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Dedication

This book is dedicated

To our parents,
Abe and Lily Lanzkowsky, Thelma and Al Lipton,
and Vicky and Lawrence Fish, who instilled in us the importance of integrity,
the rewards of industry and the primacy of being a mensch.

To our wives,
Rhona Lanzkowsky, Linda Lipton, and Leah Fish,
who understand that the study of medicine is a
lifelong and consuming process.

To our children and grandchildren,
our pride and joy.

And

To our patients,
students, pediatric house staff,
fellows in pediatric hematology and oncology,
and to our colleagues who have taught us so much over the years.

Today he can discover the errors of yesterday
and tomorrow he may obtain new light
on what he thinks himself sure of today

Moses Maimonides
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ABOUT THE EDITORS Xix

PHILIP LANZKOWSKY

Dr Philip Lanzkowsky was born in Cape Town on March 17, 1932 and graduated high school from the South
African College and obtained his MBChB degree from the University of Cape Town School of Medicine in 1954 and
his Doctorate degree in 1959 for his thesis on Iron Deficiency Anemia In Children. He completed a pediatric residency
at the Red Cross War Memorial Children’s Hospital in Cape Town in 1960. In the same year, he received the
Diploma in Child Health (DCH) from the Royal College of Physicians and Surgeons of London, and in 1961 was
made member of the prestigious Royal College of Physicians of Edinburgh (RCPE). After working in Pediatrics at
the University of Edinburgh and at St Mary’s Hospital of the University of London, Dr Lanzkowsky did a pediatric
Hematology-Oncology fellowship at Duke University School of Medicine and at the University of Utah.

In 1963 he was appointed Consultant Pediatrician and Pediatric Hematologist to the Red Cross War Memorial
Children’s Hospital at the University of Cape Town and introduced Pediatric Hematology and Oncology as a
distinct discipline. In 1965 he was appointed Director of Pediatric Hematology and Associate Professor of
Pediatrics at the New York Hospital-Cornell University School of Medicine.

In 1970 he was appointed Professor of Pediatrics and Chairman of Pediatrics at Long Island Jewish Medical
Center and established a division of Pediatric Hematology-Oncology which he directed until 2000. He was the
founder of the Schneider Children’s Hospital (presently named Steven and Alexandra Cohen Children’s Medical
Center of New York), which he developed, planned, and was the hospital’s Executive Director and Chief of Staff
from its inception in 1983 until 2010.

Dr Lanzkowsky has received numerous honors and awards and has lectured extensively at various institutions and
medical schools in the United States and around the world. In 1973 he was appointed Fellow of the Royal College of
Physicians of Edinburgh, and in 1994 he received a Doctor of Science Degree (Honoris Causa) from St Johns
University in New York for “his notable contribution to the field of pediatric medicine and to the children of the
world”. Among many other awards he was the recipient of the Joseph Arenow Prize for original postgraduate
research in the field of Science, Medicine and Applied Science from the University of Cape Town, the John Adams
Memorial Traveling fellowship administered by the Nuffield Foundation, the Hill-Pattison-Struthers Bursary from the
Royal College of Physicians of Edinburgh and the Sonia Mechanick Traveling Fellowship from the South African
College of Medicine. In addition to having been the editor of five editions of the Manual of Pediatric Hematology and
Oncology used by clinicians worldwide, he is the author of How It All Began: The History of a Children’s Hospital
and over 280 scientific papers, abstracts, monographs, and book chapters.

Dr Lanzkowsky’s medical writings have been prodigious. His seminal contributions to the medical literature
have included the first description of the relationship of pica to iron-deficiency anemia (Arch. Dis Child., 1959),
Effects of timing of clamping of umbilical cord on infant’s hemoglobin level (Br. Med. J., 1960), Normal oral
D-xylose test values in children (New Engl. |. Med., 1963), Normal coagulation factors in women in labor and
in the newborn (Thromboses at Diath. Hemorr., 1966), Erythrocyte abnormalities induced by malnutrition
(Br. J. Haemat., 1967), Radiologic features in iron deficiency anemia (Am. |. Dis. Child., 1968), Isolated defect of
folic acid absorption associated with mental retardation (Blood, 1969; Am. |. Med, 1970), Disaccharidase levels in
iron deficiency (J. Pediat., 1981) and Hexokinase “New Hyde Park” in a Chinese kindred (Am. J. Hematol., 1981).
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JEFFREY M. LIPTON

Jeffrey M. Lipton, MD, PhD, is the Chief of Hematology-Oncology and Stem Cell Transplantation at the Steven
and Alexandra Cohen Children’s Medical Center of New York and Center Head, Patient Oriented Research, The
Feinstein Institute for Medical Research. He is Professor, Elmezzi Graduate School of Molecular Medicine, The
Feinstein Institute for Medical Research and Professor of Pediatrics and Molecular Medicine at the Hofstra
Northwell School of Medicine. He holds a BA from Queens College, City University of New York, a PhD in
Chemistry from Syracuse University and an MD degree, magna cum laude, from Saint Louis University Medical
School. He did his Pediatric residency training at the Children’s Hospital, Boston, MA and his Pediatric
Hematology-Oncology fellowship training at the Children’s Hospital and the Sidney Farber Cancer Institute
(now DFCI) in Boston. Dr Lipton is a Past-President of the American Society of Pediatric Hematology-Oncology
(ASPHO). His main interest is bone marrow failure.

JONATHAN D. FISH

Jonathan D. Fish, MD, is Assistant Professor of Pediatrics at the Hofstra Northwell School of Medicine. He is
Director of the Survivors Facing Forward Program, a long-term follow-up program for survivors of childhood
cancer, in the Division of Pediatric Hematology-Oncology and Stem Cell Transplantation at the Steven and
Alexandra Cohen Children’s Medical Center of New York. He holds a BA, with distinction, from the University of
Western Ontario and received his MD degree, magna cum laude, from the Upstate Medical Center of the State
University of New York. He did his Pediatric training at the Schneider Children’s Hospital, New Hyde Park, NY
(presently known as the Steven and Alexandra Cohen Children’s Medical Center of New York) and completed
his Pediatric Hematology-Oncology fellowship training at the Children’s Hospital of Philadelphia. Dr Fish
received the American Society of Pediatric Hematology-Oncology Young Investigator Award in 2008. His clinical
and research interest is on the late effects of childhood cancer treatment and survivorship care.



Preface to the Sixth Edition

The sixth edition of Lanzkowsky’s Manual of Pediatric Hematology and Oncology has significant changes from
previous editions. The title of the book, the editors, and its content have changed but the objective has remained
unchanged and every effort has been made to retain the original style and clarity which have become the
hallmark of the previous editions.

The title has changed to include the name of the original and sole editor of the book in its various editions for
the past 45 years. In addition, the list of editors has increased from single editorship to include two additional
hematologist-oncologists to reflect advances in pediatric hematology and oncology over the years. Jeffrey Lipton
MD, PhD and Jonathan Fish MD have been selected as coeditors.

The book has been expanded from 33 chapters in the fifth edition to 36 in the present edition. A chapter has
been added on the burgeoning subject of diagnostic, molecular, and genomic methodologies for the
hematologist-oncologist and a new chapter has been added on transfusion medicine. Lymphoproliferative
disorders and myelodysplasia have been assigned separate chapters and lymphoid and myeloid leukemia
have also been assigned distinct chapters.

A number of new experts in particular fields have been added to the contributing-author panel.

Despite these significant changes the book has retained the original objective, format, and clarity of the
founding editor. It remains a practical, concise, up-to-date guide to all professional staff treating children with
hematological and oncologic diseases. The book is replete with detailed tables, practical algorithms, and flow
diagrams useful for teaching housestaff, fellows, nursing staff, and practicing physicians and essential for the
day-to-day investigation and management of patients with hematologic and oncologic conditions.

I would like to pay tribute to Drs Gungor Karayalcin and Ashok Shende, my close associates for over 40 years
who retired after a lifelong career in clinical practice and research in Pediatric Hematology-Oncology, for their
major contribution to the first four editions of the book which formed the very foundation of all subsequent
editions.

Philip Lanzkowsky
MBChB, MD, ScD (Honoris Causa), FRCP, DCH, FAAP

Royalty payments accrued to Dr Lanzkowsky for all future editions of this book will be donated to the Division of
Pediatric Hematology-Oncology at the Cohen Children’s Medical Center of New York for children with cancer whose
families have financial difficulties.
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Preface to the Fifth Edition

The fifth edition of the Manual of Pediatric Hematology and Oncology differs considerably from previous editions
but has retained the original intent of the author to offer a concise manual of predominantly clinical material
culled from personal experience and to be an immediate reference for the diagnosis and management of hemato-
logic and oncologic diseases. I have resisted succumbing to the common tendency of writing a comprehensive
tome which is not helpful to the practicing hematologist-oncologist at the bedside. The book has remained true to
its original intent.

The information included at all times keeps “the eye on the ball” to ensure that pertinent, up-to-date, practical
clinical advice is presented without extraneous information, however interesting or pertinent this information
may be in a different context.

The book differs from previous editions in many respects. The number of contributors has been considerably
expanded drawing on the expertise of leaders in different subjects from various institutions in the United States.
Increased specialization within the field of hematology and oncology has necessitated including this large a
number of contributors in order to bring to the reader balanced and up-to-date information for the care of
patients. In addition, the number of chapters has increased from 27, in the previous edition, to 33. The reason for
this is that many of the chapters, such as hemolytic anemia and coagulation, had become so large and the subject
so extensive that they were better handled by subdividing the chapter into a number of smaller chapters. An
additional chapter on the psychosocial aspects of cancer for children and their families, not present in previous
editions, has been added.

Some chapters have been extensively revised and re-written where advancement in knowledge has dictated
this approach, for example, Hodgkin lymphoma, neuroblastoma and rhabdomyosarcoma and other soft-tissue
sarcomas, whereas other chapters have been only slightly modified. In nearly all the chapters there has been
significant change in the management and treatment section reflecting advances that have occurred in these areas.

This edition has retained the essential format written and developed decades ago by the author and, with
usage over the years, has proven to be highly effective as a concise, practical, up-to-date guide replete with
detailed tables, algorithms and flow diagrams for investigation and management of hematologic and oncologic
conditions. The tables and flow diagrams included in the book have been updated using the latest information
and the most recent protocols of treatment, which have received general acceptance and have become the
standard of care, have been included. In a book with so many details, errors inevitably occur. I do not know
where they are because if I did they would have been corrected. I apologize in advance for any inaccuracies that
may have crept in inadvertently.

The four previous editions of this book were published when the name of the hospital was the Schneider
Children’s Hospital. Effective April 1, 2010 the name of the hospital was changed to the Steven and Alexandra
Cohen Children’s Medical Center of New York.

I would like to acknowledge Morris Edelman, MB, BCh, BSc (Laboratory Medicine) for his contribution in
reviewing the pathology on Hodgkin disease.

I thank Rose Grosso for her untiring efforts in the typing and coordination of the various phases of the
development of this edition.

Philip Lanzkowsky
MBChB, MD, ScD (Honoris Causa), FRCP, DCH, FAAP
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Preface to the Fourth Edition

This edition of the Manual of Pediatric Hematology and Oncology is the fourth edition and the sixth book written
by the author on pediatric hematology and oncology. The first book written by the author 25 years ago was
exclusively on pediatric hematology and its companion book, exclusively on pediatric oncology, was written
3 years later. The book reviewers at the time suggested that these two books be combined into a single book on
pediatric hematology and oncology and the first edition of the Manual of Pediatric Hematology and Oncology was
published by the author in 1989.

It is from these origins that this 4th edition arises—the original book written in its entirety by the author was
456 pages—has more than doubled in size. The basic format and content of the clinical manifestations, diagnosis
and differential diagnosis has persisted with little change as originally written by the author. The management
and treatment of various diseases have undergone profound changes over time and these aspects of the book
have been brought up-to-date by the subspecialists in the various disease entities. The increase in the size of the
book is reflective of the advances that have occurred in both hematology and oncology over the past 25 years.
Despite the size of the book, the philosophy has remained unchanged over the past quarter century. The author
and his contributors have retained this book as a concise manual of personal experiences on the subject over
these decades rather than developing a comprehensive tome culled from the literature. Its central theme remains
clinical as an immediate reference for the practicing pediatric hematologist-oncologist concerned with the diagno-
sis and management of hematologic and oncologic diseases. It is extremely useful for students, residents, fellows
and pediatric hematologists and oncologists as a basic reference assembling in one place, essential knowledge
required for clinical practice.

This edition has retained the essential format written and developed decades ago by the author and, with
usage over the years, has proven to be highly effective as a concise, practical, up-to-date guide replete with
detailed tables, algorithms and flow diagrams for investigation and management of hematologic and oncologic
conditions. The tables and flow diagrams have been updated with the latest information and the most recent
protocols of treatment, that have received general acceptance and have produced the best results, have been
included in the book.

Since the previous edition, some 5 years ago, there have been considerable advances particularly in the
management of oncologic disease in children and these sections of the book have been completely rewritten. In
addition, advances in certain areas have required that other sections of the book be updated. There has been
extensive revision of certain chapters such as on Diseases of the White Cells, Lymphoproliferative Disorders,
Myeloproliferative Disorders and Myelodysplastic Syndromes and Bone Marrow Failure. Because of the
extensive advances in thrombosis we have rewritten that entire section contained in the chapter on Disorders of
Coagulation to encompass recent advances in that area. The book, like its previous editions, reflects the practical
experience of the author and his colleagues based on half a century of clinical experience. The number of
contributors has been expanded but consists essentially of the faculty of the Division of Hematology Oncology at
the Schneider Children’s Hospital, all working together to provide the readers of the manual with a practical
guide to the management of the wide spectrum of diseases within the discipline of pediatric hematology-
oncology.

I would like to thank Laurie Locastro for her editorial assistance, cover design, and for her untiring efforts in
the coordination of the various phases of the production of this edition. I also appreciate the efforts of Lawrence
Tavnier for his expert typing of parts of the manuscript and would like to thank Elizabeth Dowling and Patrician
Mastrolembo for proof reading of the book to ensure its accuracy.

Philip Lanzkowsky
MBChB, MD, ScD (Honoris Causa), FRCP, DCH, FAAP
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Preface to the Third Edition

This edition of the Manual of Pediatric Hematology and Oncology, published 5 years after the second edition,
has been written with the original philosophy in mind. It presents the synthesis of experience of four decades of
clinical practice in pediatric hematology and oncology and is designed to be of paramount use to the practicing
hematologist and oncologist. The book, like its previous editions, contains the most recent information from the
literature coupled with the practical experience of the author and his colleagues to provide a guide to the practic-
ing clinician in the investigation and up-to-date treatment of hematologic and oncologic diseases in childhood.

The past 5 years have seen considerable advances in the management of oncologic diseases in children. Most
of the advances have been designed to reduce the immediate and long-term toxicity of therapy without influenc-
ing the excellent results that have been achieved in the past. This has been accomplished by reducing dosages,
varying the schedules of chemotherapy, and reducing the field and volume of radiation.

The book is designed to be a concise, practical, up-to-date guide and is replete with detailed tables, algorithms,
and flow diagrams for investigation and management of hematologic and oncologic conditions. The tables and
flow diagrams have been updated with the latest information, and the most recent protocols that have received
general acceptance and have produced the best results have been included in the book.

Certain parts of the book have been totally rewritten because our understanding of the pathogenesis of various
diseases has been altered in the light of modern biological investigations. Once again, we have included only
those basic science advances that have been universally accepted and impinge on clinical practice.

I thank Ms Christine Grabowski, Ms Lisa Phelps, Ms Ellen Healy and Ms Patricia Mastrolembo for their untir-
ing efforts in the coordination of the writing and various phases of the development of this edition. Additionally,
I acknowledge our fellows, Drs Banu Aygun, Samuel Bangug, Mahmut Celiker, Naghma Husain, Youssef
Khabbase, Stacey Rifkin-Zenenberg, and Rosa Ana Gonzalez, for their assistance in culling the literature.

I also thank Dr Bhoomi Mehrotra for reviewing the chapter on bone marrow transplantation, Dr Lorry Rubin
for reviewing the sections of the book dealing with infection, and Dr Leonard Kahn for reviewing the pathology.

Philip Lanzkowsky
MBChB, MD, ScD (Honoris Causa), FRCP, DCH, FAAP
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Preface to the Second Edition

This edition of the Manual of Pediatric Hematology and Oncology, published 5 years after the first edition, has
been written with a similar philosophy in mind. The basic objective of the book is to present useful clinical infor-
mation from the recent literature in pediatric hematology and oncology and to temper it with experience derived
from an active clinical practice.

The manual is designed to be a concise, practical, up-to-date book for practitioners responsible for the care of
children with hematologic and oncologic diseases by presenting them with detailed tables and flow diagrams for
investigation and clinical management.

Since the publication of the first edition, major advances have occurred, particularly in the management of
oncologic diseases in children, including major advances in recombinant human growth factors and bone marrow
transplantation. We have included only those basic science advances that have been universally accepted and
impinge on clinical practice.

I would like to thank Dr Raj Pahwa for his contributions on bone marrow transplantation, Drs Alan Diamond
and Leora Lanzkowsky-Diamond for their assistance with the neuro-radiology section, and Christine Grabowski
and Lisa Phelps for their expert typing of the manuscript and for their untiring assistance in the various phases
of the development of this book.

Philip Lanzkowsky
MBChB, MD, ScD (Honoris Causa), FRCP, DCH, FAAP
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Preface to the First Edition

The Manual of Pediatric Hematology and Oncology represents the synthesis of personal experience of three
decades of active clinical and research endeavors in pediatric hematology and oncology. The basic orientation
and intent of the book is clinical, and the book reflects a uniform systematic approach to the diagnosis and man-
agement of hematologic and oncologic diseases in children. The book is designed to cover the entire spectrum of
these diseases, and although emphasis is placed on relatively common disorders, rare disorders are included for
the sake of completion. Recent developments in hematology-oncology based on pertinent advances in molecular
genetics, cytogenetics, immunology, transplantation, and biochemistry are included if the issues have proven of
value and applicability to clinical practice.

Our aim in writing this manual was to cull pertinent and useful clinical information from the recent literature
in pediatric hematology and oncology and to temper it with experience derived from active clinical practice. The
result, we hope, is a concise, practical, readable, up-to-date book for practitioners responsible for the care of chil-
dren with hematologic and oncologic diseases. It is specifically designed for the medical student and practitioner
seeking more detailed information on the subject, the pediatric house officer responsible for the care of patients
with these disorders, the fellow in pediatric hematology-oncology seeking a systemic approach to these diseases
and a guide in preparation for the board examinations, and the practicing pediatric hematologist-oncologist seek-
ing another opinion and approach to these disorders. As with all brief texts, some dogmatism and “matters of
opinion” have been unavoidable in the interests of clarity. The opinions expressed on management are prudent
clinical opinions; and although they may not be accepted by all, pediatric hematologists-oncologists will certainly
find a consensus. The reader is presented with a consistency of approach and philosophy describing the manage-
ment of various diseases rather than with different managements derived from various approaches described in
the literature. Where there are divergent or currently unresolved views on the investigation or management of a
particular disease, we have attempted to state our own opinion and practice so as to provide some guidance
rather than to leave the reader perplexed.

The manual is not designed as a tome containing the minutiae of basic physiology, biochemistry, genetics,
molecular biology, cellular kinetics, and other esoteric and abstruse detail. These subjects are covered extensively
in larger works. Only those basic science advances that impinge on clinical practice have been included here.
Each chapter stresses the pathogenesis, pathology, diagnosis, differential diagnosis, investigations, and detailed
therapy of hematologic and oncologic diseases seen in children.

I would like to thank Ms Joan Dowdell and Ms Helen Witkowski for their expert typing and for their untiring
assistance in the various phases of the development of this book.

Philip Lanzkowsky
MBChB, MD, ScD (Honoris Causa), FRCP, DCH, FAAP
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Introduction: Historic Perspective

Philip Langkowsky

REFLECTION ON 60 YEARS OF PROGRESS
IN PEDIATRIC HEMATOLOGY-ONCOLOGY

As the sixth edition of the Manual of Pediatric Hematology-Oncology is published, I have reflected on the
advances that have occurred since I began practicing hematology-oncology almost 60 years ago and since my first
book on the subject was published by McGraw Hill in 1980. The present edition is more than double the size of
the original book.

Our understanding of hematologic conditions has advanced considerably with the explosion of molecular biol-
ogy and the management of most hematologic conditions has kept pace with these scientific advances. Our
understanding of the basic science of oncology, molecular biology, genetics, and the management of oncologic
conditions has undergone a seismic change. The previous age of dismal and almost consistent fatal outcomes for
most childhood cancers has been replaced by an era in which most childhood cancers are cured. This has been
made possible not only because of advances in oncology but because of the parallel development of radiology,
radiologic oncology, and surgery as well as supportive care such as the pre-emptive use of antibiotics and blood
component therapy. It has been a privilege to be a witness and participant in this great evolution over the past
60 years. Yet we still have a long way to go as current advances are superseded by therapy based upon the
application of knowledge garnered from an accurate understanding of the fundamental biology of cancer.

In the early days of hematology-oncology practice, hematology dominated and occupied most of the practi-
tioner’s time because most patients with cancer had a short lifespan and limited therapeutic modalities were
available.

Automated electronic blood-counting equipment has enabled valuable red cell parameters such as mean cor-
puscular volume (MCV) and red cell distribution width (RDW) to be applied in routine clinical practice. This
advance permitted the reclassification of anemias based on MCV and RDW. Previously these parameters were
determined by microscopy with considerable observer variability. The attempt at a more accurate determination
of any one of these parameters was a laborious, time-consuming enterprise relegated only as a demonstration in
physiology laboratories.

Rh hemolytic disease of the newborn and its management by exchange transfusion, which occupied a major
place in the hematologists’ domain, has now become almost extinct in developed countries due to the use of
Rh immunoglobulin.

The description of the various genetic differences in patients with vitamin By, deficiency has opened up new
vistas of our understanding of cobalamin transport and metabolism. Similar advances have occurred with refer-
ence to folate transport and metabolism.

Gaucher and other similar diseases have been converted from crippling and often disabling disorders to ones
where patients can live a normal and productive life thanks to the advent of enzyme replacement therapy.

Aplastic anemia has been transformed from a near death sentence to a disease with hope and cure in 90% of
patients thanks to immunosuppressive therapies, hematopoietic stem cell transplantation, and advanced support-
ive care. The emergence of clonal disease years later in patients treated medically with immunosuppressive ther-
apy, however, does remain a challenge. The discovery of the various genes responsible for Fanconi anemia and
other inherited bone marrow failure syndromes has revealed heretofore unimaginable advances in our under-
standing of DNA repair, telomere maintenance, ribosome biology and other new fields of biology. The relation-
ship of these syndromes to the development of various cancers may hold the key to our better understanding of
the etiology of cancer as well as birth defects.

The hemolytic anemias, previously lumped together as a group of congenital hemolytic anemias, can now be
identified as separate and distinct enzyme defects of the Embden—Meyerhof and hexose monophosphate
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pathways in intracellular red cell metabolism as well as various well-defined defects of red cell skeletal proteins
due to advances in molecular biology and genetics. With improvement in electrophoretic and other biochemical
as well as molecular techniques, hemoglobinopathies are being identified which were not previously possible.

Diseases requiring a chronic transfusion program to maintain a hemoglobin level for hemodynamic stability,
such as in thalassemia major, frequently had marked facial characteristics with broad cheekbones and developed
what was called “bronze diabetes,” a bronzing of the skin along with organ damage and failure, particularly of
the heart, liver, beta cells of the pancreas, and other tissues due to secondary hemochromatosis because of exces-
sive iron deposition. The clinical findings attributed to extramedullary hematopoiesis are essentially of historic
interest because of the development and widespread use of proper transfusion and chelation regimens. However,
the full potential of the role of intravenous and oral chelating agents is yet to be realized due to the problems of
compliance with difficult treatment regimens and also due to failure of some patients to respond adequately.
Advances in our understanding of the biology of iron absorption and transport at the molecular level hold out
promise for further improvement in the management of these conditions. Curative therapy in thalassemia major
and other conditions by hematopoietic stem cell transplantation in suitable cases is widely available today. Gene
therapy looms on the horizon but will not, for some time, be available to patients in the developing world requir-
ing the development of other approaches.

In the treatment of idiopathic thrombocytopenic purpura, intravenous gamma globulin and anti-D immuno-
globulin as well as thrombopoietin mimetic agents have been added to the armamentarium of management and
are useful in specific indications in patients with this disorder.

Major advances in the management of hemophilia have included the introduction of commercially available
products for replacement therapy which has saved these patients from a life threatened by hemorrhage
into joints, muscles, and vital organs. Surgery has become possible in hemophilia without the fear of being unable
to control massive hemorrhage during or after surgery. The devastating clinical history of tragic hemophilia
outcomes has been relegated to the pages of medical history. Patients with inhibitors, however, still remain a
clinical challenge. The whole subject of factors associated with inherited thrombophilia such as mutations of
factor V, prothrombin G20210A and 5,10-methylenetetrahydrofolate reductase as well as the roles of antithrom-
bin, protein C and S deficiency, and antiphospholipid antibodies in the development of thrombosis has opened
new vistas of understanding of thrombotic disorders. Notwithstanding these advances, the management of
these patients still presents a clinical challenge.

There are few diseases in which advances in therapy have been as dramatic as in the treatment of childhood
leukemia. In my early days as a medical student, the only available treatment for leukemia was blood transfu-
sion. Patients never benefitted from a remission and died within a few months. Steroids and single-agent chemo-
therapy, first with aminopterin, demonstrated the first remissions in leukemia and raised hope of a potential
cure; however, relapse ensued in almost all cases and most patients died within the first year of diagnosis. In
most large pediatric oncology centers there were few patients with leukemia as the disease was like a revolving
door—diagnosis and death. The development of multiple-agent chemotherapy for induction, consolidation, and
maintenance, CNS prophylaxis and supportive care ushered in a new era of cure for patients with leukemia.
These principles were refined over time by more accurate classification of acute leukemia using morphological,
cytochemical, immunological, cytogenetic, and molecular criteria which replaced the crude microscopic and
highly subjective characteristics previously utilized for the classification of leukemia cells. These advances paved
the way for the development of specific protocols of treatment for different types of leukemia. The management
of leukemia was further refined by risk stratification, response-based therapy, and identification of minimal resid-
ual disease, all of which have led to additional chemotherapy or different chemotherapy protocols, resulting in
an enormous improvement in the cure rate of acute leukemia. The results have been enhanced by modern sup-
portive care including antibiotic, antifungal, antiviral therapy, and blood component therapy. Those patients
whose leukemia is resistant to treatment or who have recurrences can be successfully treated by advances that
have occurred with the development of hematopoietic stem cell transplantation. The challenge of finding appro-
priate, unrelated transplantation donors has been ameliorated by molecular HLA-typing techniques and the
development of large, international donor registries. Emerging targeted and pharmacogenetic therapies hold
great promise for the future. Already dramatic results are being reported exploiting surface antigens targeted by
engineered cytotoxic T-cells.

Hodgkin disease, originally defined as a “fatal illness of the lymphatics,” is a disease that is cured in most
cases today. Initially, Hodgkin disease was treated with high-dose radiation to the sites of identifiable disease
resulting in some cures but with major life-long radiation damage to normal tissues because of the use of cobalt
machines and higher doses of radiation than is currently used. The introduction of nitrogen mustard early on,
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as a single-agent chemotherapy, improved the prognosis somewhat. A major breakthrough occurred with the
staging of Hodgkin disease and the use of radiation therapy coupled with multiple-agent chemotherapy (MOPP).
With time this therapeutic approach was considerably refined to include a reduction in radiation dosage and
field and a modification of the chemotherapy regimens designed to reduce toxicity of high-dose radiation and of
some of the chemotherapeutic agents. These major advances in treatment ushered in a new era in the manage-
ment and cure of most patients with this disease. The management of Hodgkin disease, however, did go through
a phase of staging laparotomy and splenectomy with a great deal of unnecessary surgery and splenectomies
being performed. There were considerable surgical morbidity and post-splenectomy sepsis, occasionally fatal,
which occurred in some cases. With the advent of MRI and PET scans, surgical staging, splenectomy, and lymph-
angiography have become unnecessary.

Non-Hodgkin lymphoma, previously considered a dismal disease, is another success story. Improvements in
histologic, immunologic, and cytogenetic techniques have made the diagnosis and classification more accurate.
The development of a staging system and multiagent chemotherapy was a major step forward in the manage-
ment of this disease. This, together with enhanced supportive care, including the successful management of
tumor lysis syndrome, have all contributed to the excellent results that occur today.

Brain tumors were treated by surgery and radiation therapy with devastating results due to primitive neuro-
surgical techniques and radiation damage. The advent of MRI scans has made the diagnosis and the determina-
tion of the extent of disease more accurate. Major technical advances in neurosurgery such as image guidance,
which allows 3D mapping of tumors, functional mapping, and electrocorticography, which allow pre- and intrao-
perative differentiation of normal and tumor tissue, the use of ultrasonic aspirators and neuroendoscopy, have
all improved the results of neurosurgical intervention and has resulted in less surgical damage to normal brain
tissue. These neurosurgical advances, coupled with the use of various chemotherapy regimens, have resulted in
considerable improvements in outcome for some. This field, however, still remains an area begging for a better
understanding of the optimum management of these devastating and often fatal tumors. Improved radiation
techniques, including proton beam therapy, have led to more precise radiation fields, sparing normal brain.

In the early days of pediatric oncology Wilms tumor in its early stages was cured with surgery followed by
radiation therapy. The diagnosis was made with an intravenous pyelogram and inferior venocavogram and chest
radiography was employed to detect pulmonary metastases. The diagnosis and extent of disease were better
defined when CT of the abdomen and chest became available. The development of the clinicopathological staging
system and the more accurate definition of the histology into favorable and unfavorable histologic types, allowed
for more focused treatment with radiation and multiple chemotherapy agents, for different stages and histology
of Wilms tumor, resulting in the excellent outcomes observed today. The success of the National Wilms Tumor
Study Group (NWTSG), more than any other effort, provided the model for cooperative group therapeutic cancer
trials, which in large measure have been responsible for advances in the treatment of Wilms tumor.

The diagnosis of neuroblastoma and its differentiation histologically from other round blue cell tumors
such as rhabdomyosarcoma, Ewing sarcoma, and non-Hodgkin lymphoma was difficult before neurone-specific
enolase cytochemical staining, Shimada histopathology classification, N-myc gene status, VMA and HVA
determinations, and MIBG scintigraphy were introduced. In the future, new molecular approaches will offer
diagnostic tools to provide even greater precision for diagnosis. The existing markers coupled with a staging
system have enabled neuroblastoma to be assigned to various risk group categories with specific multimodality
treatment protocols for each risk group, which has improved the prognosis in this disease. Improvements in
diagnostic radiology determining extent of disease and modern surgical techniques have enhanced the advances
in chemotherapy in this condition. With these advances and the addition of targeted immunologic approaches
and radiopharmaceutical-linked therapy to our armamentarium the progress for disseminated neuroblastoma
appears to be improving.

Major advances have occurred in rhabdomyosarcoma treatment over the years. Early on treatment of this dis-
ease was characterized by mutilating surgery including amputation and a generally poor outcome. More accurate
histologic diagnosis, careful staging, judicious surgery, combination chemotherapy, and radiotherapy have all
contributed a great deal to the improved cure rates with significantly less disability.

Malignant bone tumors had a terrible prognosis. They were generally treated by amputation of the limb with
the primary tumor; however, this was usually followed by pulmonary metastases and death. The major advance
in the treatment of this disease came with the use of high-dose methotrexate and leukovorin rescue which,
coupled with limb salvage treatment, has resulted in improved survival and quality-of-life outcomes.

Of note however, improvement in outcomes for pediatric sarcomas have not kept pace with those for leuke-
mia, lymphoma, and other tumors. The advances in the treatment of hepatoblastoma were made possible by safer
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anesthesia, more radical surgery, intensive postoperative management together with multiagent chemotherapy
and more recently the increased use of liver transplantation. These advances have allowed many patients to be
cured compared to past years.

Histiocytosis is a disease that has undergone many name changes from Letter—Siwe disease,
Hand—Schiiller—Christian disease and eosinophilic granuloma to the realization that these entities are one dis-
ease, renamed histiocytosis X (to include all three entities) to its present name of Langerhans cell histiocytosis
(LCH) due to the realization that these entities have one pathognomonic pathologic feature that is the immuno-
histochemical presence of Langerhans cells defined in part by expression of CDla or langerin (CD207), which
induces the formation of Birbeck granules. Advances have occurred in the management of this disease by an
appreciation of risk stratification depending on number and type of organs involved in this disease process as
well as by early response to therapy. Once this was established, systemic therapy was developed for the various
risk groups which led to appropriate and improved primary and salvage therapy and the introduction of new
agents with better overall results. Recent advances describing stereotypic mutations in LCH offer hope for new
targeted approaches.

