse pregnancy out-
come, while controversy exists regarding the potential risk of 

Table 14.1  Various conversions of criteria for diagnosing gestational diabetes with 100 g, 3-hour oral 
glucose tolerance test

Test interval

O’Sullivan6 mmol/L (mg/dL)a 
National Diabetes Data Group10 

mmol/L (mg/dL)b 
Carpenter/Coustan11 mmol/L 

(mg/dL)c Unrounded Rounded 

Fasting 5.0 (90) 5.0 (90) 5.8 (105) 5.3 (95)
1 hour 9.2 (165) 9.2 (165) 10.6 (190) 10 (180)
2 hours 7.9 (143) 8.0 (145) 9.2 (165) 8.6 (155)
3 hours 7.1 (127) 7.0 (125) 8.0 (145) 7.8 (140)

Note:	 Two or more elevated values are needed for diagnosis.
a	 Venous whole blood, Somogyi–Nelson technique.
b	 Corrected for conversion from whole blood to plasma.
c	 Corrected for conversion of whole blood to plasma and Somogyi–Nelson to enzymatic glucose measurement.
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glucose intolerance during pregnancy less severe than overt 
diabetes. �is blinded observational study of over 23,000 
gravidas in 15 �eld centers in 9 di�erent countries through-
out the world was designed to determine the association 
between various levels of glycemia on a 2-hour, 75 g OGTT 
(performed between 24 and 32 weeks gestation) and adverse 
pregnancy outcomes. Primary outcomes included neonatal 
macrosomia (birth weight >90th percentile for the infant’s 
sex, gestational age, race or ethnic group, �eld center, and 
maternal parity), primary cesarean section, clinical neonatal 
hypoglycemia, and cord blood C-peptide (a marker for fetal 
insulin level). Prespeci�ed secondary outcomes included 
delivery before 37 weeks of gestation, shoulder dystocia or 
birth injury, the need for intensive neonatal care, hyperbili-
rubinemia, and preeclampsia. Figure 14.1 depicts the rela-
tionships between each of the three glucose tolerance test 
measurements and each of the four primary outcomes. Each 
relationship was signi�cant but continuous, increasing from 
the lowest to highest glucose levels, with no obvious in�ec-
tion point. Secondary outcomes were similarly continuously 
related to glucose tolerance test values, particularly with 
respect to shoulder dystocia/birth injury and preeclampsia. 
With the exception of clinical neonatal hypoglycemia (a rare 
outcome occurring in only 2.1% of cases), the relationships 

held, with mild attenuation, when adjusted for multiple 
potential prespeci�ed confounders, including maternal 
age, body mass index (BMI), smoking status, alcohol use, 
the presence or absence of a family history of diabetes, 
gestational age at the oral glucose tolerance test, sex of the 
infant, parity (0, 1, or ≥2, except for primary cesarean deliv-
eries), mean arterial pressure, and the presence or absence 
of hospitalization before delivery (except for preeclampsia), 
the presence or absence of a family history of hypertension, 
and maternal urinary tract infection (for analysis of pre-
eclampsia only). Height was also included as a potential con-
founder, on the basis of post hoc �ndings of an association 
with birth weight greater than the 90th percentile. �e three 
glucose tolerance test values were not highly cross-correlated 
and were independently predictive of adverse outcomes. 
�e association between maternal glucose intolerance and 
macrosomia as well as cord C-peptide levels supports the 
60-year-old Pedersen hypothesis that maternal hypergly-
cemia leads to fetal hypoglycemia, which in turn leads to 
fetal hyperinsulinemia and hence excessive fetal growth.21 
A subsequent analysis of HAPO data22 demonstrated that 
neonatal adiposity was strongly correlated with both mater-
nal OGTT values and cord C-peptide, lending further sup-
port to the aforementioned mechanism. Another analysis of 
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HAPO data23 revealed that maternal BMI and glycemia were 
independently predictive of adverse pregnancy outcomes, 
refuting the suggestion that GDM is simply a marker for 
maternal obesity.

International Association of Diabetes 
and Pregnancy Study Groups 
recommendations
Because there were no clear in�ection points in the rela-
tionships between OGTT glucose values and the various 
adverse outcomes, the HAPO research group did not make 
any recommendations for GDM diagnostic criteria, pre-
ferring to leave such recommendations to a wider group 
of experts so as to foster better international ownership 
and acceptance. �e International Association of Diabetes 
and Pregnancy Study Groups (IADPSG) sponsored a 2008 
Workshop-Conference on Gestational Diabetes Diagnosis and 
Classi�cation attended by more than 225 conferees from 40 
countries. Published and unpublished HAPO results and 
other work on associations of maternal glycemia with peri-
natal and long-term outcomes in o�spring were reviewed. 
A consensus panel of more than 50 individuals representing 
the member organizations of IADPSG and other groups car-
ried out further review and analysis of HAPO results, held 
a second face-to-face meeting of panel members, and then 
published recommendations for the diagnosis and classi�ca-
tion of hyperglycemia in pregnancy.24

Results of a number of other epidemiological studies 
are  consistent with the HAPO study �ndings indicating 
that associations between maternal glycemia and adverse 
outcomes are continuous across the range of glucose 

concentrations below levels that are diagnostic of diabetes.25–29 
However, because procedures for selection and enrollment of 
study participants, laboratory analyses, data collection, blind-
ing study participants and caregivers to OGTT results, and 
analysis of results were all well standardized, HAPO study 
data were used by IADPSG as the basis to identify diagnostic 
thresholds for GDM.

Excess fetal growth, adiposity, and insulin secretion 
are integral features of diabetic fetopathy. �e IADPSG-
recommended diagnostic thresholds are the average glu-
cose values at which odds ratios (ORs) for birth weight, 
cord C-peptide, and percent body fat, each >90th percentile, 
reached 1.75 times the estimated ORs of these outcomes at 
mean fasting, 1-hour, and 2-hour OGTT glucose values, based 
on fully adjusted logistic regression models. �e resulting fast-
ing, 1-hour, and 2-hour post 75 g glucose load thresholds are 
92, 180, and 152 mg/dL, respectively (5.1, 10.0, 8.5 mmol/L). 
Risk ratios for the HAPO study outcomes in those de�ned 
as GDM compared with non-GDM are similar using glucose 
thresholds at ORs of 1.5, 1.75, or 2.0 relative to the mean glu-
cose levels. �us, in the �nal analysis, the choice of thresholds 
for associations that are continuous and linear is arbitrary.

Preexisting diabetes requires more intensive evalua-
tion and treatment during early pregnancy. Because of the 
increasing prevalence of obesity and of diabetes in the gen-
eral population and during pregnancy, the IADPSG also 
made recommendations for testing in early pregnancy to 
identify women with preexisting, untreated overt diabetes 
mellitus (Table 14.2).24 �e IADPSG panel concluded that 
there are insu�cient data available to determine whether 
there was bene�t to be derived from testing for GDM prior 
to 24–28 weeks gestation. Women diagnosed with diabetes 
or GDM during pregnancy should undergo postpartum 
glucose testing to detect persistent diabetes or prediabetes.

Table 14.2  International Association of Diabetes and Pregnancy Study Groups recommendations for detecting 
hyperglycemia in pregnancy

First prenatal visit
Measure fasting plasma glucose, A1c, or random plasma glucose on all gravidas or only 

high-risk gravidas:
•	If diabetes (fasting plasma glucose [FPG] ≥ 7 mmol/L [126 mg/dL] or A1c ≥ 6.5% or 

random glucose ≥ 11.1 mmol/L [200 mg/dL], con�rmed by one of the other tests), treat as 
preexisting diabetes.

•	If no diagnosis of diabetes and fasting plasma glucose ≥5.1 mmol/L (92 mg/dL) but <7.0 
mmol/L (126 mg/dL), diagnose GDM.

•	If no diagnosis of diabetes and fasting plasma glucose <5.1 mmol/L (92 mg/dL), test for 
GDM at 24–28 weeks.

24–28 weeks gestation
Perform 2-hour 75 g OGTT after overnight fast in women not previously diagnosed with 

diabetes or GDM earlier in pregnancy:
•	Diabetes if fasting plasma glucose ≥7 mmol/L (126 mg/dL)
•	GDM if one or more values equals or exceeds the following thresholds:

•	Fasting 7.0 mmol/L (92 mg/dL)
•	1 hour 10 mmol/L (180 mg/dL)
•	2 hour 7.9 mmol/L (143 mg/dL)

•	Normal if all values below the above thresholds

Source:	 International Association of Diabetes and Pregnancy Study Groups Consensus Panel, Diabetes Care, 33, 676, 2010.
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Case against adopting IADPSG 
recommendations
Since the IADPSG recommendations were published, there 
has been considerable controversy, with many authors 
expressing the view that they are unproven and it is not yet 
time for their universal adoption30–33 and others expressing 
opposing views.34–36 In the spring of 2013, the U.S. National 
Institutes of Health (NIH) convened a consensus panel to 
consider the available data and make recommendations.37 
�e panel consisted of a number of individuals from various 
specialties who were considered unbiased, in that they have 
never published anything having to do with GDM. Experts 
in the �eld, on both sides of the issue being considered, pre-
sented available data for the panel to consider. In addition, a 
number of evidence reviews were conducted by the Agency 
for Healthcare Research and Quality. Recommendations 
from the consensus panel, which are not o�cial recommen-
dations of the NIH or any government agency, were pub-
lished in the summer of 2013.37 �e panel acknowledged 
that there would be clear bene�ts to international standard-
ization of the diagnostic approach to GDM. However, the 
panel opined that there is not su�cient evidence to adopt 
a one-step approach and recommended continuation of the 
current two-step approach for the time being. With regard 
to the two-step approach, the panel recommended that a single 
standard for the screening test cuto� and for the diagnostic 
thresholds be adopted by appropriate professional organiza-
tions. �e rationale for the recommendation not to adopt the 
IADPS one-step approach can be summarized as follows:

	1.	 �e twofold to threefold increased frequency of the 
diagnosis of GDM that would result from adoption of 
the one-step approach will generate increased healthcare 
costs; it is not clear that this would be cost-e�ective.

	2.	 It is not clear whether the additional women who would 
be diagnosed with milder GDM, and their o�spring, 
would bene�t from identi�cation and treatment.

	3.	 Labeling of these additional women may have unintended 
consequences, possibly including increased cesarean sec-
tions and adverse emotional impact on the mothers.

	4.	 �e variability inherent in the OGTT is known to be con-
siderable; the use of a one-step process is likely to result in 
more “false-positives” than a two-step test.

Among its recommendations for future research, the panel 
suggested evaluation of the use of diagnostic thresholds 
based on ORs for adverse outcomes of 2.0 rather than 1.75 
as recommended by IADPSG.

The case for implementing IADPSG 
recommendations
�ere is no question that the IADPSG recommendations 
o�er numerous bene�ts, including but not limited to (1) 
the use of a uniform 75 g, 2-hour OGTT in all situations 

rather than separate strategies for pregnant and non-
pregnant individuals, (2) diagnostic criteria based on 
pregnancy outcomes, (3) comparability of data among 
the various regions of the world, and (4) simpli�cation of 
the testing protocol and elimination of the dilemma sur-
rounding the management of gravidas with a single ele-
vated value on the 3-hour OGTT. In the paragraphs that 
follow, we shall deal with each of the concerns expressed 
by the consensus panel:

	1.	 Increased healthcare costs and lack of data on cost​-e�ec-
tiveness. �e IADPSG recommendations, when applied 
to the data in the HAPO study, identify 17.8% of par-
ticipants as having GDM, when subjects unblinded 
because of GTT results above the unblinding criteria are 
included.38 At the 15 �eld centers, rates of GDM varied 
from 9.3% to 25.5%. Although it is not currently possible 
to compare rates of GDM around the world because of 
the variability of diagnostic criteria, the International 
Diabetes Federation recently estimated that, based 
upon available data that were then adjusted to re�ect 
the IADPSG criteria, the global prevalence of “hyper-
glycemia in pregnancy” is 16.9%, ranging from 10.4% in 
the North America and Caribbean region to 25% in the 
Southeast Asia region.39 For comparison, rates of GDM 
(current criteria), based upon the 2008 hospital dis-
charge data, from 23 states in the United States, ranged 
from 3.5% to 7.2%.40 Hospital discharge data likely 
underestimate GDM rates due to incomplete testing of 
the population. Much of the di�erence among rates was 
attributable to di�erences in age, race/ethnicity, and 
insurance status. Institution of the IADPSG one-step 
approach would likely result in a twofold to threefold 
increase in GDM, although the increment might be more 
or less dramatic in particular locations. �us, it is highly 
likely that healthcare costs will be increased. However, 
the current epidemic of obesity and diabetes is not lim-
ited to pregnant women; 4.5% of U.S. women aged 18–44 
have diabetes41 and 26% have prediabetes.42 Since the 
IADPSG thresholds for GDM are not too di�erent from 
the current diagnostic criteria for prediabetes, an 18% 
incidence of GDM does not represent over diagnosis. As 
diabetes has reached epidemic proportions throughout 
the world, we have not raised the diagnostic criteria to 
lower its prevalence; rather, healthcare providers and 
systems are attempting to meet the challenges posed. �e 
same should be true for the “epidemic” of GDM; newer 
and more e�cient ways to deliver care to these patients 
will need to be developed. One potential cost-e�cient 
approach may utilize group prenatal counseling and 
care. It is not clear whether patients with milder forms of 
GDM will require the same intensity of antepartum fetal 
testing and monitoring as those with more severe GDM. 
Self-monitoring of blood glucose may be performed less 
frequently with mild GDM without adversely impacting 
on the time of initiation of treatment.43 In two random-
ized trials of diagnosis and treatment of mild GDM, 
insulin was required in only 8%–20% of patients.44,45 
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A recent cost-e�ectiveness analysis46 compared the 
one-step IADPSG approach with the current two-step 
approach. It did not assume any increase in e�ciency 
leading to decreased costs of care as outlined previously. 
�e IADPSG approach was more expensive but was more 
e�ective in improving maternal and neonatal outcomes. 
In another study, the one-step approach was more cost-
e�ective but only if women with GDM received postpar-
tum testing and counseling to prevent the subsequent 
development of diabetes.47 �is �nding highlights the 
opportunity for improvement in maternal long-term 
health that is presented by the diagnosis of GDM. While 
pregnancy outcome is the focus of e�orts to test for 
GDM, there is additional bene�t if future diabetes can be 
prevented. In a subset analysis of data from the Diabetes 
Prevention Program, subjects with previous GDM and 
current prediabetes who were randomized to intensive 
lifestyle intervention or metformin treatment developed 
type 2 diabetes at an approximate rate of 7.5% per year, 
compared to 15% per year in those randomized to the 
placebo arm of the study.48 �e numbers needed to treat 
with metformin or lifestyle change to prevent one case 
of diabetes over 3 years were 6 and 5, respectively. �e 
diagnosis of GDM o�ers an important opportunity to 
dampen the epidemic of diabetes.

	2.	 Will identi�cation and treatment of mild GDM provide 
bene�t? Two large randomized trials of identi�cation 
and treatment of mild GDM were completed around 
the time of the IADPSG recommendations and have 
relevance to the aforementioned question. �e Maternal-
Fetal Medicine Units Network (MFMU) Network 
study45 recruited women whose 50 g, 1-hour GCT was 
7.5–11  mmol/L (135–199 mg/dL) to undergo a blinded 
OGTT. �e 958 subjects with mild GDM (Carpenter 
and Coustan criteria with two or more elevated values 
but fasting plasma glucose <5.3  mmol/L [95 mg/dL]) 
were randomized to identi�cation and treatment versus 
blinded OGTT results and standard prenatal care. �e 
latter group also included a number of women with 
all OGTT results normal to ensure blinding of the 
caregivers. Identi�cation and treatment of mild GDM 
resulted in reductions in preeclampsia, macrosomia, 
and shoulder dystocia of 50% or more, as well as a 
20% reduction in cesarean sections. �e Australian 
Carbohydrate Intolerance Study of Pregnant Women 
(ACHOIS) trial44 enrolled gravidas who had risk factors 
for GDM or who had a 50 g GCT of 7.8 mmol/L (140 mg/
dL) or greater to undergo a blinded 75 g, 2-hour OGTT. 
Subjects who had GDM, de�ned as a 2-hour plasma 
glucose of 7.8–11.0 mmol/L (140–199 mg/dL) and fasting 
plasma glucose below 7.8 mmol/L (140 mg/dL), were then 
randomized to identi�cation and treatment of GDM or 
continued blinding of subjects and caregivers and routine 
prenatal care. Treated GDMs had a signi�cantly lower 
incidence (1% vs. 4%) of the composite outcome (perinatal 
death, shoulder dystocia, bone fracture, or nerve palsy). 
In addition, identi�cation and treatment of GDM was 
associated with signi�cantly lower birth weight and rates 

of LGA >90th percentile (13% vs. 22%), macrosomia >4 kg 
(10% vs. 21%), and maternal preeclampsia (12% vs. 18%). It 
should be noted that the GDM 2-hour OGTT diagnostic 
criterion of 7.8–11 mmol/L (140–199 mg/dL) is lower than 
the IADPSG recommended 2-hour criterion of 8.5 mmol/L 
(153 mg/dL). While the upper limit of fasting plasma 
glucose in ACHOIS was 7.8 mmol/L (140 mg/dL), the 
average fasting plasma glucose of ACHOIS subjects was 
4.8 mmol/L (86 mg/dL). ACHOIS demonstrated bene�t 
to identifying and treating GDM at diagnostic thresholds 
even lower than the IADPSG recommendations. In sum, 
there is evidence that identi�cation and treatment of mild 
GDM is worthwhile.

	3.	 Will labeling of additional patients with GDM have adverse 
consequences? �e NIH consensus panel37 noted studies 
demonstrating negative emotional impact of screening 
and diagnosis of  GDM. However, when the ACHOIS 
RCT investigators measured emotional well-being of 
subjects and controls at 3 months postpartum,44 women 
diagnosed and treated for GDM did signi�cantly better 
than those in the control group who received routine 
pregnancy care. In another study, women with the 
diagnosis of GDM, including those who required insulin, 
manifested no di�erence in psychological status when 
compared to nondiabetic controls.49 An apparent e�ect 
of labeling a patient with GDM was demonstrated in the 
Toronto Tri-Hospital Study,50 in which identi�cation 
and treatment of GDM (NDDG criteria) resulted in 
a relative normalization of macrosomia rates but a 
persistent increase in the cesarean rate compared to 
individuals with normal glucose tolerance; cesarean 
deliveries were not related to fetal macrosomia. An 
intermediate group with mild GDM (Carpenter and 
Coustan criteria), whose caregivers were blinded to 
the OGTT results, demonstrated an increased rate of 
both macrosomia and cesarean section, with cesareans 
being related to macrosomic babies. �ese �ndings 
suggest that obstetricians caring for the patients with 
known GDM were more likely to intervene despite the 
treatment being successful in preventing macrosomia, 
presumably because of concern over shoulder dystocia 
when GDM was present. �ese �ndings are in contrast to 
those of the MFMU Network trial45 in which diagnosis 
and treatment of mild GDM resulted in a signi�cant 
reduction in primary cesareans. Overall the evidence is 
mixed regarding unintended adverse consequences of 
diagnosing GDM.

	4.	 Will the inherent variability of the OGTT increase the rate 
of false-positive diagnoses of GDM? �e NIH consensus 
panel report37 noted that the results of OGTTs “may di�er 
in as many as 25% of women if performed at di�erent 
times.” It is true that OGTTs are known to manifest 
variability; this is true for both pregnant and nonpregnant 
populations. However, the 75 g, 2-hour OGTT is the 
standard method of diagnosis of diabetes throughout the 
world despite its instability. While the two-step approach 
introduces two OGTTs, with the second (diagnostic) test 
presumably uncovering any false-positive result from the 
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screening test, the same is not true for a false-negative 
screening test. �e systematic review cited earlier in this 
chapter17 reported that with a 50 g, 1-hour GCT cuto� of 
7.8 mmol/L (140  mg/dL), approximately 10% of GDMs 
would be missed, when compared to a cuto� of 7.2 mmol/L 
(130 mg/dL). A similar result was reported in two earlier 
studies16,51 not included in the systematic review. �us, 
the two-step process leads to both false-positives and 
false-negatives, and the false-negative results remain 
undetected. If our goal is to minimize the diagnosis of 
GDM, this approach would make sense. However, if our 
goal is to identify as many patients with GDM as possible 
so as to maximize the chance of preventing adverse 
outcomes, then the two-step process is not optimal. In 
contrast, the IADPSG-recommended one-step process 
produces no false-negatives or false-positives, since the 
75 g, 2-hour OGTT is a diagnostic test and no screening 
test is involved. It could be argued that the diagnosis of 
GDM is really a “screening test” for adverse pregnancy 
outcomes, but if that were the case, then every GDM 
who does not have an adverse outcome would be termed 
a “false-positive,” whether diagnosed with the one-step 
or the two-step procedure. Such an argument de�es 
logic, since there is no “disease” in which all diagnosed 
individuals su�er the same end results.

Finally, the suggestion that ORs of 2.0 be evaluated for GDM 
cuto�s, rather than the 1.75 utilized by IADPSG, misses the 
point that the 1.75 ORs referred to the comparison of adverse 
outcomes in gravidas for whom one or more glucose val-
ues exceeded the proposed thresholds to individuals at the 
mean for each of the three glucose measurements. When 
individuals in HAPO who met the IADPSG thresholds were 
compared with all individuals who had no glucose values 
exceeding thresholds, the likelihood of adverse outcomes 
was generally doubled or more (Table 14.3).

Current status
As noted earlier, the IADPSG recommendations were pub-
lished in 2010.24 In 2011, the ADA endorsed a modi�ed ver-
sion of the IADPSG recommendations.52 In 2013, the NIH 
consensus panel in the United States made its recommenda-
tion to maintain the status quo of the two-step, 100 g, 2-hour 
OGTT,37 and in the summer of 2013, WHO recommended 
the one-step IADPSG approach53 and noted that the num-
ber needed to screen to prevent one case of preeclampsia was 

257 with this approach and to prevent one LGA baby was 117; 
both of these were fewer than the number needed to screen 
with the previous WHO criteria. At around the same time, 
ACOG con�rmed its support for the two-step approach,54 
and in early 2015, the ADA revised its 2011 recommendation 
for the one-step approach and declared that either method 
is acceptable, but stating that the one-step approach may be 
preferable.55 �e Endocrine Society endorsed the IADPSG 
criteria and approach in 2013.56 In 2015 the International 
Federation of Gynecology and Obstetrics endorsed the 
IADPSG one-step approach.57 As of the writing of this chap-
ter, there is not agreement in the United States as to which 
diagnostic approach is preferable. Around the world, vari-
ous countries and professional organizations are debating 
which diagnostic criteria to adopt. It is to be hoped that 
in the not-too-distant future more evidence will be available 
to determine the costs, bene�ts, and risks of the IADPSG 
recommendations and that there will ultimately be universal 
agreement on how to diagnose GDM, similar to the agree-
ment on the diagnosis of diabetes outside of pregnancy.
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Introduction
Whether gestational diabetes mellitus (GDM) screening and 
management by di�erent criteria and in di�erent settings 
is cost-e�ective has been debated for more than a decade. 
A  2009 report from �e Lancet’s Stillbirth Series steering 
committee put detection and management of GDM on a pri-
ority list of interventions to reduce stillbirth,1 and the poten-
tial key role of GDM on the long-term health of the mother 
and her o�spring is being discussed at the highest political 
level in the United Nations (UN) General Assembly and 
other UN bodies.2–4 �e suggestion of new screening criteria 
by the International Association of Diabetes and Pregnancy 
Study Groups (IADPSG)5 in 2010 has added to the debate. 
�ese extensive deliberations notwithstanding, we are only 
beginning to understand which interventions might be 
e�ective at reducing the burden of GDM, and at what cost.6 
To institute appropriate policies, decision makers at national 
and global levels need additional reliable information on the 
cost and cost-e�ectiveness of GDM screening and treatment.

�is chapter aims to equip the reader with the concep-
tual tools and substantive background needed to understand 
and evaluate cost-e�ectiveness assessments of GDM and the 
implications of global policy from a health economic per-
spective. We start by a short background section. We then 
introduce and explain basic concepts of health economics as 
they relate to this issue, including resources and cost, health 
metrics, and di�erent types of health economic evaluations. 
We review the current health economic evaluations on GDM 
screening and management, while elaborating these concepts. 
Finally, we provide a brief summary of cost-e�ectiveness 
results and discuss future directions for research.

Background
Current diagnostic and therapeutic recommendations for 
GDM are founded on the growing body of evidence of the 
short-term risks associated with GDM. For the o�spring, 

these include up to a 3.5-fold higher risk of macrosomia7–10 
and elevated risk of shoulder dystocia and hypoglycemia.7–8 
For the women, these include increased risk of cesarean 
section, polyhydramnios, gestational hypertension, and 
preeclampsia.7–12 �e recently published IADPSG diagnos-
tic criteria,5 which are based on data from a large multi-
center and multinational prospective study,7 are lower than 
some commonly used diagnostic criteria13–16 and therefore 
lead to a two- to threefold higher prevalence of GDM.17,18 
�e increase in GDM risk factors and the changed diag-
nostic criteria are both pushing GDM prevalence upward. 
�e World Health Organization very recently approved the 
IADPSG criteria.19

Less visible are the long-term risks that potentially have 
a much larger e�ect on population health. GDM is increas-
ingly mentioned as a possible contributor to the type 2 dia-
betes mellitus (T2DM) epidemic.20–23 Women with GDM 
have a more than sevenfold increased risk of T2DM (pooled 
relative risk = 7.43),24 with cumulative incidence up to 70% in 
3 years in some populations.25 �e risk of T2DM is most pro-
nounced for women with high glucose values at the diagnos-
tic OGTT during pregnancy or postpartum continuation of 
glucose intolerance,26 greater body mass index, use of insu-
lin during pregnancy (as a marker of severity of GDM), and 
earlier gestational age at diagnosis of GDM.27 �e o�spring 
of mothers with hyperglycemia during pregnancy also carry 
an increased risk of prediabetes and T2DM later in life, four 
to eight times that of o�spring born to mothers with nor-
mal glucose tolerance during pregnancy,28,29 with a 20-year 
cumulative incidence of up to 21%.29 A modeling study from 
Canada estimated GDM as a forerunner of as many as 30% 
of T2DM cases in a high-prevalence diabetes population.30,31 
�is link between GDM and the long-term health of the 
pregnant woman and her o�spring has only recently come to 
the attention of the GDM community.

GDM and T2DM share risk factors such as obesity and 
other metabolic disturbances, and the two epidemics are 
likely to move in tandem.4,32–34 Since the prevalence of 
GDM is increasing globally, identifying and providing 

15
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good care for women with GDM could have substantial 
impact on population health in both high- and low-income 
countries.

Basic health economic theory
�e benchmark of health economics is that resources such 
as labor, supplies, facilities, and equipment are scarce. 
�e use of resources must therefore be based on priority. 
�e focus of many economic evaluations both within the 
healthcare sector and elsewhere is on whether the com-
mitments of resources in one area yield as good a return 
as would have been obtained if resources were committed 
elsewhere. An essential component in any such analysis 
is the marginal cost, understood as the cost of produc-
ing one additional unit of output such as a unit of health 
bene�t. Costs and consequences are the input and output, 
respectively, of given health interventions. Drummond 
et  al. de�ne economic evaluation as “(…) the compara-
tive analysis of alternative courses of action in terms of 
both their costs and consequences.”35 Economic evalua-
tions therefore aim at identifying, measuring, valuing, and 
comparing the costs and consequences of certain health 
alternatives. �us, economic evaluations o�er input for 
decision makers once issues of e�cacy, e�ectiveness, and 
availability are settled.35

Evaluation types
Only so-called full analyses can address the question of cost-
e�ectiveness. Cost-e�ectiveness analysis (CEA), comprising 
cost–utility analysis (CUA), and cost–bene�t analysis (CBA) 
are full analyses, because they compare costs and conse-
quences between two and more alternatives. Partial analyses 
focus solely on costs or consequences, or they neglect com-
parison between alternatives. CEAs, CUAs, and CBAs assess 

costs in monetary units, whereas they di�er in the assess-
ment of the consequences (Table 15.1).35

Cost-effectiveness and cost–utility analysis
Within a GDM screening context, the outcome of a CEA 
could be found cases of GDM or prevented cases of neona-
tal morbidity depending on the time horizon used. As seen, 
the former outcome focuses on the e�ectiveness of screen-
ing, whereas the latter gives the opportunity of incorporat-
ing both e�ectiveness of GDM screening and management. 
However, both outcomes are speci�c to GDM and the obstet-
ric �eld, and using these outcomes will narrow the scope of 
the economic evaluation. For decision making, these CEAs 
can only be used for comparison within an obstetric budget, 
which limits their use for broader priority setting.

A speci�c type of CEA combines both mortality and 
morbidity e�ects into one standardized single metric of 
change in health. �is metric is either “disability-adjusted 
life years” (DALYs) or “quality-adjusted life years” (QALYs). 
DALYs measure the disease burden as it both represents 
premature mortality and disability due to morbidity.36 
Imagine an individual who would normally expect to live 
another 10  years. He is now diagnosed with T2DM and 
T2DM-related complications that give him a 10% disabil-
ity compromise while alive, and he dies 8  years later. He 
will have a DALY burden of 2 (lost life years) + 0.1 (disabil-
ity) ∗ 8 (years living with that disability) = 2.8 DALYs. �e 
QALY is a measure of health and essentially the negative 
of the DALY. �us, an illness that shortens life by 2 years 
and lowers “health status utility” by 10% for 8 years would 
decrease QALYs by 2.8. Since QALY incorporates the util-
ity of di�erent health states into the outcome measure, 
analyses using this outcome are o�en classi�ed as cost–
utility analysis.

A CEA compares two di�erent health interventions and 
expresses the net cost with the units of health bene�t gained 
in ratio form, for example, as the “net cost per death averted” 

Table 15.1  Key types of cost-effectiveness analysis in health

 De�nition Outcome metric Use to decide what? 

Cost-effectiveness analysis Net cost per added unit of 
health

ICER (i.e., cost/T2DM case 
averted or cost/brachial 
plexus injury averted)

What’s the incremental cost 
per added health bene�t?

Is it worth doing versus a 
threshold?

Cost-effectiveness analysis 
(CUA)—with a standardized 
health metric

Net cost per added 
standardized unit of 
health (a ratio)

ICER (net costs/QALY 
gained or DALY averted)

What’s the incremental cost 
per added QALY or 
averted DALY?

Is it worth doing versus a 
threshold?

Cost–bene�t analysis Cost of intervention minus 
savings (a difference, not 
a ratio)

Net costs (bene�ts−costs)
Typically includes bene�ts 

beyond health

Does the program produce 
more value than it costs?

Is it worth doing?

Abbreviations:	� DALY, disability-adjusted life year, a measure of disease burden that sums premature mortality (LY) plus disabling morbidity 
(DA); ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life year, a measure of health that tallies years alive 
adjusted for health status of those years.
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or the “net cost per QALY gained.” �is ratio is called the 
“incremental cost-e�ectiveness ratio” (ICER), because both 
the costs and health bene�ts are incremental.35 �us, the 
ICER expresses the additional cost incurred to gain one 
incremental health unit. �e ICER has no useful meaning 
when programs result in net savings as there is no trade-o� 
between costs and bene�ts. Instead, such intervention is clas-
si�ed as “dominant” (both cheaper and better) and as such 
should be a “no brainer” to health planners. Conventionally, 
the absolute magnitude of savings and health gains, with no 
ratio, is then reported.36

DALYs and QALYs are generic health metrics and there-
fore not restricted to a certain health �eld. �us, analyses 
using one of these metrics are o�en su�cient for decision 
makers comparing interventions broadly within the health-
care sector.

Cost–bene�t analysis
�ough the concept of “cost–bene�t” is frequently used as a 
layman’s term, CBA is actually a rarely used type of analy-
sis in healthcare. �e power of CBA is that it permits com-
parisons of widely disparate funding alternatives. In the 
CBA framework, the value of spending on sewerage work 
could be compared with spending on a maternal and neo-
natal health initiative. Hence, in CBA, all health outcomes 
including human life are assigned a monetary value,36 i.e., 
the value of longer life and lower morbidity due to T2DM or 
other GDM-associated complications might be expressed as 
the sum of medical costs averted and economic productivity 
added compared with the cost of delivering GDM screening 
and management.

Due to the use of a monetary outcome, CBA enables gen-
eral priority setting within all sectors, and this is a large part 
of its power and appeal. However, the monetary valuation 
of health outcomes o�en places great demand on data and 
analytic technique. Furthermore, placing a value on human 
health raises ethical issues, and for these reasons, CBA 
is rarely used in the evaluation of clinical or public health 
programs.36

Designing health economic evaluations
Health economic evaluations typically combine patient-level 
data with decision analytic modeling. Use of patient-speci�c 
cost and consequence data, o�en obtained from clinical tri-
als, may increase the precision of the analysis, but the results 
may not be applicable outside of the trial setting. Clinical tri-
als measure e�cacy, whereas the economic evaluation wants 
to estimate the e�ectiveness of a health intervention. �us, 
using data collected with strict inclusion criteria will reduce 
the external validity of the economic evaluation. An eco-
nomic evaluation of GDM screening and management based 
on data from a clinical trial will have di�culties estimating 
the e�ect on persons outside of the trial, and the o�en short 
duration of clinical trials may impede the very important 
estimation of long-term cost-e�ectiveness.

Decision analytic modeling allows all relevant alterna-
tives to be taken into account, and intermediary outcomes 

can be linked to endpoints by extending the time horizon. 
�ese models are suitable for decision making under uncer-
tainty, and they also allow e�ectiveness to be estimated on 
multiple empirical studies. In the latter case, inclusion of 
studies should be based on a systematic literature search 
and include potential weighing and pooling of the studies. 
Decision models are o�en structured as decision trees or 
Markov models that can both be classi�ed as cohort models. 
Decision trees represent the possible prognosis of an indi-
vidual with or without an intervention. Events can be linked 
to costs and consequences, whereby the expected values of 
course of action within the competing alternatives can be 
calculated.35

Confronting uncertainty
�e models constructed to calculate cost-e�ectiveness are 
only representations of the factors that determine costs and 
consequences and of the way those factors interact. �e use-
fulness of a model is therefore limited by the �delity with 
which it represents the underlying reality. Fidelity in turn 
depends importantly on the accuracy and precision of the 
estimates of the models’ input values such as disease preva-
lence, the cost of screening, or the e�ectiveness of the inter-
ventions being evaluated. An integral part of almost any 
economic evaluation is therefore the systematic and trans-
parent portrayal of the level of uncertainty and the con�-
dence that should therefore be placed in the outputs of the 
model. �e rigorous assessment of the magnitude and e�ects 
of uncertainty consists of a set of techniques known as “sen-
sitivity analyses” since they quantify how “sensitive” results 
are to changes in input values or in the way those inputs 
interact. Sensitivity analyses should not be considered an 
optional feature of CEAs, but rather an essential part of the 
analysis, without which it is perilous to draw any conclusions.

Figure 15.1 represents a set of so-called one-way sensi-
tivity analyses arrayed in a “tornado diagram.” It shows the 
e�ect on the outcome, in this case the cost-e�ectiveness of 
GDM screening in Chennai, India,37 of an array of model 
inputs. �e input with the greatest in�uence is at the top, 
and each successively less important one is stacked beneath 
it. �e input with the greatest in�uence on cost-e�ectiveness 
is the cost of postpartum care. At 50%–150% of the $2846 
base case value, the ICER ranges from $887 to $2385 per 
DALY averted. �ese are called “one-way” sensitivity analy-
ses because they show the e�ect of changing one input at a 
time, holding all of the other inputs constant. Other sensi-
tivity analyses techniques can document the e�ect of simul-
taneously varying two, three, or more variables, including 
stochastic variations.

Costing methods
Costs are traditionally classi�ed as direct, indirect, or intangi-
ble costs, but these can also be classi�ed according to context: 
consumed within the healthcare sector and other sectors, by 
patients or relatives, or if a loss of production is seen. In order 
to take account of in�ation due to di�erent timing of the 
costs, these are typically valued a�er a given currency from a 
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certain price year. Sources and methods for cost valuation are 
essential for the validity of the costing. As the health market 
is �awed by several attributes of the free market (i.e., third-
party payment, regulations, and monopolies), costs should 
optimally be valued as the marginal cost—understood as the 
value of those bene�ts that cannot be gained if the resource 
is not available.35 However, the concept of marginal costs will 
not be further elaborated in this chapter.

Discounting is based on the existence of “time preference” 
that is a preference of having resources now as opposed to 
later from the assumption that one can bene�t from them in 
the interim. Both costs and consequences can be discounted 
according to a chosen discount rate per year. Discounting is 
a standard technique, but is sometimes considered contro-
versial.35 In relation to GDM screening and management, for 
example, discounting future saved costs and health gains of the 
o�spring will imply inequality between mothers and o�spring.

Comprehensiveness and scope
A comprehensive assessment of cost-e�ectiveness relies on 
inclusion of all relevant health program alternatives, meaning 
that a no-intervention alternative is essential if the full relevant 
range of options are to be assessed. �e scope of an analysis is 
de�ned by the perspective (of the patient, healthcare system, 
or society) and the applied time horizon. Ideally, a societal 
perspective and lifelong horizon should be applied, and there 
must be consistency between stated perspective, time horizon, 
and the design of the analysis and included data.35

Review of current literature on 
GDM cost-effectiveness
�e following review includes all health economic evalua-
tions published from 2002 to 2014.37–48

In total, 12 publications were identi�ed. Over time, the 
published evaluations moved from analyses of measured 
patient outcomes to decision analytic modeling, which 
allowed long-term outcomes to be considered. Furthermore, 
the most recently published decision models were more 
sophisticated, including input values and model design 
(Table 15.2).

Main �ndings
In general, large variations in the reported cost-e�ectiveness 
were identi�ed. It was therefore impossible to draw broad 
conclusions about the cost-e�ectiveness of GDM screening 
from this dataset. First, many of the results (Table 15.3) were 
derived from one study,38 which used natural outcomes such 
as “averted cases of perinatal mortality” or “averted cases of 
hypertension disorder.” In these analyses, total costs were 
divided by each of the outcomes separately, thus preventing 
an assessment of the cost of the combined results. Second, 
even where broad measures such as QALYs gained or DALYS 
averted were used, ICERs were calculated against di�erent 
comparators and included di�erent bene�ciaries (i.e., some 
women only, some o�spring only, and some both). Finally, 
one study37 included averted cases of T2DM in both women 
and their o�spring. �is required the estimation of both 
the cost of postnatal interventions to avert T2DM and the 
discounted future bene�ts of averted case of T2DM. Since 
averted T2DM is a potentially large component of the ben-
e�t of GDM screening, studies that do not take these into 
account cannot be compared directly with those that do. 
Few assessments have compared IADPSG criteria to other 
accepted screening criteria, and results point toward the 
IADPSG criteria being cost-e�ective, but with great varia-
tions between studies.49

�e heterogeneity of the cost-e�ectiveness ratios could 
partly be explained by the di�erent methods for calculation. 

$2600$2400$2200$2000$1800

Net cost per DALY averted (International dollars)

$1600$1400$1200$1000$800

T2DM cost—Child
DALYs—AEs—Intervention

T2DM cost—Mother
Initial screen cost

DALYs—AEs—No Intervention
Antenatal care cost

DALYs—T2DM—Child

T2DM reduction—Child
Prevalence

T2DM incidence—Child

Postpartum care cost
T2DM incidence—Mother
T2DM reduction—Mother

Discount rate
DALYs—T2DM—Mother

Perinatal AE costs—Intervention

Figure 15.1  Sensitivity analyses arrayed in a tornado diagram. (From Marseille, E. et al., J. Matern. Fetal. Neonatal Med., 26(8), 
802, 2013. With permission.)
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Table 15.2  Identi�cation, measurement, and valuation of cost and consequences

Study Key cost components Cost sources/data handling 

Consequence 
sources/data 

handling 
Key input for 

decision modeling 

Poncet et al.38 Screening tests
Obstetrical care
Management of GDM
Delivery care
Sick leave

Prospective study (n = 120)
Hospital in Rhône-Alpes, 

France
French key-letter costing 

system (≈DRG), 
literature, and expert 
opinions

Clinical 
effectiveness: 
published 
literature

GDM prevalence
Screening refusal 

rate
Risk factors
Test effectiveness
GDM treatment 

success
Discounting (NS) Decision modeling

Discounting (NS)
Larijani et al.39 Test materials

Time for testing (staff)
Source for cost valuation 

(NS)
Clinical 

effectiveness: 
cohort (n = 
2416), four 
university 
hospitals in 
Teheran, Iran, 
period or retro-/
prospective 
design: NS

Discounting (NS) Prevalence estimate 
on patient-level 
data

Discounting (NS)
Nicholson et al.40 Treatment of maternal/

neonatal 
complications (direct 
and indirect costs)

The 2003 Medicare 
resource-based relative 
value units/The Maryland 
HealthCare Commission 
Database/The Bureau of 
Labor Statistics

Clinical 
effectiveness and 
utilities: 
published 
literature

Life expectancy: 
the National 
Center for Health 
Statistics

GDM prevalence
Test effectiveness
Hypertensive 

disease
Polyhydramnios
Cesarean/vaginal 

delivery and 
associated 
complications

Neonatal 
hypoglycemia

Macrosomia
Shoulder dystocia
Morbidity/infant 

death

Market prices adjusted 
using cost-to-charge 
ratios

In�ated into 2003 US$ 
using consumer price 
index

Discounted at 3% rate per 
year

Decision modeling
Discounting at 3% 

rate per year

Ayach et al.41 Laboratory costs (ND) Public reimbursements Clinical 
effectiveness: 
prospective 
cohort (n = 341) 
in university 
hospital in Mato 
Grosso do Sul, 
Brazil, July 
1997–December 
1999

Discounting (NS) Prevalence estimate 
on patient-level 
data

Discounting (NS)

(Continued)
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Table 15.2 (Continued)  Identi�cation, measurement, and valuation of cost and consequences

Study Key cost components Cost sources/data handling 

Consequence 
sources/data 

handling 
Key input for 

decision modeling 

Thung et al.42 Identi�ed costs (ND) Units/quantity/sources (NS) Clinical 
effectiveness, 
lifetime 
expectancy, and 
utilities (NS)

Perinatal death
Shoulder dystocia

Discounting (NS) Decision modeling
Discounting (NS)

NCCWCH (United 
Kingdom)43

Testing (ND)
Treatment of GDM 

(staff’s time, materials, 
medicine)

Treatment of GDM-
associated 
complications (ND)

National Health Service/
literature

Clinical 
effectiveness and 
utilities: 
published 
literature

Lifetime expectancy 
(NS)

Test effectiveness/
acceptability

GDM treatment
Induction of labor/

cesarean section
Stillbirth/neonatal 

death
Shoulder dystocia
Bone fracture
Nerve palsy
Jaundice
Hypoglycemia

In�ated into 2006 U.K. 
pounds using retail price 
index

Discounting (NS)

Decision modeling
Discounting (NS)

Lee et al.44 Treatment of GDM
Treatment long-term 

child complications
Preeclampsia 

management

Units/quantity/sources (NS) Clinical 
effectiveness: 
published 
literature

Lifetime expectancy 
and utilities (NS)

Maternal death due 
to preeclampsia

Permanent brachial 
plexus injury

Discounting (NS) Decision modeling
Discounting (NS)

Meltzer et al.45 Test materials
Time (staff/women)

Statistics Canada/Canada 
Revenue Agency

Clinical 
effectiveness: 
RCT (n = 1594) 
in university 
hospital in 
Montreal, 
Quebec, 
Canada, January 
2001–2002

In�ated into 2002 
Canadian $

Discounting (NS)

Prevalence estimate 
on patient-level 
data

Discounting (NS)
Round et al.46 Test materials

Time for testing (staff)
Treatment of GDM
Treatment of GDM-

associated 
complications

Literature/National Health 
Service data

Clinical 
effectiveness and 
utilities: 
published 
literature

Lifetime expectancy: 
80 years 
(reference NS)

Test effectiveness/
acceptability

GDM treatment
Preeclampsia
Induction of labor/

cesarean section
Neonatal jaundice
Admission to 

neonatal nurseryIn�ated to 2009 U.K. pounds Decision modeling
Discounting at 3.5% rate 

per year
Discounted at 3.5% 

rate per year

(Continued)
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It was questionable whether the separately calculated ICERs 
performed in two studies38,40 clinically made sense. As the 
screening alternatives found most cost-e�ective in both these 
studies, it did not di�er within strata. As the two studies44,47 
did not include a no-screening alternative, the possibility of 
the alternatives in these evaluations actually not being cost-
e�ective compared with no-screening could not be excluded. 
One-step 2-hour 75 g OGTT and two-step 1-hour 50 g 

GCT ± 100 g OGTT were most frequently found to be cost-
e�ective. However, it was questionable if the studies includ-
ing these two screening types were comparable, as not only 
the criteria used for diagnosis but also the de�nition of the 
screened population varied widely among the evaluations. 
�us, some studies relied on universal screening, whereas 
others relied on selected screening. Furthermore, within 
the selective screening options, di�erent de�nitions of risk 

Table 15.2 (Continued)  Identi�cation, measurement, and valuation of cost and consequences

Study Key cost components Cost sources/data handling 

Consequence 
sources/data 

handling 
Key input for 

decision modeling 

Mission et al.47 Treatment/diagnosis of 
GDM (direct and 
indirect costs)

Admission for GDM-
related conditions 
omitted

Published literature Clinical 
effectiveness, 
utilities, lifetime 
expectancy: 
published 
literature

Test effectiveness
GDM treatment
Preeclampsia
Mode of delivery
Shoulder dystocia
Macrosomia
Brachial plexus 

injury
Hypoglycemia
Hyperbilirubinemia
NICU admission
Maternal/neonatal 

death

In�ated into 2012 US$ 
using consumer price 
index

Discounting (NS)

Decision modeling
Discounting at 3% 

rate per year

Werner et al.48 Testing (ND)
Prenatal care
Treatment of GDM-

associated 
complications (short 
and long term)

Prevention of GDM

Published literature/
Medicare 
reimbursements

Clinical 
effectiveness, 
utilities and 
lifetime 
expectancy: 
published 
literature

Test effectiveness
Preeclampsia
Shoulder dystocia
Preterm birth
Cesarean delivery
Stillbirth
NICU admission
Maternal diabetes 

postpartum
In�ated into 2011 US$ 

using consumer price 
index

Discounting at 3% rate per 
year (sensitivity analyses: 
1%–5% rate per year)

Decision modeling
Discounting at 3% 

rate per year 
(sensitivity 
analyses: 1%–5% 
rate per year)

Marseille et al.37 Testing (materials, staff)
GDM treatment and 

intervention
Treatment of T2DM

Personal communications/
published literature

Clinical 
effectiveness and 
utilities: 
published 
literature

Lifetime 
expectancy: 
country-speci�c 
WHO life tables 
from 2009

GDM prevalence
Test performance
Effectiveness of 

treatment
Full set of perinatal 

adverse events
Maternal/offspring 

T2DM

Converted into 2011 
International $

Discounting at 3% rate per 
year

Decision modeling
Discounting at 3% 

rate per year

Source:	 Weile, L.K. et al., Best Pract. Res. Clin. Obstet. Gynaecol., 29(2), 206, 2015.
Abbreviations:	� DRG, diagnosis-related group; GDM, gestational diabetes mellitus; ND, not de�ned; NS, not stated; RCT, randomized controlled 

trial; T2DM, type 2 diabetes mellitus.
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Table 15.3  Estimates of cost-effectiveness

Studya 
Screening 

alternatives Reference 
Incremental 

cost 
Incremental 

cost (2014 US$) Per Comment 

Poncet et al.38 Two-step
1-hour 50 g 

OGTT 
±100 g 
3-hour 
OGTT, on 
high-risk 
pregnant 
women

No screening €21,069.52 40,331 Averted case of 
macrosomia

€9,953.24 19,055 Averted case of 
prematurity

€7,871.55 15,071 Averted case of 
perinatal 
mortality

€28,674.90 54,898 Averted case of 
hypertension 
disorder

Two-step
1-hour 50 g 

OGTT 
±100 g 
3-hour 
OGTT, 
universal 
screening

€23,135.36 44,292 Averted case of 
macrosomia

€10,965.20 20,992 Averted case of 
prematurity

€8,663.83 16,587 Averted case of 
perinatal 
mortality

€31,898.74 61,070 Averted case of 
hypertension 
disorder

One-step
2-hour 75 g 

OGTT, 
universal 
screening

€68,933.79 13,1974 Averted case of 
macrosomia

€37,320.89 71,451 Averted case of 
prematurity

€29,444.16 56,370 Averted case of 
perinatal 
mortality

€94,506.04 18,0931 Averted case of 
hypertension 
disorder

Nicholson 
et al.40

Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g 
OGTT

Referent QALYs saved Maternal 
consequences 
considered

One-step
3-hour 100 g 

OGTT

Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g 
OGTT

US$32,374 41,147

Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g 
OGTT

Referent Neonatal 
consequences 
considered

One-step
3-hour 100 g 

OGTT

Two-step
1-hour 50 g 

GCT 
±3-hour 
100 
OGTT

US$8,252 10,488

(Continued)
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Table 15.3 (Continued)  Estimates of cost-effectiveness

Studya 
Screening 

alternatives Reference 
Incremental 

cost 
Incremental 

cost (2014 US$) Per Comment 

Thung et al.42 Two-step
1-hour 50 g 

GCT (BG > 
7.8 1 hour), 
±3-hour 
100 g 
OGTT

No screening US$12,269 14,232 QALYs gained

Two-step Two-step US$14,961 17,355

1-hour 50 g 
GCT (BG 
>7.2 1 
hour), 
±3-hour 
100 g 
OGTT

1-hour 50 g 
GCT (BG > 
7.8 1 hour), 
±3-hour 
100 g 
OGTT

NCCWCH 
(United 
Kingdom)43

One-step
2-hour 75 g 

OGTT + 
ADA risk 
criteriaa

No screening UK£3,677 5,843 QALYs gained

One-step One-step UK£21,738 34,543
2-hour 75 g 

OGTT + 
high-risk 
ethnicity

2-hour 75 g 
OGTT + 
ADA risk 
criteriab

Lee et al.44 One-step
2-hour 75 g 

OGTT (BG 
> 7.8 
mmol/L 2 
hour)

Referent QALYs gained

One-step
2-hour 75 g 

OGTT (BG 
>7.0 
mmol/L 2 
hour)

One-step
2-hour 75 g 

OGTT 
(BG >7.8 
2 hour)

US$76,000 85,804

Round et al.46 No screening Distribution 
of the 
most 
cost-
effective 
screening 
alternative

Maximum 
willingness 
to pay 
threshold at 
UK£20,000

Maximum 
willingness to 
pay threshold 
at US$34,063

QALYs gained Woman’s 
individual risk 
of GDM <1%

Two-step
FBG ±2-hour 

75 g OGTT

Woman’s 
individual risk 
of GDM 
1.0%–4.2%

Woman’s 
individual risk 
of GDM >4.2%

One-step
2-hour 75 g 

OGTT

Mission et al.47 Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g OGTT

Referent QALYs gained

One-step
2-hour 75 g 

OGTT

Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g OGTT

US$61,503 62,672

(Continued)
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factors were identi�ed. As these small variations might have 
a signi�cant clinical e�ect, none of the evaluations could be 
said to compare the same combination of alternatives. �us, 
no summary conclusions could be made on these �ndings.49

Future directions for health policies 
and health economic evaluations
As stated earlier, making general assessments of the cost-
e�ectiveness of GDM screening and management based on 
the current evidence is di�cult. We recommend that future 
research addressing this topic from a health economic per-
spective focus on national or regional policy alternatives 
instead of global conditions: a relevant assessment at least 
includes the national or regional existing screening program 
and screening alternatives that from a clinical perspective is 
judged worthy of recommendation. Currently, the screen-
ing program and criteria recommended by IADPSG there-
fore should be included as one alternative. Furthermore, a 
no-screening alternative should always be included, as this 

supports a comprehensive review of feasible options and 
helps place other alternatives in context. Moreover, the 
potential of preventing e�ects on T2DM and other long-term 
complications for both mothers and their o�spring should 
be incorporated in the analysis.

To produce results as relevant as possible to decision 
making, we encourage researchers to challenge their results 
by addressing ethical issues in the discussion of the results. 
If no screening is found to be the most cost-e�ective, is 
this actually a politically viable option within the relevant 
setting? Similarly, if the cost per health gain is high (i.e., 
poor cost-e�ectiveness), how will implementation of such 
alternatives a�ect other health initiatives depending on 
the same budget? As resources are scarce, priority is indis-
pensable and trade-o�s should be quanti�ed. �is is the 
heart of economic assessment and the main reason to per-
form CEAs. Hence, discussions of, for instance, whether 
GDM screening and management should take precedence 
over other interventions in pregnancy (i.e., screening 
for preeclampsia or general health promotion) are most 
needed. In theory, the discussion could even be expanded 
to compare GDM interventions with other nonobstetric 

Table 15.3 (Continued)  Estimates of cost-effectiveness

Studya 
Screening 

alternatives Reference 
Incremental 

cost 
Incremental 

cost (2014 US$) Per Comment 

Werner et al.48 Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g OGTT

No screening US$543,119 564,844 QALYs gained If diagnosis 
provides no 
long-term 
maternal 
health bene�t

Two-step
FBG ±2-hour 

75 g OGTT

Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g OGTT

US$564,407 586,983

Two-step
1-hour 50 g 

GCT 
±3-hour 
100 g OGTT

No screening US$16,689 17,351 If diagnosis 
provides 
long-term 
maternal 
health bene�t

Two-step Two-step US$20,336 21,149
FBG ±2-hour 

75 g OGTT
1-hour 50 g 

GCT 
±3-hour 
100 g OGTT

Marseille et al.37 One-step
2-hour 75 g 

OGTT

No screening International 
$1,626

580 Averted DALY India

International 
$1,830

2,070 Israel

Source:	 Weile, L.K. et al., Best Pract. Res. Clin. Obstet. Gynaecol., 29(2), 206, 2015.
Abbreviations:	�BMI, body mass index; DALY, disability-adjusted life years; QALY, quality-adjusted life years; 1-hour 50 g GCT, 1-hour 50 g 

glucose challenge test; 2-hour 75 g OGTT, 2-hour 75 g oral glucose tolerance test; 3-hour 100 g OGTT, 3-hour 100 g oral 
glucose tolerance test.

a	 Results from studies not performing incremental analyses were excluded in the synthesis of cost-effectiveness estimates.
b	 ADA risk criteria: American Diabetes Association de�nition of risk is having more of the following risk factors: >25 years, BMI > 27 kg/m2; 

family history of diabetes, and high-risk ethnic group.
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health interventions. �e complexity of the full range of 
such possible comparisons is overwhelming. In practice, 
this complexity is greatly constrained by far smaller num-
ber of the actual policy-relevant choices facing political 

and bureaucratic actors at any given time. By helping to 
guide us to options that yield high value for money, high-
quality health economic evaluations can thus help address 
issues of broad importance to society.
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Changing health policy: From 
study to national policy
Ofra Kalter-Leibovici, Nicky Lieberman, Ronni Gamzu, and Moshe Hod

Background
Gestational diabetes mellitus (GDM) is associated with 
greater risk for immediate and late maternal and fetal adverse 
outcomes. Immediate adverse outcomes include fetal mac-
rosomia, shoulder dystocia and birth injury, preeclampsia, 
and cesarean section.1 Late adverse outcomes include greater 
maternal risk for type 2 diabetes mellitus (T2DM)1,2 and 
higher prevalence of childhood obesity and insulin resis-
tance in o�spring.3,4

�e risk of adverse outcomes in pregnancies complicated 
with GDM correlates with the level of maternal hyperglyce-
mia,5 and interventions aimed to decrease hyperglycemia 
were reported to lower the risk of some of these outcomes (i.e., 
fetal macrosomia, shoulder dystocia, and preeclampsia).6–8

Clinical guidelines advocate screening for GDM between 
24 and 28 weeks of gestation, and most countries have des-
ignated screening programs that involve the testing of fast-
ing and post-oral glucose load plasma glucose levels. In some 
countries, including Israel, a two-step screening program 
is employed, where pregnant women have 50 g oral glucose 
challenge test (OGCT), and those found with 1-hour postchal-
lenge plasma glucose level of 140 mg/dL or higher have 3-hour 
100 g oral glucose tolerance test (OGTT).9 �e performance 
of OGCT has been recently evaluated in a systematic review 
of cohort studies. When GDM was diagnosed according to 
the Carpenter and Coustan criteria, a postload plasma glu-
cose threshold of 140 mg/dL or higher provided 85% sensitiv-
ity and 86% speci�city for GDM diagnosis, with positive and 
negative likelihood ratios of 5.9 and 0.18, respectively.10 Over 
the years, however, single- and two-step screening approaches 
have been proposed, using various oral glucose load doses and 
blood glucose thresholds for the diagnosis of GDM, with no 
consensus over a preferred method.11 Furthermore, the fasting 
and postload plasma glucose thresholds used for diagnosis of 
GDM have been set according to the maternal risk of develop-
ing T2DM during follow-up, rather than the risk of immediate 
adverse pregnancy outcomes.12

�e Hyperglycemia and Adverse Pregnancy Outcomes 
(HAPO) study addressed the ongoing debate on the best 
screening and diagnostic practices for GDM. �e study 

cohort included 25,505 pregnant women recruited at 15 
centers in 9 countries. Two HAPO centers were located in 
Israel, including 3345 participants. All participants had a 
2-hour 75 g OGTT between 24 and 32 weeks of gestation. 
Caregivers remained blinded with respect to the fasting and 
postload plasma glucose levels if these levels were 105 mg/dL 
or less and 200 mg/dL or less, respectively. Participants were 
followed till birth and information on maternal and fetal 
outcomes was collected. �e study results showed a linear 
relationship between fasting and postload plasma glucose 
levels and adverse pregnancy outcomes, even in the range 
previously considered normal.13

�e results of the HAPO study motivated the Inter
national Association of Diabetes and Pregnancy Study Group 
(IADPSG) to recommend universal screening for GDM 
with 2-hour 75 g glucose OGTT performed between 24 and 
28 weeks of gestation. �e IADPSG diagnostic criteria for 
GDM were determined according to the fasting and postload 
plasma glucose levels that were associated with odds ratios of 
1.75 for having >90th percentiles of birth weight (large-for-
gestational-age [LGA]), cord C-peptide, and neonatal percent 
body fat, as compared to the corresponding mean values of 
the entire HAPO cohort. �e recommended plasma glucose 
thresholds are 92, 180, and 153 mg/dL for fasting, 1-hour, and 
2-hour post oral glucose load state, respectively. A woman is 
diagnosed with GDM if she has at least one plasma glucose 
level equal to or higher than the threshold.14

Making local health policy
�e IADPSG recommendation evoked international discus-
sion as to whether GDM screening and diagnosis practices 
should be changed or not. �e main concern raised was 
the need of healthcare systems to cope with a signi�cant 
increase in the number of pregnancies previously consid-
ered normal that will now be classi�ed and treated as GDM 
pregnancies, while there is no evidence from randomized 
trials showing that implementation of the new diagnostic 
criteria results in better pregnancy outcomes compared to 
those currently employed.15

16
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Table 16.1  Comparisons of baseline characteristics and pregnancy outcomes between Israeli and other 
Hyperglycemia and Adverse Pregnancy Outcomes study participants

HAPO study participants 

P

Israeli Others 

n = 3,345 n = 19,971 

Age, years, mean (SD) 27.8 (5.4) 29.4 (6.0) <0.001
BMI, kg/m2, mean (SD) 26.9 (4.4) 27.8 (5.4) <0.001
Current cigarette smoking, % 5.9 6.9 0.024
Any alcohol consumption, % 0.5 8.0 <0.001
Multiparous, % 60.6 51.1 <0.001
Fasting plasma glucose, mg/dL, mean (SD) 78.4 (6.7) 81.3 (7.1) <0.001
1-hour post-oral glucose load, mg/dL, mean (SD) 124.5 (30.4) 135.7 (30.7) <0.001
2-hour post-oral glucose load, mean (SD) 101.8 (21.7) 112.5 (23.6) <0.001
Cumulative percent positive by threshold <0.001

Fasting ≥92 mg/dL 2.8 8.3
1-hour post-oral glucose load ≥180 mg/dL 6.9 14.0
2-hour post-oral glucose load ≥153 mg/dL 8.3 16.1
Unblindeda 9.0 17.8
Fetal macrosomia, % 8.8 9.7 0.11
Preeclampsia/eclampsia, % 1.3 5.4 <0.001
Primary cesarean section, % 10.0 17.0 <0.001
Birth injury/shoulder dystocia, % 0.3 1.5 <0.001
Preterm delivery, % 5.3 7.2 <0.001
Admission to neonatal intensive care unit, % 7.0 8.1 0.034

a	 Women with fasting plasma glucose > 105 mg/dL, plasma glucose at 2-hour post-oral glucose load >200 mg/dL, or a random plasma 
glucose level > 160 mg/dL. Information on the plasma glucose levels of these women was disclosed to their caregivers.

We describe in this chapter the rationale and process of 
changing health policy of GDM screening and diagnosis in 
Israel, including the following steps:

	1.	 Provision of locally relevant information for health pol-
icy decision making, based on the analysis of the Israeli 
HAPO study cohort data

	2.	 Cost-e�ective assessment of implementation of the 
IADPSG recommendation, based on the data from Clalit 
Health Services (CHS), the largest health maintenance 
organization in Israel

	3.	 Changing current health policy of GDM screening, diag-
nosis, and care in CHS

Step I: Data analysis
�e analytical approach has been previously described.16 In 
brief, we compared the baseline characteristics and rates 
of pregnancy adverse outcomes in the Israeli HAPO study 
cohort (n = 3,345) and the rest of the HAPO study partici-
pants (n = 19,971). Based on the Israeli HAPO cohort data, 
we calculated the expected number of women diagnosed 
with GDM according to the IADPSG diagnostic criteria 
and compared this number with the number of women 
diagnosed with GDM in Israel, under the current two-step 
screening and diagnostic policy.

To estimate the expected yield of implementing the 
IADPSG recommendation, we calculated the number needed 
to screen (NNS) and the number needed to treat (NNT) to 
avoid one case of LGA or preeclampsia.

We developed a risk strati�cation tool for adverse preg-
nancy outcomes among IADPSG-positive cases.

We also explored two alternative screening strategies, 
either with fasting plasma glucose (FPG) or body mass index 
(BMI) and calculated FPG and BMI thresholds that provide 
a similar number of cases as the number of cases identi�ed 
by the IADPSG criteria.

Finally, we explored a two-step screening approach, using 
FPG testing for the �rst step, and an OGTT with the IADPSG 
thresholds for the second step.

We found that the Israeli cohort significantly differed 
from the rest of the HAPO study cohort. Israeli par-
ticipants were younger, less heavy, and more frequently 
multiparous and had lower FPG and postload plasma glu-
cose levels. Adverse pregnancy outcomes were also less 
common in the Israeli HAPO cohort compared to the 
rest of the HAPO study cohort (Table 16.1). These find-
ings emphasize the need to base health policy decisions, 
where possible, on local data. Nevertheless, the associa-
tion between FPG and postload plasma glucose levels and 
the rate of adverse pregnancy outcomes were similar in 
the two HAPO groups.
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Currently, about 7500 women, 4.3% of pregnancies in 
Israel are diagnosed with GDM, annually.17 Following 
the implementation of the IADPSG recommendation, the 
number of women diagnosed with GDM will double, adding 
extra 8000 women each year. Similar results were reported 
in other populations. For example, the implementation of 
the IADPSG recommendation is expected to cause a two- 
to threefold increase in the number of women diagnosed 
with GDM in the United States.15 Such increases require 
reorganization of the prenatal services and assessment of 
extra resources needed. To meet these needs, we developed 
an LGA risk score, based on maternal height, parity, and 
BMI at the time of screening. Using this score, we identi�ed 
a subgroup consisting of about one-third of women diag-
nosed with GDM according to the IADPSG criteria, who had 
a lower rate of LGA than the rest of the IADPSG-positive 
cohort (9.8% vs. 19.7%, respectively). �e rate of LGA o�-
spring in this subgroup was closer to the rate of LGA in the 
IADPSG-negative group (8.1%). �is subgroup, considered 
to have mild GDM, would probably bene�t from less inten-
sive perinatal care setup, focusing mainly on healthy lifestyle 
advice. �us, the implementation of the IADPSG recommen-
dation with further risk strati�cation may promote e�cient 
utilization of available healthcare resources and allow the 
healthcare system to cope with the excess number of women 
diagnosed with GDM under the new diagnostic criteria.

Among IADPSG-positive women in the Israeli cohort, the 
rates of LGA o�spring and preeclampsia were 16.4% and 1.8%, 
respectively. According to Landon et al.18 intensive treatment 
of mild GDM is associated with a mean reduction of 51% in 
the risk of LGA o�spring and a mean reduction of 54% in the 
risk of preeclampsia. �us, the NNS and NNT to avoid one 
case of LGA are 145 (95% CI: 90, 232) and 12 (95% CI: 7.5, 
19), respectively. �e corresponding numbers for maternal 
preeclampsia are 1242 (95% CI: 431, 3584) and 103 (36, 292). 
�ese numbers are well within the range for other interven-
tions in obstetrics, e.g., magnesium treatment for prevention 
of eclampsia19 and for neuroprotection,20,21 or progesterone 
treatment for the prevention of premature birth.22

To explore alternative screening methods for detecting 
women at high risk of adverse pregnancy outcomes, we cal-
culated the BMI and FPG thresholds at 24–32 weeks of ges-
tation providing rates of positive cases similar to the rate of 
positive cases de�ned by the IADPSG criteria. �ese thresh-
olds (at 24–32 weeks of gestation) were 33.5 kg/m2 for BMI 
and 89 mg/dL for FPG. Using these thresholds, screening 
with FPG or BMI produced similar rates of LGA cases, as 
did screening according to the IADPSG recommendations 
(18.8% for FPG ≥ 89 mg/dL, 17.3% for BMI ≥ 33.5  kg/m2, 
and 16.4% for IADPSG-positive women). Similarly, screen-
ing with FPG or BMI will detect a similar or even greater 
proportion of pregnancies complicated with preeclampsia 
(2.2% and 4.3%, respectively), as compared to the screening 
with the IADPSG criteria (1.8%).

Maternal overweight is associated with increased risk for 
adverse pregnancy outcomes (e.g., fetal macrosomia, pre-
eclampsia, cesarean section, and shoulder dystocia), irre-
spective of blood glucose levels.23,24 Interventions aimed at 

reducing or preventing maternal obesity are associated with 
lower risk of fetal macrosomia and preeclampsia.25 �us, the 
assessment of maternal BMI and provision of e�ective life-
style advice should be pursued regardless of the evaluation of 
maternal glucose metabolism.

Screening with FPG may be an attractive alternative to 
OGTT, especially in developing countries. Agarwal et al.26 
reported that screening with FPG ≥ 88 mg/dL has reason-
ably good performance in terms of sensitivity (85%), speci-
�city (71%), and area under the curve (AUC) (0.88) when 
tested against the American Diabetes Association diag-
nostic criteria of GDM. FPG of ≥90 mg/dL was reported 
to have 80% sensitivity and 91% speci�city, with likelihood 
ratios of positive and negative test results of 8.84 and 0.21, 
respectively, when compared to the IADPSG diagnostic 
criteria for GDM.27 Screening with FPG using a threshold 
of 85 mg/dL was previously reported to be associated with 
better sensitivity and speci�city as well as positive and neg-
ative predictive values compared to OGCT.28

It should be noted, however, that FPG and IADPSG diag-
nostic criteria do not necessarily detect the same population 
of positive cases.

Screening with FPG exclusively can miss cases that may 
still have high risk of adverse pregnancy outcomes despite 
having lower levels of FPG. We therefore developed a risk 
score for LGA o�spring for women who have FPG < 89 mg/dL. 
Using this risk score, we could identify a subgroup of the 
women with FPG < 89 mg/dL who have 17.5% risk for LGA 
o�spring, similar to the rate in women with FPG ≥ 89 mg/dL 
(18.8%). To avoid missing these cases, a two-step screening 
for GDM may be o�ered; �rst, all women will have a FPG 
test. Women with FPG ≥ 89 mg/dL will be diagnosed with 
GDM. Women with FPG < 89 mg/dL, who have high LGA 
risk score (about 20% of the women with FPG < 89 mg/dL), 
will have OGTT and will be diagnosed with GDM according 
to the IADPSG criteria. �is two-step screening approach 
reduces the risk of missing LGA cases while still avoiding 
OGTT in more than 80% of pregnant women.

Göbl et al.29 recently reported a similar two-step screen-
ing approach, using the FPG threshold recommended by the 
IADPSG (≥92 mg/dL) for �rst-step screening and OGTT for 
second-step screening among women with FPG <92 mg/dL 
and high LGA risk score.

Step II: Cost-effectiveness assessment
Economic analysis of data from the Australian Carbohydrate 
Intolerance Study in Pregnant Women trial (ACHOIS) ran-
domized trial showed that treatment of mild GDM is associ-
ated with incremental cost of $27,503 per serious perinatal 
complication prevented and $2,988 per discounted life year 
gained.30 Altogether, the intervention was judged as highly 
cost-e�ective. However, the costs of screening and diagnosis 
were not included in the analysis.7

Data from randomized controlled trials on the e�ect of 
GDM treatment on the risk of long-term adverse maternal 
and o�spring adverse outcomes are scarce. Although insulin 
treatment in women with GDM was associated with reduction 
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in perinatal mortality, it did not a�ect the risk of maternal 
T2DM a�er 16 years of follow-up.31 Similarly, active treatment 
of GDM was associated with lower rate of fetal macrosomia 
compared to routine care in the ACHOIS trial; treatment had 
no e�ect on o�spring BMI at the age of 4–5 years.32

�e costs of one-step screening methods for GDM were 
studied in a Canadian randomized trial. �e results showed 
that a two-step screening process (OGCT followed by OGTT 
in positive cases) was associated with lower costs compared 
to one-step screening.33

Werner et al.34 analyzed the cost-e�ectiveness of the pro-
posed IADPSG criteria for GDM screening and diagnosis, 
using a decision tree model. �e investigators found that 
a two-step screening for GDM (using FPG and OGTT for 
the �rst and second step, respectively), implementing the 
IADPSG recommended glucose thresholds, was cost-e�ec-
tive providing that post-delivery lifestyle intervention will 
reduce the incidence of T2DM in mothers.

Lohse et  al.35 developed a computer simulation model 
to assess the cost-e�ectiveness of GDM screening and life-
style change to prevent T2DM. �e model was used to 
assess the cost-e�ectiveness of one-step GDM screening 
with 2-hour 75  g OGTT compared to no screening, using 
disability-adjusted life years (DALYs) for e�ectiveness mea-
sure.36 �e investigators used CHS database for information 
on the prevalence of GDM and costs. �e model assumed 
that 80% of the women will receive postnatal care, includ-
ing lifestyle advice. �e e�ect of the lifestyle intervention 
was assumed to decrease the relative risk for T2DM both in 
mothers and children by 40%, resulting in 4 cases of T2DM 
averted among mothers and 2 cases among children per 1000 
women screened for GDM. �e net incremental costs (in 
international dollars) compared to no screening was $76,102 
per 1,000 women screened. �e cost per DALY averted was 
$1830, and 95% of the DALYs averted were due to T2DM pre-
vention. In sensitivity analyses, lower uptake of postpartum 
care (50% instead of 80%) would raise the cost per DALY 
averted to $2895. Assuming lower e�ectiveness of lifestyle 
advice (20% instead of 40% relative risk reduction of T2DM) 
would increase the cost per DALY averted to $7242. With no 
bene�t in reducing T2DM, the cost per DALY averted rises 
to $182,750.

It should be noted that the estimated proportion of 
pregnancies complicated with GDM in this analysis was 
2.6%, which is signi�cantly lower than the rate of GDM 
according to the IADPSG criteria reported for the two par-
ticipating Israeli centers in the HAPO study.37

Step III: Changing current health policy
In order to understand CHS decision to change the cur-
rent policy, the reader should get acquainted with the Israeli 
health system and the basic concepts of CHS’s policy.

According to the National Health Insurance Law enacted 
in 1995, all Israeli residents are insured by one of the four 
health plans, currently providing healthcare services to over 
eight million people. CHS, the largest health insurer in Israel, 
insures more than half of the total Israeli population, with 

overrepresentation of ethnically diverse and underprivileged 
population subgroups. Although people can move from one 
health plan to another every 2 months, less than 1% chose 
to do so each year. �e low attrition rate provides an incen-
tive for the health plans to invest in preventive medicine and 
in disease management programs. CHS was one of the �rst 
health plans worldwide to develop and implement a desig-
nated diabetes prevention program for people with pre-
diabetes. �e Israeli healthcare system is almost completely 
computerized, using electronic medical records with alerts 
and reminder generator and embedded decision support 
systems, allowing data sharing between di�erent providers.

CHS runs a comprehensive diabetes community pro-
gram since 1997. Most people with diabetes are managed by 
their primary practitioners and other community health-
care providers, including nurses, pharmacists, dietitians, and 
physiotherapists. Patients are referred to consultant diabetes 
specialist in case of uncontrolled diabetes or severe diabetic 
complications. CHS developed its own diabetes practice 
guidelines, endorsing international standards, and being 
regularly reviewed and revised every 2–3 years. �e diabetes 
disease management program within the primary care setup 
in CHS addresses also other comorbidities and risk factors 
that are associated with diabetes, e.g., hypertension, dyslip-
idemia, and cardiovascular disease. �e comprehensive care 
provided is culturally sensitive, addressing the ethnic diver-
sity of the insured population. As a result, more than 55% of 
people with diabetes have HbA1C level of less than 7%, and 
more than 70% have their HbA1c level within their personally 
adapted target; more than 60% of the diabetic patients have 
LDL cholesterol levels lower than 100 mg/dL, and more than 
75% of the patients with diabetes have LDL cholesterol level of 
less than 130 mg/dL. As a result of the comprehensive diabetes 
care provided to people with diabetes, there has been a signi�-
cant decline in the rate of nontraumatic amputations, invasive 
procedures for coronary reperfusion and blindness due to dia-
betic retinopathy. As a result, the costs of the person with dia-
betes decreased by about 40%, from the provider perspective.

Given the general policy that promote disease prevention, 
the high risk of T2DM in women with GDM, and the favor-
able result of the cost–bene�t analysis, CHS decided to adopt 
the IADPSG recommendation and to adapt the care model 
according to the increased number of patients diagnosed 
with GDM.

CHS will adopt the risk-strati�cation approach described 
earlier, stratifying the women diagnosed with GDM accord-
ing to the new diagnostic criteria into high-, intermediate-, 
and low-risk subgroups. Women considered being in the 
low-risk group will be provided with lifestyle advice, includ-
ing dietary counseling and physical exercise, and follow-up 
by their primary practitioners and consultant gynecologists. 
Counseling will be provided by nurse educators, dietitians, 
and occasionally diabetes specialists. Healthcare for women 
in the intermediate-risk subgroup will be provided in com-
munity, Women Health Centers of CHS, by multidisciplinary 
teams, which consists of lifestyle advice and hypoglycemic 
drug therapy. High-risk patients will be referred to high-risk 
pregnancy units in the regional hospitals.
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Ideal weight gain in diabetic 
pregnancy
Gerard H.A. Visser and Harold W. de Valk

Introduction
Weight gain during pregnancy is related to pregnancy out-
comes that include preterm delivery, fetal macrosomia, and 
intrauterine growth restriction. �e former two are common 
in women with diabetes; the latter one has become rare with 
better care and lower incidence of vascular complications 
in these women.1,2 Optimal weight gain di�ers according to 
the maternal body mass index (BMI) and is lower in women 
with a high BMI. Weight loss during pregnancy is usually 
associated with an impaired outcome. In this chapter, opti-
mal weight gain during pregnancy in women with diabetes 
is discussed.

Optimal weight gain
Most data on optimal weight gain concern the general preg-
nant population, with speci�c data on maternal diabetes 
generally lacking. Weight gain should especially be restricted 
in obese women, since excessive weight gain hampers an 
already impaired outcome. �is has been nicely shown in 
a study in 481 obese glucose-tolerant women: a gestational 
weight gain of 5–10 kg was associated with a doubling of the 
incidence of maternal hypertensive disease, cesarean deliv-
ery, induction of labor, and large-for-gestational-age (LGA) 
infant as compared to a weight gain of less than 5 kg.3 In case 
of a weight gain of 10–15 kg and more than 15 kg, these risks 
were on average threefold and fourfold higher, respectively.

In 2009, new guidelines on optimal weight gain were pub-
lished by the Institute of Medicine.4 �ese guidelines were 
developed

to minimize the negative health consequences for both 
mother and fetus of both inadequate or excessive gain. 
�is was assessed primarily by considering the outcomes 
most consistently and plausible associated with gesta-
tional weight gain: infants born either small- or large-for-
gestational (SGA and LGA, respectively) age, the mother’s 
risk for an unplanned cesarean delivery and excessive 
(>5 kg) postpartum weight retention.

�e guidelines are shown in Table 17.1, according to prepreg-
nancy BMI. In women with type 1 diabetes, it has recently 
been shown that weight gain above the recommended value, 
as de�ned before, may result in a striking increase in fetal 
macrosomia: 42% of LGA as compared to 8% in women 
with the recommend weight gain.5 In women with gesta-
tional diabetes mellitus (GDM), most of the weight gain 
occurs prior to GDM diagnosis (for references, see Most and 
Langer6). In a study in GDM, the lowest incidence of LGA 
occurred in normal weight women when weight gain was in 
accordance with the Institute of Medicine guidelines. In case 
of overweight (BMI 25–30) or obesity (BMI > 30), the low-
est LGA incidence occurred in women with a lower weight 
gain than recommended in the guidelines (<8 and <4.5 kg, 
respectively).6

�e guidelines on optimal weight gain do not contain 
subdivision according to the three obesity classes (I, BMI 
30–35; II, 35–40; III, >40), since data were not su�cient to 
do so. However, in severely obese nondiabetic women with 
a BMI > 40, there is evidence that weight gain during preg-
nancy should be below 5  kg for an optimal outcome with 
a low preterm delivery rate.7 In a large study in 6500 obese 
women in California, it was found that the lowest risks for 
preterm birth, small for gestational age (SGA), and LGA 
occurred with a maternal weight gain of 9–13.5  kg in the 
Class I group, 5–9 kg in the Class II, and 2–5 kg in Class 3. In 
Class III, African-American women’s best outcome occurred 
in the case of weight gain below 2 kg.7 In the case of weight 
loss, there was an increase in preterm delivery in all three 
obesity classes. A large German study also has shown that 
gestational weight loss was associated with an increase in 
preterm delivery and SGA, apart from obesity class III.8 �e 
potential hazards of gestational weight loss should not be 
underestimated and weight loss cannot be recommended.9

Discussion
Fetal macrosomia in women with diabetes depends on 
many factors, such as genetics and epigenetics, pre-
pregnancy BMI, glucose control during pregnancy, and 
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gestational weight gain. Good glucose control in early 
pregnancy is associated with an increase in macrosomia, 
probably due to a better placentation, whereas a good con-
trol late in pregnancy decreases the risk (see Chapter 49). 
Disappointingly, many of these risk factors cannot be in�u-
enced although weight gain in pregnancy may be modi�able 
through dietary and behavioral interventions. However, 
even with intensive guidance, the results seem to be only 
moderate.10,11 A recent meta-analysis of randomized and 
nonrandomized clinical trials on dietary and lifestyle 

interventions in overweight and women obese has shown 
a 2 kg lower maternal weight gain in the treatment arm with 
a trend toward a reduction in the prevalence of gestational 
diabetes.12 �ere were no di�erences in the incidence of 
LGA infants. All studies were assessed as being of low to 
medium quality.

In women with preexisting diabetes or GDM, the inci-
dence of fetal macrosomia is high, and macrosomia is one 
of the key factors important for childhood and later obesity 
and metabolic syndrome. Adequate counseling and dietary 
advices are, therefore, particularly important in these 
women. �is is facilitated by the fact that these women will 
be frequently seen during pregnancy by a dedicated endo-
crinology/obstetrics team, with their weight be measured 
during each visit. In the second trimester of pregnancy, it 
appears possible to identify women at risk of gaining weight 
outside of the guidelines, which may facilitate dedicated 
action.13 However, in the case of GDM, most weight gain has 
already occurred before diagnosis. One study has indicated 
that optimal weight gain in overweight and obese women 
with GDM should be lower than that recommended for 
the general population. Weight gain in pregnancy should 
regularly be assessed, and in the case of weight gain below 
or above recommended values, appropriate dietary advices 
should be given.
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Table 17.1  Recommended weight gain in pregnancy 
according to the Institute of Medicine Guidelines

BMI 

Recommended weight gain 

kg lb

<18.5 12–18 28–40
18.5–25 11.5–16 25–35
25–30 6.8–11.4 15–25

>30 5–9 11–20

Source:	 Rasmussen, K.M. et al., Curr. Opin. Obstet. Gynecol., 21, 
521, 2009.
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Medical nutritional therapy for 
gestational diabetes mellitus
Lois Jovanovic

Introduction
Pregnancy causes a multitude of metabolic changes within 
a woman’s body in order to provide the proper nutrients 
to the developing fetus. In women with type 1 and type 2 
diabetes and gestational diabetes mellitus (GDM), these 
metabolic perturbations must be treated distinctly and 
aggressively to optimize fetal development and health. 
Pregestational diabetes (either type 1 or type 2) has the 
potential to subject the developing fetus to abnormal 
maternal glucose levels resulting in problems with organo-
genesis producing congenital abnormalities or spontaneous 
abortion. Furthermore, GDM presents a�er organogenesis 
in the second part of pregnancy; therefore, the major risk 
for the fetus is macrosomia. Although the goal for dietary 
therapy for each of these disorders is the same, which is 
euglycemia, the means to achieve it are very di�erent and 
somewhat controversial. In the case of GDM, the main-
stay of therapy is medical nutritional therapy, whereas in 
insulin-requiring diabetes, dietary therapy is compen-
sated with premeal insulin injections. In this chapter, the 
metabolic changes in normal pregnancy will be presented 
followed by the general guidelines for pregnancy. Fetal 
complications associated with inadequate nutrition or 
metabolic perturbation will be brie�y explored, followed by 
issues and treatment for GDM, with emphasis on speci�c 
dietary therapies for GDM.

Metabolic changes in normal 
pregnancy
During pregnancy, metabolism increases by 15%–26% to 
support both the mother and developing fetus.1 Early preg-
nancy is characterized by normal glucose tolerance, normal 
hepatic gluconeogenesis, and normal or improved insu-
lin sensitivity.1–5 As pregnancy progresses, carbohydrate 
metabolism becomes altered due to an increase in insulin 
secretion and decreased insulin sensitivity. �us, some 
insulin resistance occurs, by late pregnancy, overall insulin 
action is decreased 50%–70% as compared to nonpregnant 

women.5 Lipid metabolism is also altered in hepatic and 
adipose tissue. Early-pregnancy hormones, estrogen, pro-
gesterone, and insulin, promote the storage of lipids within 
maternal tissues.

Therefore, in early pregnancy, initially there is a 
decrease in serum triacylglycerols, fatty acids, cholesterol, 
lipoproteins, and phospholipids. However, as estrogen 
and insulin resistance impacts the mother, lipolysis and 
hypertriglyceridemia ensues.5 For example, at week 12, 
estrogen causes cholesterol, specifically HDL, to be uti-
lized as a major metabolic fuel for the placenta through-
out the remaining weeks of pregnancy; thus serum 
concentrations increase. Furthermore, VLDL is altered in 
the second and third trimesters due to a change in adipose 
and hepatic enzyme activity, specifically the decrease of 
lipoprotein lipase (LPL). Notably, when maternal glucose 
levels decrease as can be seen during the fasting state, 
hepatic LPL activity increases allowing the mobilization 
of lipids and ketones for fetal nutrition. Human chorionic 
gonadotropin, prolactin, and glucagon also contribute 
by stimulating lipolysis in late pregnancy. This serves to 
preferentially send glucose and protein to the fetus, while 
the maternal tissues rely more on fatty acid oxidation and 
ketogenesis to meet their energy requirement. Finally, 
during the third trimester, a change in hepatic gluconeo-
genesis can be seen. Due to a 10–15 mg/dL decrease in 
the basal rate of glucose and an insulin concentration of 
two times the concentration seen in nonpregnant women, 
the liver must compensate by secreting 16%–30% more 
glucose to meet the energy needs of both the mother and 
fetus.3,6,7 Assel et al.7 found that the maternal hepatic glu-
cose production is dependent upon the maternal body 
weight in a linear fashion. Late pregnancy also is charac-
terized by a rise in the carbohydrate contribution to the 
overall oxidative metabolism as energy.

In normal pregnancy, metabolic changes occur to shunt 
nutrients from the mother to the fetus, allowing for opti-
mal development and growth; however, as we explore the 
following sections of this chapter, it will become apparent 
that alteration based on input and dysfunction can alter the 
body’s natural plan and cause distress to both the mother 
and fetus.
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General nutritional guidelines for 
pregnancy
Normal pregnancy nutritional guidelines focus on several 
dietary elements. Major topics include caloric intake, mac-
ronutrient proportion, vitamins and minerals, and alco-
hol consumption. �e energy requirements of the fetus 
must be met to ensure proper development and provide 
postpartum lactation without causing excessive maternal 
weight gain. �e energy standard to support a pregnancy 
has been debated heavily and will be explored in the sec-
tion “GDM and nutritional therapy.” �e American College 
of Obstetricians and Gynecologists advocates several basic 
concepts for a balanced diet for pregnant women. �ey sug-
gest eating three to four servings of fruits and vegetables, 
nine servings of whole grains for energy, three servings of 
dairy for calcium, and three servings of meat to reach daily 
protein requirements. Vitamin supplementation to achieve 
daily nutrients, as an adjunct to a healthy diet, is encour-
aged when recommended by the woman’s physician. Certain 
foods should be avoided in pregnancy due to fetal develop-
mental harm. �ese include deli meat, certain preparations 
of smoked �sh, so� cheeses, unpasteurized milk, refriger-
ated pate, raw meat, and raw eggs, which have been associ-
ated with bacterial infections such as Salmonella, Listeria, 
and Escherichia coli. Toxoplasma gondii, the protozoan that 
causes toxoplasmosis, has also been found as contaminant in 
unwashed vegetables and raw meat. Fish containing mercury 
and raw shell�sh should be avoided. Ca�eine has been asso-
ciated with miscarriage, premature birth, low birth weight, 
and withdrawal symptoms in the neonate when consumed 
in large amounts in pregnancy. However, other studies have 
implicated ca�eine intake in modest levels to be nondetri-
mental in pregnancy. Until further studies can evaluate the 
e�ects of ca�eine, it is recommended to be avoided alto-
gether.8,9 Alcohol should not be used in any amount during 
pregnancy. In utero exposure has been linked to develop-
mental disorders such as fetal alcohol syndrome. Also, alco-
hol should be avoided postpartum while breast-feeding.10

GDM
As discussed in the previous section “Metabolic changes in 
normal pregnancy,” the nondiabetic woman undergoes dras-
tic and dynamic metabolic changes to provide glucose as the 
preferential energy source to the developing fetus. Although 
the pathophysiological mechanism behind GDM remains 
unknown, some current theories include a predisposition to 
future type 2 diabetes triggered by the changes in metabo-
lism that normally accompany pregnancy or an increased 
response by the woman’s body to normal metabolic changes 
of pregnancy. GDM has been de�ned as “glucose intoler-
ance of variable severity with onset or �rst recognized dur-
ing pregnancy.”11 It is important to note that GDM does 
not cause a malfunction in insulin secretion or improper 
proinsulin or glucagon activity: insulin resistance remains 

the prominent characteristic.12 In the United States, GDM 
a�ects 2%–14% of the pregnant population per year depend-
ing on the ethnicity of the population studied.13,14 A women 
who is most likely to be a�ected by GDM is one who is obese, 
is >25 years of age, has a family history of diabetes especially 
in �rst-degree relatives, and has a past medical history for 
glucose intolerance or metabolism problems and/or mis-
carriages or other obstetric problems. Additionally, Latino, 
African, Native American, South or East Asian, and Paci�c 
Islanders are at a higher risk for developing GDM.15 �e 
Santa Barbara County Health Care Services Program Study16 
found that women who meet several of these criteria, at the 
greatest risk, should be tested as early as feasible, while those 
with average risk should be tested at 24–28 weeks gestation. 
However, GDM can easily appear in low-risk women; there-
fore, universal screening would be ideal.

Screening methods for GDM
�e screening methods for GDM are very controversial. 
�e two sets of criteria endorsed by the World Health 
Organization (WHO) or the U.S. National Diabetes Data 
Group are each distinct and are primarily based on statisti-
cal standard deviations without regarding the level of clinical 
outcome achieved. An attempt to set international standards 
and identify those at risk for developing GDM is currently 
under way in a 5-year, prospective, observational, and mul-
ticenter study, the Hyperglycemia and Adverse Pregnancy 
Outcomes study. It  involves 25,000 women in 10 countries 
and speci�cally will look at the clinical outcomes with 
respect to cesarean delivery, fetal hyperinsulinemia, mac-
rosomia, and neonatal morbidity in correlation to maternal 
glycemic levels.17

Fetal complications of maternal 
hyperglycemia
Uncontrolled hyperglycemia primarily a�ects fetal growth 
on both extremes of the normal growth curve. In those 
diabetic mothers that have advanced vascular disease, fetal 
growth deceleration may occur due to placental insuf-
�ciency. Fetal growth deceleration is de�ned as those in 
lower ��h percentile on a growth curve adjusted for gesta-
tional age.18,19 Macrosomia is de�ned as an absolute birth 
weight of greater than 4000 g or greater than the 90th per-
centile (adjusted for gender, ethnicity, and gestational age). 
Cesarean sections o�en must be performed when the baby 
is at term to reduce the risk of birth trauma such as Erb’s 
palsy or Klumpke’s paralysis.20 Cesarean sections also adds 
risk to the mother’s health. As explained by the Pederson 
hypothesis,21 the e�ects of an intrauterine environment of 
hyperglycemia and hyperinsulinemia include hypoglycemia, 
organ developmental problems (especially gastrointestinal), 
erythrocytosis, iron redistribution, calcium and magnesium 
de�ciencies, respiratory problems (respiratory distress syn-
drome), cardiac problems (intraventricular hypertrophy and 
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cardiomyopathy or heart failure), hyperbilirubinemia, and 
neurological sequelae.

A multitude of metabolic problems occur that not only 
a�ect the immediate future of the neonate, but as these chil-
dren mature, they are predisposed to future metabolic prob-
lems, such as type 2 diabetes and metabolic syndrome.22,23 
Subsequently, this pattern of metabolic disease takes a cyclic 
course a�ecting future generations.

Does treatment of GDM make a 
difference in pregnancy outcome?
In June 2005, Crowther and colleagues24 published the 
results of a 10-year multicenter randomized clinical trial 
in Australia and the United Kingdom called the Australian 
Carbohydrate Intolerance Study in Pregnant Women 
(ACHOIS) (Table  18.1). �e purpose of the ACHOIS was 
to determine whether medical nutritional therapy, glucose 
monitoring, and insulin therapy were superior to routine 
prenatal care with regard to reducing the risk of perina-
tal complications and postpartum maternal health status. 
A total of 1000 women participated in this trial, 490 in the 
intervention group and 510 in the routine care group with 
eligibility based upon the presence of one or more risk fac-
tors for GDM or a positive 50 g glucose challenge test (GCT) 
who did not have an indication of pregestational diabetes, 
history of GDM, or an active chronic disease. �e WHO 
criteria were used to identify those with GDM, and women 
with severe glucose impairments were excluded. �erapies 
provided to the women in the interventional group consisted 
of dietary counseling with consideration to prepregnancy 
weight, activity level, normal dietary intake, and weight 
gain. Women were asked to self-monitor their glucose levels 
four times a day and proceed with insulin therapy dosage 

adjustments based upon those levels. Women in the routine 
care group received care from blinded clinicians as to the 
status of the previously performed oral glucose tolerance 
test (OGTT). However, if the clinician felt the patient was 
experiencing glucose intolerance, assessment and treatment 
could be instituted at his or her discretion. Otherwise, pre-
natal care that was speci�c to the center visited was given. 
Primary outcomes included one or more perinatal complica-
tions de�ned as death, shoulder dystocia, bone fracture, and 
nerve palsy. Admission to the neonatal intensive care unit 
and jaundice that required phototherapy was also assessed. 
Secondary outcomes included a consideration of the primary 
outcome, gestational age at delivery, overall birth weight and 
birth weight adjusted for gestational age, and the presence of 
macrosomia or fetal decelerated growth. Maternal outcomes 
were assessed on the basis of general and mental health 
including depression, anxiety, gestational age at birth, mode 
of birth, weight gain during pregnancy, hospital admis-
sions and prenatal visits, and common complications, such 
as pregnancy-induced hypertension. �e ACHOIS study24 
established several signi�cant results in both the neonatal 
and maternal outcomes. �e rate of serious adverse perinatal 
outcomes was signi�cantly di�erent between the interven-
tional and routine care groups at 1% versus 4%, respectively 
(p < 0.01). �is rate established the number needed to treat 
at 34 to reduce the incidence of perinatal complication. 
Newborns in the interventional group were admitted to the 
neonatal intensive care units more o�en, at a rate of 71% ver-
sus 61% admission rate in the routine group (p < 0.01). No sig-
ni�cant di�erence was seen when considering the length of 
stay in the NICU or use of phototherapy due to jaundice. �e 
percentage of mothers who were induced into labor was 39% 
in the interventional group versus 29% in the routine care 
group (p < 0.001). However, rates and the reason for cesarean 
sections were similar between the groups.24 With regard to 
the secondary outcomes, the interventional group neonates 

Table 18.1  Summary of the Australian Carbohydrate Intolerance Study in Pregnant Women study

Maternal and neonate primary, secondary 
outcomes evaluated 

Intervention group, n = 490 
mothers, 506 neonates 

Routine group, n = 510 
mothers, 524 neonates 

Perinatal complications (p = 0.01) 1% 4%
NICU admission rate (p = 0.01) 71% 61%
Length of stay and phototherapy 

implementation (NSD)
Median 1 day Median 1 day
Interquartile range, 1–2 days Interquartile range, 1–3 days

Labor induction (p < 0.001) 39% 29%
Rate of cesarean section (NSD) 31% 32%
Mean birth weight (p < 0.001) 3335 ± 551 g 3482 ± 660 g
Large for gestational age (p < 0.001) 13% 22%
Macrosomia (p < 0.001) 10% 21%
Small for gestational age (NSD) 7% 7%
Maternal Edinburgh postnatal depression 

Score > 12 (p = 0.001)
8% 17%

Source:	 Crowther, C.A. et al., N. Engl. J. Med., 352, 2477, 2005.
Abbreviation:	 NSD, no signi�cant difference.
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had signi�cantly lower mean birth weights (p < 0.01) and 
were born earlier presumably due to higher labor induc-
tion rates. However, when adjusting for gestational age with 
respect to birth weight, there were signi�cantly fewer neo-
nates born to interventional mothers that quali�ed in the 
large-for-gestational-age category. Additionally, macrosomia 
occurred signi�cantly less o�en, but the rate of infants in the 
small-for-gestational-age group did not di�er between the 
interventional and routine care groups. Maternal outcomes 
regarding maternal perception at 3  months postpartum of 
health showed an improved quality of life in the interven-
tional mothers speci�cally with a reduction in the incidence 
depression, 8% versus 17% as measured by the Edinburgh 
Postnatal Depression Scale24 (Table 18.1). �e ACHOIS study 
clearly shows the bene�ts of using a multifaceted approach 
toward managing GDM to the neonate and the mother. Not 
only does it advocate dietary and insulin therapies, but also 
when one considers the population chosen and the method 
of randomization, it supports the use of universal screening. 
Based on the study design, the interventional group would 
be equivalent to universal screening practices and the rou-
tine group would represent those in which GDM screen-
ing is not routine. �erefore, by applying the results of the 
study in the women receiving routine care, only 34 women 
would need to be treated with interventional therapies to 
produce one improved neonatal outcome. Given the severity 
of an adverse neonatal outcome, this �nding would support 
expanding the GDM screening population to include women 
who would routinely not be screened for GDM.

GDM and nutritional therapy
As demonstrated earlier, management of GDM is multifac-
eted. Insulin therapy, exercise, and diet are all vital components 
toward reducing the incidence of maternal hyperglycemia and 
ultimately fetal complications. �e remainder of this chapter 
will focus on GDM nutritional therapy. Currently, there is 
no universally accepted medical nutritional therapy for the 
treatment of GDM. �e American Dietetic Association advo-
cates the standard medical nutritional therapy for a GDM 
mother to be the standard therapy advocated in nonpregnant 
adults with the carbohydrate content standard being <60% 
carbohydrate per meal. However, when these standards were 
followed, an increase in insulin therapy was seen in more 
than 50% of women with GDM.25 Additional studies have 
supported lower carbohydrate percentages. For example, in 
a study involving obese women with GDM, when the car-
bohydrate was restricted to 33%, the infants were all within 
normal birth weight ranges and there was no evidence of 
maternal ketonemia.

Ketonemia and ketonuria
Following an overnight fast, 10%–20% of all pregnant 
women have ketones in their blood.26,27 �is fasting keto-
nemia or “starvation ketonemia” has not been associated 

to fetal detriment. However, in studies conducted by Rizzo 
and colleagues, hyperketonemia during pregnancy, which 
results from maternal diabetes (hyperglycemia), has been 
implicated to a�ect the fetus’s intellectual and behavioral 
development as measured by the Bayley Scales of Infant 
Development and the Stanford–Binet Intelligence Scale, 
which were administered at ages 2 and 3, 4, and 5  years, 
respectively. Hence, it was suggested that ketonemia be 
avoided in all pregnant women.28 Buchanan and colleagues 
contrasted the metabolic response in normal pregnant 
women without GDM, to those who were obese with GDM. 
He subjected both groups to an overnight fast and then an 
extended 18-hour total fast. Obese women with GDM had 
a greater decrease in plasma glucose levels and were not 
more prone to develop ketonemia than the normal pregnant 
women. �is result would support the use of decreasing the 
frequency of meals in order to achieve lower preprandial glu-
cose levels in obese women with GDM.29 In a study of type 1 
diabetic women, Jovanovič and coworkers showed that those 
infants whose mothers had the lowest betahydroxybutyrate 
levels had the largest infants because mothers’ postprandial 
glucose concentrations were higher due to the increased 
caloric intake prescribed to avoid the ketonemia.30

Caloric restriction
Caloric restriction in pregnant women with GDM is another 
aspect of medical nutritional therapy that needs to be addressed. 
When women who are classi�ed as obese or overweight prior 
to pregnancy, the amount of weight gain in pregnancy di�ers 
from those who are at a normal or underweight prior to preg-
nancy. �e National Academy of Science has recommended 
that for women greater than 150% of ideal body weight, no 
more than 15 lb should be gained with pregnancy. Optimal 
infant birth weight was achieved when less than 3  kg or no 
weight was gained in these women.31 Hypocaloric diets have 
been explored in women with GDM based upon a 2400 kcal/
day diet. Investigators32 compared a 2400 kcal/day diet to a 
1200 kcal/day diet and achieved signi�cant di�erences in aver-
age glucose and fasting insulin levels, but not in fasting or post-
GCTs. �ose in the 1200 kcal/day group developed ketonemia 
and ketonuria; therefore, the study was discontinued due to the 
controversial association of ketones with fetal developmental 
harm. Subsequently, in another study conducted by the same 
investigators, within the �rst week, when compared with the 
2400 kcal/day diet, a 1600 kcal/day diet improved fasting and 
mean daily glucose values without the development of keto-
nemia. Further studies have advocated a 1500–1800 kcal/day 
diet for obese women with GDM with similar results.26 �e 
standards for energy requirements for pregnant women with 
GDM, as supported by the American College of Obstetrics and 
Gynecology, determine the amount of energy needed to main-
tain pregnancy based upon the pregravid weight. For women 
with GDM, who are 1.5 times their ideal body weight, the caloric 
intake is 12–15 kcal/kg of the current pregnant weight, while 
those at less than 0.8 of their ideal body weight are to increase 
their caloric intake to 35–40 kcal/kg current pregnant weight. 



142  Medical nutritional therapy for gestational diabetes mellitus

For those at 0.8–1.2 times their ideal body weight, 30 kcal/kg, 
and those at 1.2–1.5 times ideal body weight, 24 kcal/kg cur-
rent pregnant weight is the standard.15 �e “euglycemic diet” 
advocated the lower range of the spectrum set by the American 
College of Obstetrics and Gynecology.

Carbohydrate restriction
�e Pederson hypothesis attributes fetal macrosomia due 
to hyperinsulinemia caused by maternal hyperglycemia. 
Several studies have shown that when maternal glucose lev-
els are well controlled, the incidence of macrosomia, fetopa-
thy, and cesarean sections decreases.21,33–35 Currently, there 
is no set standard for pre- and postprandial levels in women 
with GDM. Optimally, the therapeutic target of glucose lev-
els in a woman with GDM would be the same as those who 
are pregnant without diabetes. Normoglycemia in the preg-
nant, nondiabetic, nonobese woman was demonstrated in 
studies conducted in 2001, by Parretti and colleagues.34 In 
this study, the postprandial mean glucose during the third 
trimester did not exceed 105.2 mg/dL (5.8 ± 0.27 mmol/L). 
At  28 weeks gestation, the daily mean glucose levels was 
71.9  ± 5.7 mg/dL, and at 38 weeks, it increased to 78.3 ± 
5.4  mg/dL, which would coincide with the normal insu-
lin intolerance increase, respectively. Parretti et  al.34 also 
accessed the clinical outcome of these pregnancies based on 
fetal growth. �ey found that 1-hour postprandial glucose 
levels at 28 weeks through the third trimester had a posi-
tive correlation to fetal abdominal growth. Furthermore, the 
results are supportive in attributing the postprandial 1-hour 
glucose levels as a predictor of infant birth weight, fetal 
macrosomia, fetal hyperinsulinemia, and fetal abdominal 
circumference in nondiabetic pregnancies. �erefore, one 
may consider the level of insulin resistance as a spectrum, in 
which those with GDM are a�ected in the same way as non-
diabetic pregnant women but to a greater extent. Hence, the 
levels of glycemia achieved in nondiabetic pregnant women 
to decrease incidence of fetal complications and growth 
would be applicable to those with GDM. Another study to 
support the importance of postprandial glucose levels is the 
Diabetes in Early Pregnancy Study, which was conducted 
with type 1 diabetic mothers. When postprandial glucose 
levels increased, there was an increased risk of macrosomia. 
�e threshold for the marked increase was seen when post-
prandial glucose levels reached 120 mg/dL.35 �us, a dietary 
therapy, “the euglycemic diet” was developed on the basis of 
this study.

�e euglycemic diet takes into account the metabolic 
changes that occur within the pregnant woman as she goes 
throughout her day. In the morning, a surge of cortisol is 
seen (“the dawn phenomenon”), which causes the release of 
glucose from stored sources and hepatic gluconeogenesis; 
thus the blood glucose is higher to begin with. �erefore, a 
decreased amount of carbohydrate is needed in the breakfast 
meal. A small study (n = 14) was conducted in women with 

GDM who have greater than 130% of their ideal body weight 
at 32–36 weeks’ gestation. �e goal was to achieve a post-
prandial of 120 mg/dL at 1 hour. None of the patients were 
on an insulin regimen and a caloric restriction of 24 kcal/
kg/day was established. Patients kept a diary of glucose lev-
els taken four times a day and food intake. �e carbohydrate 
parameters of the diet were as follows: 12.5% of the total daily 
carbohydrate at breakfast, 28% at lunch and dinner, with the 
remainder in three snacks disturbed throughout the day. 
�e postprandial glucoses recorded by the women correlated 
to the carbohydrate intake. From this study, the author has 
adapted this diet to achieve optimal control of glycemic levels 
in her patients. Most women with GDM are very compliant 
and want to do what is necessary to have a healthy baby. By 
having patients take an active role in their medical care, they 
can signi�cantly reduce their risk for fetal macrosomia. In a 
study conducted by de Veciana et al.36 when patients moni-
tored their pre- and postprandial glucose levels, the risk of 
fetal macrosomia decreased from 42% to 12%. Additionally, 
these patients also had lower hemoglobin A1c levels, there-
fore supporting that they maintained lower glycemic levels. 
Hemoglobin A1c is an e�ective clinical tool for accessing gly-
cemic control and can be performed every 2 weeks to chart 
management because the turnover rate of the red blood cells 
during pregnancy is only 90 days as compared with 120 days 
in the nonpregnant state. �us a signi�cant improvement 
in glucose control is manifest by a signi�cantly improved 
hemoglobin A1c level, although the steady state has not been 
achieved until a�er 6 weeks. Patients monitor their pre- and 
postprandial glucose levels and only proceed with a meal 
when their preprandial glucose levels are 90 mg/dL or less; 
otherwise, insulin is initiated. A  preprandial glucose of 
90 mg/dL and a postprandial of 120 mg/dL may seem con-
troversial or strict; however, given the risk of macrosomia 
and the positive outcomes that have been obtained clinically, 
the authors of this chapter advocate these glycemic goals for 
medical nutritional therapy.37

It is imperative that patients learn which foods have high 
carbohydrate content, so educational lessons and nutri-
tional food label reading is essential for the success of any 
therapy that is instituted. Patients are given a list of recom-
mended high-carbohydrate foods in order to remind them 
what needs to be portioned. For example, the “big 5” are 
potatoes, rice, pasta, bread/tortillas, and cereal (Figure 18.1). 
By teaching patients to adhere to a euglycemic diet, not only 
are they able to control their glucose levels e�ectively, but 
also they are able to modify their diet postpartum facilitat-
ing weight loss.

A simple teaching tool that is used in Santa Barbara 
County is shown in Figure 18.2. �e one-page handout 
identi�es the foods to avoid, foods to eat with caution, and 
foods that may be eaten that minimally impact postpran-
dial glucose concentrations and thus can be eaten liberally. 
Ideally, a breakfast of less than 33% of the daily carbohydrate 
intake, lunch at 45%, and a dinner at 55% are suggested to 
maintain a postprandial glucose level of 120 mg/dL.38
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Role of fats in GDM therapy
Fat content in the American Diabetic Association’s diet con-
sists of less than 25% of the total caloric intake, whereas the 
euglycemic diet is composed of 40% of the total daily caloric 
intake. �e role of saturated and monounsaturated fats in 
women with GDM is di�erent with respect to the uptake of 
glucose postprandially. In a study comparing these two types 
of fats, 1-hour postprandial glucose levels are approximately 
equal; however, the duration of the elevated glucose levels dif-
fers. In women with GDM who consumed monounsaturated 
fat, the glucose levels remained elevated at a longer period 
of time, and thus insulin dosage had to be adjusted to coun-
teract the maintained elevated glycemia. Conversely, meals 
consumed containing saturated fat had a shorter duration of 
elevated glucose levels, making them preferential with regard to 
glycemic control of postprandial glucose levels. Furthermore, 
lower postprandial durations decrease the risk of macroso-
mia and the need for increased insulin doses.39 Advocating 
saturated fats over monounsaturated fats is understandably 
controversial due to the correlation that has been made with 
saturated fats and heart disease in nonpregnant individuals. 
Further studies are needed to answer whether eating a higher 
proportion of saturated fat during medical dietary therapy for 
GDM at approximately gestation weeks 24–40 is a signi�cant 
time period to have adverse long-term e�ects on the mother 
versus the bene�t of controlling postprandial glucose level 
duration, which decreases the risk of fetal complication.

Role of protein
Protein content in the American Diabetes Association 
(ADA) diet and euglycemic diet makes up 20% of the total 

daily caloric intake. Increased satiety has also been cor-
related with meals that are high in protein content.40,41 
�us, this aspect could help morbidly obese patients 
manage their overall caloric intake especially when 
moderate caloric restriction therapy is being used. Low-
carbohydrate/high-protein diets in normal pregnant 
women have been explored notably in the Motherwell 
studies running from 1938 to 1977. �e Motherwell stud-
ies suggested a link between increased protein content and 
low birth weight.42 Recent studies have expanded the ini-
tial Motherwell studies by looking at the o�spring of these 
studies as adults. It has been hypothesized that increased 
protein intake can stimulate maternal cortisol production 
and expose the fetus to high levels of cortisol which may 
facilitate lifelong hypersecretion of cortisol. Herrick and 
colleagues found a correlation to increased plasma corti-
sol levels consequently causing hypertension in the adult 
Motherwell o�spring.43 However, they postulated that the 
type of protein consumed and the type of carbohydrate 
paired with it may factor into the physiologic a�ects seen. 
Cofactors needed for protein metabolism such as folate and 
vitamin B6 may be excluded when certain types of carbo-
hydrate are avoided, such as bread and potatoes and green 
leafy vegetables, as was done in the Motherwell studies.

“In mothers with a limited capacity to synthesize nones-
sential amino acids, maternal amino acid oxidation could 
impair fetal growth as a result of reduced availability of 
nonessential amino acids.”42 �erefore, the physiologic e�ect 
of low birth weight on the fetus would be caused multi-
factorially and not just due to high protein consumption. 
Additional studies will be necessary to determine the role 
of high-protein diets in pregnant women and, speci�cally, in 
women with GDM.

12:00 p.m.: Lunch
if blood glucose

≤90 mg/dL
eat 30% daily CA

5:00 p.m.: Dinner
if blood glucose

≤90 mg/dL
eat 30% daily CA

8:00 a.m.: Breakfast
dawn phenomenon:

if blood glucose
≤90 mg/dL

eat 10% of daily CA

10:30 a.m.: Snack
5% of daily CA

3:00 p.m.: Snack
10% of daily CA

11:00 p.m.: Snack
10% of daily CA

Goal: Postprandial 1-hour blood glucose level ≤120 mg/dL

CA, carbohydrate allowance

8:00 p.m.: Snack
5% of daily CA

Daily total (%)

≥40

<40

   20

Calories as:

Fat

Carbohydrate

Protein

Potatoes Rice Pasta Bread
tortillas Cereal

Limit portions
of the “Big 5”

Figure 18.1  The euglycemic diet.
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Conclusion
GDM is a period of glucose intolerance that manifests at 
the beginning of the third trimester. Metabolic changes in 
the normal pregnant women also have a degree of insulin 
resistance that shunts glucose preferentially to the fetus. 
To maintain blood glucose levels within a tight range, the 
normal pregnant woman must increase her insulin secre-
tion up to fourfold. When the pancreas is not able to com-
pensate for the increased insulin needs of pregnancy, GDM 
occurs resulting in hyperglycemia and hyperinsulinemia 
in both the mother and fetus. �ese increased glucose 
and insulin levels manifest a multitude of fetal and mater-
nal complications, the most prevalent being macrosomia. 
Other complications include hypoglycemia, erythrocytosis, 
hypocalcemia and hypomagnesemia, hyperbilirubinemia, 
iron redistribution, respiratory distress, and neurologi-
cal e�ects. Poor gestational metabolic management can 

be directly linked to the level of neurological functioning 
of the child, and these children are more prone to develop 
metabolic syndromes such as type 2 diabetes. �is would 
a�ect generations to come as well. �e management of 
GDM is based upon the synergistic e�ects of medical nutri-
tional therapy, exercise, and an insulin regimen when nec-
essary. �erefore, the identi�cation and treatment of GDM 
is crucial. Screening tests using at-risk formulations and 
OGTTs remain a point of controversy. Universal screen-
ing would be optimal to identify those with GDM. �e 
research clearly shows the bene�t of expanding screening 
and providing medical nutritional therapy, glucose moni-
toring, and insulin therapy to all women who manifest even 
minor elevations of glycemia and thereby decrease perinatal 
complications, such as macrosomia. Maternal postpartum 
depression rates may also be improved with improved care 
during pregnancy. Multiple studies have correlated fetal 
complications such as macrosomia to 1-hour postprandial 

Foods to avoid

• Cake

STOP

• Cookies 
• Candy 
• Ice cream 
• Pie 
• Chips 
• Sugar 

• 4–6 whole-wheat crackers
• 3 cups plain air-popped popcorn 

Vegetables
• Lettuce/spinach
• Carrots
• Celery
• Mushrooms 
• Green beans
• Cucumber
• Broccoli
• Asparagus 
• Cabbage
• Nopal 

• Lemons
• Limes 
• Tomatoes 
• Apples
• Strawberries

Proteins
• Chicken 
• Fish
• Beef
• Pork
• Cheese 
• Eggs
• Plain yogurt
• All nuts
• Cottage cheese

Fats
• Olive oil

• Avocado 

• Sour cream
• Butter

Note: Not an exhaustive list 

Nutrition jump start. . .
for improved blood sugar control 

Foods to limit (1–2 servings per meal) 

Foods you can enjoy

• ½ cup cooked peas/corn • ½ cup cooked oatmeal
• ½ cup cooked beans
• ½ cup cooked lentils

Fruits

• Cold cereal
• Bread 
• Tortilla
• Rice/pasta
• Soda
• Pastries
• Dressing

• Oranges 
• Bananas 
• Melon 
• Peaches 
• Plums 
• Potato

• Grapes
• Squash
• Juice
• Mango 
• Dried fruit 
• Ketchup 

Figure 18.2  The one-page handout used in Santa Barbara County.
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glucose levels. By restricting carbohydrate concentration in 
the euglycemic diet and modifying the caloric intake based 
on pregravid weight, success has been achieved in reducing 
large-for-gestational-age and macrosomic infants. �e eug-
lycemic diet targets a preprandial glucose of 90 mg/dL or less 
and a 1-hour postprandial of 120 mg/dL. Optimal glucose 
levels have been heavily debated and there is not currently 
a universal standard. However, research has shown that 
normal pregnant women in the third trimester have lower 
preprandial and postprandial glucose concentrations than 
nonpregnant women. �is would support advocating lower 
standards of ≤90 mg/dL preprandially and 120 mg/dL post-
prandially for women with GDM. Hypocaloric diets have 
been explored and appear safe for the obese woman with 
GDM. �e American College of Obstetrics and Gynecology 
advocate consideration of the mother’s pregravid weight 
when considering the caloric needs per kilogram per day. 
�e presence of maternal ketonemia and ketonuria is con-
troversial with respect to fetal development, and the mecha-
nisms and outcomes associated with ketonemia resulting 
from uncontrolled glucose levels and starvation may be 

di�erent with respect to detriment to the fetus. Fat content 
also remains controversial although studies have shown that 
meals with saturated fat as compared to monounsaturated 
fat result in the same-hour postprandial glucose level, but 
the duration of the level is shorter facilitating lower insulin 
dosages. High-protein/low-carbohydrate diets are also con-
troversial and in normal pregnant women have been cor-
related to lower birth weights and adult o�spring increased 
cortisol levels. However, satiety is also important and pro-
tein malnutrition should be avoided in pregnancy. More 
research is necessary to determine the e�ect of these macro-
molecules on normal pregnant individuals and those with 
GDM. Overall, medical nutritional therapy is one of the 
staples of GDM management. Women with GDM are very 
compliant and most are willing to make dietary changes in 
their lives for the bene�t of their babies. �e successful triad 
of medical nutritional therapy, exercise, and insulin therapy 
for GDM is essential not only to achieve healthy babies but 
also to assure that generations to come will begin life with 
normal metabolism, and thus future metabolic aberrancy is 
reduced in the o�spring.44–47
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Pharmacologic treatment of 
gestational diabetes mellitus: 
When to start and what agent 
to use
Celeste P. Durnwald and Mark B. Landon

�e mainstay of gestational diabetes mellitus (GDM) manage-
ment is dietary therapy, exercise, and self-monitoring of blood 
glucose. Nutritional management focuses on a carbohydrate-
restricted diet consisting of 35%–40% of calories from car-
bohydrates and the remainder of calories divided between 
protein (20%) and fat (40%). �e general recommendation for 
daily glucose monitoring is four times daily performed as fast-
ing and either 1 or 2 hours a�er the beginning of each meal. 
�e American Congress of Obstetricians and Gynecologists 
endorses glycemic targets of a fasting glucose ≤95 mg/dL, 
1  hour postprandial ≤140 mg/dL, and 2 hour postprandial 
≤120 mg/dL as measures of adequate control.1 �e American 
Diabetes Association endorses similar pre- and postprandial 
levels.2 �ese thresholds have been extrapolated from recom-
mendations for pregnant women with pregestational diabetes. 
Institution of strict glycemic control has been demonstrated 
to  reduce neonatal morbidity and mortality associated 
with the diabetic pregnancy by decreasing the incidence of 
stillbirth and macrosomia.3,4 Infants born to women with well-
controlled diabetes also have fewer neonatal complications 
such as respiratory distress syndrome, hypoglycemia, and 
hyperbilirubinemia.5 Treating GDM has also shown mater-
nal bene�t including a decrease in hypertensive disorders of 
pregnancy, and in one trial, a reduction in cesarean delivery 
was observed.6 Approximately, 50% of women will meet these 
glycemic target values within the �rst 2 weeks of dietary ther-
apy, but only an additional 10% will achieve euglycemia by the 
fourth week.7 Most clinicians use this time frame to determine 
dietary failure and to initiate pharmacologic therapy. �ere is 
no conclusive evidence for the threshold number of blood glu-
coses above target or the absolute blood glucose value at which 
a clinician should initiate pharmacologic therapy.8 In  our 
practice, if more than a third of �nger-stick glucoses are above 
the target range, pharmacologic therapy is initiated.

Once the decision to initiate medication treatment is 
made, the clinician must decide which pharmacologic agent 

to use. For years, the gold standard for treating women with 
GDM who fail to achieve euglycemia on dietary manage-
ment alone has been insulin injections. Women with GDM 
have endogenous insulin production but are unable to either 
mount the twofold to threefold increase in insulin secre-
tion or to overcome the insulin resistance of pregnancy in 
order to maintain euglycemia. �erefore, oral hypoglycemic 
agents can also be considered as options for treatment. In 
recent years, investigations have focused on examining the 
use of both glyburide and metformin.

Oral hypoglycemic agents
�e rationale for oral hypoglycemic use in pregnancy is appeal-
ing to both the woman diagnosed with GDM and the clinician. 
Advantages of oral hypoglycemic agents include less patient 
discomfort, fewer supplies, and less o�ce infrastructure needed 
that may lead to increased patient satisfaction and compliance 
with pharmacologic therapy. In addition, prescribing glyburide 
has been shown to be more cost-e�ective compared with insu-
lin injections.9 �e average cost savings per patient based on 
wholesale drug costs and hospital costs was $165.84. When 
comparing new pharmacologic treatments with the previously 
accepted standard for management, one must consider the 
maternal–fetal unit in its entirety. �erefore, clinical e�cacy in 
regard to maternal glycemic control must be addressed, as well 
as transplacental passage and perinatal outcomes.

Glyburide
Glyburide is a second-generation secretagogue that increases 
insulin secretion and sensitivity in peripheral tissues. It also 
reduces hepatic insulin clearance by binding to pancreatic 
beta cell ATP-sensitive calcium channel receptors. �erefore, 
it is a reasonable option for the treatment of GDM in women 

19
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who have underlying beta cell dysfunction. Glyburide typi-
cally lowers blood glucose by approximately 20% and works 
best in those individuals who are normal in weight to slightly 
overweight. It is well absorbed and not dependent on food 
intake with a primary side e�ect of hypoglycemia, although 
fairly low. A typical starting dose is 2.5 mg with a maximum 
dose of 20 mg, usually dosed once or twice daily. Although 
the majority of studies published using glyburide for the 
treatment of GDM in pregnancy utilize this once or twice 
daily dosing, based on the Obstetric-Fetal Pharmacology 
Research Units Network �ndings, there is new insight into 
timing and number of doses.10 First, glyburide concen-
trations begin to increase within 30–60 minutes, peak in 
2–3 hours, and return to baseline by 8 hours. Based on these 
�ndings, it appears glyburide would work best if dosing regi-
mens are adjusted to approximately 1 hour prior to the meal 
to allow for maximum coverage of the drug for postprandial 
glycemic excursion. In addition, a predinner dose may be 
necessary in some women. �ese practical points regarding 
administration of the medication should be discussed at the 
time of initiation. Glyburide is primarily metabolized by the 
liver. �e oral clearance of the drug from plasma is at double 
the rate of oral clearance in nonpregnant individuals, most 
likely related to the metabolism of glyburide primarily from 
the cytochrome P450 system that is upregulated in pregnancy. 
�erefore, plasma drug levels in pregnancy are 50% lower 
compared with nonpregnant individuals.10

Maternal glycemia and perinatal outcomes
�e landmark randomized clinical trial (RCT) comparing 
glyburide and insulin for clinical e�cacy in women with 
GDM was conducted by Langer and colleagues.11 Women 
diagnosed with GDM between 11 and 33 weeks who failed 
dietary management were randomly assigned to glyburide or 
insulin. In this predominantly Hispanic population, there was 
no di�erence in glycemia between groups as seen with fasting, 
preprandial, and postprandial values. A 4% failure rate was 
identi�ed in which women were unable to achieve adequate 
glycemic control on maximum dosing of glyburide neces-
sitating a switch to insulin therapy. Although the study was 
not adequately powered to evaluate neonatal outcomes, rates 
of large for gestational age (LGA), macrosomia, and neonatal 

hypoglycemia were similar between groups. Glyburide was 
not detected in the cord serum of any infant with the mean 
time from the last dose of glyburide to cord blood sampling 
of 8 ± 4 hours. Additionally, in 12 randomly selected women 
in the glyburide group, glyburide was measured at the same 
time in maternal and cord serum. Maternal serum concentra-
tions ranged from 50 to 150 ng/mL, whereas glyburide was 
undetectable in cord serum. In a secondary analysis of the 
parent study, the clinical e�cacy of glyburide was comparable 
to insulin regardless of GDM severity as de�ned by the fast-
ing value on 3 hour oral glucose tolerance test (OGTT).12 �e 
majority of women with a fasting glucose value ≤100 mg/dL 
were able to achieve glucose control with low-dose glyburide 
(≤10 mg). In contrast, for those with higher fasting values 
≥106 mg/dL, the number of women requiring low and high 
dose (>10 mg/dL) were similar. �ere was no signi�cant di�er-
ence in the rates of LGA, macrosomia, or metabolic complica-
tions in the neonates of the treatment groups.

Since the publication of the RCT, several prospective 
cohort studies and retrospective reviews have evaluated the 
use of glyburide outside the constraints of a large RCT.13–17 
In these studies, failure rates are closer to 20% with rates 
of macrosomia similar to those seen with insulin therapy 
(Table 19.1). �ese smaller studies have identi�ed predic-
tors of glyburide failure to include both a diagnosis of GDM 
earlier in pregnancy and a need for pharmacologic therapy 
earlier in pregnancy, higher mean fasting and 1-hour post-
prandial glucoses in the week prior to initiating therapy, and 
higher values on the 3-hour OGTT. Speci�cally, Conway 
identi�ed that women with fasting glucose >110 on 3-hour 
OGTT were 50% more likely to fail glyburide therapy.14 In 
Kahn’s study, women with GDM diagnosis <25 weeks of ges-
tation had an eightfold risk of glyburide failure a�er control-
ling for fasting blood glucose, gravidity, and parity.16

�e most common side e�ect of pharmacologic therapy 
in GDM management is maternal hypoglycemia. In the 
original RCT by Langer, the rate of hypoglycemia in women 
treated with glyburide (2%) was signi�cantly less than their 
counterparts treated with insulin (20%), p < 0.03.11 Yogev 
also examined the prevalence of undiagnosed asymptomatic 
hypoglycemia in women with GDM treated with insulin and 
glyburide a�er at least 2 weeks of therapy.18 Using continuous 

Table 19.1  Studies evaluating rates of macrosomia, failure rate of glyburide, and clinical 
characteristics associated with glyburide failure

 n Failure rate (%) Macrosomia (%) Predictors of failure 

Chmait et al.13 69 19 17 Earlier gestational age at diagnosis
Higher glucose levels

Conway et al.14 75 16 11 Gestational age treatment initiated
Higher values on OGTT

Kremer and Duff15 73 19 19 Not evaluated
Kahn et al.16 95 19 7 Earlier gestational age at diagnosis
Yogev et al.17 124 25 6.5 Higher weight gain

GCT > 200 mg/dL
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glucose sensing device for 72 hours, the 25 women treated 
with glyburide had an average of half the number of asymp-
tomatic hypoglycemic episodes each day de�ned as a blood 
sugar less than 50 for 30 minutes compared with the 30 
women treated with insulin. In women treated with insu-
lin, 84% of hypoglycemic episodes were nocturnal com-
pared with glyburide treated women in which the episodes 
were equally divided between night and day. Brustman and 
colleagues examined if the rate of hypoglycemia was dose 
dependent.19 In this study, 33% of glyburide-treated women 
had at least one episode of documented hypoglycemia 
<50 mg/dL, but no episodes of symptomatic or severe hypo-
glycemia. �ere were no signi�cant hypoglycemic episodes 
in either group. O�en, side e�ect pro�les of drugs can be a 
rate limiting factor to patient acceptability and compliance 
with treatment. �ese �ndings con�rm the favorable side 
e�ect pro�le with glyburide treatment.

In 2005, Jacobsen reported on the experience of imple-
menting glyburide use for the treatment of GDM in a large 
managed care setting.20 �is was a retrospective review of 
women treated with insulin and glyburide a�er a diagno-
sis of GDM (by the National Diabetes Data Group), with 
exclusion for women with a fasting blood glucose >140 on 
3-hour OGTT. Because of its retrospective nature, treatment 
groups were not matched. �e insulin group (n = 268) was 
treated from 1999 to 2000 and the glyburide group (n = 236) 
was treated from 2001 to 2002. �e insulin group had a 4% 
higher mean body mass index (BMI) and a 4% higher fasting 
OGTT. Glyburide was dosed starting with 2.5 mg once daily 
up to 10 mg, and split dosing was employed if >10 mg was 
required. Maternal glycemic targets were a fasting BS ≤ 100, 
1-hour postprandial ≤155, and 2-hour postprandial ≤130.

In evaluating maternal glycemic targets, women treated 
with glyburide were more likely to meet target blood sugar 
goals, with both lower fasting and 1-hour postprandial glu-
coses, which remained signi�cant a�er adjustment for BMI, 
ethnicity, degree of glucose intolerance, and gestational age at 
diagnosis. Interestingly, women treated with glyburide had a 
higher rate of hypoglycemia and preeclampsia. �e combined 
failure and discontinuation rate was similar to other reports 
ranging from 12% to 17%. Although this study was also not 
adequately powered to assess neonatal outcomes, there was 
no di�erence in gestational age at delivery, birth weight, fetal 
overgrowth (LGA and macrosomia), or neonatal hypoglyce-
mia. Neonates in the glyburide group were less likely to be 
admitted to the neonatal intensive care unit (NICU), although 
they had a longer length of stay if admission was warranted. 
Neonates born to women treated with glyburide also were 
more likely to need phototherapy. In assessing perinatal out-
comes reported, these �ndings suggest that glyburide can be 
an e�ective treatment in a large, diverse managed care popu-
lation achieving similar results to insulin therapy.

Transplacental passage
�e initial studies by Elliott using an in vitro cotyledon model 
that infused the maternal compartment with glyburide lev-
els at higher concentrations than therapeutic human dos-
ing demonstrated that glyburide did not cross the placenta 

in signi�cant amounts.21 In a follow-up study by the same 
group, they compared placental transfer of glyburide to 
�rst-generation sulfonylureas, showing that glyburide’s high 
molecular weight, high plasma protein binding, and short 
half-life were favorable characteristics in limiting its trans-
placental passage.22 More recently, both Kraemer and Hebert 
have published con�icting results. Kraemer’s placental perfu-
sion studies documented substantial fetal-to-maternal trans-
fer of glyburide against a concentration gradient strongly 
implying active transport.23 Hebert, in work conducted 
through the Obstetric-Fetal Pharmacology Research Unit 
Network, reported that glyburide crosses the placenta with 
an average cord-to-maternal plasma concentration ratio of 
0.7 demonstrating that umbilical cord concentrations aver-
aged 70% of maternal concentrations.24 �is relationship 
persisted over various time intervals from the last maternal 
dose, although both concentrations were quite low due to the 
elapsed time since last dosing before delivery. �e di�erence 
in results between the two groups is attributed to the di�erent 
assay methodologies used, in which the high-performance liq-
uid chromatography assay used by Hebert is a more sensitive 
technique than the UV detection used in the older study by 
Elliott. �e clinical signi�cance, if any, of placental transfer of 
low to moderate levels of the drug and the potential long-term 
e�ect of this fetal exposure remain unknown.

Metformin
�e other hypoglycemic agent studied for the treatment of 
GDM is metformin, a biguanide. It inhibits hepatic gluco-
neogenesis, increases intestinal glucose absorption, and 
stimulates glucose uptake in the liver and peripheral tissues. 
Metformin does not stimulate insulin secretion or release 
and, therefore, does not cause hypoglycemia. It reaches peak 
concentrations in 3–4 hours and has a half-life of 2–5 hours. 
Ninety percent of the drug is excreted within 12 hours of 
administration. Typical dosing regimens include a starting 
dose of 500 mg once or twice daily with a slow incremental 
dose increase over 2 weeks to achieve desired glycemia with 
a maximum dose of 2500 mg. �is slow increase limits the 
unattractive gastrointestinal side e�ects, such as diarrhea 
and �atulence in addition to its most concerning side e�ect 
of lactic acidosis, which is quite rare.

Maternal glycemia and perinatal outcomes
�e RCT by Rowan evaluated metformin compared with 
insulin for the treatment of GDM (the MiG Trial).25 In this 
RCT, women diagnosed with GDM a�er a 2-hour 75 g oral 
glucose tolerance test between 20 and 33 weeks were assigned 
to metformin versus insulin therapy. In the MiG Trial, the 
primary outcome of the study was a composite neonatal out-
come including neonatal hypoglycemia, respiratory distress, 
need for phototherapy, birth trauma, 5 minutes Apgar score 
less than 7, or prematurity. �e study was powered to detect 
a 33% di�erence between treatment groups. Secondary out-
comes studied included neonatal anthropometry, maternal 
glycemic control, hypertensive disorders of pregnancy, post-
partum glucose tolerance, and patient acceptability.
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�e rate of the primary composite outcome was similar in 
those treated with metformin compared to insulin (32% vs. 
32.2%, respectively).25 Only preterm birth was higher in the 
metformin group (12.1% vs. 7.6%, p = 0.04). �is increase in 
preterm birth was related to an increased number of sponta-
neous preterm births, which may be due to chance or some 
yet to be determined e�ect of metformin. �ere was no sig-
ni�cant di�erence in birth weight, rates of fetal overgrowth, 
or neonatal anthropometric measurements. Umbilical cord 
serum insulin concentrations were also similar between 
groups. Although this �nding should be interpreted with 
caution as only half of the infants had cord blood levels 
assessed.

In regard to maternal glycemia, both fasting and 2-hour 
postprandial blood sugars were similar between groups. 
Although metformin had great patient acceptability, with 
92.6% of women who were randomized to the drug continu-
ing therapy, 46.3% of women required supplemental insu-
lin. Women who required supplemental insulin had a higher 
BMI and higher blood glucoses prior to treatment. �e rates 
of the primary outcome did not di�er between those treated 
with metformin and supplemental insulin (34.5%) compared 
with women on metformin monotherapy (29.7%). Maternal 
weight gain from randomization to 36–37 weeks was sig-
ni�cantly less in those randomized to metformin compared 
with insulin. �is may play an important role in patient 
counseling and the advantages of using metformin for the 
treatment of GDM.

Since the seminal RCT by Rowan, a few smaller ran-
domized trials have been published (Table 19.2).26–29 �ese 
studies are limited by small sample size and the di�erences 
in diagnostic criteria for both GDM and dietary failure, in 
addition to the primary outcomes studied. Both Niromanesh 
and Spaulonci focused on maternal glycemic control as the 
primary outcome, while Ijas and Tertti focused on neona-
tal birth weight and rates of macrosomia. In these studies, 
the rates of need for supplemental insulin were between 
14% and 32%, which is less than 46% reported in the MiG 
Trial. Similar to the large RCT, women who required insulin 
supplementation were more likely to have a higher BMI and 
higher pretreatment glucose values. Other patient character-
istics associated with supplemental insulin usage included 
higher fasting values on the diagnostic oral glucose toler-
ance test and an earlier gestational age at both the time of 

GDM diagnosis and the time of dietary failure. Women 
randomized to metformin had less weight gain during the 
pregnancy, but this �nding was not consistently reported. 
Rates of fetal overgrowth were similar between those treated 
with metformin and insulin.

Transplacental passage
Likely the biggest drawback of metformin use in pregnancy 
is that it freely crosses the placenta due to its low molecular 
weight, hydrophilic properties, and lack of protein binding. 
Umbilical cord concentrations of the drug have been shown 
to be up to twice those seen in maternal serum.30 �e fetal 
e�ects, whether bene�cial or detrimental as an insulin sen-
sitizer, remains largely unknown. It has been proposed that 
in utero exposure to metformin may enhance the action of 
fetal insulin and prevent adverse fetal e�ects or alternatively, 
exposure could increase the likelihood of diabetic fetopathy.

Glyburide versus metformin
Two small RCTs have compared glyburide and metformin 
for the treatment of GDM. In the �rst randomized trial, gly-
cemic e�cacies of 74 women with GDM treated with gly-
buride and 75 women with GDM treated with metformin 
were analyzed.31 In those women who achieved adequate 
control, mean fasting and 2-hour postprandial glucoses were 
similar between treatment groups. However, the failure rate 
was 2.1 times higher in those receiving metformin compared 
to glyburide (34.7% vs. 16.2%, p = 0.01, respectively). Despite 
this failure rate, infants born to women treated with met-
formin weighed signi�cantly less than those born to women 
treated with glyburide (3103 ± 600 vs. 3330 ± 334 g), although 
the overall rate of LGA was similar between groups.

In the report by Silva and colleagues, 96 women with 
GDM were randomized to glyburide and 104 women 
with GDM to metformin.32 During treatment, maternal fast-
ing and postprandial glucose levels were similar between 
oral hypoglycemic groups. In contrast, the failure rate was 
similar in both women treated with glyburide and metfor-
min (29% vs. 21%). Similar to Moore’s �ndings, infants born 
to women treated with metformin had signi�cantly lower 
birth weights (3193 ± 521 vs. 3387 ± 512 g, p = 0.01, respec-
tively), yet the rate of LGA was similar between groups. 
Interestingly, the ponderal index of neonates born to women 

Table 19.2  Randomized controlled trials comparing metformin and insulin use in 
the treatment of gestational diabetes

 n 
Supplemental 
insulin (%) 

Macrosomia (%)* 

Metformin versus insulin

Ijas et al.26 50 metformin/50 insulin 32 19.1 versus 22
Niromanesh et al.27 80 metformin/80 insulin 14 3.8 versus 10
Spaulonci et al.28 47 metformin/47 insulin 26 0 versus 6.5
Tertti et al.29 110 metformin/107 insulin 21 4.5 versus 0.9

* All p values <0.05.
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treated with metformin was signi�cantly less compared 
with those born to women treated with glyburide (2.87 vs. 
2.96, p = 0.05). Rates of neonatal hypoglycemia, de�ned as a 
blood glucose <40 mg/dL, were also similar between groups 
in both studies.

�ese two trials are limited by small sample sizes and 
inconsistent results. It is thus di�cult to make any de�nitive 
conclusions regarding the choice of oral hypoglycemic based 
on the results. �e greatest limiting factor to using metfor-
min preferentially over glyburide remains the concern for 
the unknown e�ects of transplacental passage. However, it 
should be noted that the large RCT conducted by Rowan and 
colleagues was adequately powered to assess a composite 
neonatal outcome. �is is in contrast to the RCT evaluat-
ing glyburide use in pregnancy in which the primary out-
come was maternal glycemic e�cacy. Further investigations 
would be helpful to better elucidate both short- and long-
term e�ects of fetal exposure to oral hypoglycemic agents.

Insulin therapy
Insulin replacement is designed to mimic the normal physi-
ologic release of insulin by the pancreas and is typically 
divided into basal and prandial insulin. Basal insulin is 
designed to restrain hepatic glucose production between 
meals and in the fasting state. Prandial insulin reduces glu-
cose excursions associated with feeding. Unlike women with 
preexisting diabetes, insulin therapy for a woman with GDM 
is o�en tailored to address the individual glucose pro�le of 
the woman with GDM. �e prescribed insulin regimen may 
include as few as one and as many as four insulin injections. 
In those women with isolated fasting glucose elevations, a 
single nighttime injection of basal insulin may be adequate. 
In women with both fasting and postprandial elevations, 
a multiple insulin injection regimen is necessary. In these 
cases, the typical starting dose would be 0.8–1.0 units/kg 
daily, in divided doses using both basal and prandial insu-
lins depending on gestational age.

Over the past few years, clinical experience with insu-
lin analogues in pregnancy has increased dramatically. 

�e majority of data published on insulin analogue use in 
pregnancy pertains to the treatment of women with preex-
isting diabetes, most speci�cally type 1 diabetes. However, 
the tenets of therapy and clinical experience with these 
newer insulin formulations can be extrapolated for the 
treatment of women with GDM. Certain aspects of treat-
ment, such as congenital malformation risk, are not as 
pertinent to GDM because the diagnosis occurs beyond 
the period of organogenesis. However, transplacental pas-
sage, immunogenicity, and clinical e�cacy, in addition to 
maternal and neonatal outcomes, will be similar regard-
less of diabetes type.

Prandial insulin
Prior to the introduction of insulin analogues, women with 
GDM were treated with the standard insulins, neutral prot-
amine hagedorn (NPH) and regular insulin. In regard to 
prandial insulin, regular insulin has almost exclusively been 
replaced by the rapid-acting insulin analogues (RAIAs), 
insulin lispro and aspart. RAIAs are the preferred choice 
for short-acting insulin due to their superior pharmacologic 
pro�les, which leads to greater �exibility and convenience of 
dosing. �is has resulted in greater patient satisfaction and 
improved quality of life that could lead to a higher patient 
acceptability of insulin as a therapy.

Rapid-acting insulin analogues
RAIAs are the result of recombinant DNA technology. 
Unlike regular insulin, which is a hexameric molecule, 
RAIAs quickly dissociate into monomers in the subcutane-
ous tissue, which allows for a shorter onset of action, peak 
action, and duration of action. �e duration of action of 
standard insulins and insulin analogues is outlined in Table 
19.3. �e pharmacokinetic and pharmacodynamic proper-
ties of RAIA result in twice the maximum concentration 
of insulin in approximately half the time compared with 
regular insulin (Figure 19.1), leading to less mean glucose 
excursion in response to a food bolus and less hypoglycemia 
between meals. �is superior drug pro�le allows maximum 
�exibility and convenience in dosing resulting in greater 
patient satisfaction and improved quality of life.33

Table 19.3  Pharmacologic pro�les of standard insulins and insulin analogues

 Onset of action Peak action Duration of action 

Standard
Regular 30–60 minutes 2–3 hours 8–10 hours
NPH 2–4 hours 4–10 hours 12–18 hours

Rapid-acting analogues
Lispro 5–15 minutes 30–90 minutes 4–6 hours
Aspart 5–15 minutes 30–90 minutes 4–6 hours
Glulisine 5–15 minutes 30–90 minutes 4–6 hours

Long-acting analogues
Glargine 2–4 hours None 20–24 hours
Detemir 3–4 hours None 20 hours
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�e RAIA include insulin lispro, insulin aspart, and insu-
lin glulisine. Of the rapid-acting analogues, insulin lispro is 
the most studied in pregnancy. A limited number of studies 
have also evaluated insulin aspart use in pregnancy, and no 
clinical studies to date have been published on insulin gluli-
sine in pregnancy. Due to the similar pharmacologic action, 
the clinical experience related to transplacental passage, gly-
cemic e�cacy, and perinatal outcomes would not likely to be 
di�erent based on the speci�c rapid-acting analogue used to 
treat women with GDM.

Maternal glycemia and perinatal outcomes
In the �rst study of women with GDM treated with insu-
lin lispro, areas under the curve for glucose, insulin, and 
C-peptide were signi�cantly lower in those women treated 
with insulin lispro compared to the regular insulin group, 
despite a similar hemoglobin A1c level.34 Women with GDM 
treated with insulin lispro experienced fewer hypoglycemic 
episodes de�ned as blood glucose <55 mg/dL. In a retrospec-
tive review of 53 women with GDM and 33 pregestational 
women, mean hemoglobin A1c during pregnancy was simi-
lar in those treated with insulin lispro compared to regu-
lar insulin.35 However, when the 53 women with GDM were 
evaluated separately, those treated with insulin lispro had 
lower hemoglobin A1c levels compared with those treated 
with regular insulin (5.25 ± 0.8 vs. 6.5 ± 2.0, p = 0.013).

�e majority of studies published on insulin lispro use 
during pregnancy have focused on women with pregesta-
tional diabetes. �ese analyses have demonstrated con�ict-
ing results with some studies showing no improvement in 
hemoglobin A1c with the use of insulin lispro36,37 and oth-
ers showing signi�cantly lower predelivery A1c, without 
an increase in hypoglycemic episodes.33 �e largest report 
of insulin lispro use in pregestational gravidas showed an 
improvement in hemoglobin A1c values throughout preg-
nancy. Hemoglobin A1c of women treated with insulin lis-
pro decreased from a mean of 8.9 ± 4.2 mg/dL in the �rst 
trimester to 6.2 ± 2.4 mg/dL in the third trimester without 
an increase in hypoglycemia compared to those treated with 
regular insulin.38 In a prospective observational study of 
58 pregestational women treated with insulin lispro and 49 
with regular insulin of similar age, BMI, and vascular com-
plications, total insulin requirements in each trimester were 

lower in women treated with insulin lispro.39 Yet the rate of 
increase in insulin between trimesters was similar between 
groups. Predelivery hemoglobin A1c was improved in those 
treated with insulin lispro compared with regular insulin 
(5.9 ± 1.0 vs. 6.7 ± 1.3 mg/dL, p = 0.02). In contrast, a recent 
retrospective, multicenter Italian study reported a signi�cant 
improvement in hemoglobin A1c levels in the �rst-trimester 
women treated with insulin lispro compared with regular 
insulin (6.7% ± 1.3% vs. 7.3% ± 1.4%, p < 0.001), but similar 
A1c levels in both treatment groups in the third trimester.40 
Rates of severe hypoglycemic episodes were similar.

Two recent studies have evaluated maternal obstetrical 
outcomes for women with preexisting diabetes undergo-
ing lispro treatment in pregnancy. Both studies have shown 
similar rates of preeclampsia, preterm birth, and cesarean 
delivery in those treated with insulin lispro compared with 
regular insulin.39,40 In regard to neonatal outcomes, rates 
of shoulder dystocia, NICU admission, respiratory distress 
syndrome, and neonatal hypoglycemia were comparable.40 
Insulin lispro has a great homology with insulin growth fac-
tor 1 (IGF-1) raising concern for the possibility of accelerated 
fetal growth with in utero exposure to this RAIA. Table 19.4 
shows the rates of fetal overgrowth and mean maternal glyce-
mia as measured by hemoglobin A1c in pregnancies treated 
with insulin lispro, the majority of which are in women with 
pregestational diabetes. Similar rates of macrosomia have 
been reported in pregnancies treated with insulin lispro 
and regular insulin.35,36,39–42 From the culmination of these 
reports, insulin lispro does not appear to be associated with 
higher rates of fetal overgrowth than would be expected in 
diabetic pregnancy.

To date, only one study has evaluated anthropomet-
ric characteristics of newborns exposed to insulin lispro in 
utero.43 �is study enrolled 49 pregnant women with GDM, 
randomly assigned to treatment with insulin lispro or regu-
lar insulin, and 50 pregnant women with a normal glucose 
challenge test, matched for age, parity, prepregnancy weight, 
and BMI. Rates of LGA and small for gestational age (SGA) 
infants were similar between groups. However, the rate of 
infants with a cranial–thoracic circumference ratio between 
the 10th and 25th percentile was signi�cantly less in women 
treated with insulin lispro compared with regular insulin 
(12% vs. 37.5%). �is rate was comparable to the rate seen 
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in those with normal glucose tolerance (14%). In this study, 
1-hour postprandial glucoses in the lispro group were close to 
the physiologic levels as demonstrated by women with normal 
glucose tolerance. In the regular insulin group, 1-hour post-
prandial glucoses were higher than both women with normal 
glucose tolerance and women with lispro-treated GDM. �e 
level of glycemia may have contributed to the aberration in 
fetal growth pattern seen in this group. Although interesting, 
further investigation is needed on a larger scale before any 
conclusions can be made whether the di�erence in anthro-
pometry is an e�ect of treatment with insulin lispro.