Until a final prevention or cure for cancer in children is at hand, hematopoietic stem cell transplantation must
be viewed as a major advance. Improved methods for tissue typing, the use of umbilical and peripheral blood
stem cells, improved preparative regimens, including intensity-reduced approaches and better management of
graft-versus-host disease (GVHD) has made this an almost routine treatment modality for many metabolic disor-
ders, hemoglobinopathies, and malignant diseases following ablative chemotherapy in chemotherapy-sensitive
tumors. Post-transplantation support with antibiotic, antifungal, antiviral, hematopoietic growth factors and judi-
cious use of blood component therapy has made this procedure safer than it was in years gone by.

The recognition of severe and often permanent damage to organs and life-threatening complications from che-
motherapy and radiation therapy has, over the years, led to regimens consisting of combination chemotherapy at
reduced doses and reduction in dose and field of radiation with improved outcome. An entire new scientific dis-
cipline, survivorship, has arisen because of the near 80% overall cure rate for childhood cancer. Focusing on the
improvement of the quality of life of survivors coupled with research in this new discipline gives hope that
many of the remaining long-term effects of cancer chemotherapy in children will be mitigated and possibly
eliminated.

Major advances have occurred in the management of chemotherapy-induced vomiting and pain management
because of the greater recognition and attention to these issues and the discovery of many new, effective drugs to
deal with these symptoms. The availability of symptom control and palliative care has provided a degree of com-
fort for children undergoing chemotherapy, radiation, and surgery that did not exist only a few years ago.

Hematologist-oncologists today are privileged to practice their specialty in an era in which most oncologic and
many hematologic diseases in children are curable and at a time when national and international cooperative
groups are making major advances in the management of these diseases and when basic research is at the thresh-
old of making major breakthroughs. The present practice is grounded in evidence-based research that has been
and is still being performed by hematologist-oncologists and researchers that form the foundation for ongoing
advances. Today we stand on the shoulders of others, which permits us to see future advances unfold to
benefit generations of children. While we bask in the glory of past achievements, we should always be cognizant
that much work remains to be done until the permanent cure of all childhood malignancies and blood diseases is
at hand.

This book encompasses the advances in the management of childhood cancer which have been accomplished
to date and which have become the standard of care.



CHAPTER

1

Diagnostic Molecular and Genomic
Methodologies for the Hematologist/Oncologist

Vijay G. Sankaran

Over the past several years, molecular diagnostic testing in patients with hematologic and oncologic disorders
has become increasingly sophisticated and prevalent. While in the past focused genetic tests were performed, in
recent years the widespread use of genomic and molecular approaches in both research and clinical settings has
shown potential to refine our understanding of pediatric blood disorders and cancer. This chapter provides an
overview of the currently used molecular and genomic methods. In that way, the format for this chapter differs
from those that describe specific disease entities. Thus the chapter can be read in its entirety as essential back-
ground for the modern practice of pediatric hematology/oncology. We will primarily focus on those genetic meth-
ods that are currently in use in clinical settings. Undoubtedly, in the coming years, the use of certain methods will
evolve and new methods will become available. With this in mind, there are two goals in this chapter. We first
aim to provide an overview of the types of currently used clinical genetic testing methods and specifically attempt
to examine their utility in detecting specific changes at the molecular level that underlie both congenital and
acquired conditions that are commonly seen by pediatric hematologists and oncologists. This overview will be
important for clinicians to better understand how newly developed methods could supplant the currently used
approaches in the coming years. The second goal of this chapter is to provide a basic understanding of the limita-
tions that exist for the most common molecular and genomic methods in use, so that clinicians who receive these
results can be sufficiently versed in these methods and avoid misinterpreting the results obtained from these tests.

CLINICAL MOLECULAR AND GENOMIC METHODOLOGIES

Despite the large range of approaches that have been developed, all of the methods remain focused on the
goal of identifying patients’” molecular lesions that underlie their disease. The methods can be broadly classified
into two categories:

1. Direct testing: These approaches look for the presence of genetic mutations that directly contribute to disease.

2. Indirect testing: This category includes approaches that compare genomic or molecular markers in multiple
affected individuals to unaffected individuals. These approaches often identify markers that may segregate
with a disease, but the markers themselves may not cause the disease itself.

There may be overlap between these categories and certain methods may identify causal genetic mutations in
some instances (direct testing), while only identifying segregating markers (indirect testing) in other cases.

Table 1.1 lists the commonly used genetic testing methodologies, along with the types of molecular lesions
that they are able to identify.

Linkage Analysis

While most methods are now focused on identifying the precise molecular cause of disease, indirect tests can be
quite useful, particularly for mapping causes of a disease in a family. For example, testing for markers such as
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2 1. DIAGNOSTIC MOLECULAR AND GENOMIC METHODOLOGIES FOR THE HEMATOLOGIST/ONCOLOGIST

TABLE 1.1 Overview of Molecular and Genomic Diagnostic Methodologies

Method Common Rare Copy Uniparental Balanced Repeat Examples of use in pediatric
point point number disomy inversions or  expansions hematology/oncology
mutations mutations variants translocations
Linkage analysis X X Family pedigree with history of
(using markers such as hereditary spherocytosis and interest
short tandem repeats) in identifying causal gene
Fluorescent in situ X X Acquired monosomy in
hybridization myelodysplastic syndrome
Array comparative X X Testing for microdeletion in patient
genomic hybridization with hematologic and syndromic
phenotype
Genome-wide single X X Testing for small copy number
nucleotide variants in pediatric leukemia
polymorphism
microarrays
Targeted polymerase X X X Testing for JAK2 V617F mutation in
chain reaction analysis patient with a myeloproliferative
disorder
Sanger sequencing X X Molecular diagnosis of a patient with

pyruvate kinase deficiency

Multiplex ligation- X X Deletions in a- or §3- thalassemia
dependent probe cases

amplification

Gene panel sequencing X X Severe congenital neutropenia
Whole-genome or X X X Unknown bone marrow failure
-exome sequencing syndrome

single nucleotide polymorphisms (SNPs) or short tandem repeats (STRs, which are 2—5 base long repetitive ele-
ments with varying numbers of repeats) that are found throughout the genome can be extremely useful as a way
to identify likely causal genes, particularly in diseases where multiple possible causal genes have been implicated.
For example, in hereditary spherocytosis a number of genes including ANK1, SPTB, SPTA, SLC4A1, and EBP42 are
implicated in the disease. Many of these genes are quite large and while sequencing a panel of genes is certainly
possible, in a large family, the use of either SNP-based methods or other markers such as STRs can identify the
likely causal locus to help focus targeted sequencing efforts. These methods are commonly used for diagnostic
mapping in resource-poor settings where whole-genome sequencing (WGS) methods may not be available and
these methods can also be extremely useful in other settings. For example, if a family is being followed with a
known disease, but no coding mutations are identified on targeted sequencing, these approaches can help validate
that there is linkage to a specific gene and they may assist in the efforts to identify mutations in regulatory regions
of the implicated gene. Specifically, segregation of markers that are in linkage with the causal mutation should
only be found in affected family members and would suggest that the causal mutation is located nearby. These
methods are also commonly used as an initial screen in families where possible cancer predisposition syndromes
may exist and can help focus in-depth analysis on certain regions of the genome. Even in cases where whole-
exome or -genome sequencing is performed, linkage can provide an excellent indirect approach to focus on marker
genes that segregate appropriately in individuals who have a particular disease.

Fluorescent In Situ Hybridization

Fluorescent in situ hybridization (FISH) was developed in the 1980s and uses fluorescently labeled DNA
probes to query whether entire chromosomes or parts of a chromosome may be duplicated or deleted in cells.
The fluorescently labeled DNA probes are complementary to the region of interest on a chromosome and there-
fore specifically hybridize only to this region and not to others. FISH is commonly used to assess for gain or loss
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of chromosomes or large parts of chromosomes in patients with hematologic malignancies. Typically, a number
of cells from the bone marrow are tested for the presence of such chromosomal aberrations, which can have
important roles both in terms of disease diagnosis and prognosis. FISH has a benefit in that it is a cytogenetic
method and therefore individual cells are assessed rather than a population of cells in aggregate, which is the
case for other methods that examine copy number variation, including array comparative genomic hybridization
(CGH) or genome-wide SNP microarrays. In addition, FISH remains the best clinically available method to detect
classic cytogenetic changes that are diagnostic and implicated in a number of pediatric cancers, such as transloca-
tions that are frequently seen in leukemia and certain solid tumors.

Array CGH

FISH lacks the sensitivity to detect smaller chromosomal deletions or duplications, which often represent
important DNA copy number variations found in disease. Array CGH takes advantage of microarrays that have
oligonucleotide probes at varying densities to detect differences in DNA copy number by comparing a sample
genome with a reference sample (or group of reference samples) and examining whether there is an increase or
decrease in signals at a particular genomic region in comparison with the control, which would be indicative of
duplications or deletions, respectively. This method has significant sensitivity to detect DNA copy number
changes, particularly smaller changes, in a variety of different samples. This can be applied to congenital disor-
ders, where copy number changes can cause disease when present in the germline. In addition, in acquired
hematologic or other malignancies, there can be acquired copy number changes. This increased sensitivity to
detect smaller copy number changes has led to an increased detection of copy number changes in genomes of
unclear significance. A number of resources are cataloging such changes in humans, although nonuniform
deposition of deletion information into such databases makes the ongoing interpretation of either germline or
acquired somatic copy number changes difficult in some cases. It is likely that as these databases grow with
more phenotype information available, there will be increased insight into whether a deletion or duplication may
be pathogenic.

Genome-Wide or Focused SNP Arrays

Microarrays provide the opportunity to genotype SNPs in a large-scale and potentially genome-wide manner.
These approaches can be used for several applications. Similar to array CGH, these methods can be used to
detect copy number variation that is either found in the germline or that is acquired. The resolution of the dele-
tions detected using such approaches can be as good or in some cases, depending upon SNP or probe density,
better than the resolution achieved with array CGH methods. In many cases, SNP arrays are used in place of
array CGH in many clinical labs to detect copy number changes routinely. Indeed, the use of these SNP arrays is
particularly widespread in the diagnostic evaluation of hematologic malignancies. Another application of such
arrays is to genotype common SNPs in the genome, either for linkage mapping, as discussed above, or for identi-
fication of a common variation that confers risk of having certain diseases. While this has proven useful in some
diseases, it is important to bear in mind that most such associations are probabilistic and not deterministic of
acquiring disease. The clinical utility of this application is not clear, although a number of direct-to-consumer ser-
vices offer such genotyping and will report relative risk information to individuals who request such services.

As more disease-associated mutations are being identified, there have been efforts to develop focused SNP
arrays for specific phenotypes or diseases. In the future, such approaches may have clinical utility. However this
application may be surpassed by large-scale genome sequencing as it becomes affordable (discussed below). One
limitation of this approach is that there is continuous discovery of new causal alleles and genes in many diseases,
which limits the clinical utility of such arrays.

Multiplex Ligation-Dependent Probe Amplification

Multiplex ligation-dependent probe amplification (MLPA) is a molecular approach that involves annealing of
two adjacent oligonucleotides to a segment of genomic DNA followed by quantitative polymerase chain reaction
(PCR) amplification to characterize copy number or other changes in the DNA. A series of MLPA probes can
together screen and map deletions that occur in a particular region. In contrast to array CGH or SNP arrays, this
approach is best applied to detect DNA copy number alterations in specific focused regions and this approach
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can allow such alterations to be finely mapped. For example, MLPA is commonly used to map deletions that
commonly occur in the a-globin gene locus in cases of a-thalassemia. Traditionally, this mapping was done using
Southern blotting (to determine a specific DNA sequence), but this is now rarely done for clinical purposes and
in most instances MLPA is used for such applications in clinical labs. When results from MLPA are reported, it is
important to bear in mind that the resolution will depend upon the number of probes used and, in general, pre-
cise deletion coordinates will not be defined using MLPA alone. Often to better map deletion sites, PCR-based
Sanger sequencing approaches are used to map breakpoints once general coordinates have been defined using
MLPA (discussed below).

Targeted PCR Analysis

Often a single mutation confers significant disease risk or occurs in the majority of cases of a disease. In these
cases, PCR approaches can be used for amplification and separation of different alleles. A number of approaches
to separate different alleles using PCR have been developed and since these methods are largely specific to indi-
vidual platforms, the details of specific methods will not be covered here. These approaches are commonly used
for detection of mutations, such as factor V Leiden that confers an increased risk of venous thrombosis and is
found in several percent of the general population. In certain hematologic malignancies, such as myeloprolifera-
tive diseases, there are common mutations such as JAK2 V617F that occurs in many cases and focused genotyp-
ing of this variant is often performed as a clinical test. These tests can be done at low cost and relatively rapidly
because of their focused nature and output of the presence/absence of a single mutation. However, using this
approach it is impossible to detect relevant variants that have not been genotyped in a gene of interest.

Focused Sanger and Gene Panel Sequencing

Traditional DNA sequencing has relied upon the chain terminator method developed by Frederick Sanger,
where a chain-terminating dideoxynucleotide is coupled to a fluorescent dye and this can allow sequencing in a
single reaction by detecting terminated DNA fragments of various sizes. A chromatogram obtained after
capillary-based separation displays the sequentially elongated fragments that each end in a specific fluorescent
terminating dideoxynucleotide, allowing identification of the sequence of DNA. This approach is often applied to
a series of reactions using PCR that cover a gene or in some instances a panel of genes implicated in disease.
A limitation is that a single reaction can only assess a single sequence of several hundred bases and therefore
multiple reactions will need to be run for most genes. It should be kept in mind that while Sanger sequencing
can be very sensitive to detect point mutations, copy number or structural changes in genes will often be missed
using this approach. Therefore, targeted sequencing of a disease gene can often be complemented using array
CGH or SNP array-based approaches to look for deletions that may be implicated in a subset of cases of a
particular disease.

Whole-Genome or -Exome Sequencing

While Sanger sequencing methods were once the primary method to map DNA sequences, the development
of high-throughput next-generation sequencing (NGS) platforms over the past several years has allowed rapid
and low-cost sequencing of large portions of the genome. NGS takes advantage of various technologies to
sequence millions to billions of DNA strands in parallel to yield substantially more throughput than Sanger
sequencing approaches. Moreover, NGS approaches bypass fragment-cloning steps that were necessary for
genome sequencing using traditional Sanger sequencing approaches. In NGS, DNA is broken into short frag-
ments, a subset of fragments may be enriched (such as with exome sequencing where sequences that encode
regions overlapping with exons are enriched), and the sequences of all the fragments are then read on NGS plat-
forms. The details of these approaches vary depending upon the technology or platform used, but in general all
NGS methods use similar principles.

The use of NGS platforms to sequence the entire genome or exome of a patient with a particular disorder for
clinical purposes has only begun to emerge and these technologies are currently being primarily used in the
research setting. Studies are beginning to address the diagnostic yield of these approaches. One important consid-
eration in using these approaches is that since the entire genome (or a substantial portion) is sequenced, poten-
tially pathogenic variants may be identified that may not contribute to the disease that initially motivated the
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WGS. At the current time, there are varying opinions on the types of circumstances in which such incidental find-
ings can be reported to patients and studies are exploring the impact of delivering such information to patients.
There has been substantial debate in the community regarding the delivery and broad impact of the information
derived from NGS on patients, physicians, and society. Undoubtedly, this is an area that will evolve considerably
in the coming years.

Currently WGS or whole-exome sequencing (WES) are ordered in the clinical setting for detection of rare var-
iants in patients with a phenotype that is suspected to be due to a single-gene disorder, after known single-gene
candidates have either been eliminated or when a multigene testing approach is prohibitively expensive. Before
such tests are ordered, it is important that clinicians gather a thorough family history, fully evaluate a patient’s
phenotype, and obtain appropriate informed consent. There is little doubt that as WGS and WES are routinely
employed in clinical settings, specific guidelines for when it is best to use these tests for patients with particular
groups of diseases will emerge.

It is important for clinicians to be aware of the significant limitations of WGS and WES. NGS approaches can
currently only sequence nonrepetitive regions of the genome and some diseases occur in repetitive DNA (i.e.,
fragile X syndrome) and thus diagnoses will be missed using such approaches. In addition, NGS approaches can-
not currently detect most copy number variants, insertion—deletion variants, or chromosomal translocations. It is
likely that with improvements in technology to allow for longer reads in NGS and with better computational
methods, these types of variants could be detected using these approaches in the future.

Since numerous potential causal variants may be identified using such broad-based sequencing approaches,
the American College of Medical Geneticists has developed recommendations regarding categories to which var-
iants should be assigned and these are helpful for clinicians to be aware of when interpreting results from WES
or WGS (although they apply to other sequencing approaches as well).

¢ Disease-causing: A sequence variant that has previously been reported as a cause of a disorder

¢ Likely disease-causing: A sequence variant that has not been previously reported, but is of a type that would
be expected to cause disease

e Possibly disease-causing: A sequence variant that has not been previously reported and is of the type that may
or may not cause a particular disorder

* Likely not disease-causing: Sequence variation that has not been reported and is not likely of the type that
would cause a particular disorder

* Not disease-causing: Sequence variation has previously been reported and is a recognized neutral variation

* Variant of unknown clinical significance: Sequence variation is not known or expected to be causative of
disease, but is found to be associated with a clinical presentation.

While these categories are useful when results are reported, they are largely dependent upon databases of
prior variants. As more sequencing data are being reported, it is important to bear in mind that some variants
previously thought to be pathogenic are being reclassified as benign. It is very likely that the categorization for a
particular variant may evolve over time and therefore it is useful to evaluate the prior reports of any genetic var-
iants identified in such studies on an individual basis. In some cases, it is important to bear in mind that in many
single-gene disorders, variable penetrance or expressivity (where patients with a particular mutation may or may
not have the disease or may have varying severities of the disease) may have a significant and underestimated
impact.

INTERPRETING AND EVALUATING THE RESULTS FROM
CLINICAL GENETIC TESTING

A key role of any pediatric hematologist/oncologist will be interpreting and evaluating the results obtained
from clinical diagnostic genetic testing. As newer methods are used, different limitations of each approach need
to be addressed. While for each diagnostic approach we have addressed some specific limitations, we also
want to present a general framework for evaluating the validity of such testing in general. Table 1.2 presents
some considerations that are applicable for any test and provides examples of complications that may need to be
kept in mind.

For each particular test, specific test sensitivities and specificities will exist. In addition, for a particular test
and diagnosis there will also be certain clinical sensitivities and specificities that need to be accounted for.
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TABLE 1.2 Overview of Terms Used to Evaluate the Validity of Genetic Tests

Term

Definition

Calculation

Examples of complications

Test sensitivity

Test specificity

Clinical sensitivity

Clinical specificity

Positive predictive

value

Negative
predictive value

Proportion of assays with the genetic
change that have a positive test result

Proportion of assays without the genetic
change that have a negative test result

Proportion of people with a disease who
have a positive test result

Proportion of people without a disease
who have a negative test result

The likelihood that a patient
has a disease, given a positive test result

The likelihood that a patient does not
have a disease, given a negative test
result

True positives/
(true positives + false
negatives)

True negatives/
(true negatives + false
positives)

True positives/
(true positives + false
negatives)

True negatives/
(true negatives + false
positives)

True positives/
(true positives + false
positives)

True negatives/
(true negatives + false
negatives)

Impaired amplification of mutant allele in
mosaic setting due to selection

Technical impairment in MLPA leading to
false appearance of deletion will lower test
specificity

Multiple genes involved in a disease may
lead to some patients not having a particular
mutation or set of mutations

Variable penetrance of disease (i.e., carriers of
Diamond—Blackfan anemia mutations without
symptoms)

Variable penetrance or expressivity can
complicate this

Multiple genes involved in a disease may
complicate this

Finally, the positive and negative predictive values for any test should also be considered. Depending upon the
genetic lesion under consideration, this may alter what tests are performed. For example, while large chromo-
somal alterations or translocations are readily detected using FISH, smaller deletions may only be detected using
array CGH or SNP arrays. Therefore, depending upon the type of lesion expected, the various tests may be used
in different ways or combinations. Another example is that while WES or WGS can be useful for looking for
many causes of a disease, they may miss deletions that could result in a subset of cases of a particular disease.
Therefore, it may be useful to both run WES and a SNP array on a particular patient if the disease can be caused
by deletions in some cases.

One limitation currently faced in interpreting the results of WGS is that even when a mutation is identified
in a regulatory region of a gene, its affect on the gene implicated in that disease may not be immediately
apparent. If other affected and unaffected family members are available, linkage information can help demon-
strate that a particular region is associated with the disease and support the presence of a nearby causal allele.
For example, in a few cases of sideroblastic anemia, mutations were identified in regulatory regions of
the ALAS2 gene, which normally harbors coding mutations in most other cases of this disease. Appropriate
identification of these mutations required a combination of linkage analysis and functional follow-up tests.
This work was primarily done as part of a research study, but it is possible that in the future as more
such noncoding mutations are identified, that these may be found to be important contributors to a variety of
disorders seen in patients.
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CHAPTER

2

Hematologic Manifestations of Systemic Illness
Lawrence C. Wolfe

A variety of systemic illnesses including acute and chronic infections, neoplastic diseases, connective tissue
disorders, and storage diseases are associated with hematologic manifestations. The hematologic manifestations
are the result of the following mechanisms:

* Bone marrow dysfunction
Anemia or polycythemia
Thrombocytopenia or thrombocytosis
Leukopenia or leukocytosis
Hemolysis
Immune cytopenias
Alterations in hemostasis
Acquired inhibitors to coagulation factors
Acquired von Willebrand disease
Acquired platelet dysfunction
Alterations in leukocyte function

HEMATOLOGIC MANIFESTATIONS OF DISEASES RELATED TO VARIOUS ORGANS

Heart

Microangiopathic hemolysis occurs with prosthetic valves or synthetic patches utilized for correction of cardiac
defects, particularly when there is failure of endothelialization (“Waring Blender” syndrome) or rarely after endo-
Iuminal closure of a patent ductus arteriosus. Microangiopathic hemolysis has the following characteristics:

¢ Hemolysis is secondary to fragmentation of the red cells as they are damaged against a distorted vascular
surface.

¢ Hemolysis is intravascular and may be associated with hemoglobinemia and hemoglobinuria.

¢ Jron deficiency occurs secondary to the shedding of hemosiderin within renal tubular cells into the urine
(hemosiderinuria).

¢ Thrombocytopenia secondary to platelet adhesion to abnormal surfaces.

¢ Autoimmune hemolytic anemia may occasionally occur after cardiac surgery with the placement of foreign
material within the vascular system.

Cardiac Anomalies and Hyposplenism

Cardiac anomalies, particularly situs inversus, may be associated with hyposplenism and the blood smear may
show Howell—]Jolly bodies, Pappenheimer bodies, and elevated platelet counts.

Infective Endocarditis

Hematologic manifestations include anemia (due to immune hemolysis or chronic infection), leucopenia, or
leukocytosis and rarely thrombocytopenia and pancytopenia.

Lanzkowsky’s Manual of Pediatric Hematology and Oncology.
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Coagulation Abnormalities

* A coagulopathy exists in some patients with cyanotic heart disease. The coagulation abnormalities correlate
with the extent of the polycythemia. Hyperviscosity may lead to tissue hypoxemia, which could trigger
disseminated intravascular coagulation (DIC).

* Marked derangements in coagulation such as DIC, thrombocytopenia, thrombosis, and fibrinolysis can
accompany surgery involving cardiopulmonary bypass. Heparinization must be strictly monitored.

Platelet Abnormalities

Quantitative and qualitative platelet abnormalities are associated with cardiac disease:

* Thrombocytopenia occurs secondary to microangiopathic hemolysis associated with prosthetic valves.

* Cyanotic heart disease can produce polycythemia, thrombocytopenia, prolonged bleeding time, and abnormal
platelet aggregation.

* Patients with chromosome 22q11.2 deletion (DiGeorge syndrome) can have platelet abnormalities including
the Bernard —Soulier-like syndrome due to haploinsufficiency of the gene for GP1BB and thrombocytopenia
due to autoimmunity.

Polycythemia

* The hypoxemia of cyanotic heart disease produces a compensatory elevation in erythropoietin and secondary
polycythemia.

¢ Patients are at increased risk for cerebrovascular accidents secondary to hyperviscosity.

e Patients are also at risk for symptomatic hypoglycemia (especially in the neonatal period).

* The use of partial exchange transfusion has been suggested, although the long-term value of exchange has
been challenged.

Gastrointestinal Tract
Esophagus

* Jron-deficiency anemia may occur as a manifestation of gastroesophageal reflux.
* Endoscopy may be required in unexplained iron deficiency.

Stomach

¢ The gastric mucosa is important in both vitamin B;, and iron absorption.

* Chronic atrophic gastritis produces iron deficiency. There may be an associated vitamin By, malabsorption.

* Gastric resection may result in iron deficiency or in vitamin By, deficiency due to lack of intrinsic factor.

¢ Zollinger—Ellison syndrome (increased parietal cell production of hydrochloric acid) may cause iron
deficiency through mucosal ulceration.

* Helicobacter pylori infection, in addition to causing chronic gastritis, has been implicated in the initiation of
iron-deficiency anemia, vitamin B;, deficiency, autoimmune thrombocytopenia, and platelet aggregation
defects (ADP-like defect).

Small Bowel

* Celiac disease or tropical sprue may cause malabsorption of iron and folate. Table 2.1 lists the various
hematologic manifestations of celiac disease.

e Inflammatory bowel disease (IBD) may cause anemia of chronic inflammation and iron deficiency from
blood loss.

* Eosinophilic gastroenteritis can produce peripheral eosinophilia.

* Diarrheal illnesses of infancy can produce life-threatening methemoglobinemia.

Lower Gastrointestinal Tract

* Ulcerative colitis is often associated with iron-deficiency anemia.

¢ Peutz—Jeghers syndrome (intestinal polyposis and mucocutaneous pigmentation) predisposes to
adenocarcinoma of the colon.

e Hereditary hemorrhagic telangiectasia (Osler—Weber—Rendu disease) may produce iron deficiency, platelet
dysfunction, and hemostatic defects.
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TABLE 2.1 Hematologic Manifestations of Celiac Disease

Problem Frequency Comments

Anemia: iron deficiency, folate deficiency, Common The anemia is most commonly secondary to iron deficiency but may be
vitamin By, deficiency, and other nutritional multifactorial in etiology. Low serum levels of folate and vitamin By,
deficiencies without anemia are frequently seen. Anemia due to other deficiencies

appears to be rare

Thrombocytopenia Rare May be associated with other autoimmune phenomena
Thrombocytosis Common May be secondary to iron deficiency or hyposplenism
Thromboembolism Uncommon Etiology is unknown but may be related to elevated levels of

homocysteine or other procoagulants

Leukopenia/neutropenia Uncommon Can be autoimmune or secondary to deficiencies of folate,
vitamin By, or copper

Coagulopathy Uncommon Malabsorption of vitamin K

Hyposplenism Common Rarely associated with infections

IgA deficiency Common May be related to anaphylactic transfusion reactions
Lymphoma Uncommon The risk is highest for intestinal T-cell lymphomas

From: Halfdanarson et al. (2007), with permission.

Pancreas

¢ Hemorrhagic pancreatitis produces acute normocytic, normochromic anemia. It may also be associated with
DIC.

¢ Shwachman—Diamond syndrome (SDS; see Chapter 13) is characterized by congenital exocrine pancreatic
insufficiency, metaphyseal bone abnormalities, and neutropenia. There may also be some degree of anemia
and thrombocytopenia.

¢ Cystic fibrosis produces malabsorption of fat-soluble vitamins (e.g., vitamin K) with impaired prothrombin
production.

* Pearson syndrome is characterized by exocrine pancreatic insufficiency and severe sideroblastic anemia
(see Chapter 13).

Liver

Anemia

Anemias of diverse etiologies occur in acute and chronic liver disease. Red cells are frequently macrocytic
(mean corpuscular volume (MCV) of 100—110 fl). Target cells and acanthocytes (spur cells) are frequently seen.
Some of the pathogenic mechanisms of anemia include:

* Shortened red cell survival and red cell fragmentation (spur cell anemia) in cirrhosis often occur in later-stage
cirrhosis in the presence of dyslipidemia.

e Hypersplenism with splenic sequestration in the presence of secondary portal hypertension.

¢ Jron-deficiency anemia secondary to blood loss from esophageal varices in portal hypertension.

® Chronic hemolytic anemia in Wilson disease secondary to copper accumulation in red cells. Hemolytic anemia
may be the presenting symptom in this disease.

¢ Aplastic anemia following acute hepatitis (usually seronegative) in certain immunologically predisposed hosts.

* Megaloblastic anemia secondary to folate deficiency in malnourished individuals.

Coagulation Abnormalities

The liver is involved in the synthesis of most of the coagulation factors. Liver dysfunction can be associated
with either hyper- or hypocoagulable states because both procoagulant and natural anticoagulant synthesis are
impaired. Table 2.2 lists the various coagulation abnormalities seen in liver disease and Table 2.3 lists the tests to
differentiate between the coagulopathy of liver disease and other etiologies.
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TABLE 2.2 Coagulation Abnormalities in Liver Disease

Hemorrhage Thrombosis

(1) Thrombocytopenia/platelet dysfunction due to hypersplenism, (1) Decreased anticoagulant—AT-III Protein C
altered TPO production and S

(2) Decreased liver synthesis of procoagulant factors (2) Portal hypertension-portal vein thrombosis

(3) Impaired carboxylation of vitamin K factors
(4) Dysfibrinogenemia

(5) Hyperfibrinolysis due to increased tPA and decreased PAI, o, antiplasmin

TPO, thrombopoietin; tPA, tissue plasminogen activator; PAI, plasminogen activator inhibitor.

TABLE 2.3 Tests to Differentiate Coagulopathies of Different Etiologies

Procoagulant factors Liver Vitamin K DIC

FV Decreased (late) Normal Decreased
F VI Decreased (early) Decreased Decreased
F VIII Normal/increased Normal Decreased

Factor I (Fibrinogen)

Fibrinogen levels are generally normal in liver disease. Low levels may be seen in fulminant acute liver
failure.

Factors II, VII, IX, and X (Vitamin K-Dependent Factors)
These factors are reduced in liver disease secondary to impaired synthesis. Factor VII is the most sensitive.

Factor V

Factor V does not require vitamin K for synthesis and is highly representative of actual liver function. Factor V
levels at 36 h post liver injury have been used as a standalone marker for the possible need for transplant in
patients with early liver failure.

Factor VIII

The procoagulant activity of Factor VIII is generally normal in liver disease. This makes Factor VIII an impor-
tant factor to measure in distinguishing between DIC and severe liver disease in a patient with abnormal coagu-
lation tests and thrombocytopenia. If there is associated DIC, factor VIII will be markedly depressed, whereas in
severe liver disease Factor VIII remains close to or normal. Traditionally, the Factor VII and Factor VIII levels are
measured along with the PT, PTT, and fibrinogen to distinguish liver disease from DIC.

Protein C, Protein S, and Antithrombin III

These natural anticoagulants are decreased in liver disease. Proteins C and S are most sensitive to vitamin K
deficiency. In many cases this fall in the levels of natural anticoagulant creates a sensitive balance between loss of
procoagulant activity and natural anticoagulant activity. Bleeding or thrombosis may appear quickly when addi-
tional illness (e.g., infection) may upset the balance.

Tissue plasminogen activator (TPA) and alpha-2-antiplasmin

Tissue plasminogen activator is cleared by the liver and as liver disease progresses TPA activity increases.
Alpha-2-antiplasmin is also suppressed by liver disease, creating increased plasmin activity and ultimately the
syndrome of hyperfibrinolysis with a tendency toward severe bleeding.

ax-Macroglobulin and plasmin activator inhibitor
These opponents of plasma activity are still present in liver disease.
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Kidneys

Renal disease may affect red cells, white cells, platelets, and coagulation.
Severe renal disease with renal insufficiency is frequently associated with chronic anemia (and sometimes
pancytopenia). This type of anemia is characterized by:

¢ Hemoglobin as low as 4—5 g/dl

* Normochromic and normocytic red cell morphology unless there is associated microangiopathic hemolytic
anemia (as in the hemolytic-uremic syndrome (HUS)), in which case schistocytes and thrombocytopenia are
seen

* Reticulocyte count low

® Decreased erythroid precursors in bone marrow aspirate.