Pettitt and colleagues were the �rst to study the clinical 
e�cacy of insulin aspart compared to regular insulin in 15 
women with GDM.44 In this study, peak insulin and glu-
cose concentrations were measured a�er eating a breakfast 
meal for three consecutive days: the �rst when no insulin 
was given, the second with a random assignment to either 
regular insulin or insulin aspart, and the third when the 
other insulin preparation was administered. Peak insulin 
concentrations were higher, and peak glucose concentra-
tions were lower with both insulins compared with no 
insulin. Glycemic control, as measured by the glucose con-
centration under the curve above baseline, was signi�cantly 
improved for insulin aspart compared with no insulin. In 
a follow-up study of 27 women with GDM randomized to 
treatment with insulin aspart versus regular insulin, there 
was a greater reduction in average glucose values from 
baseline in those treated with apart indicative of improved 
postprandial glycemic control.45 �ere were more hypogly-
cemic episodes (71%) associated with aspart use, although 
no severe hypoglycemic event were noted. Treatment with 
insulin aspart was also associated with signi�cantly lower 
levels of C-peptide compared with regular insulin, re�ect-
ing a lower demand on beta cell function. �is is likely 
attributed to the higher peak insulin concentrations that 
were achieved in this treatment group. Insulin-speci�c 
antibody binding was low in both groups (<1.5%).

�e largest evaluation of insulin aspart use in pregnancy 
was an open-label, randomized, parallel group study of 322 
women with type 1 diabetes conducted at 63 sites in 18 coun-
tries.46 Study entry required a hemoglobin A1c of ≤8% at 
pregnancy con�rmation. In this study, the mean of the dif-
ference between preprandial and postprandial plasma glu-
coses were lower for those women receiving insulin aspart, 
despite comparable hemoglobin A1c levels. Despite similar 
mean total amount of insulin in both groups, mean daily 
requirement of prandial insulin was signi�cantly lower in 
the insulin aspart group. �ere was no di�erence in hypo-
glycemic episodes between groups. Maternal outcomes such 
as rates of preeclampsia, preterm labor, and cesarean section 
were similar between groups. In contrast, women treated 
with insulin aspart reported signi�cantly greater satisfaction 
with their assigned treatment as measured by the Diabetes 
Treatment Satisfaction Questionnaire. In a second report, 
137 infants born to women treated with insulin aspart and 
131 infants born to women treated with regular insulin were 
evaluated. Rates of fetal overgrowth, neonatal hypoglycemia, 
and perinatal mortality were similar between groups.47

Transplacental passage
Transplacental passage of insulin can occur when insulin 
complexes with immunoglobulins to form an antigen–
antibody complex. Previous studies have linked transpla-
cental passage of insulin complexes with fetal overgrowth. 
Jovanovic �rst reported on the immunologic e�ects and pla-
cental transfer of insulin lispro in women with GDM.34 In 
this study, anti-insulin antibody levels were similar in both 
groups, both at enrollment and delivery. Insulin lispro was 
undetectable in the umbilical cord blood, including four 
women who received continuous intravenous administra-
tion of the drug during labor. �ere were no cases of fetal 
anomaly, macrosomia, or neonatal hypoglycemia. Similarly, 
in a subset of 95 women enrolled in a randomized trial of 
aspart and regular insulin, analysis of maternal and cord 

Table 19.4  Maternal glycemia and rates of fetal overgrowth with insulin lispro 
use in pregnancy

Author Year n Mean A1ca (mg/dL) Rate of LGA (%) 

Aydin et al.35 2008 27 lispro 6.3 ± 2.2 7.4
59 regular 7.1 ± 2.1 13.6

Lapolla et al.40 2008 72 lispro 7.4 ± 1.7 55.1
298 regular 7.4 ± 1.5 39.2

Durnwald and Landon39 2008 58 lispro 7.1 ± 2.2 32.8
49 regular 8.3 ± 2.6 20.4

Cypryk et al.36 2004 25 lispro 7.8 ± 1.4 43.5
46 regular 7.5 ± 1.5 30.3

Masson et al.42 2003 71 lispro 7.4 ± 1.7 35
Garg et al.41 2003 61 lispro 7.2 ± 0.2 24
Persson et al.37 2002 16 lispro 6.5 No difference

17 regular 6.6

a	 First trimester or overall, if �rst trimester not reported.
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blood insulin antibody levels demonstrated low levels of 
insulin-speci�c antibodies in both insulin groups at baseline 
and delivery.48 In this analysis, insulin aspart was undetect-
able in all cord blood samples evaluated.

Two in vitro perfusion studies have evaluated the trans-
fer of insulin lispro across the human placenta.49,50 In the 
�rst study, the placental transfer of a range of insulin lispro 
concentrations was examined. �e maternal side of the pla-
centa was perfused with constant concentrations of the drug 
and the fetal circulation was closed. No placental transfer of 
lispro was detected during perfusion with 100–200 μU/mL. 
Although there was a possibility of transfer with concentra-
tions mimicking a single subcutaneous dose of over 50 units 
that was maintained for greater than 60 minutes, there was 
no placental transfer at single standard doses.49 Given the 
half-life of insulin lispro, it is unlikely that this physiologic 
state could be reproduced in the clinical setting, and there-
fore, insulin lispro does not appear to cross the placenta 
in any signi�cant amount. �e lack of transplacental pas-
sage was also con�rmed on a smaller scale by Holcberg.50 
No in vitro perfusion studies have evaluated the transfer of 
insulin aspart across the human placenta. Given the simi-
lar biochemical characteristics, it is likely that the �ndings 
reported with insulin lispro would be similar to those of 
insulin aspart if such studies were conducted.

Basal insulin
In the majority of women with GDM, the basal insulin pri-
marily prescribed continues to be the intermediate acting 
insulin, NPH insulin. In most women, the greater insulin 
resistance associated with GDM and subsequent higher 
insulin requirements cannot be adequately treated with a 
single dose of a long-acting insulin analogue (LAIA) such as 
glargine or detemir, which are peakless. If LAIAs are used, 
it is not uncommon for women with GDM to require twice 
daily dosing. �ere is limited experience in pregnancy with 
LAIA. Similar to the RAIA, the reports published focus on 
the treatment of women with preexisting diabetes, most spe-
ci�cally type 1.

Long-acting insulin analogues
�e biochemical properties of the LAIA allows for a slow, con-
stant release of insulin without a pronounced peak in insulin 
concentrations. �e relatively �at activity pro�le is bene�cial 
for women at signi�cant risk for nocturnal hypoglycemia. One 
of the biggest advantages of the LAIA is less hypoglycemia. 
�e once-daily dosing regimens also may enhance patient 
acceptance and satisfaction. In studies of nonpregnant diabet-
ics, insulin detemir has been shown to have more consistent 
insulin absorption compared with both insulin glargine and 
NPH insulin.51 Compared with insulin glargine, detemir is 
similarly peakless but exhibits a slightly shorter duration of 
action and therefore is dosed every 12 hours in most diabetics.

Maternal glycemia and perinatal outcomes
Studies evaluating the use of glargine in pregnancy have 
primarily been limited to retrospective reviews and observa-
tional cohorts of women with type 1 diabetes.

Four studies have evaluated women diagnosed with GDM 
treated with insulin glargine.52–55 All studies included a mixed 
population of women with pregestational diabetes and GDM. 
In a prospective cohort study of 82 women with GDM ran-
domly assigned to either insulin glargine or NPH, the total 
dose of basal insulin was less in those women treated with 
glargine. Fasting glucose levels in the 36th week of gesta-
tion were also lower in the glargine group. Rates of maternal 
hypoglycemia and hypertensive disorders of pregnancy were 
higher in those women treated with NPH. In regard to neona-
tal outcomes, jaundice was more common in the NPH-treated 
group, but no di�erences were noted in the rate of macro-
somia or LGA, neonatal hypoglycemia, respiratory distress 
syndrome, or 5-minute Apgar <7.52 In a smaller retrospec-
tive review of a mixed population of 112 women with preges-
tational diabetes and GDM treated with glargine compared 
with NPH, there was no signi�cant di�erence in maternal 
complications of preeclampsia, hypoglycemia, or cesarean 
delivery between treatment groups in the 59 women with 
GDM studied.53 Rate of LGA infants, Apgar scores, neona-
tal hypoglycemia, and hyperbilirubinemia, as well as NICU 
admission, were also similar between groups. However, only 
15 of the 59 women with GDM were treated with glargine.53 In 
two additional retrospective reviews including a small num-
ber of women with GDM, perinatal outcomes were similar in 
women treated with NPH insulin and insulin glargine.54,56

Clinical experience with insulin detemir in pregnancy is 
limited to case reports and one RCT of women with type 1 
diabetes.57–59 In this RCT, the e�cacy of insulin detemir com-
pared with NPH insulin (both with prandial insulin aspart) 
was evaluated. Of 310 women with type 1 diabetes, 152 were 
randomly assigned to insulin detemir and 158 to NPH up 
to 1 year prior to pregnancy or during the 8th–12th week of 
pregnancy. Maternal hemoglobin A1c at the 36th week was 
similar between groups. However, fasting plasma glucoses 
were lower in women treated with insulin detemir at both 
24 weeks and 36 weeks of gestation. �ere was no di�erence 
in maternal hypoglycemic episodes. In a follow-up study of 
the neonates born to the women in the RCT, neonatal out-
comes including congenital malformations, fetal growth 
disturbance (SGA and LGA), preterm delivery, and neonatal 
hypoglycemia were similar between treatment groups.60

�ere has been concern raised about the increased a�n-
ity to IGF-1 that is demonstrated by insulin glargine com-
pared to human insulin with a potential to stimulate fetal 
growth. A retrospective review in which 77% of the study 
population was diagnosed with GDM evaluated the use of 
insulin glargine on select neonatal outcomes.55 �is analysis 
reported a mean birth weight of 3142 ± 606 g for the study 
population, with a 2% incidence of macrosomia in GDM 
women. In addition, none of the studies published to date 
demonstrate an increase in the rate of LGA infants or fetal 
macrosomia with glargine treatment. In contrast to glargine, 
insulin detemir has a low a�nity for the IGF-1 receptor 
(approximately 1/10 that of human insulin). Although a 
strictly GDM population has not be studied, the risks of fetal 
overgrowth and macrosomia are not unique to abnormal 
glucose metabolism of the GDM cohort.
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Transplacental passage
Results from human placental cotyledon models of uncom-
plicated term pregnancies have shown that there is no trans-
placental passage at maternal therapeutic concentrations of 
insulin glargine.61 Transport across the placenta was dem-
onstrated at concentrations 1000-fold higher than clinically 
therapeutic levels, yet there was a signi�cant di�erence in the 
rate of disappearance from the maternal compartment com-
pared with the rate of appearance in the fetal compartment. 
�is suggests that the placenta may sequester some amount 
of insulin glargine at concentrations at these high levels.

Published studies evaluating glargine use in pregnancy 
are limited by small sample size, a mixed population of 
GDM, and pregestational women studied and do not show 
a consistent clinical bene�t for the use of insulin glargine 
in the pregnant women. Given these �ndings, there is little 
justi�cation to choose glargine over NPH for basal insulin 
for the treatment of GDM. Although there is also limited 

published data on the use of insulin detemir in GDM as well, 
the results are more convincing given the RCT of women 
with preexisting diabetes.

Conclusion
Pharmacologic treatment of GDM should be designed to 
achieve euglycemia that has been linked to both maternal 
and neonatal bene�t. Diagnosis of dietary failure should be 
prompt and initiation of pharmacologic therapy expedited 
in those women unable to achieve glycemic targets on nutri-
tion therapy alone. Both insulin therapy and oral hypoglyce-
mic agents are viable options. Treatment strategies should be 
individualized based on a woman’s glycemic pro�le, clinical 
characteristics, and fetal growth projection. Ideally, thera-
pies should be aimed at lowering the demand on beta cell 
function during this time of physiologic stress.
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Gestational diabetes 
mellitus: The consequences 
of not treating
Oded Langer

GDM dilemma
It is self-evident that women with type 1 and type 2 poorly 
controlled diabetes have a signi�cant increase in adverse 
perinatal outcome in comparison to nondiabetic patients. 
�e condition is especially detrimental when the targeted 
level of glycemia is not achieved. It is also realistic to assume 
that similar adverse outcomes will result in gestational dia-
betes mellitus (GDM) since it is a looking-glass image of 
type 2 diabetes. Since the late 1960s when O’Sullivan �rst 
suggested the term “gestational diabetes,” an argumenta-
tive environment has persistently surrounded this clinical 
entity and its association to adverse pregnancy outcome, i.e., 
macrosomia, birth trauma, and metabolic complications. 
However, opinions and anecdotes have surpassed research-
generated data.

To date, there is no consensus regarding diagnostic crite-
ria and the utility of universal screening for GDM. Lack of 
accord on these issues have led to inconsistencies in results 
of published studies.1,2 For example, Jarrett concluded that 
GDM is “a nonentity” whose only clinical association is with 
an increased maternal risk of subsequent diabetes.3 Several 
studies and noted forums have stated that there is as yet no 
consensus on the de�nition, management, or treatment of 
GDM.4 Hunter and Milner stated “gestational diabetes is a 
diagnosis still looking for a disease.” According to these phy-
sicians, GDM is not convincingly associated with increased 
perinatal mortality or morbidity, and macrosomia per se, 
regardless of de�nition, is not a morbid condition.5

In contrast, Beard and colleagues6 concluded that GDM 
is a clinical entity associated with a signi�cant incidence in 
diabetes in the later life of the mother and an increase in 
fetal and neonatal morbidity. In recent years, several stud-
ies demonstrated the association of GDM with perinatal 
morbidity and mortality. �e results of these studies dem-
onstrated that GDM is not only a clinical entity but a disease 
with short- and long-term complications.7–9

In the current era of evidence-based medicine, it is sur-
prising that the opposing positions are not the result of 
authors’ researched data but based upon opinions lack-
ing evidence to support these positions. In order to deter-
mine the research-driven answer to this dilemma, the most 
appropriate means would be to conduct randomized clini-
cal trials (RCTs). However, in some cases, the RCT study 
design faces an ethical dilemma so an alternative design is 
mandated.

GDM is de�ned as carbohydrate intolerance of variable 
severity with onset or �rst recognition during pregnancy. 
�erefore, some of the women already have impaired glu-
cose tolerance (IGT) test and/or impaired fasting glucose. 
The  definition applies regardless of treatment modal-
ity and/or the persistence of the condition a�er pregnancy. 
While it is likely that maternal carbohydrate intolerance 
re�ects a continuum of risk for adverse outcomes,10,11 it is 
not known whether there is a bene�t to identi�cation and 
subsequent treatment of mild levels of severe carbohydrate 
intolerance during pregnancy.

Since GDM is considered the major medical complica-
tion in pregnancy, empirical attempts were made to address 
the controversy. However, the results of many studies are 
derived from administrative databases, i.e., billing systems. 
�e data should not be used for clinical studies since they 
may lead to erroneous conclusions.12

�e conclusions from other studies are the result of obser-
vational design. Most reported associations in observational 
research are false, and the minority of associations that are 
true are o�en exaggerated. �is issue is problematic for weak 
associations, o�en de�ned as relative risks (RRs) or odds 
ratios (ORs). �ese relationships can usually be ascribed to 
bias rather than to an underlying association. A prudent rule 
to follow in statistical analysis is to assume that unless RRs 
in cohort studies exceed 2–3 or ORs in case–control studies 
exceed 3 or 4, associations in observational study �ndings 
should not be considered credible.13

20
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Change from physiology to 
pathophysiology
�e �rst condition in order to establish a medical entity as a 
disease is to demonstrate change from normal to pathophysi-
ology. �is will facilitate the development of interventions 
aimed at prevention as well as treatment. Human pregnancy 
is characterized as an insulin-resistant condition. Although 
there is a fourfold to �vefold range of insulin resistance in the 
general population, there is a relatively uniform 40%–50% 
increase (from the pregravid condition) in insulin resistance 
and increase in insulin secretion. A substantial number of 
studies have addressed this topic.14–19

Another factor which may contribute to increased insulin 
resistance during pregnancy is the rise in body fat or change 
in body fat distribution that begins in early gestation. It  is 
well established that obesity per se causes insulin resis-
tance.20 It has been shown that total oxidative and nonoxi-
dative glucose metabolism is inversely related to increased 
visceral-to-subcutaneous-fat ratio in obese women and to 
total fat content in lean women.21 Others have demonstrated 
decreased insulin sensitivity in subjects with a central pat-
tern of fat distribution. Whatever the cause for increased 
insulin resistance during pregnancy in women who main-
tain normal glucose tolerance, it is o�set by a 3- to 3.5-fold 
increase in insulin secretion.22 �erefore, the degree of insu-
lin resistance during late gestation appears to be dependent 
primarily on pregravid maternal insulin resistance, which is 
quite variable, and secondarily on the 40%–50% increases 
mediated through placental factors.

In 1981, Bergman et al.23 proposed that there is a predict-
able relationship in the shape of a rectangular hyperbola 
between the quantity of insulin produced by β-cells and 
the sensitivity of tissues to the glucose-lowering e�ects of 
insulin. Kahn et al.24 demonstrated that this relationship is 
present across a wide range of insulin sensitivity in people 
with normal glucose tolerance. A hyperbolic relationship 
exists between insulin sensitivity and several measures of 
β-cell insulin release in women with IGT.25 �e amount of 
insulin released at a given level of insulin resistance is lower 
in people with abnormal compared with normal glucose 
tolerance.26,27 Although GDM is de�ned as carbohydrate 
intolerance of variable severity with onset or �rst recogni-
tion during pregnancy,28 the de�nition applies whether the 
condition persists a�er pregnancy but does not preclude the 
possibility that the glucose intolerance may have predated 
the pregnancy. Women who develop GDM are, in fact, 
genetically predisposed to develop type 2 diabetes since they 
tend to have a strong family history of the disease. Some 
stressors associated with pregnancy probably trigger them 
to develop overt disease sooner than if they had not become 
pregnant.

Similar to other groups genetically susceptible to type 2 
diabetes, women with previous GDM and normal glucose 
tolerance have been shown to have defects in glucose metab-
olism. Using the hyperinsulinemic–euglycemic clamp tech-
nique, Catalano et al.29,30 demonstrated insulin resistance in 

50% of subjects with normal glucose tolerance and previous 
GDM. �is was primarily due to decreased nonoxidative 
glucose disposal. Ward et al.,31 using the Bergman intrave-
nous glucose minimal model technique, also found evidence 
of increased insulin resistance in women with previous 
GDM. Unfortunately, neither Catalano nor Ward controlled 
for family history in the subjects, so it is unclear whether 
family history or previous GDM was the marker for these 
early abnormalities in glucose metabolism.

In summary, GDM is characterized by pathogenesis 
deviating from the normal physiology of pregnancy that 
involves insulin resistance and decreased insulin secretion. 
Furthermore, similarity exists between the pathogenesis of 
GDM and type 2 diabetes, which are probably one disease at 
di�erent stages on the spectrum of glucose intolerance.

Is there an associated increased 
adverse outcome in GDM?
Socrates once said that the beginning of wisdom is the de�-
nition of terms. However, using di�erent de�nitions for 
GDM diagnosis criteria or threshold for neonatal hypogly-
cemia will result in varying rates of the problem. Not only 
di�erent de�nitions but also diverse institutional policies 
such as indication for neonatal intensive care unit (NICU) 
admission and for cesarean delivery will result in varying 
rates reported in di�erent studies.

Small sample sizes have resulted in the evolution of the 
concept of composite outcomes (Tables 20.1 through 20.3). 
Composite outcomes are pooled individual outcomes 
(serious morbidities) in order to produce a single outcome 
(overall serious morbidity). As treatments and population 
health improve, the number of individual adverse outcomes 
has declined. Using composite outcomes can o�en over-
come this reality by combining several outcomes, thereby 
increasing the e�ciency of a clinical trial (power and size). 
Outcome selection has clinical signi�cance; however, when 
evaluating composite outcomes in various studies, it is 

Table 20.1  Sample sizes for various effects in the 
primary outcome (composite)

Outcome 
rate in 
untreated 
group (%) 

30% reduction 40% reduction 

Outcome 
rate in 
treated 

group (%)
Sample 

size

Outcome 
rate in 
treated 

group (%)
Sample 

size

20 14.0 611 12.0 325
25 17.5 537 15.0 248
30 21.0 366 18.0 196
35 24.5 295 21.0 159
40 28.0 243 24.0 132
45 31.5 218 27.0 110
50 35.0 169 30.0 93
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prudent to verify that the variables included in each compos-
ite outcome are identical.

In the compilation of an outcome variable, only those that 
are a result of GDM pathophysiology should be included; 
variables that re�ect physician behavior, i.e., cesarean sec-
tion (c/s) delivery, misrepresent the conclusion. Although 
associated with maternal morbidity (e.g., infection, bleed-
ing), c/s is a physician-driven decision rather than a com-
plication of the disease. Rates of c/s have skyrocketed with 
more repeat c/s’s,32 c/s by demand, and elective c/s for breech 
delivery. Although this procedure has outstripped historical 
numbers for both diabetic and nondiabetic patients, c/s rates 

should not be used as an outcome measure in GDM because 
the procedure is not directly related to disease morbidity.

Delivery through c/s has become a self-ful�lling prophecy 
in the treatment of GDM. Naylor et al.33 reported that the c/s 
rate was 34% in women with GDM compared with 20% in 
women without GDM. �e National Institute of Child Health 
and Human Development (NICHD) study9 resulted in 27% 
c/s rate in the treated versus 32% in the untreated group, while 
the Australian Carbohydrate Intolerance Study in Pregnant 
Women (ACHOIS)8 c/s data revealed 31% in the treated and 
32% in the untreated group. What these numbers indicate 
is that inherent in the study of a treatable entity is that this 

Table 20.2  Prevalence of hyperbilirubinemia

De�nition Authors Population n Outcome rate (%) 

≥10 mg/dL Gabbe et al. GDM treated 261 15.7
>12 mg/dL Hod et al. GDM treated 731 5.2
>12 mg/dL Magee et al. GDM 96 15.6

Normal 521 10.6
≥12 mg/dL Langer et al. GDM intense tx 1145 7.6

GDM usual tx 1316 7.9
Not de�ned Garner et al. GDM treated 149 5.4

GDM untreated 150 6.6
Requiring treatment Persson et al. Mild GDM treated 233 4.5
>12 mg/dL Langer et al. GDM untreated 555 11.0

GDM treated 1110 9.0
No GDM 1110 4.0

>95th percentile Landon GDM untreated 473 12.9
Not available (n.a.) Crowter GDM untreated 524 n.a.

Table 20.3  Prevalence of neonatal hypoglycemia

De�nition Authors Population n 
Outcome rate 

(%) 

<30 mg/dL if <2500 g Gabbe et al. GDM treated 261 6.5
<20 mg/dL if 2500 g
<30 mg/dL up to 72 hours; Hod et al. GDM treated 731 5.2
<40 mg/dL later 
≤30 mg/dL × 2 <4 hours after birth Langer et al. GDM intense tx 1145 3.8

GDM conventional 1316 20.0
<31 mg/dL <2 hours after birth Jang et al. GDM treated 65 7.7
Symptomatic Persson et al. Mild GDM treated 233 0.9

GDM treated 222 2.3
<30 mg/dL <1 hour after birth Schader-Graf et al. GDM treated 154 40.3
40 mg/dL × 2 <4 hours after birth Langer et al. GDM treated with glyburide 201 9.0

GDM treated with insulin 203 5.9
<40 mg/dL Langer et al. GDM untreated 555 7.0

GDM treated 1110 14.0
No GDM 1110 2.0

Hypoglycemia requiring I.V. therapy Crowther et al. GDM untreated 506 5.0
<35 mg/dL Landon et al. Mild GDM untreated 473 15.0
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new knowledge may alter the clinician’s behavior.33 On the 
other hand, there are care providers who have not inevita-
bly been in�uenced by the GDM diagnosis and have instead 
evaluated the presenting conditions of the disease.34,35 In our 
study,7 the c/s rate was similar for the untreated (24%) and 
the treated (23%) compared to 14% in nondiabetic subjects.

Neonatal complications
�e adverse outcomes most commonly associated with GDM 
include increased perinatal mortality, macrosomia, shoulder 
dystocia, birth trauma, preeclampsia, c/s, neonatal hypo-
glycemia, hypocalcemia, hyperbilirubinemia, and polycy-
themia. In addition, there are long-term e�ects associated 
with GDM pregnancies such as an increased maternal risk 
of developing diabetes in the future and an increased risk of 
obesity and glucose intolerance in the o�spring.

Perinatal mortality is the most signi�cant outcome, and 
early, albeit �awed studies showed a fourfold increase in 
perinatal mortality in women with GDM. �ese studies 
failed to control for variables a�ecting perinatal mortality 
such as fetal malformations, maternal history of stillbirth, 
and advanced maternal age. Furthermore, these studies more 
than likely included women with unrecognized pregestational 
diabetes, thus contaminating the results. In addition, in most 
studies a labeling bias exists since a GDM diagnosis tends to 
enhance surveillance and interventions that may have a major 
impact on perinatal mortality. Some researchers have sug-
gested that GDM has no or negligible e�ect on mortality. �is 
could be explained by two opposing views: GDM has no or 
negligible e�ect on mortality, or due to the overall decrease in 
perinatal mortality, excess fetal deaths due to unrecognized 
GDM could go unnoticed in smaller studies.

O’Sullivan and Mahan �rst reported an association 
between GDM and perinatal death, documenting a 6.4% risk 
only in women with GDM who were older than 25 years of 
age, and a RR of 4.3 over controls.36 Abell et al.37 reported 
similar results in women with GDM with a 3.9% overall peri-
natal mortality rate. However, an analysis of 1016 GDM preg-
nancies from the same institution documented an increased 
perinatal mortality rate (3.2%) only among those meeting the 
stringent World Health Organization (WHO) criteria for the 
diagnosis of GDM.38 Schmidt et al.39 evaluated the relation 
between the American Diabetes Association (ADA) and the 
WHO diagnostic criteria for GDM against pregnancy out-
come. Of the 4977 women in the study, 2.6% had GDM by the 
ADA criteria and 7.2% by the WHO criteria. �e perinatal 
death in the ADA group had an OR of 3.10, 95% C.I., 1.42–
6.47. Similarly, the perinatal mortality by the WHO criteria 
had an OR of 1.59, 95% C.I., 0.86–2.90 (nonsigni�cant).

Mondestin et  al.40 reported the results of a retrospec-
tive cohort study of U.S. data (1995–1997). �ese included 
10 million nondiabetic gravidas and 271,691 diabetic patients 
with fetal death rates of 4/1000 and 5.9/1000, respectively. 
Fetal death rates increased when birth weight was >4250 g 
for nondiabetic and 4000 g for diabetic patients with a two-
fold increased rate in mortality in the diabetic group. �e 

drawbacks of this study included the retrospective design 
and the lack of distinction between types of diabetes since 
the results were derived from an administrative database. 
However, it would be reasonable to assume that the majority 
of the diabetic patients had GDM that accounts for 90% of 
all diabetic pregnancies.

Clinicians must, therefore, consider the merits of estab-
lishing a GDM diagnosis. GDM, if untreated or not rec-
ognized, may be associated with an increased risk of 
intrauterine fetal death and commonly reported morbidi-
ties such as macrosomia, birth trauma, neonatal hypoglyce-
mia, hyperbilirubinemia, hypoglycemia, and polycythemia. 
�ere is paucity of prospective data concerning some of 
these risks. However, it is generally agreed that women with 
GDM with signi�cantly elevated fasting blood glucose levels 
appear to have an increased risk of intrauterine fetal death.

Macrosomia, shoulder dystocia, 
and birth trauma
Being relatively common and easily documented, macrosomia 
is the adverse perinatal outcome most investigators refer to 
when addressing GDM. Macrosomia is the primary outcome 
with relevant surrogate complications such as c/s, shoulder dys-
tocia, and brachial plexus injury. �e overall rate of macroso-
mia for the nondiabetic population is 7%–9%.28,41,42 In contrast, 
the incidence reported for macrosomia in GDM is manage-
ment dependent. When good glycemic control is not achieved, 
the incidence of macrosomia can be as high as 20%–45%.35 �e 
macrosomic fetus is a result of diabetic fetopathy and is char-
acterized by organomegaly.43,44 Complications, directly and 
indirectly associated to fetal macrosomia are neonatal hypo-
glycemia, hypocalcemia, hyperbilirubinemia, and polycythe-
mia; in addition to birth trauma, these are all the consequence 
of not treating or inadequate treatment of the disease.

Excessive fetal growth occurs in as many as 50% of preg-
nancies complicated by GDM.45 It was shown that the accel-
erated fetal growth is associated with the maternal glycemic 
pro�le.46,47 Although fetal growth can be measured by birth 
weight, a more accurate way to characterize overgrowth is 
by estimation of body composition that includes lean body 
mass (LBM) and fat-free mass (FFM). LBM is a metaboli-
cally active tissue and is relatively stable in utero. FFM is 
more variable and sensitive to factors that a�ect fetal growth. 
�erefore, to more accurately characterize the diabetic fetop-
athy, measurements that can identify even minimal devia-
tions from the norm are needed. FFM and LBM may provide 
the means. Recent studies have shown con�icting results in 
the evaluation of infant body composition.43,48,49 Catalano 
reported increased FFM in infants of women with GDM 
even when average weight for gestational age were compa-
rable to infants of women with normal glucose tolerance.48 
Similarly, he demonstrated increased body fat in infants of 
women with GDM requiring a cesarean delivery compared 
with normal glucose tolerance despite similar birth weights. 
In contrast, we and Naeye43,44 found an increase in LBM at 
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the time of autopsy in overgrown infants of women with dia-
betes. In a study evaluating body composition of macroso-
mic infants of diabetic women, we demonstrated increased 
body fat and decreased LBM in infants of women with GDM 
when compared to women with normal glucose tolerance.50

Long-term e�ects of GDM. When addressing the issue 
of the long-term e�ects of GDM, one must di�erentiate 
between the long-term maternal e�ects and the prognosis 
for the o�spring.

The mother
�e increased risk of developing type 2 diabetes later in life 
in women with GDM is well known with the magnitude of 
the risk ranging from 20% to 50%; it is lower in Caucasians 
and higher in Hispanic women, those of Mediterranean or 
East Asian descent and the Canadian Aboriginal popula-
tion. �ere is no evidence that the treatment of GDM will 
reduce this risk although recent data51 suggest that the rate 
of progression to type 2 diabetes can be modi�ed by lifestyle 
changes, thus underscoring a possible bene�t for increased 
surveillance of this high-risk population.

The neonate
Since Barker’s primary epidemiologic studies in 1989,52,53 
there is increasingly strong data to support the concept that 
many fetal stresses may lead to fetal programming and the 
alteration of the normal developmental gene expression pat-
tern. Research indicates that the child of the diabetic mother 
remains at increased risk for a variety of developmental dis-
turbances: obesity,54–56 IGT or diabetes,57 and diminished 
neurobehavioral capacities.58–64 �erefore, it would be rea-
sonable to speculate that the process whereby a stimulus or 
insult (glucose toxicity and other metabolic fuels) acting at a 
critical period of development in early and during intrauter-
ine life alters gene expression patterns for life.65,66

Cognitive development in children of 
diabetic mothers
�ere is paucity of data related to the cognitive development 
of infants of diabetic mothers. A study of infants born to 
73 women with preexisting diabetes and 112 women with 
GDM sought to determine the relationship between mater-
nal fasting plasma glucose and hemoglobin A1C during 
the second and third trimesters on neonatal performance 
on the Brazelton Neonatal Behavioral Assessment Scale.58 
�ey found a signi�cant correlation between poor glycemic 
control in three out of the four newborn behavioral dimen-
sions on the scale for both gestational and pregestational 
diabetics. In another study,67,68 they evaluated the o�spring 
of 95 women with preexisting diabetes and 101 subjects 
with GDM using the Bayley Scales of Infant Development 
at 2  years of age and the Bruininks–Oseretsky Test of 

Motor Pro�ciency at ages 6, 8, and 9 years. �ey reported 
that the children’s average scores on the Bruininks–
Oseretsky test at ages 6–9 years correlated signi�cantly with 
B-hydroxybutyrate in  maternal second and third trimes-
ters. �ere was also a borderline association between chil-
dren’s scores on the psychomotor development index at age 
2 and B-hydroxybutyrate. Rizzo et al.59 correlated measures 
of maternal glucose and lipid metabolism (fasting plasma 
glucose levels, hemoglobin A1C levels, episodes of hypo-
glycemia and acetonuria, and plasma β-hydroxybutyrate 
and free fatty acid levels) with two measures of intellectual 
development in the o�spring using the Bayley Scales of 
Infant Development for 2-year olds and the Stanford–Binet 
Intelligence Scale for 3- to 5-year olds expressed as an aver-
age of the three scores. �e children’s mental development 
index scores at the age of two correlated inversely with the 
mother’s third-trimester plasma β-hydroxybutyrate levels; 
the average Stanford–Binet Intelligence Scale scores corre-
lated inversely with third-trimester plasma β-hydroxybutyrate 
and free fatty acid levels.

Maternal diabetes during pregnancy may a�ect behav-
ioral and intellectual development in the o�spring. Petersen 
et al. suggested that �rst trimester intrauterine growth delay 
is associated with psychomotor de�cit in the o�spring at age 
4–5 probably as a result of poor glycemic control.60,69 Sells 
et al. reported that late entry into treatment programs in preg-
nancy in preexisting diabetic women resulted in lower scores 
on language measures and intellectual development through 
age 2 in comparison to women who maintained good glu-
cose control during pregnancy.63 Stenninger et al. reported 
that children born to mothers with diabetes (probably 
GDM) who subsequently developed neonatal hypoglycemia 
experienced long-term neurological dysfunction. O�spring 
had more di�culties in validated screening tests for mini-
mal brain dysfunction and were hyperactive, impulsive, and 
easily distracted. In addition, they had a lower developmen-
tal score in comparison to the o�spring of normoglycemic 
diabetic women and nondiabetic control patients.70 Olsson 
et al. concluded that impaired cognitive function may pre-
cede clinical onset of type 2 diabetes.71 In summary, the 
existing evidence indicates that poorer glycemic control or 
other shared risk factors may in�uence both cognitive devel-
opment and the risk for type 2 diabetes. �e data suggest that 
early detection of subclinical disease and treatment may be 
of value in protecting against cognitive de�cits and adverse 
neurological outcomes in addition to the possibility of early 
development of metabolic syndrome (hypertension, obesity, 
and diabetes) when GDM is not treated or poorly managed.

Clinical studies
Care providers and their institutions repeatedly �nd them-
selves compared to one another as well as to national/
universal standards. Inherent in these comparisons is that 
providers with improved outcomes presumably provide 
higher-quality care. Nonetheless, there are three major 
sources of distinction in outcomes: preexisting patient 
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characteristics, quality of care, and random variation. �ese 
factors, in addition to others, will enable the classi�cation of 
GDM as a clinical entity.

�ere has historically been two phases in which this 
issue has been addressed. In the past, there has been rela-
tively scant data; shortcomings in the few existing studies 
included small sample sizes and, therefore, insu�cient power 
(increased likelihood for types 1 and 2 errors), as well as lack 
of controls for the confounding e�ects of ethnicity, maternal 
obesity, age, and parity. In evaluating the results of a study, 
it is prudent to consider the sample size and the power des-
ignated for the study. Power is the ability to detect a di�er-
ence when one really exists; power increases as the sample 
size increases. It also precludes a type 2 error (false-negative); 
power of 80% is usually acceptable. However, a very small dif-
ference can achieve statistical signi�cance if the sample size is 
large enough. On the other hand, a large e�ect may not attain 
statistical signi�cance if there is substantial variability aris-
ing from a small sample size. Statistical signi�cance does not 
always equate with clinical signi�cance. �ese unresolved 
issues fanned the controversy over GDM as a clinical entity.

Roberts et  al.72 evaluated outcomes of women with 
untreated IGT (7.8 mmol/L or 140 mg/dL) during preg-
nancy; there was an increased incidence of c/s with no dif-
ferences in neonatal outcome compared with women with 
normal oral glucose tolerance test (OGTT). Ostlund et al.73 
prospectively studied women with IGT (de�ned as fasting 
blood glucose level of <6.7 mmol/L [121 mg/dL] and 2-hour 
blood glucose level >9 and <11 mmol/L [162–198 mg/dL]) 
who were undiagnosed and untreated. �e obstetrician 
was not informed of the deviation in the glucose tolerance. 
�ey compared the untreated IGT to both the controls and 
treated GDMs. �e rate of macrosomia (>4000 g) was 33%, 
16%, and 30% and large for gestational age (LGA) 25%, 4%, 
and 25%, respectively. �e main problem in the Ostlund 
study is that the authors used a nontraditional de�nition 
for GDM, which was a modi�cation of the Lind de�ni-
tion.74 Adams et al.75 identi�ed 16 cases of clinically unrec-
ognized GDM diagnosed using the National Diabetes Data 
Group (NDDG) criteria and compared them to 64 nondia-
betic controls. �e study suggests that unrecognized GDM 
increases the risks for neonatal complications. �e major 
limitation of the study is the small sample size; the results 
could have been a�ected by both alpha and beta errors.

�e Toronto Tri-Hospital Gestational Diabetes Project76 
explored pregnancy outcomes for the 3637 subjects with-
out a diagnosis of GDM whose caregivers were blinded to 
the OGTT results. �ere was a direct relationship between 
OGTT results and a number of adverse pregnancy outcomes, 
i.e., cesarean delivery, neonatal macrosomia, and preeclamp-
sia. Multivariate analysis was used to control for potential 
confounding e�ects; the OGTT results continued to have a 
signi�cant independent impact. Li et al.77 randomly assigned 
209 women into three groups based on the OGTT results. 
�e �rst group “mild GDM” (n = 75) based on NDDG crite-
ria was untreated. �e second group, GDM, diagnosed a�er 
a 75 g OGTT by WHO criteria, was treated. �e third group 
was normal, nondiabetic controls. �e results showed a 

signi�cantly higher rate of LGA, 29% in the untreated group 
(NDDG criteria) when compared to the nondiabetic controls. 
Neither the women nor caregivers were blinded to the OGTT 
results, thus allowing the women to initiate dietary and other 
lifestyle modi�cations that could potentially have a�ected 
glycemic control while leaving the caregivers exposed to a 
potential labeling bias. Increased morbidity in untreated 
GDM was demonstrated in several studies (Table 20.4).

�ere is a wide range of research designs on a continuum 
from pilot studies to the venerated quasi-randomized,78 
randomized, and blinded RCT. Randomized and quasi-
randomized controlled trials are sometimes necessary if an 
intervention cannot be blinded. In the past decade, studies 
utilizing either randomized or case–control design de�ni-
tively established GDM as a clinical entity and the e�cacy of 
treatment. However, although the RCT is the gold standard, 
it cannot always be the design of choice since it is contrain-
dicated from an ethical standpoint. For example, if women 
with even mild GDM are clinically treated, then not treating 
them for purposes of randomization in a study poses a poten-
tial ethical dilemma. �en a realistic and ethical approach 
is the use of case–control design. As a rule, a well-executed 
retrospective study has fewer methodologic limitations than 
a poorly performed prospective study.

Case–control studies are generally a survey study of one 
point in time. Generally they are descriptive about preva-
lence or behavior, i.e., prevalence of smoking in pregnancy. 
�is type of study design is quick and relatively inexpensive. 
�e strengths of this format are the potential to study rare 
events for their antecedent associations as well as its use-
fulness to generate hypotheses for a prospective study. �e 
weakness of this design is the necessity to match the control 
to the case study within the same time frame (the common 
denominator). If not, there is a signi�cantly greater chance 
for bias in selecting the controls. Finally, a major drawback is 
the di�culty to show causality.

We,7 in the largest to date case–control study, described 
perinatal outcomes in treated versus untreated GDM that 

Table 20.4  The rate of large infants in untreated 
gestational diabetes

 

Macrosomia 
(%) 

(≥4000 g) 

LGA (%) 
(≥90th 

percentile) Subjects 

O’Sullivan et al.36 15 30 n = 259
Coustan et al.91 41 47 n = 34
Coetzee et al.92 32 55 n = 22
Li et al.77 7 29 n = 73
Hod et al.93 22 34 n = 32
Langer et al.7 17 29 n = 555
Sermer et al.94 — 35 n = 150
Adams et al.75 44 44 n = 16
Ostlund et al.73 33 25 n = 211
Landon et al.9 14.3 14.5 n = 473
Crowther et al.8 21 22 n = 510
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addressed many of the limitations posed by the aforemen-
tioned studies. A population of 555 women with untreated 
GDM were matched with 1110 women treated for the dis-
ease as well as 1110 normal subjects. Patients in the untreated 
group were recruited to the study a�er 37 weeks gestation 
that le� the fetus exposed to the glucose toxicity throughout 
pregnancy and precluded lifestyle modi�cations such as diet 
that could have in�uenced pregnancy outcome. �e diag-
nostic criteria used in the study are one of two accepted and 
recommended in the last decade since it was supported by 
two international workshops on GDM that represent inter-
national consensus,79,80 American College of Obstetricians 
and Gynecologists (ACOG),81 and the ADA recommenda-
tions.82 Two nondiabetic controls were matched to each 
untreated GDM on the basis of the following characteristics: 
ethnicity, parity, gestational age at delivery (within 1 week), 
disease severity (based on fasting plasma glucose level), obe-
sity (BMI), and number of prenatal visits. �e treated sub-
jects used self-monitoring blood glucose memory re�ectance 
meters seven times daily in order to receive accurate feed-
back regarding glycemic pro�le.

A composite adverse outcome comprised of LGA, neona-
tal respiratory disease, hypoglycemia, hyperbilirubinemia, 
shoulder dystocia, and stillbirth enabled the evaluation of 
neonatal disease (morbidity) in addition to speci�c morbidity 
components. A composite adverse outcome of the aforemen-
tioned variables was present in 59% of the untreated compared 
with 18% of the treated and 11% for the nondiabetic popula-
tion. �e rates of LGA infants were 29% in untreated versus 
11% with treatment that was similar to the rate in the control 
population. �ere was a twofold to fourfold increased risk for 
large infants and shoulder dystocia, a twofold to sevenfold 
increased risk for metabolic and respiratory complications, a 
fourfold increased risk for NICU admissions, and a twofold 
increased risk for c/s. Multiple logistic regression analysis 
con�rmed fasting glucose as the most predictive cause for 
the composite perinatal outcome in untreated GDM. �ere 
was a twofold to threefold decrease in adverse outcome with 
treatment a�er controlling for maternal weight, parity, and 
disease severity according to fasting glucose level. Moreover, 
when the outcome in the untreated group was compared to 

the GDM group treated by the conventional approach, the 
results were comparable. In contrast, the pregnancy outcome 
in GDMs treated with intensi�ed therapy showed signi�-
cantly lower rates of complications. �is �nding demon-
strates that outcome of pregnancy is directly dependent on 
treatment modality (Table 20.5).

Fasting plasma glucose is accepted as the gold standard 
for severity of diabetes. �is is true in individuals with type 2 
diabetes and in women with GDM. In an attempt to control 
for di�erent GDM severity levels in the treated and untreated 
GDMs, we strati�ed the patients based on increases in fast-
ing plasma glucose (10 mg increments) for each severity cat-
egory. In the treated GDMs, similar perinatal outcome exists 
for all fasting severity categories reiterating the importance 
of achieving targeted levels of glycemic control. In contrast, 
in the untreated GDMs, signi�cant morbidity was found 
in each fasting plasma category of severity. Logistic regres-
sion revealed in the untreated group that fasting plasma 
glucose (severity of disease) had a signi�cant independent 
impact when each 10 mg increment increased the likelihood 
of adverse outcome (composite) by 15%; for each pound 
increase in obese patients, the likelihood of adverse outcome 
increased by 3%. For the treated GDMs, parity was found to 
have a 6% increment for every child and obesity and weight 
gain had a negligible e�ect although both were found to be 
statistically signi�cant.

Even in patients with lesser degrees of glucose intoler-
ance (fasting plasma glucose <96 mg/dL), there were signi�-
cantly higher rates of morbidity in untreated women. For 
the nondiabetic group, the analysis revealed that gestational 
age at delivery, previous macrosomia, and glucose screening 
results had signi�cant independent e�ects on the composite 
outcome. Moreover, for the mild GDM group (fasting glu-
cose level <96 mg/dL), treatment was associated with 10% 
LGA rate in comparison to 20% without the bene�t of treat-
ment, composite outcome of 31% compared to 17%, respec-
tively. Glucose intolerance discovered during pregnancy 
can be ameliorated with medical intervention in all levels of 
GDM severity.

Nearly 40 years have passed from the original O’Sullivan 
randomized study36 that demonstrated that women 

Table 20.5  Intensi�ed versus conventional management of 
gestational diabetes mellitus

 Conventional Intensi�ed Untreated 

Macrosomia (%) 13.6 7.01 16.8
LGA (%) 20.1 13.1 29.4
Metabolic complication (%) 13.3 3.1 29.0
Respiratory complication (%) 6.2 2.3 12.0
Shoulder dystocia (%) 1.4 0.4 2.5
Stillbirth (per 1000) 3.6 1.0 4.2
Cesarean section (%) 22.0 15.0 23.7
Subjects 1316 1145 555

Abbreviation:	 LGA, large for gestational age.
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with GDM are at higher risk for macrosomia (13.1% in 
untreated vs. 4.3% in treated subjects). �e ACHOIS ran-
domized study8 published in 2005 demonstrated the ben-
e�ts of treatment of GDM patients. �e authors used 75  g 
OGTT result of 2-hour glucose level between 7.8 and 11 
mmol/L (140–198 mg/dL) and fasting plasma <7.8 mmol/L 
(<140  mg/dL). Blood glucose was monitored 4×/daily with 
a target fasting value of 3.5–5.3 mmol/L (63–99 mg/dL). 
Twenty percent of the subjects required insulin therapy to 
achieve targeted levels of glycemic control. However, the 
authors failed to report glycemic data and the relationship 
between glucose levels and pregnancy outcome. �e treated 
group was associated with a signi�cant reduction in the rate 
of the composite outcome (perinatal death, shoulder dysto-
cia, and birth traumas including fractures or nerve palsy) 
resulting in an adjusted RR, 0.33; C.I., 0.14–0.75. Secondary 
neonatal outcomes demonstrated a signi�cantly higher rate 
in LGA infants in the untreated group compared to the 
treated group (22% vs. 13%). �ere were signi�cant increases 
in NICU rate (71% treated vs. 61% untreated) but did not 
demonstrate signi�cant di�erences in the rate of hypogly-
cemia (de�ned as requiring intravenous therapy), jaundice 
(phototherapy), and respiratory complications (supplemen-
tal oxygen). In addition, the rate of preeclampsia was 18% in 
the untreated versus 12% in the treated group.

Both the NICHD and AICHOS studies made signi�cant 
contributions to the study of GDM. However, the rate of 
adverse outcome in each of these studies are not compara-
ble. �ere were di�erent inclusion criteria; the NICHD used 
fasting plasma glucose <95 mg/dL, while the AICHOS study 
recruited patients at all levels of the glucose spectrum up to 
<140 mg/dL (from mild to severe GDM and type 2 diabetes). 
Additionally, the primary outcome (composite) was di�erent 
in each study because each contained di�erent variables. In 
contrast, the previously described case–control study7 used 
the same inclusion criteria as the AICHOS study of fasting 
plasma <140 mg/dL resulting in similar rates of univariant 
adverse outcomes. �e components in each of the composite 
outcomes in each of the three studies were dissimilar, and 
therefore, the rates of composite outcome were not compa-
rable. However, the similarity in all three studies in LGA 
and macrosomia rates demonstrates that case–control stud-
ies can result in comparable results to those in randomized 
studies when designed appropriately.

Mild untreated hyperglycemia
Another component of the GDM debate surrounds the 
parameters of the lower threshold of the disease. �is element 
a�ects the controversy surrounding the diagnostic criteria 
that has evolved in the past few years from the International 
Diabetes Study Group based on the HAPO study to the 
ADA, ACOG, and WHO criteria. �e association between 
mild hyperglycemia and adverse neonatal outcome has 
been a major concern for the past two decades especially for 
patients who could not reach the “gold standard” currently 
used for screening and diagnosis (WHO, NDDG, ADA). 

Many cases in the nondiabetic population may remain 
unrecognized and, therefore, resulted in untreated GDM 
with glucose toxicity. �ey are reinstated into the “normal” 
population in most maternal clinics; we deliver them every 
day. �is group of patients may unwittingly “contaminate” 
the rates reported for the normal population by increasing 
the adverse pregnancy outcome (Table 20.6).

�e scienti�c rationale for the use of two or more abnor-
mal values is not based on evidence but rather on opinions. 
�e explanation for those who support two abnormal val-
ues range from “just because” to “better reproducibility 
of the test.” However, data supporting these positions are 
lacking. If at all, the existing data suggest that one abnor-
mal value has the same characteristics and predictive value 
as two or more values. �e use of one abnormal value for 
GDM diagnosis is further supported by the fact that many 
obstetricians will use screening values of 180 mg/dL or 
greater as a single diagnosis for GDM and will treat based 
on this single result.

We, in 1987, suggested, in a case–control study, that 
women with one abnormal value on the OGTT results have 
a signi�cantly increased risk for adverse pregnancy outcome 
when compared to nondiabetic women and women with 
treated GDM (two or more abnormal values on the OGTT).83 
In a follow-up study, women with one abnormal value were 
randomized into treatment and nontreatment and compared 
to nondiabetic subjects. �e incidence of large infants was 
signi�cantly higher in the untreated group. When patients 
were strati�ed into obese and nonobese for each study group 
(treated, untreated, and control), there was a signi�cantly 
higher rate of large infants and metabolic complications in 
the untreated group. �ere was no signi�cant di�erence in 
the rate of LGA between obese and nonobese patients.84 In 
a third study, we compared the incidence of LGA infants in 
relation to the number of abnormal values on the OGTT. We 
found a similar rate of LGA infants when one, two, or three 
values were abnormal. �is was especially true in patients 
with poor glycemic control.85 Similar �ndings by Lindsay 
et al.86 showed 18% LGA in his study population when one 
abnormal value was used. Neiger et al.87 showed that women 

Table 20.6  Association between mild 
hyperglycemia (OGTT) and fetal macrosomia

 Year De�nition %LGA Criteria 

Tallarigo et al. 1986 Normal 28 NDDG
Oats et al. 1986 Impaired 22 WHO
Langer et al. 1987 1 abnormal 34 NDDG
Langer et al. 1989 1 abnormal 24 NDDG
Li et al. 1987 Impaired 28 WHO
Herman et al. 1988 Normal 24 NDDG
Lindsay et al. 1989 1 abnormal 18 C&C
Neiger et al. 1991 2 values 21 C&C
Jensen et al. 2001 Normal 21 DPSG-U
Landon et al. 2009 Normal 15 C&C
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with one abnormal value retested a�er 4 weeks showed that 
about 33% had at least two abnormal values on the OGTT. 
Gruendhammer et al.88 studied 152 women with one abnor-
mal glucose value match controlled to 304 nondiabetic 
women with normal OGTT values. �ey found that women 
with only one abnormal OGTT value had increased risk in 
comparison to the control subjects. Similar results were found 
in other studies.89,90 Recently, the use of one abnormal value 
as part of GDM diagnosis was endorsed by the International 
Diabetes in Pregnancy Group and the American Diabetes 
Association.11,82 �is endorsement documented that mild 
to severe hyperglycemia when unrecognized and untreated 
caused higher rates of adverse pregnancy outcome.

�e NICHD Maternal-Fetal Medical Units (MFMU)9 
trial sought to identify the lower end of the glucose 
spectrum (“mild” GDM, fasting plasma glucose below 
95 mg/dL). �e rationale for addressing this end of the 
spectrum was also related to the ethical considerations of 
participation in a randomized study of GDM treatment. 
By following this reasoning, they recognized that patients 
with abnormal OGTT results (fasting plasma glucose >95 
mg/dL) are GDM and, therefore, should be treated. Four 
hundred and eighty-�ve women who met the entry criteria 
were randomized to treatment, and 473 received the stan-
dard prenatal care. �e treatment arm performed daily self-
monitored blood glucose testing with the glycemic target 
achieved in the vast majority of cases. �e primary peri-
natal outcome was composite outcome that included peri-
natal death, neonatal hypoglycemia, hyperbilirubinemia, 
elevated cord C-peptide level, and birth trauma. Secondary 

outcome variables were macrosomia (≥4000 g), LGA, and 
neonatal FFM. Maternal outcomes included preeclampsia, 
induction of labor, and cesarean delivery. �e rate of com-
posite outcome in the treated and untreated groups was 
32.4% versus 37.0% (nonsigni�cant), respectively. None of 
the individual frequency components of the composite out-
come were statistically di�erent between the two groups. 
In the secondary outcomes, there were signi�cantly lower 
rates of LGA, macrosomia, and shoulder dystocia (1.5% 
treated vs. 4.0% untreated). Preeclampsia results showed 
8.6% for the treated versus 13.6% for the untreated subjects.

There are several major dissimilarities in the research 
design of each study: the NICHD, AICHOS, and Langer. 
These variances resulted in different outcome rates. What 
is more scientifically sound is to indicate and emphasize 
the direction, i.e., reduced or increased rather than fre-
quency of rates when describing outcomes (Table 20.7). 
The ACHOIS study8 was based on an ethnically homoge-
neous population, while the NICHD and our study were 
more ethnically diverse (Langer study more Hispanic 
women included). The ethnic diversity affects GDM 
prevalence. In contrast, successful treatment resulted in 
controlling abnormal glucose levels, which in turn led 
to lowering the adverse pregnancy outcome. Therefore, 
treatment will not be affected by ethnicity but rather by 
achieving targeted levels of glycemic control. As noted 
earlier, each study used different definitions for compos-
ite outcome and metabolic complications (hypoglycemia, 
hyperbilirubinemia), therefore making study results dif-
ficult to compare (Table 20.8).

Table 20.7  Perinatal outcome: In untreated gestational diabetes mellitus

 Langer et al.7 Crowther et al.8 Landon et al.9 

Inclusion criteria (fasting) <140 mg/dL 
C and C

<140 mg/dL 
WHO

<95 mg/dL 
C and C

Composite not comparable Yes Yes Yes
Race or ethnic group (%)

White 11.0 78.0 25.2
Black 3.0 — 11.4
Hispanic 86.0 — 56.0
Asian and others — 22.0 7.4

Composite outcome (%) 59.0 4.0 37.0
Macrosomia (%) 16.8 21.0 14.3
LGA (%) 29.4 22.0 14.5
Ponderal index % (>2.85) 22.0 — —
Metabolic complication (%) 29.0 14.0 28.3
Respiratory complication (%) 12.0 4.0 2.9
Shoulder dystocia (%) 2.5 3.0 4.0
NICU admission (%) 24.0 61.0 11.6
Stillbirth (1000) 5.4 5.7 0.0
Cesarean section (%) 24.0 32.0 33.8

n = 555 n = 524 n = 473

Abbreviation:	 C and C, Carpenter and Coustan.
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Summary
Considering the metabolic heterogeneity of women with 
GDM and thus their likely broad range of perinatal risk, 
it is not surprising that descriptions of GDM have ranged 
from “a major health problem” to “a diagnosis still look-
ing for a disease.” We and others addressed the question 
of GDM as a clinical entity and the bene�ts of treating 

individuals with GDM that could have a signi�cant impact 
on the provision of obstetrical care. GDM, when not 
treated, is associated with increased adverse outcome in 
pregnancy. Treatment and achievement of targeted levels of 
glycemic control will result in perinatal outcome compa-
rable to that in the general population. Perinatal outcome 
and long-term complications for millions of mothers and 
their o�spring are at stake.
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in multiple pregnancies
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Epidemiology of multiple pregnancies
Multiple gestations: An epidemic
A true “epidemic” of multiple gestations1,2 has been recorded 
over the last two decades: the 2014 Practice Bulletin of the 
American College of Obstetricians and Gynecologists (ACOG)3 
reports that in the United States, the rate of twin births 
increased 76% between 1980 and 2009, from 18.9 to 33.3 per 
1000 births (Figure 21.1). �ese impressive rises concerned 
not only simple twin pregnancies. Mainly as a consequence 
of the spread of assisted reproductive technology (ART) pro-
cedures, the rate of triplet and higher-order multifetal ges-
tations rose more than 400% during the 1980s and 1990s, 
peaking at 193.5 per 100,000 births in 1998, followed by a 
modest decline to 153.4 per 100,000 births by 2009.3

Despite this partial reversal, re�ecting the reduction in 
the number of embryos transferred with in  vitro fertiliza-
tion (IVF) and the larger numbers of multifetal pregnancy 
reduction procedures, the most notable feature remains the 
increased incidence in twin gestations. �is has been attrib-
uted largely to two concomitant reasons: an older parturient 
population resulting from delayed childbearing and the rise 
in use of infertility therapies.4,5 Among women attempting 
conception, the rate of infertility treatment is now estimated 
at 11%, equally distributed between 5.4% ART procedures 
and 5.5% ovulation.2 �is general trend is seen, though with 
obvious di�erences, in almost all developed countries.

Twinning rates by ethnics and geographical area
Ethnicity seems to play a role in the frequency of multife-
tal gestations. As reported in the National Vital Statistics 
Report 2013, among the three largest racial/origin groups in 
the United States, the multiple-birth rates in 2011 were as 
follows: non-Hispanic white 38.3‰ (36.6 twins + 1.71 trip-
lets or higher order), non-Hispanic black 38.3‰ (37.2 + 1.1), 
and Hispanic 23.9‰ (23.1 + 0.8). �is also helps explain the 
di�erences between di�erent U.S. regions. Multiple-birth 
rates ranged widely by state, with the highest in New Jersey 
and the lowest in New Mexico.5

Outside the United States, data extracted from the New 
Zealand medical records of 4939 deliveries, with discharges 
between 1994 and 1995, reported 1.1% of twin pregnancies, 
with no di�erences on an ethnic basis (Europeans 1.2%, 
Maori 0.8%, Paci�c Islanders 1.4%, others 0.4%). �e num-
bers were too small to look at the risk of gestational diabetes 
mellitus (GDM) within ethnic groups, but the groups were 
well matched for this.6

In Europe, the incidence of twinning rates shows a grad-
ual decrease from north to south. �e frequency of multiple 
pregnancies is high among “Anglo-Saxons,” and even higher 
in Scandinavia7,8; in contrast, the rate is medium among Slav 
populations and low for Latins (although data are scanty for 
Mediterranean areas).9,10 In Italy, the rate of spontaneous 
multiple deliveries in 2010 was 1.6%, ranging from 1.0% to 
3.1% (Figure 21.2), with no signi�cant di�erences between 
the north, center, and south.11

In East Asian countries, twin maternities are rare; for 
instance, in Japan the twinning rate has varied between 3 
and 9 per 1000 from the 1920s to the 1990s. �e patterns of 
twinning rates in Singapore and Hong Kong are comparable 
to Japan, though slightly higher.10

Risk factors
Maternal age
Older women with lower parity are much more likely to give 
birth to twins or triplets, so the rate of multifetal pregnan-
cies rises with maternal age. As reported in the ACOG bul-
letin, the multiple-birth rate in the United States rises from 
16.3 per 1000 live births for women younger than 20 years to 
71.1 per 1000 for women 40 years and older.3 A similar relation 
with age has been reported in Europe. Eriksson et al. found a 
steady increase in multiple pregnancies starting around 1980, 
with a marked rise in the age-speci�c rate in the group aged 
40+ years in England and Wales in 2007,7 and in Sweden a 
few years before.8 �e same was reported by Pison in France 
and in other western developed countries.9 �ere are prob-
ably numerous reasons for these increases. Hypothetically, 
premenopausal mothers might have hyperstimulation by 
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endogenous follicle-stimulating hormones (FSH) caused by 
neuroendocrine, hypothalamic, or pituitary mechanisms.2

Assisted reproductive therapy
Infertility therapies in�uencing the rate of multiple preg-
nancies include ART procedures (mainly IVF and related 
procedures) and controlled ovarian hyperstimulation with 
gonadotropins.12,13 Fertility treatments are complex, and each 
ART cycle consists of several steps that include hormonal 
treatments to trigger and stimulate the growth of multiple 
ovarian follicles, medications to suppress the natural men-
strual cycle and downregulate the pituitary gland, drugs to 
bring about �nal maturation of the eggs (ovulation trigger-
ing), and endometrial preparation for placing the embryos in 
the uterus. Finally, the luteal phase support involves several 
options including progesterone, estrogen (E2), and human 
chorionic gonadotropin.

Multiple stimulation regimens are therefore possible, 
including clomiphene alone, human menopausal gonado-
tropin (HMG), clomiphene plus HMG, FSH, pulsatile 
gonadotropin-releasing hormone (GnRH), and FSH plus 
HMG. �e use of GnRH agonists and antagonists has 
improved pregnancy rates by preventing natural ovulation. 
Although these approaches in�uence the maternal endo-
crine milieu di�erently, published reports do not usually 
specify the type of protocol adopted.

According to the most recent report from the National 
Center for Chronic Disease Prevention and Health Pro
motion,14 among 4,046,553 infants born in the United States 
in 2010, 59,119 (1.5%) were conceived with ART procedures 
done in 2009 and 2010. Although 96.5% of total infants 
born in 2010 were singletons, only 53.6% of all ART infants 
were. Nationwide, 46.4% of ART infants were multiples, 
compared with only 3.4% of all infants; looking at high-
order multiple pregnancies (triplets or higher), the frequency 
a�er ART procedures was 3.0%, compared with only 0.1% of 
all infants. Overall, in 2010, 19.2% of all twin and 32.5% of 
triplet or higher-order births in the United States were con-
ceived with ART.

�ese treatments in women who on average are older and 
weigh more may further in�uence the maternal hormone 
concentrations in pregnancies that are o�en multiple.15

Physiology of multiple pregnancies
Weight and caloric intake
Given the increased metabolic rate and higher caloric 
needs in twin pregnancies, the U.S. Institute of Medicine 
Guidelines established speci�c nutritional and weight guide-
lines.16 Women with a twin gestation and normal body mass 
index (BMI) are recommended to gain 37–54 lb (17–24 kg), 
overweight women 31–50 lb (14–22  kg), and obese women 
25–42 lb (11–19 kg). �e daily recommended caloric intake 
for women with normal BMI who are pregnant with twins 
is 40–45 kcal/kg during the �rst trimester, then adjusted as 
necessary for the weight gain goal.17
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Iron and other micronutrients
Women with twin gestations require nearly double the iron 
replacement (about 869 mg elemental iron) of a singleton 
pregnancy, on account of the larger amount being trans-
ported to the fetuses. When iron-de�ciency anemia is man-
ifest, 60–120 mg of elemental iron daily for 4 weeks raises 
the hemoglobin concentration by 1 g/dL. Considering the 
increased incidence of hypochromic anemia already pres-
ent in twin pregnancies, appropriate iron supplementation 
is strongly indicated in these women, as both in singleton 
and multiple pregnancies it can reduce the 3–17 times higher 
risk of requiring blood transfusion during cesarean section 
because of mild-to-severe preoperative anemia as well as 
the risk of premature labor and the severity of postpartum 
hemorrhage.18,19

Recommendations for micronutrient supplementation in 
twin pregnancies, summarized in Table 21.1, are based on 
expert opinion, and the long-term implications for a woman’s 
health due to nutrient de�ciency are not known. However, 
calcium, vitamin D, zinc, magnesium, folate, vitamin C, and 
omega-3 fatty acids are all important in fetal development.18

Glycemic homeostasis in pregnancy
Singleton pregnancy: A potentially diabetogenic 
condition
Pregnancy itself is to some extent a “diabetogenic” state on 
account of the continuous changes in maternal hormone 
concentrations. Over the course of gestation, the insulin 
response to nutrients progressively rises, while glucose tol-
erance changes only slightly. �e balance is maintained 
by progressive increases in basal and postprandial insulin 
concentrations to counteract the rising insulin resistance.20 
At the end of pregnancy, the basal and 24 hours mean insu-
lin concentrations may be double those before pregnancy, 
with the �rst and second phases of insulin secretion three 
times greater.20–22

�e increases in insulin resistance mean slightly higher 
postprandial concentrations of metabolic fuels including 

glucose, lipids, and amino acids are available for the fetus. 
Even with hepatic glucose production increased by approxi-
mately 30%, fasting glucose concentrations fall, probably 
secondary to the fetoplacental utilization. Placental and fetal 
demand for glucose is considerable and may even approach 
the equivalent of 150 g/day of glucose in the third trimester.

Glucose transport to the fetus is in direct proportion 
to the maternal levels and is boosted by a �vefold increase 
in placental glucose �ux even in the absence of maternal 
hyperglycemia. If fetal glucose requirements cannot be met 
because of maternal hypoglycemia or placental insu�ciency, 
the fetus can draw on alternate substrates, such as ketone 
bodies derived from beta-oxidation of fatty acids.

Insulin does not cross the placenta, and fetal insulin pro-
duction starts early.

Multiple pregnancy: A potentially diabetogenic 
condition
Women with multifetal gestations undergo signi�cant physio-
logical adaptations beyond the metabolic, cardiovascular, and 
hematologic changes expected for a singleton pregnancy. �e 
levels of pregnancy-related diabetogenic hormones, including 
human placental lactogen, estrogens, progesterone, and corti-
sol,23 are higher in multiple than singleton pregnancies because 
of the growing placental mass. At term, the median weight of 
twin placentas is about 1119 g, almost double the median pla-
cental weight for singleton boys (679 g) and girls (668 g).24

Although the larger placental mass in twin gestation 
results in an increase in placental-derived steroid hormones 
that may predispose to glucose intolerance by increasing 
insulin resistance, the risk is likely to be o�set by the increase 
in caloric expenditure with the higher metabolic rate neces-
sary to maintain a twin/multiple gestation.25 Twin gestations 
have higher metabolic rates than a singleton pregnancy, with 
maternal resting energy expenditure 10% greater, resulting 
in a 40% increase in caloric requirements.17 In addition, BMI 
and weight gain during pregnancy, which are important 
contributors to the insulin resistance, are also higher in twin 
than singleton pregnancies.26–29

Table 21.1  Twin pregnancy nutritional recommendations: Micronutrients

Micronutrient supplement (daily total intake) First trimester Second trimester Third trimester 

MVI with iron (30 mg elemental tablet) 1 2 2
Calcium (mg) 1500 2500 2500
Vitamin D (international units) 1000 1000 1000
Magnesium (mg) 400 800 800
Zinc (mg) 15 30 30
DHA/EPA (mg) 300–500 300–500 300–500
Folic acid (mg) 1 1 1
Vitamin C (mg) 500–1000 500–1000 500–1000
Vitamin E (international units) 400 400 400

Source:	 Modi�ed from Goodnight, W. et al., Obstet. Gynecol., 114, 1121, 2009. With permission.
Abbreviations:	 DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; MVI, multivitamin.
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Gestational diabetes
Glycemic goals
Glucose control is essential during pregnancy for moth-
ers with diabetes and their infants, as the risks for adverse 
health outcomes and quality of life correlate with mater-
nal glucose levels. �ere are no speci�c recommendations 
on glycemic goals in twin diabetic pregnancies, but recent 
research suggests weekly self-monitoring blood glucose 
(SMBG) + HbA1C provides more complete data for glucose 
control during pregnancy, as SMBG alone can miss certain 
high glucose values.30

Multiple pregnancies and GDM
Diagnosis
Considering the various di�erences between twin and sin-
gleton pregnancies, one might assume that the accuracy 
and characteristics of the diagnostic tests would di�er too. 
Surprisingly, however, data in support of this hypothesis are 
limited and not concordant.31

In a retrospective study of 2554 Italian women screened 
for gestational diabetes, Corrado et al. found that twin ges-
tation was independently associated with an increased risk 
for an abnormal 50 g glucose challenge test (GCT) result. 
However, the positive predictive value (PPV) of an abnormal 
GCT for gestational diabetes was lower in twin gestations, 
as the overall rate of GDM was similar in singleton and twin 
pregnancies.32

Similarly, in a multiethnic population, Simmons et  al. 
reported that women with twin pregnancy had higher 1-hour 
GCT results, but not signi�cantly higher rates of positive 
GCT. In the small numbers of women with an oral glucose 
tolerance test (OGTT), the incidence of GDM was not signif-
icantly higher than in singleton pregnancies. However, as the 
signi�cantly wider screening for GDM among women with 
twin pregnancies (77.8% vs. 50.6%) should have reduced the 
di�erence in GDM risk, these authors concluded that twin 

pregnancies were more prone to GDM.6 �erefore these 
women should be screened again in late pregnancy too.

Yogev compared the performance of the 50 g GCT in 529 
twin and 14,268 singleton pregnancies followed at a single 
center in Israel, through the Clalit Health Services data-
base.33 �is study comprises one of the largest cohorts in a 
single center addressing the issue of the GCT in twin preg-
nancies. �e authors found that women with twin pregnan-
cies were approximately twice as likely to have an abnormal 
GCT and were also more likely to have a normal OGTT than 
women with singleton pregnancies (Tables 21.2 and 21.3). 
Women in the twins group had higher mean GCT results 
(104.7 ± 28 vs. 98.5 ± 25 mg/dL, p < 0.001), more GCT results 
higher than 130 mg/dL (20.2% vs. 11.8%, p < 0.001) (odds 
ratio [OR] 2.2, 95% con�dence interval [CI] 1.7–2.7) or 
GCT >140 mg/dL (13.8% vs. 9.6%, p = 0.001) (OR 1.9, 95% CI 
1.5–2.5) even a�er adjustment for maternal age, parity, and 
fetal sex. �e PPV for a GCT >140 mg/dL was signi�cantly 
lower in the twins group for either one or more or two or 
more abnormal values in the OGTT (Table 21.3). �e overall 
rates of GDM, when diagnosed with CGT >200, were similar 
in the twin and singleton groups (3.0% vs. 3.6%).

Although these were all retrospective studies, with no 
information on potential confounders, the 50 g GCT appears 
to give a higher false-positive rate and a lower PPV in twins 
than singleton pregnancies, since a mild form of glucose 
intolerance does not translate into a di�erence in the rate 
of GDM. Some authors suggest that the diabetogenic e�ect 
resulting from the rising levels of placental hormones is par-
tially counteracted by the increased glucose demand due to 
the presence of multiple fetuses and the higher basal meta-
bolic rate.25

Frequency of gestational diabetes in twin pregnancies
Few studies have examined the risk of GDM in women 
carrying multiple pregnancies, and their �ndings are con-
�icting. �is could be partially due to di�erences in the cri-
teria for diagnosing GDM (World Health Organization,34 
Australasian Diabetes in Pregnancy Society ADIPS,35 

Table 21.2  Common screening tests for gestational diabetes mellitus in twin pregnancies

Authorref (country) Study Year

50 g GCT 
Twin versus 

singleton (no.)

Abnormal GCT 
Twin versus 

singleton (%)

OGTT+ after GCT + 
(≥140 mg/dL) 

Twin versus singleton (%)

Corrado32

(Italy)
Retrospective
Single center

2003 70 versus 2,484 31.4 versus 20.0 18.1 versus 16.1, NS

Simmons6

(New Zealand)
Retrospective
Multicenter
Multiethnic

2002 54 versus 4,885 17.9 versus 12.6 50 versus 28.3, NS

Yogev33

(Israel)
Retrospective
Single center

2014 529 versus 14,268 13.8 versus 9.6 OGTT
≥1 abnormal result
21.1% versus 33.8% p = 0.03
≥2 abnormal results
12.7% versus 23% p = 0.04

Abbreviation: GCT, glucose challenge test.
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National Diabetes Data Group,36 and Carpenter and 
Coustan,37 as well as to the small populations studied and 
di�erences in study design).

�e oldest studies, in the 1980s, used an i.v. glucose toler-
ance test to evaluate the carbohydrate metabolism, but the 
results in twin and singleton pregnancies were not univo-
cal.23,38,39 Subsequently, however, with the OGTT, some stud-
ies have indicated an increase in the incidence of GDM in 
twin pregnancies,31,40–42 while others �nd no di�erence from 
singleton pregnancy rates43–45 (Table 21.4). In the United 
States, a retrospective cohort-based analysis of 281,505 twin 
births between 1995 and 2000 con�rmed a 3.5% rate of dia-
betes46; mothers were more likely to be black (6.9% vs. 3.8%) 
and older than 35 (28.8% vs. 18.5%). Unfortunately, there 

was no information on the clinical subtypes of diabetes in 
pregnancy. However, during the study reference period, uni-
versal screening for GDM was in place. �e 3-hour 100 g 
OGTT was routinely used for the diagnosis of GDM, accord-
ing to the diagnostic criteria recommended by the American 
Diabetes Association or the National Diabetes Data Group.