The following mechanisms are involved in the pathogenesis of this type of anemia:

e Erythropoietin deficiency is the most important factor (90% of erythropoietin synthesis occurs in the kidney)

¢ Shortened red cell survival is secondary to uremic toxins or in HUS secondary to microangiopathic hemolysis

* Renal failure itself inhibits erythropoiesis and in conjunction with decreased erythropoietin levels produces a
hypoplastic marrow

¢ Increased blood loss from a hemorrhagic uremic state and into a hemodialysis circuit causes iron deficiency.

e Dialysis can lead to folic acid deficiency.

Treatment

¢ Recombinant human erythropoietin (rHuEPO):'
Determine the baseline serum erythropoietin and ferritin levels prior to starting rHuEPO therapy.
If ferritin is less than 100 ng/ml, give ferrous sulfate 6 mg/kg/day aimed at maintaining a serum
ferritin level above 100 ng/ml and a threshold transferrin saturation of 20%. With the advent of less
immunoreactive forms of intravenous iron, prophylactic strategies utilizing intravenous iron infusion
at the end of dialysis have been very successful. These are usually well tolerated compared to oral
iron on a daily basis.
Start with rHuEPO treatment in a dose of 50—100 units/kg/day subcutaneously (SC) three times a week.
Monitor blood pressure closely (increased viscosity produces hypertension in 30% of cases) and perform
complete blood count (CBC) weekly.
Titrate the dose:
— If no response, increase rHUEPO up to 300 units/kg/day SC three times a week
— If hematocrit (Hct) reaches 40%, stop rHUEPO until Hct is 36% and then restart at 75% dose
— If Hct increases very rapidly (>4% in 2 weeks), reduce dose by 25%.
Figure 2.1 shows a flow diagram, in greater detail, for the use of erythropoietin-stimulating agents in

patients with chronic kidney disease.
e Folic acid 1 mg/day is recommended because folate is dialyzable
e Packed red cell transfusion is rarely required.

Endocrine Glands
Thyroid

Anemia is frequently present in hypothyroidism. It is usually normochromic and normocytic. The anemia is
sometimes hypochromic because of associated iron deficiency and occasionally macrocytic because of vitamin By,
deficiency. The bone marrow is usually fatty and hypocellular and erythropoiesis is usually normocytic. The find-
ing of a macrocytic anemia and megaloblastic marrow in children with hypothyroidism should raise the possibil-

ity of an autoimmune disease with antibodies against parietal cells as well as against the thyroid, leading to
vitamin By, deficiency (juvenile pernicious anemia with polyendocrinopathies).

IThrombosis of vascular access occurs in 10% of cases treated with rHuEPO.
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Initial ESA therapy

Consider:

Severity of anemia
Clinical status/risk factors
Patient convenience

v

v

Require short-acting ESA with shorter
dosing interval—epoetin (50—-100 U/kg)
1-3 times weekly

Require long-acting ESA with longer dosing
intervals—darbepoetin (0.45 ug/kg) once
every 1-2 weeks

v

| Consider route of administration |

v

SC ESA for patients with CKD receiving
no dialysis or receiving peritoneal dialysis

v

IV ESA for patients with CKD receiving
hemodialysis

v

Monitor Hb response and iron status
by: Hb testing at least once monthly.
iron testing at least once monthly

If abnormal iron, consider
iron therapy

v

v

v

If Hb approaches 12.0 g/dI

or Hb hyperresponsive (T in
Hb > 1g/dl in 2 weeks): | 25%
ESA or T dosing interval
(adjustments not more than
once monthly)

If adequate Hb response:
maintain ESA dose and
dosing intervals

If Hb hyporesponsive (T in

Hb <1g/dl in 4 weeks): T 25% ESA
dose or | dosing interval (adjustments
not more than once monthly)

A

ESA as appropriate

Continue monitoring Hb and iron status: adjust

If abnormal iron,

g consider iron therapy

v

v

If Hb responsive: continue ESA
maintenance therapy

If Hb hyporesponsive, investigate for: iron, folate,
and B,, deficiency; hemolysis; occult Gl bleed

FIGURE 2.1 Recommended erythropoietin-stimulating agent (ESA) treatment in patients with chronic kidney disease. SC, subcutaneous;

IV, intravenous; CKD, chronic kidney disease; 1, increase; |, decrease. Source: From Wish and Coyne (2007), with permission.

Adrenal Glands

* Androgens stimulate erythropoiesis.

¢ Conditions of androgen excess, such as Cushing syndrome and congenital adrenal hyperplasia, can produce

secondary polycythemia.

* In Addison disease, some degree of anemia is also present but may be masked by coexisting

hemoconcentration. The association between Addison disease and megaloblastic anemia raises the possibility
of an inherited autoimmune disease directed against multiple tissues, including parietal cells (juvenile

pernicious anemia with polyendocrinopathies) (see Chapter 7).

Lungs

¢ Hypoxia secondary to pulmonary disease results in secondary polycythemia.

¢ Idiopathic pulmonary hemosiderosis is a chronic disease characterized by recurrent intra-alveolar
microhemorrhages with pulmonary dysfunction, hemoptysis, and hemosiderin-laden macrophages, resulting
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in iron-deficiency anemia. A precise diagnosis can be established by the presence of siderophages in the
gastric aspirate. Apart from a primary idiopathic type, there is also a variant associated with hypersensitivity
to cows’ milk and one that occurs with a progressive glomerulonephritis (Goodpasture syndrome). Treatment
is controversial and may involve:

Corticosteroids

Withdrawal of cow’s milk

Use of oral or IV iron when indicated

Packed red cell transfusions when indicated.

Skin
Mast Cell Disease

Mast cell disease or mastocytosis is associated with an abnormal accumulation of mastocytes (more closely
related to monocytes or macrophages rather than to basophils) in the dermis (cutaneous mastocytosis) or in an
internal organ (systemic mastocytosis). The systemic form is rare in children. In children, this condition is more
common under 2 years of age. It usually presents either as a solitary cutaneous mastocytoma or, more commonly,
as urticaria pigmentosa. Involvement beyond the skin is unusual in children, but splenomegaly and bone lesions
have been reported. No reports of bone marrow disease in either acquired or congenital mastocytosis have been
reported.

Eczema and Psoriasis

Patients with extensive eczema and psoriasis commonly have anemia. The anemia is usually normochromic
and normocytic (anemia of chronic disease) and mild in most cases, but severely affected individuals can have
hemoglobin levels less than 9 g/dl.

Dermatitis Herpetiformis

* Macrocytic anemia secondary to malabsorption.
¢ Hyposplenism: Howell—Jolly bodies may be present on blood smear.

Dyskeratosis Congenita

This disease is characterized by ectodermal dysplasia and aplastic anemia (see Chapter 8). The aplastic anemia
is associated with high MCV, thrombocytopenia, and elevated fetal hemoglobin. This may occur before the onset
of skin manifestations.

Hereditary Hemorrhagic Telangiectasia

This autosomal dominant disorder is associated with a bleeding disorder. Easy bruisability, epistaxis, and
respiratory and gastrointestinal bleeding may be caused by telangiectatic lesions.

Ehlers—Danlos Syndrome

This condition may be associated with platelet dysfunction: reduced aggregation with ADP, epinephrine, and
collagen. An unusual sensitivity to aspirin is described in type IV Ehlers—Danlos syndrome (see Chapter 14).

CHRONIC ILLNESS

Chronic illnesses such as cancer, IBD, connective tissue disease, and chronic infection are associated with ane-
mia. The anemia has the following characteristics:

e Normochromic, normocytic, occasionally microcytic

¢ Usually mild, characterized by decreased plasma iron and normal or increased reticuloendothelial iron
* Impaired flow of iron from reticuloendothelial cells to the bone marrow

* Decreased sideroblasts in the bone marrow.

The tests to differentiate the anemia of chronic illness from iron-deficiency anemia are listed in Table 2.4 and
therapeutic options for the treatment of anemia in chronic disease are outlined in Table 2.5.
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TABLE 2.4 Laboratory Tests to Differentiate Anemia of Chronic Disease from Iron-Deficiency Anemia®

Variable (serum levels) Anemia of chronic disease Iron-deficiency anemia Both conditions”
Iron Reduced Reduced Reduced
Transferrin Reduced to normal Increased Reduced
Transferrin saturation Normal to mildly reduced Reduced Reduced

Ferritin Normal to increased Reduced Reduced to normal
Soluble transferrin receptor Normal Increased Normal to increased
Cytokine levels Increased Normal Increased

“Relative changes are given in relation to the respective normal values.
YPatients with both conditions include those with anemia of chronic disease and true iron deficiency.
Modified from: Weiss and Goodnough (2005), with permission.

TABLE 2.5 Therapeutic Options for the Treatment of Anemia of Chronic Disease

Treatment Anemia of chronic disease Anemia of chronic disease
with true iron deficiency

Treatment of underlying disease Yes Yes

Transfusions® Yes Yes

Iron supplementation No” Yes®

Erythropoietin agents Yes Yes, in patients who do not have

a response to iron therapy

“This treatment is for the short-term correction of severe or life-threatening anemia. Potentially adverse immunomodulatory effects of blood transfusions are controversial.
b Although iron therapy is indicated for the correction of anemia of chronic disease in association with absolute iron deficiency, no data from prospective studies are
available on the effects of iron therapy on the course of underlying chronic disease.

“Overcorrection of anemia (hemoglobin >12 g/dl) may be potentially harmful to patients; the clinical significance of erythropoietin-receptor expression on certain tumor
cells needs to be investigated.

From: Weiss and Goodnough (2005), with permission.

In inflammatory diseases, cytokines released by activated leukocytes and other cells exert multiple effects that
contribute to the reduction in hemoglobin levels. The pathophysiology of anemia of chronic disease is shown in
Figure 2.2:

1. Interleukins (IL), especially IL-6 along with endotoxin, induce hepcidin synthesis in the liver. Hepcidin
in turn binds to Ferroportin located both in the GI tract and the reticuloendothelial system. Hepcidin
binding induces the degradation of Ferroportin, sequestering oral intake iron from the GI tract and
reticuloendothelial iron from storage sites. Hence in the classic patient with the anemia of chronic
illness, the serum iron will be low, but there will also be a low level of transferrin iron-binding capacity
secondary to a suppression of protein synthesis. This leads to a normal, or slightly diminished, iron
saturation. The serum ferritin is then paradoxically elevated secondary to the hepcidin-induced sequester.
The adult literature recognizes gray zone cases with normal or lower iron saturations and a low normal
ferritin. In these situations laboratory testing for soluble transferrin receptor (which is elevated directly
in response to iron deficiency) is used to direct iron treatment. These patients might also be simply
given an intravenous iron challenge which will demonstrate improvement over 7—10 days if iron
deficiency is present.

2. Inhibition of erythropoietin release from the kidney (especially by IL-138 and tumor necrosis factor-alpha
(TNF-0)) leads to reduced erythropoietin-stimulated hematopoietic proliferation.

3. Direct inhibition of the proliferation of erythroid progenitors (especially by TNF-q, interferon-gamma
(IFN-y) and IL-13).

4. Increased erythrophagocytosis by reticuloendothelial macrophages.

Treatment involves treating the underlying illness.
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Inflammatory stimulus
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FIGURE 2.2 Pathophysiology of anemia of chronic disease. RES, Reticuloendothelial system. Source: From Zarychanski and Houston (2008),
with permission.

Inflammatory Bowel Disease as a Model for Anemia of Chronic Illness

¢ In both Crohn’s disease and ulcerative colitis the anemia of chronic illness is often seen—sometimes before
gastrointestinal symptomatology manifests.

¢ It is often associated with concomitant iron deficiency due to bleeding from the involved bowel.

¢ The patient may present with mild normochromic anemia or severe microcytic anemia.

In an older child or adolescent presenting with iron deficiency a detailed history of gastrointestinal symptoms must
be pursued and any suggestion of anemia of chronic illness may alter the type and route of iron medication. If a patient
with IBD presents with anemia, iron saturation and ferritin should be assessed prior to the initiation of treatment. The
anemia of chronic illness is not iron-deficient erythropoiesis. It is a balance between the effect of elevated hepcidin in
sequestering iron and a direct effect of cytokines slowing down erythropoiesis—and hence diminishing the erythropoi-
etic call for iron. If the patient has a very low iron saturation and an elevated ferritin, oral iron is likely to have less
effect given the mucosal block to iron in the anemia of chronic illness. Intravenous iron preparations will bypass that
block and also diminish the additional gastrointestinal toxicity of oral iron. The administration of iron alone may not
ameliorate the situation as patients may have such a severe effect of inflammation on erythropoiesis that they may
require simultaneous administration of erythropoietin in pharmacologic doses along with iron. These considerations
are identical to those faced in other conditions with major ongoing inflammation (e.g., juvenile rheumatoid arthritis).

Connective Tissue Diseases

Rheumatoid Arthritis

* Anemia of chronic illness (normocytic, normochromic)
e High incidence of iron deficiency
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* Leukocytosis and neutropenia common in exacerbations of juvenile rheumatoid arthritis (JRA)
e Thrombocytosis associated with a high level of IL-6 occurs in many patients, although there may be transient
episodes of thrombocytopenia.

Felty Syndrome

* Triad of rheumatoid arthritis, splenomegaly, and neutropenia.

¢ Patients may be at risk for life-threatening bacteremia. Splenic dysfunction resulting in infection with
encapsulated organisms has been observed.

¢ Treatment involves controlling the rheumatoid arthritis, which often leads to improvement in the anemia.
Parenteral antibiotics, with coverage for encapsulated organisms, for febrile episodes is recommended.

* G-CSF may be used in urgent situations although but there are concerns about splenic rupture with the use
of this G-CSF because of case reports of spontaneous rupture of the spleen in Felty syndrome.

Systemic Lupus Erythematous

¢ Two types of anemia are common: anemia of chronic illness (normocytic, normochromic) and acquired,
autoimmune direct antiglobulin (DAT)-positive hemolytic anemia.

e Neutropenia is common as a result of decreased marrow production and immune-mediated destruction.

* Lymphopenia with abnormalities of T-cell function.

¢ Immune thrombocytopenia: Antiphospholipid antibodies may be present which prolong the aPTT but are
associated with severe thrombosis (lupus anticoagulant).

Polyarteritis Nodosa

* Microangiopathic hemolytic anemia may be associated with renal disease or hypertensive crises.
* Prominent eosinophilia.

Wegener Granulomatosis
This autoimmune disorder is rare in children. Hematological features include:

* Anemia: normocytic; RBC fragmentation with microangiopathic hemolytic anemia
* Leukocytosis with neutrophilia

* Eosinophilia

* Thrombocytosis.

Kawasaki Syndrome
This syndrome is characterized by:

* Mild normochromic, normocytic anemia with reticulocytopenia

* Leukocytosis with neutrophilia and toxic granulation of neutrophils and vacuoles
* Decreased T-suppressor cells

e High C; levels

* Increased cytokines IL-1, IL-6, IL-8, interferon-o, and TNF

e Marked thrombocytosis (mean platelet count 700,000/ mm?)

e DIC.

Henoch—Schonlein Purpura

Henoch—Schonlein purpura (HSP), also called anaphylactoid purpura, is associated with systemic vasculitis
characterized by unique palpable, erythema multiforma-like purpuric lesions, transient arthralgias or arthritis
(especially affecting knees and ankles), colicky abdominal pain, and nephritis.

¢ Anemia occasionally occurs as a result of GI bleeding or decreased RBC production caused by renal failure.

¢ Transient decreased Factor XIII activity may occur, which may play a role in either gastrointestinal bleeding
or HSP.

e Vitamin K deficiency from severe vasculitis-induced intestinal malabsorption has been reported.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



CHRONIC ILLNESS 17

Infections

Anemia

¢ Chronic infection is associated with the anemia of chronic illness.

e Acute infection, particularly viral infection, can produce transient bone marrow aplasia or selective transient
erythrocytopenia.

¢ Parvovirus B19, with tropism for the developing red cell, infection in patients with an underlying hemolytic
disorder (such as sickle cell disease, hereditary spherocytosis) can produce a rapid fall in hemoglobin and an
erythroblastopenic crisis marked by anemia and reticulocytopenia. There may be an associated neutropenia
and less commonly, thrombocytopenia.

* Many viral and bacterial illnesses may be associated with hemolysis.

White Cell Alterations

¢ Viral infections can produce leukopenia and neutropenia. Neutrophilia with an increased band count and left
shift frequently results from bacterial infection.

* Neonates, particularly premature infants, may not develop an increase in white cell count in response to
infection. Neonatal neutropenia may be serious and requires investigation and treatment. G-CSF has been
used and found to be helpful in randomized clinical trials.

¢ Eosinophilia may develop in response to parasitic infections.

Clotting Abnormalities

Severe infections, for example Gram-negative sepsis, can produce DIC. Polymicrobial sepsis (including both
aerobic and anaerobic organisms) in the head and neck region may cause thrombosis of major vessels. When this
occurs in the jugular veins it leads to a constellation of findings called Lemierre’s syndrome (suppurative throm-
bophlebitis with inflammation starting in the pharynx and spreading to the lateral parapharyngeal tissues in
association with jugular vein thrombosis).

Thrombocytopenia
Infection can produce thrombocytopenia through decreased marrow production, immune destruction, or DIC.

Viral and Bacterial Illnesses Associated with Marked Hematologic Sequelae

Parvovirus

Parvovirus B19 has a peculiar predilection for red cell precursors in the bone marrow. It has preference for
the red cell precursors because it uses P antigen as a receptor. This viral infection is associated with a transient
erythroblastopenic crisis, particularly in individuals with an underlying hemolytic disorder. In addition, it can
produce thrombocytopenia, neutropenia, and a hemophagocytic syndrome. In immunocompromised individuals,
parvovirus B19 infection can produce prolonged aplasia. Bone marrow aspirate shows decreased or arrested
maturation of erythroid precursors and the pathognomonic “giant pronormoblasts.”

Epstein—Barr Virus
Epstein—Barr Virus (EBV) infection is associated with the following hematologic manifestations:

* Atypical lymphocytosis

* Acquired immune hemolytic anemia
e Agranulocytosis

e Aplastic anemia, rarely

* Lymphadenopathy and splenomegaly
¢ Immune thrombocytopenia.

EBV infection also has immunologic and oncologic associations (see Chapter 16). Some of the EBV-associated
lymphoproliferative disorders are given in Table 2.6.
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TABLE 2.6 EBV-Associated Lymphoproliferative Disorders

EBV-ASSOCIATED B-CELL LYMPHOPROLIFERATIVE DISORDERS

. Classic Hodgkin lymphoma
. Burkitt lymphoma
. Posttransplantation lymphoproliferative disorders
. HIV-associated lymphoproliferative disorders
a. Primary CNS lymphoma
b. Diffuse large B-cell lymphoma, immunoblastic
c. HHV-8-positive primary effusion lymphoma
d. Plasmablastic lymphoma

= W N =

EBV-ASSOCIATED T/NK-CELL LYMPHOPROLIFERATIVE DISORDERS

1. Peripheral T-cell lymphoma, unspecified
2. Angioimmunoblastic T-cell lymphoma
3. Extranodal nasal T/NK-cell lymphoma

EBV, Epstein—Barr virus; HHV-8, human herpes virus-8; NK, natural killer.
Modified from: Carbone et al. (2008), with permission.

Human Immunodeficiency Virus

The main pathophysiology of human immunodeficiency virus (HIV) infection is a constant decline in CD4
lymphocytes, leading to immune failure and death. The other bone marrow cell lines also decline as HIV disease
(acquired immunodeficiency syndrome (AIDS)) progresses.

HIV infection has the following hematologic manifestations.

Thrombocytopenia

Thrombocytopenia occurs in about 40% of patients with AIDS. Initially, the clinical findings resemble those of
immune thrombocytopenic purpura (ITP). Some degree of splenomegaly is common and the platelet-associated
antibodies are often in the form of immune complexes that may contain antibodies with anti-HIV specificity.
Megakaryocytes are normal or increased and production of platelets is reduced in the bone marrow.

Thrombotic thrombocytopenic purpura (TTP) is also associated with HIV disease. This occurs in advanced AIDS.

Anemia and Neutropenia

HIV-infected individuals develop progressive cytopenia as immunosuppression advances. Anemia occurs in
approximately 70—80% of patients and neutropenia in 50%. Cytopenias in advanced HIV disease are often of
complex etiology and include the following:

* A production defect in the marrow appears to be most common.

e Antibody and immune complexes associated with red and white cell surfaces may contribute. Up to 40% have
erythrocyte-associated antibodies. Specific antibodies against i and U antigens have occasionally been noted.
About 70% of patients with AIDS have neutrophil-associated antibodies. The pathogenesis of the hematologic
disorders includes:

Infections: Myelosuppression is frequently caused by involvement of the bone marrow by infecting
organisms (e.g., mycobacteria, cytomegalovirus (CMV), parvovirus, fungi and, rarely, Pneumocystis jiroveci).
Neoplasms: Non-Hodgkin lymphoma (NHL) in AIDS patients is associated with infiltration of the bone marrow
in up to 30% of cases. This is particularly prominent in the small non-cleaved histologic subtype of NHL.
Medications: Widely used antiviral agents in AIDS patients are myelotoxic, for example, zidovudine (AZT)
causes anemia in approximately 29% of patients. Ganciclovir and trimethoprim/sulfamethoxazole or
pyrimethamine/sulfadiazine may cause neutropenia. In general, bone marrow suppression is related to the
drug dosage and to the stage of HIV disease. Importantly, the other nucleoside analogs of anti-HIV
compounds (dideoxycytidine (ddC), dideoxyinosine (ddI), stavudine (d4T), or lamivudine (3TC)), are
usually not associated with significant myelotoxicity.

Nutrition: Poor intake is common in advanced HIV disease and is occasionally accompanied by poor
absorption. Vitamin By, levels may be significantly decreased in HIV infection although vitamin By, is

not effective in treatment. The reduction in serum vitamin By, levels is due to vitamin B;, malabsorption
and abnormalities in vitamin Bq,-binding proteins.
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TABLE 2.7 AIDS-Related Neoplasms in Children

1. Classic Hodgkin lymphoma (lymphocyte depleted)

2. Non-Hodgkin lymphoma

a. Burkitt lymphoma

b. Central nervous system lymphoma

c. Diffuse large B-cell lymphoma

d. Mucosa-associated lymphoid tissue (MALT)-type lymphoma
Leiomyoma and leiomyosarcoma

Kaposi’s sarcoma

Acute leukemias

Miscellaneous tumors—isolated cases of hepatoblastoma, fibrosarcoma of liver, embryonal rhabdomyosarcoma
of biliary tree, Ewing’s tumor of the bone

AL

Modified from: Balarezo and Joshi (2002), with permission.

TABLE 2.8 Spectrum of Systemic Lymphoproliferative Lesions in Children with AIDS

1. Hyperplasia involving
. Lymph nodes
. Peyer’s patches of ileum
. Lymphoid nodules in esophagus and colon
. Thymus
. Pulmonary lymphoid hyperplasia (PLH)
2. Lymphoplasmacytic infiltrates in
a. Lungs (lymphoid interstitial pneumonitis (LIP))
b. Salivary glands
c. Liver
d. Thymitis and multilocular thymic cyst
3. Polyclonal polymorphic B-cell lymphoproliferative disorder (PBLD) involving
. Lungs
. Liver, spleen, lymph nodes
. Kidneys
. Salivary glands
. Muscle, periadrenal fat
Myoepithelial sialadenitis
Myoepithelial sialadenitis with focal lymphoma
MALT lymphoma (involving nodal and extranodal sites)
Non-MALT lymphoma (involving nodal and extranodal sites)

o QLN T

o Qn T

NSO

Modified from: Balarezo and Joshi (2002), with permission.

Coagulation Abnormalities
The following abnormalities occur:

e Dysregulation of immunoglobulin production may affect the coagulation cascade through antibody-mediated
effects. The dysregulation of immunoglobulin production may also occasionally result in beneficial effects, as
in the resolution of anti-Factor VIII antibodies in HIV-infected patients with hemophilia.

¢ Lupus-like anticoagulant (antiphospholipid antibodies) or anticardiolipin antibodies occur in 82% of patients.
The titers or specificities have not led to thrombosis in most patients.

e Thrombosis may occur secondary to protein S deficiency. Low levels of protein S occur in 73% of patients.

Role of Hematopoietic Growth Factors in Acquired Immunodeficiency Syndrome

* rHuEPO results in a significant improvement in Hct and reduces transfusion requirements while the patient is
receiving AZT. rHUEPO therapy should be initiated if the erythropoietin level is less than 500 IU/1.

e G-CSFin a dose of 5 mg/kg/day SC is the most widely used growth factor in neutropenia.

* GM-CSF at doses starting at 250 pg/day is also effective but has more side effects than G-CSF and is used less often.

Cancers in Children with Human Immunodeficiency Virus Infection

Malignancies in children with HIV infection are not as common as in adults. Table 2.7 lists the AIDS-related
neoplasms in children with HIV infection and Table 2.8 lists the spectrum of lymphoproliferative lesions in
children with AIDS.
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NHL is the most common malignancy secondary to HIV infection in children. It is usually of B-cell origin as
in Burkitt's (small non-cleaved cell) or immunoblastic (large cell) NHL. The mean age at presentation of malig-
nancy in congenitally transmitted disease is 35 months, with a range of 6—62 months. In transfusion-transmitted
disease, the latency from the time of HIV seroconversion to the onset of lymphoma is 22—88 months. The CD4
lymphocyte count is less than 50/mm? at the time of diagnosis of the malignancy.

The presenting manifestations include:

¢ Fever

e Weight loss

¢ Extranodal manifestations (e.g., hepatomegaly, jaundice, abdominal distention, bone marrow involvement, or
central nervous system (CNS) symptoms). Some patients will already have had lymphoproliferative diseases
such as lymphocytic interstitial pneumonitis or pulmonary lymphoid hyperplasia. These children usually have
advanced (stage III or IV) disease at the time of presentation. Children with CNS lymphomas present with
developmental delay or loss of developmental milestones or encephalopathy (dementia, cranial nerve palsies,
seizures, or hemiparesis). Differential diagnosis includes infections such as toxoplasmosis, cryptococcosis, or
tuberculosis. Contrast-enhanced computed tomography (CT) studies of the brain show hyperdense mass
lesions that are usually multicentric or periventricular. CNS lymphomas in AIDS are fast-growing and often
have central necrosis and a “rim of enhancement” as in an infectious lesion. A stereotactic biopsy will provide
a definitive diagnosis.

Treatment of HIV Infection-Related Lymphomas Treatment consists of standard protocols as described in
Chapter 22 on NHL. In addition, a concomitant approach to improving HIV viral load is critical in achieving pos-
itive survival outcomes in infected patients. Treatment of CNS lymphomas is more difficult. Intrathecal therapy
is indicated even for those without evidence of meningeal or mass lesions at diagnosis of NHL. Radiation therapy
may be a helpful adjunct for CNS involvement.

The following are more favorable prognostic features in NHL secondary to AIDS:

CD4 lymphocyte count above 100/mm?
Normal serum LDH level

No prior AIDS-related symptoms

Good Karnofsky score (80—100).

Proliferative Lesions of Mucosa-Associated Lymphoid Tissue Mucosa-associated lymphoid tissue (MALT) shows
reactive lymphoid follicles with prominent marginal zones containing centrocyte-like cells, lymphocytic
infiltration of the epithelium (lymphoepithelial lesion), and the presence of plasma cells under the surface epithe-
lium. These lesions may be associated with the mucosa of the gastrointestinal tract, Waldeyer’s ring, salivary
glands, respiratory tract, thyroid, and thymus. Proliferative lesions of MALT can be benign or malignant (such as
lymphomas). The proliferative lesions arising from MALT form a spectrum or a continuum extending from reac-
tive to neoplastic lesions. The neoplastic lesions are usually low grade, but may progress into high-grade MALT
lymphomas. MALT lymphomas characteristically remain localized, but if dissemination occurs, they are usually
confined to the regional lymph nodes and other MALT sites. MALT lesions represent a category of pediatric
HIV-associated disease that may arise from a combination of viral etiologies, including HIV, EBV, and CMV.

Treatment of Low-Grade MALT Lymphoma

1. o-Interferon: 1 million units/m? SC three times a week (continued until regression of disease or severe toxicity
occurs).

2. Rituxan (monoclonal antibody-anti-CD20): 375 mg/m? IV weekly for 4 weeks (courses may be repeated as
clinically indicated). Some patients may not require any treatment because of the indolent nature of the
disease.

Leiomyosarcomas and Leiomyomas

Malignant or benign smooth muscle tumors, leiomyosarcomas (LS) and leiomyomas (LM), are the second
most common type of tumor in children with HIV infection. The incidence in HIV patients is 4.8% (in
non-HIV children, it is 2 per million). The most common sites of presentation are the lungs, spleen, and
gastrointestinal tract. Patients with endobronchial LM or LS often have multiple nodules in the pulmonary
parenchyma. Bloody diarrhea, abdominal pain, or signs of obstruction may signal intraluminal bowel lesions.
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These tumors are clearly associated with EBV infection. In situ hybridization and quantitative polymerase
chain reaction studies of LM and LS demonstrated that high copy numbers of EBV are present in every tumor
cell. The EBV receptor (CD21/C3d) is present on tumor tissue at very high concentrations but it is present
at lower concentrations in normal smooth muscle or control LM/LS that had no EBV DNA in them. In AIDS
patients, the EBV receptor may be unregulated, allowing EBV to enter the muscle cells and cause their
transformation.

Treatment:

Complete surgical resection where possible

Radiation therapy

Decreasing viral load in patients if they present with an acceleration
Possible use of immunomodulators or chemotherapy.

Kaposi Sarcoma

Kaposi Sarcoma (KS) is rare in children and constitutes the third most common malignancy in pediatric AIDS
patients; it occurs in 25% of adults with AIDS. KS occurs only in those HIV-infected children who were born to
mothers with HIV. The lymphadenopathic form of KS is seen mostly in Haitian and African children and may
represent the epidemic form of KS unrelated to AIDS. The cutaneous form is a true indicator of the disease
related to AIDS. Visceral involvement has not been pathologically documented in children with AIDS. The
incidence is falling in patients with early HAART treatment as KS is an AIDS-defining cancer.

Leukemias

Almost all HIV-associated leukemia is of B-cell origin. They represent the fourth most common malignancy in
children with AIDS. The clinical presentation and biologic features are similar to those found in non-HIV chil-
dren. Treatment involves chemotherapy designed for B-cell leukemia and lymphomas, as well as lowering viral
load where necessary.

Miscellaneous Tumors

There is no increase in Hodgkin disease in children with AIDS. Children with AIDS rarely develop hepatoblas-
toma, embryonal rhabdomyosarcoma, fibrosarcoma, and papillary carcinoma of the thyroid. The occurrence of
these tumors is probably unrelated to the HIV infection.

Infections

Torchs

This is a group of congenital infections including toxoplasma, rubella, CMV, herpes simplex virus (HSV), and
syphilis. They can all cause neonatal anemia, jaundice, thrombocytopenia, and hepatosplenomegaly. They have
significant sequelae so prevention, early identification and treatment are required.

Salmonella typhi

Typhoid fever usually produces profound leukopenia and neutropenia in the initial stages of the illness and is
often accompanied by thrombocytopenia. Bone marrow examination may show marrow suppression but also
hematophagocytosis. Diminished absolute eosinophil counts may be a clue to the diagnosis.

Acute Infectious Lymphocytosis

Acute infectious lymphocytosis is caused by a Coxsackie virus and is a rare benign, self-limiting childhood con-
dition. It is associated with a low-grade fever, diarrhea, and marked lymphocytosis (50,000/mm?). Lymphocytes
are mainly CD4 T-cells. The condition resolves in 2—3 weeks without treatment.

Bartonellosis

Bartonellosis is caused by a Gram-negative bacillus Bartonella bacilliformis confined to the mountain valleys of
the Andes. The vector is a local sand fly. Infection from this organism causes a fatal syndrome of severe hemo-
lytic anemia with fever (Oroya fever). Another species of Bartonella, B. hensele causes cat scratch fever. It is asso-
ciated with a regional lymphadenitis following a scratch by a cat. Thrombocytopenia may occur in this condition.
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Tuberculosis

Tuberculosis is caused by Mycobacterium tuberculosis. Hematologic manifestations include leukemoid reaction
mimicking CML, monocytosis, and rarely pancytopenia from diffuse granulomatous marrow infiltration (often
associated with leukoerythroblasosis).

Leptospirosis (Weil Disease)

This disease is caused by a leptospira, L. icterohemorrhagiae. A coagulopathy occurs which is complex and can
be corrected with vitamin K administration. Thrombocytopenia commonly occurs and is the cause of bleeding
when this occurs.

Parasitic Illnesses Associated with Marked Hematologic Sequelae

Malaria
The etiology of anemia in acute infections is multifactorial:

* Intracellular parasite metabolism alters negative charges on the RBC membrane, which causes altered
permeability with increased osmotic fragility. Spleen removes the damaged RBC or the parasites are “pitted”
during the passage from spleen which results in microspherocytes of RBC.

¢ Autoimmune hemolytic anemia may also occur. An IgG antibody is formed against the parasite and resulting
immune complex attaches nonspecifically to RBC, complement is activated and cell destruction occurs.
Positive Coombs test due to IgG is found in 50% of patients with Plasmodium falcifarum malariae.

¢ Thrombocytopenia without DIC is common. IgG antimalarial antibody bonds to the platelet-bound malaria
antigen and the IgG platelet parasite complex is removed by the reticuloendothelial system.

Babesiosis

Babesiosis is caused by several species from the genus Babesia that colonize erythrocytes. It is a zoonotic dis-
ease transmitted by the Ixodid tick and has similar clinical features to malaria. The clinical features include fever,
myalgia and arthralgia with hepatosplenomegaly and hemolysis. Blood film may reveal intraerythrocytic tropho-
zoites arranged in the form of a “Maltese cross.”

Leishmaniasis

The protozoal species Leishmania causes progressive splenomegaly and subsequent pancytopenia (anemia, neu-
tropenia, and thrombocytopenia). The bone marrow is usually hypercellular with hemophagocytosis. Some chil-
dren may show coagulopathy.

Hookworm
Worldwide hookworm is a major cause of iron-deficiency anemia. Two species infest humans:

* Ancylostoma duodenale is found in the Mediterranean region, North Africa, and the west coast of South
America.
e Necator americanus is found in most of Africa, Southeast Asia, Pacific islands, and Australia.

Hookworms penetrate exposed skin, usually soles of bare feet and migrate through the circulation to the right
side of the heart, then lungs (causing hypereosinophilic syndrome), through the airway down to the esophagus.
They mature in the small intestine and attach their mouthparts to the mucosa. They suck blood, with each adult
A. duodenale consuming about 0.2 ml/day. Heavily infested children may present with profound iron-deficiency
anemia, hypoproteinemia, and marked eosinophilia.

Tapeworm

Diphyllobothrium latum is a fish tapeworm. It is acquired by eating uncooked freshwater fish. This worm
infestation in the intestine results in vitamin By, deficiency.
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Trypanosomiasis

This disease may cause immune-mediated anemia and less often thrombocytopenia and neutropenia. More
importantly, as making the diagnosis is so important for survival, the trypanosomes are more likely to be seen
early in the illness on classic thick smears.

LEAD INTOXICATION

The most striking hematologic feature of lead intoxication is basophilic stippling (coarse basophilia) of red cells.
It is caused by precipitation of denatured mitochondria secondary to inhibition of prymidine-5-nucleotidase.
Lead also produces ring sideroblasts in the marrow and it is associated with hypochromic microcytic anemia and
markedly elevated free erythrocyte protoporphyrin levels.

NUTRITIONAL DISORDERS

Protein-Calorie Malnutrition

Protein deficiency in the presence of adequate carbohydrate caloric intake (kwashiorkor) is associated with
mild normochromic, normocytic anemia secondary to reduced RBC production despite normal or increased
erythropoietin levels as well as reduced red cell survival. Protein-calorie malnutrition is also associated with
impaired leukocyte function.

Scurvy

Mild anemia is common. There is a bleeding tendency due to loss of vascular integrity which may result in
petechiae, subperiosteal, orbital or subdural hemorrhages. Hematuria and melena may occur.

Anorexia Nervosa
Anorexia nervosa is associated with hematologic changes which may be helpful in diagnosis:

* Red cell morphology is striking for the unusual morphology of acanthocytosis. This occurs due to acquired
hypobetalipoproteinemia secondary to nutritional failure

e Mild anemia (macrocytic), neutropenia, and thrombocytopenia

¢ Mild predisposition to infection associated with neutropenia

¢ Gelatinous changes of bone marrow which may become severely hypoplastic.

BONE MARROW INFILTRATION

The bone marrow may be infiltrated by non-neoplastic disease (storage disease), granulomata from infection,
sarcoid or rheumatologic disease, or neoplastic disease. In storage disease, a diagnosis is made on the basis of the
family history, clinical picture, enzyme assays of white cells or cultured fibroblasts, and bone marrow aspiration
revealing the characteristic cells of the disorder. Mutation analysis, where available, is the standard for diagnosis.
Differential diagnosis of granulomatous conditions begins with recognition of the granulomas in bone marrow
morphology (with culture if suspicious at the time of bone marrow examination). Neoplastic disease may arise de
novo in the marrow (leukemias) or invade the marrow as metastases from solid tumors (neuroblastoma or rhab-
domyosarcoma). Table 2.9 lists the diseases that may infiltrate the marrow.

Gaucher Disease

Gaucher disease is the most common lysosomal storage disease, resulting from deficient activity of
B-glucocerebrosidase. It is inherited in an autosomal-recessive manner. There are more than 200 mutations identi-
fied in the B-glucocerebrosidase gene located on 1q21, including point mutations, crossovers, and recombinations,
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TABLE 2.9 Diseases Invading Bone Marrow

1. Non-neoplastic
a. Storage diseases
i. Gaucher disease
ii. Niemann—Pick disease
iii. Cystine storage disease
b. Marble bone disease (osteopetrosis)
c. Langerhans cell histiocytosis (see Chapter 20)
2. Neoplastic
a. Primary
i. Leukemia (see Chapters 18 and 19)
b. Secondary
i. Neuroblastoma (see Chapter 24)
ii. Non-Hodgkin lymphoma (see Chapter 22)
iii. Hodgkin lymphoma (see Chapter 21)
iv. Wilms tumor (rarely) (see Chapter 25)
v. Retinoblastoma (see Chapter 28)
vi. Rhabdomyosarcoma (see Chapter 26)

/ Monocytes

Macrophages |——»

Marrow 0
macrophages Splenic
macrophages
Bone R B

osteoclasts

Liver

' Kupffer cells Lung

macrophages

FIGURE 2.3 Diagram of the cellular pathophysiology of Gaucher disease. Monocytes are produced in the bone marrow and mature to
macrophages in the marrow or in specific sites of distribution, such as liver Kupffer cells, bone osteoclasts, and lung and tissue macrophages.
Once resident, they accumulate glucosylceramide by phagocytosis and become end-stage Gaucher cells. Source: From Grabowski and Leslie
(2000), with permission.

yet prediction of clinical course can only be broadly ascribed on the basis of genotyping. Generally, the presence
of the 1226G (N370S) mutation on one allele is synonymous with type-I disease (i.e., it is apparently protective
against neurologic involvement), whereas homozygosity for the allele 1488C (L444P) is invariably correlated with
neurological disease. The degree of clinical involvement differs greatly in individual patients, even those with the
same genotype and those affected within the same family.

Pathogenesis

B-Glucocerebrosidase is necessary for the catabolism of glucocerebroside. Deficiency of 3-glucocerebrosidase
leads to accumulation of glucocerebroside in the lysosomes of macrophages in tissues of the reticuloendothelial
system. Figure 2.3 shows a diagram of the cellular pathophysiology of Gaucher disease. Accumulation in splenic
macrophages and in the Kupffer cells of the liver produces hepatosplenomegaly.

Hypersplenism produces anemia and thrombocytopenia. Glucocerebroside accumulation in the bone marrow
results in osteopenia, lytic lesions, pathologic fractures, chronic bone pain, bone infarcts, osteonecrosis, and acute
excruciating bone crises.

Gaucher disease is classified into three types based on the presence and degree of neuronal involvement.
Table 2.10 outlines the clinical manifestations of the three types of Gaucher disease.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



BONE MARROW INFILTRATION 25

TABLE 2.10 Clinical Manifestations of Subtypes of Gaucher Disease
Type 1 Type 11 Type III
Characteristic Symptomatic Asymptomatic Infantile Neonatal IITa IIIb IIIc
Most common 1226G compound 1226G None Two null None 1448C (L444P) 1342C
genotype heterozygous (IN370S) mutations homozygous (D409H)
homozygous homozygous
Ethnic Ashkenazi Jews Ashkenazi None None None Norbottnians Palestinian
predilection Jews (Northern Arab
Sweden) Japanese
Common Hepatosplenomegaly ~ None OMA Hydrops OMA Myoclonic OMA Cardiac
presenting Hypersplenism Strabismus fetalis seizures Hepatospleno- valve
features Bleeding Bone Pains Opisthotonus ~ Congenital megaly Growth calcification
Trismus icthyosis retardation
Central None None Severe Lethal Slow progressive OMA Slow OMA
nervous neurological cognitive
system deterioration deterioration
involvement
Bone Mild to severe None None None Mild Moderate to severe Small
involvement
Lung None to severe None Severe Severe Mild to Moderate to severe Small
involvement moderate
Enzyme Indicated and efficient Not indicated Ethically Not relevant ~Recommended for visceral features only
replacement problematic
therapy
Life Normal Normal Death before Neonatal Death during Possible survival ~ Survival to
expectancy age 2 years death childhood to adulthood teenage

OMA, oculomotor apraxia.

From: Elstein et al. (2001), with permission.

Patients with type 1 Gaucher disease (non-neuropathic), which accounts for 90% of all cases of Gaucher dis-

ease, present with:

Asymptomatic splenomegaly (rarely, portal hypertension develops). Splenic infarction is common and
presents with pain, rigid abdomen, and fever. Splenic nuclide scanning is helpful in the presence of an acute
abdomen.

Pancytopenia secondary to hypersplenism (rarely from infiltration of the bone marrow with Gaucher cells).
Skeletal manifestations include bone marrow infiltration with Erlenmeyer flask deformity from bone marrow
expansion, generalized bone mineral loss, and infarction on radiographs. The resultant osteopenia and
infarction can lead to pathologic fractures.

Bone crises characterized by fever and excruciating local pain most frequently along femurs.

Growth delay: 50% of the symptomatic children are at or below the third percentile for height and another
25% are shorter than expected based on their mid-parental height.

Typical Gaucher cells in the bone marrow.”

Decreased glucocerebrosidase activity of white cells.

Characteristic mutations of the 3-glucocerebrosidase gene on chromosome 1 on DNA analysis.

Diagnosis

B-Glucocerebrosidase assay on leukocytes or cultured skin fibroblasts is the most efficient method of diagnosis

in the absence of molecular testing. The typical child with type 1 Gaucher disease will have enzyme activity that
is 10—30% of normal.

?Large tissue cells of macrophage origin. Cytoplasm is pale gray-blue and they have eccentrically placed nuclei. Morphologically
“Gaucher-like” cells are observed in chronic granulomatous disease, thalassemia, multiple myeloma, Hodgkin disease, AIDS, and acute
lymphoblastic leukemia, but can be readily distinguished from true Gaucher cells.
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Further Evaluation

1. DNA evaluation for 3-glucocerebrosidase gene abnormalities in patient, parents, and siblings

2. CBC: Often, if a patient presents with no prior diagnosis, pancytopenia, splenomegaly, and
leukoerythroblastosis (appearance of early white cell forms, nucleated red cells, and tear drop red cells)
leads to a concern for leukemia. Of interest is the common appearance of the CBC that may make a
diagnosis of Gaucher disease more likely

. Serum chemistry with liver function tests

. Acid phosphatase level

Angiotensin-converting enzyme

. Chitotriosidase

. Liver:spleen volume

. MRI of femora

. Bone density of the spine and hips (DXA)

10. Chest radiograph.

© PN U W

Treatment

Enzyme replacement therapy (ERT) is recommended for the treatment of symptomatic type 1 patients.
Recombinant human macrophage-targeted human glucocerebrosidase (imiglucerase, Cerezyme)” is used for ERT.
The initial dose is 30—60 units/kg IV every 2 weeks. The initial dose must be individualized for each patient
based on disease severity and rate of progression. The maintenance dose is 15—60 units/kg IV every 2 weeks.
Children who require treatment need to continue therapy indefinitely to maintain their clinical improvement.
Prolonged periods without therapy are not appropriate.

Substrate reduction therapy (SRT) is available using miglustat (Zavesca; Actelion Pharmaceuticals, Allschwill,
Switzerland). Miglustat is an inhibitor of glucosylceramide (GlcCer) synthase, the enzyme responsible for
GlcCer synthesis and hence synthesis of all GlcCer-based glycolipids. Unlike Cerezyme, Zavesca is given orally
and does cross the blood—brain barrier. It is important to note that Zavesca causes a number of side effects.
Currently the role of substrate reduction is still evolving. See Table 2.10 for ERT in the other types of Gaucher
disease.

Recommendations for monitoring of children with type 1 Gaucher disease receiving and not receiving enzyme
replacement therapy are outlined in Table 2.11.

Iron therapy in Gaucher patients with anemia is not recommended, because Gaucher cells avidly take up iron,
which leads to hemochromatosis and decreased iron availability for erythropoiesis.

Response to Therapy

The earliest response is an improvement in hematologic parameters. A progressive decrease in liver/spleen
size is regarded as a positive response. Skeletal response occurs more slowly (after 2—4 years), along with a
decrease in pain and bone crises.

Approximately 5% of patients develop hypersensitivity to ERT. These reactions respond to interruption of
infusion and administration of antihistamine and glucocorticoids. Subsequent reactions can usually be prevented
by reducing the initial rate of infusion, so that no more than 10 units/min are administered. These reactions
commonly occur during the first 12 months of treatment. For this reason, the first year of treatment should be
administered under the direct supervision of a physician. Following one year therapy can be administered at
home by home nursing services. The non-neutralizing IgG antibodies that develop in up to 13% of patients are
not clinically relevant.

Niemann—Pick Disease

Niemann—Pick disease types A and B result from deficient activity of acid sphingomyelinase, encoded by
a gene on chromosome 11. The defect results in accumulation of sphingomyelin in the monocyte—macrophage

*Manufactured by Genzyme, Cambridge, MA.
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TABLE 2.11 Recommendations for Monitoring Children with Type 1 Gaucher Disease (Minimal Evaluations Only)

Patients not receiving Patients receiving enzyme therapy
enzyme therapy

All patients, Every12  Every12—24 Every 3 Every 12 At time of

baseline months months months”  months® dose change

HEMATOLOGIC

Hemoglobin X X

Platelet count X

Acid phosphatase (total, non-prostatic), angiotensin

converting enzyme, chitotriosidase”
VISCERALS

Spleen volume (volumetric MRI or CT) X

Liver volume (volumetric MRI or CT) X
SKELETAL"

MRI (coronal; T1- and T2-weighted) of entire femora®

Radiograph: AP view of entire femora® and view

of lateral spine

Bone density (DEXA): spine and hips X X Every 1224

months

QUALITY OF LIFEf

Patient reported functional health and well-being X X X

“For patients who have reached clinical goals and for whom there has been no change in dose, the frequency of monitoring can be decreased to every 12—24 months.

One or more of these markers should be consistently monitored (at least once every 12 months) in conjunction with other clinical assessments of disease activity and response to
treatment. Of the three currently recommended biochemical markers, chitotriosidase activity, when available as a validated procedure from an experienced laboratory, may be the
most sensitive indicator of changing disease activity and is therefore preferred.

“Obtain contiguous transaxial 10-mm-thick sections for sum of region of interest.

 Additional skeletal assessments that are optional include bone age for patients =14 years old. Follow-up is recommended if baseline is abnormal.

“Optimally, obtain hips to below knees. As an alternative, obtain hips to distal femur.

/deally, quality of life should be assessed every 6 months using a standard and valid instrument.

DEXA, dual energy X-ray absorptiometry.

From: Charrow et al. (2004), with permission.

system. The progressive deposition of sphingomyelin in the CNS leads to type A and in non-neuronal tissues
leads to type B. Type C is a neuronopathic form that results from the defective cholesterol transport.

Clinical Manifestations
Depending on the type, Niemann—Pick disease has classic signs, including;
* Hepatosplenomegaly.
* Cherry red spot in macula.
* Psychomotor deterioration.

e Reticular pulmonary infiltrates.
* Foamy cells in the bone marrow.

Diagnosis

Diagnosis involves examining leukocytes or cultured fibroblasts to determine sphingomyelinase activity.

Treatment

There is no specific treatment for Niemann—Pick disease. Miglustat (a GlcCer synthase inhibitor) may have
some marginal value. Bone marrow transplant has helped a few specific subtypes of patients (type B).
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Splenectomy in type B patients frequently causes progression of pulmonary disease and should be avoided
if possible.

“Foam Cells” in Bone Marrow

Foam cells, with numerous uniform vacuoles often described as having a “honeycomb” appearance, are seen
in the bone marrow in the following conditions:

¢ Neimann—Pick disease (types A, B, C, D)

* Gml gangliosidosis (type 1)

* Gm2 gangliosidosis (Sandhoff variant)

* Lactosyl ceramidosis

* Sialidosis I

* Sialidosis 1II, late infantile type

* Mucolipidosis II

* Mucolipidosis III

* Mucolipidosis IV

¢ Fucosidosis

* Mannosidosis

* Neuronal ceroid-lipofuscinosis

¢ Farber’s disease

* Wolman'’s disease

® Cholesteryl ester storage disease

* Cerebrotendinous xanthomatosis

¢ Chronic hyperlipidemia

¢ Chronic corticosteroid therapy

* Hematologic malignancies (e.g., Hodgkin disease, leukemia, myeloma)
* Hematologic disease (e.g., aplastic anemia, ITP).

Careful history (including ethnic and family history), physical examination, examination of bone marrow
using phase electron microscopy, and special stains and enzyme assays on white blood cells or cultured skin
fibroblasts and liver biopsy for biochemical analysis can assist in making a specific diagnosis of these storage
diseases.

Cystinosis
An autosomal-recessive defect, cystinosis is associated with generalized deposits of cystine in the tissues.

Cystinosis occurs in the first year of life with the following manifestations:

e Thermal instability, polydipsia, polyuria

* Failure to thrive

* Recurrent episodes of vomiting and dehydration

e Dwarfism and rickets often prominent

e Early renal involvement with tubular dysfunction manifesting as a secondary Fanconi syndrome, leading to
chronic renal failure.

Diagnosis

e Cystine crystals in the bone marrow
* Elevated cystine levels in leukocytes or fibroblasts.

Infantile Malignant Osteopetrosis (Marble Bone Disease)

Osteopetrosis is a hereditary disorder that may be present in either a severe or a mild form.
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Severe Form (Autosomal Recessive)

The marrow space is progressively obliterated by excessive osseous growth. The difficulty in obtaining
marrow by aspiration is a diagnostic clue. Radiologic changes are characteristic and diagnostic, consisting of
generalized osteosclerosis. The cranial foramina progressively narrows resulting in blindness due to optic
atrophy, deafness, and other cranial nerve lesions.

The hematologic characteristics include the following:

* Progressive pancytopenia due to encroachment on the hematopoietic marrow by the overgrowth of bone

¢ Compensatory extramedullary hematopoiesis with resultant leukoerythroblastic anemia (circulating
normoblasts, teardrop-shaped poikilocytosis, and early myelocytes), hepatosplenomegaly, and
lymphadenopathy

* Bone marrow hypoplasia

e Hemolysis due to splenic sequestration of red cells and perhaps general overactivity of the reticuloendothelial
system.

Treatment

Allogeneic stem cell transplantation provides multipotent hematopoietic stem cells, which serve as a source of
normal osteoclasts.

Mild Form (Autosomal Dominant)
Pathologic fractures occur in sclerotic bone. Nerve entrapment syndromes may also be present.

Neoplastic Disease
Neoplastic disease can be associated with the following hematologic alterations:

* Hemorrhage

* Nutritional deficiency states

e Dyserythropoietic anemias (including erythroid hypoplasia, sideroblastic anemia, and anemia similar to that
seen in chronic inflammation)

¢ Defect in erythropoietin production

* Hemodilution

* Hemolysis

¢ Pancytopenia secondary to marrow invasion or to cytotoxic therapy

* Acquired von Willebrand disease as in Wilms tumor

¢ Hypercoagulable states as in NHL

¢ Coagulopathy as in acute promyelocytic leukemia

¢ Leukoerythroblastic anemia and marrow

¢ Infiltration

¢ Cytotoxic drug therapy.

Marrow infiltration is suspected when leukoerythroblastic anemia develops. This term signifies the presence
of myelocytes, normoblasts, and teardrop-shaped red cells with anemia, thrombocytopenia, and neutropenia.
This presentation is due to extramedullary erythropoiesis that occurs when the marrow is infiltrated, permitting
the escape of early myeloid and erythroid cells into the circulation. Normal blood findings, however, do not
exclude marrow infiltration.

Bone marrow examination frequently demonstrates infiltration with tumor cells in the presence of pancytope-
nia. Because metastatic bone marrow involvement from solid tumors may be patchy, a single aspiration is not
diagnostic. At least two aspirates and two biopsies should be performed.

The hematologic alterations associated with malignancy should be managed supportively and resolve if the
underlying neoplasms can be successfully treated.

Table 2.12 summarizes some of the peripheral blood manifestations of systemic illness.
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TABLE 2.12  Peripheral Blood Manifestations of Systemic Illness

Condition Red blood cells (RBC) White blood cells (WBC) Platelets Comments
Hypersplenism  Spherocytes, schistocytes Leucopenia Thrombocytopenia Splenectomy usually corrects
the peripheral blood changes
Hyposplenism  Target cells, Howell—Jolly Thrombocytosis
bodies
Leuco- Teardrop-shaped cells, Leucocytosis (increased immature Thrombocytopenia Triad of NRBC,
erythroblastosis tailed RBCs, nucleated granulocytes) teardrop-shaped cells and
(marrow RBCs immature granulocytes
infiltration)
Megaloblastosis Macrocytosis, fragmentation Leucopenia, Hypersegmented Thrombocytopenia Deficiency of By, folic acid
granulocytes
MALIGNANCY
Acute Anemia Lymphoblasts, leucopenia, Thrombocytopenia Pancytopenia due to marrow
lymphoblastic Hyperleucocytosis infiltration
leukemia (ALL)
Acute myeloid Myeloblasts, hyperleucocytosis, Thrombocytopenia Pancytopenia due to marrow
leukemia increased promyelocytes (M3), infiltration
(AML) monocytes (M5), and
eosinophils (M5eo)
Hodgkin Immune hemolytic anemia  Eosinophilia, neutrophilia Thrombocytopenia These paraneoplastic
disease manifestations can precede the
illness
INFECTIONS
Sepsis Agglutination, rouleaux Neutrophilic changes include toxic Thrombocytosis, ~ Presence of immature myeloid
(especially formation, hemolytic granulation, Déhle bodies, cytoplasmic ~ thrombocytopenia precursors indicate leukemoid
bacterial anemia vacuolation reaction
infections):
e AIH, warm  Nucleated RBCs, Leucocytosis, rarely leucopenia Thrombocytopenia Common causes include
antibody spherocytes, schistocytes pneumococcal infection,
type typhoid fever, hepatitis C
e AIH, cold Agglutination, rarely Reactive lymphocytes Thrombocytopenia Mycoplasma, parvovirus,
agglutinin erythrophagocytosis legionella, Chlamydia, EBV,
type CMV, VZV, HIV
e AIH, cold Spherocytes. Intravascular Thrombocytopenia Measles, mumps, influenza-A,
IgG antibody hemolysis adenovirus
type
Bacterial Granulocytes may contain Relapsing fever (Borellia
infections Staphylococcus aureus, Streptococcus, recurrentis), legionella, and
Pneumococcus, meningococci, Clostridia Klebsiella can have extracellular
and Bartonella. Ehrlichiosis (morula organisms in the smear
within neutrophils/monocytes)
Parasitic Intracellular parasitic forms Eosinophilia, trophozoite forms of Extracellular forms include
infections seen in malaria, babesiosis ~ Toxoplasma in neutrophils and filariasis (microfilariae),
monocytes trypanosomiasis
(trypomastigote forms)
Fungal Candida, Histoplasma and Cryptococcus in Candida and Cryptococcus can
infections neutrophils and monocytes also be found extracellularly
Viral infections  Rouleaux formation and Reactive lymphocytosis Thrombocytopenia Rarely plasma cells seen in

acquired Pelger—Huet
anomaly in HIV
Agglutination in EBV
infection

(Downey type II) in EBV infection

Hepatitis B, C infections

NRBC, nucleated red blood cells; ATH, autoimmune hemolytic anemia.
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CHAPTER

3

Classification and Diagnosis of
Anemia in Children

Philip Lanzkowsky

CLASSIFICATION AND DIAGNOSIS

Anemia can be defined as a reduction in hemoglobin concentration, hematocrit, or number of red blood cells
per cubic millimeter. The lower limit of the normal range is set at two standard deviations below the mean for
age and sex for the normal population.'

This definition will result in 2.5% of the normal population being classified as anemic and by definition 2.5%
of the population may receive unnecessary hematological investigations. Clinicians should be cognizant of this
and temper investigations of the patient in the light of other clinical and laboratory findings.

The first step in diagnosis of anemia is to establish whether the abnormality is isolated to a single cell line (red
blood cells only) or whether it is part of a multiple cell line abnormality (red cells, white cells, and platelets).
Abnormalities of two- or three-cell lines usually indicate one of the following:

* bone marrow involvement (e.g., aplastic anemia, leukemia), or

* an immunologic disorder (e.g., connective tissue disease or immunoneutropenia, idiopathic thrombocytopenic
purpura (ITP), or immune hemolytic anemia singly or in combination), or

* sequestration of cells (e.g., hypersplenism).

Table 3.1 presents an etiologic classification of anemia and the diagnostic features in each case.
Once the anemia has been established to be exclusively a red cell problem a useful approach to understanding
the anemia is to separate it into two pathogenetic categories

1. Disorders of depressed red cell formation due to ineffectual erythropoeisis in which the marrow has many
erythroblasts and there is a reticulocytosis or failure of erythropoiesis in which there is a paucity of erythroblasts in
the marrow, an absolute erythroblastopenia and there is a reticulocytopenia (usually due to marrow failure diseases).

2. Disorders of erythrocyte destruction (hemolysis) or red cell loss (hemorrhage).

The blood smear is very helpful in the diagnosis of anemia. It establishes whether the anemia is hypochromic,
microcytic, normocytic, macrocytic, or shows specific morphologic abnormalities suggestive of red cell membrane
disorders (e.g., spherocytes, stomatocytosis, or elliptocytosis) or hemoglobinopathies (e.g., sickle cell disease, thal-
assemia). Table 3.2 lists the differential diagnoses based on the specific red cell morphological abnormalities.

The mean corpuscular volume (MCV) confirms the findings on the smear with reference to red cell size,
for example, microcytic (<70 fI), macrocytic (> 85 fI), or normocytic (72—79 fl). Figure 3.1 delineates diagnosis of ane-
mia by examination of the smear and consideration of the MCV value. The mean corpuscular hemoglobin (MCH)
and mean corpuscular hemoglobin concentration (MCHC) are calculated values and generally of less diagnostic
value. The MCH usually parallels the MCV. The MCHC is a measure of cellular hydration status. A high value
(>35 g/dl) is characteristic of spherocytosis and a low value is commonly associated with iron deficiency.

!Children with cyanotic congenital heart disease, chronic respiratory insufficiency, arteriovenous pulmonary shunts, or hemoglobinopathies
that alter oxygen affinity can be functionally anemic with hemoglobin levels in the normal range.
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TABLE 3.1 Etiologic Classification and Major Diagnostic Features of Anemia in Children

Etiologic classification Diagnostic features

1. Impaired red cell formation
a. Deficiency
i. Decreased dietary intake (e.g., excessive cows” milk (iron-deficiency anemia), vegan (vitamin B, deficiency))

ii. Increased demand, for example, growth (iron) hemolysis (folic acid)

iii. Decreased absorption
Specific: intrinsic factor lack (vitamin By,)
Generalized: malabsorption syndrome (e.g., folic acid, iron)

iv. Impairment in red cell formation can result from one of the following deficiencies:

i. Iron deficiency Hypochromic, microcytic red cells; low MCV, low MCH, low MCHC,

high RDW,” low serum ferritin, high FEP, guaiac positivity

ii. Folate deficiency Macrocytic red cells, high MCV, high RDW, megaloblastic marrow,
low serum, and red cell folate

iii. Vitamin By, deficiency Macrocytic red cells, high MCV, high RDW, megaloblastic marrow,
low serum By, decreased gastric acidity; Schilling test positive

iv. Vitamin C deficiency Clinical scurvy

v. Protein deficiency Kwashiorkor

vi. Vitamin Bg deficiency Hypochromic red cells, sideroblastic bone marrow, high serum ferritin

vii. Thyroxine deficiency Clinical hypothyroidism, low T4, high TSH

b. Bone marrow failure
i. Failure of a single cell line

Megakaryocytes”
Amegakaryocytic thrombocytopenic purpura Limb abnormalities, thrombocytopenic purpura absent
with absent radii (TAR) megakaryocytes
Red cell precursors
Congenital red cell aplasia (Diamond—Blackfan Absent red cell precursors
anemia)
Acquired red cell aplasia (transient Absent red cell precursors

erythroblastopenia of childhood, TEC)
White cell precursors”

Congenital neutropenias Neutropenia, recurrent infection
ii. Failure of all cell lines (characterized by pancytopenia and acellular or hypocellular marrow)

Congenital
Fanconi anemia Multiple congenital anomalies, chromosomal breakage
Familial without anomalies Familial history, no congenital anomalies
Dyskeratosis congenita Marked mucosal and cutaneous abnormalities

Acquired
Idiopathic No identifiable cause
Secondary History of exposure to drugs, radiation, household toxins, infections;

(parvovirus B19, HIV) associated immunologic disease
iii. Infiltration
Benign (e.g., osteopetrosis, storage diseases)

Malignant primary (e.g., leukemia, myelofibrosis) Bone marrow: morphology, cytochemistry, immunologic markers,
cytogenetics, molecular features
Secondary (e.g., neuroblastoma, lymphoma) VMA, imaging studies, skeletal survey, bone marrow
iv. Dyshematopoietic anemias (decreased erythropoiesis, decreased iron utilization)
Anemia of chronic disease Evidence of systemic illness
Renal failure and hepatic disease BUN and liver function tests
Disseminated malignancy Clinical evidence
Connective tissue diseases Rheumatoid arthritis
Malnutrition Clinical evidence
Sideroblastic anemias Hypochromic anemia, ring sideroblasts

Overt or occult guaiac positive
1. Blood loss
2. Hemolytic anemia

a. Corpuscular Splenomegaly, jaundice
i. Membrane defects (spherocytosis, elliptocytosis) Morphology, osmotic fragility
ii. Enzymatic defects (pyruvate kinase, G6PD) Autohemolysis, enzyme assays
iii. Hemoglobin defects
Heme
Globin
Qualitative (e.g., sickle cell) Hb electrophoresis
Quantitative (e.g., thalassemia) Quantitative HbF, A, content

(Continued)

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



34
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TABLE 3.1 (Continued)

Etiologic classification Diagnostic features

b. Extracorpuscular

i

. Immune Direct antiglobulin test (Coombs’ test)

Isoimmune

Autoimmune
Idiopathic Direct antiglobulin test, antibody identification
Secondary
Immunologic disorder (e.g., lupus) Decreased Cs, C4, CHso-positive ANA
One-cell line (e.g., red cells) Anemia—direct antiglobulin test positive
Multiple cell line (e.g., white blood cells, platelets) Neutropenia—immunotropenia, thrombocytopenia—ITP

ii. Nonimmune (idiopathic, secondary)

“RDW 5 coefficient of variation of the RBC distribution width (normal between 11.5% and 14.5%).
YNot associated with anemia.

FEP, free erythrocyte protoporphyrin; G6PD, glucose-6-phosphate dehydrogenase; Hb, hemoglobin; ITP, idiopathic thrombocytopenic purpura, MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell; RDW, red cell distribution
width (see definition); VMA, vanillylmandelic acid.

TABLE 3.2 Specific Red Cell Morphologic Abnormalities

1. Target cells
Increased surface/volume ratio (generally does not affect red cell survival)

i
ii.

ii.
iv.

vii.
viii.

Thalassemic syndromes
Hemoglobinopathies
— Hb ACorCC
— HbSS, SC, S-Thal
— HBbE (heterozygote and homozygote)
— HbD
Obstructive liver disease
Postsplenectomy or hyposplenic states

. Severe iron deficiency
Vi.

LCAT deficiency: congenital disorder of lecithin/cholesterol acyltransferase deficiency (corneal opacifications, proteinuria,
target cells, moderately severe anemia)

Abetalipoproteinemia

Hereditary xerocytosis

2. Spherocytes
Decreased surface/volume ratio, hyperdense (>MCHC)

i.
ii.
iii.
iv.
V.
vi.
vii.
viii.
ix.
X.
xi.