�e actual role of multiple pregnancies in the frequency 
of GDM is also hard to establish because of the confound-
ing e�ect of ART and other infertility treatments that, as we 
have seen earlier, o�en give rise to multifetal pregnancies. 
Many recent studies report higher rates of GDM in pregnant 
women treated with various types of ART or ovarian hor-
monal stimulation; this �nding, however, was seen both in 
singleton and multiple pregnancies, suggesting a direct e�ect 

Table 21.3  OGTT results in twin and singleton pregnancies with an abnormal 
glucose challenge test result (>140 mg/dL)

Outcome
Twins
(71)

Singletons
(1222) p value 

Mean gestational week at testing 27.2 ± 1.7 27.5 ± 2.6 0.3
Result 1 (fasting)

Mean (mg/dL) 75.0 ± 11.7 75.2 ± 14.5 0.9
>95 mg/dL 2 (2.8) 74 (6.1) 0.3

Result 2 (60 min)
Mean (mg/dL) 160.0 ± 33.9 162.0 ± 31.8 0.6
>180 mg/dL 13 (18.3) 338 (27.7) 0.09

Result 3 (120 min)
Mean (mg/dL) 129.3 ± 30.7 128.7 ± 29.5 0.9
>155 mg/dL 11 (15.5) 229 (18.7) 0.5

Result 4 (180 min)
Mean (mg/dL) 93.6 ± 15.8 97.3 ± 21.2 0.1
>140 mg/dL 3 (4.2) 47 (3.4) 0.7

No abnormal results
(false-positive GCT)

56 (78.9) 809 (66.2) 0.03

One or more abnormal results 15 (21.1) 413 (33.8) 0.03
Two or more abnormal results 9 (12.7) 281 (23.0) 0.04

Source:	 Modi�ed from Yogev, Y. et al., J. Matern. Fetal. Neonatal Med., 27, 57, 2014. With permission.
Note:	 Results are presented as mean ± SD, or no. (%).
Abbreviation:	 GCT, glucose challenge test.

Table 21.4  Prevalence of gestational diabetes mellitus in singleton and multiple pregnancies, based on oral 
glucose tolerance test

Authorref Study Year 
No. pregnancies 

Multiple/singleton Diagnostic criteria 
% GDM 

Multiple/singleton p value 

Naicker45 Case control 1983 26/26 Response to GTT 50 g Glucose similar response NS
Wein41 Retrospective 1992 798/61,914 WHO 7.4/5.6 0.012
Henderson44 Case control 1995 130/130 NDDG 5.8/5.4 NS
Roach40 Retrospective 1998 71/824 ADIPS AU 15.5/9.1 <0.001
Schwartz31 Retrospective 1999 429/29,215 NDDG 7.7/4.1 <0.05
Simmons6 Retrospective 2002 54/4,885 ADIPS NZ 11.9/5.1 0.05
Buhling43 Case/control 2003 89/178 C&C 3.4/3.4 NS
Rauh-Hain42 Retrospective 2008 553/22,503 NDDG 4.0/2.3 0.01
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of these therapies on glucose tolerance in pregnancy, sepa-
rate from their part in multifetal gestations. A meta-analysis 
of obstetric and perinatal outcomes in singleton pregnan-
cies resulting from IVF/ICSI, by Pandey and colleagues, was 
published in 201247; in six studies reporting GDM, regarding 
13,399 pregnancies,48–53 the relative risk of GDM a�er ART 
procedures was 1.48 compared with spontaneous conception 
(Figure 21.3). It is worth noting that the higher risk persisted 
in subgroups of matched cohort studies and when sensitivity 
analysis was done only in good-quality studies.

Other studies in recent years54–56 mostly con�rm the 
higher risk of GDM in singleton pregnancies with ART. Of 
particular interest is the article by Wang et  al. on a retro-
spective cohort of more than 400,000 pregnancies registered 

between 2007 and 2009 in the Australian National Perinatal 
Data Collection.57 Comparing ART and non-ART pregnan-
cies, the overall frequency of GDM was signi�cantly higher 
in the ART group (7.6% vs. 5.0%). Looking then at multiple 
pregnancies, even though the prevalence of GDM was higher 
in ART than non-ART cases, multivariate analysis did not 
show a signi�cant di�erence (Table 21.5).

�ese data suggest that the higher risk of GDM a�er ART 
is not due to an e�ect on multifetality and that other factors 
must be considered—for example, the cause of infertility.

GDM metabolic management in multiple pregnancies
Considering the high prevalence of twin pregnancies, and 
the frequency of GDM in these mothers, it is surprising and 
disappointing that there is so little data on the best metabolic 
approach to multiple pregnancies complicated by glucose 
intolerance. Only one study, by Schwartz et  al., published 
in 1999 in American Journal of Obstetrics and Gynecology 
(AJOG),31 addressed this question in detail. �ey examined 
the obstetric database of the Detroit Medical Center–Sinai 
Hospital between January 1, 1990, and June 30, 1998. In about 
30,000 deliveries, GDM was found in 1222 (4.1%) of single-
ton and 33 (7.7%) of twin pregnancies. Both the proportion 
of women requiring insulin and the average daily insulin 
doses were only minimally higher in twin than singleton 
GDM pregnancies (30.3% vs. 24.4% and 67.8 U [units] vs. 
56.2 U, respectively, NS [not signi�cant]). Fasting and 2-hour 
postprandial SMBG were also similar in the two groups, well 
below the therapeutic target values, set at 100 mg/dL in the 
fasting state and 120 mg/dL 2 hours a�er meals.

Other studies also report no di�erences in the therapeutic 
approach to GDM in singleton and multiple pregnancies,58 at 
least for twins; higher-order multiple pregnancies might pres-
ent di�erent, more serious problems, due to the larger placen-
tal mass resulting in higher production of placental-derived 
hormones that may lead to greater insulin resistance and, 
consequently, metabolic alterations. No studies are available, 
however, on metabolic control in GDM complicating triplets 
and up, probably because of the small numbers—although 
they are not so rare any more in most developed countries.59

0.01 0.1

Risk ratio
M-H, fixed, 95% Cl

Spontaneous conception IVF/ICSI

1 10 100

Figure 21.3  Relative risk of gestational diabetes in assisted 
reproductive technology compared with spontaneous single-
ton conceptions. (From Pandey, S. et al., Hum. Reprod. 
Update, 18, 485, 2012. With permission.)

Table 21.5  Prevalence of gestational diabetes mellitus in pregnancies conceived with assisted 
reproductive technology procedures, compared with spontaneous conception (nonassisted 
reproductive technology)

Non-ART ART

OR
(95% CI)

AORa

(95% CI)
Total
(no.) 

GDM
(%) 

Total
(no.) GDM (%)

All mothers 386.660 5.0 13.732 7.5 1.53 (1.43–1.64) 1.26 (1.18–1.36)
Singleton 381.402 7.3 12.105 8.8 1.22 (0.99–1.49) 1.18 (0.94–1.48)
Twin 5.208 5.0 1.571 7.6 1.55 (1.45–1.65) 1.28 (1.20–1.37)

Source:	 Modi�ed from Wang, Y.A. et al., Hum. Reprod., 28(9), 2554, 2013. With permission.
Note:	 Data from the Australian National Perinatal Data Collection (NDPC), 2007–2009.
Abbreviations:	 AOR, adjusted odds ratio; CI, con�dence interval; OR, odds ratio.
a	 Adjusted for age, parity, body mass index, health insurance, smoking during pregnancy, and essential hypertension.
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Coming back to simple twin GDM pregnancies, prob-
ably the period of metabolic derangement a�er diagnosis 
(few  weeks) is too short to make it necessary to introduce 
signi�cant changes in the therapeutic approach usually 
adopted in singleton pregnancies complicated by the same 
problem. �is is not true, however, for twin pregnancies in 
mothers who already have type 1 diabetes.

In a retrospective study of 15 twin pregnancies with type 1 
diabetes followed at the same center in Copenhagen, Callesen 
and colleagues60 investigated the insulin requirement during 
gestation, compared with a group of 108 singleton pregnan-
cies with type 1 diabetes. With a HbA1c target ≤5.6% in the 
second part of pregnancy, they reported small increases in 
insulin doses from prepregnancy until 8 weeks, a decrease 
from 8 to 14 weeks, a substantial increase from 14 to 27 weeks, 
and a stable insulin requirement from 27 to 33 weeks. �us, 
the insulin requirement before pregnancy until 14 weeks was 
comparable in twin and singleton pregnancies; the total insu-
lin requirement increase doubled weekly between 14 and 27 
gestational weeks in twin pregnancies; this was explained by 
the growth of the total fetal and placental mass. From 27 to 
33 weeks, the insulin requirement remained fairly stable com-
pared with the continuous steady rise usually seen in single-
ton diabetic pregnancies; this was very likely due to the more 
limited placental and fetal growth o�en seen toward the end 
of twin pregnancies, possibly associated with some stagnation 
in hormonal production, although the �nal placental weight 
was 74% higher in twins than singleton pregnancies with 
type 1 diabetes (1220 vs. 700 g).

As placental growth can be expected to follow simi-
lar patterns in twin pregnancies with GDM, the smaller 
increase in insulin needs in these women might conceivably 
be attributable to a lower degree of glycometabolic alteration, 
and to its shorter duration, insu�cient to cause a substantial 
di�erence from singleton pregnancies.

Glucose control and pregnancy outcome
GDM generally raises the risks of adverse complications for 
both mother and child,61,62 but these risks can be reduced 
with appropriate diagnosis and treatment.63–65 Pregnancies 
complicated by untreated or suboptimally controlled GDM 

present high rates of hypertensive disorders and preeclamp-
sia,66 and the most frequent perinatal complications are 
excessive fetal growth and macrosomia,67 with consequent 
increased frequency of birth trauma, shoulder dystocia and 
maternal morbidity due to operative delivery, and preterm 
deliveries. Perinatal mortality rates (stillbirths and neonatal 
death) may also be higher than normal.

On the other hand, as reported in Table 21.6, a twin or 
multiple pregnancy is itself a risk factor for several perina-
tal negative outcomes,18,68,69 such as low birth weight (LBW) 
and prematurity,70 stillbirth and neonatal death,71–73 mater-
nal hypertension and preeclampsia, and hemolysis, elevated 
liver enzymes, and low platelets syndrome.74,75 It is therefore 
interesting to see how the combination of these two poten-
tially dangerous conditions—GDM and twin pregnancy—
in�uence pregnancy outcomes. �e few studies reported in 
the last decade have produced controversial results.

A small group of 28 twin pregnancies with GDM was 
examined in 2003 by Moses et al. in Australia76 in compari-
son with 29 control twin normoglycemic pregnancies; no 
di�erences were found in pregnancy outcome (birth weight, 
Apgar score, gestational week of delivery), with the excep-
tion of a higher rate of elective cesarean sections for twin 
pregnancies.

In 2006, a Korean group77 examined 99 twin pregnancies 
delivered at Cheil General Hospital in Seoul in 1998–2002, 
in a case–control study comparing 33 women with GDM 
and 66 nondiabetic mothers. Again, no signi�cant di�er-
ences were found in birth weight, Apgar score, respiratory 
distress syndrome, and other possible complications such 
as meconium aspiration pneumonia, transient tachypnea of 
newborn, hyperbilirubinemia, hypoglycemia, hypocalcemia, 
and congenital anomalies. Intrauterine fetal death occurred 
in two pregnancies in each group (NS). Women with GDM 
were followed with a glycemic target of 60–95 mg/dL fasting, 
and 120 mg/dL 2 hours postprandial; insulin (added when at 
least 20% of measurements were above the target) was nec-
essary in 6 out of 33 (18%) cases, achieving optimal glucose 
control in all cases.

�ree other studies have since been published on the 
same subject: in 2011 in Portugal by Simões,78 in 2012 by 
González González79 in nine tertiary university centers in 

Table 21.6  Obstetric and perinatal complications in multiple pregnancies

Outcome Singleton Twins Triplets Authorref 

Birth weight <1500 g (%) 1.1 9.8 35.3 Martin5

Birth weight <2500 g (%) 6.3 56.3 94.4 Martin5

<32 weeks gestation (%) 1.6 11.3 36.5 Martin5

<37 weeks gestation (%) 10.0 57.3 93.4 Martin5

Cerebral palsy (‰ live births) 1.6 7.0 28.0 Petterson71

Infant mortality (‰ live births) 5.4 23.6 52.5 Luke68

Maternal hypertensive disorders (%) 6.5 12.7 20.0 Day75

HELLP syndrome 0.2 0.9 2.1 Day75

Abbreviation:	 HELLP, hemolysis, elevated liver enzymes, and low platelets syndrome.
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Spain, and in 2013 by Luo et al.,46 using 1995–2000 data of 
the U.S. National Center for Health Statistics (NCHS).

Simões et al.78 reported a retrospective case–control study 
on 105 twin pregnancies with GDM matched, with a 3:1 
ratio, with 315 non-GDM controls. �e only signi�cant dif-
ference was in the prevalence of respiratory distress at birth 
and jaundice, which were more frequent in GDM pregnan-
cies; a higher rate of perinatal mortality in the same group 
did not reach statistical signi�cance. No information was 
available on the glucose control in diabetic mothers.

�e Spanish group conducted a retrospective observa-
tional study on 534 twin pregnancies, 257 with GDM and 
277 with normal glucose tolerance.79 GDM was associated 
with a higher risk of hypertensive complications, prematu-
rity, and macrosomia (not large for gestational age [LGA]), 
but a signi�cantly lower risk of small-for-gestational-age 
(SGA) infants. Prematurity was related not to GDM but to 
other pregnancy complications. Apgar scores, rate of admis-
sion to neonatal intensive care units, and perinatal mortality 
were similar in mothers with GDM and controls.

�e study by Luo et al.46 is important because of the huge 
number of pregnancies examined. From the NCHS matched 
multiple-birth data for 1995–2000, the authors obtained 
information on about 20,000 twin pregnancies complicated 
by diabetes (the type of diabetes was not speci�ed, but prob-
ably mainly GDM), and more than 540,000 nondiabetic 
twin pregnancies. A previous article by the same group80 
had reported a potential protective e�ect of diabetes against 
neonatal death in twin pregnancies. �erefore, to exclude 
the hypothesis that this apparently positive result could 
“mask” serious problems preceding delivery causing an 
increase in fetal deaths, this study was designed to assess 
the consequences of diabetes complicating twin pregnancies 
on perinatal mortality, considering both fetal and neonatal 
deaths. �e results, however, were not univocal: the risks of 
stillbirths and neonatal death were lower in very preterm or 
very-low-birth-weight twin diabetic pregnancies, but not 
among neonates with normal birth weight, where these rates 
were higher in diabetic women. Moreover, the lower risk of 
perinatal death in diabetic twin pregnancies was observed 
for vaginal but not cesarean section births. Overall, however, 
perinatal death was less frequent in twin diabetic than non-
diabetic pregnancies (2.1% vs. 3.3%), con�rming the trend 
evidenced in 2011.

Looking at secondary outcomes, in diabetic pregnancies, 
mothers were more likely to have reported any other mater-
nal major illness (10.6% vs. 4.6%) or to have a cesarean sec-
tion delivery (60.8% vs. 51.9%). Preterm (61.4% vs. 56.1%) or 
LGA (13.3% vs. 9.3%) births and congenital anomalies (2.8% 
vs. 2.1%) were also more frequent in diabetic pregnancies. 
Extremely preterm births were slightly less frequent (10.5% 
vs. 12.1%) and slightly preterm births more frequent (50.9% 
vs. 44.0%) in diabetic pregnancies. LBW (52.5% vs. 54.6%) 
and SGA (9.9% vs. 10.8%) infants were slightly less fre-
quent in diabetic pregnancies. Among the extreme preterm 
births   in diabetic and nondiabetic pregnancies, SGA was 
slightly less frequent (10.0% vs. 11.7%), while LGA was simi-
lar (10.1% vs. 9.7%). Given the higher rates of twin pregnancy 

complications and patient or provider preference, there were 
2.5 times the number of cesarean sections compared with 
singleton deliveries.

Discussion and conclusions
�e substantial increase in the frequency of multiple preg-
nancies recorded in the last few decades, mainly as a result 
of the growth in the use of ART techniques and therapies 
linked to ovarian stimulation, led us to expect some negative 
consequences related to the potential “diabetogenic” e�ect of 
the growing placental mass. �ere was worry not only about 
an increase in the prevalence of GDM and other alterations 
in the carbohydrate metabolism in these cases, but also 
about unfavorable outcomes in women with both these inde-
pendent risk factors—GDM and multiple pregnancy.

In actual fact, the �gures on the prevalence of GDM in 
multiple pregnancies are discordant. �ere does appear to be a 
greater frequency of minor glucose tolerance disorders, partic-
ularly with frequently positive 50 g OGTT, but there seems to be 
no rise in the diagnoses of GDM. �ere may in fact, therefore, 
be some sort of compensatory e�ect, resulting from the greater 
calorie consumption and higher metabolic rate, which would 
reduce the consequences on the material carbohydrate metabo-
lism of the altered endocrine milieu due to the high concentra-
tions of placental hormones with “anti-insulin” action.

Similarly, in women with GDM complicating a multiple 
pregnancy, the obstetric and perinatal outcomes seem no 
di�erent from single pregnancies. �is obviously depends on 
how metabolic control is maintained a�er diagnosis, but it 
does not seem any harder to manage diabetes during a mul-
tiple pregnancy. �e proportions of women requiring insulin 
are in fact close to those for single pregnancy, and the insu-
lin doses needed in such cases do not seem any higher; the 
situation is di�erent, however, in multiple pregnancies with 
pregestational diabetes.

�ere even seems to be a protective e�ect against peri-
natal mortality, at least for preterm births and very-low-
birth-weight neonates, as if slight hyperglycemia in early 
pregnancy gave some sort of “survival advantage.” Luo’s 
�ndings, however, are surprising and certainly call for fur-
ther con�rmation, with greater details of the type of meta-
bolic alteration present.

In conclusion, the question of how GDM and multiple 
fetuses are related is de�nitely important, especially in view 
of the current “epidemic” of multiple pregnancies. However, 
�ndings so far on the interaction between the two condi-
tions seem reassuring. Once more, the main factor is the 
importance of metabolic control on the outcome of a preg-
nancy complicated by GDM, so it is essential to achieve and 
maintain optimal glycemic levels, regardless of the number 
of fetuses. Diagnostic and therapeutic strategies regard-
ing the carbohydrate metabolism in women with multiple 
pregnancies should therefore be no di�erent from the uni-
versally accepted approach for single pregnancies, which 
have achieved progressive improvements in maternofetal 
outcomes in recent years.
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Glycemic goals in diabetic 
pregnancy and de�ning 
“good control”: Maternal 
and fetal perspective
Liran Hiersch and Yariv Yogev

Introduction
�e association between diabetes during pregnancy and 
the risk of adverse maternal and fetal outcome is well 
established. Maternal complications include spontaneous 
abortions, preterm deliveries, preeclampsia, nephropa-
thy, cesarean section, and among others birth trauma. 
�e main fetal and neonatal complications are congeni-
tal anomalies, deviant fetal growth, birth-related trauma, 
metabolic abnormalities, and stillbirth. Moreover, evolving 
evidence indicate that diabetes, among other components 
of the metabolic syndrome, is a signi�cant risk factor for 
childhood and adult obesity and cardiovascular disease, 
due to in utero programming mechanisms including 
altered organ development, cellular signaling responses, 
and epigenetic modi�cations of gene expression.1–4

Not only that improving glycemic control reduces the 
risk for adverse outcome in pregestational diabetes,5,6 but 
also in gestational diabetes mellitus (GDM), treatment 
and achieving desired level of glycemic status e�ectively 
diminishes the risk for complications.7–9 Yet several issues 
should be addressed when discussing the relation between 
glycemic control and adverse pregnancy outcome. First, 
how is good glycemic control de�ned? What is the glu-
cose threshold that should be reached in order to dimin-
ish the risk for adverse outcome? Second, is maintaining 
glycemic control according to the recommendations and 
guidelines can truly abolish the increased risk for com-
plications as compared to the general population? Finally, 
how glucose status should be monitored during pregnancy 
in regard to the methods used, diurnal occasions, and 
frequencies?

Glucose thresholds and perinatal 
complications
Several authoritative bodies have recommended varying 
levels of glycemia that need to be targeted in pregnant 
patients with diabetes. �e sources of these recommenda-
tions utilized the concept of isolated normality based on 
nondiabetic glucose pro�les and are usually well-de�ned 
cuto� levels.10–12 Yet, it appears that one cannot address 
glucose as a dichotomous variable but as a continuous one, 
with type of complications and rate depending upon the 
level of glycemic control. �e association between glycemic 
control and several main perinatal complications will be 
further discussed in the following paragraphs.

Perinatal mortality
�e most devastating adverse fetal outcome is perinatal mor-
tality. However, since congenital anomalies, which are also 
important complications of maternal diabetes, are a major 
contributing factor in the overall perinatal mortality rate, 
it is important to adjust for the e�ect of congenital malfor-
mations when calculating fetal and neonatal death rates. 
Karlsson and Kjellmer evaluated the e�ect of the degree of 
maternal glycemia (expressed as the mean daily blood glu-
cose value) on perinatal mortality in 179 women with pre-
existing diabetes.13 Patients were divided into three groups 
with the following mean blood glucose: <100, 100–150, and 
>150 mg/dL. Perinatal mortality was 3.8%, 16%, and 24%, 
respectively, although no correction was made for congenital 
anomalies. Yet these data suggest that strict glycemic con-
trol (<100 mg/dL) is necessary for diminishing the risk for 
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perinatal mortality in this population. However, perinatal 
mortality rate is increased not only in women with preexist-
ing diabetes but also in women with GDM.14–16 In GDM, the 
coe�ect of other factors, such as the relatively older pregnant 
mother in comparison to the gravid nondiabetic population 
and the presence of comorbidities (e.g., hypertension, obe-
sity), may also attribute to the increased risk of perinatal 
death. In a large cohort study of 4,757 women with GDM and 
10,804 nondiabetic gravidas, the rate of perinatal mortality 
was evaluated.17 In this cohort, 79% of the study population 
achieved targeted levels of glycemic control (mean blood glu-
cose < 105 mg/dL). �e incidence of stillbirth was 4.8/1000 
for the subjects with GDM and 4.2/1000 for the nondiabetic 
subjects with neonatal death rates of 5.2/1000 and 5.3/1000, 
respectively. In seems that achievement of targeted levels of 
glycemic control in the GDM population can reduce the peri-
natal mortality to rates comparable to the general popula-
tion. Similar rates of perinatal mortality between nondiabetic 
gravidas and patients with intensi�ed managed GDM were 
reported.18 �is study demonstrates again the relative protec-
tive e�ect of controlling the abnormal levels of glycemia.

�e data suggest that both gestational and preexisting 
diabetes are associated with increased perinatal mortality 
when established level of glycemia is not achieved. Although 
the increased rate for perinatal mortality may be multifac-
torial, it appears that a threshold of mean blood glucose 
<100–110 mg/dL will be su�cient for the prevention of this 
complication.

Congenital anomalies
Since GDM is expressed in the late second or early third tri-
mester, which is beyond the period of fetal organogenesis, 
congenital anomalies are a complication of mainly preexist-
ing diabetes. In studies reporting the association between 
glycemic control and congenital anomalies, the method 
that was used for glycemic control evaluation was hemoglo-
bin A1C (HbA1C), mean blood glucose, mean fasting glu-
cose, or mean postprandial glucose levels depending upon 
the study.19–22 Temple et  al., in a study measuring HbA1C, 
found an increased rate of congenital anomalies already in 
threshold of 7.5% (1% vs. 8%, p = 0.03), which translates to 
mean blood glucose of approximately 170 mg/dL.19 Others, 
who used glucose pro�le to de�ne the threshold for anoma-
lies, suggested fasting plasma glucose of <120 mg/dL, post-
prandial <140 mg/dL, preprandial <120 mg/dL, and overall 
mean <110 mg/dL.22–24 In these studies, the preconception 
rate of anomalies was 1%–1.5%, and in patients above these 
thresholds, the rate of anomalies ranged from 6% to 12%. 
With regard to congenital anomalies, the critical period for 
intervention and risk reduction is before or early in gestation 
making preconceptional care mandatory.25

Deviant fetal growth: Macrosomic and 
growth-restricted fetuses
In the general population, the rate of macrosomia (≥4000 g) 
is 8%–10%, and the rate of large-for-gestational-age (LGA) 

infants based on its mathematical de�nition (>90th percen-
tile) is 10%. Similarly, the rate of small-for-gestational-age 
(SGA) infants (<10th percentile) should be 10%. �e rates 
found in those of pregnant diabetic women should, there-
fore, be compared to the aforementioned baselines. Previous 
studies have reported rates of macrosomia and LGA of 
10%–20% and 15%–30%, respectively.26–29 However, when 
exploring the association between the level of glycemic 
control and fetal growth pattern, a control should be made 
for important confounding variables that were proven to be 
associated with neonatal over-/undergrowth such as mater-
nal obesity, gestational weight gain, and preeclampsia.30–32

Numerous studies have shown that by achieving the 
desired glycemic control, the rate of macrosomia and LGA 
of neonates among diabetic gravidas can be reduced to 
closer, if not similar, to the general population.18,33–35 Landon 
et al. reported an LGA rate of 9.3% with a mean blood glu-
cose <110 mg/dL in 43 patients with well-controlled type 1 
diabetes.35 With mean blood glucose levels >126 mg/dL in 
32  patients, the LGA rate was 34%. Langer and associates 
found a rate of LGA in women with preexisting diabetes 
comparable to the rate in the general population (10%) when 
the mean self-monitoring blood glucose (SMBG) was within 
90–95 mg/dL.18 In a secondary analysis of the Metformin 
in Gestational Diabetes (MiG) trial evaluating 724 women 
with GDM who failed to achieve desired glycemic control 
under exclusive diet therapy, the lowest risk for LGA was 
when mean fasting glucose value was <90 mg/dL and when 
2-hours postprandial values were <105–115 mg/dL unrelated 
to maternal body mass index or treatment modality.29

However, it appears that tighter is not always better. 
Langer et al.36 have found that in GDM a threshold of mean 
blood glucose <87 mg/dL was associated with an increased 
risk for SGA neonates. Similar relationship was found 
between lower HbA1C levels before delivery (<5.7%) and 
increased risk for SGA infants in women with type 1 diabe-
tes.28 �us, in respect to deviant fetal growth patterns, both 
upper and lower threshold should be used to de�ne desired 
glycemic control.

Metabolic abnormalities and respiratory complications
Metabolic complications include fetal hypoglycemia, poly-
cythemia, hyperbilirubinemia, and hypocalcemia. �e main 
contributor to metabolic complications is fetal hyperin-
sulinemia, which is also responsible for fetal macrosomia. 
�us, it is reasonable that the recommended thresholds for 
macrosomia prevention will likewise be advisable for meta-
bolic complications. Studies in women with type 1 diabetes 
reported that a mean blood glucose <110 mg/dL was associ-
ated with a signi�cant reduction in rates of neonatal hypo-
glycemia and respiratory complications compared to poorly 
controlled gravidas13 and that the rates were comparable to 
the nondiabetes population.35 In GDM, good glycemic con-
trol (mean fasting glucose < 95 mg/dL and either 1 hour post-
prandial <140 mg/dL or 2 hour postprandial <120 mg/dL) 
was associated with decreased rates of neonatal hypoglyce-
mia (7.1% vs. 9.3%, p = 0.031) compared to those who did 
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not reach good glycemic control.37 Langer et al. found that 
mean blood glucose <100 mg/dL was associated with simi-
lar rates of metabolic complications in gravidas with GDM 
compared to nondiabetic controls, and that higher levels 
were associated with up to eightfold increased risk.38 As 
regards to respiratory complications, mean blood glucose 
>106 mg/dL was associated with delayed appearance of bio-
chemical markers of pulmonary maturity, though without 
correlation with clinical neonatal respiratory morbidity.39 In 
contrast, others failed to demonstrate the relation between 
glycemic control and appearance of biochemical markers of 
pulmonary maturity,40,41 except for uncontrolled diabetes 
(mean glucose >120 mg/dL) at preterm.40

Preterm delivery
Preterm delivery is considered the most important etiology 
for neonatal morbidity and mortality. �ere is a comparable 
incidence of preterm delivery in women with pregestational 
diabetes between types 1 and 2 diabetes (33.6% in women 
with type 1 vs. 32% in women with type 2).42 According to a 
multicenter survey (435 pregnancies in women with preges-
tational diabetes), diabetes was directly implied in preterm 
delivery risk particularly when �rst trimester HbA1C >8% 
occurred and in cases of preexisting nephropathy.43 Others 
reported that the risk of delivering preterm was more than 
40% when HbA1C was above 7.7% in week 8.44 In a study of 
253 gravidas with pregestational diabetes, those with sponta-
neous preterm delivery had at delivery higher mean HbA1C 
levels (8.1% ± 1.4% vs. 7.4% ± 1.2%, p = 0.002) and blood glu-
cose (148 ± 30 vs. 109 ± 24 mg/dL, p = 0.043) compared to 
those delivered at term.45 However, there are di�ering opin-
ions if GDM as a single indicator increases the risk of pre-
term delivery. Several authors have suggested that there was 
a higher incidence of preterm delivery in association with 
di�erent levels of glucose intolerance,46–48 while others found 
no di�erence in the rate of preterm delivery in comparison 
to the nondiabetic population.49,50 Scarce data, however, 
exist regarding the e�ect of maternal glycemic control and 
the risk of preterm delivery. Bar-Hava et al.49 demonstrated 
in a small study similar overall rates of preterm delivery in 
both subjects with GDM (n = 34 women) and without GDM 
(n = 68 women). Moreover, women with GDM who delivered 
at term or preterm had similar glycemic pro�les for both the 
entire treatment period and the week preceding delivery. In 
contrast, in a large study (n = 1526), Yogev et al.48 reported 
that the mean blood glucose was independently associated 
with the risk for spontaneous preterm delivery in women 
with GDM (odds ratio [OR] of 1.94, con�dence interval [CI] 
1.25–3.02) and that only 35% of women with spontaneous 
preterm delivery have reached the desired glycemic control 
(de�ned as mean blood glucose <105 mg/dL) compared to 
54% in those delivered at term (p = 0.004). It seems that in 
pregestational diabetes, HbA1C level <7.7%–8% in early 
gestation is desired for the prevention of preterm delivery, 
whereas mean blood glucose of <105–110 mg/dL could alter 
the risk of preterm delivery in both gravidas with GDM and 
with pregestational diabetic.

Preeclampsia
Although many studies have reported an increased risk 
for hypertension and preeclampsia among women with 
diabetes,42,51–54 some have disputed this relationship.55,56 
In  women with pregestational diabetes, Cohen et  al. 
found that �rst-trimester HbA1C levels were higher in 
those who subsequently developed preeclampsia com-
pared to those who did not (7.7% vs. 6.7%, p = 000.1).57 
�e association between high HbA1C levels (>8%) during 
early pregnancy and the rate of subsequent preeclampsia 
was further reported by others.6 �ese �ndings further 
emphasize the importance of prepregnancy optimization 
of glycemic pro�le in women with type 1 and 2 diabetes. 
�e association between glycemic control and the rate 
of preeclampsia was also reported in women with GDM. 
Yogev et  al. found in 1183 women with GDM that those 
with mean blood glucose <95 mg/dL had similar rates of 
preeclampsia regardless of the severity of GDM (de�ned 
by fasting blood glucose levels on the oral glucose toler-
ance test).54 However, in women with mean blood glucose 
>95 mg/dL, the rate of preeclampsia was higher in those 
with fasting glucose >115 mg/dL compared to <115 mg/dL 
(18.0% vs. 9.8%, OR 2.56, 95% CI 1.5–4.3). In addition, the 
severity of GDM (OR 1.7, 95% CI 1.21–2.38) was indepen
dently and signi�cantly associated with an increased risk 
of preeclampsia.54 Others found that fasting glucose levels 
>90 mg/dL and/or 2-hour postprandial levels >120 mg/dL 
were associated with increased risk for preeclampsia (OR 
8.40, 95% CI 4.57–15.42, p < 0.001).58

In summary, the level of glycemic control in women 
with pregestational diabetes and GDM is associated with 
increased risk for maternal and neonatal complications. 
However, glucose values are best described as a continuous 
variable, and the risk to the fetus increases in direct relation 
to the increased level of maternal glycemia. In addition, the 
risk for each outcome measure was shown to correlate with 
di�erent glucose threshold. �us, even if optimal glycemic 
goals cannot be reached, it is important to keep on strug-
gling as it would still minimize the risk for complications 
even if not abolish it.

Recommended glucose thresholds 
and normal glucose values during 
pregnancy: Are they the same?
Various glycemic thresholds were recommended in patients 
with diabetes complicating pregnancy (Table 22.1).10,59–61 
Although not identical, the cuto� levels proposed by the 
di�erent authoritative bodies for each diurnal occasion 
are within a 10–15 mg/dL range. For example, while the 
American College of Obstetricians and Gynecologists 
have recommended fasting levels of 60–90 mg/dL,10 the 
Fi�h International Workshop-Conference on GDM recom-
mended fasting glucose level <95 mg/dL.60 However, the 
sources of these recommendations utilized the concept of 
“mimicking” normality as they were based on nondiabetic 
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glucose pro�les. One of only few studies who reported data 
concerning glycemic pro�le in nondiabetic gravidas was 
conducted by Yogev et al., who measured interstitial glu-
cose levels in subcutaneous tissue every 5 minutes using 
continuous glucose monitoring (CGM) for 72 consecu-
tive hours in nondiabetic gravidas.62 �ey found that for 
nonobese women, the fasting blood glucose level was 75 ± 
12 mg/dL, the mean blood glucose level was 83.7 ± 18 mg/
dL, the postprandial peak glucose value level was 110 ± 
16 mg/dL, and the time interval that was needed to reach 
peak postprandial glucose level was 70 ± 13 minutes. A 
similar postprandial glycemic pro�le was obtained for 
breakfast, lunch, and dinner. Obese women were charac-
terized by a signi�cantly higher postprandial glucose peak 
value, increased 1- and 2-hour postprandial glucose levels, 
increased time interval for glucose peak, and signi�cantly 
lower mean blood glucose during the night. No di�erence 
was found in fasting and mean blood glucose between 
obese and nonobese subjects. Almost similar results in 
nonobese nondiabetic gravidas were obtained by Parretti 
et  al.63 �e thresholds endorsed by various authoritative 
bodies represent merely the upper 1 or 2 standard devia-
tions from mean glucose value of nondiabetic gravidas, 
while other factors such as maternal BMI or the speci�c 
outcome variable, which was meant to be prevented, was 
not encountered. In addition, even if nondiabetic glucose 
pro�le is achieved by a diabetic gravida, is it su�cient for 
preventing diabetes-associated complications?

Does achieving good glycemic control 
eliminate complications associated 
with diabetes?
�e management of diabetes in pregnancy, as put forward by 
the “St. Vincent” declaration, was aimed at achieving near-
normal pregnancy outcomes.64 However, despite aggressive 

research, advances in glucose monitoring, and treatment 
modalities, women with diabetes complicating pregnancy 
still experience higher rate of adverse outcome compared to 
the general population. Several studies have shown that even 
meticulous glucose control aiming and achieving strict gly-
cemic targets, as advised by present guidelines and recom-
mendations, did not eliminate adverse perinatal outcome, 
especially macrosomia, compared to the general population. 
In a small study, the rate of macrosomic fetuses of 14 women 
with type 1 diabetes who were treated with continuous sub-
cutaneous insulin infusion and reached a desired glycemic 
control was assessed.65 Mean HbA1C level by trimesters was 
6.5% ± 0.9%, 5.9% ± 0.7%, and 5.8% ± 0.6%. Yet average birth 
weight was 3312.1 ± 750 g with macrosomia (>4000 g) rate of 
35%. Evers et al. reported similar �ndings in a cohort of 289 
gravidas with type 1 diabetes, of whom 25.3% had a birth 
weight greater than 4000 g.66 �e mean HbA1C (%) levels 
achieved were 6.5 + 1.0, 6.0 + 0.9, and 6.2 + 1.1 during the 
�rst, second, and third trimester, respectively. Evidence from 
studies by Mello et al.67 and Howorka et al.,68 who showed 
that mean glucose levels required for normal birth weight 
was <100 mg/dL with standard deviation (SD) of 12 mg/dL 
(noting a high rate of hypoglycemia) also supports the argu-
ment that macrosomia prevention requires more strict gly-
cemic control than usually recommended during pregnancy 
complicated by diabetes.

Glucose monitoring: The effect on 
glycemic control and pregnancy 
outcome
�e ability to monitor glucose values is of historical signi�-
cance, since throughout recorded history, physicians have 
been familiar with diabetes and have “�nger dipped” in 
order to detect the “sweetness” of patients’ urine. �is imper-
fect technique was used until the development of urine sticks 

Table 22.1  Comparison between recommended glycemic thresholds in pregnancy and glycemic pro�le of 
nondiabetic gravidas

Recommended glycemic thresholds
Glycemic pro�le 
in nondiabetics

American College 
of Obstetrics and 
Gynecologists10

American Diabetes 
Association59

Fifth International 
Workshop-

Conference on 
GDM60

Canadian 
Diabetes 

Association61 Yogev et al.62

Fasting (mg/dL) 60–90 <105 <96 <95 75 ± 12
Premeal (mg/dL) 60–105 GDM <95/type I or 

II DM—60–99
— — 78 ± 11

Postmeal (mg/dL)
1 hour <130–140 <155 <140 <140 105 ± 13
2 hours <120 <130 <120 <120 97 ± 11

Mean (mg/dL) 100 — — — 84 ± 18

Abbreviations:	 DM, diabetes mellitus; GDM, gestational diabetes mellitus.
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in the early twentieth century that were sensitive enough to 
detect glycosuria. Research e�orts have continuously been 
directed toward the development of a process for testing 
blood glucose using either visual or electronic interpreta-
tion with a re�ectance meter. �e original meters used a wet 
method that o�en required as many as four steps (approxi-
mately 10 minutes/step) to obtain one test result. Today’s 
re�ectance meters are more user-friendly and include a 
memory chip for data storage and one-step testing. Recently, 
a CGM technique was developed that facilitates the collec-
tion of even more accurate glucose data. However, is it the 
most sophisticated method of glucose monitoring associated 
with the best clinical results?

Glycosylated hemoglobin: Can a single measure of 
glycemic level be valuable?
Traditionally, in nonpregnant diabetic patients, glycosyl-
ated hemoglobin (HbA1C) became the indicator of long-
term glycemia. It is a modi�cation of hemoglobin caused 
by the attachment of glucose to the N-terminus of the beta 
chain. �e rate of attachment is determined by the glucose 
concentration in the blood. Based on the lifespan of the red 
blood cells that averages 120  days, di�erent reports have 
suggested that the predictability of HbA1C ranges from 4 to 
10 weeks.69,70 �us, it is virtually impossible to alter treat-
ment modality based on retrospective data, especially in 
GDM since the window of opportunity is so small. Yet lately, 
Jovanovic et al. found that in 24 women with GDM and ini-
tial HbA1C ≥7.0%, a decline of 0.47% per week in HbA1C 
levels was observed in response to carbohydrate-restricted 
diet or insulin treatment.71 �is �nding, if proven by larger-
scale studies, could re�ect a possible utility of HbA1C mea-
surement during therapy. Until then, HbA1C measurement 
should be reserved for preexisting diabetes especially at 
the �rst o�ce visit for counseling for the risk of congenital 
anomalies and macro and micro complications throughout 
pregnancy.

Is there an optimal frequency for blood glucose 
determinations?
Nowadays, the role of SMBG in nonpregnant and pregnant 
women has become the standard of care for achieving tar-
geted levels of glycemic control.72 However, the optimal fre-
quency for blood glucose determinations is unclear. Langer 
et  al.18 demonstrated in a prospective study that a mean 
blood glucose obtained from SMBG (seven times/day, inten-
si�ed treatment group), using memory re�ectance meters, 
identi�ed more fetal macrosomia and other neonatal mor-
bidities in comparison to weekly fasting and 2-hour labora-
tory glucose determinations supplemented by four times/
day (unveri�ed) self-monitoring with only test strips and no 
meters. Of note, the compliance in the intensi�ed treatment 
group was not ideal since the mean test per day was only 
5.2 instead of 7 as instructed. Others have reported similar 
results with four/day glucose determinations as compared to 
less intensi�ed treatment.73

In patients with type 1 diabetes, Kerssen et al.74 reported 
that the detection of hyper- and hypoglycemia was sig-
ni�cantly higher in women with 10 or more SMBG deter-
minations daily than in patients with fewer. However, no 
correlation with pregnancy outcome was reported. In con-
trast, Homko et al.75 randomly assigned 58 women with diet-
controlled GDM and a fasting blood glucose level <95 mg/dL 
to two groups. �e experimental group measured their blood 
glucose levels four times daily using a re�ectance meter with 
a memory chip. Metabolic status was assessed in the con-
trol group by periodic monitoring at prenatal visits. �ey 
reported no signi�cant di�erences with regard to dietary 
compliance, birth weight, gestational age at delivery, rates of 
macrosomia, delivery by cesarean section, Apgar scores, and 
neonatal complications. It seems that the optimal frequency 
for blood glucose monitoring should probably be di�erent 
among the various diabetes groups with diet-controlled 
GDM needing the less frequent monitoring.

The role of continuous glucose monitoring during 
pregnancy
�e main advantage of CGM is by recognizing period of 
hypo- or hyperglycemia that could not be detected using 
routine determinations using SMBG. In pregnancies com-
plicated with type 1 diabetes, Yogev et al.76 demonstrated a 
mean total time (192 ± 28 minutes/day) of undetected hyper-
glycemia (glucose levels > 140 mg/dL) identi�ed by CGM, 
which would not be recognized if SMBG was used alone. 
Moreover, when GDM patients were evaluated, the mean 
total time of hyperglycemia was 132 ± 31 minutes/day for 
those treated with insulin and 94 ± 23 minutes/day for those 
treated with diet only.77

�e e�cacy and e�ectiveness of CGM during pregnancy 
was assessed in a recently published systematic review by 
Voormolen et al.78 �ey retrieved 5032 articles, 11 of which 
remained as relevant a�er selection according to prede�ned 
criteria. Of those, only two studies were randomized con-
trolled trials (RCTs) evaluating the e�ect on pregnancy 
outcome with con�icting results. Murphy et  al.79 ran-
domly allocated pregnant women with type 1 or 2 DM 
to either standard antenatal care with SMBG (n = 33) or to 
standard antenatal care with additional CGM use (n = 38). 
Retrospective CGM was planned every 4–6 weeks for a 
period of 5–7 consecutive days and was executed on aver-
age 4.2 times per pregnancy. Lower HbA1C values were seen 
throughout pregnancy in the CGM group, but this di�erence 
did not reach statistical signi�cance until at 32–36 weeks 
of gestation (5.8% ± 0.6% vs. 6.4% ± 0.7%, p = 0.007). �e 
incidence of LGA was signi�cantly lower in the CGM group 
with OR for reducing LGA rate of 0.36 (95% CI, 0.13–0.98; 
p = 0.05). Comparison of other outcomes such as mode of 
delivery and neonatal morbidity was not signi�cantly di�er-
ent. It must be noted that the intervention group included 
three twin pregnancies and four children with birth weights 
under the 10th percentile, whereas there were none in the 
control group (p = 0.1). Logically, this a�ected the mean 
birth weight of the intervention group for the better, though a 
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birth weight below the 10th percentile must be considered an 
unwanted result. In contrast, a high-quality RCT by Secher 
et al.80 randomized 154 women with either type 1 or 2 DM 
and a singleton pregnancy for the additional use of real-time 
CGM (n = 79) or routine antenatal care with SMBG seven 
times daily (n = 75). �e CGM was intermittently planned 
at 8, 12, 21, 27, and 33 weeks of gestation and was executed 
at least three times by 75% of the women. Women assigned 
to real-time CGM had baseline HbA1C similar to that of 
women in the control arm (median 6.6% vs. 6.8%, p = 0.67). 
At 33 gestational weeks, HbA1C levels remained comparable 
regardless of the real-time CGM use. �e prevalence of LGA 
infants (45% vs. 34%; p = 0.19) and other perinatal outcomes 
(e.g., preeclampsia, cesarean delivery, preterm delivery, and 
neonatal hypoglycemia) were comparable between the arms.

Summary
Maternal hyperglycemia is associated with increased risk 
for adverse perinatal outcome with no single threshold that 
eliminates the risk for all adverse outcomes. Yet maintaining 
glucose level as close to recommended values may minimize 
the risk for most complications. In addition, it is obligatory 
that women with type 1 or 2 DM receive proper prepregnancy 
counseling emphasizing the need for reaching euglycemia 
prior to conception and close surveillance during gestation. 
�e evolving research regarding the use of continues glucose 
monitoring and its e�ect on glycemic control and pregnancy 
outcome combined with improvement in pharmacotherapy 
options will hopefully lead to safer pregnancy for both the 
mother and fetus.
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Insulin therapy in pregnancy
Lois Jovanovic and John L. Kitzmiller

Introduction
Before the advent of insulin, few diabetic women lived to 
childbearing age. Before 1922, fewer than 100 pregnancies in 
diabetic women were reported, and most likely these women 
had type 1 and not type 2 diabetes.1 Even with this assump-
tion, these cases of diabetes and pregnancy were associated 
with a >90% infant mortality rate and a 30% maternal mor-
tality rate. As late as 1980, physicians were still counseling 
diabetic women to avoid pregnancy. �is philosophy was 
justi�ed because of the poor obstetric history in 30%–50% 
of diabetic women. Improved infant mortality rates �nally 
occurred a�er 1980, when treatment strategies stressed better 
control of maternal plasma glucose levels, and once self-mon-
itoring blood glucose (SMBG) and glycosylated hemoglobin 
(A1C) became available. As the pathophysiology of pregnancy 
complicated by diabetes has been elucidated, and as manage-
ment programs have achieved and maintained near-normal 
glycemia throughout pregnancy complicated by type 1 dia-
betes, perinatal mortality rates have decreased to levels seen 
in the general population. �is review is intended to help 
the clinician understand the increasing insulin requirements 
of  pregnancy and to design treatment protocols to achieve 
and maintain normoglycemia throughout pregnancy.

Glucose toxicity and the role of 
postprandial hyperglycemia
If the mother has hyperglycemia, the fetus will be exposed 
to either sustained hyperglycemia or intermittent pulses of 
hyperglycemia; both situations prematurely stimulate fetal 
insulin secretion. Fetal hyperinsulinemia may cause increased 
fetal body fat (macrosomia) and, therefore, a di�cult deliv-
ery, or cause inhibition of pulmonary maturation of surfac-
tant and, therefore, respiratory distress of the neonate. �e 
fetus may also have decreased serum potassium levels caused 
by the elevated insulin and glucose levels and may therefore 
have cardiac arrhythmias. Neonatal hypoglycemia may cause 
permanent neurological damage. �ere is also an increased 
prevalence of congenital anomalies and spontaneous abor-
tions in diabetic women who are in poor glycemic control 
during the period of fetal organogenesis, which is nearly 

complete by 7 weeks postconception. �us, a woman may not 
even know she is pregnant at this time. It is for this reason that 
prepregnancy counseling and planning is essential in women 
of childbearing age who have diabetes. Because organogenesis 
is complete so early on, if a woman presents to her health-
care team and announces that she has missed her period by 
only a few days, if the blood glucose levels are immediately 
normalized, then there is still is a chance to prevent cardiac 
anomalies, although neural tube defects are already “set in 
stone” by the time the �rst period is missed. �ese �ndings 
emphasize the importance of glycemic control at the earliest 
stages of conception.2–4 Ideally, if a diabetic woman plans her 
pregnancy, then there is time to create algorithms of care that 
are individualized and a woman can be given choices. When 
a diabetic woman presents in her �rst few weeks of pregnancy, 
there is no time for individualization, but rather rigid pro-
tocols must be urgently instituted to provide optimal con-
trol within 24–48 hours. A�er the period of organogenesis, 
maternal hyperglycemia interferes with normal fetal growth 
and development during the second and third trimesters.5 �e 
maternal postprandial glucose level has been shown to be the 
most important variable to impact on the subsequent risk of 
neonatal macrosomia.6–8 �e fetus thus is “overnourished” 
by the peak postprandial glucose level.9 �is peak response 
occurs in >90% of woman at 1 hour a�er beginning a meal. 
�erefore, 1 hour a�er beginning a meal, the glucose level 
needs to be measured and treatment designed to maintain this 
blood glucose in the normal range. Studies have shown than if 
the postprandial glucose levels are maintained from the sec-
ond trimester onward to <120 mg/dL 1 hour a�er beginning a 
meal, then the risk of macrosomia is minimized.8

Diabetogenic forces of normal 
pregnancy increase insulin 
requirements10

�e fetal demise associated with pregnancy complicated by 
type 1 diabetes seems to arise from glucose extremes. Elevated 
maternal plasma glucose levels should always be avoided, 
because of the association of maternal hyperglycemia with 
subsequent congenital malformation and spontaneous abor-
tions.2,5 To achieve normoglycemia, a clear understanding 
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of “normal” carbohydrate metabolism in pregnancy is 
paramount. �us, the amount of insulin required to treat 
women with type 1 diabetes throughout pregnancy needs to 
be su�cient to compensate for (1) increasing caloric needs, 
(2)  increasing adiposity, (3) decreasing exercise, and (4) 
increasing anti-insulin or diabetogenic hormones of preg-
nancy. �e major diabetogenic hormones of the placenta are 
human chorionic somatomammotropin (hCS), previously 
referred to as human placental lactogen, estrogen, and pro-
gesterone. Also, serum maternal cortisol levels (both bound 
and free) are increased. In addition, at the elevated levels 
seen during gestation, prolactin has a diabetogenic e�ect.10 
�e strongest insulin antagonist of pregnancy is hCS. �is 
placental hormone appears in increasing concentrations 
beginning at 10 weeks of gestation. By 20 weeks of gesta-
tion, plasma hCS levels are increased 300-fold, and by term, 
the turnover rate is 1000 mg/dL. �e mechanism of action 
whereby hCS raises plasma glucose levels is unclear, but prob-
ably originates from its growth hormone-like properties. 
hCS also promotes free fatty acid production by stimulating 
lipolysis, which promotes peripheral resistance to insulin. 
Placental progesterone rises 10-fold above nonpregnant levels 
and is associated with an insulin increase in normal healthy 
pregnant women by two- to fourfold. Most of the marked rise 
of serum cortisol during pregnancy can be attributed to the 
increase of cortisol-binding globulin induced by estrogen. 
However, free cortisol levels are also increased. �is increase 
potentiates the diurnal �uctuations of cortisol with the high-
est levels occurring in the early morning hours. �e rising 
estrogen levels also trigger the rise in pituitary prolactin early 
in pregnancy. Prolactin’s structure is similar to a growth hor-
mone, and at concentrations reached by the second trimes-
ter (>200 ng/mL), prolactin can a�ect glucose metabolism. 
Although there are no studies that have examined prolactin 
alone as an insulin antagonist, there is indirect evidence that 
suppressing prolactin in women with gestational diabetes 
with large doses of pyridoxine improves the glucose toler-
ance. In addition to the increasing anti-insulin hormones 
of pregnancy, there is also increased degradation of insulin 
in pregnancy caused by placental enzymes comparable to 
liver insulinases. �e placenta also has membrane-associated 
insulin-degrading activity. Concomitant with the hormon-
ally induced insulin resistance and increased insulin deg-
radation, the rate of disposal of insulin slows. �e normal 
pancreas can adapt to these factors by increasing the insulin 
secretory capacity. If the pancreas fails to respond adequately 
to these alterations, then gestational diabetes mellitus (GDM) 
results. In a woman with type 1 diabetes, her insulin require-
ment will rise progressively. Failure to increase her insulin 
doses appropriately will result in increasing hyperglycemia.10

Rationale for the use of human insulin 
during pregnancy
Although controversial, the rate of complications in preg-
nancies of diabetic women has been tied to the metabolic 
control of maternal glucose.1–5 Perhaps the debate remains 

because some reports claim that neonatal complications 
occur in spite of excellent metabolic control, although they 
fail to measure postprandial glucose levels.11,12 Postprandial 
glucose control has been suggested as a key to neonatal out-
come for the pregnant woman with either type 1 diabetes 
or GDM.6–8 Alternatively, some have suggested that neo-
natal morbidity is secondary to the variability of maternal 
serum glucose and the presence of antibodies to insulin.13 
Placental transfer of insulin complexed with immunoglob-
ulin (Ig) G has also been associated with fetal macrosomia 
in mothers with near-normal glycemia during gestation. 
Menon et al.13 reported that antibody-bound insulin trans-
ferred to the fetus was proportional to the concentration of 
antibody-bound insulin measured in the mother. Also, the 
amount of antibody-bound insulin transferred to the fetus 
correlated directly with macrosomia in the infant and was 
independent of maternal blood glucose levels. In contrast, 
Jovanovic et al.14 discovered only improved glucose control, 
as evidenced by lower postprandial glucose excursions, but 
not lower insulin antibody levels, correlated with lower fetal 
weights. �ey showed that insulin antibodies to exogenous 
insulin do not in�uence infant birth weight. It has been 
reported that both insulin lispro and insulin aspart (analogs 
of human insulin with a peak insulin action achieved within 
1 hour a�er injection) signi�cantly improve the postprandial 
glucose levels in nonpregnant diabetic patients.15–21 Because 
normoglycemia is important in the treatment of pregnant 
diabetic women, the use of insulin analogs would appear 
bene�cial in the care of these women if the safety pro�le can 
be documented. �is review presents the reports that studied 
the safety and e�cacy of insulin analogs in pregnancy and 
o�ers an opinion as to the utility of insulin analogs for the 
treatment of the diabetes during pregnancy.

Concern about anti-insulin antibody 
formation during pregnancy
Anti-insulin antibodies that cross the placenta may contri
bute to hyperinsulinemia in utero and thus potentiate the 
metabolic aberrations in the fetus. Although insulin does not 
cross the placenta, antibodies to insulin do cross and may 
bind fetal insulin; this necessitates the increased produc-
tion of free insulin to reestablish normoglycemia. �us, the 
anti-insulin antibodies may potentiate the e�ect of maternal 
hyperglycemia to produce fetal hyperinsulinemia.

Human and highly puri�ed insulins are signi�cantly 
less immunogenic than mixed beef–pork insulins.16 Human 
insulin treatment has been reported to achieve improved 
pregnancy and infant outcome compared to using highly 
puri�ed animal insulins.14 Insulin lispro (which has the 
amino acid sequence in the beta chain reversed at positions 
B28 and B29) has been reported to be more e�cacious than 
human regular insulin to normalize the blood glucose levels 
in women with GDM. �is insulin rapidly lowered the post-
prandial glucose levels, thereby decreasing the A1C levels, 
with fewer hypoglycemic episodes and without increasing 
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the anti-insulin antibody levels.17 In addition, the safety and 
e�cacy of insulin lispro in the treatment of type 1 diabetes in 
women throughout pregnancy has recently been reported.22 
Also, insulin aspart has recently been reported to be safe and 
e�cacious in type 1 diabetic women.23 However, there are 
only case reports and a small series of the use of the long-
acting insulin analogs24–27 during pregnancy. �ey appear 
to be associated with increased macrosomia, however.27 �e 
following discussion helps the clinician decide if the newer 
insulin’s bene�t outweighs any risks.

Use of rapid-acting insulin analogs in 
pregnancies complicated by diabetes
Postprandial glucose control in a patient with GDM is impor-
tant to neonatal outcome.6–8 �e Diabetes in Early Pregnancy 
(DIEP) study identi�ed 28.5% of infants from diabetic moth-
ers who were >90th percentile in infant birth weights.8 �e 
birth weight in this 28.5% correlated positively with fasting 
blood glucose and A1C. When adjusted for fasting blood glu-
cose and A1C, the nonfasting blood glucose concentration 
in the third trimester was even a stronger predictor of infant 
birth weight and fetal macrosomia. Combs et al.7 con�rmed 
these �ndings, as they associated macrosomia with higher 
postprandial glucose concentrations obtained between 
weeks 29 and 32 of gestation. In addition, they described a 
higher risk of small-for-gestational-age (SGA) infants in 
those with lower (<130 mg/dL [7.2 mmol/L]) 1-hour post-
prandial glucose levels. DeVeciana et al.6 described improved 
fetal outcome and less risk of neonatal hypoglycemia, macro-
somia, and cesarean delivery in patients who managed GDM 
by controlling 1-hour postprandial glucose concentrations 
than in those who managed by only the preprandial glucose 
concentrations. �erefore, rapid-acting insulin analogs that 
possess unique properties may make it a valuable therapeu-
tic option in the treatment of GDM and the prevention of 
neonatal complications. First, the rapid absorption of insulin 
lispro from the subcutaneous site allows for a faster insulin 
peak concentration versus regular human insulin.17,18 �is 
e�ect more closely mimics the physiologic �rst-phase insulin 
release and results in lower postprandial glucose concentra-
tions, and may lead to improved postprandial coverage.15 In 
addition, insulin lispro is known to upregulate insulin recep-
tors.19,20 In the present authors’ study,17 the postprandial glu-
cose response to the test meal was more frequently within 
the normal glucose range a�er a standardized dose of insu-
lin lispro as compared with regular human insulin. Second, 
the elimination of insulin from the venous space is the same 
as with regular human insulin, but the faster absorption of 
insulin lispro allows both the glucose-lowering e�ect and the 
patient’s exposure to insulin to be less, which may result in 
a diminished antibody response. Certainly, in clinical trials, 
there has not been any increase in antibody response associ-
ated with insulin lispro use.15,18,19,22 Since placental transfer of 
insulin occurs when it is complexed with Ig, the lack of insu-
lin lispro–induced antibody formation could be expected 

to result in little, if any, placental transfer of insulin lispro 
to the neonate, as was demonstrated in the present authors’ 
study. �us, the overall decrease in circulating insulin lis-
pro, plus the lower immunogenic response of lispro, leads to 
less maternal antibody formation and, therefore, less insulin 
transfer to the fetus with a reduction in the risk for physical 
malformations.17,21 Menon et  al.13 attempted to link mater-
nal antibody formation to negative fetal outcomes. Careful 
review of the paper reveals, instead, better overall control of 
maternal hyperglycemia with attendant reductions in fetal 
macrosomia. �is may have ultimately diminished the risk 
of neonatal complications, including macrosomia. Previous 
investigations have demonstrated that birth weight could be 
normalized with regular human insulin.22–24 �is aggressive 
therapeutic intervention may explain the apparent lack of 
macrosomia in both patient groups. �ere are no di�erences 
in fetal parameters, as would be expected in the clinical set-
ting where euglycemia is a goal of therapy, which reduce the 
risk to the fetus. Although the present authors were inter-
ested in the metabolic e�ects of insulin lispro in women with 
GDM, the primary concern was safety, speci�cally the risk 
of hypoglycemia, hyperglycemia, and antibody production 
that might cause the insulin to cross the placenta to the fetal 
side. In the study, 42 women with GDM were randomized to 
receive regular human insulin or insulin lispro prior to con-
suming a test meal.17 �roughout the remainder of gestation, 
subjects received premeal insulin lispro or regular human 
insulin (with and without basal insulin) and performed 
blood glucose monitoring before and a�er each meal. During 
the test meal, the areas under the glucose curve, and those for 
insulin and C-peptide levels, were signi�cantly lower in the 
insulin lispro group. �e incidence of postprandial hyper-
glycemia (>120 mg/dL) was signi�cantly lower in the lispro 
group. Overall metabolic control also improved signi�cantly 
in the insulin lispro group, which showed the greatest abso-
lute decrease in A1C levels as compared to the regular human 
insulin group. �e reduction from baseline A1C concentra-
tions at 6 weeks was statistically signi�cant for the insulin 
lispro group but not for the regular human insulin group.17 
To determine the immunologic e�ects of insulin lispro com-
pared with regular human insulin, three di�erent types 
of antibodies were studied: (1) lispro-speci�c antibodies, 
(2)  regular speci�c antibodies, and (3) cross-reactive anti-
bodies. Levels of all three antibodies were evaluated at the 
time of enrollment, at 6 weeks a�er enrollment, at delivery 
(both in the maternal serum and the umbilical cord blood), 
and at the postpartum follow-up visit in maternal serum. 
No statistically signi�cant di�erences were seen between the 
insulin lispro and regular human insulin groups. Now there 
are several reports of the safety and e�cacy of both insulin 
lispro and insulin aspart in pregnancy to con�rm the results 
of the original report.17–25 Insulin aspart has also been suited 
in a similar fashion as insulin lispro. Wyatt et  al.22 have 
reported that insulin aspart is not immunogenic, improved 
the area under the curve for the postprandial glucose excur-
sion, and facilitates term delivery of a healthy infant. In 
addition, the patient satisfaction was improved using insu-
lin aspart compared to regular human insulin. Conclusions 
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from these studies are that those women with GDM who are 
not optimally managed with diet and exercise need insulin 
therapy. Insulin lispro and insulin aspart cause fewer hypo-
glycemic events than human regular insulin, and it attenu-
ates a greater postprandial response than regular human 
insulin. Furthermore, the antibody levels are not increased 
over those seen with regular human insulin, and therefore, 
insulin lispro and insulin aspart may be considered a treat-
ment option in patients with GDM.

Theoretical risks of the use of insulin 
analogs during pregnancy complicated 
by pregestational diabetes
Diamond and Kormas28 �rst questioned the safety of using 
insulin lispro during pregnancy in 1997. �ey reported on 
two patients who used insulin lispro during pregnancies 
and deliveries. One of these pregnancies was terminated at 
20 weeks gestation and the second pregnancy resulted in a 
seemingly healthy infant a�er an elective cesarean delivery, 
but who subsequently died unexpectedly 3 weeks later. Both 
infants were discovered to have congenital abnormalities, 
which led the authors to question whether insulin lispro 
might have teratogenic e�ects on the fetus, in which case 
it should not be used during pregnancy. �e report cites 
concerns about insulin lispro use during pregnancy, yet it 
does not provide conclusive evidence that insulin lispro was 
responsible for the malformations of the infants mentioned. 
In fact, there is su�cient reason to doubt that insulin lispro 
was to blame, since these isolated case reports were not part 
of a study and there was no control group. �erefore, the �nd-
ings should stimulate initiation of clinical trials testing the 
safety of insulin lispro during pregnancy and not be taken 
as evidence that it is unsafe. Despite the opinion of Diamond 
and Kormas28 that poor glycemic control was not responsible 
for the abnormalities of the infants in the cases described 
earlier, there is insu�cient evidence to support this claim. 
�e letter reports that A1C levels were determined every 
3 months and that both women had values <7% at each test. 
However, an A1C of 7% may be associated with an increased 
risk of fetal malformations. Since organogenesis is complete 
within the �rst 7 weeks of pregnancy29 and women tend to 
improve their glycemic control as the pregnancy progresses, 
an A1C measured at 3 months of pregnancy is a poor re�ec-
tion of the mother’s blood glucose levels at conception and 
during the critical �rst organogenic weeks of pregnancy. 
�e report also indicated that both women maintained a 
mean blood glucose level of <108 mg/dL. A pregnant wom-
an’s target blood glucose should be <90 mg/dL fasting and 
<120 mg/dL postprandially.29 If the women measured their 
fasting blood glucose only, the reported mean is obviously 
too high. If postprandial measurements were also taken into 
account, the mean is still too high, although less so. �ese 
women would be categorized as being at high risk for bear-
ing infants with malformations. �roughout pregnancy, the 
second mother was being treated for hypertension, and if the 

malformations were due to a medication, it is perhaps unfair 
to single out insulin lispro. In spite of the medication used, 
the malformations reported are more indicative of poor 
glycemic control: situs inversus, one of the abnormalities 
in the �rst infant, occurs almost exclusively in children of 
diabetic mothers.30,31 During the initial clinical trials testing 
insulin lispro, pregnant women were excluded. However, 
some participants became pregnant unexpectedly during 
the trials, and 19 infants were born by these mothers who 
were using insulin lispro. Of these births, 1 child had a 
right dysplastic kidney but the other 18 were healthy.32 Now 
there is a report that shows that insulin lispro is not tera-
togenic. Wyatt et al.22 report has shown that insulin lispro 
is not associated with increased malformations. �is report 
clearly showed that the 27 malformations that occurred in 
this data set of 500 exposed pregnancies only occurred in 
women whose A1C levels were greater than 2 standard devi-
ations (SD) above the mean of the normal. �ere were no 
malformations in the sample of women whose A1C levels 
were within two SD of the normal. �us the null hypothesis 
has been proven: insulin lispro does not by itself cause mal-
formations. Malformations are only associated with hyper-
glycemia in the �rst trimester. Mathiesen et al.23 have now 
reported that insulin aspart is safe and e�cacious in preg-
nancy with no increase in malformation rate.

Possible effects of rapid-acting insulin 
analogs on the mother
�ere are three situations in life in which rapid normalization 
of blood glucose levels increase the risk for deterioration of 
diabetic retinopathy: puberty, pregnancy, and rapid normal-
ization of blood glucose levels. If two of these events occur 
in the same patient, the risk for retinopathy progression 
is potentiated.33,34 All three situations are associated with 
increased serum concentrations of growth-promoting fac-
tors.33 It is hypothesized that when the blood glucose level 
is rapidly decreased, there is increased retinal extravasation 
of serum proteins. If there is a concomitant increase in the 
concentration of serum growth-promoting factors, a predis-
posed retina may deteriorate. Pregnancy per se is the most 
frequently reported situation in which rapid normalization 
of blood glucose is associated with deterioration of retinal 
status. Normal pregnancy is associated with high concen-
trations of many growth-promoting factors.35–40 Hill et al.37 
reported that a potent mitogen and angiogenic factor nor-
mally absent from the adult circulation become detectable 
by 14 weeks of gestation and is maximal at 22–32 weeks of 
gestation. A placental growth hormone variant had been 
found to increase throughout pregnancy, along with hCS 
and prolactin.38

�e production of maternal insulin-like growth factor 
(IGF)-I has also been shown to increase signi�cantly above 
nonpregnant levels.34 It is well known that diabetes mellitus 
is associated with perturbations of growth hormone IFG-I in 
cases of poor metabolic control.37 Kitzmiller et al.41 have sug-
gested that treatment with insulin lispro during pregnancies 
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complicated by diabetes may be associated with accelera-
tion of diabetic retinopathy. If treatment with lispro insulin 
did play a role in the rapid deterioration of retinopathy in 
the case reports, it most likely was not mediated by IFG-I 
activity of lispro. Human insulin binds to the IFG-I receptor 
with an a�nity of 0.1%–0.2% that of IFG-I. A comparison of 
insulin lispro and human insulin was made to determine the 
relative IFG-I receptor binding a�nity in human placenta 
membranes, skeletal muscle, smooth muscle cells, and mam-
mary epithelial cells. Insulin lispro had a slightly higher 
a�nity for the human placenta membranes when com-
pared with human insulin (1.3 times greater than human 
insulin). No other di�erences were observed in any other 
cell lines. Despite the suggested increased a�nity, it should 
be noted that the absolute a�nity for the IFG-I receptor is 
extremely low for both insulin lispro and human insulin. 
Concentrations >1000 times above the normal physiologic 
range are needed to reach 50% receptor binding. IFG-I is a 
much larger protein chain than insulin, and there is a 49% 
homology between human insulin and IFG-I. �e reversal 
of the B28 and B29 amino acids in insulin lispro increases 
this homology to 51%, because of the analogous position 
in the IGF molecule. It has been shown that insulin lispro 
has the same a�nity for the IFG-I receptor as does human 
insulin; also, the dissociation kinetics of insulin lispro on 
the insulin receptor are identical to those of insulin, indi-
cating that insulin lispro should have no excess mitogenic 
e�ect via either the IFG-I or the insulin receptor.42,43 Patients 
in the Kitzmiller reports41 all had elevated levels of IFG-I 
due to poor control of their diabetes and due to pregnancy 
per se, independent of the possible IFG-I activity of lispro. 
However, anecdotal cases should never be used to infer a 
cause–e�ect relationship. In controlled clinical trials of 
>2000 patients with insulin lispro, no signi�cant di�erences 
in retinopathy were observed, but there were no pregnant 
women in this trial.15 �e factors that emerge as the indepen-
dent risk factors for retinopathy progression include elevated 
A1C at baseline, duration of diabetes, signi�cant proteinuria 
(>300 mg/24 hours), pregnancy, and rapid normalization of 
blood glucose (in <14 weeks). In fact, the strongest risk factor 
for retinopathy progression, independent of baseline retinal 
status, is baseline elevation of A1C associated with a rapid 
decline to normal. Of 14 patients who were treated with 
insulin lispro during pregnancy, described by Kitzmiller 
et al.,41 11 had risk factors, including the evidence of baseline 
retinopathy, which have been associated with progression to 
proliferative retinopathy during pregnancy. �erefore, we 
can learn the fact that if there is no retinopathy during the 
�rst trimester of a pregnancy complicated by diabetes, pro-
gression to proliferative retinopathy needing laser therapy is 
rare; however, many of the cited references earlier empha-
size that baseline elevation of glucose associated with rapid 
normalization can accelerate retinopathy. Phelps et  al.44 
clearly showed that deterioration of retinopathy correlated 
signi�cantly with the levels of plasma glucose at entry and 
with the magnitude of improvement in glycemia during the 
�rst 6–14 weeks a�er entry. Although the 13 patients with 
no retinopathy at baseline did not progress to proliferative 

retinopathy, 1 did develop moderate hemorrhages, exudates, 
and intraretinal microaneurysms. Of their 20 patients with 
initial background retinopathy, 2 progressed to proliferative 
retinopathy. Laatikainen et al.45 con�rmed that the decrease 
in A1C levels was most rapid in the two patients with the 
worst progression. �ey concluded that a rapid near normal-
ization of glycemic control during pregnancy could accelerate 
the progression of retinopathy in patients with poorly con-
trolled diabetes. �e DIEP study34 reported that 10.3% of 
diabetic women who progressed, despite no retinopathy at 
baseline, had an initial A1C elevation of four SD above the 
mean of a normal population (risk progression 40%, odds 
ratio [OR] 2.4). Independent of retinal status, the DIEP study 
also reported that the duration of diabetes increased the risk 
of progression such that a�er 6 years of duration of diabe-
tes, the OR was 3.0; by 11–15 years, it was 9.7; and >16 years 
it was 15.0, but hyperglycemia was a stronger risk factor. 
Additional evidence has been reported by the Diabetes 
Control and Complications Trial (DCCT).46 In the con-
ventional care group who became pregnant (n = 135), and 
thus had immediate intensi�cation of glucose control, 47% 
worsened their retinal status, and the OR for progression by 
the second trimester was 2.6 compared to diabetic women 
in the conventional group who did not become pregnant. In 
order to compare the A1C levels reported by the DCCT43 to 
other published reports, the approximate equivalent baseline 
A1C levels, using the DCCT normal range, is 7.1%, 9.8%, and 
9.5%, respectively. In addition, the rate of fall of the A1C level 
in the three case reports was faster than the reported rate of 
fall associated with deterioration of retinal status.