Hereditary spherocytosis

ABO incompatibility: antibody-coated fragment of RBC membrane removed
Autoimmune hemolytic anemia: antibody-coated fragment of RBC membrane removed
G6PD deficiency

Microangiopathic hemolytic anemia (MAHA): fragment of RBC lost after impact with abnormal surface
SS disease: fragment of RBC removed in reticuloendothelial system

Hypersplenism

Burns: fragment of damaged RBC removed by spleen

Posttransfusion

Pyruvate kinase deficiency

Water-dilution hemolysis: fragment of damaged RBC removed by spleen

3. Acanthocytes (spur cells)”
Cells with 5—10 spicules of varying length; spicules irregular in space and thickness, with wide bases; appear smaller than
normal cells because they assume a spheroid shape

i.
ii.
iii.
iv.
V.
Vi.

vii.

Liver disease

Disseminated intravascular coagulation (and other MAHA)
Postsplenectomy or hyposplenic state

Vitamin E deficiency

Hypothyroidism

Abetalipoproteinemia: rare congenital disorder; 50—100% of cells acanthocytes; associated abnormalities (fat malabsorption, retinitis

pigmentosa, neurologic abnormalities)
Malabsorptive states
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4. Echinocytes (burr cells)”

10—30 spicules equal in size and evenly distributed over RBC surface; caused by alteration in extracellular or intracellular environment

i. Artifact
ii. Renal failure
iii. Dehydration
iv. Liver disease
v. Pyruvate kinase deficiency
vi. Peptic ulcer disease or gastric carcinoma
vii. Immediately after red cell transfusion
viii. Rare congenital anemias due to decreased intracellular potassium
5. Pyknocytes”
Distorted, hyperchromic, contracted RBC; can be similar to echinocytes and acanthocytes
6. Schistocytes

Helmet, triangular shapes, or small fragments. Caused by fragmentation upon impact with abnormal vascular surface (e.g., fibrin strand,

vasculitis, artificial surface in circulation)
i. Disseminated intravascular coagulation (DIC)
ii. Severe hemolytic anemia (e.g., G6PD deficiency)
iii. MAHA
iv. Hemolytic uremic syndrome
v. Prosthetic cardiac valve, abnormal cardiac valve, cardiac patch, coarctation of the aorta
vi. Connective tissue disorder (e.g., SLE)
vii. Kasabach—Merritt syndrome
viii. Purpura fulminans
ix. Renal vein thrombosis
x. Burns (spheroschistocytes as a result of heat)
xi. Thrombotic thrombocytopenia purpura
xii. Homograft rejection
xiii. Uremia, acute tubular necrosis, glomerulonephritis
xiv. Malignant hypertension
xv. Systemic amyloidosis
xvi. Liver cirrhosis
xvii. Disseminated carcinomatosis
xviii. Chronic relapsing schistocytic hemolytic anemia
7. Elliptocytes
Elliptical cells, normochromic; seen normally in less than 1% of RBCs; larger numbers occasionally seen in a normal patient
i. Hereditary elliptocytosis
ii. Iron deficiency (increased with severity, hypochromic)
iii. SS disease
iv. Thalassemia major
v. Severe bacterial infection
vi. SA trait
vii. Leukoerythroblastic reaction
viii. Megaloblastic anemias
ix. Any anemia may occasionally present with up to 10% elliptocytes
x. Malaria
8. Teardrop cells
Shape of drop, usually microcytic, often also hypochromic
i. Newborn
ii. Thalassemia major
iii. Leukoerythroblastic reaction
iv. Myeloproliferative syndromes
9. Stomatocytes
Has a slit-like area of central pallor
i. Normal (in small numbers)
ii. Hereditary stomatocytosis
iii. Artifact
iv. Thalassemia
v. Acute alcoholism
vi. Rh null disease (absence of Rh complex)
vii. Liver disease
viii. Malignancies
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TABLE 3.2 (Continued)

10. Nucleated red blood cells
Not normal in the peripheral blood beyond the first week of life
i. Newborn (first 3—4 days)
ii. Intense bone marrow stimulation
— Hypoxia (especially postcardiac arrest)
— Acute bleeding
— Severe hemolytic anemia (e.g., thalassemia, SS hemoglobinopathy)
iii. Congenital infections (e.g., sepsis, congenital syphilis, CMV, rubella)
iv. Postsplenectomy or hyposplenic states: spleen normally removes nucleated RBC
v. Leukoerythroblastic reaction: seen with extramedullary hematopoiesis and bone marrow replacement; most commonly leukemia or
solid tumor—fungal and mycobacterial infection may also do this; leukoerythroblastic reaction is also associated with teardrop red
cells, 10,000—20,000 WBC with small to moderate numbers of metamyelocytes, myelocytes, and promyelocytes; thrombocytosis with
large bizarre platelets
vi. Megaloblastic anemia
vii. Dyserythropoietic anemias
11. Blister cells
i. Red cell area under membrane, free of hemoglobin, appearing like a blister
ii. G6PD deficiency (during hemolytic episode)
iii. SS disease
iv. Pulmonary emboli
12. Basophilic stippling
Coarse or fine punctate basophilic inclusions that represent aggregates of ribosomal RNA
i. Hemolytic anemias (e.g., thalassemia trait)
ii. Iron-deficiency anemia
iii. Lead poisoning
13. Howell—Jolly bodies
Small, well-defined, round, densely stained nuclear-remnant inclusions; 1 mm in diameter; centric in location
i. Postsplenectomy or hyposplenia
ii. Newborn
iii. Megaloblastic anemias
iv. Dyserythropoietic anemias
v. A variety of types of anemias (rarely iron-deficiency anemia, hereditary spherocytosis)
14. Cabot’s Ring bodies
Nuclear remnant ring configuration inclusions
i. Pernicious anemia
ii. Lead toxicity
15. Heinz bodies
Denatured aggregated hemoglobin
i. Normal in newborn
ii. Thalassemia
iii. Asplenia
iv. Chronic liver disease
v. Heinz body hemolytic anemia

“May be morphologically indistinguishable.

MCV and red cell distribution width (RDW) indices, available from automated electronic blood-counting
equipment, are extremely helpful in defining the morphology and the nature of the anemia and have led to a
classification based on these indices (Table 3.3).

The MCV and reticulocyte count are helpful in the differential diagnosis of anemia (Figure 3.2). An elevated
reticulocyte count suggests chronic blood loss or hemolysis; a normal or depressed count suggests impaired red
cell formation. The reticulocyte count must be adjusted for the level of anemia to obtain the reticulocyte index,” a
more accurate reflection of erythropoiesis. In patients with bleeding or hemolysis, the reticulocyte index should
be at least 3%, whereas in patients with anemia due to decreased production of red cells, the reticulocyte index
is <3% and frequently <1.5%.

Reticulocyte index = reticulocyte count X patient’s hematocrit/normal hematocrit. Example: reticulocyte count 6%, hematocrit 15%,
reticulocyte index = 6 X 15/45 = 2%.
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Blood smear

i

v

'

Hypochromic microcytic Macrocytic*
MCV low MCV high

(red cell size <70 fl)

Iron-deficiency anemia
Thalassemia, o or B
Sideroblastic anemia
Chronic disease
Infection
Cancer
Inflammation
Renal disease
Lead toxicity
Hemoglobin E trait
Atransferrinemia
Inborn errors of iron
metabolism
Copper deficiency
Severe malnutrition

(red cell size >85 fl)

Normal newborn
Increased erythropoiesis
Postsplenectomy
Liver disease**
Obstructive jaundice**
Aplastic anemia
Hypothyroidism
Megaloblastic anemias
Down syndrome
Syndromes with elevated
Hgb F
Myelodysplastic syndromes
Diamond-Blackfan anemia
Fanconi anemia
Pearson syndrome
Paroxysmal nocturnal
hemoglobinuria
Drugs (methotrexate,
mercaptopurine, phenytoin)

*

v ‘v

Normocytic Specific
MCYV normal see Table
(red cell size 72—79 fl) 3.2
Acute blood loss
Infection
Renal failure

Connective tissue disorder
Liver disease
Disseminated malignancy
Early iron deficiency
Aplastic anemia
Bone marrow infiltration
Dyserythropoietic anemia
Hemolysis
RBC enzyme deficiency
RBC membrane defects
Hypersplenism
Drugs

FIGURE 3.1 An approach to the diagnosis of anemia by examination of the blood smear. *Spurious macrocytosis (high MCV) may be
caused by macroagglutinated red cells (e.g., Mycoplasma pneumoniae and autoimmune hemolytic anemia). *Increased number of reticulocytes.
**On the basis of increased membrane resulting in an increased membrane/volume ratio. Increased membrane results from exchanges
between red cell lipids and altered lipid balance in these conditions.

TABLE 3.3 Classification of Nature of the Anemia Based on MCV and RDW

MCV low MCYV normal MCV high
RDW normal Microcytic homogeneous Normocytic homogeneous Macrocytic homogeneous
Heterozygous thalassemia Normal Inherited bone marrow
failure syndromes
Chronic disease Chronic disease Preleukemia
Chronic liver disease
Non-anemic hemoglobinopathy (e.g., AS,
AC)
Chemotherapy
Chronic myelocytic leukemia
Hemorrhage
Hereditary spherocytosis
RDW high Microcytic heterogeneous Normocytic heterogeneous Macrocytic heterogeneous

Iron deficiency
S 3-thalassemia
Hemoglobin H
Red cell

Fragmentation disorders

Early iron or folate deficiency
Mixed deficiencies
Hemoglobinopathy (e.g., SS)
Myelofibrosis

Sideroblastic anemia

Folate deficiency
Vitamin By, deficiency
Immune hemolytic anemia

Cold agglutinins

MCV, mean corpuscular volume; RDW, red cell distribution width, which is coefficient of variation of RBC distribution width (normal, 11.5-14.5%).
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Anemia (Decreased hemoglobin

and hematocrit)

| MCV |
Low Normal High
Iron deficiency Folate deficiency
Thalassemia Vitamin B4, deficiency
Lead poisoning Aplastic anemia
Chronic disease Preleukemia
Immune hemolytic anemia
Liver disease
Reticulocyte count
High Low

White cell and platelet count
Normal High Low Normal Increased
. ) Bone marrow Pure red cell aplasia Infection
Hemorrhage Hemolytic anemia : ) )
depression Diamond-Blackfan anemia
| Malignancy Transient erythroblastopenia of
Aplastic anemia childhood (TEC)
Direct antiglobulin test Congenital
Acquired
Negative Positive
(a) Corpuscular Extracorpuscular
Hemoglobinopathies Autoimmune hemolytic anemia
Hemoglobin electrophoresis Primary
Enzymopathies Secondary (e.g., connective tissue disease, drugs)
Enzyme assays Isoimmune Hemolytic Disease
Membrane defects Rh, ABO, mismatched transfusion
Morphology,

autohemolysis,
osmotic fragility

(b) Extracorpuscular

Idiopathic
Secondary
(drugs, infection,
microangiopathic)

FIGURE 3.2 Approach to the diagnosis of anemia by MCV and reticulocyte count.

In more refractory cases of anemia, bone marrow examination may be indicated. A bone marrow smear should
be stained for iron, where indicated, to estimate iron stores and to diagnose the presence of a sideroblastic ane-
mia. Bone marrow examination may indicate a normoblastic, megaloblastic, or sideroblastic morphology.
Figure 3.3 presents the causes of each of these findings.

Table 3.5 lists various laboratory studies helpful in the investigation of a patient with anemia.
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Bone marrow erthroid series FIGURE 3.3 Causes of normoblastic, meg-
s v v aloblastic, and sideroblastic bone marrow
. . . . morphology.
Normoblastic Megaloblastic Sideroblastic

| | |

Iron-deficiency anemia Vitamin B, deficiency Hereditary/congenital
Infection Folic acid deficiency Acquired clonal
Renal disease Miscellaneous Acquired reversible
Malignancy Congenital disorders in
Connective tissue DNA synthesis

disorders Acquired disorders in
Hemolytic anemia DNA synthesis

Drug-induced

TABLE 3.4 The Clinical Features Suggestive of a Hemolytic Process

Ethnic factors:—incidence of sickle gene carrier in the black population (8%), high incidence of thalassemia trait in people of Mediterranean
ancestry and high incidence of glucose-6-phosphate dehydrogenase (G6PD) deficiency among Sephardic Jews

Age factors:—anemia and jaundice in an Rh-positive infant born to a mother who is Rh negative or a group A or group B infant born to a
group O mother (setting for a hemolytic anemia)

History of anemia, jaundice, or gallstones in family

Persistent or recurrent anemia associated with reticulocytosis

Anemia unresponsive to hematinics

Intermittent bouts or persistent indirect hyperbilirubinemia

Splenomegaly

Hemoglobinuria

Presence of multiple gallstones

Chronic leg ulcers

Development of anemia or hemoglobinuria after exposure to certain drugs

Cyanosis without cardiorespiratory distress

Polycythemia: 2,3-diphosphoglycerate mutase deficiency

Dark urine due to dipyrroluria: unstable hemoglobins, thalassemia, and ineffective erythropoiesis

The investigation of anemia entails the following steps:

Detailed history. Table 3.1 lists the various causes of anemia with the associated diagnostic laboratory and
clinical features.

Complete blood count, to establish whether the anemia is only due to a one-cell line (red cell line) or part of a
three-cell line abnormality (abnormality of red cell count, white blood cell count, and platelet count).
Determination of the morphologic characteristics of the anemia based on blood smear (Table 3.2) and
consideration of the MCV (Figures 3.1, 3.2 and Table 3.3) and RDW (Table 3.3) and morphologic consideration
of white blood cell and platelet morphology.

Reticulocyte count as a reflection of erythropoiesis (Figure 3.2).

Determination of whether there is evidence of a hemolytic process by:

Consideration of the clinical features suggesting hemolytic disease (Table 3.4).

Laboratory demonstration of the presence of a hemolytic process (Table 3.5).

Determination of the precise cause of the hemolytic anemia by special hematologic investigations (Table 3.5).
Bone marrow aspiration, if required, to examine erythroid, myeloid, and megakaryocytic morphology to
determine whether there is normoblastic, megaloblastic, or sideroblastic erythropoiesis and to exclude marrow
pathology (e.g., aplastic anemia, leukemia, and benign or malignant infiltration of the bone marrow) (Figure 3.3).
Determination of underlying cause of anemia by additional tests (Table 3.5).

Few symptoms occur until the hemoglobin level falls below 7—8 g/dl after which pallor becomes evident in
the skin and mucus membranes, weakness tachycardia and tachypnea on exertion may occur. Physiological
adjustments to anemia include:

Tachycardia and increased cardiac output.

Increased 2,3-DPG within red cells resulting in a “shift to the left” of the oxygen dissociation curve which

reduces affinity of hemoglobin for oxygen resulting in more complete transfer of oxygen to tissues.
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TABLE 3.5 Laboratory Studies in the Investigation of a Patient with Anemia

1. Usual initial studies

2

3

a.
b.
C.
d.
e.
f.

. Su
a.
b.
c.
d.
e.

. Su

a.

b.

C.

d.
e.

Hemoglobin and hematocrit determination

Erythrocyte count and red cell indices, including MCV and RDW
Reticulocyte count

Study of stained blood smear

Leukocyte count and differential count

Platelet count

spected iron deficiency

Free erythrocyte protoporphyrin

Serum ferritin levels

Stool for occult blood

99mTe pertechnetate scan for Meckel’s diverticulum—if indicated
Endoscopy (upper and lower bowel)—if indicated

spected vitamin B, or folic acid deficiency

Bone marrow

Serum vitamin By, level

Serum folate level

Gastric analysis after histamine injection

Vitamin B;, absorption test (radioactive cobalt) (Schilling test)

4. Suspected hemolytic anemia

a.

C.

d.

Evidence of red cell breakdown
i. Blood smear—red cell fragments (schistocytes), spherocytes, target cells
ii. Increased unconjugated bilirubin-urinary and blood
iii. Lower or absent serum haptoglobin (normal level 125 + 25 mg/dl)

iv. Raised plasma hemoglobin level (normal level <1 mg hemoglobin per dl of plasma, visibly red plasma when hemoglobin >50 mg

per dl of plasma)

v. Increased fecal and urinary urobilinogen

vi. Hemoglobinuria (Figure 9.3 lists the causes of hemoglobinuria)
vii. Hemosiderinuria (due to sloughing of iron-laden tubular cells into urine)
viii. Raised plasma methemalbumin and methemoglobin
Evidence of increased erythropoeisis (in response to hemoglobin reduction)

i. Reticulocytosis—frequently up to 10—20%; rarely, as high as 80%
ii. Increased MCV due to the presence of reticulocytosis and increased RDW as the hemoglobin level falls
iii. Increased normoblasts in blood smear

iv. Specific morphologic abnormalities—sickle cells, target cells, basophilic stippling, irregularly contracted cells (schistocytes), and

spherocytes
v. Erythroid hyperplasia of the bone marrow—erthroid /myeloid ratio in the marrow increasing from 1:5 to 1:1
vi. Expansion of marrow space in chronic hemolysis resulting in:
— prominence of frontal bones
— broad cheekbones
— widened intratrabecular spaces, hair-on-end appearance of skull radiographs
— biconcave vertebrae with fish-mouth intervertebral spaces
Evidence of type of corpuscular hemolytic anemia
a. Membrane defects
i. Blood smear: spherocytes, ovalocytes, pyknocytes, stomatocytes
ii. Osmotic fragility test (fresh and incubated)
iii. Autohemolysis test
b. Hemoglobin defects
i. Blood smear: sickle cells, target cells
ii. Sickling test
iii. Hemoglobin electrophoresis
iv. Quantitative hemoglobin F determination
v. Kleihauer—Betke smear
vi. Heat-stability test for unstable hemoglobin
c. Enzymes defects
i. Heinz-body preparation
ii. Autohemolysis test
iii. Specific enzyme assay
Evidence of type of extracorpuscular hemolytic anemia
a. Immune
i. Direct antiglobulin test: IgG (gamma), Cu3 (complement), broad-spectrum, both gamma and complement
ii. Flow cytometric analysis of red cells with monoclonal antibodies to GP1-linked surface antigens for PNH
iii. Donath—Landsteiner antibody
iv. ANA
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TABLE 3.5 (Continued)

5. Suspected aplastic anemia or leukemia
a. Bone marrow (aspiration and biopsy)—cytochemistry, immunologic markers, chromosome analysis
b. Skeletal radiographs
6. Other tests often used especially to diagnose the primary disease
a. Viral serology, for example, HIV
b. ANA, complement, CHs,
c. Blood urea, creatinine, T4, TSH
d. Tissue biopsy (skin, lymph node, liver)

Further Reading and References

Bessman, ].D., Gilmer, P.R., Gardner, F.H., 1983. Improved classification of anemias by MCV and RDW. Am. J. Clin. Pathol. 80, 322.

Blanchette, V., Zipursky, A., 1984. Assessment of anemia in newborn infants. Clin. Perinatol. 11, 489.

Lanzkowsky, P., 1980. Diagnosis of anemia in the neonatal period and during childhood, p. 3. Pediatric Hematology-Oncology: A Treatise for
the Clinician. McGraw-Hill, New York, NY.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY


http://refhub.elsevier.com/B978-0-12-801368-7.00003-X/sbref1
http://refhub.elsevier.com/B978-0-12-801368-7.00003-X/sbref2
http://refhub.elsevier.com/B978-0-12-801368-7.00003-X/sbref3
http://refhub.elsevier.com/B978-0-12-801368-7.00003-X/sbref3

CHAPTER

4

Lymphadenopathy and Diseases of the Spleen

Philip Lanzkowsky

Lymphadenopathy and splenomegaly are common findings in children. Both benign and malignant processes
can produce these findings and it is important to distinguish between the two so that appropriate management
can be undertaken.

LYMPHADENOPATHY

Enlarged lymph nodes are commonly found in children. Lymphadenopathy might be caused by proliferation
of cells intrinsic to the node, such as lymphocytes, plasma cells, monocytes, or histiocytes, or by infiltration
of cells extrinsic to the node, such as neutrophils and malignant cells. In most instances, lymphadenopathy
represents transient, self-limited proliferative responses to local or generalized infections.

Reactive hyperplasia, defined as a polyclonal proliferation of one or more cell types, is the most frequent
diagnosis found in lymph node biopsies in children.

Lymphadenopathy, however, may be a presenting sign of malignancies such as leukemia, lymphoma, or
neuroblastoma. It is important to be able to differentiate benign from malignant lymphadenopathy clinically.
Lymphadenopathy in the head and neck region must be differentiated from several other nonlymphatic masses
due to congenital malformations (Table 4.1).

Systematic palpation of the lymph nodes is important and should include examination of the occipital, posterior
auricular, preauricular, tonsillar, submandibular, submental, upper anterior cervical, lower anterior cervical, posterior
upper and lower cervical, supraclavicular, infraclavicular, axillary, epitrochlear, and popliteal lymph nodes. Many
children have small palpable nodes in the cervical, axillary, and inguinal regions which are usually benign in nature.

When a child presents with lymphadenopathy, management is based on the following factors.

History

This involves the duration of the lymphadenopathy; presence of fever; recent upper respiratory tract
infection; sore throat; skin lesions or abrasions, or other infections in the lymphatic region drained by the
enlarged lymph nodes; immunizations; medications; previous cat scratches, rodent bites, or tick bites; arthralgia;
sexual history; transfusion history; travel history; and consumption of unpasteurized milk. Significant weight
loss, night sweats, or other systemic symptoms should also be recorded as part of the patient’s history.

Age

Although in young children cervical lymphadenopathy, especially in the upper cervical region, is usually
due to infection, more serious disorders may have to be considered.

In children younger than 6 years, the most common cancers of the head and neck are neuroblastoma, rhabdo-
myosarcoma, leukemia, and non-Hodgkin lymphoma. In children 7—13 years of age, non-Hodgkin lymphoma
and Hodgkin lymphoma are equally common, followed by thyroid carcinoma and rhabdomyosarcoma; and
for those older than 13 years Hodgkin lymphoma is the more common cancer encountered.

Lanzkowsky's Manual of Pediatric Hematology and Oncology.
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TABLE 4.1 Differential Diagnosis of Nonlymph Node Masses in Neck

Cystic hygroma

Branchial cleft anomalies, branchial cysts

Thyroglossal duct cysts

Epidermoid cysts

Neonatal torticollis

Lateral process of lower cervical vertebra may be misdiagnosed as supraclavicular node

TABLE 4.2 Differential Diagnosis of Lymphadenopathy

1.

Nonspecific reactive hyperplasia (polyclonal)

2. Infection

4.

a. Bacterial: Staphylococcus, Streptococcus, anaerobes, tuberculosis, atypical mycobacteria, Bartonella henselae (cat scratch disease, brucellosis,
Salmonella typhi, diphtheria, Chlamydia trachomatis lymphogranuloma venereum), Calymmatobacterium granulomatis, Francisella tularensis

b. Viral: Epstein—Barr virus, cytomegalovirus, adenovirus, rhinovirus, coronavirus, respiratory syncytial virus, influenza, coxsackie virus,
rubella, rubeola, varicella, HIV, herpes simplex virus, human herpes virus 6 (HHV-6)

c. Protozoal: Toxoplasmosis, malaria, trypanosomiasis

d. Spirochetal: Syphilis, Rickettsia typhi (murine typhus)

e. Fungal: Coccidioidomycosis (valley fever), histoplasmosis, Cryptococcus, aspergillosis

f. Postvaccination: Smallpox, live attenuated measles, DPT, Salk vaccine, typhoid fever

. Connective tissue disorders

a. Rheumatoid arthritis

b. Systemic lupus erythematosus

Hypersensitivity states

a. Serum sickness

b. Drug reaction (e.g., Dilantin, mephenytoin, pyrimethamine, phenylbutazone, allopurinol, isoniazid, antileprosy, and antithyroid
medications)

. Lymphoproliferative disorders (Chapter 16)

a. Angioimmunoblastic lymphadenopathy with dysproteinemia
b. X-linked lymphoproliferative syndrome
c. Lymphomatoid granulomatosis
d. Sinus histiocytosis with massive lymphadenopathy (Rosai—Dorfman disease)
e. Castleman disease benign (giant lymph node hyperplasia, angiofollicular lymph node hyperplasia)
f. Autoimmune lymphoproliferative syndrome (ALPS) (Canale—Smith syndrome)
g. Posttransplantation lymphoproliferative disorder (PTLD)
Neoplastic diseases
a. Hodgkin and non-Hodgkin lymphomas
b. Leukemia
c. Metastatic disease from solid tumors: neuroblastoma, nasopharyngeal carcinoma, rhabdomyosarcoma, thyroid cancer
d. Histiocytosis
i. Langerhans cell histiocytosis
ii. Familial hemophagocytic lymphohistiocytosis
iii. Macrophage activation syndrome
iv. Malignant histiocytosis

. Storage diseases

a. Niemann—Pick disease
b. Gaucher disease
c. Cystinosis

. Immunodeficiency states

a. Chronic granulomatous disease
b. Leukocyte adhesion deficiency
c. Primary dysgammaglobulinemia with lymphadenopathy

. Miscellaneous causes

. Kawasaki disease (mucocutaneous lymph node syndrome)

. Kikuchi—Fujimoto disease (self-limiting histiocytic necrotizing lymphadenitis)

. Sarcoidosis

. Beryllium exposure

. Hyperthyroidism

. Periodic fever, aphthous stomatitis, pharyngitis and cervical adenitis syndrome (PFAPA syndrome)

-0 N T
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Location

Enlargement of tonsillar and inguinal lymph nodes is most likely secondary to localized infection; enlargement of
supraclavicular and axillary lymph nodes is more likely to be of a serious nature. Enlargement of the left supraclavi-
cular node, in particular, should suggest a malignant disease (e.g., lymphoma or rhabdomyosarcoma) arising in the
abdomen and spreading via the thoracic duct to the left supraclavicular area. Enlargement of the right supraclavicu-
lar node indicates intrathoracic lesions because this node drains the superior areas of the lungs and mediastinum.
Palpable supraclavicular nodes are an indication for a thorough search for intrathoracic or intraabdominal pathology.

Localized or Generalized

Lymphadenopathy is either localized (one region affected) or generalized (two or more noncontiguous lymph
node regions involved). Although localized lymphadenopathy is generally due to local infection in the region
drained by the particular lymph nodes, it may also be due to malignant disease, such as Hodgkin lymphoma or
neuroblastoma. Generalized lymphadenopathy is caused by many disease processes. Lymphadenopathy may ini-
tially be localized and subsequently become generalized.

Size

Nodes in excess of 2.5 cm should be regarded as pathologic. In addition, nodes that increase in size over time
are significant.

Character

Malignant nodes are generally firm and rubbery. They are usually not tender or erythematous. Occasionally, a rap-
idly growing malignant node may be tender. Nodes due to infection or inflammation are generally warm, tender, and
fluctuant. If infection is considered to be the cause of the adenopathy, it is reasonable to give a 2-week trial of antibio-
tics. If there is no reduction in the size of the lymph node within this period, careful observation of the lymph node is
necessary. If the size, location, and character of the node suggest malignant disease, the node should be biopsied.

Diagnosis of Lymphadenopathy

Table 4.2 outlines the differential diagnosis of lymphadenopathy.

Figure 4.1 provides a diagnostic algorithm for evaluation of mononucleosis-like illness and Figure 4.2 for diag-
nostic evaluation of cervical lymphadenitis.

The following investigations should be carried out to elucidate the cause of either localized or generalized
lymphadenopathy:

* Thorough history of infection, contact with rodents or cats, and systemic complaints.

Careful examination of the lymphadenopathy including size, consistency, mobility, warmth, tenderness, erythema,

fluctuation, and location. All the lymph-node-bearing areas as outlined above should be carefully examined.

Physical examination for evidence of hematologic disease, such as hepatosplenomegaly and petechiae.

Blood count and erythrocyte sedimentation rate (ESR).

Skin testing for tuberculosis.

Bacteriologic culture of regional lesions (e.g., throat).

Specific serologic tests for Epstein—Barr virus (EBV), Bartonella henselae (IFA), syphilis (VDRL) toxoplasmosis,

cytomegalovirus (CMV), human immunodeficiency virus (HIV), tularemia, brucellosis, histoplasmosis,

coccidioidomycosis.

® Chest radiograph and CT scan (if necessary); abdominal sonogram and CT, if indicated.

* Ultrasonography is useful in an acute setting in assessing whether a swelling is nodal in origin, an infected
cyst or other soft tissue mass. It may detect an abscess requiring drainage.

¢ EKG and echocardiogram if Kawasaki disease is suspected.

e Lymph node aspiration and culture; helpful in isolating the causative organism and deciding on an
appropriate antibiotic when infection is the cause of the lymphadenopathy.

* Fine needle aspiration; may yield a definite or preliminary cytologic diagnosis and occasionally obviate the
need for lymph node biopsy. It provides limited material in the event flow cytometry is required and negative
results cannot rule out a malignancy because the sample may be inadequate.
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* Bone marrow examination if leukemia or lymphoma is suspected.
¢ Lymph node biopsy is indicated if:
Initial physical examination and history suggest malignancy.
Lymph node size is greater than 2.5 cm in absence of signs of infection.
Lymph node persists or enlarges.
Appropriate antibiotics fail to shrink node within 2 weeks.
Supraclavicular adenopathy.

45

Close communication between surgeon, oncologist, and pathologist is critical to maximize results from lymph
node biopsy. In addition, the following precautions should be observed:

e Upper cervical and inguinal areas should be avoided; lower cervical and axillary nodes are more likely to give
reliable information.
¢ The largest node should be biopsied, not the most accessible one. The oncologist should select the node to be
biopsied in consultation with the surgeon.
* The node should be removed intact with the capsule, not piecemeal.
¢ The lymph node should be immediately submitted to the pathologist fresh or in sufficient tissue culture
medium to prevent the tissue from drying out. The node must not be left in strong light, where it will be
subject to heat and it should not be wrapped in dry gauze, which may produce a drying artifact. Fresh and
frozen samples should be set aside for additional studies, as noted below.

Fever, pharyngitis,
and
LAD present?

Yes

No

Pursue another diagnosis

| Heterophile test (“spot” test)

| Positive

Diagnosis of
heterophile-positive IM*

| Negative

| CBC with differential |

|
Of all WBCs: 250%
lymphocytes and/or
210% atypical
lymphocytes
|

| EBV anti-VCA IgM and IgG |

Of all WBCs: <50%
lymphocytes and
<10% atypical
lymphocytes

| EBV serologies positive |

| EBV serologies negative |

Presumptive diagnosis of Anti-CMV IgM
heterophile-negative EBV-induced and
IM Anti-HHV-6 IgM

| Serologies positive| |Serologies negative

Presumptive
diagnosis of MLI
caused by CMV or
HHV-6

Reassess patient’s history
and physical examination,
with special attention to
epidemiologic details and risk
factors potentially missed
initially

Specific diagnostic
testing guided
by consideration of other
diagnoses

FIGURE 4.1 Diagnostic algorithm
for evaluation of mononucleosis-like
illness (MLI). CMYV, cytomegalovirus;
EBV, Epstein—Barr virus; HHV-6, human
herpes virus 6; IM, infectious mononucle-
osis; LAD, lymphadenopathy; VCA, viral
capsid antigen; WBC, white blood cell.
*Consider possibility of false-positive
heterophile test due to HIV-1 before final-
izing diagnosis. Source: Adapted from Hurt
and Tammaro (2007), with permission.
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Cervical lymphadenitis

| ] |

| Small node (<3 cm) | | Large node (>3 cm) | | Small node (<3 cm) |

| |
Nonfluctuant Fluctuant Observe
| | | | Observe |

| | Culture possible primary focus;

: needle aspirate with stains i
Culture possible Culture possible and cuItEreS' Node size
) rimary focus: , persists or enlarges
primary focus p y ; blood culture: o
needle aspirate ) within 4—6 weeks
. . draw acute serum
with stains and
cultures
Good clinical response
[ - o _ but node remains
I Empiric antibiotic therapy for 2—-3 weeks l— large and tender
Cultures negative, no change in size or larger |
Continue empiric treatment Ultrasound to
CBC, ESR, CXR, PPD skin test look for
Serology (EBV, CMV, Toxoplasma gondii, VDRL, HIV fluctuance,
ASO titer, tularemia, B. henselae, Brucella, fungi) abscess
formation

Diagnosis in doubt;
node persists, enlarges,
is fixed to underlying
tissues, or is hard

Therapeutic needle
aspiration/incision
and drainage of
abscess

Excisional biopsy

FIGURE 4.2 Diagnostic evaluation of cervical lymphadenitis. ASO, antistreptolysin titer; CXR, chest radiography; CBC, complete
blood cell count; CMV, cytomegalovirus; EBV, Epstein—Barr virus; ESR, erythrocyte sedimentation rate; HIV, human immunodeficiency virus;
PPD, purified protein derivative; VDRL, Venereal Disease Research Laboratories. Source: Adapted from Gosche and Vick (2006), with permission.

Intraoperative frozen section and cytologic smears should be performed. These findings, together with the
clinical data, will determine which of the following additional studies may be required:

* Gram stain and culture (bacterial including mycobacterial, viral, and/or fungal) if clinically warranted or
if intraoperative frozen section suggests an infection.

¢ Tissue in tissue culture medium for cytogenetic analysis in cases of suspected malignancy. Smears or touch

preparations of the node on slides can be air dried for fluorescent in situ hybridization studies to confirm

certain malignancies.

Tissue frozen immediately for molecular studies.

Immunohistochemical stains to help differentiate and classify tumor types.

Flow cytometry for classifying and subtyping leukemias and lymphomas.

Gene rearrangement studies for the T-cell receptor and the immunoglobulin gene may be required to

determine monoclonality in leukemia or lymphoma. (These can be performed on fresh frozen tissue, or less

optimally in formalin-fixed paraffin-embedded tissue.)

* Formalin fixation for light microscopic analysis.

Once the cause of the lymphadenopathy is ascertained, appropriate management can be undertaken.
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DISEASES OF THE SPLEEN

The tip of the spleen is frequently palpable in otherwise normal infants and young children. It is usually
palpable in premature infants and in about 30% of full-term infants. It may normally be felt in children up to 3 or
4 years of age. At an older age, the spleen tip is generally not palpable below the costal margin and a palpable
spleen usually indicates splenic enlargement two to three times its normal size.

Asplenia

Congenital asplenia is found in the rare Ivemark syndrome—trilobed lungs, centralized liver, and cardiac
defects as well as a risk of infection. Diagnosis of asplenia (congenital or postsurgical) is made by the presence of
Howell—Jolly bodies and the presence of intracellular vesicles (appearing as pits or pocks) in erythrocytes and no
uptake by Tc99 colloid sulfur radionuclide.

Congenital Polysplenia

This condition is characterized by the presence of several spleens of varying size and function, hepatobiliary
abnormalities and cardiac anomalies.

Accessory Spleen

Accessory spleens occur in 15% of normal people and are usually present with no other abnormalities. The
most frequent location is the splenic hilum or the tail of the pancreas or other locations in the abdomen or pelvis.
Its identification is important when splenectomy is carried out for hematologic indications and the desired clini-
cal effect is not obtained due to a functional accessory spleen.

Splenosis

Splenosis is autotransplantation of splenic tissue into the peritoneum or omentum and results from rupture of
the spleen and spillage and subsequent implantation of splenocytes.

Sequestration of Spleen

Sequestration of the spleen refers to splenic enlargement when blood enters the spleen but is unable to exit prop-
erly, for example, sickle cell anemia in young infants and congenital spherocytosis, and is characterized by a sudden
severe drop in hemoglobin, occasionally hypovolemic shock, and abdominal pain in the left upper quadrant.

Splenoptosis (Splenic Visceroptosis)

Splenoptosis occurs when the spleen is not fixed within the retroperitoneum, and a palpable spleen may be
due to visceroptosis rather than true splenomegaly. This distinction is important to make so that extensive inves-
tigations for the cause of splenomegaly are not undertaken unnecessarily. Visceroptosis may result from congeni-
tal or acquired defects in the supporting mechanism responsible for maintaining the spleen in the correct
position. The visceroptosed spleen may be felt anywhere from the upper abdomen to the pelvis and may
undergo torsion. When the spleen is felt in the upper abdomen, it can easily be pushed under the left costal mar-
gin. This finding is helpful in diagnosing visceroptosis and in differentiating it from true splenomegaly.

In addition to this finding, an abdominal radiograph in the upright position may reveal intestinal gas bubbles
between the left dome of the diaphragm and the spleen. This sign may be helpful in differentiating true spleno-
megaly from visceroptosis of the spleen.
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SPLENOMEGALY

The significance of splenomegaly depends on the underlying disease. Splenomegaly can be caused by diseases
that result in hyperplasia of the lymphoid and reticuloendothelial systems (e.g., infections, connective tissue dis-
orders), infiltrative disorders (e.g., Gaucher disease, leukemia, lymphoma), hematologic disorders (e.g., thalasse-
mia, hereditary spherocytosis), and conditions that cause distention of the sinusoids whenever there is increased
pressure in the portal or splenic veins (portal hypertension). Table 4.3 lists the various causes of splenomegaly.

Diagnostic Approach to Splenomegaly

Detailed History

1. Fever or rigors indicative of infection (e.g., subacute bacterial endocarditis (SBE), infectious mononucleosis,
malaria).

2. History of neonatal omphalitis, umbilical venous catheterization leading to inferior vena cava, or portal vein
thrombosis resulting in portal hypertension.

. Jaundice (evidence of liver disease) leading to portal hypertension.

. Abnormal bleeding or bruising (hematologic malignancy).

. Family history of hemolytic anemia (e.g., hereditary spherocytosis or thalassemia major).

. Travel to endemic areas (e.g., malaria).

. Trauma (splenic hematoma).

NNV W

TABLE 4.3 Causes of Splenomegaly

1. Infectious splenomegaly (due to antigenic stimulation with hyperplasia of the reticuloendothelial and lymphoid systems)
a. Bacterial: Acute and chronic systemic infection, subacute bacterial endocarditis, abscesses, typhoid fever, miliary tuberculosis, tularemia,
plague
b. Viral: Infectious mononucleosis (Epstein—Barr virus), cytomegalovirus, HIV, hepatitis A, B, C
c. Spirochetal: Syphilis, Lyme disease, leptospirosis
d. Rickettsial: Rocky Mountain spotted fever, Q fever, typhus
e. Protozoal: Malaria, babesiosis, toxoplasmosis, Toxocara canis, Toxocara catis, leishmaniasis, schistosomiasis, trypanosomiasis
f. Fungal: Disseminated candidiasis, histoplasmosis, coccidioidomycosis, South American blastomycosis
2. Hematologic disorders
a. Hemolytic anemias, such as thalassemia, splenic sequestration crisis in sickle cell disease, hereditary spherocytosis
b. Extramedullary hematopoiesis, as in osteopetrosis and myelofibrosis
c. Myeloproliferative disorders (e.g., polycythemia vera, essential thrombocythemia)
3. Infiltrative splenomegaly
a. Nonmalignant
i. Langerhans cell histiocytosis
ii. Storage diseases such as Gaucher disease, Niemann—Pick disease, GM-1 gangliosidosis, glycogen storage disease type IV, Tangier
disease, Wolman disease, mucopolysaccharidoses, hyperchylomicronemia types I and IV, amyloidosis, and sarcoidosis
b. Malignant
i. Leukemia
ii. Lymphoma: Hodgkin and non-Hodgkin
4. Congestive splenomegaly
a. Intrahepatic (portal hypertension): Cirrhosis of the liver (e.g., neonatal hepatitis, aj-antitrypsin deficiency, Wilson disease, cystic
fibrosis)
b. Prehepatosplenic or portal vein obstruction (e.g., thrombosis, vascular malformations)
5. Immunologic diseases
a. Serum sickness, graft-versus-host disease (GVHD)
b. Connective tissue disorders (e.g., systemic lupus erythematosus, rheumatoid arthritis—Felty syndrome, mixed connective tissue
disorder, Sjogren syndrome, macrophage activation syndrome, systemic mastocytosis)
c. Common variable immunodeficiency
d. Autoimmune lymphoproliferative syndrome (ALPS) (Canale—Smith syndrome)
6. Primary splenic disorders
a. Cysts
b. Benign tumors (e.g., hemangioma, lymphangioma)
c. Hemorrhage in spleen (e.g., subcapsular hematoma)
d. Partial torsion of splenic pedicle leading to congestive splenomegaly, cyst, and abscess formation
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Physical Examination

1. Size of spleen (measured in centimeters below costal margin); consistency, tenderness, audible rub. It is critical
to differentiate splenoptosis from true enlargement of the spleen.

. Hepatomegaly.

Lymphadenopathy.

Fever.

Ecchymoses, purpura, petechiae.

. Stigmata of liver disease, such as jaundice, spider angiomata, or caput medusa.

. Stigmata of rheumatoid arthritis or SLE.

. Cardiac murmurs, Osler nodes, Janeway lesions, splinter hemorrhages, fundal hemorrhages as evidence of
SBE.

®NNU R LN

Laboratory Investigations

The extent to which the following investigations are undertaken must be guided by clinical judgment. It is not
necessary to perform all the evaluations. If the child appears well and the index of suspicion is low, it is reason-
able to do no further investigations and reexamine the child in 1-2 weeks. If the splenomegaly persists, the fol-
lowing investigations should be done:

e Blood count: Red cell indices, reticulocyte count, platelet count, differential white blood cell count, and blood
film (which may demonstrate evidence of hematologic malignancy, hemolytic disorders, viral and protozoal
infections).

* Evaluation for infection: Blood culture and viral studies (CMV, EBV panel, HIV, toxoplasmosis, smear for
malaria, tuberculin test).

* Evaluation for evidence of hemolytic disease: Blood count, reticulocyte count, blood smear, serum bilirubin,
urinary urobilinogen, direct antiglobulin test (Coombs test), and red cell enzyme assays (if indicated).

e Evaluation for liver disease: Liver function tests, oy-antitrypsin deficiency, serum copper, ceruloplasmin
(to exclude Wilson disease), and liver biopsy (if indicated).

* Evaluation for portal hypertension: Ultrasound and Doppler of portal venous system and endoscopy (if indicated
to exclude esophageal varices).

* Evaluation for connective tissue disease: ESR, C3, C4, CHs, antinuclear antibody, rheumatoid factor, urinalysis,
blood urea nitrogen, and serum creatinine.

* Evaluation for infiltrative disease (benign and malignant):

Bone marrow aspiration and biopsy, looking for blasts, Langerhans cell histiocytes, or storage cells.
Enzyme assay for Gaucher and other storage diseases.
* Lymph node biopsy: If there is significant lymphadenopathy, lymph node biopsy may provide the diagnosis.
o [maging studies:
Abdominal CT scan, if indicated.
Magnetic resonance imaging (MRI) if indicated.
Liver—spleen scans with **™Tc-sulfur colloid.

* Splenectomy or partial splenectomy: If less invasive studies have failed to provide the diagnosis, it may be
necessary to perform a splenectomy or a partial splenectomy on rare occasions to establish a diagnosis. Splenic
tissue must be processed for cultures and Gram stain, as well as for histology, flow cytometry, histochemical
stains, electron microscopy, and gene rearrangement studies.

Once the etiology of the splenomegaly is ascertained, further management for the underlying disorder can be
instituted.

Surgery Involving Spleen

Splenectomy is usually done laparoscopically and partial splenectomy has become a therapeutic alternative to
total splenectomy. Partial splenectomy leaving at least 20% splenic tissue is sufficient to preserve immune compe-
tence and is suitable when splenectomy is performed for indications other than for immune-mediated hemato-
logic disorders such as autoimmune hemolytic anemia or immune thrombocytopenic purpura.
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The primary risk of splenectomy is overwhelming postsplenectomy infection (OPSI) and sepsis. Risk factors
for OPSI are:

1. age of splenectomy—under 5 and especially infants under 2 years of age,
2. failure to receive presplenectomy immunization, and
3. noncompliance with prophylactic antibiotics

Reduction in incidence of OPSI can be achieved by:

1. presplenectomy immunization with protein conjugated vaccines against Streptococcus pneumoniae and
Haemophilus influenzae type b.

2. postsplenectomy prophylactic antibiotics.

3. prompt, early, and effective medical treatment for fever.
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CHAPTER

5

Anemia During the Neonatal Period

Philip Lanzkowsky

Anemia during the neonatal period is caused by:

* Hemorrhage: acute or chronic.

® Hemolysis: congenital hemolytic anemias or due to isoimmunization.

e Failure of red cell production: inherited bone marrow failure syndromes, for example, Diamond—Blackfan
anemia (pure red cell aplasia).

Table 5.1 lists the causes of anemia in the newborn.

HEMORRHAGE

Blood loss may occur during the prenatal, intranatal, or postnatal periods. Prenatal blood loss may be transpla-
cental, intraplacental, or retroplacental or may be due to a twin-to-twin transfusion.

Prenatal Blood Loss

Transplacental Fetomaternal

In 50% of pregnancies fetal cells can be demonstrated in the maternal circulation, in 8% the transfer of
blood is estimated to be between 0.5 and 40 ml and in 1% of cases exceeds 40 ml and is of sufficient magni-
tude to produce anemia in the infant. Transplacental blood loss may be acute or chronic. Table 5.2 lists the
characteristics of acute and chronic blood loss in the newborn. It may be secondary to procedures such as
diagnostic amniocentesis or external cephalic version. Fetomaternal hemorrhage is diagnosed by demonstrat-
ing fetal red cells by the acid-elution method of staining for fetal hemoglobin (Kleihauer—Betke technique) in
the maternal circulation. Diagnosis of fetomaternal hemorrhage may be missed in situations in which red cells
of the mother and infant have incompatible ABO blood groups. In such instances the infant’s A- and B-cells
are rapidly cleared from the maternal circulation by maternal anti-A or anti-B antibodies. In these cases an
increase in maternal immune anti-A anti-B titers in the weeks after delivery may be helpful. The optimal tim-
ing for demonstrating fetal cells in maternal blood is within 2 h of delivery and no later than the first 24 h
following delivery. This technique cannot be relied upon when maternal fetal hemoglobin is raised for other
reasons such as:

1. Maternal thalassemia minor.

2. Maternal sickle cell anemia.

3. Hereditary persistence of fetal hemoglobin.

4. Some normal women have a pregnancy-induced increase in fetal hemoglobin.

In the presence of these conditions other techniques based on differential agglutination have to be employed.
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TABLE 5.1 Causes of Anemia in the Newborn

1. Hemorrhage
a. Prenatal
i. Transplacental fetomaternal (spontaneous, traumatic amniocentesis, external cephalic version)
ii. Intraplacental
iii. Retroplacental
iv. Twin-to-twin transfusion
b. Intranatal
i. Umbilical cord abnormalities

Rupture of normal cord (unattended precipitous labor)

Rupture of varix or aneurysm of cord

Hematomas of cord or placenta

Rupture of anomalous aberrant vessels of cord (not protected by Wharton’s jelly)
Vasa previa (umbilical cord is presenting part)

Inadequate cord tying

ii. Placental abnormalities

Multilobular placenta (fragile communicating veins to main placenta)
Placenta previa—fetal blood loss predominantly

Abruptio placentae—maternal blood loss predominantly

Accidental incision of placenta during cesarean section

Traumatic amniocentesis

Placental chorioangioma

iii. Hemorrhagic diathesis

Plasma factor deficiency
Thrombocytopenia

c. Postnatal
i. External

Bleeding from umbilicus
Bleeding from gut
Iatrogenic (diagnostic venipuncture, postexchange transfusion)

ii. Internal

Cephal hematomata

Subgaleal (subaponeurotic) hemorrhage

Subdural or subarachnoid hemorrhage
Intracerebral hemorrhage

Intraventricular hemorrhage

Intra-abdominal hemorrhage

Retroperitoneal hemorrhage (may involve adrenals)
Subcapsular hematoma or rupture of liver
Ruptured spleen

Pulmonary hemorrhage

2. Hemolytic anemia (see Chapters 9—11)
a. Congenital erythrocyte defects
i. Membrane defects (with characteristic morphology)

Hereditary spherocytosis (p. 139)
Hereditary elliptocytosis (p. 143)
Hereditary stomatocytosis (p. 145)
Hereditary xerocytosis

Infantile pyknocytosis®
Pyropoikilocytosis

ii. Hemoglobin defects”

o-Thalassemia syndromes®

Single a-globin gene deletion (asymptomatic carrier state)

Two a-globin gene deletion (a-thalassemia trait)

Three a-globin gene deletion (hemoglobin H3, and hemoglobin Barts ~,)
Four a-globin gene deletion (death in utero or shortly after birth)
~B-Thalassemia

ey 63-Thalassemia

B-Thalassemia®

Unstable hemoglobins (Hb KéIn®, Hg Ziirich®, Hb F Poole®, Hb Hasharon®) (see Chapter 11)

iii. Enzyme defects

Embden—Meyerhof glycolytic pathway

Pyruvate kinase

Other enzymes, for example, 5'-nucleotidase deficiency, glucose phosphate isomerase deficiency
Hexose-monophosphate shunt

G6PD (Caucasian and Oriental) with or without drug exposure®

Enzymes concerned with glutathione reduction or synthesis®

(Continued)
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TABLE 5.1 (Continued)

b. Acquired erythrocyte defects
i. Immune

Maternal autoimmune hemolytic anemia
Isoimmune hemolytic anemia: Rh disease, ABO, minor blood groups (M, S, Kell, Duffy, Luther)

ii. Nonimmune

Infections (cytomegalovirus, toxoplasmosis, herpes simplex, rubella, adenovirus, malaria, syphilis, bacterial sepsis, e.g., Escherichia
coli)

Microangiopathic hemolytic anemia with or without disseminated intravascular coagulation: Disseminated herpes simplex,
coxsackie B infections, Gram-negative septicemia, renal vein thrombosis

Toxic exposure (drugs, chemicals) = G6PD = prematurity:“ Synthetic vitamin K analogs, maternal thiazide diuretics,
antimalarial agents, sulfonamides, naphthalene, aniline-dye marking ink, penicillin

Vitamin E deficiency

Metabolic disease (galactosemia, osteopetrosis)

3. Failure of red cell production
a. Congenital (Chapter 8)

i.
ii.
iii.
iv.
V.
Vi.
vii.

Diamond—Blackfan anemia (pure red cell aplasia)
Dyskeratosis congenita

Fanconi anemia

Aase syndrome

Pearson syndrome

Sideroblastic anemia

Congenital dyserythropoietic anemia

b. Acquired
i. Viral infection (hepatitis, HIV, CMV, rubella, syphilis, parvovirus Bio)
ii. Malaria
iii. Anemia of prematurity

“Not permanent membrane defect but has characteristic morphology.
Y8-Chain mutations (e.g., sickle cell) uncommonly produce clinical symptomatology in the newborn. In homozygous sickle cell disease, the HbS concentration at birth is usually

about 20%

“All these conditions can be associated with Heinz-body formation and in the past were grouped together as congenital Heinz-body anemia.

4B8-Thalassemia syndromes only become clinically apparent after 2 or 3 months of age. The first sign is the presence of nucleated red cells on smear or continued high HgbF
concentration.

“Hemolysis subsides after the first few months of life as fetal hemoglobin (a* ~?) is replaced by adult hemoglobin (ay B,).

TABLE 5.2 The Characteristics of Acute and Chronic Blood Loss in the Newborn

Characteristic Acute blood loss Chronic blood loss

Clinical
Acute distress; pallor; shallow, rapid and often irregular Marked pallor disproportionate to evidence of distress.
respiration; tachycardia; weak or absent peripheral pulses; On occasion signs of congestive heart failure may be present,
low or absent blood pressure; no hepatosplenomegaly including hepatomegaly

Venous Low Normal or elevated

pressure

Laboratory

Hemoglobin = May be normal initially; then drops quickly during the first ~Low at birth
concentration 24 h of life

Red cell Normochromic and macrocytic Hypochromic and microcytic anisocytosis and poikilocytosis
morphology
Serum iron Normal at birth Low at birth
Course Prompt treatment of anemia and shock necessary to prevent Generally uneventful
death
Treatment Normal saline bolus or packed red blood cells. If indicated,  Iron therapy. Packed red blood cells on occasion

iron therapy

From Oski and Naiman (1982), with permission.
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Intraplacental and Retroplacental

Occasionally, fetal blood accumulates in the substance of the placenta (intraplacental) or retroplacentally and
the infant is born anemic. Intraplacental blood loss from the fetus may occur when there is a tight umbilical cord
around the neck or body or there is delayed cord clamping. Retroplacental bleeding from abruptio placenta is
diagnosed by ultrasound or at surgery.

Twin-to-Twin Transfusion

Significant twin-to-twin transfusion occurs in at least 15% of monochorionic twins. Velamentous cord inser-
tions are associated with increased risk of twin-to-twin transfusion. The hemoglobin level differs by 5 g/dl and
the hematocrit by 15% or more between individual twins (by contrast, the maximal discrepancy in cord blood
hemoglobin in dizogotic twins is 3.3 g/dl). The donor twin is anemic, pale and smaller, and may have evidence
of oligohydramnios and show evidence of congestive heart failure and shock. The recipient is polycythemic and
larger, with evidence of polyhydramnios and may show signs of hyperviscosity syndrome—hypoglycemia, cen-
tral nervous system injury, hypocalcemia; disseminated intravascular coagulation, hyperbilirubinemia, and
congestive heart failure (Chapter 12).

Intranatal Blood Loss

Hemorrhage may occur during the process of birth as a result of various obstetric accidents, malformations of
the umbilical cord or the placenta, or a hemorrhagic diathesis (due to a plasma factor deficiency or thrombocyto-
penia; Table 5.1).

Postnatal Blood Loss

Postnatal hemorrhage may occur from a number of sites and may be internal (enclosed) or external.
Hemorrhage may be due to:

e Traumatic deliveries (resulting in intracranial or intra-abdominal hemorrhage).

* Plasma factor deficiencies (see Chapter 15).
Congenital—hemophilia or other plasma factor deficiencies.
Acquired—vitamin K deficiency, disseminated intravascular coagulation.

e Thrombocytopenia (see Chapter 14)
Congenital—Wiskott—Aldrich syndrome, Fanconi anemia, thrombocytopenia absent radius syndrome.
Acquired—isoimmune thrombocytopenia, sepsis.
Rare causes—neonatal adenovirus infection, fetal cytomegalovirus infection, hemangiomas of the
gastrointestinal tract, hemangioendotheliomas of the skin.

When the products of hemoglobin are absorbed from entrapped hemorrhage, hyperbilirubinemia may develop
after several days.

Clinical and Laboratory Findings of Anemia due to Hemorrhage

The clinical manifestations of hemorrhage depend on the volume of the hemorrhage and the rapidity with
which it occurs.

1. Anemia—pallor, tachycardia, and hypotension (if severe e.g., =20 ml/kg blood loss). Nonimmune hydrops
can occur in severe anemia.

2. Liver and spleen not enlarged (except in chronic transplacental bleed).

3. Jaundice absent (except after several days in entrapped hemorrhage).

4. Laboratory findings:

. Reduced hemoglobin (as low as 2 g/dl has been observed).

. Increased reticulocyte count.

. Polychromatophilia.

. Nucleated RBCs raised.

. Fetal cells in maternal blood (in fetomaternal bleed).

. Direct antiglobulin test negative.

- 0 U T
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Treatment

1. Severely affected.
a. Administer 10—20 ml/kg packed red blood cells (hematocrit usually 50—60%) via an umbilical vein
catheter.
b. Cross-match blood with the mother. If unavailable, use group O Rh-negative blood or saline boluses,
temporarily for shock, while awaiting available blood.
c. Use partial exchange transfusion with packed red cells for infants in incipient heart failure.
2. Mild anemia due to chronic blood loss.
a. Ferrous sulfate (2 mg elemental iron/kg body weight three times a day) for 3 months.

HEMOLYTIC ANEMIA

Hemolytic anemia in the newborn is usually associated with an abnormally low hemoglobin level, an increase
in the reticulocyte count, and with unconjugated hyperbilirubinemia. The hemolytic process is often first detected
as a result of investigation for jaundice during the first week of life. The causes of hemolytic anemia in the new-
born are listed in Table 5.1.

Congenital Erythrocyte Defects

Congenital erythrocyte defects involving the red cell membrane, hemoglobin, and enzymes are listed in
Table 5.1 and discussed in Chapters 10 and 11. Any of these conditions may occur in the newborn and manifest
clinically as follows:

e Hemolytic anemia (low hemoglobin, reticulocytosis, increased nucleated red cells, morphologic changes).
¢ Unconjugated hyperbilirubinemia.
¢ Direct antiglobulin test negative.

Infantile Pyknocytosis

The cause of this condition has not been clearly defined and should only be contemplated when other estab-
lished causes of pyknocytes in the blood have been excluded such as glucose-6-phosphate dehydrogenase
(G6PD) deficiency, pyruvate kinase deficiency, microangiopathic hemolytic anemia, neonatal hepatitis, vitamin E
deficiency, neonatal infections, and hemolysis caused by drugs and toxic agents. Infantile pyknocytosis is charac-
terized by:

¢ Hemolytic anemia—Direct antiglobulin test negative (nonimmune).

¢ Distortion of as many as 50% of red cells with several to many spiny projections (up to 6% of cells may be
distorted in normal infants). Abnormal morphology is extracorpuscular in origin.

¢ Disappearance of pyknocytes and hemolysis by the age of 6 months. This is a self-limiting condition.

* Hepatosplenomegaly.

Anemia due to Hemoglobinopathies

Certain hereditary defects of hemoglobin occur in the newborn. Defects due to gamma chain defects resolve
spontaneously whereas defects of beta chain disorders are clinically inapparent at birth and only occur at a later
age. Defects of the alpha chain manifest clinically differently in the newborn when they are paired with the
gamma rather than the beta chain of hemoglobin.

Gamma Chain Defects

These variants spontaneously resolve as gamma chain production diminishes in the newborn and generally
produce no hematologic disturbance. The condition would be lethal if no gamma chains were produced in utero.
If only one or two genes are involved slight hypochromia and mild anemia may occur and the condition is usu-
ally found during newborn screening programs.
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Beta Chain Defects

Beta chain defects generally produce no clinical symptomatology in the newborn. However, homozygous
hemoglobin S, the most common beta chain variant, may rarely present in the newborn as a hemolytic anemia. In
beta thalassemia syndromes hematologic findings at birth are normal and only manifest later, typically in the first
6 months of life.

Alpha Chain Defects

A large spectrum of alpha-thalassemia syndromes occur in the newborn and they are discussed in the chapter
on hemoglobinopathies (Chapter 11).

Acquired Erythrocyte Defects

Acquired erythrocyte defects may be due to immune (direct antiglobulin test-positive) or nonimmune (direct
antiglobulin test-negative) causes. The immune causes are due to blood group incompatibility between the fetus
and the mother, for example, Rh (D), ABO, or minor blood group incompatibilities such as anti-c, Kell, Duffy,
Luther, anti-C, anti-Cw, anti-E, and anti-Jk(b) causing isoimmunization. Kell antigen is second to Rh (D) in its
immunizing potential and occurs in about 9% of Whites and 2% of Blacks.

Immune Hemolytic Anemia

Rh Isoimmunization
Clinical Features

1. Anemia, mild to severe (if severe, may be associated with hydrops fetalis').
2. Jaundice (unconjugated hyperbilirubinemia).
a. Presents during first 24 h.
b. Kernicterus may occur whenever the bilirubin level in full-term infants rises to, or exceeds, 20 mg/dl and is
an indication for exchange transfusion.

Certain factors predispose to the development of kernicterus at lower levels of bilirubin, such as
prematurity, hypoproteinemia, metabolic acidosis, drugs (sulfonamides, caffeine, sodium benzoate), and
hypoglycemia. When these conditions are present exchange transfusions should be performed even if the
bilirubin level is below 20 mg/dl.

See Table 5.3 for a list of various causes of unconjugated hyperbilirubinemia. Figure 5.1 outlines an
approach to the diagnosis of both unconjugated and conjugated hyperbilirubinemia.

. Hepatosplenomegaly; varies with severity.

4. Petechiae (only in severely affected infants). Hyporegenerative thrombocytopenia and neutropenia may occur
during the first week.

5. Hydrops fetalis, stillbirth, or death in utero and delivery of a macerated fetus may occur with severe
illness.

6. Late hyporegenerative anemia with absent reticulocytes. This occurs occasionally during the second to the
fifth weeks and is due to a diminished population of erythroid progenitors (serum concentration of
erythropoietin is low and the marrow concentrations of BFU-E and CFU-E are not elevated).

W

Laboratory Findings

1. Serologic abnormalities (incompatibility between blood group of infant and mother), with a direct antiglobulin
test positive in infant. Mother’s serum has the presence of immune antibodies detected by the indirect
antiglobulin test.

2. Decreased hemoglobin level, elevated reticulocyte count, smear-increased nucleated red cells, marked
polychromasia and anisocytosis.

3. Raised indirect bilirubin level.

!Infants have ascites, pleural and pericardial effusions and marked edema. Pathogenesis of hydrops may be due to heart failure,
hypoalbuminemia, distortion and dysfunction of hepatic architecture and circulation due to islets of extramedullary erythropoiesis.
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TABLE 5.3 Causes of Unconjugated Hyperbilirubinemia

1. “Physiologic” jaundice: Jaundice of hepatic immaturity
2. Hemolytic anemia (see Chapters 10 and 11 for more complete list of causes)
a. Congenital erythrocyte defect
i. Membrane defects: Hereditary spherocytosis, ovalocytosis, stomatocytosis, infantile pyknocytosis
ii. Enzyme defects (nonspherocytic)
* Embden—Meyerhof glycolytic pathway (energy potential): Pyruvate kinase, triose phosphate isomerase, etc.
¢ Hexose-monophosphate shunt (reduction potential): G6PD
iii. Hemoglobin defects
* Sickle cell hemoglobinopathy®
b. Acquired erythrocyte defect
i. Immune: Alloimmunization (Rh, ABO, Kell, Duffy, Lutheran)
ii. Nonimmune
¢ Infection
Bacterial: E. coli, streptococcal septicemia
Viral: Cytomegalovirus, rubella, herpes simplex
Protozoal: Toxoplasmosis
Spirochetal: Syphilis
* Drugs: Penicillin
® Metabolic: Asphyxia, hypoxia, shock, acidosis, vitamin E deficiency in premature infants, hypoglycemia
3. Polycythemia (see Table 12.1 for more complete list of causes)
a. Placental hypertransfusion
i. Twin-to-twin transfusion
ii. Maternal—fetal transfusion
iii. Delayed cord clamping
b. Placental insufficiency
i. Small for gestational age
ii. Postmaturity
iii. Toxemia of pregnancy
iv. Placenta previa
c. Endocrinal
i. Congenital adrenal hyperplasia
ii. Neonatal thyrotoxicosis
iii. Maternal diabetes mellitus
d. Miscellaneous
i. Down syndrome
ii. Hyperplastic visceromegaly (Beckwith—Wiedemann syndrome), associated with hypoglycemia
4. Hematoma
Cephal hematoma, subgaleal, subdural, intraventricular, intracerebral, subcapsular hematoma of liver; bleeding into gut
5. Conjugation defects
a. Reduction in bilirubin glucuronyl transferase
i. Severe (type I): Crigler—Najjar (autosomal-recessive)
ii. Mild (type II): Crigler—Najjar (autosomal-dominant)
iii. Gilbert disease
b. Inhibitors of bilirubin glucuronyl transferase
i. Drugs: Novobiocin
ii. Breast milk: Pregnane-3a, 203-diol
iii. Familial: Transient familial hyperbilirubinemia
6. Metabolic
Hypothyroidism, maternal diabetes mellitus, galactosemia
7. Gut obstruction (due to enterohepatic recirculation of bilirubin)
(e.g., pyloric stenosis, annular pancreas, duodenal atresia)
8. Maternal indirect hyperbilirubinemia
(e.g., homozygous sickle cell hemoglobinopathy)
9. Idiopathic

“Not usually a cause of jaundice in the newborn because of the predominance of Hgb F (unless associated with concomitant G6PD deficiency).

Severity of disease is predicted by:

¢ History indicating the severity of hemolytic disease of the newborn in previous infants.
* Maternal antibody titers.

* Amniotic fluid spectrophotometry.

¢ Fetal ultrasound.

* Percutaneous fetal blood sampling.
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FIGURE 5.1 Approach to investigation of jaundice in the newborn.
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Management

Antenatal Patients should be screened at their first antenatal visit for Rh and non-Rh antibodies. Figure 5.2

shows a schema of the antenatal management of Rh disease.

If an immune antibody is detected in the mother’s serum, proper management includes the following;:

Detailed past obstetric history and outcome of previous pregnancies including neonates who required
exchange transfusion, hydrops fetalis, or stillbirth. History of prior blood transfusions.

Blood group and indirect antiglobulin test (to determine the presence and titer of irregular antibodies). Most
irregular antibodies can cause erythroblastosis fetalis, therefore screening of maternal serum is important.
Titers should be determined at various weeks of gestation (Figure 5.2). The frequency depends on the initial or
subsequent rise in titers. Theoretically, any blood group antigen (with the exception of Lewis and I, which are
not present on fetal erythrocytes) may cause erythroblastosis fetalis. Anti-Le®, Le®, M, H, P, S, and I are IgM
antibodies and rarely, if ever, cause erythroblastosis fetalis and need not cause concern.