�ere is one case report in the literature that clearly 
shows that the combination of pregnancy and rapid normal-
ization of severe hyperglycemia is su�cient to “explode” a 
previously normal retina. Hagay et  al.47 reported a case of 
a woman with no previously documented hyperglycemia 
who presented at 8 weeks of gestation with an HbA1C level 
of 16%, and her ophthalmic examination was reported to be 
“completely normal.” She was treated with intensive insulin 
therapy and at 12 weeks her A1C level was 5.9%. By the sec-
ond trimester, she had severe bilateral proliferative diabetic 
retinopathy needing photocoagulation. In a report by Omori 
et  al.48 studying Japanese pregnant diabetic women, the 
prevalence of retinopathy was 34.4% in their type 2 diabetic 
population. In addition, the prevalence of proliferative reti-
nopathy was as high in the women with type 2 diabetes as in 
the pregnant women with type 1 diabetes, despite the shorter 
duration of documented diabetes in their patients with type 
2 diabetes. �e need for photocoagulation occurred in 50% 
of their pregnant diabetic patients with type 2 diabetes with 
greater than background retinopathy at the beginning of 
pregnancy. If insulin lispro did play a role in the progression 
of retinopathy, it is more likely that the insulin lispro facili-
tated the rapid normalization of the blood glucose levels. In 
pregnant diabetic patients, it has been shown that insulin 
lispro improves glucose control and thus signi�cantly lowers 
the A1C level compared to patients who are administered by 
human regular insulin.17,22 �ere is danger in normalizing 
blood glucose quickly, regardless of the type of insulin used, 
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in pregnant women with a long duration of diabetes and ele-
vated A1C levels in the �rst trimester, in those with protein-
uria and perhaps those with type 1 diabetes. To date, there 
have not been extensive clinical trials on the retinal status 
of women treated with insulin aspart (or any other insulin 
analog) in pregnancy. �us, we await clinical trials of the use 
of all of the insulin analogs in pregnancy to make a decision 
about the role of analogs in the progression of retinopathy 
during pregnancy. Busy clinics may have a decreased abil-
ity to examine retinae thoroughly. Mild background reti-
nopathy may be missed, even in the best of settings. Any 
retinopathy increases the risk, especially if the blood glucose 
level is elevated. Rather than recommending angiography 
to all women before each pregnancy is planned, in the case 
of no retinopathy seen on retinal examination, it is prudent 
to improve the glucose control slowly. �ese case reports 
reinforce the need to intensify preconceptional care pro-
grams to allow the luxury of slowly normalizing the blood 
glucose and to plan the pregnancy only a�er the blood glu-
cose levels have been stabilized in the normal range for at 
least 6 months.46–48 If a patient presents pregnant, with high 
A1C levels, regardless of the retinal status, as suggested by 
these cases, then a retinal specialist needs to be on the team, 
be vigilant, and treats any developing angiopathy while the 
blood glucose is normalized. If an insulin analog was avail-
able that was not immunogenic and had the rapid action of 
insulin lispro but had less IFG-I activity than human insulin, 
then even if there was no proof that the IFG-I activity of the 
insulin plays a role in the acceleration of diabetic retinopa-
thy when the blood glucose level is normalized quickly, such 
an insulin would become the treatment of choice. Insulin 
aspart, an insulin analog that has been shown to produce a 
peak blood level at 40 minutes and lowers the postprandial 
glucose levels signi�cantly better than human insulin, has 
only 69% the IFG-I activity of human insulin.

Long-acting insulin analogs have only recently been used 
in clinical practice.49 �e �rst clinically available long-acting 
insulin analog is insulin glargine. Insulin glargine has a gly-
cine substitution in the alpha chain at the 21 position and 
two glargines attached to the beta chain terminal at posi-
tion 30. It is a soluble insulin and has been shown to pro-
vide peakless, sustained, and predictable 24 hours action. Of 
note, insulin glargine has a sixfold increase in IFG-I activity 
as compared to human insulin. �ere are no clinical trials 
using insulin glargine in pregnancy, nor are there reports 
of the retinal status in any of the 32 women in the previ-
ously published case reports of the use of glargine in preg-
nancy.24–27 However, a recent paper27 describing 118 women 
treated with glargine during pregnancy showed that the 
macrosomia rate was increased fourfold over that reported 
using human insulins. Of note, insulin glargine has a sixfold 
increase in IFG-I activity as compared to human insulin. 
Another insulin analog that is currently in clinical trials is 
insulin detemir. Here again there are no trials using this 
insulin in pregnancy, but the studies show that detemir has 
the same IFG-I activity as human insulin.27 Insulin detemir 
is now category B. �e clinician has to keep in mind that the 
most important concern is to safely normalize the maternal 

blood glucose. Before 1985, impure animal insulin was used, 
with a result that the IgG antibody levels rose the longer 
the women were treated. A�er 20 years of diabetes, women 
had antibody levels >10,000. Puri�ed human insulin has 
been available for >20 years; thus there is a new generation 
of type 1 diabetes in women who have never been treated 
with animal insulins and therefore have negligible antibod-
ies. Before giving these women insulin analogs, it must be 
proved that (1) they do not cause an immunologic response, 
(2) they do not cross the placenta, (3) they do not increase the 
risk of congenital anomalies or spontaneous abortions, and 
(4) they do not signi�cantly increase the serum IFG-I levels 
or accelerate diabetic retinopathy.

De�nition of normoglycemia based 
on infant outcome
Previously, glucose control and targets for treatment were 
based on clinical judgment and concern for hypoglycemia. 
In fact, most clinicians preferred to maintain hyperglycemia 
rather than increase the risk of a hypoglycemic reaction. As 
tools and techniques improved to achieve near-normal glu-
cose levels during pregnancy, the emphasis has changed to 
strive for the degree of maternal metabolic control that is 
associated with normal body size and proportions in full-
term infants. Mello et al.50 published a study in which they 
investigated the anthropomorphic characteristics of 98 full-
term singleton infants born to 98 women with type 1 diabe-
tes. �ey reported that those women who had a mean daily 
blood glucose level <95 mg/dL had normal infants whereas 
the women with mean blood glucose levels >95 mg/dL 
delivered infants with an increased prevalence of being large 
for gestational age, with a signi�cantly greater ponderal 
index and thoracic circumference with respect to the con-
trol group. Others have con�rmed that overall mean glucose 
levels of <95 mg/dL can avoid alterations in fetal growth.5 
Jovanovic et al.51 studied 52 women with type 1 diabetes and 
found that when the mean blood glucose was maintained 
between 80 and 84 mg/dL, the outcome of pregnancy was 
normal. Langer et  al.52 assessed the relationship between 
optimal levels of glycemic control and perinatal outcome in 
a prospective study of 334 women with GDM and found that 
when the mean glucose levels were <86 mg/dL, this group 
had a signi�cantly higher prevalence of SGA infants. In con-
trast, when the mean glucose levels were >105 mg/dL, there 
was a 20% prevalence of large-for-gestational-age infants. 
Hellmuth et al.53 found that the frequency of hypoglycemia, 
especially nocturnal hypoglycemia, was seen with a preva-
lence of 37% in the �rst trimester of pregnancies treated with 
intensi�ed insulin therapy. Sacks et al.53 studied 48 women 
with type 1 diabetes and 113 women with type 2 diabetes 
during pregnancy. �ey found that the mean glucose lev-
els were higher in the patients with type 1 diabetes and at 
least one daily glucose level was <50 mg/dL during 19% of 
observational days compared to only 2% of days in the type 2 
diabetes group. Rosenn et al.54 and Rosenn and Miodovnik55 
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published papers on the topic of the increased risk of hypo-
glycemia during pregnancies complicated by diabetes. �ey 
found that at least 40% of mothers reported hypoglycemia 
during pregnancy. Clinically signi�cant hypoglycemia requir-
ing assistance from another person occurred in 71% of the 
84 women studied, with a peak incidence occurring between 
10 and 15 weeks of gestation. �ey did not observe any 
increase in embryopathy. Jovanovic et  al.56 then published 
the �rst-trimester insulin requirements of women studied in 
the DIEP study. �ey showed that there was a drop in insulin 
requirements during 8–11 weeks of gestation, which was seen 
in all women with type 1 diabetes whose glucose concentra-
tions were insensitively managed. �e majority of decreases 
in the insulin requirement were seen in the overnight 
period. It was concluded that the insulin doses needed to be 
decreased for the overnight insulin requirement to prevent 
nocturnal hypoglycemia during the late �rst trimester.

Insulin requirements
Women with type 1 diabetes must increase their insulin 
dosage to compensate for the diabetogenic forces of normal 
pregnancy. However, the exact pattern of insulin dosage 
increase is still controversial. Many observers have detected 
a decline in insulin requirement late in the �rst trimester of 
diabetic pregnancies. Jorgen Pedersen, the father of the study 
of diabetes in pregnancy, was among the �rst to observe that 
�rst-trimester hypoglycemia was a symptom of pregnancy 
and that it was a common knowledge among the physicians 
of today. Pedersen wrote:

�ose physicians who manage diabetic women should be 
particularly alert for hypoglycemia in women who have 
recently become pregnant. About the 10th week of gesta-
tion there is an improvement in glucose tolerance mani-
festing itself as insulin coma, milder insulin reaction or 
an improvement in the degree of compensation. When a 
reduction in insulin dosage is called for it amounts to an 
average of 34%.

Indeed, he even claimed that “Once in a while pregnancy 
may be diagnosed on account of inexplicable hypoglycemic 
attacks.” In a total of 26 cases of insulin coma collected, all 
of the cases in his series occurred in months 1–4 of gesta-
tion, with the majority occurring at months 2–3. He also 
noted that by late gestation, regardless of the metabolic con-
trol and duration of diabetes, average daily insulin require-
ments increased by twofold from earlier in pregnancy. 
Early�rst-trimester overinsulinization might explain a later 
�rst-trimester drop in insulin requirement. One example 
of this e�ect may be the signi�cantly greater weight gain 
seen in the �rst trimester by diabetic women compared to 
healthy nondiabetic women. Perhaps the drive to increase 
caloric intake to prevent hypoglycemia in the �rst trimes-
ter may have been the cause of the �rst-trimester excessive 
weight gain in the diabetic women compared to the controls. 
On the other hand, others have not seen the �rst-trimester 

decrease in insulin requirement. �ere are also reports of 
rising insulin requirement in the �rst trimester. �e pres-
ent authors have described the insulin requirements during 
pregnancy of a population of women with well-controlled 
type 1 diabetes, which possibly lends credence to the notion 
that �rst-trimester overinsulinization may be the cause of 
the hypoglycemia seen by some workers in the �rst trimester. 
In addition, together with the DIEP study group, the present 
authors have analyzed the insulin requirement and substrat-
i�ed based on the degree of glucose control in the �rst tri-
mester.56 �e weekly insulin requirement (as units/kg/day) 
were examined in the �rst trimester of diabetic women in the 
DIEP study with accurate gestational dating, regular glucose 
monitoring, daily insulin dose recording, and monthly A1C 
measurements. In pregnancies that resulted in live-born, 
term, singleton infants, a signi�cant increase in mean weekly 
dosage was observed in weeks 3–7 (p < 0.001), followed by a 
signi�cant decline in weeks 8–15 (p < 0.001). �e Friedman 
nonparametric test localized signi�cant changes to the 
interval between weeks 7–8 and weeks 11–12. To determine 
if prior poor glucose control exaggerated these trends, the 
women were divided based on their A1C values: <2 SD above 
the mean of a normal population (group 1), 2–4 SD (group 2), 
and >4 SD (group 3) at baseline. Late �rst-trimester declines 
in dosage were statistically signi�cant in group 2 (p = 0.002) 
and in groups 2 and 3 together (p = 0.003). Similarly, women 
with body mass index >27.0 had a greater initial insulin rise 
and then a fall compared to leaner women. Observations 
in the DIEP study cohort disclosed a mid-�rst-trimester 
decline in insulin requirement in pregnant women with 
insulin-dependent diabetes. Possible explanations include 
overinsulinization of previously poorly controlled diabetes 
and a transient decline in progesterone during the late �rst-
trimester luteoplacental shi� in progesterone production. 
Clinicians should anticipate a reduction in insulin require-
ment in the 4-week interval between weeks 8 and 12 of gesta-
tion. Based on these studies of women with well-controlled 
diabetes, an algorithm for care and an insulin requirement 
protocol has been created based on gestational week and 
the woman’s current pregnant body weight. �e total daily 
dose of insulin in the �rst-trimester (weeks  5–12) insu-
lin requirement is 0.7 unit/kg/day; in the second trimester 
(weeks 12–26), the insulin requirement is 0.8 unit/kg/day; 
in the third trimester (weeks 26–36), the insulin require-
ment is 0.9 unit/kg/day; and at term (weeks 36–40), the insu-
lin requirement is 1.0 unit/kg/day (Table 23.1). �e insulin 
needs to be divided throughout the day to provide the basal 
need (the dose of insulin that keeps a woman normal in the 
fasting state) and meal-related need.

When multiple insulin injections are used to provide the 
basal need, NPH insulin is preferred because it has a more 
predictable absorption pattern than Lente or Ultralente 
insulin. Also, the recently developed long-acting insulin 
analog, insulin determir, has just received the FDA category 
B determination. �e preferred use of NPH is to give one-
sixth of the total daily dose of insulin (I) as morning, dinner, 
and bedtime injections (i.e., NPH dose equals 50% of daily 
dose divided into three equal injections of NPH given every 
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Table 23.1  Insulin dosage regimen for diabetic pregnancy

Pregnancy NPH plus rapid-acting insulin schedule Patient weight in kg = Date and time:

“Big I” = total daily units of 
insulin

Circle one: gestational weeks 
= 0–12

13–28 29–34 35–40 Other

k = 0.7 0.8 0.9 1.0

Calculate desired units of insulin from above line.

“Big I” =___(k units ×weight kg)/24 hours

“Big I” = basal insulin requirement + bolus (meal related) insulin requirement

Basal = ½ “Big I,” bolus = ½ “Big I”

Basal: Divide so that ⅙ of “Big I” is NPH given before breakfast, ⅙ of “Big I” is NPH given before dinner, and ⅙ of “Big I” is 
NPH given before bedtime.

Bolus: Divide so that ⅙ of “Big I” is rapid-acting insulin given before breakfast, ⅙ of “Big I” is rapid-acting insulin given 
before lunch, and ⅙ of “Big I” is rapid-acting insulin given before dinner. The rapid-acting insulin is then titrated based on the 
blood glucose.

0800 Prebreakfast: NPH = ⅙ “Big I” = ____

Check yesterday’s predinner BS:

If yesterday’s predinner BS < 60, then decrease today’s a.m. NPH by 2 units.

If yesterday’s predinner BS 61–90, no change in today’s a.m. NPH.

If yesterday’s predinner BS > 91, then increase today’s a.m. NPH by 2 units.

Do not feed the patient until 
the blood sugar is below 
120 mg/dL.

Rapid-acting insulin = “Big I” = : to be adjusted according to the following scale:

Prebreakfast BS <60 = ___ = (⅙ “Big I” dose) – 3% of the “Big I.”

61–90 = ___ = ⅙ “Big I” dose.

91–120 = ___ = (⅙ “Big I” dose) + 3% of the “Big I.”
>121 = ___= (⅙ “Big I” dose) + 6% of the “Big I.”

If today’s BS 1 hour after breakfast is <110, then decrease tomorrow’s prebreakfast rapid-
acting insulin by 2 units.

If today’s BS 1 hour after breakfast is 111–120, no change in tomorrow’s prebreakfast rapid-
acting insulin.

If today’s BS 1 hour after breakfast is >121, then increase tomorrow’s prebreakfast rapid-acting 
insulin by 2 units.

1200 Prelunch: Rapid-acting insulin is Vs “Big I” = ___ to be adjusted according to the following scale:

Do not feed the patient until 
the blood sugar is below 
120 mg/dL.

Prelunch BS < 60 = ___ = (⅙ “Big I” dose) – 3% of “Big I.”

61–90 = ___ = ⅙ “Big I” dose.

91–120 = ___ = (⅙ “Big I” dose) + 3% of “Big I.”

>121 = ___ = (⅙ “Big I” dose) + 6% of “Big I.”

If today’s BS 1 hour after lunch is <110, then decrease tomorrow’s prebreakfast rapid-acting 
insulin by 2 units.

If today’s BS 1 hour after lunch is 111–120, no change in tomorrow’s prebreakfast rapid-acting 
insulin.

If today’s BS 1 hour after lunch is >121, then increase tomorrow’s prebreakfast rapid-acting 
insulin by 2 units.

(Continued)
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8 hours, or at 8 a.m., 4 p.m., and 12 midnight; Table 23.1). 
�e other half of the total daily insulin dose should be a 
rapid-acting insulin (insulin lispro or insulin aspart) given 
before each meal to control postprandial glycemia (Table 
23.1). �is dose of rapid-acting insulin can be given using 
the insulin infusion pump or by multiple doses of subcu-
taneously injected insulin (Tables 23.1 through 23.3). �e 
meal-related insulin dose (one-half of the total daily insu-
lin requirement [0.5I]) (Table 23.1). �e exact division of 
this meal-related insulin dose depends on the size of the 
woman’s lunch versus her dinner. Compensatory doses to 
adjust for high or low glucose levels are calculated as 3% of 

the total daily insulin requirement. Clinicians should note 
that hyperglycemia would occur if the patient used only 
insulin lispro or insulin aspart for the meal-related needs 
and if the woman goes a long time between meals. �e dose 
of NPH insulin may not be su�cient to prevent an escape 
of the blood glucose before the next dose of insulin is given. 
To prevent this escape of blood glucose when >3  hours 
elapse between injections of the rapid-acting insulin ana-
logs of lispro or aspart, the patient should add 3% of her 
total daily insulin requirement as regular human insulin to 
the lispro injection to extend the e�ectiveness of the rapid-
acting component.

Table 23.2  Basal insulin pump program (using human regular, insulin lispro, 
or insulin aspart)

Period
Basal requirement (Ba) 
(hourly infusion rate) Rationale

Midnight to 4 a.m. 50% less basal (B/24 × 0.5) Maternal cortisol at nadir
4–10 a.m. 50% more basal (B/24 × 1.5) Highest level of maternal cortisol
10 a.m. to noon Basal (B/24)

Note:	 To re�ne basal settings, have the patient perform self-monitoring blood glucose at the end of 
each period to determine whether adjustments are needed. For instance, at the 4 a.m. test, 
the blood glucose level should be 60–90 mg/dL; if blood glucose level is out of this range, 
dial up or down insulin in increments of 0.10 unit/hour. (Consider using 0.1 unit/kg as NPH 
insulin at bedtime to prevent diabetic ketoacidosis secondary to needle slippage; then 
decrease the overnight basal from 4 to 10 a.m. by 0.02 unit/kg/hour.)

a	 B = 0.5I (the total daily insulin) or an hourly rate of B/24.

Table 23.1 (Continued)  Insulin dosage regimen for diabetic pregnancy

1700 Predinner: NPH = “Big I” = ___
Do not feed the patient until 

the blood sugar is below 
120 mg/dL.

Rapid-acting insulin is ⅙ “Big I” =: to be adjusted according to the following scale: 
If yesterday’s prebedtime BS < 60, then decrease today’s dinner NPH by 2 units.
If yesterday’s prebedtime BS 61–90, no change in today’s dinner NPH.
If yesterday’s prebedtime BS > 91, then increase today’s dinner NPH by 2 units.

Predinner BS < 60 = ___ = (⅙ “Big I” dose) – 3% of “Big I.”
61–90 = ____ = ⅙ “Big I” dose.
91–120 = ___ = (⅙ “Big I” dose) + 3% of “Big I.”
>121 = ____ = (⅙ “Big I” dose) + 6% of “Big I.”

If today’s BS 1 hour after dinner is <110, then decrease tomorrow’s dinner rapid-acting insulin 
by 2 units.

If today’s BS 1 hour after dinner is 111–120, no change in tomorrow’s dinner rapid-acting 
insulin.

If today’s BS 1 hour after dinner is >121, then increase tomorrow’s dinner rapid-acting insulin 
by 2 units.

2400 Bedtime NPH: Give ⅙ “Big I” = ___
If today’s prebreakfast BS is <60, then decrease today’s bedtime NPH by 2 units.
If today’s prebreakfast BS is 61–90, no change in today’s bedtime NPH.
If today’s prebreakfast BS is >91, then check the 3 a.m. BS, and, if it is <70 (regardless of 

today’s prebreakfast BS), decrease today’s bedtime NPH by 2 units.
If today’s prebreakfast BS is >91 and the 3 a.m. BS > 70, increase today’s bedtime NPH by 

2 units.
Also, if the 3 a.m. BS is > 91, then call the doctor for 3 a.m. rapid-acting insulin scale equal 

to the prelunch rapid-acting insulin scale.
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Insulin infusion pumps
Insulin infusion pumps have been used for treatment for 
over two decades.57 However, the data on the safety and e�-
cacy of insulin pumps during pregnancies complicated by 
diabetes are still in its infancy. Kitzmiller et al.58 showed that 
insulin pump therapy did improve glucose control and mini-
mized clinically signi�cant hypoglycemic events to 2.2/week. 
Coustan et al.59 then reported a randomized clinical trial of 
insulin pump therapy versus conventional therapy in preg-
nancies complicated by diabetes. �ey showed that there 
were no di�erences between the two treatment groups with 
respect to outpatients’ mean glucose levels, symptomatic 
hypoglycemia, or HbA1C levels. �ey concluded that excel-
lent diabetes control can be achieved with both insulin infu-
sion pumps and with multiple injections of insulin. Carta 
et  al.60 also performed a randomized trial of continuous 
subcutaneous insulin infusion versus intensive conventional 
insulin therapy in pregnant women with type 1 and type 2 
diabetes. �ey reported that there were not signi�cant dif-
ferences in mean insulin requirements at the di�erent stages 
of gestation and that perinatal outcome was satisfactory in 
both groups; however, in their study, control of fetal growth 
was better with inter�led convention therapy compared to 
fetal growth in the pump group. Mancuso et al.61 studied the 
e�cacy of the insulin pump in the home treatment of preg-
nant diabetic women. �ey reported that seven women with 
type 1 diabetes, who used the pump, delivered term infants 
and had no macrosomia or neonatal problems along with 
normal glucose tolerance tests at 2 years of life.

Potter et  al.57 studied continuous insulin infusion in 
the third trimester of eight pregnancies complicated by 
diabetes.

Compared to historical controls, they concluded that 
diurnal variations of blood glucose concentrations were 
dampened. Leveno et al.62 performed a case-controlled trial 
of insulin pump therapy versus intensi�ed conventional 
therapy and observed no signi�cant di�erences between 
the groups for glucose control, cost, and complications. 
�ey concluded that insulin pumps were not acceptable to 
all pregnant diabetic women and that such therapy may 

not be necessary to improve pregnancy outcome. Caruso 
et al.63 treated 12 women with poorly controlled pregnant 
diabetes with insulin infusion pumps and showed that 
glucose levels could be quickly normalized with a remark-
able decrease in variation of glucose excursions. In addi-
tion, they showed that insulin, glucose, and C-peptide 
levels in the amniotic �uid were normal and none of the 
infants were macrosomic or had any neonatal problems. 
�ey concluded that insulin infusion pump therapy was 
highly e�ective compared to intensi�ed conventional 
treatment. In a nested case-controlled study, Simmons 
et al.64 utilized insulin pumps in pregnancies complicated 
by type 2 diabetes and GDM in a multiethnic community 
and showed in 30 women that none experienced severe 
hypoglycemia and 79% had improved glycemic control 
within 1–4 weeks. Mothers using the pump had greater 
insulin requirements and greater weight gain. Although 
their infants were more likely to be admitted to the spe-
cial care unit, they were not heavier nor did they have 
more hypoglycemic events than control subjects. Jensen 
et al.65 reported their series using insulin infusion pump 
therapy (n = 11) in the preconception treatment period in 
women with type 1 diabetes compared to women treated 
with conventional therapy (n = 9). Two fetuses born of 
mothers treated with conventional therapy exhibited early 
group delay, whereas all 11 fetuses born of mothers treated 
with pump therapy were normal; there were no malfor-
mations in either group. Gabbe et al.66 published a series 
of 24  patients with type 1 diabetes and reported no dif-
ference, in the groups of women treated with pump com-
pared with those treated with intensi�ed insulin therapy 
for episodes of hypoglycemia, in the costs, complication, 
glycemic control, or pregnancy outcome. �e advantages 
seen were all postpartum because those women who were 
on the pump into their postpartum period sustained bet-
ter glucose control than those who were on intensi�ed 
insulin therapy during pregnancy.

�e conclusion drawn from this review of the literature 
on using insulin pump therapy in pregnant women with 
diabetes is that pump therapy is not necessary in order to 
achieve and maintain optimal control (27.4); however, 5 of 
the 10 papers suggest that insulin pump therapy has an 
advantage over intensi�ed multiple injections of insulin. In 
addition, only 155 patients were reported in these 10 trials, 
and in all but one paper, the women had their pump therapy 
started in the second or third trimester (Table 23.4).

Insulin algorithms for continuous 
insulin infusion pump therapy in 
pregnancy
�e basal need is usually 50% of the total daily insulin dose 
(0.5I) and may be delivered using a constant infusion pump 
(Table 23.2) or by multiple doses of intermediate-acting 
insulin (Table 23.1). When using a constant infusion pump, 

Table 23.3  Premeal sliding scale dose calculation 
using rapid-acting insulina

Premeal basal 
glucose (mg/dL) Compensatory insulin

<60 Meal-related insulin dose minus 3% Ib

61–90 Meal-related insulin dose: no 
adjustment necessary

91–120 Meal-related insulin dose plus 3% Ib

121 Meal-related insulin dose plus 6% Ib

a	 Human regular insulin or insulin lispro or insulin aspart.
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the basal need is calculated as an hourly rate (Table 23.2) and 
is delivered such that the calculated rate (0.5I or total dose 
over 24 hours divided by 24) is given between 10 a.m. and 
midnight. �e rate is cut in half (i.e., 0.5I divided by 24 times 
0.5) from midnight to 4 a.m. and increased by another 50% 
(i.e., 0.5I divided by 24 times 1.5) to counteract the morn-
ing rise of cortisol levels that are potentiated during preg-
nancy. Also, low-dose NPH before bedtime has been used 
by some clinicians to prevent the possible occurrence of dia-
betic ketoacidosis if the needle slips out of position during 
the overnight period. �is dose of NPH insulin needs to be 
su�cient to provide protection from ketosis, or 0.1 unit of 
NPH times the weight of the women in kilograms. �en the 
overnight basal insulin needs to be decreased to allow for 
the NPH dose. �e 4–10 a.m. basal insulin should thus be 
adjusted downward by 0.02 unit/kg/hour.

Insulin and glucose treatment 
during labor
With improvement in antenatal care, intrapartum events 
play an increasingly crucial role in the outcome of preg-
nancy. �e arti�cial beta cell may be used to maintain nor-
moglycemia during labor and delivery, but normoglycemia 
can be maintained easily by subcutaneous injections. Before 
active labor, insulin is required, and glucose infusion is not 
necessary to maintain a blood glucose level of 70–90 mg/dL. 
With the onset of active labor, insulin requirements decrease 
to zero, and glucose requirements are relatively constant at 
2.5 mg/kg/minute. From these data, a protocol for supply-
ing the glucose needs of labor has been developed.67 �e 
goal is to maintain the maternal plasma glucose between 
70  and 90 mg/dL. In cases of the onset of active sponta-
neous labor, insulin is withheld and an intravenous  (i.v.) 

dextrose infusion is begun at a rate of 2.55 mg/kg/minute. 
If labor is latent, normal saline is usually su�cient to main-
tain normoglycemia until active labor begins, at which 
time dextrose is infused at 2.55 mg/kg/minute. Blood glu-
cose is then monitored hourly, and if it is <60 mg/dL, then 
the infusion rate is doubled for the subsequent hour. If the 
blood glucose rises to >120 mg/dL, 2–4  units of regular 
insulin are given i.v. each hour until the blood glucose level 
is 70–90 mg/dL. In the case of an elective cesarean section, 
the bedtime dose of NPH insulin is repeated at 8 a.m. on the 
day of surgery and every 8 hours if the surgery is delayed. A 
dextrose infusion may be started if the plasma glucose level 
falls to <60 mg/dL, and 2–4 units of regular insulin given 
i.v. every hour if the blood glucose rises to >120 mg/dL.67

Insulin and glucose requirements 
postpartum
Maternal insulin requirements usually drop precipitously 
postpartum, possibly for 48–96 hours. Insulin require-
ments should be recalculated at 0.6 unit/kg based on the 
postpartum weight and should be started when the 1-hour 
postprandial plasma glucose value is >150 mg/dL or the 
fasting glucose level is >100 mg/dL. �e postpartum caloric 
requirements are 25 kcal/kg/day, based on the postpartum 
weight. For women who wish to breastfeed, the calculation is 
27 kcal/kg/day and insulin requirements are 0.6 unit/kg/day. 
�e insulin requirement during the night drops dramatically 
during lactation, owing to the glucose siphoning into the 
breast milk. �us, the majority of the insulin requirement 
is needed during the daytime to cover the increased caloric 
needs of breastfeeding. Normoglycemia should especially 
be prescribed for nursing diabetic women, because hypergly-
cemia elevates milk glucose levels.68

Table 23.4  Review of the literature on using insulin infusion pump therapy in pregnancies 
complicated by diabetes

Author (reference) No. on CSIIa 
Trimester or weeks of 

gestation Type of DMb Type of trial/comments

Potter et al.57 8 Third 1 Longitudinal/improved
Kitzmiller et al.58 24 5–10 1 Longitudinal/no difference
Coustan et al.59 22 Second and third 1 Randomized/no difference
Carta et al.60 14 First 1 Case control/improved
Mancuso et al.61 12 Third 1 Longitudinal/improved
Jensen et al.65 9 Before and all trimesters 1 Case control
Caruso et al.63 12 Third 1 Longitudinal/improved
Leveno et al.62 11 Second and third 1 Self-selection/no difference
Gabbe et al.66 23 Second, third, and postpartum 1 Only postpartum improved
Simmons et al.64 30 Second GDM and 2c Equal

a	 Continuous subcutaneous insulin infusion.
b	 Diabetes mellitus.
c	 Gestational diabetes mellitus.
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Conclusions
With the advent of tools and techniques to maintain nor-
moglycemia before, during, and between all pregnancies 
complicated by diabetes, infants of diabetic mothers now 
have the same chances of good health as those infants born 
to the nondiabetic woman. Animal and human studies 
clearly implicate glucose as the teratogen. �ese studies, and 

others, emphasize the need for preconception programs and 
the need for support systems to facilitate the maintenance 
of normoglycemia throughout pregnancy. �e morbidity 
and subsequent development of the infant of the diabetic 
mother is associated with hyperglycemia. �erefore, the goal 
of insulin therapy is to achieve and maintain normoglyce-
mia before, during, and a�er all pregnancies complicated by 
diabetes.
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Use of oral hypoglycemic agents 
in pregnancy
Oded Langer

Introduction
Gestational diabetes mellitus (GDM) continues to be a 
major public health problem for the mother and unborn 
fetus with an estimated incidence of 3%–10% depending 
upon geographic location; it a�ects at least 105,000–350,000 
women annually in the United States. �e cornerstone of 
treatment is a diabetic diet, and when dietary modi�ca-
tions do not control maternal glycemia, pharmacological 
therapy is initiated. �e administration of short- and long-
acting insulin is required in 20%–60% of pregnancies that 
are complicated by GDM in order to maintain adequate 
glycemic control. Based on its high e�cacy, 50%–80% of 
patients will achieve the targeted level of glycemic control.1 
Insulin is inconvenient and expensive, which makes it an 
even greater concern in developing countries. �erefore, 
there has been an unremitting search for a safe and e�ec-
tive alternative to insulin therapy especially in GDM and 
type 2 diabetes.

�e prevalence of type 2 diabetes and GDM has increased 
by 33% in the past decade in the United States.2 �is may be 
attributed to the increased rate of obesity in the general pop-
ulation in all ethnic groups and the trend toward advanced 
maternal age in pregnancy. Because of the relative ease of 
administration and the low cost involved in overall therapy 
with oral hypoglycemic agents, they have become the drug 
of choice in the treatment of type 2 diabetes. One can assume 
that their popularity will only increase in the future, espe-
cially a�er con�rmation from the large prospective study by 
the United Kingdom Prospective Diabetes Study (UKPDS) 
group. �e results demonstrated that patients with type 2 
diabetes can maintain the targeted level of glycemic control, 
thereby lowering the risk for microvascular complications.3 
�e use of oral hypoglycemic agents in nonpregnant patients 
with type 2 diabetes has become the standard of care in the 
United States.3,4 �e randomized study of the use of oral 
hypoglycemic agents demonstrated that glyburide is an e�-
cacious alternative to insulin in the treatment of diabetes in 
the pregnant subject.5

�e prevalence of GDM varies in direct proportion to 
the  prevalence of type 2 diabetes in a given population or 
ethnic group. In the United States, the prevalence rate ranges 

from 1% to 19%. Among di�erent ethnic groups, type 2 
diabetes and GDM have been diagnosed in varying rates.6,7 
Both are heterogeneous disorders whose pathophysiology 
is characterized by peripheral insulin resistance, impaired 
regulation of hepatic glucose production, and declining 
beta-cell function. It has become the prime objective for 
the treatment of both pregnant and nonpregnant diabetic 
patients to optimize the glycemic pro�le.8–10

�e controversy and historic ban on the use of oral hypo-
glycemic agents in pregnancy has been based on scant evi-
dence from case reports11,12 and one study in particular on 
fetal anomalies in 50 patients with poorly controlled diabetes 
prior to pregnancy13 begs the question: is it the drug or is it 
the glucose? In the past decade, the use of oral hypoglycemic 
agents in pregnancy have become widely used in the United 
States following the recommendation of the American College 
of Obstetrics and Gynecologists (ACOG),14 evidence-based 
analysis of the data,15 and editorials and clinical opinions.16–20 
Despite the fact that oral hypoglycemic agents (�rst-generation 
sulfonylureas) have been historically prescribed, both in the 
United Kingdom and South Africa, presently the use of gly-
buride (glipizide and metformin) is less widespread in Europe 
even though there is no reported adverse side e�ects to the 
fetus.21–26

�e purpose of this review is to provide the evidence and 
the foundation for understanding the use of oral hypoglyce-
mic drugs in pregnancy as an e�ective alternative to insulin 
therapy in achieving glycemic control. �e concerns of tera-
togenicity due to possible placental transfer, neonatal and 
maternal outcome, and basic pharmacological bene�ts will 
be addressed.

Oral hypoglycemic agents: 
Classi�cation and characteristics
�e oral hypoglycemic agents act, depending upon the spe-
ci�c group, directly upon the beta cells to increase insulin 
secretion and/or to decrease hepatic glucose production and 
increase peripheral insulin sensitivity. �e advantage of using 
these agents rather than administering exogenous insulin is 
their ability to have an impact by nutrient availability and 

24
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extrapancreatic e�ect and/or to increase insulin availability 
through the physiological route.

�e reader should consider the following “drug compass” 
when contemplating the use of oral hypoglycemic agents in 
pregnancy:

	1.	 Will the drug–drug interactions complicate its use with 
the necessary and commonly administered drugs?

	2.	 Can glycemic control be achieved by using the optimal 
dose?

	3.	 A�er nutrient ingestion, can the drug reduce the time lag 
between the plasma glucose rise and insulin secretion?

	4.	 Can serious postprandial and fasting hypoglycemia be 
minimized because the drug duration of action is short 
enough or its dependence on plasma glucose levels 
su�cient?

	5.	 Are there any side effects that can reduce long-term 
beneficial effects?

A major consideration in the e�cacy of the drug will be its 
ability to cross the placenta and, if so, what toxicity, if at all, 
can it cause to the developing fetus. O�en, the fear of drug-
induced adverse outcome, especially a�er the thalidomide 
era of the 1960s, inhibits the physician’s ability to judge the 
scienti�c rationale for using a drug and evaluating it using 
evidence-based data instead of dogma. Very few medications 
have been shown not to cross the placental barrier. In fact, 
a pregnant woman is o�en exposed to four or �ve prescrip-
tion drugs during pregnancy for a variety of complaints. 
Similar to other epithelial barriers, transfer of drugs across 
the placenta is a�ected by several factors: molecular weight, 
pKa, lipophilicity, placental blood �ow, blood protein bind-
ing, elimination half-life, and the speci�c placental trans-
port system that a�ects the ability of drugs to enter the fetal 
compartment.27–29

Sulfonylureas
Sulfonylureas were discovered accidentally. Additional clin-
ical trials led to the discovery of tolbutamide in the 1950s, 
and since that time, many drugs in this class have been 
developed, e.g., chlorpropamide. Second-generation sulfo-
nylureas were subsequently developed that today include 
glyburide and glipizide. In 1997, the �rst drug in a new class 
of oral insulin secretagogues called meglitinides (benzoic 
acid derivatives) was approved for clinical use. �e agent, 
repaglinide, has gained acceptance as a fast-acting, premeal 
therapy to limit postprandial hyperglycemia.27 Sulfonylureas 
have been used in the treatment of type 2 diabetes since 1942 
because of their capacity to cause hypoglycemia by stimulat-
ing insulin release from pancreatic beta cells. Sulfonylureas 
bind to speci�c receptors on beta cells that force the closure 
of potassium adenosine triphosphate channels and open 
calcium channels that cause an increase in cytoplasmic cal-
cium stimulating insulin release. �e major e�ect of these 
drugs is to enhance insulin secretion.30–34 Sulfonylureas 
may also further increase insulin levels by reducing hepatic 
clearance of the hormone, the main contributor to fasting 

hyperglycemia. Enhanced insulin secretion diminishes glu-
cose toxicity and improves insulin secretion a�er meals, 
thus reducing postprandial hyperglycemia. �e drugs can 
also enhance peripheral tissue sensitivity to insulin.30,31 
Sulfonylureas in�uence insulin secretion in direct propor-
tion to plasma glucose levels from 60 to 180 mg/dL: they do 
not stimulate insulin secretion when the plasma glucose is 
<60 mg/dL.35,36 �e mechanism of action of sulfonylureas is 
to facilitate rapid insulin secretion in response to nutritional 
intake, which results in minimal to no lag time between the 
changes in plasma glucose and modi�cation of the insulin 
secretory rate.37,38

Chlorpropamide has been available for more than 
40  years and is a highly e�ective oral hypoglycemic agent 
with a very long duration of action. �e main side e�ect for 
nonpregnant patients with type 2 diabetes is a signi�cantly 
high rate of severe and protracted hypoglycemia. �e com-
plication has not been reported to be a major concern for 
pregnant patients in previous studies.21–25 �e drug stimu-
lates antidiuretic hormone secretion, potentiating its e�ect 
at the renal tubular level resulting in water retention and 
hyponatremia. With the development of second-generation 
sulfonylurea drugs that minimally cross the placenta, i.e., 
glyburide, �rst-generation drugs should not be recom-
mended in pregnancy.27

Glyburide (also known as glibenclamide and glybenzcy-
clamide) is one of the second-generation hypoglycemic sul-
fonylureas; the group also includes glipizide, gliclazide, and 
glimepiride. �ese are considerably more potent than the 
earlier agents. When given as a single agent, the peak plasma 
level of glyburide occurs within 4 hours; the absorption of 
the drug is not a�ected by food digestion. Metabolism of gly-
buride occurs in the liver and its metabolites are extracted 
in the bile and urine in equal proportions. Ten hours is the 
approximate elimination half-life of glyburide. Adverse 
e�ects of the drug are infrequent; they occur in less than 
4% of patients receiving second-generation agents.27 In 
11%–38% of nonpregnant patients with type 2 diabetes, the 
main side e�ect of glyburide is hypoglycemia, with symp-
toms being dose related: the older patient is at greater risk of 
a hypoglycemic episode.

�e patient most receptive to glyburide therapy is one 
who has been hyperglycemic for less than 5 years, is willing 
to follow a dietary protocol, and is of either normal weight 
or obese. Characteristic features of both type 2 diabetes 
and GDM are beta-cell exhaustion and insulin resistance. 
Most o�en, patients of both diabetic types are comparable 
in obesity, are asymptomatic in the early stages of the dis-
ease, and have similar prevalence in the same ethnic group. 
Given the similarity of the phenotypic features of these 
complications, it is safe to assume that the use of glyburide 
may be bene�cial in the prevention of maternal–fetal GDM 
complications.

Glimepiride is another sulfonylurea drug. Both this 
drug and glyburide displace one another from their respec-
tive binding sites. Glimepiride has a 2.5–3-fold faster rate 
of association and an 8–9-fold faster rate of dissociation 
from the beta-cell sulfonylurea receptor (SUR) binding site 
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than glyburide. �is results in a more rapid release of insu-
lin and a shorter duration of insulin secretion. Glimepiride 
signi�cantly increases second-phase insulin secretion, 
whole-body glucose uptake, and insulin sensitivity.4,39,40 �e 
increase in insulin sensitivity may be explained by studies 
demonstrating lower fasting plasma insulin and C-peptide 
levels in patients using the drug compared to glyburide-
treated patients with comparable levels of glycemic control. 
It should be noted that, to date, glimepiride has not been 
tested for use in pregnancy.4,39,40

Biguanides
Biguanides were recognized as early as 1920 but received 
clinical recognition in the United States only in the recent 
past. Phenformin, the primary drug in this group, was with-
drawn from American and European markets because of the 
side e�ects of lactic acidosis. Its replacement, metformin, 
although used extensively in Europe, has only been recog-
nized for use in the United States since 1995.27 Metformin is 
an oral antihyperglycemic agent that is chemically and phar-
macologically unrelated to the sulfonylureas. Metformin is 
a second-generation biguanide that was reintroduced and 
distributed in the United States a�er biguanide phenfor-
min was withdrawn from the market in the 1970s: both 
were introduced in 1957. Metformin has universally been 
shown to be e�ective in improving the glycemic pro�le in 
diabetic patients. Its mechanism of action is thought to 
include decreased hepatic glucose production and intestinal 
absorption of glucose and increased peripheral uptake of 
glucose and utilization. �e two latter mechanisms result in 
improved insulin sensitivity, i.e., decreased insulin require-
ments.41–43 Importantly, metformin does not stimulate insu-
lin secretion and, therefore, does not cause hypoglycemia 
either in diabetic or in control patients. �e drug acts by 
causing the translocation of glucose transporters from the 
microsomal fraction to the plasma membrane of hepatic and 
muscle cells.43

Metformin has no signi�cant e�ect on the secretion of 
glucagons, cortisol, growth hormone, or somatostatin. �e 
mechanism by which metformin reduces hepatic glucose 
production is controversial, but the preponderance of data 
indicates an e�ect on the reduction of gluconeogenesis.43 It 
has a strong safety and e�cacy record, with a frequency of 
lactic acidosis one-tenth that of the parent drug. �e inci-
dence of lactic acidosis with metformin is 0.03 cases/1000 
patients annually. �e elimination of plasma half-life time 
is 6 hours. �erefore, patients with renal compromise should 
not receive metformin, since the risk of lactic acidosis 
increases with the degree of renal impairment and patient 
age. Metformin should be introduced gradually in 500 or 
850 mg increments to a maximum of 2000 mg daily.41,42

�e peak plasma level when the drug is given as a sin-
gle agent occurs within 4 hours. �e extent of absorption is 
reduced with food intake, although it should be adminis-
tered with meals to minimize gastrointestinal intolerance. 
Metformin is not metabolized and is eliminated unchanged 
in the urine. It has been e�ective in reducing plasma 

triglyceride and cholesterol levels as well as in promoting 
weight loss in obese diabetic patients. Hypoglycemia is not 
an overt side e�ect of its use. Metformin does not stimulate 
the fetal pancreas to oversecrete insulin.44 However, met-
formin in pregnancy crosses the placenta. Its concentration 
in the fetal compartment results in umbilical vein levels 
twofolds higher than the maternal serum. Its e�ects on the 
fetus are unknown.

Thiazolidinediones
�iazolidinediones were introduced in 1997. �e �rst agent, 
troglitazone, was reported to have a high rate of hepatic tox-
icity and as a result was withdrawn from the market. Newer 
agents in this class such as rosiglitazone and pioglitazone 
are widely used in clinical practice without reported hepatic 
toxicity. �iazolidinediones are a class of drugs that may 
provide still another pharmacological alternative to insulin 
therapy, although to date there are no reported data on its 
use in pregnancy. Troglitazone, the �rst of these agents to 
be introduced, has been withdrawn from use because it was 
associated with severe hepatic toxicity, followed by a num-
ber of deaths. �ese oral hypoglycemic agents exert their 
principal e�ects by lowering insulin resistance in peripheral 
tissue. A decrease in systemic and local tissue lipid availabil-
ity may also contribute to its positive e�ects in controlling 
diabetes.

Rosiglitazone and pioglitazone, other oral agents in 
this group, are more potent than troglitazone and claim to 
o�er lower risk of hepatotoxicity. �ey are absorbed within 
2 hours but the maximum clinical e�ect is not observed 
for 6–12  weeks. Liver function should be measured before 
the start of therapy and monitored once initiated. Studies 
also report considerable weight gain with the drugs.45,46 
Similarities exist between rosiglitazone and glyburide in 
pharmacological characteristics that may suggest that there 
is a possibility that they minimally cross the placenta. If this 
proves to be the case, rosiglitazone and pioglitazone, just as 
glyburide and metformin, may be ideal agents for the man-
agement of GDM and type 2 diabetes in pregnancy, as a sin-
gle therapy or in combination with glyburide.

Alpha-glucosidase inhibitors: Alpha-glucosidase inhibitors, 
which reduce intestinal absorption of starch and glu-
cose (acarbose), have now been introduced into clinical 
practice.27Alpha-glucosidase inhibitors act by slowing the 
absorption of carbohydrates from the intestine, thereby 
reducing the postprandial rise in blood glucose. �e 
postprandial rise is blunted in both normal and diabetic 
patients. Gastrointestinal side e�ects require gradual dos-
age increments over time a�er initiation of therapy. �is 
group of drugs may be considered a monotherapy in elderly 
patients but are typically used in combination with other 
oral antidiabetic agents and/or insulin. Acarbose is the oral 
agent in this group currently in use; however, in pregnancy, 
it is less e�ective than glyburide in achieving targeted levels 
of glycemia. �erefore, its optimal use is as a secondary and 
not a primary drug of choice.47,48
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Rationale for the use of oral 
hypoglycemic agents in the 
management of gestational diabetes 
mellitus
�e intensi�ed insulin approach in the management of GDM 
has been shown to result in perinatal outcomes comparable 
to those in the general population; thus, it has become the 
method of choice for the control of glycemia.1 A less invasive, 
e�cacious alternative that achieves similar perinatal out-
come while enhancing patient compliance has been a major 
diabetes research goal. �e underlying principle for the use 
of oral hypoglycemic agents in pregnancy has been moti-
vated by three factors, �rst of which is the similarity between 
type 2 diabetes and GDM. In addition to the insulin secre-
tion and resistance abnormalities found in both conditions, 
there is a loss of the �rst-phase insulin secretion with a strik-
ing lag time between the postprandial rise in glucose and the 
presence of signi�cant insulin at the peripheral sites.36,37 �e 
result is in an early increase in postprandial glucose values. 
As discussed before, second-generation sulfonylurea agents 
are rapid in onset and have a short duration of action that 
makes them ideal agents for treatment in GDM and possibly 
in the very early stages of type 2 diabetes in pregnancy.

Second, GDM and patients with impaired glucose tol-
erance (IGT) are characterized by mild hyperglycemia in 
comparison to type 2 diabetics. However, this mild hypergly-
cemia is signi�cantly elevated in comparison to nondiabetic 
women. As the disease progresses to type 2 diabetes, there 
is progressive loss of beta-cell function.49,50 In the presence 
of insulin resistance with obesity, pregnancy, and, especially, 
GDM, insulin secretion will initially increase to compensate 
for the impairment in insulin action. �e ensuing decrease 
in secretion over time (50%–80%) will, in turn, result in the 
progression from normal glucose tolerance to GDM, from 
there to IGT and to type 2 diabetes.50 Oral hypoglycemic 
agents have been successfully used to decrease glycemic lev-
els in type 2 diabetic patients. Since GDM subjects have the 
mildest form of the glucose tolerance abnormality, it is rea-
sonable to assume that the use of oral hypoglycemic agents 
in the treatment of GDM should be even more e�ective than 
its current use with type 2 diabetic patients.

�ird, the UKPDS on type 2 diabetes supported the e�-
cacy of the drugs and in particular the use of glyburide.3 
�e study demonstrated that with the use of glyburide, 70% 
of patients achieved a targeted level of glucose control with 
the most favorable e�ect achieved within the �rst 5 years of 
therapy.3 �e study also reported a decrease in microvascu-
lar and macrovascular complications. Rather than crediting 
a speci�c therapy as the factor responsible for the reduced 
risk of complications, the authors concluded that improve-
ment in glycemic control was the crucial factor in treating 
the disease.

�e results of the UKPDS3,49,50 and the Diabetes Control 
and Complications Trial51 suggested that intensive ther-
apy in patients with types 1 and 2 diabetes will result in 

improved glycemic control and decrease in the complication 
rates. �us, intensi�ed therapy can, alone, provide the pri-
mary prevention for diabetic complications. Studies of preg-
nant diabetic women, including a study of >2000 women 
with GDM,1 demonstrated that intensi�ed therapy results in 
improvement in glycemic control and in perinatal outcomes 
similar to those in the nondiabetic population.

Congenital malformations: Is it the 
glucose or is it the oral hypoglycemic 
agent?
�e incidence of congenital anomalies in nondiabetic 
women  is 2%–3%: the rate increases to 7%–9% overall in 
pregnant diabetic patients and is even higher in poorly con-
trolled diabetics and as the severity of the disease increases. 
An unanswered question remains: what is the toxic agent 
that  triggers the development of malformations—is it the 
glucose or is it the oral hypoglycemic agent? �is dilemma 
has led to several investigations of animal species or tissue 
cultures as a source for answers. �ese types of studies pro-
vide the conditions with which to test separately and together 
the e�ect of di�erent drug doses in conjunction with varying 
levels of glucose. However, we are well aware that the �ndings 
of studies using laboratory mice do not automatically translate 
into use on humans.

Smithberg and Runner52 studied di�erent hypoglycemia-
inducing treatments, including insulin, tolbutamide, and fast-
ing of prepuberal mice, as well as combination treatments 
involving nicotinamide plus insulin or tolbutamide. �ey 
were all found to be potent teratogens in one or more inbred 
strains of mice. Teratogenic treatments, with the exception 
of fasting, also cause a variable proportion of deaths. �e 
response of di�erent strains of mice to individual treatments 
relevant to teratogenicity or lethality was highly variable. It is 
the variability of response elicited from each strain of mouse 
as a group that may be the most pertinent �nding in these 
experiments. Most noteworthy is the 3% mortality produced 
by insulin treatment in strain BALB/c as compared to 17% 
in other strains. �is example demonstrates the variability 
in study results reported in the literature. It also makes one 
realize that it was the strain of mouse that was the deter-
mining factor in recommending or failing to recommend a 
particular drug.

First-generation sulfonylureas, such as tolbutamide and 
chlorpropamide, were found to be associated with con-
genital malformations in the majority of animal studies. 
Adverse e�ects appear to be caused by the drugs and not by 
the hypoglycemia they produce. Chlorpropamide appeared 
to be embryotoxic in mouse embryos in culture.53–55 �ere 
is paucity of studies that have been performed to evaluate 
second- and third-generation sulfonylureas and their asso-
ciations with malformations.

Denno and Sadler56 evaluated the e�ect of biguanides, 
using metformin and phenformin as embryotoxic agents at 
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concentrations equal to serum levels obtained in patients 
treated with the agent clinically. �ey found that phenfor-
min is embryotoxic, whereas metformin is not, suggesting 
that metformin is also the safer drug during pregnancy in 
patients with non-insulin-dependent diabetes mellitus. 
However, it should be noted that in the present study, met-
formin was not without adverse e�ects since it produced a 
delay in neural tube closure and also reduced yolk sac pro-
tein values at two di�erent concentrations. While delayed 
closure of the neural tube may not have resulted in gross 
morphological abnormalities, it was not possible to assess 
subtler alterations that might result from such a delay using 
the culture system.

Shepard57 and Schardein58 reported that metformin did 
not appear to be a major teratogen because <0.5% of the rat 
fetuses in mothers administered 500–1000 mg/kg devel-
oped anophthalmia and anencephaly. However, evidence of 
embryo toxicity was evident with higher doses of the drug. 
Since animal studies are not conclusive about the safety of 
the fetus regarding the association between drugs and mal-
formations, additional research approaches are needed to 
determine drug transfer across the placenta and/or tests of 
fetal blood for evidence of the drug.

Unlike other species, the human placental barrier is com-
posed of a single rate-limiting layer of multinucleated cells, 
the syncytiotrophoblasts. During the formation of the pla-
centa, fetal tissues erode the maternal blood vessels to attain 
a closer proximity to the maternal circulation. Chorionic 
villi that contain fetal blood vessels in�ltrate the maternal 
vessels and establish a sinusoid in which the villi are su�used 
by maternal blood.59–62 Animal studies addressing placen-
tal transfer (e.g., mice) will not necessarily be applicable in 
humans.63

�e characteristics of individual drugs will determine 
their placental transfer capability. �ese factors will include 
molecular weight, pKa, lipophilicity, placental blood �ow, 
blood protein binding, and elimination half-life.62 Although 
the cuto� for actual molecular weight passage across the 
placental barrier has not yet been accurately de�ned, it is 
generally agreed that molecular weights ≤1000 Da passively 
permeate across the placental barrier with sustained mater-
nal blood concentrations.64,65 Glyburide has a relatively short 
elimination half-life time (6–8 hours) and an extremely high 
protein binding (99.8%) that results in minimal placental 
transfer. Furthermore, there is e�uxing of glyburide by spe-
ci�c placental transporters (e.g., P-gP, MRP1, MRP3, MRP3, 
and BCRP) even against concentration gradients from the 
fetal to the maternal side.66

�e recirculating single-cotyledon human placental 
model is widely used to characterize the transport and 
metabolism of numerous drugs and nutrients. It is a reli-
able in  vitro model for human placental transfer since it 
facilitates the study of intact human placenta independent 
of fetal metabolism. Experiments can be validated against 
known substances that freely cross the placenta.67–69 Using 
this model, we evaluated whether �rst- and second-gener-
ation sulfonylureas cross the placenta.28,70,71 Glyburide’s 
molecular weight is 494 units (U); it is one of the largest 

oral hypoglycemic or antihyperglycemic agents. Transport 
and metabolism of glyburide across the human placenta 
was investigated in which the following was found: (1) 
Virtually there is no signi�cant transport of glyburide in 
either the maternal-to-fetal or fetal-to-maternal directions, 
with an average transport of 0.26% at 2 hours. �ese lev-
els are threefold to eightfold higher than the therapeutic 
peak levels a�er a 5 mg oral dose in humans. In fact, when 
cord blood samples were tested using high-performance 
liquid chromatography (HPLC), glyburide was undetect-
able in these samples despite maternal plasma levels of 
50–150  ng/mL. (2)  Increasing the glyburide concentration 
to 100 times therapeutic levels did not alter transport appre-
ciably. Equilibrium dialysis demonstrated that at least 98% 
of the glyburide was protein bound. (3) Glyburide is neither 
metabolized nor sequestered by the placenta. (4) �e results 
of the study suggest passive drug transfer.

Another set of studies conducted in 199470 and 199771 
demonstrated that second-generation oral hypoglycemic 
agents, especially glyburide, do not signi�cantly cross the 
diabetic or nondiabetic placenta. Fetal concentrations reached 
no more than 1%–2% of maternal concentrations. Although 
glipizide crossed the placenta in small amounts, this was sig-
ni�cantly higher than glyburide. In contrast, tolbutamide 
di�used across the placenta most freely. Glyburide has not 
been demonstrated to be teratogenic in animal studies and is 
thus classi�ed as a category B or C depending on the source.

�e recommendation not to use oral hypoglycemic or 
antihyperglycemic agents because of an increased rate of 
anomalies was based on a retrospective study involving 20 
patients with type 2 diabetes, all with hyperglycemia prior to 
conception (glycosylated hemoglobin [HbA1C] levels >8%).13 

�e existence of maternal hyperglycemia preconception 
makes it impossible to determine if the increased rate of 
anomalies in the study subjects was a result of the medication 
or of the elevated glucose levels.

In contrast, three studies have suggested that there is no 
association between oral hypoglycemic agents and congeni-
tal malformations. Towner et al.72 treated 332 patients with 
type 2 diabetes with oral hypoglycemic agents or insulin 
prior to pregnancy. �ey demonstrated, using a stepwise 
logistic regression, that the mode of therapy did not have 
an adverse signi�cant e�ect, while the level of glycemia and 
maternal age were signi�cant factors contributing to the rate 
of anomalies. Langer et al. demonstrated similar �ndings in 
a retrospective analysis of 850 women with type 2 diabetes 
exposed to di�erent oral hypoglycemic agents, insulin, and 
diet therapy prior to and during the �rst trimester of preg-
nancy.73 Again, it was the blood glucose and not the mode 
of therapy that had the net e�ect on the rate of anomalies. 
Koren,74 at a National Institutes of Health and Food and 
Drug Administration conference, presented the results of 
eight studies and concluded that the use of oral hypoglyce-
mic agents have no e�ect on the rate of fetal anomalies due 
to a very narrow con�dence interval (CI) (odds ratio [OR] 
1.0; 95% CI 1.05–1.85). Recently, two meta-analysis stud-
ies recon�rmed that there is no association between gly-
buride or metformin therapies and fetal malformations. 
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In a meta-analysis (comprised of 10 studies), no relationship 
was found between �rst-trimester exposure and anoma-
lies, OR = 1.05 (0.65–1.70).75 In another meta-analysis that 
included 8  studies, metformin treatment was associated 
with 57% protective e�ect (control 7.2% vs. 1.7% metformin 
treated). �ere is no evidence for increased risk for major 
malformations.76

It remains unresolved if the treatment of type 2 diabe-
tes with oral hypoglycemic agents will accelerate the rate of 
anomalies. On the other hand, is it an overreaction to con-
demn these medications? With existing data, care provid-
ers need to objectively present information to patients so 
that issues are addressed and informed decisions are made. 
Moreover, there should be diligence in separating data from 
studies of type 2 diabetes when considering the treatment for 
GDM. In the case of GDM, the issue of anomalies is simpler. 
Patients with GDM are diagnosed and enter therapy a�er the 
�rst trimester (a�er the organogenesis period). �ere then 
remains concern about potential fetal hypoglycemia and 
stimulation for macrosomia if the drug crosses the placenta. 
However, as previously discussed, glyburide does not cross 
the placenta in appreciable amounts, and metformin that 
does cross the placenta is not clinically associated with fetal 
malformation. Finally, we demonstrated4 that patients enter-
ing therapy a�er the �rst trimester have rate of anomalies 
comparable to patients treated with insulin and glyburide and 
similar to the rate reported in the nondiabetic general popu-
lation. Others reported that in women with type 2 diabetes 
that were treated with oral agents prior and during organo-
genesis, no increased rate of fetal anomalies was found.

Is there an association between 
oral agents and maternal/neonatal 
hypoglycemia?
An example of a study used to generate the recommenda-
tion that there is an increased risk for neonatal hypoglyce-
mia with the use of these drugs was a case report of three 
infants whose mothers received chlorpropamide and another 
mother of an infant given acetohexamide; another case report 
reported prolonged symptomatic neonatal hypoglycemia.11,12 

Studies evaluating the existence of hypoglycemia using data 
from continuous blood glucose during a 72-hour monitoring 
period de�ned hypoglycemia as blood glucose <50 mg/dL 
for 30 minutes. In the insulin-treated patients, 4.2 ± 2.1/day 
episodes and, for glyburide-treated subjects, 2.1  ± 1.1/day 
episodes (p = 0.03) were reported. Asymptomatic hypogly-
cemia was identi�ed in 63% of insulin-treated women and 
28% for the glyburide-treated subjects. Overall, 84% of the 
hypoglycemic episodes were nocturnal.77 Another study 
using self-monitoring blood glucose revealed that the rate of 
maternal hypoglycemia does not increase with the use of gly-
buride. In fact, women in diet therapy and with insulin treat-
ment had higher rates of hypoglycemic episodes compared to 
women treated with glyburide.4,78 �ese �ndings were reiter-
ated in two meta-analysis studies.79,80

Are oral agents and insulin comparable in achieving 
glycemic control?
Since GDM is characterized by a milder abnormal glycemic 
pro�le and occurs 2–10 years earlier than type 2 diabetes, the 
use of oral hypoglycemic agents to treat GDM should prove 
to be even more e�cacious. In addition, it is reasonable to 
expect that the success rate of therapy for patients with GDM 
should be ≥70%, as achieved in type 2 diabetes. Several ret-
rospective studies and numerous randomized studies4,81–91 
evaluated the use of glyburide or metformin in comparison 
to insulin. All found no di�erence in success rate between 
the drug therapies. Notelowitz91 studied the utility of tol-
butamide, chlorpropamide, diet therapy, and insulin in a 
randomized study with a small sample size with relatively 
low power (each of the 4 arms contained 50 patients). �ere 
was no signi�cant di�erence in perinatal mortality or con-
genital anomalies. Good glycemic control was de�ned 
as a blood glucose level <150 mg/dL. �e percentages of 
the patients who achieved the targeted glycemic category 
(i.e., <150 mg/dL) are 80% of those using oral hypoglycemic 
agents or diet therapy and 36% of those treated with insu-
lin. Eighty percent of subjects treated with oral agents or in 
diet therapy alone maintained targeted blood glucose levels 
<150 mg/dL. In contrast, only 38% of the patients with insu-
lin treatment were able to achieve this level, probably due to 
poor compliance.

In Langer’s study,4 glyburide was as e�ective as insulin, 
with 82% of the patients treated with glyburide and 88% of 
the patients treated with insulin achieving targeted levels of 
control. Four hundred and forty women in between 11 and 
33 weeks gestation, with a singleton pregnancy, having GDM 
requiring treatment (a failed oral glucose tolerance test and 
a fasting plasma glucose level 95–140 mg/dL) were enrolled. 
�e blood glucose pro�le characteristics prior to initiation 
of therapy were comparable for the glyburide- and the insu-
lin-treated groups (114 ± 9 versus 116 ± 22 mg/dL, respec-
tively). Patients were randomly assigned to receive either 
glyburide (n = 201; initial dose 2.5 mg orally, increasing by 
5 mg/week up to a total of 20 mg) or insulin (n = 203; initial 
dose 0.7 U/kg subcutaneously three times daily, increasing 
each week as necessary) for glycemic control. Patients were 
required to measure glucose values seven times daily. �e tar-
gets for glycemic control were a mean blood glucose level of 
90–105 mg/dL, a fasting blood glucose level of 60–90 mg/dL, 
a preprandial blood glucose level of 80–95 mg/dL, and a post-
prandial blood glucose level of <120 mg/dL.

Both treatments caused signi�cant reductions in blood 
glucose levels compared with levels measured at home for 
1 week prior to initiation of treatment. Mean blood glu-
cose levels in the glyburide group decreased from 114 to 
105  mg/dL, whereas those in the insulin group decreased 
from 116 to 105 mg/dL. �e percentages of the subjects who 
were able to achieve targeted levels of glycemia are 82% 
of those treated with glyburide and 88% of those treated 
with insulin. However, eight glyburide-treated women (4%) 
failed to achieve the desired level of control early in the third 
trimester and were transferred to insulin therapy. None of 
the patients developed severe symptoms of hypoglycemia. 
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However, in the insulin-treated group, a signi�cantly 
higher rate of subjects had 1%–6% of self-monitoring blood 
glucose determination values <40 mg/dL compared to the 
glyburide subjects. �e glyburide and insulin groups had 
similar rates of preeclampsia (6%) and cesarean sections 
(23%–24%). Neonatal outcomes did not di�er signi�cantly 
between the two groups. �e glyburide and insulin groups 
had a similar incidence of large-for-gestational-age (LGA) 
infants (12% vs. 13%), macrosomia (7% vs. 4%), lung com-
plications (8% vs. 6%), hypoglycemia (9% vs. 6%), admis-
sion to a neonatal intensive care unit (6% vs. 7%), and fetal 
anomalies (2% vs. 2%).

In another study of the use of glyburide in pregnancy, 
the level of compliance in women using glyburide therapy 
to achieve glycemic control was reexamined. �e success of 
glyburide therapy was de�ned as maintaining fasting plasma 
level <90 mg/dL and 1-hour postprandial level <130 mg/dL. 
Approximately, 83% of the women achieved these goals with 
universal satisfaction with the mode of therapy.92

Success in achieving targeted levels of glycemia will 
vary from study to study because of di�erent doses, admin-
istration algorithms, length of therapy, type of patient 
(severity and ethnicity), and noncomparable groups (com-
pliant versus noncompliant subjects). To date, there is no 
evidence that a diabetic medication will be able to main-
tain targeted levels of glycemic control in all patients. 
Several studies93–96 determined that 75%–84% success was 
achieved with the use of glyburide as a primary therapy. 
When patients on glyburide failed to achieve targeted lev-
els of glycemic control and transferred to insulin therapy, 
failure rate was 54%–67%. Physician intervention can pre-
vent avoidable failure by adequately adjusting drug dose 
or prescribing alternative treatment when the original 
therapy has failed; however, other factors are unavoidable 
and not subject to physician intervention, e.g., race, obe-
sity, and disease severity.

�e success rate of metformin compared to insulin or 
glyburide in achieving targeted levels of glycemic control 
is less well de�ned. Several randomized studies82–86,90,97–99 
evaluated the need for insulin supplements in metformin-
treated women. In these studies, the range of metformin 
failure was 14%–46%. In the Rowen study,86 the range of 
insulin dose required was 22–81 units. Predictors of the 
need for supplemental insulin include higher BMI and fast-
ing glucose on the OGTT and earlier gestational age at diag-
nosis. A randomized small-scale study (46 patients in each 
arm) found lower mean blood glucose in the metformin vs. 
the insulin group.90 Silva82,83 compared the success rates of 
glyburide compared to metformin in other small random-
ized studies. �ey concluded that treatment of GDM with 
metformin or glyburide was comparable for both women 
and newborns. In contrast, Moore84,85 in a randomized 
study of metformin vs. glyburide found that the failure rate 
to achieve the glycemic target was 2.1-fold higher for the 
metformin group (34.7% vs. 16.2%, 95% CI 1.2–3.9). Finally, 
a higher rate of fetal macrosomia and metabolic complica-
tions was found in the metformin study86 compared to the 
glyburide studies.4 �e data suggest that glyburide may be 

more e�cacious compared to metformin as a treatment 
modality in GDM in both controlling the level of glycemia 
and decreasing complications related to glycemia. In one 
study,26 the failure of metformin to achieve targeted levels 
of glycemic control was 53.8% for established diabetics and 
28.6% in patients with GDM. Apart from a high incidence 
of neonatal jaundice requiring phototherapy, the infant 
morbidity in the metformin group was low. �e rate of LGA 
infants was double the rate found in the authors’ general 
population. However, the LGA rate was comparable in the 
metformin- and insulin-treated patients, approaching 20%. 
Finally, in this study,26 the mothers of the three infants 
with congenital malformations in the metformin group 
initiated therapy in the third trimester. Another study by 
the same authors23 compared patients treated with metfor-
min and glibenclamide alone, and the combination of diet, 
metformin, and glibenclamide. Patients who failed the oral 
hypoglycemic agent therapy were transferred to insulin 
therapy. �e incidence of LGA neonates (>90th percentile) 
was 15% (metformin), 27% (glibenclamide), 33% (com-
bined therapy group), and 41% (failed oral insulin–treated 
group). �e relative increase in the rate of LGA infants must 
be explained by the severity of the disease and the higher 
rate of poorly controlled subjects in the group with the 
combination approach and the group treated with insulin. 
Neonatal hypoglycemia is de�ned as <25 mg/dL: the overall 
rate of neonatal hypoglycemia was 11.5%, with the highest 
rates for the patients treated with glibenclamide, 27% and 
combination therapy (glibenclamide and metformin), 18%, 
and the lowest rate in metformin-treated patients, 5%. �e 
high rate of neonatal hypoglycemia corresponds with a rate 
of LGA infants reported in Langer’s study, suggesting that 
a signi�cant number of their patients were in suboptimal 
glucose control.

Effect of obesity and disease severity on achievement 
of targeted level of control
Although glyburide and probably metformin are compa-
rable to insulin in the success of achieving targeted levels 
of glycemic control, the question remains if this compari-
son will hold true along the severity spectrum of GDM. We 
evaluated this issue by stratifying women with GDM based 
on fasting plasma glucose. We demonstrated that there 
was no di�erence in the rate of success for insulin- and 
glyburide-treated patients. �is relationship was obtained 
in over 85% of patients with a glyburide dose ≤15 mg. For 
both drugs, the success rate decreased with the increase 
in severity category of the disease. �e incidence of LGA 
infants increased in direct relation to the severity of the 
disease for both drugs.100 In regard to metformin, the rela-
tionship between severity level and success in achieving 
targeted levels of control is less clear. Some studies have 
demonstrated comparable levels of success, while in oth-
ers, approximately 46% of subjects needed the addition of 
insulin to the metformin therapy.86

Women with Type 2 diabetes, by de�nition, are in a 
higher disease severity level than patients with GDM 
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(fasting plasma glucose ≥126 mg/dL). �e pregnancy exac-
erbates the disease (insulin resistance) making it even 
more di�cult to achieve targeted levels of glycemic con-
trol. �erefore, these patients will bene�t from immediate 
assignment to insulin therapy rather than diet alone or oral 
agent treatment.101 However, when we compared success in 
achieving glucose targets and adverse perinatal outcome, 
we found no di�erence between patients treated with gly-
buride or insulin.102

Association between oral agents and breastfeeding
Breastfeeding has, in the past decade, gained popularity 
in the United States where it was traditionally less popu-
lar than in Europe. Women are encouraged and motivated 
to breastfeed because of purported health bene�ts to the 
newborn and the psychosocial variable of mother–child 
bonding.

From the pharmaceutical perspective, only when the 
drug level is ≥10% is there a need for concern. Studies have 
shown that the infant metformin level was 0.28% of the 
weight normalized to maternal dose while glyburide showed 
no trace in breast milk. �erefore, both drugs are safe to use 
during breastfeeding.103–105

Cost-effectiveness of insulin vs. glyburide
In nonpregnant subjects with type 2 diabetes, the use of a 
sulfonylurea drug as a second-line agent appears to yield 
glycemic control and quality-adjusted life years (QALYs) 
similar to those provided by similar agents, but at a lower 
cost, according to recent �ndings. In the study,106 the 
researchers created a population-based glycemic control 
Markov model to mimic natural variations in HbA1C pro-
gression. �e study’s outcome measures were life years, 
QALYs, mean time to insulin dependence, and anticipated 
costs of medication per QALY from diagnosis, onset of dia-
betes complications, or death. �ey evaluated the following 
four second-line intensi�cation regimens: metformin, sul-
fonylurea, and insulin, metformin with a DPP-IV inhibitor 

and insulin, metformin with a glucagon-like peptide 1 
receptor agonist and insulin, and metformin and insulin. 
�ey found that all treatment regimens yielded comparable 
life years and QALYs, regardless of glycemic control tar-
get. However, the regimen in which sulfonylurea was the 
second-line treatment accrued signi�cantly lower cost per 
QALYs and had the longest time to insulin dependence. For 
all treatment approaches, an HbA1C goal of 7% resulted in 
higher QALYs vs. a goal of 8%. �e study took into account 
concerns regarding severe hypoglycemia in association 
with sulfonylurea use. �e study data suggest that a glyce-
mic control goal of 6.5% or 7% (~135–150 mg/dL) will be 
su�cient to prevent hypoglycemia. However, this thresh-
old is signi�cantly higher than the threshold of <100 mg/
dL needed to optimize outcome of pregnancy.

To date, a single study sought to evaluate the cost of 
insulin vs. glyburide therapy. �e author included the cost 
of insulin, syringes, needles, alcohol pads, and the teach-
ing required for patient insulin administration. For the 
glyburide patients, they calculated the cost of the medica-
tion and the cost of instructing failed glyburide patients in 
insulin administration. �e outcome of pregnancy was not 
included in the calculation since the outcome was com-
parable between the two modalities. �ey concluded that 
glyburide is signi�cantly less costly than insulin therapy 
resulting in an average savings of at least $165.84/patient 
(based on wholesale drug costs).107

Conclusions
Di�erent oral hypoglycemic agents act via diverse mecha-
nisms of action. �ese drug characteristics provide a more 
physiological approach to the treatment of type 2 diabe-
tes and GDM. Furthermore, combination therapies will 
enhance the e�ect of these drugs on glucose metabolism 
(Figure 24.1).

In addition, a pill will generally be more acceptable than 
an injection. In addition, the use of oral hypoglycemic agents 
is more convenient, less costly to the patient in supplies, 

Diet and exercise
fasting = 95 mg/dL

Oral agents
glyburide metformin? 

Combination therapy
with oral agents or insulin

Insulin

Insulin resistance
obesity

other risk factor

Diagnosis
of GDM  

If type 2 in pregnancy
start insulin

Figure 24.1  Usual sequence of interventions.
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and less expensive in o�ce infrastructure and sta�. Insulin 
therapy involves daily injections that do not always result in 
optimal compliance by many women, and women in many 
developing countries cannot a�ord insulin therapy.