Zygosity of the father: If the mother is Rh negative and the father is Rh positive, the father’s zygosity becomes
critical. If he is homozygous, all his future children will be Rh positive. If the father is heterozygous, there is a
50% chance that the fetus will be Rh negative and unaffected. The Rh genotype can be accurately determined
by the use of polymerase chain reaction (PCR) of chorionic villus tissue, amniotic cells, and fetal blood when
the father is heterozygous or his zygosity is unknown. Mothers with fetuses found to be Rh D negative (dd)
can be reassured and further serologic testing and invasive procedures can be avoided. Fetal zygosity can be
determined by molecular genetic techniques. Fetal Rh D genotyping can be performed rapidly on maternal
plasma in the second trimester of pregnancy without invading the fetomaternal circulation. This is performed
by extracting DNA from maternal plasma and analyzing it for the Rh D gene with a fluorescent-based PCR
test sensitive enough to detect the Rh D gene in a single cell. The advantage of this test is that neither the
mother nor the fetus is exposed to the risks of amniocentesis or chorionic villus sampling.

——» Titer-negative —>» Repeat titer on Rh negative
at 27-28th weeks

Give Rhogam only

to anti-D-negative patients

Initial visit:
titer on all patients

L———» Titer-positive

Past obstetric history

l | l

Poor <28-30th weeks Not poor
(stillbirths, severe hydrops)
Start titers at 20th week |

|

If titer >1:8 Titer
l <1:64
PUBS* 20-22nd weeks l
Repeat
titler
Depending on results Sonography

l—‘—l

Repeat PUBS*
amniocentesis**
(after about 10-14 days)

Polyhydramnios
Placental hydrops
Fetal hydrops
IUIVT

If rise in titer
(>2 tube dilution)

|

Amniocentesis

FIGURE 5.2 Schema of antenatal management of Rh disease.
*Percutaneous umbilical vein blood sampling.

**Amniotic fluid analysis is less reliable prior to the 26th week of gestation and PUBS is recommended.

IUIVT, intrauterine intravenous transfusion.

|

Titer
>1:64

|

Amniocentesis
(28th week)
AODys5

Depending on results

Repeat IUIVT
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* Examination of the amniotic fluid for spectrophotometric analysis of bilirubin. Past obstetric history and
antibody titer are indications for serial amniocentesis and spectrophotometric analyses of amniotic fluid to
determine the condition of the fetus. Amniotic fluid analysis correlates well with the hemoglobin and hematocrit
at birth (r =0.9) but does not predict whether the fetus will require an exchange transfusion after birth.

The following are indications for amniocentesis:

ury

. History of previous Rh disease severe enough to require an exchange transfusion or to cause stillbirth.

2. Maternal titer of anti-D, anti-c, or anti-Kell (or other irregular antibodies) of 1:8 to 1:64 or greater by indirect
antiglobulin test or albumin titration and depending on previous history.

An assessment of the optical density difference at 450 mm (AODys50) at a given gestational age permits reason-
able prediction of the fetal outcome (Figure 5.3). Determination of the appropriate treatment depends on
the AODysp of the amniotic fluid, the results of the fetal biophysical profile scoring and the assessment of
the presence or absence of fetal hydrops (seen on ultrasound) and amniotic phospholipid determinations
(lung profile).”

Optical
density
difference
at 450 um

Features of lung profile

Immature fetus

Mature fetus

Lecithin/sphingomyelin ratio ~ <2.0 >2.0
Acetone-precipitable fraction =~ <45% >50%
Phosphatidylinositol Absent Present (small amounts)
Phosphatidylglycerol Absent Present (prominent)
1.00 - Liley Freda FIGURE 5.3 Assessment of fetal prognosis by the methods of
' Liley and Freda. Liley’s method of prediction:
0.80 - Intra—uterine 4+ Zone 1A: Condition desperate, immediate delivery or intra-
0.70 - I uterine transfusion required, depending on gesta-
0.60 - tional age.
0.50 - Zone 1B: Hemoglobin less than 8 g/dl, delivery or intrauter-
0.40 - ine transfusion urgent, depending on gestational
age.
0.30 - Zone 2A: Hemoglobin 8—10 g/dl, delivery at 36—37 weeks.
Zone 2B: Hemoglobin 11.0-13.9 g/dl, delivery at 37-39
0.20 - weeks.
- = Zone 3: Not anemic, deliver at term. Freda’s method of
- prediction.
> Zone 4+: Fetal death imminent, immediate delivery or intra-
0.10 - S - 2A uterine transfusion, depending on gestational age.
0.08 - ~ Zone 3+: Fetus in jeopardy, death within 3 weeks, delivery or
0.07 - o intrauterine transfusion as soon as possible, depend-
0.06 - R - 1+ ing on gestational age.
0.05 - 2B > Zone 2+: Fetal survival for at least 7—10 days, repeat amnio-
004 - =~ centesis indicated, possible indication for intrauter-
' ine transfusion, depending on gestational age.
0.03 - Zone 1+: Fetus in no immediate danger.
Source: From Robertson (1966), with permission.
0.02 - 3
001 - T T T T T T T T T T T T T
26 28 30 32 34 36 38 40

Gestation (weeks)

?Ultrasound for the assessment of gestational age must be done early in pregnancy. The fetal biophysical profile scoring uses multiple
variables: fetal breathing movements, gross body movements, fetal tone, reactive fetal heart rate, and quantitative amniotic fluid volume.
This scoring system provides a good short-term assessment of fetal risk for death or damage in utero.
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If the amniotic fluid optical density difference at 450 mm (AODys) indicates a severely affected fetus and
phospholipid estimations indicate lung maturity, the infant should be delivered. If the AOD,5, indicates a
severely affected fetus and the phospholipid estimations indicate marked immaturity, maternal plasmapheresis
and/or intrauterine intravascular transfusion (IUIVT) via cordocentesis should be carried out. IUIVT has many
advantages over intraperitoneal fetal transfusions and is the procedure of choice. This decision is made in con-
junction with the biophysical profile score.

Intensive maternal plasmapheresis antenatally using a continuous-flow cell separator can significantly reduce
Rh antibody levels, reduce fetal hemolysis and improve fetal survival in those mothers carrying highly sensitized
Rh-positive fetuses. This procedure, together with IUIVT, should be carried out when a high antibody titer exists
early, before a time that the infant could be safely delivered.

If the risk of perinatal death resulting from complications of prematurity is high, then an IUIVT should be car-
ried out. Percutaneously, the umbilical vein is used for blood sampling (PUBS) and venous access and permits a
fetal transfusion via the intravascular route (IUIVT). With the availability of high-resolution ultrasound guidance,
a fine (20 gauge) needle is inserted directly into the umbilical cord, either at the insertion site into the placenta or
into a free loop of cord. This allows the same blood sampling as is available postnatally in the neonate.
Temporary paralysis of the fetus with the use of pancuronium bromide facilitates the procedure, which may be
applied to fetuses from 18 weeks’ gestation until the gestational age when fetal lung maturity is confirmed. The
interval between procedures ranges from 1 to 3 weeks.

Blood used for IUIVT should be cytomegalovirus-negative packed RBCs with a packed cell volume of
85—88%. Cells should be fresh, leukocyte-depleted, and irradiated to prevent the low risk of graft-versus-host dis-
ease (GVHD). The use of kell antigen-negative blood is optimal, if available.

Indications for IUIVT:

1. Bilirubin results from amniocentesis show the fetus to be moderately to severely affected by Rh sensitization
and risk of delivery due to prematurity too great.

. Ultrasound shows evidence of hydrops.

3. Fetal blood sampling shows that the fetus has severe anemia.

Risks of IUIVT:

Fetal loss (2%).

Premature labor and rupture of membranes.
Chorioamnionitis.

Fetal bradycardia.

Cord hematoma or laceration.

Fetomaternal hemorrhage.

N

The overall survival rate is 88%. Intraperitoneal transfusion can be performed in addition to IUIVT to increase
the amount of blood transfused and to extend the interval between transfusions.

Modern neonatal care, including attention to metabolic, nutritional, and ventilatory needs and the use of
artificial surfactant insufflation, makes successful earlier delivery possible. The need for IUIVT is rarely indicated.

Postnatal Hydropic infant at birth. In addition to phototherapy” the following measures are employed:

¢ Adequate ventilation must be established.

* Drainage of pleural effusions and ascites to improve ventilation.

¢ Use of resuscitation fluids and drugs, surfactant, and glucose infusions to counteract hyperinsulinemic
hypoglycemia should be employed.

e Partial exchange transfusion may be necessary to correct severe anemia.

* Double-volume exchange transfusion may be required later.

Hyperbilirubinemia is the most frequent problem and can be managed by exchange transfusion. Phototherapy
is an adjunct rather than the first line of therapy in hyperbilirubinemia due to erythroblastosis fetalis. Postnatal

*Intensive phototherapy implies the use of high levels of irradiance (430—490 nm, i.e., usually 30 mW /cm? per nm or higher).
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management and criteria for exchange transfusion have changed over the years and still remain somewhat con-
troversial. We currently use the following indications for exchange transfusion:

* A rapid increase in the bilirubin level of greater than 1.0 mg/h and/or a bilirubin level approaching 20 mg/dl
at any time during the first few days of life in the full-term infant is an indication for exchange transfusion.
In preterm or high-risk infants, exchange transfusion should be carried out at lower levels of bilirubin
(e.g., 15 mg/dl).

¢ Clinical signs suggesting kernicterus at any time at any bilirubin level are an indication for exchange
transfusion.

The blood for exchange transfusion should be ABO-compatible and for anti-D hemolytic disease of the new-
born, Rh negative. If the mother is alloimmunized to an antigen other than D, the blood should not have that
antigen. It should be crossmatched compatible with the mother’s serum. Ideally, the blood should be leukocyte-
depleted and be negative for Kell antigen (to avoid sensitizing the infant) and be hemoglobin S negative.” If the
initial exchange transfusion is carried out using the group O blood, any further exchange transfusions should use
O blood. Otherwise, brisk hemolysis and jaundice due to ABO incompatibility may become a further complica-
tion. Graft-versus-host disease (GVHD) occurs rarely after exchange transfusion, but blood should be irradiated,
especially for premature infants.

Prevention of Rh Hemolytic Disease

Rh hemolytic disease can be prevented by the use of Rh immunoglobulin at a dose of 300 pg, which is indi-
cated in the following circumstances:

e For all Rh-negative, Rh0 (D")-negative mothers who are unimmunized to the Rh factor. In these patients Rh
immunoglobulin is given at 28 weeks’ and 34 weeks’ gestation and within 72 h of delivery. Antenatal
administration of Rh immunoglobulin is safe for the mother and the fetus.

¢ For all unimmunized Rh-negative mothers who have undergone spontaneous (1.5—2% risk of sensitization)
or induced abortion (5% risk of immunization). If surgical evacuation is done, 50 pg (250 IU) Rh
immunoglobulin should be given. The D antigen is detectable on embryonic red cells by 38 days after
conception and Rh immunoglobulin should be given beyond the seventh or eighth weeks of gestation in
these circumstances. The precise risk of alloimmunization associated with these events is less clear
compared to the risk after delivery.

¢ After ruptured tubal pregnancies in unimmunized Rh-negative mothers.

* Following any event during pregnancy that may lead to transplacental hemorrhage, such as external version,
amniocentesis, or antepartum hemorrhage in unimmunized Rh-negative women.

* Following tubal ligation or hysterotomy after the birth of a Rh-positive child in unimmunized Rh-negative
women.

¢ Following chorionic villus sampling at 10—12 weeks’ gestation. In these patients 50 pg of Rh immunoglobulin
should be given.

Acute drug-induced hypersensitivity and delayed transfusion-related reaction including anaphylaxis with
deleterious effects on the mother and the fetus have been described.

ABO Isoimmunization
ABO incompatibility is milder than hemolytic disease of the newborn caused by other antibodies.

Clinical Features

1. Jaundice (indirect hyperbilirubinemia) usually within first 24 h; may be of sufficient severity to cause
kernicterus.

2. Anemia at birth is usually absent or moderate and late anemia is rare.

3. Hepatosplenomegaly.

“In hypoxic infants sickle cell trait blood could cause an iatrogenic sickle cell crisis or death.
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TABLE 5.4 Clinical and Laboratory Features of Isoimmune Hemolysis Caused by Rh and ABO Incompatibility

Feature Rh disease ABO incompatibility
CLINICAL EVALUATION

Frequency Unusual Common

Occurrence in first born 5% 40—-50%

Predictably severe in subsequent pregnancies Usually No

Stillbirth and/or hydrops Occasional Rare

Pallor Marked Minimal

Jaundice Marked Minimal (occasionally marked)

Hepatosplenomegaly Marked Minimal

Incidence of late anemia Common Uncommon
LABORATORY FINDINGS

Blood type, mother Rh-negative (@)

Blood type, infant Rh-positive A or Bor AB

Antibody type Incomplete (7S) Immune (7S)
Direct antiglobulin test Positive Usually positive
Indirect antiglobulin test Positive Usually positive
Hemoglobin level Very low Moderately low
Serum bilirubin Markedly elevated Variably elevated
Red cell morphology Nucleated RBCs Spherocytes
TREATMENT

Need for antenatal management Yes No
Exchange transfusion

Frequency ~2:3 ~1:10

Donor blood type Rh-negative group specific, when possible Rh same as infant group O only

Table 5.4 lists the clinical and laboratory features of isoimmune hemolysis due to Rh and ABO
incompatibility.

Diagnosis
1. Hemoglobin decreased.
2. Smear: Spherocytosis in 80% of infants, reticulocytosis, marked polychromasia.
3. Elevated indirect bilirubin level.”
4. Demonstration of incompatible blood group.
a. Group O mother and an infant who is group A or B.
b. Rarely, mother may be A and baby B or AB or mother may be B and baby A or AB.

°In the era of early discharge of newborns the use of the critical bilirubin level of 4 mg/dL at the 6th hour of life predicts significant
hyperbilirubinemia and 6 mg/dL at the 6th hour will predict severe hemolytic disease of the newborn. The reticulocyte count, a positive
antiglobulin test, and a sibling with neonatal jaundice are additional predictors of significant hyperbilirubinemia and reason for careful
surveillance of the newborn.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



64 5. ANEMIA DURING THE NEONATAL PERIOD
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. Direct antiglobulin test on infant’s red cells usually positive.
6. Demonstration of antibody in infant’s serum.

a. When free anti-A is present in a group A infant or anti-B is present in a group B infant, ABO hemolytic
disease may be presumed. These antibodies can be demonstrated by the indirect antiglobulin test in the
infant’s serum using adult erythrocytes possessing the corresponding A or B antigen. This is proof that the
antibody has crossed from the mother’s to the baby’s circulation.

b. Antibody can be eluted from the infant’s red cells and identified.

7. Demonstration of antibodies in maternal serum. When an infant has signs of hemolytic disease, the mother’s
serum may show the presence of immune agglutinins persisting after neutralization with A and B substance
and hemolysins.

Treatment

In ABO hemolytic disease, unlike Rh disease, antenatal management or premature delivery is not required.
After delivery, management of an infant with ABO hemolytic disease is directed toward controlling the hyperbi-
lirubinemia by frequent determination of unconjugated bilirubin levels, with a view to the need for phototherapy
or exchange transfusion. The principles and methods are the same as those described for Rh hemolytic disease.
Group O blood of the same Rh type as that of the infant should be used. Whole blood is used to permit maxi-
mum bilirubin removal by albumin.

Late-Onset Anemia in Immune Hemolytic Anemia

Infants with hemolytic anemia of the newborn due to isoimmunization and particularly in those infants who
have had severe isoimmunization treated with intrauterine transfusion and in those infants who do not require
an exchange transfusion for hyperbilirubinemia following immune hemolytic anemia may develop severe anemia
during the first 6 weeks of life. This is because of persistent maternal IgG antibodies hemolyzing the infant’s red
blood cells and reticulocytes associated with suppressed erythropoiesis and reticulocytopenia. For this reason,
follow-up hemoglobin levels and reticulocyte count weekly for 4—6 weeks should be done in those infants.

Nonimmune Hemolytic Anemia
The causes of nonimmune hemolytic anemia are listed in Table 5.1.

Vitamin E Deficiency
Premature infants (<36 weeks’ gestation or weighing less than 2000 g) are susceptible to vitamin E deficiency

because of decreased absorption of the vitamin. With improvement in infant formulas recognizing this propensity
this condition has virtually disappeared.

Clinical Findings
1. Hemolytic anemia and reticulocytosis. Hemolytic anemia develops under the following conditions: Diets high
in PUFA supplemented with iron, which is a powerful oxidant; prematurity; oxygen administration.
. Thrombocytosis.
. Pyknocytes (acanthocytes), small number of spherocytes, and fragmented red cells.
. Peripheral edema.
. Neurologic signs:
a. Cerebellar degeneration.
b. Ataxia.
c. Peripheral neuropathy.

g1 WN

Diagnosis
Peroxide hemolysis test: Red cells are incubated with small amounts of hydrogen peroxide and the amount of
hemolysis is measured.
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FAILURE OF RED CELL PRODUCTION

Congenital

The inherited bone marrow failure syndromes are discussed in Chapter 8.

Acquired

Viral Diseases

Viral interference (e.g., CMV, HIV) with fetal hematopoiesis may cause anemia, leukopenia, and thrombocyto-
penia in the newborn.

ANEMIA OF PREMATURITY

This anemia is due to impaired erythropoietin (EPO) production characterized by reduced bone marrow eryth-
ropoietic activity (hypoproliferative anemia) with low reticulocyte count and low serum EPO levels. It may be
compounded by folic acid, vitamin E, and iron availability and frequent blood sampling.

The low hemoglobin concentration is due to:

® Preterm infants deprived of third-trimester hematopoiesis and iron transport.

* Decreased red cell production (premature infants have low EPO levels which reach a nadir between days 7
and 50, independently of weight at birth and are less responsive to EPO) associated with decreased marrow
erythroid elements.

¢ Shorter red cell lifespan.

¢ Increased blood volume with growth.

* Marked blood loss from phlebotomy to monitor problems related to prematurity.

The nadir of the hemoglobin level is 4—8 weeks and is 8 g/dl in infants weighing less than 1500 g. However,
small-for-gestational-age infants who have had intrauterine hypoxia exhibit increased erythropoiesis. The anemia
of prematurity rarely occurs in association with cyanotic congenital heart disease or with respiratory insuffi-
ciency; indicating that higher oxygen-carrying capacities can be maintained in infants in the first few weeks of
life if the need arises.

Clinical Features

Tachycardia, increased apnea and bradycardia, increased oxygen requirement, poor weight gain. The anemia
is normocytic and normochromic.

Treatment

Delaying cord clamping for 30—60 s in infants who do not require immediate resuscitation may reduce the
severity of anemia of prematurity. In addition, limiting blood loss by phlebotomy is important.

Recombinant human erythropoietin (rHuEPO) in a dose of 75—300 units/kg/week subcutaneously for 4 weeks
starting at 3—4 weeks of age has been employed to increase reticulocyte counts and raise hemoglobin. It takes
about 2 weeks to raise the hemoglobin to a biologically significant degree, which limits its usefulness when a
prompt response is needed. Despite extensive studies, many of which have shown a reduction in need for trans-
fusions in premature infants, particularly less than 1000 g who have significant phlebotomy losses, there is still
no definite consensus as to whether rHUEPO minimizes the need for blood transfusion. A potential advantage of
rHuEPO is the associated right shift in the oxyhemoglobin dissociation curve, most likely due to the increased
erythrocyte 2,3-DPG content. The incidence of necrotizing enterocolitis has been shown to be lower in very-low-
birth-weight infants treated with rHuEPO. However, the risk of severe retinopathy of prematurity (stage 3 or
higher) is increased with early rHuEPO treatment compared with placebo.

Supplemental oral iron in a dose of at least 2 mg/kg/day or intravenous iron supplementation may also be
required to prevent the development of iron deficiency. Adequate intake of folate, vitamin E, and protein are
important to support erythropoiesis.

The criteria for transfusion of preterm infants vary considerably among different institutions. All transfusions
should be provided from a single donor and be less than 7—10 days old and be leukodepleted. Packed red cells
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TABLE 5.5 Indications for Small-Volume RBC Transfusions in Preterm Infants

Transfuse well infant at hematocrit =20% or = 25% with low reticulocyte count and tachycardia, tachypnea, poor weight gain, poor suck, or apnea

Transfuse infants at hematocrit =30%
If receiving <35% supplemental hood oxygen
If on CPAP or mechanical ventilation with mean airway pressure <6 cmH,O
If significant apnea (> 6/day) and bradycardia are noted while receiving therapeutic doses of methylxanthines
If heart rate >180 beats/min or respiratory rate >80 breaths/min persists for 24 h
If weight gain <10 g/day is observed over 4 days while receiving =100 kcal/kg/day
If undergoing surgery

Transfuse for hematocrit =35%
If receiving >35% supplemental hood oxygen
If intubated on CPAP or mechanical ventilation with mean airway pressure >6 cmH,O

Do not transfuse
To replace blood removed for laboratory tests alone
For low hematocrit value alone

CPAP, continuous positive airway pressure by nasal or endotracheal route.
Modified from Hume (1997), with permission.

should be adjusted to a hematocrit of 60—79% with normal saline or 5% albumin solution. Low-risk cytomegalo-
virus blood products (cytomegalovirus-negative or leukodepleted red cells) should be used only for neonates
with birth weight less than 1200 g who are cytomegalovirus-negative or have unknown cytomegalovirus status.
As a general rule, hemoglobin values should be maintained above 12 g/dl during the first 2 weeks of life. After
that period indication for transfusion should not be based on hemoglobin concentration alone but on available
tissue oxygen which is determined by:

* Hemoglobin concentration.
* Position of the oxyhemoglobin dissociation curve.
e Arterial oxygen saturation.
¢ Infant’s clinical condition which includes:
Weight gain.
Fatigue during feeding.
Tachycardia.
Tachypnea.
Evidence of hypoxemia by an increase in blood lactic acid concentration.

Table 5.5 gives indications for small-volume red cell transfusions in preterm infants.

PHYSIOLOGIC ANEMIA

Physiologic anemia is a developmental response of the infant’s erythropoietic system.

In utero the oxygen saturation of the fetus is 70% (hypoxic levels) and this stimulates EPO, produces a reticulo-
cytosis (3—7%), and increases red cell production causing a high hemoglobin at birth. After birth the oxygen satu-
ration is 95%, EPO is undetectable and red cell production by day 7 is 10% of the level in utero. As a result of
this, the hemoglobin level falls to 11.4 + 0.9 g/dl at the nadir at 8—12 weeks (physiologic anemia). At this point
oxygen delivery is impaired, EPO stimulated, and red cell production increases. Infants born prematurely experi-
ence a more marked decrease in hemoglobin concentration. Premature infants weighing less than 1500 g have a
hemoglobin level of 8 g/dl at age 4—8 weeks.

DIAGNOSTIC APPROACH TO ANEMIA IN THE NEWBORN

Figure 5.4 is a flow diagram of the investigation of anemia in the newborn and stresses the importance of the
direct antiglobulin test, the reticulocyte count, the mean corpuscular volume, and the blood smear as key investi-
gative tools in elucidating the cause of the anemia and Table 5.6 lists the clinical and laboratory evaluations
required in anemia in the newborn.
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Positive — Isoimmunization —» (ABO, Rh, minor blood group, e.g., Keil)

Direct
antiglobulin test

i Subnormal — Diamond-Blackfan anemia
Reticulocyte (pure red cell aplasia)

Negative —»
count

Normal or elevated

v

MCV

v v

Low Normal or high

v
Chronic intrauterine
blood loss

o-Thalassemia syndromes

Normal Abnormal
v v l v l
Rare miscellaneous causes Blood loss Infection e.g., Hereditary spherocytosis

Hexokinase deficiency latrogenic (sampling) HIV Hereditary elliptocytosis

Galactosemia Fetomaternal/fetoplacental Toxoplasmosis Hereditary stomatocytosis
Cord problems CMV Infantile pyknocytosis
Twin to twin Rubella Pyruvate kinase deficiency
Internal hemorrhage Syphilis G6PD deficiency

Disseminated intravascular
coagulation

Vitamin E deficiency

FIGURE 5.4 Approach to the diagnosis of anemia in the newborn.

TABLE 5.6 Clinical and Laboratory Evaluation in Anemia in the Newborn

67

HISTORY

Obstetric history

Family history

PHYSICAL EXAMINATION

LABORATORY TESTS

Complete blood count

Reticulocyte count

Blood smear

Antiglobulin test (direct and indirect)

Blood type of baby and mother

Bilirubin level

Kleihauer—Betke test on mother’s blood (fetal red cells in maternal blood)
Studies for neonatal infection

Ultrasound of abdomen and head (if indicated)

Red cell enzyme assays (if clinically indicated)

Bone marrow (if clinically indicated)
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CHAPTER

6

[ron-Deficiency Anemia

Philip Lanzkowsky

Iron deficiency is the most common nutritional deficiency in children and is worldwide in distribution,
affecting 2 billion people. The prevalence of iron deficiency worldwide is twice as high as iron-deficiency anemia.

PREVALENCE

The incidence of iron-deficiency anemia is high in infancy. It is estimated that 40—50% of children under 5 years
of age in developing countries are iron-deficient. The prevalence is 5.5% in inner-city school children ranging in
age from 5 to 8 years, 2.6% in pre-adolescent children and 25% in pregnant teenage girls. There is a higher preva-
lence of iron-deficiency anemia in African-American children than in Caucasian children. Although no socioeco-
nomic group is spared, the prevalence of iron-deficiency anemia is inversely proportional to economic status.

Peak prevalence occurs during late infancy and early childhood when the following may occur:

Rapid growth with exhaustion of gestational iron.

Low levels of dietary iron.

Blood loss due to internal or external bleeding.

Complicating effect of cow’s milk-induced exudative enteropathy due to whole cow’s milk ingestion.

A second peak is seen during adolescence due to rapid growth and suboptimal iron intake. This is amplified
in females due to menstrual blood loss.
Table 6.1 lists causes of iron deficiency and Table 6.2 lists infants at high risk for iron deficiency.

ETIOLOGIC FACTORS

Diet

1. In normal infants, 1 mg/kg/day to a maximum of 15 mg/day (assuming 10% absorption) is required.
2. In low-birth-weight infants, infants with low initial hemoglobin values, and those who have experienced
significant blood loss, 2 mg/kg/day to a maximum of 15 mg/kg/day is required.

Food Iron Content

A newborn infant is fed predominantly on milk. Breast milk and cow’s milk contain less than 1.5 mg iron per
1000 calories (0.5—1.5 mg/1). Although cow’s milk and breast milk are equally poor in iron, breast-fed infants
absorb 20—80% of the iron, in contrast to about 10% absorbed from cow’s milk. The bioavailability of iron in
breast milk is much greater than in cow’s milk, for this reason the iron status of breast-fed infants at 6 months of
age is better than infants fed cow’s milk. However, after 6 months of age breast-feeding does not protect against
iron deficiency and a supplemental source of dietary or medicinal iron is required for optimal iron nutrition.

Lanzkowsky’s Manual of Pediatric Hematology and Oncology.
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TABLE 6.1 Causes of Iron-Deficiency Anemia

1. Deficient intake
Dietary (milk, 0.75 mg iron/1)
2. Inadequate absorption
a. Poor bioavailability: absorption of heme Fe > Fe®™ > Fe®"; breast milk iron > cow’s milk
b. Antacid therapy or high gastric pH (gastric acid assists in increasing solubility of inorganic iron). Bran, phytates, starch ingestion
(contain organic polyphosphates which bind iron avidly), loss or dysfunction of absorptive enterocytes (inflammatory bowel disease,
celiac disease)
c. Cobalt, lead ingestion (share the iron absorption pathways)
3. Increased demand
Growth (low birth weight, prematurity, twins or multiple births, adolescence, pregnancy), cyanotic congenital heart disease
4. Blood loss
a. Perinatal (Chapter 5)
i. Placental
Transplacental bleeding into maternal circulation
Retroplacental (e.g., premature placental separation)
Intraplacental
Fetal blood loss at or before birth (e.g., placenta previa)
Feto-fetal bleeding in monochorionic twins
Placental abnormalities (Table 5.1)
ii. Umbilicus
Ruptured umbilical cord (e.g., vasa previa) and other umbilical cord abnormalities (Table 2.1)
Inadequate cord tying
Post exchange transfusion
b. Postnatal
i. Gastrointestinal tract
Primary iron-deficiency anemia resulting in gut alteration with blood loss aggravating existing iron deficiency: 50% of
iron-deficient children have positive guaiac stools
Hypersensitivity to whole cow’s milk? Due to heat-labile protein, resulting in blood loss and exudative enteropathy
(leaky gut syndrome) (Table 3.4)
Anatomic gut lesions (e.g., esophageal varices, hiatus hernia, peptic ulcer disease, leiomyomata, Meckel’s diverticulum,
duplication of gut, hereditary hemorrhagic telangiectasia, arteriovenous malformation, polyps, hemorrhoids); exudative
enteropathy caused by underlying bowel disease (e.g., allergic gastroenteropathy, intestinal lymphangiectasia); inflammatory
bowel disease; substantial intestinal resection.
Gastritis from aspirin, adrenocortical steroids, indometacin, phenylbutazone
Intestinal parasites (e.g., hookworm (Necator americanus or Ancylostoma duodenale) and whipworm (Trichuris Trichiura))
Henoch—Schonlein purpura
ii. Hepato-biliary system: hematobilia
iii. Lung: idiopathic pulmonary hemosiderosis, Goodpasture syndrome, defective iron mobilization with IgA deficiency, tuberculosis,
bronchiectasis
iv. Nose: recurrent epistaxis
v. Uterus: menstrual loss
vi. Heart: intracardiac myxomata, valvular prostheses, or patches
vii. Kidney:" infectious cystitis, microangiopathic hemolytic anemia, nephritic syndrome (urinary loss of transferrin), Berger disease,
Goodpasture syndrome, chronic intravascular hemolysis (e.g., paroxysmal nocturnal hemoglobinuria, paroxysmal cold
hemoglobinuria, march hemoglobinuria)
viii. Extracorporeal: hemodialysis, trauma
5. Impaired absorption
Malabsorption syndrome, celiac disease, severe prolonged diarrhea, postgastrectomy, inflammatory bowel disease, Helicobacter pylori
infection-associated chronic gastritis
6. Inadequate presentation to erythroid precursors
a. Atransferrinemia
b. Anti-transferrin receptor antibodies
7. Abnormal intracellular transport/utilization
a. Erythroid iron trafficking defects
b. Defects of heme biosynthesis

“Hematuria to the point of iron deficiency is extremely uncommon.

Most environmental iron exists as insoluble salts and gastric acidity assists in converting it to an absorbable form.
Any factors reducing gastric acidity (e.g., drugs—histamine-2 blockers, acid pump blockers; surgical procedures—
vagotomy, gastrectomy) impair iron absorption from nonheme sources. The iron present in plant products is limited
both by low solubility and the presence of powerful natural chelators, for example, phytates. Heme iron derived from
animal sources is the most readily absorbed iron, is independent of gastric pH, and is increased in patients with high
erythroid activity associated with reticulocytosis.
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TABLE 6.2 Infants at High Risk for Iron Deficiency

1. Increased iron needs
. Low birth weight
. Prematurity
. Multiple gestation
. High growth rate
. Chronic hypoxia-high altitude, cyanotic heart disease
. Low hemoglobin level at birth
2. Blood loss
a. Perinatal bleeding
3. Dietary factors
. Early cow’s milk intake
. Early solid food intake
. Rate of weight gain greater than average
Low-iron formula
. Frequent tea intake”
Low vitamin C intake”
Low meat intake
. Breast-feeding >6 months without iron supplements
. Low socioeconomic status (frequent infections)

-0 N T

= 50 M An TP

“Tea inhibits iron absorption.
"Vitamin C enhances iron absorption.

TABLE 6.3 Iron Content of Infant Foods

Food Iron, mg Unit
Milk 0.5-1.5 Liter
Eggs 1.2 Each
Cereal, fortified 3.0-5.0 Ounce

VEGETABLES (STARCHED)

Yellow 0.1-0.3 Ounce
Green 0.3-0.4 Ounce

MEATS (STRAINED)

Beef, lamb, liver 0.4-2.0 Ounce

Pork, liver, bacon 6.6 Ounce

FRUITS (STRAINED)

0.2-0.4 Ounce

Table 6.3 lists the iron content of infant foods.

Growth

Growth is particularly rapid during infancy and during puberty. Blood volume and body iron are directly
related to body weight throughout life. Iron-deficiency anemia can occur at any time when rapid growth outstrips
the ability of diet and body stores to supply iron requirements. In the first year of life body weight triples and cir-
culating hemoglobin mass doubles. Each kilogram gain in weight requires an increase of 35—45 mg body iron.