Today, su�cient data exist generated by several random-
ized and well-designed prospective and retrospective stud-
ies to support the use of oral hypoglycemic agents since they 
may have an even greater therapeutic e�ect in controlling 
glycemic levels. However, regardless of the mode of therapy, 
whole-patient care (glucose monitoring, education, diet 

adherence, etc.) will determine the overall success in manag-
ing the disease and maximizing the quality of perinatal out-
come. �us, as food for thought, we need to remember the 
Hippocratic Oath (Orko V) that physicians swear to uphold: 
Epi dhlhsei de kai adikihi eirxein—“�rst, do no harm or 
cause injustice….” Withholding potential e�cacious treat-
ment because of “conventional wisdom” does not uphold the 
Hippocratic Oath. We need to remember that o�en it is not 
a question of right or wrong—it is more o�en a question of 
what is more right.
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The drug dilemma of oral 
antidiabetic agents in pregnancy: 
Metformin
Yoel Toledano, Moshe Zloczower, and Nicky Lieberman

Introduction
Metformin is the �rst-line oral treatment for type 2 diabe-
tes mellitus (T2DM). A 2012 consensus statement from the 
American Diabetes Association (ADA) and the European 
Association for the Study of Diabetes (EASD) suggested 
that  both lifestyle intervention and metformin should be 
initiated as soon as diabetes is detected.1,2

Mechanism of action
As a general rule, the e�ect of metformin is evident only in 
the presence of insulin. Moreover, it has several important 
e�ects:

	1.	 Decreases hepatic glucose output.3,4 �is is its major 
e�ect.

	2.	 Increases insulin-mediated glucose utilization in periph-
eral tissues (such as muscle and liver), particularly a�er 
meals.

	3.	 Has an antilipolytic e�ect that lowers serum free fatty 
acid concentrations. Correspondingly, substrate avail-
ability for gluconeogenesis is diminished.3–5 Overall, 
serum insulin concentrations may be mildly reduced in 
parallel with improved glycemic control.6,7

	4.	 Increases intestinal glucose utilization. �is e�ect, 
demonstrated in experimental animals, is mediated by 
nonoxidative metabolism.4 �is process generates lac-
tate that can be metabolized in the liver as a substrate for 
gluconeogenesis.3 Consequently, hypoglycemia can be 
avoided, at least partly.

Exactly how metformin acts at the molecular level is not fully 
known, but might depend on the activation of the enzyme 

AMP-activated protein kinase (AMPK). By this enzyme 
action, metformin probably lowers the blood glucose and 
lipid levels.8–10 Instead, metformin may inhibit gluconeogen-
esis by alternative pathways.

Ef�cacy
Monotherapy
Metformin is the �rst-line medical treatment in most patients 
with T2DM. Glycemic response to metformin is comparable 
to that achieved with sulfonylureas.3,4,6,7,11 Hence, glycated 
hemoglobin (A1C) and fasting blood glucose concentrations 
decrease by approximately 1.5% and 20%, respectively.

Compared with other oral agents, metformin has several 
advantages:

	1.	 Has a bene�t of modest weight loss or is at least weight 
neutral in obese patients.4,6,11 Conversely, many other 
antidiabetic medications, e.g., sulfonylureas and insulin, 
are related to weight gain.6,11

	2.	 Has no hypoglycemia risk generally.
	3.	 Has lipid-lowering activity. Accordingly, serum triglycer-

ide and free fatty acid concentrations are lowered.3,4,7

	4.	 Is related to a decreased rate of myocardial infarction and 
all-cause mortality12 in overweight and obese patients 
with diabetes.

Combination therapy
Optimal glycemic control is frequently achieved with 
combinations of drugs. Metformin can be given in combi-
nation with sulfonylureas, glinides, dipeptidyl peptidase-IV 
(DPP-IV) inhibitors, alpha-glucosidase inhibitors, thiazoli-
dinediones, insulin, and exenatide.

25
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Side effects
	1.	 Gastrointestinal reactions are the most common. 

Generally, 5% of patients stop metformin due to gastro-
intestinal side e�ects. �ey include anorexia, nausea, 
abdominal pain, diarrhea, and a metallic taste in the 
mouth.4 �ese reactions are typically mild and transitory. 
A�er discontinuation or dose reduction of the medica-
tion, the e�ects may reverse.

	2.	 Decreases intestinal absorption of vitamin B12 in one-
third of patients. Hence, serum vitamin B12 concentra-
tions may be reduced. Megaloblastic anemia only rarely 
develops.13

	3.	 Lactic acidosis: Incidence is very rare,14–16 up to 9 cases 
per 100,000 person-years of exposure.14 �e mortality 
rate is very high. Symptoms are nonspeci�c. �ey include 
lethargy, hypotension, hyperventilation, anorexia, nau-
sea, vomiting, and abdominal pain.

Predisposing factors are usually parallel conditions that 
are relative or absolute contraindications to the metformin 
therapy. �e most signi�cant predisposing factor is renal 
insu�ciency. �is category includes patients who are poten-
tially at risk for developing contrast-induced renal failure, 
i.e., a�er receiving intravenous iodinated contrast material. 
Other risk factors include liver disease, alcohol abuse, past 
history of lactic acidosis, and, more rarely, heart failure. 
Simultaneously, this grave complication is generally pre-
sented in patients with shock or tissue hypoxia.4,17,18

Taken together, patients should be recommended to 
stop metformin once they develop a predisposing factor for 
lactic acidosis. Hence, the risk of metformin-induced lac-
tic acidosis can be signi�cantly reduced. For example, it is 
recommended to discontinue metformin immediately prior 
to and for 48 hours a�er any exposure to parenteral iodin-
ated contrast material administered as part of a radiologic 
procedure.

Dosing
�e excretion of metformin is rapid in the urine.4,19 It is avail-
able as 500, 850, or 1000 mg tablets. Metformin should be 
administered with meals. �e recommended starting dose 
is 500 mg once daily with the evening meal. �e dose can 
be titrated and increased slowly per the glycemic response.4 
�e usual e�ective dose is 1500–2000 mg/day. �e glycemic 
control is not signi�cantly better with the maximum dose 
of 2550 mg/day (850 mg three times daily).1 A long-acting 
preparation, an extended release tablet, is also available.20

PCOS and metformin
Background
Polycystic ovaries syndrome (PCOS) was �rst identi�ed 
and described by Stein and Leventhal as a combination of 
hyperandrogenism, menstrual disturbances, anovulatory 
infertility, and obesity.21 PCOS a�ects up to 15% of women 

of reproductive age.22–24 Increased insulin resistance, i.e. 
subnormal biological response to normal insulin concentra-
tions, and compensatory hyperinsulinemia play a key role 
in the pathogenesis of PCOS. At least 40% of women with 
PCOS are obese25 and are more insulin resistant than weight-
matched individuals with normal ovaries. On the other 
hand, women with insulin resistance commonly present 
with hyperandrogenism and reproductive abnormalities.26 
Moreover, obesity, mainly central or abdominal, as indicated 
by an increased waist to hip ratio, is correlated with reduced 
fecundity, menstrual disorders, and hyperinsulinemia.22

Diagnosis
�e diagnosis of classical PCOS in women of reproductive 
age is usually based on the Rotterdam criteria.27 �ese cri-
teria were accepted by the American Endocrine Society.28 
�e basis for diagnosis is the presence of at least two of 
the following three criteria: androgen excess (usually hir-
sutism), ovulatory dysfunction (practically anovulation 
and infertility), and polycystic ovaries (by ultrasound). 
Congenital adrenal hyperplasia should be excluded before 
diagnosing primary PCOS29 using basal or stimulated serum 
17-hydroxyprogesterone.

Physiology
Hyperinsulinemia and hyperandrogenism represent a tan-
gled web that reaches its greatest complexity in women with 
PCOS. �e basis for the association between insulin resis-
tance and ovarian hyperandrogenism is not known. �eories 
have proposed that hyperinsulinemia causes hyperan-
drogenism, or vice versa, or that some unknown third defect 
is responsible for both phenomena.30 In addition, there is no 
clear correlation between the severities of hyperinsulinemia 
and hyperandrogenism.31 While excess androgen can cause 
a modest reduction of insulin sensitivity, the primary abnor-
mality is probably insulin resistance, which in some way 
causes the ovarian abnormality. Insulin receptors, and the 
closely related receptors for IGF-1, are present in ovarian 
cells. Stimulation of these receptors increases androgen 
production.32 �e administration of metformin or a thia-
zolidinedione, to reduce insulin resistance, lowers serum 
free testosterone concentrations and reduces cytochrome 
P450c17 (17-hydroxylase) activity in the ovaries.33

However, there is currently no validated test for measur-
ing insulin resistance in a clinical setting. Serum triglycer-
ide concentration, the ratio of triglyceride to high-density 
lipoprotein (HDL)-cholesterol concentrations, and fasting 
insulin concentration are useful markers for identifying 
those who may be insulin resistant.34 Optimal cut-points 
were identi�ed as 130 mg/dL (1.47 mmol/L), 3.0 (1.8 SI 
units), and 109 pmol/L for triglycerides, triglyceride-to-
HDL ratio, and insulin, respectively.35 Sensitivity and speci-
�city for the cut-points were 67%, 64%, and 57%, and 71%, 
68%, and 85%, respectively. In large population epidemiol-
ogy studies, simple ratios derived from fasting insulin and 
glucose (e.g.,  glucose to insulin ratios, homeostasis model 
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assessment of insulin resistance [HOMA-IR or HOMA]) 
have been extensively used. �ere are limitations to their 
use, including changes in beta cell function over time, lack 
of a standardized universal insulin assay, and lack of data 
demonstrating that markers of insulin resistance predict 
response to treatment. As a result, although indexes such as 
HOMA and QUICKI (quantitative insulin sensitivity check 
index) have been proposed and cut-points identi�ed,36 none 
are recommended for routine assessment of insulin resis-
tance in the clinic.

Hyperandrogenemia can be stimulated by several mecha-
nisms. First, abdominal obesity is associated with reduced 
levels of serum sex hormone–binding globulin (SHBG) and 
increased bioavailable serum androgens, which include free 
and albumin-bound androgens.37 Second, obesity is associ-
ated with an increased testosterone production rate and a 
non-SHBG-bound androgen production rate of dehydro-
epiandrosterone and androstenedione.38 �ird, the com-
bination of insulin resistance and increased LH secretion 
appears to stimulate ovarian androgen production.39 Finally, 
elevated insulin levels inhibit hepatic synthesis of SHBG.40 
Furthermore, estrogen levels, particularly estrone, may 
also be higher in PCOS,41 although not participating in the 
hyperandrogenic state.

�e molecular defects that cause insulin resistance have 
not been fully determined. In some patients, insulin resis-
tance appears related to mutations in the insulin receptor 
gene that result in abnormal function of the insulin recep-
tor.42 Accordingly, genetic defects leading to extreme levels 
of insulin resistance in women (e.g., those resulting from 
mutations in the insulin receptor gene) are typically accom-
panied by manifestations of PCOS.

Dysregulation of local follicle regulatory systems by 
androgens and other factors impedes normal follicular 
growth, resulting in follicular arrest at the 4–8 mm diam-
eter size.37 A dominant follicle (i.e., 18–25 mm in diameter) 
does not develop, and therefore, ovulation does not occur. 
�us, the combination of elevated LH, hyperinsulinemia, 
ovarian androgen overproduction, and disruption of follicle 
growth produces the PCOS phenotype of oligoovulation and 
hyperandrogenism.43

Associated morbidity
Abdominal obesity is the main metabolic abnormality in 
PCOS women. Women with PCOS are at increased risk for 
developing T2DM or impaired glucose tolerance (IGT). In 
a study of 122 obese women with PCOS, 45% had either 
IGT (35%) or T2DM (10%) by age 40.44 Actually, T2DM 
and gestational diabetes (GDM) are two di�erent variants 
for the same disease in di�erent settings. �ey are consid-
ered as direct outcomes of the insulin resistance metabolic 
abnormality in PCOS. Moreover, they can lead to increased 
cardiovascular risk,45 obstructive sleep apnea, nonalcoholic 
fatty liver disease, and nonalcoholic steatohepatitis.

Taken together, women with PCOS should be actively 
screened with fasting and 75 g oral glucose load for IGT 
and T2DM. A hemoglobin A1C (HbA1c) test is also accepted 

as a more convenient screening tool.46 �e A1C test should 
be performed using a method that is certi�ed by the National 
Glycohemoglobin Standardization Program (NGSP) and 
standardized or traceable to the Diabetes Control and 
Complications Trial (DCCT) reference assay.46

Treatment
Although it might be preferable to treat only insulin-resistant 
women with PCOS, there is currently no readily available 
and reliable test to evaluate the presence of insulin resistance. 
�us, therapeutic interventions may be directed to speci�c 
symptoms of PCOS as control of hyperandrogenism and 
restoration of menstrual cyclicity and ovulation. Increasing 
insulin sensitivity and reducing insulin levels are consid-
ered as a more holistic therapeutic action.22,30 �e treatments 
are either favorable or with no impact regarding the glucose 
homeostasis.

Therapeutic lifestyle change
Weight loss strategies with calorie-restricted diets and physi-
cal activity are the key to clinical improvement in overweight 
or obese PCOS patients. Indeed, they are likely bene�cial 
for reproductive and metabolic dysfunction. �ere is no evi-
dence that one type of diet is superior for weight loss. Weight 
loss is probably insu�cient as a treatment for normal-weight 
PCOS women.28

Hormonal contraceptives
Combined oral contraceptives are considered as the �rst-
line management for the menstrual abnormalities and hir-
sutism and/or acne of PCOS.28

Metformin
Treatment of T2DM is the only indication for metformin 
administration approved by the FDA. According to the 2014 
ADA recommendations, metformin therapy for the preven-
tion of T2DM may also be considered. It may be adminis-
tered to patients with IGT, impaired fasting glucose (IFG), 
or an A1C of 5.7%–6.4%, especially for those with a BMI 
≥35  kg/m2 and women with prior GDM.46 Nevertheless, it 
has been used “o�-label” to treat or prevent several clinical 
problems associated with PCOS47: oligomenorrhea, hirsut-
ism, infertility, obesity, and early miscarriage. Next, we pres-
ent the di�erent therapeutic e�ects of metformin in patients 
with PCOS.

Metabolic e�ects: Metformin, compared with placebo, 
reduced plasma insulin by improving insulin sensitiv-
ity as measured by glucose clamp studies. Likewise, it 
reduced serum free testosterone and increased mean 
serum HDL cholesterol. Both the clinical and bio-
chemical alterations were not correlated to changes 
in body weight. Also, they were sustained over a 
mean duration of treatment of 11 months in a follow-
up observational study. However, there was no sig-
ni�cant reduction in hirsutism despite the lower free 
serum testosterone concentration.34 A meta-analysis 
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of 13 trials reported that metformin is associated with 
a reduction in blood pressure, LDL, and fasting insu-
lin levels, when compared with placebo.48

Gestational diabetes: �e incidence of GDM is several-
fold higher in women with PCOS than in the general 
obstetric population.49,50 Two observational studies 
suggested that metformin use was associated with a 
lower risk of GDM. However, this was not con�rmed 
in a trial of 273 pregnancies among 257 women with 
PCOS who were randomly assigned to receive metfor-
min (2000 mg/day) or placebo from the �rst trimester 
until delivery. No signi�cant di�erence in the preva-
lence of GDM was detected between the groups (met-
formin 17.6% vs. placebo 16.9%).51

Obesity: At least 40% of women with PCOS are obese.25 
Metformin may be useful for achieving weight loss or 
potentiating weight loss by caloric restriction. A large 
clinical trial randomly assigned 150 obese women 
to receive weight reduction drugs (sibutramine or 
orlistat) or metformin (850 mg twice daily).52 A�er 
6 months of treatment, all three groups had 9%–14% 
reductions in BMI. �us, metformin treatment was 
associated with as much weight reduction as other 
anti-obesity medications. In another study involving 
obese women with and without PCOS, metformin (850 
mg twice daily) plus a low-calorie diet (1200–1400 kcal 
daily) was superior to a low-calorie diet alone in facili-
tating weight loss.53 Other investigators have reported 
similar results.54,55 One trial reported that higher-
dose metformin (2550 mg/day) was more e�ective for 
weight loss than lower-dose metformin (1500 mg/day) 
in obese women with PCOS.56 �e dose-dependent 
e�ect was observed in women with a BMI between 30 
and 37 kg/m2, but not in those whose BMI was greater 
than 37 kg/m2. Metformin appears to decrease caloric 
intake by suppressing appetite.57 �is e�ect may be 
independent of its gastrointestinal side e�ects.58

Infertility: Metformin has not been proven to be endo-
metrial protective but will restore ovulatory men-
ses in approximately 50% of women with PCOS,34,59 
although some studies report ovulatory rates from 
23% to 90% in normoandrogenic anovulatory 
women.60 �is drug improves pregnancy rates when 
compared with placebo. Metformin and clomiphene 
together also improve rates when compared with 
clomiphene alone, but not when metformin is com-
pared directly with clomiphene. Metformin does 
not improve live births whether it is used alone or in 
combination with clomiphene.61,62 �us, the bene�t of 
metformin appears limited regarding the improve-
ment of reproductive outcomes in women with PCOS. 
However, it may prevent ovarian hyperstimulation 
syndrome (OHSS) in women with PCOS undergoing 
in vitro fertilization (IVF).63

Dose and side e�ects: �e optimum metformin dose for 
restoring ovulatory menses has not been determined. �e 
two best studied metformin regimens are 500 mg three 
times daily and 850 mg twice daily. Some authorities 

believe that women with PCOS who do not respond at 
these doses should be treated with 2000 mg daily.64

Spontaneous abortion: �e spontaneous abortion rate in 
women with PCOS is 20%–40% higher than the baseline 
in the general obstetric population.65 �ree studies in 
women with PCOS reported miscarriage rates of 62%–
73% in pregnancies when metformin was not taken, 
and only 9%–36% of pregnancies in the same women 
under metformin.49,66,67 By contrast, in a meta-analysis 
incorporating 17 trials in women with PCOS taking 
metformin, with or without clomiphene, for ovulation 
induction, no e�ect of metformin was detected on the 
pregnancy loss risk (secondary end point50).

Hirsutism: Although metformin may reduce serum 
androgen concentrations, it has limited bene�t for the 
treatment of hirsutism.68–74

In summary, the Endocrine Society recommended using 
metformin28 in women with PCOS who have T2DM or IGT 
and failed lifestyle modi�cation. For women with PCOS 
and menstrual irregularity who cannot take or do not tol-
erate oral contraceptives, metformin should be o�ered as a 
second-line therapy. By contrast, the use of metformin as a 
�rst-line treatment of cutaneous manifestations, as preven-
tion of pregnancy complications, or for the treatment of 
obesity is not recommended. In addition, treatment of infer-
tility should be initiated with clomiphene citrate (or compa-
rable estrogen modulators such as letrozole) as the �rst-line 
treatment of anovulatory infertility in women with PCOS. 
Metformin usage is an adjuvant therapy for infertility and 
for OHSS prevention in IVF patients.

GDM and metformin
Among the antidiabetic agents, metformin and human 
insulin are classi�ed as category B (no evidence of risk in 
humans). Yet, despite the inconvenience of injections, met-
formin is barely used in pregnancy. �e American College 
of Obstetricians and Gynecologists (ACOG)75 and the 
Endocrine Society76 endorsed the use of metformin in GDM. 
Importantly, metformin crosses the placenta and could a�ect 
fetal physiology directly.77 �is fact is not considered as a 
disadvantage if fetal harm is excluded. Actually, a drug that 
improves insulin sensitivity in the mother and fetus has a the-
oretical advantage. �is was the rationale of the Metformin 
in Gestational Diabetes (MiG) trial, as discussed later.78

�e drug has not been speci�cally approved by the FDA 
for treatment during pregnancy. Also, it was not recom-
mended by the ADA.79 Second- and third-trimester met-
formin treatment of GDM appears to be safe. One small 
retrospective cohort study80 showed increased rates of 
perinatal loss and preeclampsia as compared with insulin 
treatment. Many other studies reported that metformin use 
during pregnancy is safe and e�ective,81 even in the �rst 
trimester.51,65,67,82–90 �e only disadvantage may be limited 
e�ectiveness. Between one-quarter and one-half of women 
will need insulin to achieve glycemic targets.
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�e largest trial assessing metformin use in GDM is 
the Australian MiG trial.78 Seven hundred and ��y-one 
Australian women with GDM at 20–33 weeks of gestation 
were randomly assigned to receive metformin (with insu-
lin supplementation if needed) or insulin therapy. Perinatal 
morbidity was reported as the composite rate of neonatal 
hypoglycemia, respiratory distress, need for phototherapy, 
birth trauma, prematurity, and low Apgar score. One-third 
of women in each group experienced composite morbid-
ity. �ere were no serious adverse e�ects related to metfor-
min treatment; however, almost half of the women using it 
needed supplemental insulin to achieve glycemic control.

Another two small randomized prospective, open-
labeled, Finnish studies in GDM pregnancies examined the 
e�ectiveness of metformin compared to insulin in the pre-
vention of fetal macrosomy as the primary outcome. Both 
concluded that metformin is possibly suitable for the pre-
vention of fetal macrosomy, especially in lean or moderately 
overweight women developing GDM during late gestation. 
However, 20.9%–31.9% of the women randomized to the 
metformin arm needed supplemental insulin, more likely 
among older, those with considerable obesity, high fasting 
blood glucose or higher serum fructosamine concentra-
tion at diagnosis, early GDM diagnosis, and earlier need for 
pharmacological treatment.91,92

�e latest published study evaluated glycemic control in 
women receiving metformin or insulin for GDM. Lower 
mean glucose levels were observed in the metformin group.93 
Women using metformin developed less weight gain and a 
lower frequency of neonatal hypoglycemia. In the metfor-
min group, 26.08% of women required supplemental insulin 
for glycemic control. Early gestational age at diagnosis and 
higher mean pretreatment glucose levels were identi�ed as 
predictors of insulin need.93

Metformin for GDM prevention
Although observational studies of metformin use in women 
with PCOS supported this hypothesis,89,90 a randomized trial 
among women with PCOS did not.51 In this trial, as in many 
other trials, women in the metformin group gained less 
weight during pregnancy than those in the placebo group.

Long-term outcome
Metformin crosses the placenta.77 Indeed, in one study, 
cord arterial levels were twice as high as maternal venous 
levels.94 Long-term outcome of fetal exposure to an insulin-
sensitizing agent such as metformin is unknown. Notably, 
it is not even known whether the exposure is bene�cial or 
harmful. �us, caution is still warranted in its use during 
pregnancy. A 2-year follow-up study of the o�spring in the 
MiG trial reported no di�erence in total fat or central adipos-
ity between metformin-exposed and nonexposed o�spring. 
However, there was an increase in subcutaneous fat deposi-
tion.95 Whether this is bene�cial or harmful remains to be 
determined.96,97 Because o�spring of diabetic mothers may 
not manifest obesity until the age of 5–7  years,98 longer-
term studies are needed. Until such studies demonstrate 

long-term safety, patients who are prescribed metformin 
should be informed of the existing uncertainties related to 
transplacental passage.

Postpartum prevention of T2DM 
in women with prior GDM
T2DM is characterized by hyperglycemia, insulin resistance, 
and relative impairment in insulin secretion. Abnormal glu-
cose metabolism can be documented years before the onset 
of overt diabetes. Although the natural history of IFG and 
IGT is variable, approximately 25% of subjects with either 
will progress to diabetes over 3–5  years.99 Individuals with 
additional diabetes clinical risk factors, including obesity and 
family history, are more likely to develop diabetes. �e risk 
for T2DM is higher in women who have had GDM.100–103 
�ese women have defects in both insulin secretion and 
insulin action, the severity of which correlate with the future 
risk of diabetes.100,101

As GDM is a predictor of developing T2DM, it is also a 
predictor for developing cardiac disease and metabolic syn-
drome in both the mothers and the o�spring. For example, 
higher birth weight (>4.0  kg) may be associated with an 
increased risk of diabetes.104 Long-term follow-up by the 
family physicians and e�orts to prevent T2DM are sug-
gested by ACOG,75 the ADA,105 and the Fi�h International 
Workshop Conference on Gestational Diabetes.106

�e goals of diabetes prevention are delaying the onset 
of diabetes, preserving beta cell function, and preventing or 
delaying microvascular and cardiovascular complications. 
In order to prevent the development of T2DM, the post-
GDM patient should be perceived as a “prediabetic” patient.

�e main principles for managing these patients are as 
follows:

	1.	 Long-term intensive follow-up, including timely testing 
for fasting glucose and HgA1C.

	2.	 Promotion of lifestyle changes, including healthy diet, 
weight control, and regular exercise.

	3.	 Encouraging breastfeeding.
	4.	 For those women in which lifestyle changes fail to improve 

glycemic indices, it is suggested to use medical treatment, 
mainly metformin.

All patients should be counseled on the bene�ts of weight 
loss and increasing physical activity. Di�erent programs for 
successful compliance, including health coaches and psy-
chological support, are recommended. Patients should also 
be encouraged to stop smoking.

Importantly, changes in lifestyle, including diet modi�-
cation, weight loss, and exercise, slow progression of IGT to 
overt diabetes.107 �e Mediterranean diet appears to be associ-
ated with several health bene�ts, including diabetes preven-
tion.108,109 �ere is no single de�nition of a Mediterranean diet, 
but typically it is rich in fruits, vegetables, whole grains, beans, 
nuts, and seeds; includes olive oil as an important source of 
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monounsaturated fat; and allows low to moderate wine con-
sumption. �ere are typically low to moderate amounts of 
�sh, poultry, and dairy products, with little red meat.

�e bene�t of exercise in preventing diabetes has been 
demonstrated in several studies.110–115 Weight reduction 
resulting from lifestyle intervention, i.e., combined diet and 
exercise aimed at weight loss and increasing activity levels, 
can improve glucose tolerance and prevent progression from 
IGT to T2DM.107,116 Moreover, breastfeeding is correlated 
with reduced blood glucose levels and incidence of T2DM 
among both women with a history of GDM and women in 
the general population.117–119

Pharmacologic therapy may be helpful in preventing 
T2DM in high-risk patients (GDM) for whom lifestyle 
interventions fail or are not sustainable.120,121 Metformin is 
a pivotal therapy in this setting. To the best of our knowl-
edge, there is only one randomized controlled trial of 
pharmacological therapy in women with prior GDM that 
considered diabetes prevention as the primary end point 
(the Troglitazone in Prevention of Diabetes [TRIPOD] 
study122). In this study, T2DM incidence reduced from 
45% to 20% (RR 0.45) with troglitazone versus placebo. 
Troglitazone is not marketed anymore due to the risk of 
fatal liver failure.
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Introduction
In the last few decades, di�erent health organizations have 
highlighted the growing importance of noncommunicable 
diseases (NCDs) on population health. Noncommunicable 
diseases, also known as chronic diseases, are not transmit-
ted from person to person, are not acute, and cannot be 
treated in a short period but generally evolve slowly and tend 
to remain lifelong. �e four main NCDs are cardiovascular 
disease (including heart attacks and stroke), cancer, chronic 
respiratory diseases (such as chronic obstructive pulmonary 
disease and asthma), and diabetes.

NCDs’ impact on life expectancy
In its latest report, the WHO acknowledged the impact of 
deaths due to NCDs. NCDs were responsible for 36 mil-
lion deaths every year. Of this death toll, nearly 80% (29 
million) occurs in low- and median-income countries.1 It 
was considered that NCDs are the leading causes of death 
in all regions except Africa, but according to the current 
estimates, by 2020 the largest increase in mortality from 
NCDs will be in Africa. Deaths from NCDs in the African 
countries are expected to exceed the sum of those caused 
by communicable and nutritional diseases and maternal 
and perinatal mortality. NCD would be the most common 
cause of death in 2030.1

In addition, more than nine million deaths attributed 
to NCDs occur in people under 60 years of age, and 90% of 
these “premature” deaths occur in low- and medium-income 
countries. Cardiovascular diseases are responsible for most 
NCD deaths (17.3 million annually), followed by cancer 
(7.6 million), respiratory diseases (4.2 million), and diabe-
tes (1.3 million). �ese four groups of diseases account for 

about 80% of NCD deaths.1 It must be emphasized that all 
of them share four common risk factors: tobacco consump-
tion, insu�cient physical activity, excessive use of alcohol, 
and unhealthy diet.

In terms of attributable deaths, the main NCD risk fac-
tor globally is high blood pressure (attributed to 16.5% of 
deaths worldwide1), followed by consumption of tobacco (9%), 
increased blood glucose (6%), insu�cient physical activity 
(6%), and excessive weight gain and obesity (5%).1 �e rapid 
increase in the number of overweight children is observed in 
the countries with low and medium incomes.

NCDs a�ect all age groups and all regions. Children, 
adults, and seniors are all vulnerable to the risk factors 
predisposing to NCD, such as unhealthy diets, physical 
inactivity, exposure to tobacco smoke, or excessive use of 
alcohol. �ese diseases are also favored by factors such as 
aging, rapid and unplanned urbanization seen in certain 
countries, and the globalization of unhealthy lifestyles. An 
example of such factor can be the unhealthy diet, which can 
be responsible for high blood pressure, increased blood glu-
cose, hyperlipidemia, and excessive weight gain and obesity. 
�ose factors are called “intermediate risk factors,” and they 
can lead to cardiovascular disease, one of the NCDs.

Impact of NCDs on national 
and global economy
NCDs threaten the progress toward the target of the 
Millennium Development Goals (MDGs) of the United 
Nations (UN).1 Poverty is closely related to NCDs. It is antic-
ipated that the rapid rise of these diseases will hinder e�orts 
to reduce poverty in low-income countries, because of the 
increased family expenses for healthcare. Vulnerable and 
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socially disadvantaged people get sick and die earlier than 
people of higher social status, mainly because of the higher 
risk of exposure to harmful products, such as tobacco or 
unhealthy foods, and limited access to health services.2,3 
In resource-poor settings, the healthcare expenses for car-
diovascular disease, cancer, diabetes, and chronic lung 
disease, as stated, can quickly exhaust the resources of 
families and force them into poverty. �e exorbitant costs 
of NCDs, particularly prolonged and expensive treatment, 
or the demise of the breadwinner, are pushing millions of 
people into poverty each year, preventing the progress of 
the country and the society. National economies are su�er-
ing considerable losses due to premature death or disability 
to work resulting from heart disease, stroke, and diabetes. 
For example, it is expected that India and China will lose 
about $558 billion from their gross domestic production 
(GDP) between 2005 and 2015 due to premature deaths.4–6 
In 2005, heart disease, stroke, and diabetes caused an esti-
mated loss of $9 billion in India and $3 billion in Brazil from 
the GDP.7 A study commissioned by the World Economic 
Forum concluded that the world will sustain a cumulative 
output loss of $47 trillion between 2011 and 2030 because of 
NCDs and mental illnesses, about $30 trillion of which will 
be attributable to cardiovascular diseases, cancers, chronic 
pulmonary diseases, and diabetes.8

Combating NCDs
In many countries, the excessive use of alcohol and con-
sumption of unhealthy foods are a�ecting both high-
income and low-income groups. However, the former can 
access products and services that protect them from the 
major risks, while low-income groups are o�en unable to 
a�ord it.

To reduce the impact of NCDs on individuals and the 
society, we should apply a comprehensive approach that rein-
forces all sectors, including those related to health, �nance, 
foreign a�airs, education, and agriculture and planning, to 
work together to reduce the risks associated with NCDs, and 
to promote strategies and intervention to prevent and con-
trol them.

An important tactic to reduce NCDs is to reduce the 
risk factors associated with these diseases. E�ective and 
low-cost solutions exist to modify common risk factors 
(mainly tobacco consumption, unhealthy diets and physical 
inactivity, and excessive use of alcohol) and to map the epi-
demic of NCDs and their risk factors.1

Another option to combat NCDs is to introduce some 
essential high-impact interventions with the focus on pri-
mary care in order to improve their early detection and timely 
treatment. Evidence shows that such interventions are also 
excellent �nancial investment, since if introduced early they 
can reduce the need for more expensive treatments. �ese 
measures may also be applied in situations with di�erent lev-
els of resources. For maximum e�ect, the public policies have 
to focus on healthy lifestyles that promote prevention and 
control of NCDs and reorienting health systems to meet the 

needs of people su�ering from these diseases. However, one 
must acknowledge that low-income countries tend to have a 
low capacity for the prevention and control of NCDs.9

Developmental origins of health 
and disease
In recent decades, various research areas have suggested 
that events involved in normal fetal development could have 
long-term e�ects and in�uence health in adulthood.10,11 It 
appears that metabolic changes in utero can in�uence the 
physiological and structural patterns that “program” long-
term health in adulthood.12,13 Early studies by Barker et al.14,15 
in the 1980s established that the prevalence of some diseases 
in adulthood, such as atherosclerosis, high blood pressure 
(hypertension), stroke, type 2 diabetes mellitus, and dyslip-
idemia, is related to the intrauterine environment (“Barker 
hypothesis”). Moreover, the association has been reported 
between low weight and height at birth, with increased risk 
of subsequent development of diseases such as hypertension, 
metabolic syndrome, and stroke.16–18 Other studies have con-
�rmed this relationship and currently are trying to reveal 
some of the mechanisms behind it.19,20 On an experimental 
level, for example, nutritional restriction during pregnancy 
has been shown to irreversibly a�ect the structure, metab-
olism, and function in some organs, “programming” the 
development of certain diseases in o�spring.21 �e result of 
this research is that today we can talk about the fetal origins 
of many adult diseases (Developmental Origins of Health and 
Disease [DOHaD]).21 Animal experiments and epidemiolog-
ical observations in humans suggest that nutrition received 
in the intrauterine environment modulates the metabolic 
activity of various tissues in postnatal life.22,23 An important 
consequence of intrauterine caloric and nutrient restriction 
is the accelerated growth in the postnatal period.24

In fact, during periods of development, certain epigenetic 
modi�cations are taking place that establish the parameters 
within which the tissue functions. It should be mentioned 
that the functional changes made by epigenetic in�uences 
need not be phenotypically (physically) visible in order to 
be signi�cant; however, they usually have long-term health 
consequences. �ese functional changes cannot be reliably 
detected by conventional testing, are observed only when 
they match certain environmental contexts, and are likely to 
be initially masked by systemic e�ects.

�is developmental plasticity is more important during 
periods in which the cells are di�erentiating and forming 
speci�c tissues, as happens mainly during pregnancy (for 
both mother and child) and during early childhood, puberty, 
and menopause. DOHaD hypothesizes that environmental 
exposures during critical periods of development may cause 
subtle changes in certain biological functions, although, 
practically invisible, they can increase the risk of disease and 
dysfunction later in life.25

Some of the most striking evidence of developmental 
plasticity that were �rst discovered came from the analysis 
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of the consequences of prolonged periods of famine. Dutch 
conceived in the time of famine during the last two years 
of World War II were more likely to develop metabolic 
syndrome in adulthood.26 Subsequent research has also 
con�rmed these �ndings in Chinese famine victims.27 In both 
groups, the o�spring were more likely to have hypertension, 
glucose intolerance, and excessive weight gain.

Epigenetic programming
�e discovery of epigenetic programming has provided a 
plausible explanation why and how nutritional characteris-
tics during critical periods of life can have health manifesta-
tion much later. At present, there are a number of examples in 
animal models of how changes in the diet can directly in�u-
ence the epigenetic machinery by inhibition of enzymes that 
catalyze the DNA methylation, by histone modi�cations, or 
by altering the availability of substrates for enzymatic reac-
tions. �ese epigenetic alterations cause the expression or 
suppression of certain genes that can alter the phenotype, 
depending on the nature of the a�ected biological process. 
Epigenetic changes can both be transient28 or persist for long 
periods of time.29

Epigenetic phenomena are fundamental features of mam-
malian development that causes persistent changes in gene 
expression without altering the DNA sequence. In this way, 
epigenetic mechanisms shape the phenotype of a cell with-
out changing the genotype. Although causality has not been 
fully established, epigenetics provides information on the 
possible in utero that may cause predisposition to diseases in 
adult life. During development, epigenetic mechanisms may 
undergo substantial changes caused by various factors. �ese 
changes a�ect genes that are essential for both the develop-
ment early in life as well as later physiological functions in 
adult life. An important fact is that epigenetic modi�cations 
are stable during cell division and can be transmitted to the 
next generation. �ere is increasing evidence suggesting that 
exposure to nutritional imbalances or environmental con-
taminants—including metals, pesticides, persistent organic 
pollutants, and chemicals in drinking water, such as triethyl-
tin, chloroform, and trihalomethanes—can cause changes in 
epigenetic mechanisms, and this could provide explanation 
for their e�ects on adult health.30,31

Epigenetics, in this sense, can also be understood as a 
mechanism by which organisms can survive in an unpredict-
able and changing environment. �e fastest adaptation to the 
environment comes from the immediate demand to maintain 
homeostasis—the processes by which the body maintains a 
constant internal environment in response to external changes, 
o�en increasing energy expenditure. �ese processes are gov-
erned mainly by hormonal and neural signals. �e other end 
of the spectrum of evolutionary change is adaptive, i.e., long-
term adaptations of species that are driven by genetic change 
and therefore resulting in survival or demise.

Epigenetics can insert in�uence by turning on and o� the 
gene transcription. Transcription is the process by which 
an RNA copy of a gene is made, and this RNA copy then 

governs the cell machinery for the production of a speci�c pro-
tein. �e addition or removal of a methyl group to a gene is a 
way of in�uencing this process, if a certain gene can be tran-
scribed into RNA and, therefore, whether or not to produce the 
corresponding protein. �us, methylation in a group of genes 
may cause changes in many biological processes occurring in 
the body, and a�ect the metabolism, causing energy expendi-
ture or conservation. �is process could also be responsible for 
more speci�c aspects such as eye or skin color.

�e discovery of noncoding small RNAs has opened a 
new �eld of microRNAs, which also play an important role in 
epigenetics by modifying gene expression posttranscription-
ally.32 MicroRNAs indirectly a�ect translation of key factors 
or enzymes required for epigenetic processes in the nucleus.

What is also remarkable is that these changes in program-
ming are largely functional. �ey include alterations in gene 
expression, protein levels, cell metabolism and di�erentia-
tion, and the number of cells and their location. Functional 
changes are not necessarily identi�able as pathological, but 
due to the changes in gene expression, these can lead to dys-
function and disease in adulthood. In such case, they can be 
considered as markers of increased risk of NCDs. As already 
mentioned, the functional changes are not necessarily 
apparent at the time of birth and, in some cases, may require 
a particular environmental or physiological trigger in order 
to be revealed. For example, certain subtle changes in breast 
tissue can signi�cantly increase the risk of tumor growth 
in middle-aged patients without children.33 A clear positive 
association between breast cancer and higher birth weight, 
birth length, and placental weight was reported. Further 
epidemiologic studies have con�rmed these �ndings. For 
females who weighed 3500–3999 g at birth, the adjusted odds 
ratio for breast cancer is 0.86. In comparison, in females 
with birth weight less than 2500 g, the adjusted odds ratio 
is reduced to 0.5.34,35 Another example (as found in famine 
situations) is that certain changes in some speci�c metabolic 
set points can only be established when some types of diet 
are predominantly used (this could be the reason that fast 
food, modern lifestyle, and certain chemical exposures are 
the perfect “recipe” for obesity).

�e essential concept of “gestational programming” 
means that the nutritional, hormonal, and metabolic envi-
ronment provided by the mother to the fetus could per-
manently alter the structure and the cellular responses of 
various organs and alter the expression of certain genes 
that ultimately a�ect the metabolism and physiology of 
the o�spring. Moreover, these e�ects vary according to the 
period of development, and as such, fetuses and newborns 
(rapidly growing) are the most vulnerable.

�e e�ects on programming can be immediate, for 
example, the deterioration of organ growth at a critical stage, 
while other e�ects are delayed and not apparent until later. 
In this case, the question is how the memory of the early 
events is stored and how it is expressed later, despite the con-
tinuous cell replication and replacement. �is again could be 
mediated through an epigenetic control of gene expression, 
which involves modifying the genome without altering the 
proper sequence of DNA.36
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In addition, there is currently some debate on whether 
certain nutrients can also modify the programming of the 
immune system.37 Certain dietary patterns increase the 
risk of altering the immune mechanisms along with meta-
bolic dysregulation and increase the risk of a wide range 
of NCDs. Besides changes in the nutrient pro�le and their 
caloric load, diet-induced changes in the intestinal micro-
�ora may also be involved in the pathogenesis and may 
increase susceptibility to many chronic diseases. In this 
context, it is highly relevant that allergic diseases are one of 
the �rst NCDs that may appear. Preventive strategies can, 
in this sense, enhance immune and metabolic health.

It must be acknowledged that, to date, most of the 
research on epigenetic mechanisms induced by nutrients 
has focused on the identi�cation of single speci�c genes 
that somehow limit the complete picture of nutritional 
e�ects on the entire epigenetic landscape. Using a genome-
wide approach has the advantage and potential ability to 
discover the targets of certain novel epigenetic mecha-
nisms, which are sensitive to a speci�c diet modi�cation.

As observed in other studies of epigenomic associa-
tions, epigenetic mechanisms of allergic diseases consti-
tute a major challenge to be studied in greater depth, i.e., 
whether epigenetic variation is the cause or consequence 
of the disease. However, clari�cation of the potential link 
between epigenetic changes in allergic diseases could o�er 
new opportunities for diagnosis and/or therapy.

Also, our biggest challenge is to identify the stages in the 
life cycle where the epigenetic machinery is more sensitive to 
a particular dietary factor in relation to subsequent health 
outcomes, so that prevention strategies based on changes 
in the diet could produce maximum bene�t. It is important 
to note that multiple and complex multisystem interactions 
require the implementation of an interdisciplinary approach 
to overcome the growing burden of NCDs.

NCDs, maternal morbidity, and 
MDG 5: FIGO’s role
All this current knowledge allows us to conclude that the 
perinatal period is a golden opportunity for preventive 
measures aimed at reducing the impact of the epigenetic 
preconditioning of NCDs and thereby reducing the likeli-
hood of developing the aforementioned diseases when the 
newborns reach adulthood. However, the critical window 
of development that o�ers some plasticity (or pluripotency) 
may vary from organ to organ with di�ering e�ects, depend-
ing on when the insult occurs and the stage of development 
of a particular organ.38 Focusing on the preventive care of 
pregnant women has the potential to modify the epigenetic 
environment of the fetus. Prevention or the optimal treat-
ment of obesity, diabetes, and chronic hypertension in future 
mothers interrupts the vicious cycle of epigenetic program-
ming of the fetus not only in the current pregnancy but also 
in future pregnancies. Hence, the e�ort to provide adequate 
prenatal care, preventing or treating conditions a�ecting 

fetal epigenetic programming, is probably the most e�ective 
strategy to control the expansion of this great pandemic of 
NCDs we mentioned earlier.

�e International Federation of Gynecology and 
Obstetrics (FIGO) is a professional organization dedicated 
to the improvement of women’s health and rights and 
to the  reduction of disparities in healthcare available to 
women and newborns, as well as to advancing the science 
and practice of obstetrics and gynecology. �e organization 
shall pursue its mission through advocacy, programmatic 
activities, capacity strengthening of member associations, 
education, and training. �e FIGO has a vision that women 
of the world achieve the highest possible standards of 
physical, mental, reproductive, and sexual health and well-
being throughout their lives. �e values of the organization 
are those of innovative leadership, integrity, transparency, 
professionalism, respect for cultural diversity, and high 
scienti�c and ethical standards.

Traditionally, the FIGO’s focus is on high maternal 
mortality ratio (MMR) in low-resource countries and 
measures to reduce it. Recently, there has been a reduction 
in maternal mortality to 350,000 maternal deaths annu-
ally, which represents a 34% decline. However, reduction 
of maternal mortality in sub-Saharan Africa is far below 
optimum for achieving MDG 5 target A: to reduce the 
MMR by three quarters. �e Countdown to 2015 initiative 
(www.countdown2015mnch.org) has shown that only 
5 of the 68 countries are on track to achieve this target. 
�e leading causes of maternal mortality are preventable 
and include postpartum hemorrhage (PPH), preeclamp-
sia, obstructed labor, infections, and other causes such 
as undernutrition, anemia, and unsafe abortion. NCDs 
such as diabetes, obesity, undernutrition, and anemia are 
responsible for maternal conditions that have an important 
impact on maternal mortality.39 Diabetes (pregestational 
and gestational) can cause macrosomia, obstructed labor, 
PPH, and neonatal mortality (prematurity, respiratory 
distress syndrome, hypoglycemia, etc.). Ensuring optimal 
health during pregnancy and in the early childhood years 
not only provides the best chance for a healthy start but 
also reduces su�ering and the cost to society of chronic dis-
eases over decades of life. In this sense, the preconceptional 
state can be crucial. Many parental e�ects on the develop-
ing o�spring occur even before pregnancy.

The FIGO is developing different programs to address 
these concerns. For example, the FIGO Saving Mothers 
and Newborns Initiative aims to increase women’s access 
to new, cost-effective, and evidence-based technology for 
the reduction of maternal and newborn mortality in 10 
low-resource countries in Asia, Africa, Latin America, 
and Eastern Europe. The FIGO works with communi-
ties and promotes utilization of interventions to reduce 
maternal and newborn morbidity and mortality. Another 
example is the FIGO Adolescent Sexual and Reproductive 
Health (ASRH) Initiative, which focuses on strength-
ening the capacity of FIGO member associations at the 
national level and promotes access to information and 
quality services in ASRH. The Leadership in Obstetrics 

http://www.countdown2015mnch.org


Conclusion  223

and Gynecology for Impact and Change in Maternal and 
Newborn Health Initiative is another program that has 
an impact on the diagnosis and treatment of NCDs. The 
FIGO received a substantial grant from the Bill & Melinda 
Gates Foundation for capacity building of member asso-
ciations in eight low-resource countries in Asia and 
Africa. The project will enable member associations to 
play a leadership role and inf luence policy and practices 
in maternal and newborn health. Improving maternal and 
newborn health in low-resource countries by strengthen-
ing the role of national obstetric and gynecologic associa-
tions will help to achieve MDGs 4 and 5 to reduce child 
and maternal mortality and morbidity.

�e close link between child and maternal health and 
the importance of early-life origin of NCDs requires that 
preventive and healthcare interventions related to such 
diseases are integrated into reproductive, maternal, and 
child health programs, especially at the primary health-
care level.40 Many of these preventive strategies are e�ec-
tive for reducing both maternal and infant mortality and 
later chronic diseases. In addition, it will also be impor-
tant to demonstrate that cost-e�ective interventions are 
possible. It may be helpful to emphasize the bene�ts of an 
alliance bringing together new advocates to each cause. In 
general, the NCD �eld is not addressing maternal health, 
and the maternal health �eld has not established a place 
for itself in the push for greater attention paid to NCDs. 
We have a unique opportunity for a change and we should 
not miss it. Getting attention to the subject of DOHaD on 
the global scene requires buy-in from a global voice. �e 
FIGO is such a voice.41

Professional training is accompanied by an improvement 
in performance indicators. �ere are many areas, especially 
in low-resource countries, in which training di�erent lev-
els of women’s healthcare professionals can be improved, 
so that better outcomes can be achieved, especially with 
respect to maternal and neonatal morbidity and mortality. 
Strengthening communication with and among member 
associations and building the capabilities and capacity of 
those from low-resource countries through strengthening 
leadership, management, good practice, and the promotion 
of policy dialogues will enable societies to play a pivotal role 
in the development and implementation of projects and poli-
cies aimed at the improvement of care available to women 
and their babies.

�e FIGO, aware of that responsibility and joining e�orts 
with other agencies and companies, is making a big e�ort so 
that prenatal care programs are appropriate for prevention 
and treatment of the most common preconditioning factors, 
especially in low-income countries. �e detection and treat-
ment of anemia, gestational diabetes, nutritional de�ciencies, 
decreased alcohol and tobacco dependence, consumption of 
addictive substances, etc. are measures of high therapeutic 
value and not only could decrease the immediate adverse 
e�ects on pregnancy (prematurity, macrosomia, PPH, intra-
uterine growth retardation [IUGR], etc.) but also have e�ects 
in the medium and long term, with the decline of the NCDs 
and their corresponding impact on population health.

In this sense, there are three elements of great impact: 
(1)  �e detection and treatment of anemia is one element 
(note that in certain areas the prevalence in anemia in the 
pregnant women reaches 80%, resulting in maternal mor-
tality from PPH, as well as fetal morbidity from IUGR and 
prematurity, not to mention the long-term e�ect on the 
possible emergence of NCDs). (2) �e detection and treat-
ment of diabetes is another element (in certain countries, 
it is prevalent in 25% of pregnant women, with its impact 
on fetal growth as well as the increase in maternal mortal-
ity by obstructed childbirth). Recall the increased risk for 
obesity, diabetes, and metabolic syndrome that these chil-
dren present, if predisposing factors are not controlled in the 
early postnatal life. (3) Maternal nutrition, as already cited, 
is an essential element of prevention, since a change in the 
availability of nutrients causes a hormonal adjustment in the 
fetus to reset its metabolism, so that the newborn is prepared 
for further malnutrition. However, if not properly fed during 
the postnatal age, this can lead to metabolic alterations that 
make him or her susceptible to certain diseases in adulthood. 
It has been demonstrated that low birth weight, followed by 
an accelerated growth during childhood, is a risk factor for 
cardiovascular disease and/or type 2 diabetes mellitus.

Conclusion
�e knowledge that certain processes in utero and in early 
childhood can a�ect the risk of developing NCDs provides 
an opportunity to enforce interventions during this critical 
time, when they have the greatest e�ect. Using appropriate 
protocols, healthcare providers can educate mothers about 
the risks of certain nutritional and environmental exposures 
and integrate health promotion on the agenda, as part of the 
social and economic development, and all this could moti-
vate a substantial reduction in the risk of NCDs.42

At the high-level meeting of the UN on the prevention 
and control of NDCs held in New York, United States, in 
September 2011, a four-by-four strategy was proposed. 
Priority e�orts to prevent NCDs (diabetes, cardiovascular 
disease, cancer, and chronic obstructive pulmonary disease) 
mainly focus on four risk factors in adults: poor diet, physi-
cal inactivity, smoking, and alcohol consumption. Although 
paragraphs 26 and 28 of the Political Declaration of the 
United Nations relate to certain aspects of prenatal nutri-
tion, maternal diseases, and air pollution in households, 
these paragraphs describe only partially the full scope of 
the problem and the opportunities for intervention.43,44 �is 
global health challenge has le� no country untouched and 
bridges the division between rich and poor countries. We are 
all a�ected by the rising prevalence of chronic NCDs, wher-
ever one takes a closer look.45

The concept that the foundation for lifelong risk and 
susceptibility to numerous diseases begins in the womb 
and in early life—now referred to by the term develop-
mental origins of health and disease—is not entirely new, 
but has only recently gained acceptance from the broader 
scientific community because of a swathe of good research 
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producing hard evidence of the link. The biological evi-
dence is there, but the knowledge has remained confined 
to the academic environment and needs wider dissemi-
nation. To move from evidence to policy change requires 
a broad evidence based on proven solutions, including 
assessments of how much it costs, over how long a period 
of time, and what health benefits are expected. But policy 
is never dictated by hard evidence alone. It requires advo-
cacy, persistence, and resourceful arguments. This is par-
ticularly important in the current global economic setting 
where there is fierce competition for limited resources, 
and the focus on maximizing health impact for the money 
spent is even stronger. Economic arguments make focus-
ing on the link between maternal health and future health 
burden even more relevant and attractive. We know that 
provision of good services for maternal and child health is 
needed to stimulate development and reduce high rates of 
maternal and child morbidity and mortality; addressing 

the DOHaD link presents another compelling reason to 
do so with more vigor. Evidence suggests that much more 
attention is needed on early life interventions to optimize 
nutrition and reduce exposure to toxic substances in order 
to reduce the increasing prevalence of NCDs.

Current and future health challenges demand new 
and changing competencies to form the basis for edu-
cation, training development, and workforce planning. 
International developments in health promotion and evi-
dence-based practice provide the context for developing 
health promotion competencies, standards, quality assur-
ance, and accountability in professional preparation and 
practice. In addition to �lling the training and develop-
ment gap, there is a need to develop a comprehensive sys-
tem for competency-based standards and accreditation to 
strengthen global capacity in health promotion, which is a 
critical element in achieving the goals for the improvement 
of global health.
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Links between maternal health 
and noncommunicable diseases
Anil Kapur

Introduction
The enormity of the health and economic challenges 
from noncommunicable diseases (NCDs) is now being 
understood as evidenced by the adoption of the Political 
Declaration on NCDs at the high-level meeting of the UN 
General Assembly in September 2011.1 NCDs account for 
36 million deaths annually (63% of global deaths), which 
is expected to rise to 52 million by 2030. Four out of five 
(79%) of these deaths occur prematurely in low- or middle-
income countries.2 In 2008, more than 1.4 billion adults 
aged ≥20 years (35%) were overweight; of these, 11% were 
obese (200 million men and nearly 300 million women).3 
Since 1980, the prevalence of obesity has nearly doubled 
worldwide. Over a billion people live with high blood 
pressure. In 2008, the global prevalence of hypertension 
in adults aged ≥25 years was around 40%.4 Approximately 
700 million people have dysglycemia (diabetes mellitus 
and impaired glucose tolerance [IGT]), which is projected 
to cross the billion mark by 2035.5 The World Economic 
Forum has, for 2  years in a row, rated chronic diseases 
among the five top threats to the global economy includ-
ing in the low- and middle-income countries.6 According 
to the World Health Organization’s (WHO) report on 
Women and Health, high blood pressure, high blood glu-
cose, and overweight and obesity are the leading risk fac-
tors of death from chronic conditions in women >20 years 
of age, accounting for 25%, 39%, and 35% of deaths in 
low-income, middle-income, and high-income countries, 
respectively.7

Based on well-designed studies with interventions tar-
geting adults at high risk, it is suggested that up to 80% of 
the NCD burden can be prevented by addressing the com-
mon risk factors of tobacco use and unhealthy diet including 
excessive use of alcohol and physical inactivity—a strategy 
proven in small initiatives but fraught with implementa-
tion di�culties at the population-wide level.8 When chal-
lenged with a problem of this magnitude, there is a need to 
look at innovative ways to address it. It is now well known 
that risk exposure to NCDs begins early—as early as the 
intrauterine life—and accumulates over many years. Does 
pregnancy and early life o�er a window of opportunity for 

intervening? Are there synergies between maternal health 
and NCD prevention that can be leveraged to the advantage 
of both?

NCDs impact maternal health
Adaptation of the Millennium Development Goals in 2000 
brought about justi�able increased attention on mater-
nal and child health (MCH) programs, especially in the 
developing world, given the pathetic state of MCH and its 
impact on human development. To best utilize resources, 
MCH programs have only focused on factors that directly 
impact maternal, neonatal, and infant mortality, result-
ing in  improved access to maternity services and survival 
of “at-risk” mothers and their o�springs in many low- and 
middle-income countries. Unfortunately, this narrow short-
term biomedical focus has failed to address the root causes 
and social determinants, and the very individuals saved 
continue to be vulnerable and are at highest risk of poor 
health and lower longevity due to NCDs striking in early 
adult life. In addition, NCDs, particularly diabetes, obe-
sity, and hypertension, have signi�cant adverse impacts 
on maternal health and pregnancy outcomes, and through 
intrauterine programming, the cycle of vulnerability to 
NCDs is repeated with increasing risk accumulation in sub-
sequent generations, as will be explained in greater detail 
later. To improve both the short-term MCH outcomes and 
the long-term population health, NCDs must be addressed 
simultaneously alongside MCH.

Undernutrition, overweight and obesity, hypertension, 
and hyperglycemia are commonly associated with preg-
nancy; apart from poor pregnancy outcomes and caus-
ing considerable maternal morbidity and mortality, these 
result in further escalating the NCD burden through fetal 
programming.

Maternal nutrition
Worldwide, almost 870 million people su�er from chronic 
undernourishment9; 60% of these are girls or women.10 
In  most developing countries, maternal undernutrition is 

27
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endemic, contributing signi�cantly to maternal morbidity, 
mortality, and poor birth outcomes including low birth 
weight (LBW), neonatal mortality, and subsequent child-
hood malnutrition. Annually, 13 million children are born 
with intrauterine growth retardation (IUGR), 112 million are 
underweight, and 178 million children ≤5 years su�er from 
stunting. Combined together, severe wasting, stunting, and 
IUGR-LBW are responsible for 2.1 million deaths and 91.0 
million disability-adjusted life years.11 �e e�ect of undernu-
trition during pregnancy goes beyond one or two generations 
because of fetal programming and has tremendous public 
health and economic consequences. Balanced protein–energy 
supplementation in undernourished mothers during preg-
nancy results in 34% and 38% risk reduction for small-for-
gestational-age (SGA) babies and stillbirths, respectively.12

Anemia, de�ned as hemoglobin (Hb) concentration 
<110 g/L, a�ects more than 56 million pregnant women 
globally; two-thirds of these are from Asia.13 Nutritional 
iron-de�ciency anemia is the most common reason and 
results in increased maternal and perinatal morbidity and 
mortality and long-term adverse e�ects on newborns.14 
�ese include signi�cantly higher risk of LBW, stillbirth, 
and preterm birth.15,16 Iron supplementation lowers the 
incidence of LBW (RR [relative risk] 0.80) but has no e�ect 
on the incidence of preterm or SGA birth.17

Severe anemia is associated with higher risk of preeclamp-
sia compared to women with no anemia.16,18 Based on the data 
from the WHO Global Survey on Maternal and Perinatal 
Health, Zhang et  al.18 concluded that both nulliparous and 
multiparous women with severe anemia had signi�cant associ-
ation with preeclampsia/eclampsia (aOR [adjusted odds ratio] 
3.55 [95% CI [con�dence interval] 2.87, 4.41] and aOR 3.94 
[95% CI 3.05, 5.09], respectively), whereas only multiparous 
women with severe anemia were at increased risk of gesta-
tional hypertension (aOR 1.58 [95% CI 1.15, 2.19]).

On the other hand, high iron intake in pregnancy 
increases the risk of gestational diabetes mellitus (GDM) 
especially in nonanemic women, and routine iron supple-
mentation should be reconsidered in this group of women.19 
Higher prepregnancy intake of dietary heme iron20,21 
and raised serum ferritin level22–24 are associated with an 
increased risk of GDM.

Studies from around the world show high rates of vitamin 
D de�ciency among women of reproductive age and during 
pregnancy.25 A systematic review in 2010 of �rst-trimester 
25(OH) vitamin D level and adverse pregnancy outcomes 
concluded that the evidence of the association between 
vitamin D levels and pregnancy complications such as pre-
eclampsia and diabetes is inconclusive.26 A recent meta-
analysis and systematic review including some new studies 
concluded that vitamin D insu�ciency is associated with 
an  increased risk of GDM, preeclampsia, and SGA and 
LBW infants.27

Folic acid supplementation (450 µg) before conception 
and throughout the �rst 12 weeks of pregnancy reduces 
the risk of neural tube defects (NTDs) in the o�springs. 
A  Cochrane review in 201328 concluded that folate sup-
plementation during pregnancy was not associated with 

lower risk of preterm births, stillbirths, neonatal deaths, 
LBWs, predelivery anemia in the mother, or low predeliv-
ery red cell folate, although predelivery serum folate levels 
were improved. �e review also did not show any impact 
of folate supplementation on improving mean birth weight 
and mothers’ mean Hb levels during pregnancy compared 
with placebo treatment. �e evidence from the review did 
not show any overall bene�t of folic acid supplementation 
throughout pregnancy. Most of the studies included in the 
review were old (conducted over 30–45 years ago).

Vitamin B12 de�ciency in women has been shown to 
increase the risk of infertility or recurrent spontaneous 
abortions. Starting pregnancy with inadequate B12 level 
may increase the risk of birth defects such as NTD and may 
contribute to preterm delivery, although this needs further 
evaluation.29 B12 de�ciency in pregnancy is associated with 
higher insulin resistance and higher incidence of GDM, as 
well as higher prevalence of type 2 diabetes (T2DM) at 5 years. 
Among B12-de�cient women, the incidence of GDM increases 
with rising folate concentration.30 Low levels of circulating 
B12 in mothers who are folate replete has been shown to be 
associated with “thin fat” o�springs with high prevalence of 
insulin resistance, suggesting a future risk for T2DM.31

Overweight and obesity
Complications of overweight and obesity during pregnancy 
include hypertensive disorders, coagulopathies, GDM, 
respiratory problems, and fetal complications such as large-
for-gestational-age (LGA) babies, congenital malformations, 
stillbirth, and shoulder dystocia. Women being overweight 
in early pregnancy have a twofold to threefold increased risk 
for preeclampsia.32 Obesity is associated with increased risk 
of preeclampsia (aOR 4.46), induction of labor (aOR 1.97), 
postpartum hemorrhage (aOR 3.04), intensive care admis-
sion (aOR 3.86), GDM (aOR 7.89), thrombosis (aOR in�nity), 
shoulder dystocia (aOR 1.89), C-section (aOR 3.50),33 mater-
nal infection (aOR 3.35), prolonged hospital stay (aOR 2.84), 
and instrumental delivery (aOR 1.17).34

Maternal overweight and obesity (BMI >25 kg/m²) is the 
most important modi�able risk factor for stillbirths in high-
income countries, contributing to around 8000 stillbirths 
(≥22 weeks gestation) annually.35 In developing countries, 
it is associated with a twofold to threefold increased risk of 
macrosomia, requiring institutional and assisted delivery, 
the lack of which results in signi�cantly increased maternal 
morbidity and mortality.36 A meta-analysis and systematic 
review of cohort studies of maternal BMI and risk of fetal 
death, stillbirth, or infant death concluded that even the 
modest increases in maternal BMI lead to signi�cantly 
increased risk.37 �e number of women in their reproductive 
age who are overweight now exceeds the number of under-
weight women,38 and if this trend continues unchecked, it 
may again reverse the recent nebulous gains in improved 
maternal health outcomes. Focusing on quality nutrition, 
physical activity, and general health of women especially 
during the reproductive years is an important public health 
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investment. Raising public awareness on the hazard of 
overweight and obesity, particularly among low- and middle-
income communities undergoing rapid economic transition, 
is the need of the hour in relation to NCD risk and from a 
maternal health risk perspective.

Hyperglycemia
According to the International Diabetes Federation, there 
are now an estimated 382 million people (184 million 
women) with diabetes; in addition, about 316 million peo-
ple have impaired glucose tolerance (IGT).5 By 2035, this 
number is likely to grow to over 592 million with diabetes 
and 471 million with IGT. �e Asia Paci�c region accounts 
for about half the global burden; China, India, Indonesia, 
Pakistan, and Bangladesh account for 185 million people 
with diabetes and �gure among the top 10 countries with 
the highest number of people with diabetes.5 �ese very �ve 
countries also account for over half of the global live births 
(66 million/year).

Worldwide, one in six pregnancies may be associated 
with hyperglycemia, 84% of which involve GDM.5 In 2013, 
16.8% of live births (21.4 of 127 million) were associated 
with hyperglycemia in pregnancy and 16% of these were 
due to overt diabetes in pregnancy. �is does not account 
for pregnancies ending in spontaneous abortions, still-
births, or intrauterine deaths that may have been associ-
ated with hyperglycemia, proven or otherwise. In high-risk 
groups, up to 30% of pregnancies may involve diabetes.39,40 

�e age-adjusted prevalence of GDM in the United States is 
higher than those of Asian or Paci�c Island–origin women 
but more so (almost threefold compared to non-Hispanic 
whites) for migrant women born in the country of their ori-
gin.41 In Southeast Asia, one in four live births may occur in 
the setting of maternal hyperglycemia.5 A fact generally not 
known to or recognized by public health experts and policy 
makers is that 91.6% of cases of hyperglycemia in pregnancy 
occur in low- and middle-income countries.5 With limited 
access to maternal care, this may have major consequences 
for maternal health and a future burden of NCDs.

Increasing age is associated with higher prevalence of 
hyperglycemia in pregnancy, which is the highest (47.7%) 
among women >45 years. In general, the age of onset of dia-
betes is declining; at the same time, the age of marriage and 
childbearing is increasing; as a consequence, we may, in the 
future, see more women entering pregnancy with preexist-
ing diabetes.42,43 Between 1999 and 2005, the prevalence of 
pregestational diabetes among pregnant women in south-
ern California doubled.44 In 2010, there were an estimated 
22  million women with diabetes in the reproductive age 
group of 20–39  years; an additional 54 million in this age 
group had IGT with the potential to develop GDM if they 
become pregnant.45 �us, over 76 million women were at risk 
of their pregnancies being complicated with pregestational 
(overt) diabetes or GDM.

Several markers such as age; race/ethnicity; BMI; his-
tory of T2DM in �rst-degree relatives, GDM, macrosomia, 

unexplained stillbirth, and spontaneous abortion in previ-
ous pregnancies; excessive weight gain; and the presence of 
polycystic ovary syndrome, metabolic syndrome, polyhy-
dramnios, and suspected macrosomia during current preg-
nancy have been described to clinically identify women with 
high risk of GDM.46 In practice, they fail to correctly identify 
more than half the women with GDM47–50; thus universal 
screening for hyperglycemia during pregnancy must be the 
standard practice.

Hemorrhage, hypertensive disorders, obstructed labor, 
and infection/sepsis are among the leading global causes 
of  maternal mortality.51 High blood pressure and gesta-
tional hyperglycemia are linked directly or indirectly to all 
of them; yet women are not routinely screened for hypergly-
cemia during pregnancy, and the diagnosis of GDM is o�en 
missed. Maternal mortality and morbidity attributable to 
diabetes in women may, therefore, actually be higher than 
current estimates.

Diabetes in pregnancy is associated with serious com-
plications for both the mother and child. It has been shown 
that the negative consequences on the fetus and the mother 
increase linearly with increasing maternal blood glucose.52 
Infants of mothers with pregestational diabetes have higher 
rates of malformation53–55; good blood glucose control before 
conception and throughout pregnancy reduces these risks 
substantially.56,57 �e major problems related to hyper
glycemia during pregnancy are shown in Table 27.1.

A meta-analysis58 shows that, overall, women with GDM 
have an increased risk of developing T2DM (RR 7.43, [95% 
CI 4.79, 11.51]). Within 5 years of the index pregnancy, the 
relative risk is 4.69, which more than doubles to 9.34, 5 years 
postpartum. �e risk can be reduced or the onset of diabetes 
considerably delayed through preventive actions in terms of 
postpartum weight loss and adopting a healthy lifestyle.59

Women with history of GDM also have higher prevalence 
of the metabolic syndrome and increased risk of cardiovas-
cular disease (CVD).60 Over a median follow-up of 12 years, 
women with GDM had higher risk of CVD (adjusted hazard 
ratio 1.66 [95% CI 1.30, 2.13], p < 0.001),61 more noninvasive 

Table 27.1  Risks associated with hyperglycemia 
in pregnancy

Fetal risks Maternal risks 

Spontaneous abortion, 
intrauterine death, and 
stillbirth

Polyhydramnios

Lethal or handicapping 
congenital 
malformation

Pregnancy-induced 
hypertension and 
preeclampsia

Shoulder dystocia and 
birth injuries

Prolonged labor, obstructed 
labor, assisted delivery, 
and C-section

Neonatal hypoglycemia Uterine atony and postpartum 
hemorrhage

Infant respiratory distress 
syndrome

Infections
Progression of retinopathy
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cardiac diagnostic procedures (OR1.8 [95% CI 1.4–2.2]), sim-
ple cardiovascular events (OR 2.7 [95% CI 2.4–3.1]), and total 
cardiovascular hospitalizations (OR 2.3 [95% CI 2.0–2.5]) 
over a 10-year follow-up, a�er adjusting for age, ethnicity, 
and comorbidities such as preeclampsia and obesity.62

Fetal environment contributes signi�cantly to higher risk 
for diabetes than can be explained by genetic inheritance 
alone. O�springs of mothers with GDM are four to eight 
times more likely to develop diabetes63,64 compared to sib-
lings born to the same parents in a non-GDM pregnancy. 
Children born to obese or diabetic mothers are at higher risk 
of obesity and/or insulin resistance and T2DM during child-
hood,65 adolescence,66 and early adulthood.64 Almost half 
(47.2%) of diabetes and obesity in the youth can be attributed 
to maternal GDM and obesity.67 Population attributable risk 
for T2DM from GDM in certain populations may be as high 
as 19%–30%.68 Maternal pregravid obesity combined with 
GDM leads to newborn hyperinsulinemia and increased fat 
mass until 6 weeks, whereas pregravid obesity alone does 
not, suggesting the pivotal role of GDM.69 GDM creates a 
vicious cycle in which diabetes begets diabetes.

In view of the dramatic increases in obesity and diabetes, 
we should accept that screening, diagnosing, and treating 
GDM is worthwhile.70 Skeptics, however, continue to ques-
tion whether screening women for GDM is cost-e�ective. 
Most of the cost-e�ectiveness analyses in the past have not 
included long-term bene�ts71 or have been conducted in 
populations with a relatively lower burden of GDM; none 
of these were in low-income countries. A few recent studies 
including modeling studies show that GDM screening asso-
ciated with postpartum lifestyle interventions for T2DM 
prevention is cost-e�ective in both high-income (United 
States, Israel) and low-income (India) countries.72–74

Hypertension
Worldwide, high blood pressure with or without proteinuria 
is a major cause of maternal morbidity and mortality,75 and 
hypertensive pregnancy disorders (HPDs) account for 10% 
and 15% of maternal deaths in low- and middle-income coun-
tries, respectively,76–78 as well as increased perinatal morbid-
ity and mortality as a consequence of prematurity and poor 
fetal growth. Although the incidence varies in di�erent parts 
of the world, overall nearly 10% of previously normotensive 
women experience abnormally elevated blood pressure at 
some point during pregnancy. �ere is no consensus about 
the de�nition of HPDs and several classi�cations have been 
proposed. �e generally accepted broad categories are (1) 
gestational hypertension or pregnancy-induced hyperten-
sion (hypertension without proteinuria), (2) preeclampsia 
(hypertension with proteinuria), (3) chronic hypertension 
or essential hypertension (preexisting hypertension), and 
(4) chronic hypertension with superimposed preeclampsia. 
Preeclampsia/eclampsia have the highest impact on mortal-
ity and morbidity; these include renal or liver failure, clot-
ting disorders, stroke, preterm delivery, stillbirth or neonatal 
death,79 and C-section, especially emergency C-section.

Although most cases of preeclampsia can be managed 
successfully in well-resourced settings, severe preeclamp-
sia is a life-threatening multisystem disease associated with 
eclampsia, HELLP syndrome (hemolysis, elevated liver 
enzymes, low platelets), acute kidney injury, pulmonary 
edema, placental abruption, and intrauterine fetal death, all 
of which are di�cult to handle in poor-resourced settings.80

Several risk factors are associated with higher predilec-
tion for preeclampsia; these include nulliparity (RR 2.38; 
95% CI 2.28–2.49), multiple pregnancy (RR 2.10; 95% CI 
1.90–2.32), history of chronic hypertension (RR 1.99; 95% 
CI 1.78–2.22), GDM (RR 1.93; 95% CI 1.66–2.25), maternal 
age ≥35 years (RR 1.67; 95% CI 1.58–1.77), fetal malforma-
tion (RR 1.26; 95% CI 1.16–1.37), and mother not living with 
infant’s father (RR 1.21; 95% CI 1.15–1.26).81 Preeclampsia 
risk increases with increasing prepregnancy BMI.81

HPD has long-term consequences for the o�spring and 
the mother. Women with previous HPD have higher glu-
cose, insulin, triglyceride, and total cholesterol levels a�er 
pregnancy.82 Women with HPD are at increased risk of 
cardiovascular and metabolic disorders, including a twofold 
increased risk for hypertension, a threefold increased risk 
for T2DM, and a 1.3-fold increased risk for dyslipidemia,83 
and these women may bene�t from close postpartum moni-
toring, timely implementation of lifestyle modi�cations, 
and  preventive measures for cardiovascular and metabolic 
risk reduction.82,83

O�springs of mothers with preeclampsia have higher 
blood pressure during childhood and young adulthood.84–86 
�e mechanism for the higher risk is not clear and may be 
genetic and epigenetic—a consequence of vascular or meta-
bolic programming—and have shared family risks or a com-
bination of these.

Maternal health impacts future 
burden of NCDs
Prenatal and early-life development through epigenetic pro-
gramming in�uences the risks of NCD in later life,87–91 and 
this might be especially relevant to low-resource countries.91–94 
�e parent’s health, particularly the mother’s body com-
position and nutritional and metabolic status during preg-
nancy, determines fetal environment and a�ects risk for later 
NCDs.95,96 Ensuring a healthy pregnancy and a disease-free 
early childhood may be the most e�ective means of attaining 
the best future health and preventing NCDs. Fetal environ-
ment represented by the mother’s periconceptional and gesta-
tional health determines whether one starts life with a health 
“advantage” or “handicap,” and it is on this “foundation” that 
NCD risk factors play out in later life. People starting life with 
a “health handicap” may be less able to withstand lifestyle risks 
and may be vulnerable to diseases early, compared to those 
starting with a “health advantage.” Similarly, lifestyle inter-
ventions in adult life to prevent diseases may have variable 
e�ects based on early-life programming.97 �e impact of life 
conditions on health—the social determinants of health—is 
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high on the global development agenda, and therefore, it is 
relevant to ponder that perhaps these social determinants 
get “hard wired” into the next generations’ genome through 
epigenetic changes. �e recognition that early-life in�uences 
play an important role in the causation of chronic diseases 
does not imply an absolute deterministic process that cannot 
be overcome by later-life intervention; it only helps to point 
that the task becomes more di�cult and expensive with lower 
chance of success when initiated later in life.

Focusing on short-term survival in terms of lowered 
maternal and perinatal morbidity and mortality to assess 
maternal health programs as has been the routine practice so 
far does not capture outcomes that have longer-term impli-
cations for adult health, life expectancy, quality of life, and 
accumulation of human capital.97 Moreover, recommenda-
tions for nutritional interventions are frequently based on 
increasing birth weight, focusing on survival, gains in stat-
ure, or micronutrient status in the short term.98 Longer-term 
follow-up data con�rm the existence of only a narrow win-
dow of opportunity for interventions up to 24 months of age, 
and only limited bene�t, or even harm, of feeding strategies 
therea�er.99,100 Small babies continuing to be malnourished 
and stunted during childhood and early adult life remain at 
relatively low risk for NCDs as long as they have su�cient 
sustenance for which they were programmed. With changes 
in living conditions as a consequence of economic develop-
ment or urban migration, these individuals manifest dia-
betes, hypertension, and other NCDs at much lower BMI 
and central adiposity threshold.101,102 Studies on survivors of 
the Dutch103,104 and Chinese105 famine show that individu-
als exposed to intrauterine undernutrition had signi�cantly 
higher rates of diabetes in adult life, and the risk was high-
est in the subgroup that were relatively well-o� in adult life. 
Similarly, LGA babies born to overweight/obese women with 
or without GDM are at high risk of obesity, diabetes, and 
metabolic syndrome in early adult life.63–69

Developmental e�ects operate through a gamut of subtle 
in�uences that provide the fetus the cues (via the intrauter-
ine environment) to predict the external environment it will 
be born into, as well as the �exibility to adjust its growth 
trajectory to match that environment. �ese cues, such as 
maternal under- or overnutrition (pregnancy weight gain), 
maternal obesity or GDM,106,107 or other maternal health 
insults like stress, or infections (malaria, tuberculosis, HIV/
AIDS, etc.),108,109 create multigenerational cycles of dis-
ease110 through epigenetic changes. �e mismatch between 
the predicted environment for survival programming and 
the actual environment in adult life may be a critical factor 
driving the NCD epidemic primarily through its e�ects on 
weight, blood pressure, and blood glucose.

In young women born small themselves, the physiological 
e�ects of pregnancy-induced weight gain, insulin resistance, 
and increased insulin demand may be exaggerated by the pre-
existing insulin resistance and the lower ability to produce 
insulin as a consequence of their early-life programming, 
resulting in higher rates of GDM and/or pregnancy-induced 
hypertension. Seshiah et al.111 reported GDM prevalence rates 
of 8%–10% among women of low socioeconomic status who 

had a prepregnancy BMI of <19. Undiagnosed or poorly man-
aged GDM sets o� a cycle of future obesity and T2DM in their 
o�springs, and the cycle may repeat in subsequent genera-
tions with ever-growing risk accumulation until interrupted 
through appropriate preventive actions in the pre- and peri-
conceptual period, during pregnancy, and in the postpartum 
period of the next generation.

�e concept of fetal programming and its consequences 
is paradigm changing; it highlights that pregnancy o�ers a 
window of opportunity to provide maternal care services 
not only to reduce the traditionally known maternal and 
perinatal morbidity and mortality indicators but also for 
intergenerational prevention of several chronic diseases.40

�ere are several barriers in achieving these objectives. 
�ese barriers related to GDM, for example, have been 
recently described in a systematic review and are brie�y 
described.112 Knowledge of and adherence to existing guide-
lines and procedures for screening and diagnosis seem 
suboptimal at best and arbitrary at worst, with no clear or 
consistent correlation to the health provider, health system, 
or client characteristics. Most women express commitment 
and motivation for behavior change to protect the health of 
their unborn babies, but knowledge about how to e�ectively 
make changes is missing. Compliance to recommended 
treatment and advice is seen as di�cult and challenging, and 
precious little is known about health system or societal fac-
tors that hinder compliance and what can be done to improve 
them. When properly informed, immediately following a 
GDM pregnancy, many women express desire and inten-
tion to adapt healthy lifestyles to prevent future diabetes, 
but �nd the e�ort challenging. Adherence to recommended 
postpartum screening and continued lifestyle modi�cations 
seems even lower. Here, some healthcare providers, health 
systems, and client-related determinants and barriers have 
been identi�ed.112 Studies reveal that a sense of self-e�cacy 
and social support is important for making and adhering to 
the changes. Noncompliance to screening or nonacceptance 
of diagnosis of GDM may be due to poor understanding 
of the consequences, or fear of stigmatization, and one needs 
to be careful how to address this in public health campaigns to 
avoid creating another platform for women to be blamed for 
adverse e�ects on their children’s future health.

Future direction for action and 
research
Having saved a mother with GDM and preeclampsia from 
dying of obstructed labor or postpartum hemorrhage and 
her macrosomic baby, or a mother with severe malnutrition 
and anemia and her LBW baby, what can be done to ensure 
their future good health and to prevent or signi�cantly 
delay the onset of hypertension or T2DM? What should be 
done to ensure that a girl child born of such pregnancy is 
given due antenatal attention to prevent further intergen-
erational risk transfer? �is requires transforming policy 
to integrate services for MCH, NCD care and prevention, 
and health promotion. It will also require cost-e�ective 
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investments in information technology, to identify and 
track these high-risk individuals to enlighten, empower, 
and encourage them to adopt healthy living throughout 
life as well as empower local health workers to support and 
follow their progress. Enrolling, monitoring, and track-
ing women during and a�er pregnancy and their o�spring 
using information technology may be the most appropriate 
place to begin this health system transformation to break 
the ever-rising curve of chronic NCDs.113

�ere is a great need to carry out operational research 
to understand the facilitators and barriers to an integrated 

health system response to jointly address the challenge of 
improving maternal health and addressing prevention of 
NCDs and developing scalable programs in real-life set-
tings. In addition, developing tools and incentives to engage, 
enlighten, empower, and encourage “at-risk” mother-and-
child pair and study of the impact of these actions over 
time on population health are required. Given the size of 
the problem, there is also a need to develop point-of-care 
easy-to-use diagnostic and prognostic tests to more accu-
rately identify individuals with greater risk so as to deploy 
resources appropriately.
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Diabetic pregnancy in the 
developing world
Eran Hadar, Eran Ashwal, and Moshe Hod

Introduction
Diabetes and obesity, as components of metabolic syndrome 
and representatives of the noncommunicable disease spec-
trum, are incorrectly perceived as a unique problem of the 
developed world. In fact, they are emerging as a major health 
challenge in developing countries as well. Low-resource 
countries are experiencing a surge in the incidence of such 
diseases, traditionally associated with the lifestyle of high-
resource countries, while limited funds are available to over-
come this dilemma.

�e issue of diabetes in the developing world is a rela-
tively new problem. Hence, available data on the epidemi-
ology, diagnosis, management, and outcome of diabetes in 
pregnancy, in such settings, are scarce. Although hyper-
glycemia is a well-established cause for adverse pregnancy 
outcome, studies of the racial and ethnic distribution 
of hyperglycemia in pregnancy have shown signi�cant 
variation in its epidemiology and have not been system-
atically and thoroughly investigated in other aspects, such 
as screening, diagnosis, management, and maternal and 
perinatal outcome. Paucity of adequate data is the result of 
several factors: underdiagnosis due to lack of resource and 
facilities and multiple strategies for screening and diagno-
sis, of which some are poorly implemented and incompati-
ble to low-resource rural areas along with poor compliance 
to diagnosis and follow-up. �is results not only in an 
epidemiological bias but also leads to lack of proper diag-
nosis, inappropriate treatment, and an increased risk 
for diabetes-related adverse pregnancy outcome, for the 
mother and her infant (Figure 28.1). Moreover, the tre-
mendous therapeutic progress in diabetes in general and 
during pregnancy in particular, in the developed world, 
during the last century has not reached to its full extent in 
low-resource countries, where resources for diabetes man-
agement are o�en lacking, resembling a situation reminis-
cent of the preinsulin era.

In this chapter, we shall review current information on 
the relevant issues of diabetes and hyperglycemia before, 
during, and following pregnancy, with an emphasis and 
focus on the special consideration in the developing world.

Epidemiology of hyperglycemia in 
pregnancy in the developing world
�e epidemic of diabetes has a profound and universal e�ect 
on pregnant women, both prior and during pregnancy—
type 1 and type 2 diabetes mellitus (T1DM and T2DM) 
and gestational diabetes mellitus (GDM), respectively. �is 
holds true not only for high-income countries, which is well 
established in extensive research, but even more so in low-
resource countries. Some low- and middle-resourced coun-
tries have the highest worldwide incidence of diabetes while 
in others the reported incidence is still relatively low. �ese 
data must be interpreted with caution, as partial and inappro-
priate screening and diagnosis may lead to bias. �is occurs 
due to lack of recourses and facilities, especially in rural 
areas, leading to a signi�cant underdiagnosis and underre-
porting bias, of the true incidence of T2DM and GDM.

Pregestational type 2 diabetes mellitus
�e overall prevalence of T2DM is highly deviated in dif-
ferent ethnic groups and geographical regions. It is lowest 
in Africa (2.4%) and highest in Europe and North America 
(7.89%).1 Even in the face of such low numbers, the incidence 
of T2DM in Africa has increased almost twofold from 1997 
to 2010.2 Recently published estimations anticipate that 
the number of individuals with diabetes will again double 
by 2030, reaching 366 million people worldwide, of them 
61 million in Africa and 190 million in Asia.3

�e World Health Organization (WHO) Ad-Hoc Diabetes 
Reporting Group reported on the prevalence of diabetes and 
impaired glucose tolerance (IGT) in a diverse patient popu-
lation of reproductive aged women.4 �ey noted the lowest 
rates of diabetes (<1%) in Bantu (Tanzania), Chinese, rural 
Indian, Sri Lankan, and some Paci�c populations. Low rates 
of diabetes (3%–5%) were reported in Italian women and 
in white, black, and Hispanic women in the United States. 
Rural Fijian Indian and Aboriginal Australian women had 
high rates of diabetes, reaching a prevalence of 7%. �e high-
est rates were found in Pima, Papago, and Nauruan Indians 
(14%–22%). �e prevalence of IGT was found to be under 3% 
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in Chinese and Malays and over 10% in black and Hispanic 
women in the United States, urban Indian, Tanzania, Pima, 
and Nauruan Indians and in other Paci�c communities. �e 
combined age-strati�ed rate of both diabetes and IGT ranged 
from 0% to 36%, with over 10% prevalence in one-third of the 
populations and beyond 30% prevalence in Pima and Nauruan 
Indians. Importantly, in several populations, the majority of 
cases diagnosed with diabetes were in fact undiagnosed prior 
to the survey. �us, a signi�cant proportion of patients with 
abnormal glucose tolerance will be missed without screening. 
�is fact warrants special consideration for pregnancy plan-
ning, as it implies that a signi�cant proportion of high-risk 
women will become pregnant without proper glycemic control 
prior to pregnancy, thus exposing themselves and their fetus 
to adverse outcome associated with pregestational diabetes, 
speci�cally congenital anomalies and pregnancy loss.

Gestational diabetes mellitus
�e prevalence of GDM is linearly and positively correlated 
with that of T2DM, in any given population. �erefore, in 
correlation with T2DM, the incidence of GDM has also 
increased dramatically in the past decade in all racial and 
ethnic groups.5 �e overall rate of GDM ranges vastly from 
5% up to 25% of pregnant women, depending upon multi-
ple risk factors, such as race and ethnicity, familial history, 
weight, height, age, and parity.6

�e reported prevalence of GDM in the United States, as a 
representation of high-resource countries, ranges from 1% 
to 14%, with 2%–5% being the most commonly reported rate.7 
Dooley et  al.8 studied 3744 pregnant women who under-
went universal screening for GDM. �e patient population 
included 39.1% white, 37.7% black, 19.8% Hispanic, and 3.4% 
Oriental and others. �e adjusted relative risk was increased 
in black (1.81, 95% con�dence interval [CI] 1.13–2.89) and 
in Hispanic women (2.45, 95% CI 1.48–4.04). �ese �ndings 
were supported by others, showing that Asian women were 
more likely to have GDM than Caucasian women (31.7% 
vs. 14%, p < 0.02) despite their lower body mass index and 
socioeconomic status.9,10 Recent studies supported race as 
a risk factor, with similar �ndings of a high rate of GDM 
among Asians, Hispanics, Native Americans, and African 
Americans as compared to non-Hispanic whites.11

Although closely related to race and ethnicity, from a 
geographical point of view, Guariguata et al.12 in an exten-
sive review concluded that 90% of the global GDM burden 
occurs in low- and middle-income countries, with a global 
prevalence of 16.9% and a disease burden of 21.4 million 
live births a�ected annually. �e highest rate of GDM was 
found in Southeast Asia (23.1%) and the Middle East and 
North Africa (22.3%). In contrast to many countries in Asia 
and Latin America, where screening programs quanti�ed 
the present problem, the majority of countries in Africa, 
mostly sub-Saharan Africa, lack the actual prevalence data 
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Figure 28.1  Maternal and neonatal consequences of gestational diabetes mellitus.
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of diabetes in pregnancy.13 Currently available epidemio-
logical data from this region are summarized in Table 28.1, 
showing not only the wide prevalence but also the pau-
city of data coming from the 48 countries in sub-Saharan 
Africa.

�e wide distribution variations in the prevalence of 
GDM by race and geography may be related to intricate 
associations between genetic factors a�ecting insulin resis-
tance, lifestyle, diet, sociocultural factors, and healthcare 
access and utilization. As such, and due to the remarkably 
varied approaches used, di�erent methods of screenings, 
various oral and intravenous glucose loads, and di�erent 
diagnostic criteria, it remains unclear if this marked diver-
sity represents true di�erences in the prevalence of GDM, 
or  is simply biased. Understanding the racial, ethnic, and 
geographical disparities in GDM prevalence is a substan-
tial �rst step toward improving maternal and child health, 
through improved diagnosis and better treatment.

Pathophysiology of hyperglycemia in 
pregnancy in the developing world
Several factors come into play, when attesting to explain 
disparities in the prevalence and outcome of diabetes in 
low-resource countries. �is is a combination of both genetic 
and environmental in�uences.

From a sociocultural perspective, gender studies pres-
ent the East African woman as a complex and dominant 
individual with a central role in society as mothers, work-
ers, and members of families and communities.15 Women 
are focused and educated on their central role in reproduc-
tion. Accordingly, being childless leads to stigmatization 
and expulsion from the community.16 As a consequence, 
childbearing even in later stages of life is common, and this 
impacts the rate of diabetes in pregnancy.

Moreover, the impact of diabetes draws various social 
implications. In cases of diabetes prior to pregnancy, chil-
dren may be born with birth defects, becoming customarily 
a female responsibility, with all the attendant implications. 
In addition, poor obstetric outcomes in such pregnancies 
may lead to a desire for “replacement” children. �is, in turn, 
motivates high parity and its adverse sequel on the rate of 
diabetes. Both GDM and pregestational T2DM increase the 

probability of intrauterine fetal death, macrosomia, shoulder 
dystocia, uterine rupture, and postpartum hemorrhage.17

Finally, it is well established that untreated GDM causes 
late-onset diabetes, leading to related complications in later 
stages of life and negatively impacting women’s life expec-
tancy, morbidity, and mortality. GDM leads to a higher 
prevalence of diabetes in the o�spring of mothers who were 
a�ected by diabetes in pregnancy and, in turn, burdens 
future female generations.18

From an environmental perspective, there is a complex 
interplay of obesity and malnutrition. Biological and envi-
ronmental factors in rural areas of developing countries, 
in combination with malnutrition and infections, cause 
metabolic alterations distinct from those seen in developed 
countries.19 Malnutrition concomitant with physical work 
and iron and protein insu�ciencies contributes to the high 
prevalence of low-birth-weight newborns.20 Also, the pan-
creas appears to be sensitive to maternal anemia and infec-
tious diseases. In both in vitro studies and human studies, 
a reduced number of pancreatic beta cells have been noted 
in children who were small for gestational age at birth, sug-
gesting a reduced vascularization and replication rate of 
beta pancreatic cells.21 Fetal and early postnatal undernutri-
tion can provoke metabolic adaptations that a�ect variables 
such as glucose uptake,21 insulin signaling,22 leptin levels,23 
and endocrine adaptations that a�ect the hypothalamic–
pituitary–adrenal axis.24 �ese changes mount to health out-
comes such as coronary heart disease, stroke, T2DM, and 
the metabolic syndrome, all of which have been shown to be 
increased in low-birth-weight neonates.25

On the contrary, obesity has a profound impact on 
hyperglycemia. �e global trend of an increased prevalence 
of diabetes in low-resource populations, with the subse-
quent increase of GDM, is closely linked to higher rates of 
obesity and is related to lifestyle and dietary changes.26,27 
In recent decades, the incidence of T2DM has dramatically 
increased worldwide due to changes in lifestyle, from those 
of hunters, gatherers, and farmers to a contemporary pat-
tern mainly characterized by sedentary occupations and 
high-energy fuel resource intake.28 It has been demonstrated 
that Africans, especially in urban settings, are experiencing 
rapid demographic and epidemiological transitions, chang-
ing diets and lifestyles encouraging urban dri� and transna-
tional migration. �is is characterized by an enormous rise 

Table 28.1  Prevalence of gestational diabetes mellitus in selected 
African countries

Country Description Date Prevalence (%) 

Ethiopia Rural, Northern Ethiopia 1999 3.7
Mozambique Urban, Maputo 2002 7.3–11.0
Nigeria Urban, six studies 2004–2012 1.0–13.9
South Africa Urban and rural, four studies 1979–2011 0–8.8
Tanzania Rural 2011 0

Source:	 Macaulay S, et al., PLOS ONE, 9(6), e97871, 2014. With permission.
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in noncommunicable diseases—diabetes, hypertension, and 
cardiovascular diseases.29 Currently, the highest prevalence 
of T2DM is found in populations that have undergone rapid 
alterations in lifestyle, such as Australian Aborigines, Native 
Americans, Paci�c Islanders, and some migrant populations 
such as the Asian Indians.30

Finally, there is an important role for genetic alterations. 
In 1962, Neel et al. proposed the “thri�y genotype” hypoth-
esis as a preliminary explanation for these observations.31 
In order to persist through centuries of evolution and in 
the face of the obvious and strong genetic selection against 
this condition, the diabetogenic genes must have conferred 
a survival advantage in times of nutritional deprivation; 
yet they were detrimental at times of adequate or overnu-
trition. In the 1980s, Barker et al.32 observed that the geo-
graphical distribution of heart disease was closely related 
to a person’s place and birth weight. �is suggests that 
early life events can cause permanent changes in physiol-
ogy that, depending on the environment, may later entail 
a predisposition to disease. In the 1990s, the “thri�y phe-
notype” hypothesis was suggested by Hales and Barker as 
a probable etiology of T2DM.33 �ey claimed that adverse 
mechanisms of nutritional thri� on the growing individual 
are imposed by poor fetal and early infant nutrition. �e 
thri�y phenotype hypothesis proposes that subsequent 
development of T2DM and the metabolic syndrome results 
from poor nutrition in fetal and early life, which produces 
permanent changes in glucose and insulin metabolism. 
During the period that the individual persists in the under-
nourished state, the physiological state is appropriately 
maintained. However, when the early adaptations that have 
been invoked to survive under restricted nutrient supply 
are later faced with conditions of a�uence, the physiol-
ogy is disturbed, sequentially leading to the occurrence 
of disease.34 �is phenomenon is particularly apparent in 
countries undergoing a rapid economic and nutritional 
transition, or in peoples migrating from poor to wealthy 
countries.35 Observations in support of this assumption 
involve, for example, the increased susceptibility of Asians 
to diabetes36 and of Africans to hypertension.37

Yajnik et al. studied the body size and cord blood leptin 
and insulin concentrations in urban newborn (Pune, 
India) and white Caucasians (London, England). �e 
Indian babies were much smaller than white Caucasian 
babies in all aspects apart from measurements of body fat 
and particularly central fat as judged by the subscapular 
skinfold thickness.38,39 �ey described these babies as hav-
ing the “thin-fat” baby syndrome claiming it showed that 
the excess visceral adiposity in most Asian adults can be 
traced back to the neonatal phase. Also, cord blood insulin 
levels appeared to be higher, in Indian babies versus white 
Caucasian babies, and were correlated with subscapular 
skinfold thickness. Later in childhood, these “thin-fat” 
Indian babies have substantial impaired insulin sensitiv-
ity, which inversely correlated with birth weight.40,41 �ese 
studies, with subsequent support,42–45 provide solid data 
to con�rm the claim that people living in developing 
countries are prone to su�er the greatest e�ects of early 

programming, exposing them to a higher rate of diabetes 
and the metabolic syndrome.

Diagnosis of hyperglycemia in 
pregnancy in the developing world
Screening and diagnosis of diabetes in pregnancy appears 
to be more complex in low-resource countries, especially in 
rural areas. Several aspects need to be addressed in relation 
to the diagnosis of GDM and T2DM, which include �nan-
cial, technical, and cultural barriers to appropriate diagnosis.

Screening and diagnosis
�e dilemma of when and how to screen and diagnose 
diabetes, worldwide, as well as in developing countries—is 
continuously debated.46,47 In the developing world, incon-
sistency in detection mechanisms and screening methods 
of diabetes in pregnancy is being further magni�ed by the 
fact that most of the screening programs do no distinguish 
between GDM and undiagnosed T2DM—this may be solved 
with the adoption of the International Association of the 
Diabetes and Pregnancy Study Groups (IADPSG) principles 
for diabetes testing during pregnancy.48 Moreover, simpler, 
cheaper, and accessible strategies for diagnosis of hyper-
glycemia in pregnancy need to be implemented uniquely 
for the low-resource countries:

Diagnostic thresholds—De�ning cuto� glucose levels that 
are adequate for the particular setting of a develop-
ing country, considering the demographic shi�s and 
local genotypes as a background determinant, remains 
a nonresearched challenge. Both diabetes in preg-
nancy and infectious diseases being highly prevalent 
in low-resource countries, along with malnutrition, 
potentially in�uence maternal metabolism, induce 
a catabolic state in the mother, and increase the risk 
of diabetic ketoacidosis and its complications dur-
ing pregnancy.19 Basal glucose levels are most likely 
lower in pregnant women in low-income countries in 
comparison with their counterparts in high-income 
countries. Hence, in developing countries where a 
high prevalence of diabetes in pregnancy is assumed, 
outcomes could be more favorable when thresholds are 
set low, as more near-hyperglycemic pregnant women 
will be diagnosed with diabetes. However, taking into 
account �nancial constraints that such countries are 
facing and their need to focus on cost-e�ective, imme-
diate lifesaving healthcare interventions, the cost 
implications of setting a low cuto� level may not be 
feasible, nor e�cacious in most low-income countries. 
In many developing countries, speci�c target levels 
for the diagnosis and therapy of GDM and the conse-
quences of their variation on the obstetrical outcome 
have not yet been formally evaluated.

Selective versus universal—Selective screening based 
on risk factors may be a cheaper alternative to labo-
ratory testing. However, such schemes score poorly 
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in predicting GDM.49 When selective screening is 
applied, it is estimated that approximately 16% of 
GDM women will be undetected.50 �e American 
Diabetes Association recommended selective screen-
ing for women belonging to ethnic groups with low 
prevalence of GDM. However, the lack of appropriate 
data on the prevalence of GDM in many low-income 
countries makes this selective screening nearly impos-
sible. Universal screening for GDM in comparison to 
selective screening detects more cases and improves 
maternal and o�spring prognosis.51 �e cost analysis 
of universal screening when compared with risk factor 
screening showed only a negligible di�erence.49 �us, 
universal screening appears to be the most reliable and 
desired method for the detection of GDM, even in low-
income countries.

Methods for detection—Universal screening as such must 
be simple and cost e�ective. Currently, the two-step 
procedure of screening with the 50 g glucose chal-
lenge test (GCT) and then diagnosing GDM based on 
the oral glucose tolerance test (OGTT) is not feasible 
in low-resource countries because it places a tremen-
dous burden on the gravid women and jeopardizes 
their compliance. �e two-step procedure requires the 
pregnant women to visit the antenatal clinic twice, and 
at least three to �ve blood samples need to be drawn. 
Alternatively, a single-step diagnostic procedure may 
be easier to implement. Even though the National 
Institutes of Health (NIH) consensus concluded 
that there is insu�cient evidence to adopt a one-step 
approach, concerning that the adoption of a one-step 
procedure would increase the prevalence of GDM and 
the corresponding costs and interventions.52

Some investigators have suggested low-cost alternatives for 
GDM diagnosis. Such innovative algorithms can certainly be 
used as alternatives when addressing diabetes in pregnancy 
in the developing world.53 Agarwal et al.54 evaluated fasting 
plasma glucose (FPG) as a screening tool for diabetes among 
1644 multiethnic high-risk population. �ey concluded that 
FPG below 4.4 mmol/L rules out GDM with 94.7% sensitiv-
ity and that FPG ≥5.3 mmol/L rules in GDM with compa-
rable sensitivity. Similar cuto�s of 5.1 and 4.4 mmol/L were 
tested on the hyperglycemia and adverse pregnancy outcome 
(HAPO) study population with similar results.55 Such algo-
rithms eliminate the need for OGTT in approximately 50% 
of the population, thus o�ering a simple low-cost algorithm 
for diagnosis, saving money, and reducing the need for a 
cumbersome laboratory procedure.

Obstacles to treatment of 
hyperglycemia in pregnancy in 
the developing world
Following diagnosis of GDM, proper pregnancy care, treat-
ment, and follow-up should commence. �ere are several 
recognized obstacles to ensure such high-quality care in the 

developing world,56 which include lack of standard proto-
cols, facilities, equipment, and the overall �nancing of health 
services; lack of appropriately trained healthcare providers, 
particularly female doctors, nurses, and diabetic educators; 
poor compliance to suggested care due to distance to health 
facilities, misperceptions of body size, weight gain/loss dur-
ing pregnancy, and cultural issues of health negligence; lack 
of decision-making power among women; and superstitions 
as to healthcare in general and diabetes in particular.

Antenatal care and follow-up
Adherence to care, a lack of compliance because of poor 
availability, religious beliefs or superstitions, and fear of 
stigma can be expected. As families residing in rural areas do 
not have the �nancial means to pay for appropriate screening 
and/or treatment. Hence, most pregnant women will opt for 
a traditional pregnancy and birth attendant. In some rural 
areas, the patient with diabetes is considered as bewitched 
and as such might �rst consult a traditional healer or tra-
ditional birth attendant rather than seeking care from the 
medical health personnel.57 Women residing in rural areas 
are much less likely to receive antenatal care than their 
urban counterparts. For instance, in the developing world 
as a whole, only one-third of rural women receive four or 
more antenatal care visits (WHO recommendation on the 
number of antenatal visits), in comparison to two-thirds of 
urban women.58

�erefore, as for screening and diagnosis, low-cost and 
patient-friendly alternatives must be sought. Maiti et  al.59 
from Kolkata, India, studied 50 GDM patients versus 31 con-
trols employing a minimalistic approach for diabetes care. 
�ey included 2 weeks of nutritional care followed, if neces-
sary, by twice daily regular human insulin, along with three 
fortnight glucose measurements at a laboratory and visits by 
the patient or family member, every 2 weeks. No di�erences 
were found between the two groups including perinatal 
mortality, macrosomia, shoulder dystocia, and birth injury. 
Although underpowered, this study shows that a simple and 
minimal approach may be adequate enough to ensure good 
pregnancy outcome. �is approach reached 100% compli-
ance versus lower rates of 60% compliance in other studies.

Diet and pharmacological treatment
Even in cases where elevated blood sugar levels are actually 
detected, the lack of �nancial resources poses a main barrier 
for adequate treatment, such as insulin or oral hypoglycemic 
agents.

Lifestyle changes such as adopting appropriate eating 
habits and engaging in regular physical exercise, which have 
already been proven to be cost e�ective in diabetes care, play 
an important role during and even before pregnancy. Such a 
strict diet may be impossible to implement in a low-resource 
setting, not to mention the impossibility to counsel for phys-
ical activity and weight loss during pregnancy. Obesity may 
be considered a desirable state in many low-income coun-
tries as it signals strength, wealth, a�uence, and even beauty 



Summary  239

in women. Being thin might be associated with being seri-
ously ill, and therefore, women who are overweight might be 
reluctant to act on advice to lose weight to avoid diabetes or 
improve their diabetes control in pregnancy.60

One of the major problems regarding diabetes care is the 
insulin itself. �e high cost of insulin might not be a�ordable 
for some, especially for pregnant women from rural areas 
where health insurance schemes are absent. Furthermore, 
the appropriate storage of insulin supplies may be impos-
sible, as temperatures in some tropical low-income countries 
can reach and go beyond 40°C, and refrigerators are not 
available.

Oral glucose-lowering agents are an alternative in low-
resource settings, where patients might have a poor level 
of education and a lack of means to use insulin injections 
resulting in poor diabetic control.61 However, their use has 
not been studied in low-resource settings.

Technological availability
Women living in a rural low-resource environment are less 
likely to remember their last menstrual period. �us, the 
estimation of gestational age is inaccurate and may not be 
dated properly due to lack of access to pregnancy care dur-
ing the �rst trimester. Even when early pregnancy care is 
sought and reached, sonography is not available as a tool for 
pregnancy dating and for later follow-up and management. 
�e lack of ultrasound even in referral centers throughout 
countries such as in East Africa poses tremendous di�cul-
ties for adequate pregnancy dating, monitoring of fetal well-
being, and estimated growth throughout pregnancy.62 Also, 
the lack of access to even more basic tools, such as capillary 
glucose meters, remains di�cult in rural areas.

Adverse outcomes due to 
hyperglycemia in pregnancy 
in the developing world
Hyperglycemia in pregnancy has a profound impact on 
maternal and neonatal outcome (Figure 28.1). Adequate 
information about maternal and perinatal morbidity and 
mortality (PNM) as a consequence of diabetes in pregnancy 
is scarcely reported.

In 2004, the WHO estimated that 529,000 maternal deaths 
occurred worldwide—251,000 in Africa (47%), 253,000 in 
Asia (48%), 22,000 (4%) in Latin America and the Caribbean, 
and approximately 2,500 (Less than 1%) in the developed 
countries.63 In terms of maternal mortality rate (MMR), the 
world �gure is estimated to be 4 to 1000 live births. Strati�ed 
by region, the MMR was highest in Africa (8.3:1000); followed 
by Asia (3.3:1000); Oceania (2.4:1000), Latin America, and the 
Caribbean (1.9:1000); and the developed countries (0.2:1000). 
A follow-up report estimated that maternal deaths worldwide 
decreased to 342,900 in 2008, with global MMR of 2.5:1000. 
�e global MMR declined at a rate of 1.3% since 1990. During 
the years 1990–2008, the rates of yearly decline in the MMR 

varied between countries, from 8.8% in the Maldives to an 
increase of 5.5% in Zimbabwe. In 2008, more than 50% of all 
maternal deaths occurred in only six countries, all low-income 
countries (India, Nigeria, Pakistan, Afghanistan, Ethiopia, 
and the Democratic Republic of the Congo).64

Coetzee et al.,53 from their departmental reports, found 
an overall PNM rate of 30/1000 births, while women with 
GDM and T2DM had PNM of 14:1000 and 70:1000, respec-
tively. If le� untreated, the PNM of women with GDM was 
264:1000, and of women with T2DM it soared to 313:1000. 
For comparison, nondiabetic mothers who had received 
no prenatal care had a PNM of 94:1000. Hence, it is obvious 
that untreated diabetes poses a greater threat of PNM than 
having no prenatal care.

In addition to common diabetic complications such  as 
retinopathy, nephropathy, and neuropathy in women  with 
pregestational diabetes, infectious morbidity is signi�cantly 
more frequent than in healthy women. �ere is a correlation 
between the frequency of infections and poor metabolic 
control.65 Preeclampsia, which occurs in 20% of diabetic 
pregnant women—three times more frequent than in healthy 
pregnant women—signi�cantly increases perinatal and 
maternal mortality and morbidity.66 �e major cause of mater-
nal complications and subsequent deaths in low-resource 
countries as those in East Africa seems to be the delay in 
arrival at healthcare centers and hospitals.67 Apart from the 
lack of �nancial means and living far from health centers, 
the low educational level o�en prevents a timely and poten-
tially lifesaving presentation at health facilities especially for 
women in the rural areas.68

Summary
�ere is a paucity of data available on the prevalence of 
GDM and pregestational diabetes in low-resource countries. 
Furthermore, the available data are derived mainly from 
the more accessible urban population while less data exist 
regarding populations in rural areas. In addition, the criteria 
for diagnosis are inconsistent, making comparisons di�-
cult. �e management of diabetes in pregnancy is a tremen-
dously challenging task especially where existing resources 
are few, infrastructures are very weak, and the educational 
levels are low. More newborn infants are being exposed to 
the metabolic environment of diabetes during intrauterine 
development each year as a result of the changing incidence 
and demographics of diabetes and pregnancy. National gov-
ernments along with the general public in the developing 
world must constantly be aware of the problems related to 
diabetes in pregnancy in order to establish appropriate pro-
grams including an approach to the diagnosis and therapy of 
diabetes in pregnancy. Within such programs and policies, 
the prevention and issues of accessibility and a�ordability 
of care have to be addressed. Simultaneously, education for 
healthcare workers must be implemented as they are able 
to identify groups at a high risk of diabetes and to contact 
women and educate them of the existence of diabetes in 
pregnancy and its impact on their o�spring.
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Awareness of diabetes at the primary care level, assisted 
by access to obstetrical and medical intervention when 
necessary, will decrease perinatal and maternal compli-
cations and diabetes-speci�c complications. E�orts to 
identify primary prevention strategies should be sought 
as secondary prevention as it is much more di�cult to 
apply in low-resource countries. Women of reproductive 
age must be educated and empowered to seek antenatal 

care. Improved healthcare knowledge will be associated 
with better family planning, better nutrition, and a better 
understanding of the threat that diabetes poses to preg-
nant women.

�e development of programs and policies for the diag-
nosis and treatment of diabetes in pregnancy is a necessary 
key issue in attempting to prevent the diabetes complications 
in both the mother and her fetus.
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Managing diabetic pregnancy 
in China
Huixia Yang, Weiwei Zhu, and Rina Su

Introduction
Following the publication of the Hyperglycemia and 
Adverse Pregnancy Outcome (HAPO) study,1 the Inter
national Association of Diabetes in Pregnancy Study 
Groups (IADPSG)2 formulated consensus guidelines for 
the testing and diagnosis of gestational diabetes mellitus 
(GDM). �ese have been adopted by the American Diabetes 
Association (ADA).3 �e Ministry of Health (MOH) of 
China also recommended new testing and diagnostic crite-
ria based on the IADPSG guidelines4, which became  e�ec-
tive on December 1, 2011. �e Chinese criteria agree with 
the ADA in 2013 that a diagnostic 75 g oral glucose toler-
ance test (OGTT) should be performed between the 24th 
and 28th weeks of gestation for all pregnant women not 
previously known to have diabetes. A diagnosis of GDM 
can be made if one or more of the following glucose levels 
are elevated: fasting ≥5.1 mmol/L, 1-hour ≥10.0 mmol/L, 
and 2-hour ≥8.5 mmol/L.

�is is the one-step approach that the MOH has recom-
mended to well-resourced medical institutions. However, 
in China, a formal OGTT may be di�cult to implement 
in low-resourced rural areas. �erefore, and di�erent from 
the ADA in 2013, the MOH has recommended a two-step 
approach under these circumstances. An fasting plasma 
glucose (FPG) can be used as a screening tool to reduce 
the number of OGTTs required. If the FPG ≥5.1 mmol/L 
a�er the 24th week of gestation, GDM can be diagnosed, 
and if <4.4 mmol/L, GDM is unlikely. Women with FPG 
≥4.4 mmol/L and ≤5.0 mmol/L will still require a OGTT. 
�is approach will approximately halve the number of 
OGTTs required.5

�ough MOH in China established the new diagnostic 
criteria of GDM (WS331-2011), standardized management to 
GDM has not spread in every area. A questionnaire survey 
was carried out in some regions to get the situation of the use 
of the new criteria and management to GDM at the begin-
ning of the new criteria published (July–October, 2011).

�e study subjects were the healthcare practitioners 
(HCPs) who attended the GDM training seminars in Tianjin, 

Shanxi, Heilongjiang, and Guangdong and attended the 
national obstetrics conference. Nine hundred of 1190 ques-
tionnaires were collected as valid wherein the recovery rate 
was 75.6% (119 from Tianjin, 81 from Shanxi, 399 from 
Heilongjiang, 169 from the national conference). Four hun-
dred and sixty-seven HCPs worked in tertiary hospitals 
(51.9%), 58 HCPs had a master’s degree (23.1%), and 543 had 
a bachelor’s degree (60.3%).

Use of the new GDM diagnostic criteria in the 
beginning
�e criteria published by MOH (WS331-2011) adopted 75 g 
OGTT at 24–28 gestational weeks, and one of the three 
values matched the standard to get a GDM diagnosis. �e 
percentage of HCPs who adopted the new diagnostic cri-
teria was unbalanced in these survey regions. It was high 
in Shanxi and Guangdong, which were 63.0% and 53.1%, 
but Heilongjiang showed a very low percentage of 23.5% 
(Table 29.1).

Meanwhile, few HCPs adopted FPG 7.0 mmol/L in the 
�rst trimester to diagnose pregestational diabetes mellitus 
(PGDM), which was 33.3%.

At the hospital level, 205 HCPs from tertiary hospitals 
(46.6%) adopted the new criteria, which was higher than 
HCPs from other clinic instructions (194, 3.3%), but there 
was no statistical di�erence (χ2 = 0.97, p > 0.05).

Management of GDM
When a pregnant woman is diagnosed with GDM, medical 
nutrition therapy (MNT) and excise should be the priority 
treatment. Most HCPs chose this option, with the highest 
rate in Guangdong (93.5%) and the lowest in Heilongjiang 
(77.8%). �ough most HCPs chose MNT and exercise as 
priority, only about 20% doctors mastered MNT and could 
teach patients the knowledge of the food exchange method 
(Heilongjiang 19.8%, Guangdong 21.3%). Over 60% doctors 
heard of it but could not practice. About 80% HCPs would 
use insulin to treat GDM (Table 29.2).
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Health education for GDM patients
�e women with GDM has increased risk of gestational 
hypertension, preeclampsia, polyhydramnios, and urinary 
system infection in the short term and type 2 diabetes in 
the long term.6 If GDM in women is not well controlled, the 
fetus is at high risk for hyperinsulinemia, macrosomia, and 
birth hypoglycemia in the short term. �e o�spring also are 
at high risk for metabolic disorder, obesity, and early-onset 
type 2 diabetes in the long term.

�ere were 20.7%, 16.3%, and 15.9% of HCPs who did not 
realize the three long-term impacts separately.

Most HCPs would tell patients that GDM had in�uence 
to the mother and o�spring in both the short term and long 
term. Meanwhile most of HCPs thought intervention would 
decrease the complications of mother and o�pring. But about 
10% doctors still considered intervention would have no 
e�ect on the complication of GDM (see Tables 29.3 and 29.4).

Knowledge of postpartum follow-up
In the survey, more than 95% of HCPs thought mothers with 
GDM and their o�spring needed long-term follow-up. But in 
reality, only about 60% of them suggested the patients come 
for follow-up (Heilongjiang 50.6%, Guangdong 67.9%, and 
national 64.5%).

�e suggested sections for follow-up were mostly the 
endocrinology department (about 60%) and obstetrical 
department (about 20%); see Table 29.5.

Management of GDM in China
�e historical diagnostic criteria for GDM derived from the 
study of O’Sullivan et al.7 50 years ago, which evolved into 
the national diabetes date group (NDDG) criteria and ADA 
criteria and is continuously used till now. �e IADPSG rec-
ommended the new criteria based on the HAPO study while 
ADA accepted it in 2011. �e MOH of China established the 
same new criteria on July 1, 2011. �ere is still some con-
troversy about the new GDM diagnostic criteria. Walsh 
et al.8 found that the new diagnostic criteria for GDM would 
result in an increased rate of diagnosis of GDM and there-
fore increased surveillance of these patients. However, this 
treatment will not improve perinatal outcome, and we may 
now be diagnosing and treating a group of women without 
su�cient evidence of clinical bene�t, while in this condition, 
the spread of the new criteria is still necessary.

Other nations also made a similar survey. For example, 
Akinci et  al.9 made a study in Turkey and suggested that 
there is considerable variation in the clinical practice patterns 

Table 29.1  Use of new GDM diagnostic criteria 
in the beginning

 n Constitution rate (%)

Tianjin 50 37.9
Shanxi 75 63.0
Heilongjiang 19 23.5
Guangdong 212 53.1
National 51 30.2

Total 407 45.2

Table 29.2  Management of GDM

 
HCPs chose MNT and exercise 

as priority (n)
Constitution rate 

(%)
HCPs chose insulin to treat GDM 

(n)
Constitution rate 

(%)

Tianjin 115 87.1 98 74.2
Shanxi 96 80.7 84 70.6
Heilongjiang 63 77.8 70 86.4
Guangdong 373 93.5 322 80.7
National 142 84.0 155 91.7

Total 789 87.7 729 81.0

Table 29.3  Patient education about the short- and long-term effects of GDM

 About effect to the mother Constitution rate (%) About effect to the offspring Constitution rate (%)

Tianjin 126 95.5 126 95.5
Shanxi 114 95.8 114 95.8
Heilongjiang 73 90.1 72 88.9
Guangdong 382 95.7 367 92.0
National 156 92.3 154 91.1

Total 851 94.6 833 92.6
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of physicians, and they considered that an education pro-
gram to enhance the clinical aptitude of physicians, particu-
larly family physicians, in the medical management of GDM 
should be designed throughout the country. We conducted 
WDF 10-517 to train HCPs and patients to improve their 
knowledge regarding GDM. At the beginning of the project, 
the survey showed the following.

Unbalanced use of the new GDM standard in 
different areas
Over 50% of hospitals in Guangdong and Shanxi adopted 
the new standard, while only 30% did in Heilongjiang and 
Tianjin. A lot of hospitals still performed 50 g GCT. Some 
hospitals used the new standards only in high-risk pregnant 
women. For example, 31.8% of HCPs in Guangdong did not 
perform routine FPG test to pregnant women in the �rst 
trimester, while this percentage was 18.5% in Heilongjiang. 
�is may be caused by less knowledge of doctors.

Update of GDM knowledge lagged behind seriously
�e majority of doctors relied on textbooks or guidelines 
issued by the government. Fewer doctors obtained GDM 
knowledge through literature, such as in Tianjin and Shanxi, 
with only two and one doctor, respectively. Over 40% doc-
tors had never heard of the HAPO study. Many doctors still 
rely on their knowledge of GDM during college, which is 
outdated. Less than 40% doctors knew the weight gain scope 
of diabetes during pregnancy. Update of GDM knowledge 
lagged behind seriously.

Poorly mastered medical nutrition therapy
�e treatment of GDM is e�ective in reducing macrosomia 
(high-quality evidence), preeclampsia, and shoulder dys-
tocia.10 MNT is the preferred treatment for GDM, wherein 
the majority of GDM patients control their blood glucose, 
thus making the doctor’s guidance particularly important 
to patients. About 20% of doctors mastered MNT and could 
teach patients the knowledge of the food exchange method, 
while over 60% of doctors heard of it but could not operate, 
which reminds us that the most important thing to improve 
GDM management is to train HCPs, in every possible way, 
to master MNT.

Very low long-term postpartum follow-up rate
Carson et  al.11 collected 307 citations to identify system-
based factors that could explain the broad variation in 
postpartum GDM testing rates and found that proactively 
contacting patients via phone calls, education programs, or 
postal reminders was associated with higher postpartum 
testing rates. Rather than working to identifying individ-
ual demographic factors, system-based approaches were 
associated with a larger potential impact and appear easily 
generalizable. Clinicians should think beyond individual 
habits and consider systematic approaches to improving 
testing rates.

In this study, lack of GDM knowledge prevented the 
doctors to educate and treat patients and value the impor-
tance of follow-up. In reality, they seldom asked the patients 
to come back for follow-up. Most doctors considered that 
the endocrinologists should be responsible for the follow-up 
of GDM patients, which reminds us that follow-up requires 
collaboration of both obstetricians and endocrinologists.

�e pregnancy managements were unbalanced in dif-
ferent areas in China; thus we should make an appropri-
ate management strategy based on local conditions. Maiti 
et  al.12 concluded that it may not be possible to provide 
access to Western standards of care to a vast majority of 
GDM patients in resource-constrained settings in devel-
oping countries, yet with minimal care delivered in a con-
sistent fashion, it is possible to obtain excellent maternal 
and neonatal outcome. In China, for example, in Tianjin, 
pregnancy management in the �rst and second trimester 
is in community medical instructions; therefore, in this 
area, community capability should be strengthened when 

Table 29.4  Admit intervention effective to the 
complications of mother and offspring

 n Constitution rate (%)

Tianjin 123 93.2
Shanxi 118 99.2
Heilongjiang 69 85.2
Guangdong 371 93.0
National 145 85.8

Total 826 91.8

Table 29.5  Chosen postpartum section for follow-up

 Endocrinology Constitution rate (%) Obstetrical Constitution rate (%)

Tianjin 28 21.2 95 72.0
Shanxi 27 22.7 79 66.4
Heilongjiang 15 18.5 61 75.3
Guangdong 147 36.8 224 56.1
National 32 18.9 97 57.4

Total 249 27.7 556 61.8
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GDM management is promoted. In other situations, train-
ing HCPs from tertiary hospitals should be considered, and 
tertiary hospitals should be in charge of improving their 
medical instructions, thereby developing a pattern where 
experienced tertiary hospitals are uni�ed in managing 
locals with GDM.

Development of GDM management 
in China
Since the MOH criteria gained acceptance throughout 
China in 2011, the incidence of GDM has been estimated 
at 17.5%.13 �e updated criteria and management in China 
have been published in 2014.14

With the support of the World Diabetes Foundation 
(WDF 10-517), national standardized trainings for obste-
tricians, professional nurses, and clinical nutritionists have 
been conducted in 16 di�erent regions in China, totally 
19,754 doctors and nurses have been trained, and 45 centers 
that focus on GDM screening and perinatal care have been 

built. GDM management is promoted in a systemic pattern 
where 45 experienced tertiary hospitals are uni�ed in man-
aging locals with GDM.

As the incidence of diabetes and overweight in pregnancy 
has increased in China, a new project (WDF14-908) for dia-
betes management beyond pregnancy funded by WDF has 
been carried out from 2015. �is project has mainly focused 
on prepregnancy, pregnancy care, and postpartum care at 
the hospital and community health service centers (CHSC) 
level for women with prediabetes and high risks of GDM. 
Like the FIGO initiative on GDM,15 the CHSC can support 
postpartum follow-up through child vaccination.

Patient education is important in the management of 
GDM. In China, a day-care outpatient clinic has been 
launched, where patients with GDM spend whole day and 
receive basic information on GDM, medical nutritional 
therapy, exercise advice, and self-monitoring of blood glu-
cose, guided by professional nurses, clinical nutritionists, 
and physicians. �e concepts of healthy lifestyle and blood 
glucose self-management promoted in the manual aim to 
prevent or postpone the development of type 2 diabetes later 
in life.16
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Gestational diabetes mellitus, 
obesity, and pregnancy 
outcomes
Harold David McIntyre, Marloes Dekker-Nitert, Helen Lorraine Graham Barrett, 

and Leonie Kaye Callaway

Introduction
Diabetes and obesity are frequently referred to as the 
“twin epidemics” of the modern world. The prevalence 
of both conditions is increasing worldwide, across high-, 
middle-, and lower-income countries.1 Concurrently, 
the trend toward women having children at later ages, 
particularly in many developed countries, has led to an 
increasing prevalence of gestational and preexisting dia-
betes in pregnancy.2 Gestational diabetes mellitus (GDM) 
and maternal obesity are both associated with a similar 
spectrum of risk for a broad range of pregnancy com-
plications.3 This chapter aims to consider these risks 
together, analyzing their contribution to overall preg-
nancy outcomes from several perspectives: (1) underly-
ing pathophysiology (common and discrete mechanisms), 
(2) combined clinical effects of obesity and GDM, (3) the 
current evidence base for various modalities of treatment 
with emphasis on the findings of randomized controlled 
trials, (4) population risks including the potential for pre-
vention, and (5) current evidence gaps, evidence–practice 
gaps, and areas for future research. While recogniz-
ing that intergenerational effects are potentially of great 
importance, for reasons of space we are unable to consider 
these in detail in the current review.

De�nitions
�e de�nition of GDM has been controversial for almost 
the entire period since the term was �rst coined by 
Carrington.4 It is widely recognized that the hormonal 
changes of pregnancy can convert some women from a 
state of normoglycemia (in the fasting or post–glucose 
load state) to varying degrees of dysglycemia. However, 
from the very beginning of the study of GDM, it has been 

recognized that women identi�ed in pregnancy as “GDMs” 
carry a substantial long-term risk of permanent (generally 
type 2) diabetes (T2DM), and indeed, this risk formed the 
basis for  the original diagnostic thresholds proposed by 
O’Sullivan and Mahan in 1964.5

In the modern context, the population prevalence of 
T2DM and lesser forms of dysglycemia including impaired 
fasting glucose (IFG) and impaired glucose tolerance 
(IGT) has increased dramatically among women of child-
bearing age.6 Therefore, especially in high T2DM preva-
lence countries, many of the cases previously described as 
GDM under older definitions that spoke of “any form of 
hyperglycemia first identified in pregnancy”7 would likely 
have had abnormalities of glucose metabolism antedating 
pregnancy but only identified through pregnancy-related 
testing. Further, women with prepregnancy-undiagnosed 
T2DM have a much higher risk of severe complications 
in pregnancy8 and require urgent and intensive medical 
attention.

For this reason and for the purposes of the current chap-
ter, we have adopted the recently developed International 
Association of Diabetes in Pregnancy Study Groups 
(IADPSG)9 or World Health Organization (WHO)10 de�ni-
tions of GDM, which classify those women with more severe 
disturbances of glucose metabolism (which would be con-
sistent with diabetes if noted outside pregnancy) into sepa-
rate categories described as “overt diabetes” (IADPSG) or 
more simply “diabetes in pregnancy” (WHO). �e relevant 
thresholds for glycemic measures de�ning GDM are shown 
in Table 30.1.

�e de�nition of obesity is less controversial, with most 
authorities recognizing the WHO classi�cation11 while 
acknowledging both the imperfect precision of body mass 
index (BMI) as a measure of underlying adiposity and the 
fact that identical BMI thresholds are not uniformly appli-
cable across all ethnic groups.

30



Metabolism in healthy pregnancy  247

Pathophysiology of GDM and obesity 
in pregnancy
Pregnancy can be described as an allostatic state. Allostasis 
is the process by which the body responds to stressors in 
order to regain homeostasis or as achieving stability through 
change. Where homeostasis is the regulation of physiology 
around a set point, allostasis is the regulation of physiology 
to create a new set point. In an allostatic state, there is chronic 
activation of regulatory systems either due to some form of 
dysregulation/dysfunction of physiological processes or due 
to con�icting, competing, or opposing demands.12 �e allo-
static load is the strain on physiology and regulatory capacity 
due to sustained activation of regulatory systems. �is could 
also be de�ned as the regulatory load or metabolic load. 
However, continuous activation of any regulatory system or 
activation to a level outside of its norm will eventually lead 
to failure of the system. Both obesity and pregnancy can be 
considered allostatic states. In combination, they may lead to 
allostatic overload in which the compensatory systems may 
fail resulting in adverse pregnancy outcomes.

Outside of pregnancy, the brain is the main site for regulatory 
control in humans. In pregnancy, regulatory control is funda-
mentally altered due to the need for regulation of two organisms 
simultaneously. Additionally, regulatory control is partially 
allocated to the placenta in addition to the brain. In pregnancy, 

circulating levels of glucose, insulin, cortisol, and leptin all 
increase. �e physiological increase in maternal insulin resis-
tance is an example of allostatic regulation: an adaptation of the 
maternal physiology to a changing environment (Figure 30.1).

Metabolism in healthy pregnancy
In early pregnancy, maternal metabolism is anabolic and 
results in maternal fat deposition. In healthy pregnancy, 
maternal insulin resistance increases throughout the second 
trimester with a peak in the third trimester due to secretion 
of placental lactogen. In normal women, insulin sensitiv-
ity decreases by 50%–60% from prepregnancy to late preg-
nancy.13 �is decrease in insulin sensitivity (or increase in 
insulin resistance) is usually overcome by an ampli�cation 
of insulin secretion from the pancreatic beta cells, ensuring 
normoglycemia throughout pregnancy.

�e rise in insulin resistance contributes to shi�ing 
maternal metabolism from an anabolic state to a catabolic 
state. In the catabolic state, maternal metabolism becomes 
more reliant on lipids and ketones. �is ensures an adequate 
glucose supply to the developing fetus. Insulin sensitivity is 
inversely correlated to maternal plasma free fatty acid lev-
els.14 In addition to an increase in free fatty acid levels, other 
aspects of maternal lipid metabolism are also altered during 
pregnancy. Fat oxidation is signi�cantly higher and a marked 

Level of insulin resistance

Allostatic regulation Late gestation

Placenta
Gut microbiome

changes
Gut

microbiome

Prepregnancy

Gestational
hormones

Gestational
weight gain

Genetics

Exercise

Diet

BMI

Figure 30.1  Factors in�uencing insulin resistance before and during pregnancy. Allostatic regulation maintains euglycemia in 
normal pregnancy.

Table 30.1  De�nitions of gestational diabetes and (overt) diabetes in pregnancy

Category IADPSG WHO 

“Overt diabetes”—IADPSG
“Diabetes in 

pregnancy”—WHO

Fasting plasma glucose ≥7.0 mmol/L
HbA1c ≥6.5%
Random plasma glucose ≥11.1 mmol/L 

(with con�rmation)

Fasting plasma glucose ≥7.0 mmol/L
2-hour plasma glucose ≥11.1 mmol/L 

after 75 g glucose load
Random plasma glucose ≥11.1 mmol/L 

with symptoms
Gestational diabetes
Values obtained with a 75 g oral 

glucose tolerance test

Fasting plasma glucose—5.1–6.9 mmol/L
1-hour plasma glucose ≥10.0 mmol/L
2-hour plasma glucose ≥8.5 mmol/L

Fasting plasma glucose—5.1–6.9 mmol/L
1-hour plasma glucose ≥10.0 mmol/L
2-hour plasma glucose—8.5–11.0 mmol/L

Abbreviations:	� IADPSG, International Association of Diabetes in Pregnancy Study Groups; WHO, World Health Organization; HbA1c, 
glycosylated hemoglobin; mmol/L, millimoles per liter.
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hyperlipidemia occurs in late gestation. �is includes an 
increase in the triglyceride content of very-low-density lipo-
protein (VLDL), low-density lipoprotein, and high-density 
lipoprotein (HDL). Maternal plasma cholesterol also rises. 
�e metabolic adaptations of healthy pregnancy are altered 
in pregnancies a�ected by GDM and/or maternal obesity.15

Glucose metabolism in GDM 
and obesity
In women with prepregnancy obesity, the pregnancy-
associated rise in insulin resistance further exacerbates 
the high level of insulin resistance present in obesity. For 
many obese women, the additional rise in insulin resistance 
can still be compensated for by increased insulin secretion 
from the pancreatic beta cells. However, when the pancre-
atic beta cells cannot muster this compensatory increase in 
insulin secretion, hyperglycemia ensues and GDM is diag-
nosed. GDM is more prevalent in women with an increased 
prepregnancy BMI but can also develop in women with a 
prepregnancy BMI in the normal range. Additionally, the 
examination of maternal glucose pro�les using continuous 
glucose monitoring devices showed that maternal glucose 
levels, while frequently below the diagnostic cuto� for GDM, 
are increased in obese women.16 Additionally, in obese 
women, adipokines including leptin and adiponectin, which 
are involved in lipid and glucose metabolism, are altered.

Lipid and adipose tissue metabolism 
in GDM and obese pregnancies
Decreased insulin sensitivity not only leads to increased 
availability of glucose but also of lipids. Obese women and 
women with GDM have higher triglycerides and VLDL cho-
lesterol and lower HDL cholesterol levels than normal-weight 
normoglycemic women from early pregnancy onward.17,18 �e 
subcutaneous adipose tissue of women with GDM shows lower 
protein expression for the insulin receptor substrate 1 com-
pared with pregnant women without GDM, whereas the levels 
of insulin receptor substrate 2 are increased in fasting preg-
nant women compared with nonpregnant women indepen-
dent of their glucose tolerance.14 Furthermore, it was recently 
reported that in adipose tissue from obese women with and 
without GDM, gene expression of many genes involved in 
fatty acid metabolism was decreased.19 �is included fatty 
acid uptake and intracellular transport, triglyceride synthe-
sis, lipogenesis, and lipolysis. In late pregnancy, inhibition of 
lipolysis by insulin through inhibition of hormone-sensitive 
lipase is less e�ective. Gene expression for transcription fac-
tors, including PPARγ, that regulate lipid metabolism is also 
reduced in obese pregnant women with GDM.14,19 �ese stud-
ies show that insulin signaling in adipose tissue in women 
with GDM is altered and could contribute to the excess insu-
lin resistance seen in GDM. Lower expression of PPARγ in 
adipose tissue in pregnancy may be a re�ection of the acceler-
ated starvation with fasting late in pregnancy.14

In�ammation in obesity and GDM 
in pregnancy
In recent decades, the perception of adipose tissue has shi�ed 
from being regarded as a passive organ dedicated to fat stor-
age to a metabolically active organ contributing to the regu-
lation of whole-body metabolism through the synthesis and 
secretion of adipokines, cytokines, and hormones. Obesity 
and pregnancy are both states of chronic low-grade in�am-
mation sometimes termed metabolic in�ammation or “meta-
in�ammation.”18 In obese pregnancy, there is an increase in 
circulating proin�ammatory cytokines, e.g.,  tumor necrosis 
factor alpha (TNFα), interleukin-6 (IL-6), and C-reactive 
protein.20,21 In obese pregnant women, the balance between 
proin�ammatory and anti-in�ammatory cytokines is altered, 
and this may contribute to increased maternal insulin resis-
tance, for example, by di�erentially regulating phosphoryla-
tion of the insulin receptor and its substrates.22

�e placenta is an active endocrine organ, which contrib-
utes to the regulation of metabolism in both the mother and 
the developing fetus. �e placenta synthesizes and secretes a 
large array of hormones, cytokines, and metabolic signaling 
molecules. Microarray studies of placentas from overweight 
women with GDM have shown increased gene expression for 
genes involved with in�ammation and lipid metabolism but 
not glucose metabolism.23 In obese pregnancy, the placenta 
and the adipose tissue both regulate maternal metabolism 
although their regulation is not coordinated.

As noted earlier, pregnancy is also a state of low-grade 
in�ammation with the expression of proin�ammatory 
cytokines from the placenta and the uterine epithelium.24 
�e triggers for this in�ammatory response are not well 
understood, but placental debris in the form of microparticles 
known as syncytiotrophoblast membrane microparticles 
(STBM)25 or exosomes26 as well as placental-derived signal-
ing molecules may be implicated. Over time, the balance 
between proin�ammatory and anti-in�ammatory cytokines 
shi�s toward the anti-in�ammatory cytokines in normal 
healthy pregnancy.27 In normal-weight women with GDM, 
levels of TNFα but not IL-6 are increased when compared 
to matched controls.28 Furthermore, increased leukocyte 
counts in early pregnancy are predictive of the development 
of GDM, which is independent of BMI.29

Infant weight and body composition
�e Pedersen hypothesis, �rst proposed in 1952, states that 
macrosomia (e.g., a birthweight over 4000 g) results from 
fetal hyperglycemia and hyperinsulinism due to hypertro-
phy of fetal islets of Langerhans, which is the result of mater-
nal hyperglycemia.30 Macrosomia can occur even when 
maternal glucose control appears satisfactory and may be 
a result of increased maternal triglycerides and other lip-
ids.15,17 Maternal obesity is associated with higher fetal fat 
mass31 as well as fetal insulin resistance.32 Maternal obe-
sity is a predictor for fetal fat mass but not for lean mass.31 
�ese  results  suggest that maternal obesity speci�cally 
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a�ects fetal adiposity rather than overall fetal growth. GDM 
unaccompanied by obesity is also associated with fetal adi-
posity.33 Birthweight and fat-free mass are both correlated 
with insulin sensitivity in late gestation.13

Long-term in�uences
Maternal obesity doubles the risk for childhood obesity34,35 
and is associated with metabolic syndrome in the o�spring.36 
Similarly, children born large for gestational age (LGA) in 
the presence or absence of GDM also have increased risks 
of developing metabolic syndrome.36,37 In glucose-tolerant 
Pima Indian mothers, maternal glucose levels in the third 
trimester were strongly associated with increased risk of 
type 2 diabetes in the o�spring.38

�ese increased risks may partially be determined by a 
genetic background predisposing to obesity as well as by the 
postnatal environment related to the lifestyle of the family. 
However, some of the increase in risk may result from an 
altered intrauterine environment programming the o�spring 
for later disease, as suggested by the Developmental Origins 
of Health and Disease (DOHaD) theory. Animal models 
have implicated altered epigenetic regulation a�ecting many 
regulatory and metabolic organs in the o�spring includ-
ing the brain, liver, pancreas,39 and adrenals. In  humans, 
long-term e�ects of the intrauterine environment have been 
reported with maternal undernutrition in the Dutch hunger 
winter study.40 Placental function, which is a crucial deter-
minant of the intrauterine environment, may therefore a�ect 
the health of the o�spring long beyond its own lifespan.

GDM for the mother is associated with higher risks of 
hypertension, IGT, and hyperlipidemia, which are all com-
ponents of the metabolic syndrome.37 �ese increased risks 
are especially pronounced in women who were obese prior 
to falling pregnant.37

GDM and obesity in combination
Many reports have attempted to dissect the relative clini-
cal and population health importance of GDM and obesity 
in terms of their e�ects on pregnancy outcomes and later 
maternal and infant health. Separation of their associations 
is di�cult, especially as the two conditions frequently coex-
ist and obesity commonly lies on the casual pathway toward 
hyperglycemia. In some reports, women were not uniformly 
screened for hyperglycemia in pregnancy.41,42 In studies that 
provide evidence of glucose screening of their entire cohort, 
detailed analyses of the prevalence of GDM in overweight 
and obese women were not reported.43,44 In the vast major-
ity of studies, treatment of GDM (but generally not spe-
ci�c treatment of obesity) is also likely to have confounded 
reported results. Fortunately, these problems are less of an 
issue when considering data from the Hyperglycemia and 
Adverse Pregnancy Outcome (HAPO) study,3,45 as this study 
was blinded in terms of glycemia and did not provide spe-
ci�c interventions for obesity. �e HAPO study showed that 
the associations of increasing maternal BMI and increasing 

glycemia on pregnancy outcomes were similar. Both were 
associated with increased rates of the primary outcomes 
(LGA babies, primary cesarean section, clinical neonatal 
hypoglycemia, and neonatal hyperinsulinemia) and impor-
tant secondary outcomes including fetal adiposity and pre-
eclampsia. In general, the associations of maternal BMI 
with these outcomes tended to “plateau” in the highest cat-
egories, whereas those of glucose did not show this trend.45 
It is important to remember that, for ethical/safety reasons, 
women were unblinded from the HAPO study if their glu-
cose levels exceeded the prede�ned thresholds, whereas no 
such limits were enforced for BMI.

�e HAPO study group have also reported the combined 
associations of BMI and GDM with adverse pregnancy out-
comes.3 Across the HAPO study, obesity was present in 13.7% 
of participants and GDM by the IADPSG criteria9 was pres-
ent in 16.1% of those who remained blinded within the study. 
Only 25% of the women with GDM were obese. Compared 
to women with neither GDM nor obesity, the adjusted odds 
ratios for most pregnancy complications were increased both 
in women with obesity alone and in those with GDM alone. 
Preeclampsia appeared to be more prevalent in the “obesity 
alone group,” while  excess fetal growth and fetal hyperinsu-
linemia were slightly more common in the “GDM alone group” 
than in the “obesity alone group.” �e combination of GDM 
and obesity was clearly associated with a marked increase in 
the risk of pregnancy complications. �ese data are presented 
graphically in Figure 30.2. �e HAPO study also presented data 
dividing their cohort �rstly by BMI into normal and under-
weight/overweight/obese, with similar categorization applied to 
the composite oral glucose tolerance test “z” scores that were 
categorized as normal/intermediate/GDM. �e de�nition of 
“intermediate” glycemia was selected to approximate the fre-
quency of overweight in the HAPO participants. As shown in 
Figure 30.3, the frequency of LGA (adjusted birthweight >90th 
centile) increased across both axes, with the combination of 
GDM and obesity clearly carrying the highest risk.

In summary, the HAPO data clearly show that maternal 
BMI and glycemia have independent and essentially additive 
e�ects in terms of their associations with adverse pregnancy 
outcomes. In view of this, the relative “importance” of these 
factors is heavily in�uenced by the potential costs and ben-
e�ts of preventative or treatment strategies.

Evidence base for treatment 
of GDM and obesity
�ere are now two well-designed large prospective ran-
domized controlled studies that con�rm that diagnosis and 
treatment of gestational diabetes has short-term bene�ts 
for both mother and baby.46,47 Women in the Australian 
(Crowther) study had early pregnancy BMIs ranging from 
22.9 to 31.2 kg/m2, and women in the intervention arm of 
the  study had lower weight gain during pregnancy, with 
less macrosomia, less LGA, and lower rates of preeclamp-
sia.46 In the U.S. (Landon) study, the BMI at recruitment of 
women in the treatment arm was 30.1 ± 5  kg and control 
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arm 30.2 ± 5.1 kg. Once again, in this study, women in the 
intervention  arm had lower weight gain, there were lower 
rates of LGA and macrosomia in infants, and women had 
lower rates of preeclampsia.47

In contrast, there is only one completed trial (the “LIMIT” 
study) that is su�ciently powered to examine maternal and 
perinatal outcomes a�er a lifestyle intervention in overweight 

and obese women, and the results of this study were disap-
pointing.48 Essentially this study aimed to limit weight gain 
in overweight and obese pregnant women through lifestyle 
intervention. �is study demonstrated that despite three face-
to-face visits (including two visits with a research dietitian), 
three phone calls to assist in lifestyle modi�cation, detailed 
individualized dietary advice, and a program tailored to 
stages of change theory, with detailed analysis of barriers to 
change, and individualized assistance, there was no di�erence 
in weight gain and no di�erence in any maternal or neonatal 
outcome (except for a reduction in infants weighing over 4 kg, 
although no di�erence in infants born LGA).

�ere have been numerous small randomized controlled 
trials of lifestyle and other interventions in overweight and 
obese women that have demonstrated reduced weight gain 
in pregnancy, and some have demonstrated reduced neona-
tal weight. However, other maternal and neonatal outcomes 
have not been examined. �ese studies have been summa-
rized in meta-analyses.49,50 To date, the bene�ts seen in these 
small studies were not demonstrated in practical interven-
tions that are a�ordable at a population level.48

At present, it would appear that diagnosing and treating 
gestational diabetes in overweight and obese women has the 
best evidence with regard to limiting weight gain, prevent-
ing maternal adverse outcomes, and preventing neonatal 
adverse outcomes. However, it is important to note that the 
long-term impacts of any of these interventions on the health 
of adult o�spring are as yet unproven and will need to be 
carefully examined.

Population risks and prevention
Another consideration in addressing obesity and GDM is their 
relative importance across the entire population of women 
undergoing pregnancy. A number of studies have attempted 
to address this issue. In this context, ascertainment bias 
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regarding glycemia in pregnancy and treatment confounding 
due to active intervention for GDM remain major issues.

A recent report by Black et al.51 regarding a cohort of 9835 
women from Southern California with a high prevalence of 
overweight (32%) and obesity (28%) reported that, on a pop-
ulation basis, overweight and obesity accounted for 21.6% of 
LGA in women without and 23.3% in women with GDM. 
In  their cohort, 75% of women who developed GDM were 
overweight or obese. �is study also emphasized the impor-
tance of gestational weight gain as a determinant of LGA. 
�ese conclusions depend heavily on the background popu-
lation, as in the global HAPO study cohort, the prevalences 
of overweight (22%) and obesity (14%) were much lower.52

Similar �ndings have been noted in other studies. Kim 
et al. reported on a cohort from Florida.53 Twenty percent of 
this cohort were obese and 24% overweight. �ese authors 
concluded that gestational weight gain was the major poten-
tially modi�able factor in the prevention of LGA births. 
Alberico et  al. reported on a cohort from Italy54 and con-
cluded that maternal obesity, GDM, and gestational weight 
gain all warranted careful assessment during pregnancy.

In summary, it is clear that, especially in populations with 
a high prevalence of overweight and obesity, these factors 
constitute a large fraction of the population risk of LGA. 
However, as noted previously, therapeutic strategies for 
addressing obesity in pregnancy have proved disappointing, 
in contrast to the positive results noted for the “glucocentric” 
treatment of GDM.

Evidence gaps and evidence: Practice 
gaps and future research
From the evidence presented earlier, it is clear that both GDM 
and maternal obesity are associated with a similar spectrum 
of adverse pregnancy outcomes, especially those related to 

excessive fetal growth and adiposity and to hypertensive com-
plications of pregnancy. GDM and obesity commonly, but not 
inevitably, coexist, and the development of common preventa-
tive and therapeutic strategies seems an attractive prospect.

Despite the epidemiologic data showing associations of 
GDM and obesity with adverse pregnancy outcomes, our 
understanding of the mechanisms underlying these associ-
ations remains limited. �e Pedersen hypothesis has served 
as a useful framework for considering the pathogenesis of 
hyperglycemia in pregnancy,18 but even our most energetic 
approaches to achieving normoglycemia have not normal-
ized pregnancy outcomes, particularly with the addition of 
obesity as a common comorbid condition. Speci�c therapy 
targeted a pregnancy dyslipidemia in GDM and obesity 
seems attractive in principle but di�cult in practice due to 
safety concerns.15 �e exploration of metabolic in�amma-
tion and its consequences in pregnancy may also improve 
our mechanistic understanding,18,24,55,56 but again the ther-
apeutic options with current agents appear to be limited.

As previously noted, interventions commenced during 
pregnancy appear to have limited e�cacy in preventing 
the complications of obesity. �is aligns with the observa-
tion that, in obese women (in contrast to women of normal 
weight), prepregnancy weight is more closely associated with 
neonatal adiposity than weight gain during pregnancy.57 
�us, preventative and therapeutic measures may need to be 
initiated preconception to reap positive bene�ts.

By contrast, the e�cacy of therapy for GDM is well 
demonstrated. E�ective implementation of GDM diag-
nostic and therapeutic strategies58–60 appears to have the 
greatest potential for proven bene�t at the current time.

Future research should concentrate on delineation of 
the pathogenesis of obesity and GDM through basic and 
clinical studies; the development of e�ective strategies 
to target both conditions before, during, and a�er preg-
nancy; and the e�ective implementation of treatments that 
are known to be e�ective but are currently underutilized.
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Obesity versus glycemic control: 
Which contributes more to 
adverse pregnancy outcome?
Amir Aviram and Yariv Yogev

Introduction
Obesity has long been recognized as a global health con-
cern, be it among adults, adolescents, or children, of both 
sexes. Over the past three decades, the prevalence of over-
weight and obese adults has more than doubled, with over 
a third of women aged 20 years and above being overweight 
and 14% obese.1 According to the latest data from the 
Organization for Economic Cooperation and Development 
(OCED), more than half of the adult population in 20 out 
of 34 OECD countries are overweight or obese.2 �e World 
Health organization (WHO) and the National Institute for 
Health (NIH) de�ne overweight as a body mass index (BMI) 
of 25–29.9 and obesity as a BMI of 30 or greater. Obesity 
is also subcategorized into three subgroups: class I (BMI of 
30–34.9), class II (BMI of 35–39.9), and class III (BMI of 40 
or greater).3

As obesity becomes an ever-growing concern, the num-
ber of women of reproductive age who are overweight or 
obese increases, and the incidence of obesity among preg-
nant women is now estimated between 18.5% and 38.3%.4 
Maternal overweight is now a known risk factor that a�ects 
the vast continuum of pregnancy. Fertility and fecundity 
rates are lower among overweight and obese women, in 
spontaneous conception as well as in arti�cial reproduc-
tive techniques.4 During pregnancy, these women are more 
susceptible to pregnancy hypertensive disorders, gestational 
diabetes mellitus (GDM), respiratory complications, and 
thromboembolic events.4–6 Numerous studies have exam-
ined the impact of obesity on labor-related complications. 
As delivery approaches, overweight women have slower 
labor progression rate, higher rate of cesarean deliveries, and 
more surgery-related complications such as di�cult spinal, 
epidural, or general anesthesia, wound infection, and endo-
myometritis.4–6 As for the fetus and neonate, complications 
include congenital malformations, large-for-gestational-age 
(LGA) infants, stillbirths, shoulder dystocia, and adolescent 
complications such as obesity and diabetes.4–6

Weight gain, obesity, and pregnancy
�e amount of weight gain recommended in pregnancy is 
controversial. Historically, obstetricians used to restrict 
weight gain to 15 lb, regardless of race, ethnicity, or prepreg-
nancy weight. In the 1970s, a more lax approach to weight 
gain was followed, allowing weight gain for up to 20–27 lb. 
In 1990, the Institute of Medicine (IOM) published guide-
lines based on the e�ects of weight gain on fetal size. �e 
new recommendations were based on prepregnancy BMI: 
weight gain of 28–40 lb for BMI of 19.8 and lower, 25–35 lb 
for BMI of 19.9–26, and 15–25 lb for BMI of 26.1 and greater. 
�e IOM stated that the e�ect of weight gain on fetal size 
diminishes as the mother’s prepregnancy BMI increases.7 
�is approach considered only immediate fetal outcomes 
and disregarded long-term maternal and neonatal e�ects. 
�is concept was challenged in the past decades when stud-
ies evaluated the association between maternal weight gain, 
obesity, pregnancy outcome, and future development of dia-
betes in the mother and the child.

Rooney et al.8 evaluated a cohort of 540 women who had 
documented weight over a 5-year postpartum period. �ey 
concluded that excess weight gain and failure to lose weight 
a�er pregnancy are important and identi�able predictors 
of long-term obesity. Edwards9 reported that obese patients 
gained an average of 5 kg less during pregnancy and were 
more likely to lose weight or not gain weight at all com-
pared with normal-weight women. Obese women who lost 
or did not gain any weight had lower mean birth weights 
and higher rates of small-for-gestational-age (SGA) infants 
in comparison to obese women who gained 1 lb (0.45 kg) or 
more. �e  incidence of macrosomic fetuses increased sig-
ni�cantly only in the group that gained 12 kg or higher. No 
weight gain and weight gain up to 11.5 kg were associated 
with a macrosomia rate of 12.5%–13.3% compared with a 
background rate of 10% in nonobese women. �erefore, they 
recommend weight gains of 15–25 lb for obese women and 
25–35 lb for normal-weight women to optimize fetal growth.

31
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Bianco et  al.10 reported that weight gain of more than 
25 lb was strongly associated with birth of LGA infants. 
However, poor weight gain did not appear to increase 
the risk of low-birth-weight infants. Luke and associates 
reported that for every kilogram of gestational weight 
gained, birth weight increased by 44.9 g for underweight 
women, 22.9 g for normal-weight women, and 11.9 g for 
overweight women. For every kilogram of retained weight, 
birth weight was increased by 35.6 g for underweight 
women, 15.9 g for normal-weight women, and 5.1 g for 
overweight women.11 �ese �ndings suggest that beyond a 
certain level of weight gain, there is an increase in birth 
weight at the expense of increasing maternal postpartum 
obesity for women who have gained an excessive amount of 
weight during pregnancy.

As the prevalence of obesity increased and evidences 
regarding adverse pregnancy outcomes in obese pregnant 
women accumulated, the IOM issued new guidelines for 
pregnancy weight gain in 2009, taking into account both 
maternal and fetal health.12 �e recommended weight 
gain for underweight women (BMI < 18.5) is 12.5–18  kg, 
for normal-weight women (BMI 18.5–24.9) 11.5–16  kg, 
for overweight women (BMI 25.0–29.9) 7–11.5 kg, and for 
obese women (BMI 30 and greater) 5–9 kg. Hull and col-
leagues examined whether di�erences exist in infant body 
composition based on the new IOM guidelines.13 It was 
found that infants of obese mothers had greater percent fat 
compared with infants of normal-weight and overweight 
mothers. Within the excessive weight gain group, infants of 
normal-weight mothers had less percent fat than infants of 
obese or overweight mothers. Another study by Vesco et al. 
found that obese women gaining weight above the IOM 
2009 recommendations did not decrease the risk for SGA 
but increased the risk for delivering LGA or macrosomic 
infants, and that obese women gaining weight below the 
IOM recommendations had higher risk for delivering SGA 
and lower risk for LGA infants.14 Bodnar and associates 
demonstrated that the prevalence of excessive gestational 
weight gain (GWG) declined, and weight loss increased, as 
obesity became more severe.15 Generally, weight loss was 
associated with an elevated risk of SGA, medically indi-
cated and spontaneous preterm delivery, and high weight 
gain tended to increase the risk of LGA and medically indi-
cated preterm delivery.

Getahun and colleagues examined if BMI changes between 
two consecutive pregnancies are associated with increased 
risk for LGA in the second pregnancy.16 �ey found that 
women who were overweight or obese in both pregnancies 
had increased risk for LGA infant, and that any decrease in 
BMI attenuated the risk. �ey also concluded that 17.1% of 
LGA infants of underweight mothers, 13.2% of LGA infants 
of normal-weight mothers, and 7.6% of LGA infants of over-
weight mothers could be prevented if BMI had not increased 
between pregnancies.

Obesity and its late sequelae may prove to be one of the 
greatest threats to adult health in the developing world in 
this century.17 Di�erent experiments on animals led to some 
interesting results. Howie et  al.18 found that rats whose 

mothers were fed with high fat diet during pregnancy and 
lactation, as well as others fed with high fat diet from wean-
ing up through pregnancy, were hypoleptinemic and hypo-
insulinemic at birth, compared with controls. As adults 
nourished with postweaning high fat diet, these rats were 
signi�cantly more obese than controls and characterized 
with hyperinsulinemia and hyperleptinemia. It is of inter-
est that a lifetime of high fat nutrition produced a pheno-
type similar to high fat nutrition restricted to pregnancy and 
lactation alone, thus suggesting that the postnatal sequelae 
of maternal high fat nutrition occurs independently of pre-
conceptional diet. Laitinen and colleagues19 found that 
children of overweight or obese women had higher BMI at 
di�erent ages until 31 years old than did children of normal- 
or underweight mothers. At the age of 31, measures of cir-
cumferences of the waist and hip and waist-to-hip ratio were 
higher in those born to mothers with higher BMI. Forsen 
et al.20 showed that Finish men whose mothers had a high 
BMI in pregnancy had a 1.24 hazard ratio for coronary heart 
disease for every standard deviation increase in the moth-
ers’ BMI. In south India, glucose and insulin metabolism in 
506 men and women aged 39–60 were tested. �e research-
ers noticed that those with non-insulin-dependent diabetes 
mellitus were born to mothers who tended to be heavier than 
average during pregnancy.21

Obesity and gestational diabetes 
mellitus
�e association of obesity and carbohydrate intolerance in 
pregnancy is well established. Bianco performed a retrospec-
tive study comparing 613 patients with BMI of >35 with more 
than 11,000 women with normal BMI, and found that the 
rates of type 2 diabetes and GDM were 4.5-fold and 3.3-fold 
higher, respectively, among the obese group.10 Kumari et al. 
examined pregnancy outcomes among women with BMIs of 
>40 and found a GDM rate of 24.5% versus 2.2% among nor-
mal BMI patients.22 In one of the largest studies concerning 
obesity in pregnancy, including more than 287,000 patients 
(of which approximately 79,000 are overweight patients and 
31,000 are obese), the odds ratio (OR) for developing GDM 
was 1.68 for overweight patients and 3.6 for obese patients.23 
Weiss et  al.24 published the results of their 16,102 patients 
and demonstrated that a BMI of 30–34.9 was associated with 
an OR of 2.6 for developing GDM, and that a BMI of 35 and 
greater held an OR of 4.0 for GDM. Other studies of di�erent 
cohort sizes supported these observations.25,26 Super obesity 
(BMI equal to or greater than 50) was found to be associated 
with a higher rate of GDM compared with normal-weight or 
other obesity classes’ women.27 A meta-analysis of 20 studies 
concluded that the OR for developing GDM are 2.15 (95% 
CI 1.82–2.53), 3.56 (3.05–4.21), and 8.56 (5.07–16.04) among 
overweight, obese, and severely obese gravidas, respectively.28 
Another study sought to evaluate the percentage of GDM 
attributable to overweight and obesity. �e percentages of 
GDM attributable to BMI were calculated to be 15.4%, 9.7%, 
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and 21.1% for overweight, obese, and severely obese, respec-
tively. �e authors concluded that if all overweight and obese 
women had the same GDM risk as normal-weight women, 
nearly half of GDM cases would be prevented.29

Apart from the well-established correlation between 
type   2 diabetes among nonpregnant women and obesity, 
attempts have been made to further elucidate the associa-
tion between obesity and GDM. Colomiere and associates 
published their work about insulin signaling and glucose 
transporter expression in maternal skeletal muscle and 
subcutaneous adipose tissue. �ey found that both skeletal 
muscle and adipose tissue from obese women demonstrated 
lower GLUT-1 and GLUT-3 mRNA expression, leading them 
to conclude that this may be the cause of GDM.30

Not until long ago, GDM was not proved to result in 
adverse pregnancy outcome. Only in 2005 did the pioneer-
ing work of Crowther and associates31 as well as Langer 
and associates32 demonstrated that the treatment of GDM 
reduces perinatal complications. Later, Landon et al. reiter-
ate these results.33 In fact, it was also shown that mild car-
bohydrate intolerance, in the absence of con�rmed GDM, 
results in various adverse outcomes.34,35

Since obesity is a substantial risk factor for GDM, and 
since GDM may lead to adverse pregnancy outcomes, 
a series of dilemmas arise: is there a di�erence between 
overweight or obese and normal-weight GDM patient, and 
if there is, are glycemic control goals of obese and over-
weight patients di�erent from those of lean GDM patients 
and what treatment adjustments are needed for achieving 
those goals?

Several investigators sought the answer for the �rst ques-
tion. Ben-Haroush et al. found that the prevalence of LGA 
neonates was higher in obese (BMI of ≥30) GDM patients 
compared with normal-weight GDM patients.36 Another 
study compared four groups of patients: reference group 
(normal weight, no GDM), normal-weight GDM, obese 
GDM, and obese with no GDM. It was found that obese 
GDM patients had higher rates of cesarean deliveries, pre-
eclampsia, macrosomia, and higher mean birth weights than 
lean GDM patients. Additionally, a�er accounting for con-
founders, obese GDM patients had a two- to threefold higher 
risk for macrosomia and cesarean deliveries, while the lean 
GDM patients had no such increased risk.37 A subanalysis 
of the results of the Hyperglycemia and Adverse Pregnancy 
Outcome (HAPO) study among more than 23,000 patients 
revealed similar results. �e adjusted OR for LGA neonate, 
cesarean delivery, preeclampsia, and shoulder dystocia were 
calculated for the same four groups as depicted earlier. �e 
results demonstrated an OR of 3.3 for LGA neonate among 
obese GDM (compared with 1.99 for lean GDM), an OR of 
2.3 for cesarean delivery (compared with OR 1.5), an OR 
5.3 for preeclampsia (compared with 1.7), and an OR of 1.7 
for shoulder dystocia (compared with nonsigni�cant OR).38 
Furthermore, obesity was found to worsen maternal and 
perinatal outcome regardless of treatment modality.39 It was 
suggested that one mechanism responsible for LGA neonates 
among obese GDM women is hypertriglyceridemia, despite 
glycemic control.40

Glycemic control
�e second question raised earlier was whether glycemic 
control goals of obese and overweight patients di�erent from 
those of lean GDM patients and what treatment adjustments 
are needed for achieving those goals.

Early in 1987, Leikin and colleagues tried to solve this 
dilemma. �ey conducted a prospective study in which 
they divided GDM patients into two groups. �e �rst group 
had fasting serum glucose levels of 95 mg/dL or less on oral 
glucose tolerance test and was treated with diet alone, and 
those with higher levels were treated with diet and insulin. 
�e diet-treated group and lean GDM patients receiving 
insulin treatment had the same rate of macrosomia as the 
nondiabetic group. However, obese GDM patients treated 
with insulin demonstrated a higher rate of macrosomia.41

Another study aimed at answering this complex question 
was performed by Schaefer-Graf et al.42 �ey evaluated dif-
ferent parameters among GDM patients and found that while 
mean level of glycemic control was similar among mothers 
of macrosomic and nonmacrosomic neonates (except for 
fasting glucose levels at 32–35 weeks), macrosomia rates were 
higher among the obese patients. �ey concluded that the 
association between glycemic control and macrosomia was 
limited, while obesity appeared to be a strong risk factor for 
macrosomia throughout pregnancies with GDM. In their 
words, “in obese women, the high fetal macrosomia rate did 
not appear to be normalized by therapy based on maternal 
euglycemia.”

Yogev and associates sought to determine whether preg-
nancy outcomes di�er between obese (BMI above 30 but less 
than 35) and morbidly obese (BMI of 35 or greater) GDM 
patients by analyzing retrospectively a cohort of 4830 patients 
with GDM. �e rates of obesity and morbid obesity were 
15.7% and 11.6%, respectively. Similar rates of cesarean section, 
fetal macrosomia, shoulder dystocia, composite outcome, and 
metabolic complications were noted. Of note, no di�erences 
were found in the rate of desired glycemic control, although a 
higher rate of insulin treatment was needed among the mor-
bidly obese.43 Another study by Joy examined the impact of 
obesity on pregnancy outcomes among GDM patients treated 
by diet, oral hypoglycemic agent, or insulin. Although gly-
cemic control data were missing, in each group, obesity was 
associated with adverse outcome, suggesting its pivotal role.39

Langer et al. performed a study comparing four groups of 
patients (diet treated with good glycemic control, diet treated 
with poor glycemic control, insulin treated with good glyce-
mic control, and insulin treated with poor glycemic control) 
strati�ed by weight. It was found that obese and overweight 
GDM patients treated with insulin who achieved good glyce-
mic control showed no increased risk of composite outcome, 
macrosomia, and LGA in comparison with normal-weight 
GDM patients.44 In contrast, obese patients with good glyce-
mic control achieved by diet still demonstrated higher risk 
for composite outcome, LGA, and macrosomia. Poorly con-
trolled overweight and obese patients, regardless of treatment 
modality, had signi�cantly higher rates of composite outcome, 
metabolic complications, macrosomia, and LGA. It may be 
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that although obesity, in and of itself, translates into potential 
adverse outcomes in pregnancy, GDM women treated with 
insulin and possibly oral antidiabetic drugs who achieve tar-
geted levels of glycemic control will have pregnancy outcomes 
comparable to those of normal-weight women. �e improved 
outcome in the insulin-treated overweight and obese women 
may be due to an unidenti�ed e�ect of insulin itself on the 
fetus or the activation of other metabolic fuel pathways.

Most and Langer later published their results concerning 
the impact of maternal weight gain on fetal growth among 
GDM patients in relation to treatment modality, BMI, and 
glycemic control. Among obese or overweight diet-treated 
women, the rate of LGA was fourfold higher, compared with 
insulin-treated women.45

Olmos and associates studied the impact of obesity and 
glycemic control on rates of macrosomia.46 They defined 
glycemic control using mean blood glucose and HbA1c 
levels. �ey reported that the prevalence of macrosomia 
was 14.9% among their patients with good glycemic con-
trol versus 28.1% in those with lesser glycemic control. �ey 
also reported macrosomia rates of 10.4% in the normal-
weight group compared with 24.6% in the overweight group, 
although both groups had similar glycemic control levels 
and GWG. �eir conclusion was that good glycemic control 
was not su�cient to reduce macrosomia rates in the presence 
of overweight or obesity.

Potential management and 
intervention
In obese women, a modi�cation of risk factors prior to or 
early in pregnancy is recommended. Regarding prepregnancy 
interventions aimed at reducing the risk for GDM, Villamor 
and Cnattingius found that compared with women whose 
BMI changed between −1.0 and 0.9 units, women who gained 
three or more units had increased risk of preeclampsia, gesta-
tional hypertension, GDM, cesarean delivery, stillbirth, and 
LGA birth.47 �e associations were linearly related to weight 
change and were also noted in women who had a healthy pre-
pregnancy BMI in both pregnancies. Ehrlich and colleagues 
sought to estimate the association between interpregnancy 
change in BMI and the risk of GDM in a second pregnancy. 
�ey found that compared with women who had no change 
in BMI, those whose BMI increased had an increased risk 
of GDM. Conversely, those whose BMI decreased had lower 
risk of GDM only if they were overweight or obese during the 
�rst pregnancy and lost at least two BMI units.48

Dell’Agnolo and colleagues49 found that women who 
underwent bariatric surgery had less obesity-related comor-
bidities such as diabetes mellitus and hypertension. �eir 
infants were more likely to be appropriate-for-gestational-
age (AGA) and be born at term. A systematic review pub-
lished by Maggard et al. included 75 articles, and concluded 
that less maternal complications occurred following bariat-
ric surgery (such as GDM and preeclampsia), and that neo-
natal outcomes were better than in obese controls.50

Intervention during pregnancy is also available. Harrison 
and colleagues randomized 228 women at risk of developing 
GDM to a four-session lifestyle program aimed at acquir-
ing adequate GWG or controls. �ey found that by 28 weeks, 
GWG was signi�cantly lower among women in the inter-
vention group, and a trend was noticed toward less GDM.51 
Another study examined the e�ect of gestational weight 
loss among overweight and obese women a�er the diag-
nosis of GDM was established. Gestational weight loss was 
associated with less macrosomia, NICU admissions, and 
cesarean deliveries, yet rates of SGA neonates and deliver-
ies <34 weeks increased.52 A study of similar design demon-
strated lower mean birth weight among overweight and class 
I obese women with gestational weight loss.53 Park and asso-
ciates found that overweight/obese GDM patients gaining 
less weight than recommended by the IOM 2009 guidelines 
had better neonatal outcomes and better glycemic control 
and lower rates of insulin treatment.54

A randomized trial of weight-bearing exercise (versus 
no exercise) from 8 weeks of pregnancy in women who did 
not normally exercise resulted in signi�cantly higher birth 
weights in o�spring of women randomized to exercise.55 In 
another study, exercise two times/week or less was associ-
ated with low birth weight (adjusted OR, 2.64 95% CI 1.29–
5.39) relative to women who exercised three to four times/
week a�er adjustment for potential confounders including 
social class.56 Dye et  al.57 demonstrated that women who 
were obese at the time of conception but exercised regularly 
had lower rates of GDM. A meta-analysis published in 2011 
concluded that prepregnancy physical activity yielded a 
pooled OR of 0.45 (95% CI 0.28–0.75) for developing GDM, 
and that exercise in early pregnancy was also protective 
(OR 0.76, 95% CI 0.70–0.83). Several studies showed that 
moderate exercise in pregnancy did not appear to be harm-
ful and that there was no association with premature labor 
or poor Apgar scores, thus reassuring the safety of exercise 
during pregnancy.58,59

Summary
In conclusion, obesity is a risk factor for adverse pregnancy 
outcomes, including GDM. �e hazardous combination 
of overweight and obesity with GDM increases the risks 
involved with GDM or obesity alone. It seems that while gly-
cemic control is of utmost importance in GDM, the role of 
obesity may be even more critical than previously believed. 
We may hypothesize that the presence of obesity or over-
weight in a GDM patient alters metabolic pathways, thus 
mandating tighter and stricter glycemic control. �erefore, 
the desired and adequate levels of glycemic control among 
overweight and obese patients need to be established. 
Nonetheless, the importance of insulin therapy may lie 
beyond merely achieving glycemic control, but in regulating 
these aberrant metabolic pathways among overweight and 
obese patients. Prepregnancy and early pregnancy inter-
ventions aimed at weight loss are e�cacious in reducing 
overweight-, obesity-, and GDM-related complications.
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the obese gestational diabetes 
mellitus patient
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Pandemic of obesity, diabetes, and 
diabetes in pregnancy
�e World Health Organization has described the ris-
ing prevalence of overweight (de�ned as body mass index 
[BMI] > 25 kg/m2) and obesity (BMI > 30 kg/m2) in devel-
oping and developed countries as a global pandemic.1 
Between 1980 and 2013, the proportion of women with a 
BMI of 25 kg/m2 or more increased worldwide from 29.8% 
(29.3–30.2) to 38.0% (37.5–38.5), and in at least seven 
countries including Kuwait, Libya, Qatar, and Samoa, the 
estimated prevalence of obesity in women now exceeds 50%. 
In developed countries, although the prevalence is much 
lower, the overall pattern and rise in rates of overweight and 
obesity parallels that of developing countries.

�e peak age prevalence of obesity in women in developed 
countries is at 60 years, which is beyond the natural reproduc-
tive age. However, although obesity rates in younger women are 
lower than in older women, they are also rising in women of 
reproductive age.2 As a consequence, pregravid maternal obe-
sity is now the most common comorbidity of pregnancy, with 
overweight and obesity a�ecting up to 40% and 20% of the ante-
natal population, respectively. Recent evidence suggests that the 
peak age prevalence of obesity has started to fall in developed 
countries.1 �is is likely to further increase the proportion of 
women of reproductive age who are overweight and obese.

In parallel with the obesity epidemic, there is also a dia-
betes pandemic with increasing numbers of obese pregnant 
women having preexisting diabetes (typically type 2 but also 
type 1) or being diagnosed with gestational diabetes mellitus 
(GDM) during pregnancy. A proportion of these women will 
have previously undiagnosed type 2 diabetes. Due to the lack 
of consensus in diagnostic and screening criteria for GDM 
during pregnancy, accurate estimates of risk and prevalence 
of GDM are di�cult to de�ne. However, a meta-analysis in 
2007 demonstrated that compared to normal-weight preg-
nant women, the risk of GDM was 3.56 (3.05–4.21)-fold higher 
if the woman was obese and 8.56 (5.07–16.04)-fold higher if 

she was severely obese (BMI > 40 kg/m2).3,4 Recent studies 
suggest that the association between maternal obesity and 
GDM may be even higher with a population-based record 
linkage study reporting adjusted odds ratios for developing 
GDM of 11.90 (7.54–18.79) and 67.40 (37.84–120.03) in obese 
and severely obese women, respectively.5

Obesity, diabetes, and rationale for 
treatment
Obese women are at increased risk of developing GDM 
because they are more likely to enter pregnancy with pre-
existing insulin resistance. To maintain euglycemia in the 
third trimester, a 200%–250% increase in insulin synthesis 
is required to compensate for the 50% reduction in insulin 
sensitivity.6,7 In the obese, this physiological adaptation either 
fails to occur or is insu�cient to compensate for the reduc-
tion in insulin sensitivity with resulting hyperglycemia.8,9

Both maternal obesity and diabetes in pregnancy are 
associated with increased risk of adverse outcomes for both 
mother and fetus.5,10–12 For the mother, these include increased 
risk of pregnancy-induced hypertension, preeclampsia, med-
ically indicated preterm delivery, and cesarean section. For 
the fetus, these range from increased risk of miscarriage, 
congenital anomaly, macrosomia, and shoulder dystocia 
through to neonatal death and stillbirth. In addition, both 
maternal obesity and diabetes are recognized to have long-
term adverse health consequences for the child.

Although the underlying mechanisms linking mater-
nal obesity with adverse outcome remain unclear, the 
Hyperglycemia and Adverse Pregnancy Outcomes study 
demonstrated that fasting hyperglycemia was correlated 
with increased risk of adverse outcomes including cesar-
ean section and fetal macrosomia. �is relationship exists 
even when blood glucose levels are within the normal range. 
Fasting blood glucose levels are higher throughout preg-
nancy in obese women than in normal-weight women,13 
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so it is likely that relative hyperglycemia may in part explain 
some of the excess in morbidity observed in obese pregnan-
cies. However, it is likely that other factors in addition to 
hyperglycemia and insulin resistance such as micronutrient 
de�ciency, hyperlipidemia, and in�ammation play a role in 
the pathogenesis of morbidities in the obese.14,15 �is is sup-
ported by studies that demonstrate the e�ects of maternal 
glycemia and obesity, which are independent and additive for 
outcomes including cesarean section and macrosomia.16,17 
�us, although there is a clear rationale for treating hyper-
glycemia and insulin resistance caused by GDM in the obese 
to improve outcome, a therapy or therapies that could also 
treat maternal obesity, for example, minimizing maternal 
weight gain and reducing in�ammation, might have the best 
chance of optimizing pregnancy outcome.

Overview of management of GDM 
in the obese
Dietary modi�cation with home blood glucose monitoring 
is the �rst-line management for GDM in obese pregnant 
woman. �is is covered in depth in Chapter 17. �e key prin-
ciples are to maintain a healthy, balanced diet, for example, 
using the “eatwell plate” as per dietary recommendations 
for nonpregnant individuals with newly diagnosed diabetes, 
with particular emphasis on avoiding re�ned carbohydrates, 
sugars, and fats. For most individuals, adherence to these 
dietary recommendations will result in a calorie de�cit. In 
pregnancy, there are no guidelines to suggest that weight 
loss is recommended/advisable during pregnancy.18 �e best 
available advice for gestational weight gain in pregnancy is 
from the Institute of Medicine Guidelines, which advises a 
weight gain of 5–9 kg during pregnancy for all women with 
BMI > 30  kg/m2.19 �is advice has not been looked at in 
the context of dietary advice for GDM, but for most obese 
women it would seem that advice to maintain weight during 
pregnancy is not unsafe.

In many women, dietary modi�cation achieves accept-
able glycemic control and no further treatment is required. 
However, in women with GDM who remain hyperglycemic 
despite dietary modi�cation, pharmacological therapy is the 
next stage in management. Subcutaneous insulin therapy has 
traditionally been regarded as the next stage in management, 
but with new evidence of safety and e�cacy of oral hypogly-
cemic agents in pregnancy, these are increasingly being used 
as second-line treatment a�er failure of dietary modi�cation. 
Insulin is then added as third-line therapy if oral hypoglyce-
mic agents do not meet glycemic targets or are not tolerated.

Pharmacological treatment
Oral agents
Metformin
Mechanism of action  Metformin is a synthetically derived 
biguanide.20 A�er oral ingestion, it is rapidly absorbed and 
transported via the portal vein to the liver where it inhibits 

glucose absorption and substrate availability for hepatic 
gluconeogenesis.21 Metformin is actively transported to 
hepatocytes via organic cation transporter 1. It inhibits the 
mitochondrial respiratory complex I leading to reduced 
ATP synthesis and activation of AMP-activated kinase. 
�is results in a reduction of lipid synthesis, inhibition 
of gluconeogenesis, and a decrease in circulating insulin 
and glucose. Metformin also stimulates insulin-mediated 
glucose uptake by the skeletal muscle and liver.21 �is, 
together with reduced gluconeogenesis in the liver, increases 
insulin sensitivity.

In obese nonpregnant women with type 2 diabetes, the 
apparent clearance and volume of distribution of metformin 
are in�uenced by the lean body weight. Markers of renal 
function such as age and serum creatinine also in�uence 
clearance and distribution.22 During pregnancy, metformin 
clearance increases with gestation due to enhanced renal 
elimination. To maintain a therapeutic e�ect, the metformin 
dose may therefore need to be increased by up to 20% in the 
third trimester.23 Whether increased maternal BMI has an 
additional in�uence on clearance and volume of distribution 
of metformin during pregnancy is not known.

Safety of metformin in pregnancy  Over the last 10 years in 
the United Kingdom, metformin has increasingly replaced 
insulin as the �rst-line pharmacological agent for the 
treatment of GDM if women fail to achieve glycemic control 
a�er dietary modi�cation. �is change in practice is in 
large part due to at least 10 clinical studies (5 randomized 
controlled trials, 2 prospective nonrandomized trials, and 
3 retrospective studies) that have all demonstrated that 
metformin is safe in pregnancy and achieves comparable 
(or better) glycemic control compared to insulin or the 
sulfonylurea glibenclamide.24–32

Metformin crosses the placenta, with umbilical cord 
concentrations at the time of delivery being at least half 
the maternal concentrations.23,33 In some cases, they exceed 
maternal concentrations. It is therefore important to follow 
up babies exposed to metformin in utero.

Short-term outcomes
Maternal outcomes  Metformin is generally acceptable 
to women and well tolerated during pregnancy, with only 
2%–7% of women being unable to take it due to its mainly 
gastrointestinal side e�ects. Other reported side e�ects are 
either very rare (lactic acidosis) or relatively minor (erythema 
in hypersensitive individuals). �ere is no evidence that 
maternal BMI a�ects the side e�ect pro�le of metformin 
during pregnancy.

Between 10% and 46% of women with GDM treated 
with metformin require insulin in addition to metformin 
to maintain euglycemia as pregnancy progresses.24,26,28,29,31 
Higher maternal BMI and fasting blood glucose at diagnosis 
and early gestation at diagnosis of GDM are associated with 
increased need for supplemental insulin at an earlier gesta-
tion.27,28 Di�erence in the racial groups, time of blood glu-
cose monitoring (pre- or postprandial), and the threshold 
for starting supplementary therapy (1 vs. 2 or 3 high home 
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blood glucose monitoring readings) may also explain the 
wide range in need for supplemental insulin between di�er-
ent trials. However, in those women who do require supple-
mental insulin, the dose of insulin required is consistently 
lower in women taking metformin and insulin as opposed 
to metformin alone. For example, in the Metformin versus 
Insulin for the Treatment of Gestational Diabetes (MiG) 
trial, participants on metformin required a signi�cantly 
lower median dose of 42 U insulin, compared to the patients 
who received insulin therapy alone required a median dose 
of 50 U.28

Excessive weight gain during pregnancy in obese 
women is associated with increased risk of complica-
tions including preterm birth, cesarean delivery, macro-
somia, and childhood obesity.34 Trials by Balani et  al.,24 
Niromanesh et al.,31 and Rowan et al.28 reported less ges-
tational weight gain in women on metformin compared 
to other pharmacological agents. The underlying mecha-
nism for this is not clear. In management of people with 
type 2 diabetes (who are not pregnant), metformin is 
regarded as being weight neutral and is not prescribed as 
a “weight loss” drug. In randomized controlled trials in 
women with polycystic ovarian syndrome (PCOS), with 
associated insulin resistance but not overt type 2 diabetes, 
treatment with metformin has not been associated with 
significant weight loss.20 However, limiting gestational 
weight gain has potential health benefits for mother and 
offspring, particularly in the obese.

Fetal outcomes  �ere is no evidence that metformin 
treatment is associated with increased risk of congenital 
anomalies. In the majority of trials, no di�erence was 
identi�ed in frequency of large for gestational age, small for 
gestational age, macrosomia, birth weight, and neonatal unit 
admission.26–29,31,32 Metformin is also associated with lower 
risk of neonatal hypoglycemia compared to insulin.

The relationship between metformin use and preterm 
birth rates is less clear. In the MiG trial, the rates of spon-
taneous (5.0% vs. 3.5%) and iatrogenic (7.2% vs. 4.1%) pre-
term birth were higher in women treated with metformin 
(n = 363) compared to insulin (n = 370).28 This reached 
significance when both spontaneous and iatrogenic pre-
term birth rates were combined (12.1% vs. 7.6%; metfor-
min compared to insulin treated; p < 0.04). In contrast, 
there was no difference in spontaneous preterm birth 
rates (p = 0.3) between metformin (n = 50 recruited, one 
spontaneous delivery at 36 weeks gestation) and insulin 
(n = 50, three spontaneous deliveries at 31, 33, and 36 weeks 
therapy) in the Ijas trial,27 and there was an increase in 
iatrogenic (15.0% vs. 7.6%) but not spontaneous (4.2% vs. 
4.9%) preterm birth rates in the insulin-treated (n = 399) 
compared to metformin-treated (n  =  471) group in the 
Goh trial (p < 0.005).26 Maternal obesity is associated with 
increased risk of iatrogenic but not spontaneous preterm 
birth rates.5 Differences in maternal BMI between trial 
participants may therefore in part explain inconsistencies 
about whether metformin does or does not inf luence pre-
term birth rate.

Long-term outcomes
Maternal outcomes  �e impact of metformin treatment 
on maternal weight postpartum is less certain. A follow-up 
study of women with PCOS who were randomized to 
metformin (2000 mg daily) or placebo from �rst trimester 
to delivery reported maternal and o�spring follow-up 
at 1 year. Despite the use of metformin being associated 
with less weight gain during pregnancy (3.2 ± 2.0 vs. 4.2 ± 
4.3 kg, metformin compared to placebo; p < 0.03), women 
randomized to metformin lost less weight from the end of 
pregnancy to 1 year postpartum (−2.1 ± 3.6 vs. −4.1 ± 4.9 kg; 
p < 003) and had higher BMIs (30.6 ± 8.1 vs. 27.6 ± 6.1 kg/m2; 
p < 0.004) compared to those in the placebo group.35 �is is 
despite there being no di�erence in maternal BMI between 
metformin and placebo groups during the �rst trimester at 
randomization (32.7 ± 6.9 vs. 32.0 ± 7.3 kg/m2, metformin 
compared to placebo; p = 0.51). To date, there are no data 
on postpartum weight and BMI in the obese GDM managed 
with metformin during pregnancy.

Offspring outcomes  Maternal obesity is associated  with 
increased risk of o�spring obesity due in part to fat 
preferentially being stored in visceral as opposed to 
subcutaneous depots.36

�e MiG trial has followed up children at 2 years post-
delivery.28,37 Compared to the insulin group, the children 
exposed to metformin in utero had larger subscapular and 
biceps skinfolds and greater upper arm circumferences. 
�ere was no di�erence in total percentage body fat, fat 
mass, or central fat measures between the two groups. �e 
investigators concluded that in utero exposure to metfor-
min may predispose children to laying down fat stores in 
healthier subcutaneous fat depots, thus reducing the risk 
of developing insulin resistance and obesity in later life. 
Others have subsequently cautioned against overinterpret-
ing the results due to the crude indirect measures used to 
measure visceral fat depots, small numbers at follow-up, 
and investigators not being blinded to the treatment group 
of the mother.38

If alterations in o�spring body composition do exist fol-
lowing in utero exposure to metformin, whether these per-
sist into childhood is not certain. Albeit in a di�erent patient 
cohort, Ro et  al. reported follow-up of a randomized con-
trolled trial on women with PCOS randomized to metfor-
min or placebo in pregnancy.39 At 8  years, there were no 
di�erences in o�spring body composition, weight, or height 
between those exposed to metformin and those exposed to 
placebo. Children exposed to metformin in utero did how-
ever have a higher fasting glucose level (4.93 vs. 4.60 mmol/L, 
p  =  0.04) and a trend toward a lower LDL cholesterol level 
(2.42 vs. 2.99 mmol/L, p  =  0.07) and higher systolic blood 
pressure (106 vs. 101 mmHg, p  =  0.05).

Although the follow-up studies are reassuring about the 
safety of metformin during pregnancy, caution should be 
exercised about concluding that its use in the obese GDM 
will reduce the risk of the o�spring in developing insulin 
resistance in later life due to redistribution of fat depots. 
Further long-term follow-up studies are needed.



262  Pharmacological treatment for the obese gestational diabetes mellitus patient

Glibenclamide
Mechanism of action  Glibenclamide is a second-generation 
sulfonylurea, an insulin secretagogue. It binds to pancreatic 
β-cell ATP calcium channel receptors and stimulates release 
of insulin from the functional cell mass of the pancreas. 
It also increases insulin sensitivity in peripheral tissues.40,41 
Glibenclamide is therefore an e�ective treatment for the 
inadequate insulin secretion and insulin resistance that 
occur in the obese GDM.

Glibenclamide is well absorbed following oral admin-
istration. It reaches peak concentration in approximately 
3 hours, and following metabolism in the liver, it has a half-
life of 8 hours. Glibenclamide is cleared more rapidly in preg-
nancy due to its being metabolized by the cytochrome P450 
enzymes, the activity of two (CYP2C9 and CYP3A) being 
increased in pregnancy. In nonpregnant women with type 
2 diabetes, studies demonstrate that obesity has no e�ect on 
glibenclamide pharmacokinetics and pharmacodynamics.42 
�ere are no studies that have investigated whether obesity 
a�ects glibenclamide pharmacokinetics and pharmacody-
namics during pregnancy.

Safety of glibenclamide in pregnancy  Glibenclamide was the 
�rst oral agent to be tested in clinical trials to manage GDM 
in pregnancy.43 It has subsequently been trialed in a large 
number of randomized controlled trials, nonrandomized 
trials, and retrospective studies.44–54 To date, most trials 
demonstrate that glibenclamide is e�ective in most women 
in optimizing glycemic control.

Initial clinical trials43 suggested that fetal exposure to 
glibenclamide was minimal because levels were undetectable 
in cord blood.55 However, more recent studies demonstrate 
that glibenclamide crosses the placental barrier with a cord-
to-maternal plasma concentration ratio of 0.7.56 Although 
glibenclamide is metabolized by the fetus and the placenta 
actively pumping glibenclamide from the fetus to the mother 
via the ABC transporters, fetal drug concentrations re�ect 
maternal serum levels.57

Short-term outcomes
Maternal outcomes  Glibenclamide is generally well tolerated 
by women during pregnancy. Hypoglycemia and weight gain 
are the most common side e�ects reported by individuals 
taking glibenclamide who are not pregnant. �erefore, 
women who are started on glibenclamide treatment will 
need to be advised about symptoms and management of 
hypoglycemia and to take the medication with food. Weight 
gain is a well-recognized side e�ect of glibenclamide due to 
stimulation of insulin secretion with consequent enhanced 
glucose absorption and storage in adipose tissue, but there 
are no data on whether the use of glibenclamide in GDM has 
a signi�cant impact on gestational weight gain. Although 
side e�ects such as skin itching, rashes, mild nausea, and 
heartburn are relatively common, these usually settle if 
treatment persists. Other side e�ects such as elevated liver 
enzymes are less common, and it only rarely causes jaundice.

Between 16% and 21% of women with GDM treated with 
glibenclamide require insulin in addition to glibenclamide to 

maintain euglycemia as pregnancy progresses.50–54 Although 
the presence of maternal obesity per se does not predict treat-
ment failure, factors such as early diagnosis and treatment of 
gestational diabetes, baseline hyperglycemia, increased mater-
nal age, and parity, which are more prevalent in the obese, do 
predict increased risk of failure.50–54 In nonpregnancy, glib-
enclamide is associated with moderate weight gain, and ges-
tational weight gain in women treated with glibenclamide is 
comparable to women with GDM treated with insulin.

�ere are con�icting data about whether compared to 
insulin therapy glibenclamide is associated with no change 
or increased risk of preeclampsia.58 In a retrospective study 
by Jacobson et  al.,58 outcomes were compared in women 
treated with insulin (n = 268) and with glibenclamide 
(n = 236). Women treated with glibenclamide were more 
than twice as likely to develop preeclampsia (odds ratio [OR] 
2.32; 95% con�dence interval [CI] 1.17–4.63) compared to 
those managed with insulin. In contrast, in a smaller study 
(n = 78 treated with insulin; n  = 44 treated with gliben-
clamide), there was no signi�cant di�erences in the risk of 
preeclampsia between treatment groups.59 Maternal obesity 
is associated with increased risk of developing preeclamp-
sia5; thus until there is more conclusive trial evidence, it may 
be sensible to use alternative pharmacological agents in the 
obese mother with GDM with other risk factors for develop-
ing preeclampsia such as essential hypertension.

Fetal outcomes  �ere is no evidence that glibenclamide 
is associated with increased risk of fetal anomaly. In the 
randomized controlled trial by Langer et al., in which women 
were randomized to receive glibenclamide or metformin, the 
trial was powered on the primary outcome of “desired level of 
glycemic control” and not less common neonatal outcomes.43 
�e largest retrospective observational study compared 
outcomes in women with GDM treated with insulin (n  = 
8609, 80.6%) with oral hypoglycemic agents (n  = 2073, 
19.4% or which 99% were receiving glibenclamide).49 A�er 
controlling for confounders including maternal weight, 
ethnicity, parity, and gestation at diagnosis, oral therapy was 
associated with increased risk of admission to the neonatal 
unit (OR [95% CI], 1.46 [1.07–2.00]), macrosomia (OR [95% 
CI], 1.29 [1.03–1.64]), and, if GDM was diagnosed early 
in pregnancy, stillbirth (OR [95% CI], 4.68 [1.02–21.5]). A 
small randomized controlled trial in women with GDM 
randomized to insulin (n = 50) and glibenclamide (n = 49) has 
demonstrated a 4.9%  increased rate of intrauterine growth 
restriction (p  <  0.01). Maternal obesity is independently 
associated with increased risk of neonatal unit admission, 
macrosomia, intrauterine growth restriction, and stillbirth.5 
Whether maternal obesity contributes to increased risk 
associated with glibenclamide needs to be evaluated in future 
substantive trials.

Long-term outcomes
Maternal and o�spring outcomes  To date, there are no 
studies that report long-term maternal and o�spring outcomes 
following glibenclamide use for GDM in either women of 
normal weight or obese.
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Insulin
Subcutaneous insulin therapy is recognized as the stan-
dard for the treatment of GDM to achieve euglycemia a�er 
failure of dietary therapy in order to avoid the short- and 
long-term complications of poorly controlled glucose during 
pregnancy. A recent systematic review and meta-analysis of 
randomized controlled trials comparing therapeutic inter-
vention for GDM with standard antenatal care included data 
from 10 studies including 3881 patients.60 In these studies, 
interventions used in the experimental group were dietary 
modi�cation and glucose monitoring, and insulin was 
administered if glycemic targets were not met with dietary 
modi�cation. Treatment for GDM signi�cantly reduced 
the risk for macrosomia (relative risk [RR], 0.47; 95% CI, 
0.38–0.57), large-for-gestational-age births (RR, 0.55; 
95% CI, 0.45–0.67), shoulder dystocia (RR,  0.42; 95% CI, 
0.23–0.77), and gestational hypertension (RR, 0.68; 95% CI, 
0.53–0.87) without causing any signi�cant increase in the 
risk for small-for-gestational-age babies. No signi�cant dif-
ference was observed between the two groups regarding 
perinatal/neonatal mortality, neonatal hypoglycemia, birth 
trauma, preterm births, preeclampsia, cesarean section, and 
labor induction. �e heterogeneity of studies, for example, 
di�erences in study population, glycemic targets, and insu-
lin regimens, does make comparison of studies challeng-
ing. Nevertheless, it is accepted that subcutaneous insulin 
therapy is e�ective at lowering blood glucose in women with 
GDM and that this is associated with improved outcomes for 
mother and baby.

With changes in clinical practice over the last decade 
in the United Kingdom, insulin is increasingly used as a 
third-line agent to supplement metformin therapy when 
metformin alone fails to control glucose levels or if metfor-
min is not tolerated. Indeed in a survey of maternity units 
in Scotland in 2013, there was almost a universal use of 
insulin as a third-line agent (Stirrat, personal communi-
cation). Details of types of insulin preparation and typical 
insulin regimens for managing diabetes in pregnancy are 
described in detail elsewhere (Chapter 22). As in standard 
diabetes management, diabetologists will tailor an individ-
ual’s insulin regimen and preparation a�er consideration of 
the woman’s daily blood glucose pro�le and lifestyle. �us 
women may require prandial quick-acting insulin and/
or basal (long-acting) insulin or a basal–bolus regimen 
depending on the situation, and insulin requirements are 
likely to change during pregnancy. �e 2013 Scottish sur-
vey highlighted that a range of di�erent insulin preparations 
and regimens was used, including the use of �xed mixtures 
of insulin (Stirrat, personal communication). Women with 
GDM who need to start insulin therapy will require more 
intensive management during pregnancy, seeing a diabetes 
specialist nurse and diabetes consultant for education about 
insulin administration and dose titration as well as advice 
about management of hypoglycemia. �ere is no evidence 
that obese women with GDM should use a di�erent injection 
site for insulin administration than is advised in a nonpreg-
nant individual. If very large doses of insulin are required 
to control blood glucose, this may be associated with pain 

at the injection site and/or need to inject more than once 
(most insulin pens have a maximum of 80 units), which may 
be cumbersome for the woman and lead to poor compli-
ance, as observed in nonpregnancy.61 However, this would 
be unusual, even in an obese woman with GDM.

Increased prepregnancy BMI is a recognized risk factor 
for the need for insulin treatment of GDM. For example, 
in one study, prepregnancy BMI > 30  kg/m2 was indepen-
dently associated with the need for insulin treatment with 
an odd ratio of 2.35 (1.33–4.13).62 In this study, women with 
GDM were not o�ered oral hypoglycemic agents a�er fail-
ure of dietary therapy alone, and future studies will inform 
whether use of these agents is associated with decreased need 
for insulin in the obese mother with GDM.

What are the disadvantages for women of insulin 
therapy?  Given that insulin therapy has been regarded 
as the standard therapy and there is a wealth of data and 
experience of its use in women with type 1 and type 2 
diabetes, why would women with GDM not want to be 
treated with insulin during pregnancy? Insulin has several 
disadvantages for women, o�en requiring multiple daily 
injections and with the recognized risks of hypoglycemia 
and weight gain. Many women fear injecting themselves 
with insulin, and in comparative trials, women prefer taking 
oral agents to insulin therapy.28 Having a diagnosis of GDM 
has been shown to increase a woman’s anxiety and result in 
a less positive pregnancy experience than in women without 
GDM.63 Treatment with insulin appears to have further 
detrimental e�ects on maternal well-being in pregnancy. 
A recent survey of 1372 Australian women including 393 who 
reported their experiences of having GDM found that women 
taking insulin were signi�cantly more likely to experience 
shock, fear, or anxiety.64 �is study highlights the need for 
healthcare professionals to provide additional support to these 
women when their treatment for GDM is intensi�ed.

�e increased insulin resistance associated with obesity in 
pregnancy may mean that insulin requirements are greater 
for obese women with GDM than for women of normal 
weight. �ese larger doses of insulin may increase the risk of 
excess gestational weight gain due to the anabolic actions of 
insulin described earlier. Women with GDM who are com-
menced on insulin treatment should therefore have addi-
tional dietetic input to minimize insulin-associated weight 
gain. Likewise, it is also important that obese women with 
GDM are advised to avoid excessive gestational weight gain 
as weight gain in the nonpregnant obese individual is associ-
ated with further increased insulin requirements.65 If these 
observations are extrapolated to pregnancy, excessive gesta-
tional weight gain could lead to increased insulin require-
ments and a consequent vicious cycle of increasing insulin 
doses and increasing weight gain. Use of metformin in com-
bination with insulin is associated with a lower total daily 
requirement of insulin,28 and the combination of the weight-
neutral e�ect of metformin and the lower insulin require-
ments may be bene�cial in limiting gestational weight gain 
in the obese woman with GDM. However, further studies are 
needed.
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Summary
In summary, it is highly likely that levels of maternal obesity 
and GDM will continue to rise in antenatal populations. As 
treatment escalates from dietary to oral agents through to 
polypharmacy with insulin, the level of intervention and the 
frequency of monitoring increase. At a national and interna-
tional level, this is having a huge impact on the design and 
delivery of antenatal services with current models of antena-
tal care increasingly being unsustainable. It is therefore likely 

that alternative methods of delivering e�ective care will be 
needed. Current developments include evaluating the use of 
telemetry as an alternative method of monitoring glycemic 
control in GDM reducing the need for hospital attendance 
and early-stage trials exploring combination therapy with 
metformin and glibenclamide as opposed to adding insulin 
as third-line management. �e results of these studies and 
others are likely to fundamentally alter the management of 
GDM. �is will have a particular impact on the obese due 
to the high prevalence of GDM in this antenatal population.
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Role of exercise in reducing 
the risks of gestational diabetes 
mellitus in obese women
Raul Artal

Introduction
�e World Health Organization has identi�ed a worldwide 
epidemic of obesity and diabetes and designated them as 
leading causes for premature mortality.1 �ese conditions 
stem primarily from the sedentary lifestyle adopted by the 
contemporary society. Obesity is recognized as a chronic 
relapsing disease and is also a major cause for the diabetes 
epidemics. �e bene�ts of adopting a healthy lifestyle in 
nonpregnant women, which includes weight reduction and 
physical activity, to prevent or manage diabetes has been well 
established in large clinical trials in the United States, China, 
and Finland.2–4

Pregnancy and gestational weight gain have been a major 
contributor to the obesity epidemic in part because of the 
past practice and reluctance to prescribe lifestyle modi�ca-
tion regimens to pregnant women. A�er pregnancy, 16.1% 
of nulliparous and 19.3% of parous women become obese.5 
Many countries, among them the United States, have expe-
rienced a sharp rise in the incidence of gestational diabetes, 
of whom 60% will develop type 2 diabetes mellitus within 
4  years.6 Women who are active prior to pregnancy and 
throughout pregnancy have the lowest prevalence of gesta-
tional diabetes.7–9

Women with a BMI of 30–35 have an adjusted odds ratio 
(OR) of 2.6, and women with BMI greater than 35 have an 
adjusted OR of 4.0 for gestational diabetes compared with 
women with a BMI of less than 30.10

A multitude of maternal and fetal comorbidities have 
been linked to maternal obesity, gestational diabetes, and 
type 2 diabetes.11

Historically, pregnant diabetic women were precluded 
from engaging in physical activities; to the contrary, they 
were prescribed prolonged periods of hospitalization or 
home bed rest.12 �e reluctance of prescribing lifestyle inter-
ventions to pregnant women stemmed primarily from the 
fear of potentially causing harm to the fetus. With the advent 
of sophisticated imaging and fetal monitoring over the past 

decades, this concern has signi�cantly diminished; however, 
prescription of lifestyle interventions that include judicious 
gestation weight gain and physical activity for pregnant 
women are not yet widely accepted or prescribed.

�e 2009 Institute of Medicine (IOM) recommenda-
tions for gestational weight gain13 for overweight and obese 
women not only are counterintuitive14,15 but could also fur-
ther amplify the risk of developing gestational diabetes, since 
pregnancy is a diabetogenic state characterized by progres-
sive increase in insulin resistance, which worsens with addi-
tional weight gain. Recent studies that aimed at evaluating 
gestational weight gain below the IOM recommendations 
have reported no adverse e�ects, no restricted fetal growth 
(one of the IOM concerns) and better outcomes.15–17

A strong association between higher BMIs, maternal 
plasma glucose levels, and pregnancy complications has 
been demonstrated by the Hyperglycemia and Pregnancy 
Adverse Outcome study.11

�e American Diabetes Association (ADA) in its 
Standards of Medical Care in Diabetes—2014 recommends 
that among nonpregnant individuals at high risk for 
developing diabetes, structured programs that emphasize 
lifestyle changes that include moderate weight loss (7% of 
body weight) and regular physical activity (150 minutes/
week) with dietary strategies including reduced calories and 
reduced intake of dietary fat should be prescribed.18 Over 
the past years, information has been accumulated to safely 
prescribe similar regimens of judicious weight gain and 
physical activities to pregnant women at risk for diabetes or 
those that are a�ected by either gestational diabetes or type 
2 diabetes.16,17,19–23

�e American Congress of Obstetricians and Gynecol
ogists (ACOG) in its guidelines for exercise during pregnancy 
and postpartum recommends to obese pregnant women to 
engage in healthy lifestyle modi�cation that includes physi-
cal activities and judicious diets. ACOG  supports the rec-
ommendation that a moderate exercise program should be 
part of the prevention and/or treatment plan for women with 
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gestational diabetes mellitus.24,30 ACOG also recommends 
that “for an obese pregnant woman who is gaining less 
weight than recommended but has an appropriately growing 
fetus, no evidence exists that encouraging increased weight 
gain to conform with the 2009 IOM guidelines will improve 
maternal or fetal outcomes.”25

In 1985, the concept of lifestyle modi�cation was intro-
duced for the management of pregnant diabetics with a study 
comparing hormonal responses to light exercise of diabetic 
and nondiabetic pregnant women, and it was suggested that 
physical activity could be considered a safe intervention in 
pregnancy as well to improve and control glycemia.26

Over the subsequent years, di�erent investigators have 
con�rmed and proposed various lifestyle intervention man-
agement schemes to prevent or manage gestational diabetes 
and type 2 diabetes prior to and during pregnancy.27,28 �e 
ADA in its Executive Summary: Standards of Medical Care in 
Diabetes—201418 states that “Women with a history of GDM 
found to have prediabetes should receive lifestyle inter-
vention or metformin to prevent diabetes.” �e American 
College of Sports Medicine (ACSM) and the ADA issued 
a joint statement in 2010: “Epidemiological studies sug-
gest that higher levels of physical activity may reduce risk 
of developing gestational diabetes mellitus prior and during 
pregnancy.” Randomized clinical trials suggest that moder-
ate exercise may lower maternal blood glucose levels in gesta-
tional diabetes mellitus.29 �e Royal College of Obstetricians 
and Gynaecologists and the Canadian Diabetes Association 
(CDA) consider exercise an adjunctive therapy for women 
with gestational diabetes.31,32

�e CDA guidelines also specify that the frequency, 
intensity, type, and duration of activity should be based on 
each individual’s obstetric risk.32

Pathophysiology
�e physiological and endocrinological changes in preg-
nancy are signi�cant; pregnancy is considered to be a dia-
betogenic state and characterized by progressive insulin 
resistance, similar to the insulin resistance observed in 
patients with type 2 diabetes.24,33,34

In overweight and obese patients, insulin resistance is by 
and large a result of the progressive increase in adiposity and 
hyperglycemia; increased fat storage will further increase 
the insulin resistance. During pregnancy, a major contribu-
tor to insulin resistance is the accumulating adipose tissue, 
which acts as an active organ, and placental and other hor-
mones such as human placental lactogen, cortisol, proges-
terone, estrogen, tumor necrosis factor alpha, adiponectin, 
interleukin-6, resistin, and plasminogen activator inhibitor. 
Excessive weight gain in pregnancy and the increased adi-
posity lead to further increased release of adipokines and 
leptin that increase the oxidative stress that contributes to 
the insulin resistance.35,36 Exercise can reverse or prevent 
this process by stimulating muscle and liver glucose uptake 
and nonoxidatively metabolizing glucose into glycogen.37,38 

�e glycogen repletion from the muscles and liver increases 
the insulin action that persists a�er exercise. Adiponectin 
regulates insulin sensitivity and glucose homeostasis, and 
low levels of adiponectin are associated with beta cell dys-
function.39 Muscle binding of adiponectin translocates a 
glucose transporter type 4 (GLUT4)—which is an insulin-
regulated protein found in adipose and striated muscle tis-
sue and is responsible for the glucose transport into cells. 
Exercise increases glucose uptake by GLUT4 translocation, 
increasing the amount of aerobic enzymes in the skeletal 
muscles by as much as 20-fold upregulating lipid oxidation 
and mitochondrial biogenesis.

Exercise thus improves glycemia primarily through 
two mechanisms: (1) insulin-stimulated muscle glucose 
uptake and (2) insulin-independent glucose transporta-
tion (GLUT4). As such exercise reduces the hepatic glucose 
production and glycogen metabolism and also lowers total 
cholesterol and triglyceride while raising high-density lipo-
protein levels.

Leptin has a key role in regulating energy intake and 
energy expenditure; during pregnancy, its level increases by 
150%–200% in the second and third trimester over levels in 
the �rst trimester and twofold to threefold above nonpreg-
nant levels.40 In leptin-de�cient subjects with lipodystrophy, 
decreased production of leptin by adipose tissue has been 
considered to be a cause for insulin resistance41; conversely, 
exercise-induced reductions in leptins have been ascribed to 
changes in energy balance, improvements in insulin sensi-
tivity, and lipid metabolism.42

Insulin sensitivity progressively decreases in pregnancy, 
and to counteract this process and maintain euglycemia 
during the third trimester in healthy pregnant women, insu-
lin secretion increases two to four times.43

�e acquired decrease in insulin sensitivity particu-
larly in obese women in pregnancy is the physiological 
background and rationale for recommending exercise as a 
logical intervention to either prevent or manage gestational 
diabetes and prevent further progression to diabetes during 
or a�er pregnancy.

While prescribing exercise in pregnancy, the anatomical 
and physiological changes associated with pregnancy have to 
be considered.34

Exercise prescription for sedentary overweight or obese 
women to prevent or manage gestational diabetes
�e basic components of exercise prescription include fre-
quency, intensity, duration, and type.

Energy expenditure and thus insulin sensitivity depend 
on the frequency and amount of work (exercise) intensity and 
duration. As to type, aerobic exercise is most frequently pre-
scribed to pregnant women, while experience with resistance 
exercise in pregnancy is more limited. Some of the studies 
conducted in pregnancy to prevent or manage gestational 
diabetes mellitus meet the requirements set for lifestyle 
modi�cation by the ADA for nonpregnant, while other 
studies appear to not have met the ADA recommendation 
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or quanti�ed the interventions with objective physiological 
measures to assess the e�cacy of the interventions, or the 
training e�ect for energy expenditure, or measured the 
aerobic capacity at regular intervals to evaluate the level of 
training and e�cacy, of the intervention (Table 33.2).

It is important to emphasize that bouts of exercise also 
play an important role in upregulating insulin sensitivity.44 
In our experience, 15 minutes of low-intensity frequent 
bouts of exercise do not result in signi�cant changes in blood 
glucose levels in normal nondiabetic pregnant subjects45 but 
do make a di�erence and improve glycemia in sedentary 
patients with gestational diabetes, particularly obese sub-
jects.46 It is important to note that in healthy normal preg-
nant subjects, continuous prolonged exercise in pregnancy 
at about 55% VO2 or higher could signi�cantly decrease glu-
cose levels and result in hypoglycemia a�er 45–60 minutes 
of continuous exercise. Comparison has been studied for the 
same subjects during and a�er pregnancy47 (Figure 33.1). 
�us, continuous strenuous exercise beyond 45–60 minutes 
in pregnancy requires some form of supervision.

In the prospective nurses’ health study, it has been dem-
onstrated that prior to pregnancy, it is necessary to expend 
at least 1700 kcal/week (the equivalent of 16 hours/week) 
in light exercise or at least 840 kcal/week (the equivalent 
of 8 hours/week) in vigorous exercise to reduce the risk of 
developing gestational diabetes (Figure 33.2).48

�e nurses’ health study has determined that the relative 
risk of gestational diabetes mellitus (GDM) was reduced by 
17% with prepregnancy light exercise and 30% with more 
vigorous exercise.48 In another study, it has been demon-
strated that the exercise-induced changes with a homeostasis 
model assessment (HOMA) of insulin resistance, measured 
the following day postexercise, were negatively and curvilin-
early correlated to energy expenditure (Figure 33.2).

�e HOMA score is a measure of insulin resistance 
decreased by 30% in subjects who expended more than 
900  kcal (strenuous) during one bout of exercise.49 Similar 

results can be obtained in pregnancy through several bouts 
of  exercise per week as has been illustrated in our own 
studies27 (Table 33.1).

In terms of intensity, in a joint ACSM and American 
Heart Association exercise recommendations, light physical 
activity is de�ned as requiring less than 3 METs, moderate 
activities 3–6 METS, and strenuous activities greater than 
6 METs.55

METs or metabolic equivalents are used to quantify the 
metabolic cost of exercise in terms of oxygen consumption. 
�e equivalent of 3.5 mL O2/kg/minute is 1 MET and is 
obtained at rest. Walking at a moderate pace for 1.5 miles/
day will expend approximately 6 METs. Walking is the type 
of activity that can be readily prescribed and accepted by 
sedentary, overweight, or obese subjects.

Relevant to exercise prescription for pregnant diabetic 
patients and based on the aforementioned studies, we have 
established that pregnant women could safely complete at 
least one moderate bout of exercise of 30–45 minutes/day 
and if possible one bout of exercise a�er each meal to expend 
at least 200 kcal or more per day or approximately 6 METs/
day and 1400 kcal/week, the necessary energy expenditure 
to obtain or maintain euglycemia in pregnancy. Less than 
16 MET hour/week would not su�ce to either prevent GDM 
or manage hyperglycemia of patients who have developed 
GDM A2 or have preexisting diabetes. In our experience, 
within 10  days of initiating an exercise program in GDM 
patients, 60% will attain euglycemia.21,27,46 Physical activity 
in early and throughout pregnancy can prevent or reduce 
GDM risk.

Meeting the ADA criteria for the prevention or man-
agement of type 2 diabetes in nonpregnant subjects with 
impaired glucose tolerance, impaired fasting glucose, or 
A1C 5.7%–6.4% in our and other investigators’ experi-
ence has been validated in pregnancy as well (Table 33.2). 
�e combination of nutritional control and exercise has 
been demonstrated to better control glycemia also in 
pregnancy.27,28 It also appears that meeting the criteria 
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established by the ADA for nonpregnant individuals to 
reduce the risk for or manage diabetes may be valid for 
pregnant subjects as well. �is is illustrated in some but not 
all of the published trials in pregnant patients (Table 33.2). 
Clearly in many of these intervention trials in pregnancy, 
the subjects did not engage in activities su�cient to elicit 
normoglycemia.22 It also appears that in many of the inter-
ventional studies, the subjects’ BMIs were by and large at or 
below 25–30. Signi�cant is the fact that among subjects that 
engaged in even a minimum amount of exercise, certain 
comorbidities were precluded among them, fetal macroso-
mia and reduced cesarean sections.

A potential cause for intervention failure in many of 
the trials could be related to additional gestational weight 
gain. In our recent experience in the care of obese pregnant 
women with a BMI exceeding 30, a gestational weight gain 
of less than 5 kg for the duration of pregnancy has favorable 
outcomes.15

In a population-based birth cohort study conducted in 
Central New York, we compared GDM prevalence among 
pregnant subjects who engaged in physical activities to preg-
nant subjects who did not. Physical activity was associated 
with a 50% reduction in the rates of GDM among women 
with a BMI greater than 33 kg/m2 (OR = 1.9, 95%, con�dence 
interval 1.2–3.1) (see Figure 33.3).

�is study suggests that exercise has a stronger and 
more immediate protective e�ect in women with higher 
BMI and that lifestyle interventions may be more e�ec-
tive and reduce insulin resistance and improve insulin 
sensitivity in subjects who are obese and insulin resistant 
than in those who are obese but metabolically healthy; this 
distinction remains to be studied. Since the data obtained 
for this study were obtained from birth certi�cates, we 
could not determine the timing, intensity, and duration of 
exercise and if the activities were conducted throughout 
pregnancy.8

Exercise prescription for sedentary, overweight and 
obese subjects
Over the years, we have developed exercise prescription 
regimens for sedentary, overweight, or obese women who 
are at risk for or acquired gestational diabetes or a�ected 
by type 2 diabetes.27 Table 33.3 illustrates our current 
recommendations.

Summary and conclusions
Pregnancy poses a risk for pregnant women particularly 
overweight, obese, or sedentary women to develop gesta-
tional diabetes. Women that engage in any recreational 
physical activity during the �rst 20 weeks of pregnancy 
experience a 48% reduction in developing gestational diabe-
tes when compared to sedentary women.8,57

Several organizations based their recommendations on 
reviews and meta-analyses of randomized and nonrandom-
ized clinical trials58 have reached the conclusion that ante-
natal lifestyle interventions of judicious gestational weight 
gain and exercise could reduce or prevent gestational diabetes 
in the overweight and obese pregnant women and could be 
safely prescribed to pregnant patients who have acquired 
gestational diabetes or type 2 diabetes.

Pregnancy provides a unique opportunity to adopt 
lifestyle modi�cation, since pregnant women have better 
access to medical care and supervision than any other time.

Practice points
●● Obesity is currently the leading cause for gestational 

diabetes.
●● Additional gestation weight gain in obese pregnant 

women increases the risk for gestational diabetes.

Table 33.1  Lifestyle intervention of diet and exercise for obese GDM 
patients study 1 (2007)

Characteristic

Subjects who lost weight or no 
weight change (n = 30) 

Subjects who gained weight 
(n = 66) 

Mean (SD) n % Mean (SD) n %

Birth weight (g) 3286 (399) 3340 (612)
Normal 23 96 43 77
LGA (>4000 g) 1 4 10* 18*
SGA (<2500 g) 0 0.0 3 5
GA (week) 39 (1) 38 (2)
C-section 10 42 28 49
Vaginal 14 58 29 51
Exercise and diet 18 60 21 32*
Diet only 12 40 45 68*

Source:	 Reproduced from Artal, R. et  al., Appl. Physiol. Nutr. Metab., 32(3), 596, 2007. With 
permission.

*p < 0.05 compared to lost weight/no weight change.
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Table 33.2  Lifestyle interventions for overweight women

Author Study n BMI GWG (kg)b
ADA 

criteria LGAa Comment 

1. Artal 
(2007)21

Intervention
Diet

39
57

35.2 ± 7.2
33.5 ± 9.2

21.5
29.8

Yes
No

11.8%
15.2%

GDM controlled % 
macrosomia in subjects 
gaining weight—17.9%

Vs. losing/no 
change—4.2%

2. Barakat 
(2012)50

Intervention 40 22.7 ± 2.8 12.5 ± 3.2 No No No GDM
Control 43 23.0 ± 2.9 13.8 ± 3.1 No Three subjects with GDM

3. de Barros 
(2010)53

Intervention 32 29.6 ± 4.1 30.4 ± 4.3 No 3.1 Resistance exercise
Control 32 29.4 ± 4.0 29.9 ± 4.1 9.4

4. Bo S 
(2014)54

Intervention 101 27.6 ± 4.1 NA Yes 9.9% Exercise but not behavior 
improved post prenatal 
glucose

Behavior 99 27.5 ± 4.2 NA No

5. Bung 
et al. 
(1991)46

Intervention 17 35.2 ± 4.8 NA No 10.1% Exercise and diet as ef�cient 
as insulin for GDM 
management

Insulin 17 35.9 ± 3.9 NA — 11.7%

6. Dempsey 
(2004)57

Intervention Continuous, 
categorical, 
and 
multivariable 
models

NR Yes NR 74% lower GDM risk
56% lower GDM risk≥6 hours/

week
≤6 hours/

week
None

326
289

294
7. Hopkins 

(2009)59
Intervention 47 26.7 NR Yes 4.3% No effect on insulin 

sensitivity in either group
Self-reported compliance
Lower cord IGF—1 in 

exercise subjects

Control 37 25.5 No 5.4%

8. Asbee 
(2009)60

Intervention 57 25.5 25.1 No NR C/S 25%
Control 43 25.6 40.1 No NR C/S 58.3%

No difference in GDM
9. Kinnunen 

(2012)61
Intervention
Control

128
110

>25
>25

46.8% (above 
recommendation)

54.4% (above 
recommendation)

Yes
No

2.7%
2.8%

GDM—15.8%
GDM—12.4%
LGA—reduced in both 

groups
Physical activity not 

quanti�ed

a	 LGA, large for gestational age.
b	 GWG, gestational weight gain.
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●● Exercise or limited gestational weight gain or in combina-
tion can reduce the risk of gestational diabetes.

●● A daily exercise routine of at least 30 minutes/day can 
prevent or improve hyperglycemia.

●● Pregnancy is an ideal time for behavioral modi�cations, 
since patients are under frequent and close supervision.

Research agenda
●● Cost-e�ectiveness in obesity and diabetes prevention.
●● When are interventions likely best prevent gestational 

diabetes?
●● �e role of educators and healthcare providers in instill-

ing lifelong healthy behavior to prevent obesity and 
comorbidities.
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Role of bariatric surgery in obese 
women planning pregnancy
Ron Charach and Eyal Sheiner

Introduction
Obesity is an epidemic a�ecting both developed and devel-
oping countries and is de�ned as prepregnancy body mass 
index (BMI) ≥30 kg/m2.1 Excessive weight gain and obesity 
as a chronic disease are considered to be two of the most 
pressing concerns in the developed world due to their grow-
ing threat to health in countries all over the world. �e prev-
alence of overweight and obesity has increased dramatically 
with alarming rates over the recent decades and has nearly 
doubled since 1980.2–4 In 2008, more than 1.4 billion adults 
20 years and older were overweight. Of these, nearly 300 mil-
lion women were obese.4 In the United States, nearly 35% of 
adults were obese and over one-third of women 20 years and 
older were obese in 2011–2012.5 Excessive weight gain and 
obesity is the ��h leading risk for global deaths, and accord-
ing to the latest WHO fact sheet, at least 2.8 million adults 
die each year as a result of being overweight or obese. Obesity 
and excessive weight gain may also contribute substantially 
to the burden of chronic health conditions such as diabetes, 
ischemic heart disease, stroke, respiratory problems, cer-
tain cancers (endometrial, breast, and colon), and osteoar-
thritis.4,6 In concordance to this worldwide increase in the 
prevalence of overweight and obesity, close to one-third of 
women of childbearing age (20–39  years) are classi�ed as 
obese, and an additional quarter of women in this age group 
are overweight.3,7,8 �ose disturbing �ndings can eventu-
ally lead to adverse consequences for their future reproduc-
tive health, pregnancy, and long-term health.9 Signi�cant 
reduction in obesity-related reproductive complications may 
be achieved by weight loss. Surgical treatment has a great 
potential to treat obesity in women of reproductive age, as 
Sjostrom reported bariatric surgery to be the most e�cient 
means of weight loss in severely obese patients.10

�is chapter attempts to review the most recent avail-
able data on the role of bariatric surgery in the obese preg-
nant woman and discusses the management and outcomes 

of postbariatric surgery parturients. �is chapter addresses 
the safety of bariatric procedures in pregnancy as compared 
to the general population and whether it is safer than preg-
nancy in the obese. General clinical guidelines and recom-
mendations are provided throughout the text.

Obesity impacts on pregnancy and 
fertility (Table 34.1)
Fertility and infertility treatments
Obesity appears to be associated with reduced fecundity 
rates and increased time to pregnancy. Van der Steeg et al.11 
reported that obese women, even with a regular cycle, with 
a BMI over 29 kg/m2 have lower pregnancy rates compared 
with those with normal weight. Other studies also found 
an association between obesity and reduced fecundity and 
suggested that weight loss could increase fecundity for over-
weight and obese women.12,13 Not all studies are consistent 
regarding infertility treatments in obese women. Several 
studies have shown that higher BMI was inversely related to 
follicular growth in response to gonadotropins and is asso-
ciated with reduced probability of achieving pregnancy in 
women receiving assisted reproduction.14–16 Other studies 
argued that although higher threshold dose of gonadotro-
pins and more days of stimulation were required, there is 
no di�erence in the overall outcome and success of treat-
ment cycles in comparison to normal-weight women.17,18 
In a systemic review of 33 studies including almost 48,000 
treatment cycles of in vitro fertilization or intracytoplasmic 
sperm injection treatments in women who were overweight 
or obese (BMI > 25), signi�cantly higher miscarriage rate 
(relative risk, RR = 1.31, p < 0.0001) as well as lower clini-
cal pregnancy (RR = 0.90, p < 0.0001), and live birth rates 
(RR = 0.84, p = 0.0002) were found compared to women with 
normal weight (BMI < 25).19
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