The amount of iron in the newborn is 75 mg/kg. If no iron is present in the diet or blood loss occurs the iron
stores present at birth will be depleted by 6 months in a full-term infant and by 3—4 months in a premature infant.

The commonest cause of iron-deficiency anemia is inadequate intake during the rapidly growing years of
infancy and childhood.

Blood Loss

Blood loss, an important cause of iron-deficiency anemia, may be due to prenatal, intranatal, or postnatal
causes (see Chapter 5, Table 5.1). Hemorrhage occurring later in infancy and childhood may be either occult or
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TABLE 6.4 Classification of Iron-Deficiency Anemia in Relationship to Gut Involvement

Primary iron deficiency (dietary, rapid growth)

Mild or severe Severe”
Gut changes  None Leaky gut syndrome Malabsorption syndrome
Effect No blood loss Loss of: Loss of: Impaired absorption ~ Impaired absorption of
Red cells only Red cells of iron only xylose, fat and vitamin A
Plasma protein .
Albumin Duodenitis
Immune globulin
Copper
Calcium
Result Iron-deficiency IDA, guisac-positive IDA, exudative IDA, refractory to IDA, transient enteropathy
anemia (IDA) enteropathy oral iron
Treatment Oral iron Oral iron Oral iron IM iron-dextran complex

Secondary iron deficiency

Mild or severe Severe

Pathogenesis Cow’s milk-induced? Heat-labile protein Anatomic lesion (e.g., Meckel’s diverticulum,
polyp, intestinal duplication, peptic ulcer)

Effect Leaky gut syndrome Blood loss

Loss of:
Red cells
Plasma protein
Albumin
Immune globulin
Copper
Calcium

Results Recurrent IDA, exudative enteropathy Recurrent IDA

Treatment Discontinue whole cow’s milk; soya Surgery, specific medical management,
milk formula; oral iron iron PO or IM iron dextran

“Can occur in severe chronic iron-deficiency anemia from any cause.

apparent (Table 6.1). A number of fecal occult blood tests should be performed in order to exclude intermittent
occult gastrointestinal (GI) bleeding.

Iron deficiency by itself, irrespective of its cause, may result in occult blood loss from the gut. More than 50%
of iron-deficient infants have guaiac-positive stools. This blood loss is due to the effects of iron deficiency on the
mucosal lining (e.g., deficiency of iron-containing enzymes in the gut), leading to mucosal blood loss. This sets
up a vicious cycle in which iron deficiency results in mucosal change, which leads to blood loss and further
aggravates the anemia. The bleeding due to iron deficiency is corrected with iron treatment. In addition to iron
deficiency per se causing blood loss it may also induce an enteropathy, or leaky gut syndrome. In this condition,
a number of blood constituents, in addition to red cells, are lost in the gut (Table 6.4).

Cow’s milk can result in an exudative enteropathy associated with chronic GI blood loss resulting in iron defi-
ciency. Whole cow’s milk should be considered the cause of iron-deficiency anemia under the following clinical
circumstances:

* One quart or more of whole cow’s milk consumed per day.

* Iron deficiency accompanied by hypoproteinemia (with or without edema) and hypocupremia (dietary iron-
deficiency anemia not associated with exudative enteropathy is usually associated with an elevated serum
copper level). It is also associated with hypocalcemia, hypotransferrinemia, and low serum immunoglobulins
due to the leakage of these substances from the gut.

e Jron-deficiency anemia unexplained by low birth weight, poor iron intake, or excessively rapid growth.
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* Jron-deficiency anemia recurring after a satisfactory hematologic response following iron therapy.

¢ Rapidly developing or severe iron-deficiency anemia.

* Suboptimal response to oral iron in iron-deficiency anemia.

¢ Consistently positive stool guaiac tests in the absence of gross bleeding and other evidence of organic lesions
in the gut.

* Return of GI function and prompt correction of anemia on cessation of cow’s milk and substitution by soybean
or heat-treated cow’s milk formula. Bleeding stops in 3—4 days of cessation of whole cow’s milk.

Blood loss can thus occur as a result of gut involvement due to primary iron-deficiency anemia (Table 6.4) or
secondary iron-deficiency anemia as a result of gut abnormalities induced by hypersensitivity to cow’s milk, or
as a result of demonstrable anatomic lesions of the bowel, for example, Meckel’s diverticulum.

In postpubescent girls, menstrual blood loss and the increased iron requirements of pregnancy are important
causes of iron deficiency. Menstrual losses average approximately 40 ml (20 mg iron) per period and in preg-
nancy there is an increased requirement of 1200—1500 ml blood (680 mg iron). Most of this iron requirement is in
the third trimester when the daily iron requirements rise to 3—7.5 mg requiring supplemental iron to prevent
iron deficiency.

Impaired Absorption

Impaired iron absorption due to a generalized malabsorption syndrome (e.g., celiac disease) is an uncommon
cause of iron-deficiency anemia. Severe iron deficiency, because of its effect on the bowel mucosa, may induce a
secondary malabsorption of iron as well as malabsorption of xylose, fat, and vitamin A (Table 6.4).

CLINICAL FEATURES

Iron-deficiency anemia is chronic and frequently asymptomatic and may go undiagnosed. Patients are charac-
teristically between 6 months and 3 years of age or between 11 and 17 years of age because these are ages of
rapid growth and expanding blood volume. In mild anemia there are usually no symptoms. In severe deficiency,
pallor, irritability, anorexia, listlessness, fatigue, and pica (strange craving for nonfood items such as sand, dirt,
ice, and clay) may occur. These symptoms are reversed in a few days on iron treatment before the anemia cor-
rects itself. Restless leg syndrome, a syndrome of uncontrollable movement of legs, has been described in iron
deficiency. It has been postulated that this is due to tissue iron deficiency of parts of the central nervous system
concerned with movement control. The spleen in iron deficiency may be enlarged but of normal consistency.

Iron-Refractory Iron-Deficiency Anemia

This is a rare autosomal recessive disorder (OMIM number 206200). Iron-deficiency anemia is defined as
“refractory” when there is absence of hematologic response (an increase of <1 g/dl, of hemoglobin) after 4—6
weeks of treatment with oral iron. Iron-refractory iron-deficiency anemia (IRIDA) is caused by a mutation of
TMPRSS6, the gene encoding transmembrane protease, serine 6, also known as matriptase-2, which inhibits the
signaling pathway which activates hepcidin. This type of anemia is variable, more severe in children, and unre-
sponsive to treatment with oral iron. It is characterized by striking microcytosis, extremely low transferrin satura-
tion, normal or borderline-low ferritin levels, and high hepcidin levels. The diagnosis is confirmed by sequencing
of TMPRSS6. IRIDA occurs in less than 1% of cases of iron-deficiency anemia seen in medical practice. Most cases
of iron resistance are due to disorders in the GI tract (see Table 6.1).

Non-hematological Manifestations

Iron deficiency is a systemic disorder involving multiple systems rather than exclusively a hematologic condi-
tion associated with anemia. Table 6.5 lists important iron-containing compounds in the body and their function
and Table 6.6 lists the tissue effects of iron deficiency.
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TABLE 6.5 Important Iron-Containing Compounds and their Function

Compound

Function

a-Glycerophosphate dehydrogenase

Catalase

Cytochromes

Ferritin

Hemoglobin
Hemosiderin
Mitochondrial dehydrogenase
Monoamine oxidase
Myoglobin

Peroxidase
Ribonucleotide reductase
Transferrin

Xanthine oxidase

Work capacity

RBC peroxide breakdown

ATP production, protein synthesis, drug metabolism, electron transport
Iron storage

Oxygen delivery

Iron storage

Electron transport

Catecholamine metabolism

Oxygen storage for muscle contraction
Bacterial killing

Lymphocyte DNA synthesis, tissue growth
Iron transport

Uric acid metabolism

DIAGNOSIS

. Hemoglobin: Hemoglobin is below the acceptable level for age (Appendix 1).
. Red cell indices: Lower than normal mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),

and mean corpuscular hemoglobin concentration (MCHC) for age. Widened red cell distribution width
(RDW) in association with a low MCV is one of the best screening tests for iron deficiency. In general, the
decrease in indices parallels the decrease in hemoglobin.

. Blood smear: Red cells are hypochromic and microcytic with anisocytosis and poikilocytosis, generally

occurring only when hemoglobin level falls below 10 g/dl. Basophilic stippling can also be present but not as
frequently as is present in thalassemia trait. The RDW is high (>14.5%) in iron deficiency and normal in
thalassemia (<13%).

. Reticulocyte count: The relative number of reticulocytes is often increased but when corrected for anemia the

reticulocyte count is usually normal. In severe iron-deficiency anemia associated with bleeding, a reticulocyte
count of 3—4% may occur.

. Platelet count: The platelet count varies from thrombocytopenia to thrombocytosis. Thrombocytopenia is more

common in severe iron-deficiency anemia. Thrombocytosis is present when there is associated bleeding.

. Bone marrow: This is not indicated to diagnose iron deficiency. If performed it shows hypercellularity of red

cell precursors and distortion of normoblast nuclei may occur. Little or no iron is shown in normoblast and
reticulum cells by Prussian blue staining.

. Free erythrocyte protoporphyrin (FEP): The incorporation of iron into protoporphyrin represents the ultimate

stage in the biosynthetic pathway of heme. Failure of iron supply will result in an accumulation of free

protoporphyrin not incorporated into heme synthesis in the normoblast and the release of erythrocytes into

the circulation with high FEP levels.

a. The normal FEP level is 15.5 * 8.3 mg/dl. The upper limit of normal is 40 mg/dl. Table 6.7 gives the
causes of elevated levels of FEP and its advantages over transferrin saturation levels as a diagnostic tool.

b. In both iron deficiency and lead poisoning, the FEP level is elevated. It is much higher in lead poisoning
than in iron deficiency. The FEP is normal in o- and p-thalassemia minor. FEP elevation occurs as soon as
the body stores of iron are depleted, before microcytic anemia develops. An elevated FEP level is therefore
an indication for iron therapy even when anemia and microcytosis have not yet developed.
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TABLE 6.6 Tissue Effects of Iron Deficiency

1. Gastrointestinal tract

a.

Q -0 &n T

i
j.
k.
L
m.

Anorexia: common and an early symptom
i. Increased incidence of low-weight percentiles
ii. Depression of growth

. Pica: pagophagia (ice) geophagia (sand)

. Atrophic glossitis with flattened, atrophic, lingual papillae which makes the tongue smooth and shiny
. Dysphagia

. Esophageal webs (Kelly—Paterson syndrome)

. Reduced gastric acidity

. Leaky gut syndrome

i. Guaiac-positive stools: isolated
ii. Exudative enteropathy: gastrointestinal loss of protein, albumin, immunoglobulins, copper, calcium, red cells

. Malabsorption syndrome

i. Iron only

ii. Generalized malabsorption: xylose, fat, vitamin A, duodenojejunal mucosal atrophy

Beeturia

Decreased cytochrome oxidase activity and succinic dehydrogenase

Decreased disaccharidases, especially lactase with abnormal lactose tolerance tests

Increased absorption of cadmium and lead (iron-deficient children have increased lead absorption)
Increased intestinal permeability index

2. Central nervous system

70 om0 n T

. Irritability
. Fatigue and decreased activity
. Conduct disorders

Lower mental and motor developmental test scores on the Bayley scale which may be long-lasting
Decreased attentiveness, shorter attention span

. Significantly lower scholastic performance
. Reduced cognitive performance
. Breath-holding spells

Papilledema

3. Cardiovascular system

. Increase in exercise and recovery heart rate and cardiac output
. Cardiac hypertrophy

. Increase in plasma volume

. Increased minute ventilation values

o LN T

Increased tolerance to digitalis

4. Musculoskeletal system

. Deficiency of myoglobin and cytochrome C

. Impaired performance of a brief intense exercise task

. Decreased physical performance in prolonged endurance work

. Rapid development of tissue lactic acidosis on exercise and a decrease in mitochondrial alpha-glycerophosphate

QO n T o

e.
f.

5. Immunologic system

There is conflicting information as to the effect on the immunologic system of iron-deficiency anemia.
a. Evidence of increased propensity for infection

oxidase activity
Radiographic changes in bone-widening of diploic spaces
Adverse effect on fracture healing

i. Clinical
Reduction of acute illness and improved rate of recovery in iron-replete compared to iron-deficient children
Increased frequency of respiratory infection in iron deficiency
ii. Laboratory
Impaired leukocyte transformation
Impaired granulocyte killing and nitroblue tetrazolium reduction by granulocytes
Decreased myeloperoxidase in leukocytes and small intestine
Decreased cutaneous hypersensitivity
Increased susceptibility to infection in iron-deficient animals

b. Evidence of decreased propensity for infection

i. Clinical
Lower frequency of bacterial infection
Increased frequency of infection in iron-overload conditions
ii. Laboratory
Transferrin inhibition of bacterial growth by binding iron so that no free iron is available for growth
of microorganisms
Enhancement of growth of nonpathogenic bacteria by iron

(Continued)
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TABLE 6.6 (Continued)

6. Cellular changes
a. Red cells
i. Ineffective erythropoiesis
ii. Decreased red cell survival (normal when injected into asplenic subjects)
iii. Increased autohemolysis
iv. Increased red cell rigidity
v. Increased susceptibility to sulfhydryl inhibitors
vi. Decreased heme production
vii. Decreased globin and a-chain synthesis
viii. Precipitation of a-globin monomers to cell membrane
ix. Decreased glutathione peroxidase and catalase activity
Inefficient H,O, detoxification
Greater susceptibility to HO, hemolysis
Oxidative damage to cell membrane
Increased cellular rigidity
x. Increased rate of glycolysis-glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 2,3-diphosphoglycerate
(2,3-DPG), and glutathione
xi. Increase in NADH-methemoglobin reductase
xii. Increase in erythrocyte glutamic oxaloacetic transaminase
xiii. Increase in free erythrocyte protoporphyrin
xiv. Impairment of DNA and RNA synthesis in bone marrow cells
b. Other tissues
i. Reduction in heme-containing enzymes (cytochrome C, cytochrome oxidase)
ii. Reduction in iron-dependent enzymes (succinic dehydrogenase, aconitase)
iii. Reduction in monoamine oxidase
iv. Increased excretion of urinary norepinephrine
v. Reduction in tyrosine hydroxylase (enzyme converting tyrosine to dihyroxyphenylalanine)
vi. Alterations in cellular growth, DNA, RNA, and protein synthesis in animals
vii. Persistent deficiency of brain iron following short-term deprivation
viii. Reduction in plasma zinc

TABLE 6.7 Causes of Elevated Levels of Free Erythrocyte Protoporphyrin (FEP) and Advantages of FEP
Compared to Transferrin Saturation as a Diagnostic Tool

Causes of raised levels of FEP
1. Iron-deficiency anemia
. Conditions with high reticulocyte count®
. Lead poisoning (very high levels)
. Chronic infection
. Erythropoietic protoporphyria
. Acute myelogenous leukemia
7. Rare cases of dyserythropoietic and sideroblastic anemias
Advantages of FEP compared with transferrin saturation
1. FEP is not subject to daily fluctuations
2. FEP remains elevated during iron treatment (returns to normal after cells with excess FEP are replaced)”
3. FEP is not elevated in a- and (3-thalassemia

NG~ W

“Reticulocytes have a slightly higher concentration of FEP. It occurs in hemolytic anemias (e.g., hemoglobin SS disease).
YUseful to know whether a patient who is in the process of receiving iron treatment was iron-deficient before commencement of iron therapy.

8. Serum ferritin: The level of serum ferritin reflects the level of body iron stores; it is quantitative, reproducible,
specific, and sensitive; and requires only a small blood sample. A concentration of less than 12 ng/ml is
considered diagnostic of iron deficiency. Normal ferritin levels, however, can exist in iron deficiency when
bacterial or parasitic infection, malignancy, or chronic inflammatory conditions coexist because ferritin is an
acute-phase reactant and its synthesis increases in acute or chronic infection or inflammation. Figure 6.1
depicts the normal range of serum ferritin concentrations at different ages.

9. Serum iron and iron saturation percentage: Serum iron estimation as a measure of iron deficiency has serious
limitations. It reflects the balance between several factors, including iron absorbed, iron used for hemoglobin
synthesis, iron released by red cell destruction, and the size of iron stores. The serum iron concentration
represents an equilibrium between the iron entering and leaving the circulation. Serum iron has a wide range
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of normal, varies significantly with age (see Appendix 1) and is subject to marked circadian changes (as

much as 100 mg/dl during the day). The author has abandoned the use of serum iron for the routine

diagnosis of iron deficiency (in favor of MCV, RDW, FEP, and serum ferritin) because of the following
limitations:

a. Wide normal variations (age, sex, laboratory methodology).

b. Unnecessary expense.

c. Subject to error from iron ingestion.

d. Diurnal variation.

e. Falls in mild or transient infection.

Therapeutic trial: The most reliable criterion of iron-deficiency anemia is the hemoglobin response to an

adequate therapeutic trial of oral iron. Ferrous sulfate, in a dose of 3 mg/kg per day is given for 1 month.

A reticulocytosis with a peak occurring between the fifth and tenth days followed by a significant rise in

hemoglobin level occurs (a hemoglobin rise of more than 1 g/dl in 1 month). The absence of these changes

implies that iron deficiency is not the cause of the anemia. Iron therapy should then be discontinued and
further diagnostic studies implemented. Table 6.8 summarizes the diagnostic tests in the investigation of
iron-deficiency anemia.

Other tests for iron deficiency not in common clinical usage include: Serum transferrin receptor levels (STfR),

STfR/log ferritin ratio, and red blood cell zinc protoporphyrin/heme ratio.

a. STfR levels: This is a sensitive measure of iron deficiency and correlates with hemoglobin and other
laboratory parameters of iron status. It may not be better than serum ferritin in diagnosing iron
deficiency. The STfR is increased in instances of hyperplasia of erythroid precursors such as
iron-deficiency anemia and thalassemia. It is unaffected by infection and inflammation, unlike serum
ferritin which is raised. It is therefore of great value in distinguishing iron deficiency from the anemia
of chronic disease and in identifying iron deficiency in the presence of chronic inflammation or infection.
With erythroid hypoplasia or aplasia, for example, aplastic anemia, red cell aplasia, or chronic renal
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failure, the STfR concentration is decreased. It can be measured by a sensitive enzyme-linked
immunosorbent assay technique

. STfR/log ferritin ratio: Calculating the ratio of serum transferring receptor concentration to the logarithm of

the serum ferritin concentration provides the highest sensitivity and specificity in the presence of chronic
inflammation or infection. Values of less than 2.2 mg/1 exclude iron deficiency and values of more than
2.9 mg/1 confirm iron deficiency.

. Red blood cell zinc protoporphyrin/heme ratio: This is increased whenever there is disruption of normal heme

production, when available bone marrow iron is insufficient to support heme synthesis. It is not specific as
to cause and is raised in iron deficiency and lead poisoning and markedly raised in protoporphyria and
congenital erythropoietic porphyria. In these conditions zinc substitutes for iron in protoporphyrin IX and
the concentration of zinc protoporphyrin relative to heme increases. False-positive results may occur in
hyperbilirubinemia and falsely low results if the specimen is not protected from light. This is more
sensitive than plasma ferritin levels, is inexpensive and simple. It is useful in identifying iron deficiency
before anemia occurs.

12. Serum hepcidin levels are not available for clinical use. It could help to identify patients in whom a response

to oral iron is probable (those with low hepcidin levels) and those in whom it is not probable (those with
normal or elevated hepcidin levels).

STAGES OF IRON DEPLETION

1. Iron depletion: This occurs when tissue stores are decreased without a change in hematocrit or serum iron
levels. This stage may be detected by low serum ferritin measurements.

2. Iron-deficient erythropoiesis: This occurs when reticuloendothelial macrophage iron stores are completely
depleted. The serum iron level drops and the total iron-binding capacity increases without a change in the
hematocrit. Erythropoiesis begins to be limited by a lack of available iron and STfR levels increase.

3. Iron-deficiency anemia: This is associated with erythrocyte microcytosis, hypochromia, increased RDW, and
elevated levels of FEP. It is detected when iron deficiency has persisted long enough that a large proportion of
circulating erythrocytes were produced after iron became limiting.

TABLE 6.8 Diagnostic Tests for Iron-Deficiency Anemia

1. Blood smear
a. Hypochromic microcytic red cells, confirmed by RBC indices
i. MCV less than acceptable normal for age (see Appendix 1)
ii. MCH less than 27.0 pg
iii. MCHC less than 30%
b. Wide red cell distribution width greater than 14.5%
2. Free erythrocyte protoporphyrin: elevated
. Serum ferritin: decreased
4. Serum iron and iron-binding capacity
a. Decreased serum iron
b. Increased iron-binding capacity
c. Decreased iron saturation (16% or less)
5. Therapeutic responses to oral iron
a. Reticulocytosis with peak 5—10 days after institution of therapy
b. Following peak reticulocytosis hemoglobin level rises on average by 0.25—0.4 g/dl/day or hematocrit
rises 1%/day
6. Serum transferrin receptor level®
. Red blood cell zinc protoporphyrin/heme ratio®
8. Bone marrow”
a. Delayed cytoplasmic maturation
b. Decreased or absent stainable iron

W

N

“Rarely required or readily available.
YUsed only if difficulty is experienced in elucidating cause of anemia.
MCYV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.
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DIFFERENTIAL DIAGNOSIS

Iron-deficiency anemia must be differentiated from thalassemia minor and the anemia of chronic disease,
which are common in infants. The RDW is normal in patients with thalassemia and anemia of chronic disease
but high in those with iron deficiency. The MCV is decreased in iron-deficiency anemia and in thalassemia minor
and normal or decreased in chronic disease. The FEP is increased in iron-deficiency anemia and in chronic dis-
ease and normal in thalassemia. The serum ferritin is decreased in iron deficiency, normal in thalassemia, and
increased in chronic infection. The plasma in iron deficiency is clear and in thalassemia it is straw-colored.
Sometimes these conditions coexist. It may be necessary to use a trial of iron for 1 month to sort out the diagnosis
and determine the contribution of iron-deficiency anemia to the clinical picture. It should be noted that since
hemoglobin A2 is decreased in iron deficiency a diagnosis of 3-thalassemia minor (in which hemoglobin A2 is
increased) may not be able to be made until after iron therapy and the iron deficiency is corrected.

Although hypochromic anemia in children is usually due to iron deficiency, it is not necessarily attributable to
this condition. A list of the causes of hypochromia is given in Table 6.9. In some of these cases, there is an inabil-
ity to synthesize hemoglobin normally in spite of adequate iron (e.g., thalassemia, lead poisoning). In unusual or
obscure cases of hypochromic anemia, it is necessary to do additional investigations, such as determination of
serum ferritin, ST{R levels, hemoglobin electrophoresis, and examination of the bone marrow for stained iron, in
order to establish the cause of the hypochromia.

Table 6.10 lists the investigations employed in the differential diagnosis of microcytic anemias and Figure 6.2
depicts a flow chart for the diagnosis of microcytic anemia using MCV and RDW.

In addition to making a diagnosis of iron-deficiency anemia, its pathogenesis must be established. The history
should include conditions resulting in low iron stores at birth, dietary history and consideration of all factors
leading to blood loss. The most common site of bleeding is into the bowel and the most important investigation
is examination of the stool for occult blood. If occult blood is found, its cause should be established by examina-
tion of stools for ova, rectal examination, barium enema, upper GI series, 99r’“Tc-pertechnetate scan for detection
of a Meckel’s diverticulum, upper endoscopy, and colonoscopy.

Negative guaiac tests for occult bleeding may occur if bleeding is intermittent. For this reason, occult bleeding
should be tested for on at least five occasions when GI bleeding is suspected. The guaiac test is only sensitive
enough to pick up more than 5 ml occult blood. Excessive uterine bleeding, epistaxis, renal blood loss (hematuria
or hemoglobinuria from paroxysmal nocturnal hemoglobinuria) and, on rare occasions, bleeding into the lung
(idiopathic pulmonary hemosiderosis and Goodpasture syndrome) may all be causes of iron-deficiency anemia.
Bleeding into these areas requires specific investigations designed to detect the cause of bleeding.

TABLE 6.9 Disorders Associated with Hypochromia

1. Iron deficiency
2. Hemoglobinopathies
. Thalassemia (o and (3)
. Hemoglobin K&ln
. Hemoglobin Lepore
. Hemoglobin H
. Hemoglobin E
3. Disorders of heme synthesis caused by a chemical
a. Lead
b. Pyrazinamide
c. Isoniazid
. Sideroblastic anemias
. Chronic infections or other inflammatory states
. Malignancy
. Hereditary orotic aciduria
Hypo- or atransferrinemia
a. Congenital
b. Acquired (e.g., hepatic disorders); malignant disease, protein malnutrition (decreased transferrin synthesis),
nephrotic syndrome (urinary transferrin loss)

9. Copper deficiency

10. Inborn error of iron metabolism
a. Congenital defect of iron transport to red cells

o LN T

®© N o Ul
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TABLE 6.10 Summary of Laboratory Studies in Microcytic Anemias

MCV MCVin RDW FEP Ferritin Serum TIBC Bone Hb

Ethnic origin Hb Other features

parents iron marrow electrophoresis
iron
status
Iron deficiency Any ! N 1 1 ! l 1 l Normal Dietary deficiency
B-Thalassemia Mediterranean Slight | One N N Norfl N N N A, raised F Normal examination
87 trait parent | normal or 1
(heterozygous)
g° Mediterranean | Both N 1 1 1 1 1 F raised Hepatosplenomegaly
(homozygous) parents (60—90%) transfusion-
l dependent
«a-Thalassemia Asians, N N N N N N N N Normal No hematologic
silent carrier Blacks, abnormalities
(a-thal-2) Mediterranean
Trait (a-thal-1) Asians, N or l One N N Nor? N N N Normal
Blacks, slightly parent |
Mediterranean |
Hemoglobin H l l T N Norf Norf N T Hemoglobin H Hemolytic anemia of
disease (2—40%) variable
severity inclusion
bodies in RBCs
Anemia of Any l N N N 1 Nor 1 | Nor Nor 1 Normal
chronic 1
infection
Sideroblastic ~ Any l N N 1 N Norfl Norf Nor 1 Normal
or l

T

FEP, free erythrocyte protoporphyrin; Hb, hemoglobin; MCV, mean corpuscular volume; RDW, red cell distribution width; TIBC, total iron-binding capacity,
1, abnormally high; |, abnormally low; N, normal.

MCV Normal
Low
(for age)
RDW
Narrow Wide

l l

Hemoglobin electrophoresis FEP*
MCYV on parents ferritin
trial of iron

FIGURE 6.2 Flow chart depicting the diagnosis of microcytic anemia using mean corpuscular volume (MCV) and red cell distribution
width (RDW). *Also elevated in lead poisoning. Do serum lead level (if clinically investigated).
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Nutritional Counseling

. Maintain breast-feeding for at least 6 months, if possible.
. Use an iron-fortified (6—12 mg/1) infant formula until 1 year of age (formula is preferred to whole cow’s

milk). Restrict milk to 1 pint/day. Avoid cow’s milk until after the first year of age because of the poor
bioavailability of iron in cow’s milk and because the protein in cow’s milk can cause occult GI bleeding.

. Use iron-fortified cereal from 6 months to 1 year.
. Evaporated milk or soy-based formula should be used when iron deficiency is due to hypersensitivity to

cow’s milk.

. Provide supplemental iron for low-birth-weight infants:

a. Infants 1.5—2.0 kg: 2 mg/kg/day supplemental iron.
b. Infants 1.0—1.5 kg: 3 mg/kg/day supplemental iron.
c. Infants <1 kg: 4 mg/kg/day supplemental iron.

. Facilitators of iron absorption such as vitamin C-rich foods (citrus, tomatoes, and potatoes), meat, fish, and

poultry should be included in the diet and inhibitors of iron absorption such as tea, phosphate, and phytates
common in vegetarian diets should be eliminated.

Oral Iron Medication

The goal of therapy for iron deficiency is both correction of the hemoglobin level and replenishment of body

iron stores.

1.

W

Product: Ferrous iron (e.g., ferrous sulfate, ferrous gluconate, ferrous ascorbate, ferrous lactate, ferrous
succinate, ferrous fumarate, or ferrous glycine sulfate) is effective. Ferric irons and heavily chelated iron
should not be used as they are poorly and inefficiently absorbed.

. Dose: 1.5—2.0 mg/kg elemental iron three times daily. Older children: ferrous sulfate (0.2 g) or ferrous

gluconate (0.3 g) given three times daily, to provide 100—200 mg elemental iron. In children with GI side
effects, iron once every other day may be better tolerated with good effect.

. Duration: 10—12 weeks in order to replete the iron stores and restore the ferritin levels to normal.
. Response: The lower the hemoglobin to start the higher the reticulocyte response and rise in hemoglobin.

a. Peak reticulocyte count on days 5—10 following initiation of iron therapy.

b. Following peak reticulocyte level, hemoglobin rises on average by 0.25—0.4 g/dl/day or hematocrit rises
1%/day during first 7—10 days.

¢. Thereafter, hemoglobin rises slower: 0.1-0.15 g/dl/day.

. Failure to respond to oral iron: The following reasons should be considered:

a. Poor compliance: Failure or irregular administration of oral iron; administration can be verified by change
in stool color to gray-black or by testing stool for iron.

. Inadequate iron dose.

. Ineffective iron preparation.

. Insufficient duration.

. Persistent or unrecognized blood loss.

. Incorrect diagnosis: Thalassemia, sideroblastic anemia.

. Coexistent disease that interferes with absorption or utilization of iron (e.g., chronic inflammation,
inflammatory bowel disease, malignant disease, hepatic or renal disease, concomitant deficiencies
(vitamin By, folic acid, thyroid, associated lead poisoning)).

h. Impaired GI absorption due to high gastric pH (e.g., antacids, histamine-2 blockers, gastric acid pump
inhibitors). Helicobacter pylori, estimated to affect half the world’s population, decreases iron absorption
because the organism competes with its human host for available iron and should be eradicated in iron-
resistant iron-deficiency anemia. Gluten sensitivity, which may be asymptomatic, interferes in iron
absorption. Five percent of iron-refractory iron-deficient individuals have gluten sensitivity.

i. Congenital IRIDA (see Section ‘Iron-Refractory Iron-Deficiency Anemia’ in this chapter).

Q -~0 & T

. Side effects: Constipation, diarrhea, abdominal cramps, nausea, and metallic taste. Although stools may be dark

it does not produce false-positive results on tests for occult blood.
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Parenteral Therapy

Indications

1. Non compliance, poor tolerance of oral iron or failure of oral iron therapy.

2. Severe bowel disease (e.g., inflammatory bowel disease) where use of oral iron might aggravate the
underlying disease of the bowel or iron absorption is compromised, after gastrectomy or duodenal bypass
surgery, atrophic gastritis, celiac disease.

3. Chronic hemorrhage (e.g., congenital coagulation disorders, hereditary telangiectasia, menorrhagia, chronic
hemoglobinuria from prosthetic heart valves). Losing blood at a rate too rapid for oral intake to compensate
for the loss.

4. Acute diarrheal disorder in underprivileged populations with iron-deficiency anemia.

. Severe iron deficiency requiring rapid replacement of iron stores.

6. Patients anemic after receiving erythropoietin therapy (e.g., renal dialysis and in patients receiving

chemotherapy) to ensure an ample and steady supply of iron.

. Genetically induced IRIDA.

. Substitution for blood transfusion when not accepted by patient for religious reasons.

9. Iron deficiency in heart failure.

9}

® 3

Intramuscular

Iron-dextran, a parenteral form of elemental iron, is available for intramuscular use. It is safe, effective, and
well-tolerated even in infants with a variety of acute illnesses, including acute diarrheal disorders.

An increased risk for clinical attacks of malaria and other infections has been demonstrated in malarious
regions, particularly with parenteral or high-dose oral iron supplementation.

Dose
For intramuscular iron-dextran the following formula is used to raise the hemoglobin level to normal and to
replenish iron stores:

Normal hemoglobin — initial hemoglobin
100

X blood volume (ml) X 3.4 X 1.5

1. Normal hemoglobin (see Appendix 1).

2. Blood volume: 80 ml/kg or 40 ml/Ib body weight.

3. Multiplication by 3.4 converts grams of hemoglobin into milligrams of iron.
4. Factor 1.5 provides extra iron to replace depleted tissue stores.

Iron—dextran complex provides 50 mg elemental iron/ml.

Intravenous

Sodium ferric gluconate ((Ferrlecit) contains 12.5mg/ml or polynuclear iron hydroxide sucrose
complex (Venofer) contains 20 mg/ml elemental iron) for intravenous use is effective and relatively safe.
Iron dextran should not be used intravenously because it is less safe and requires a test dose prior to use. They
are especially useful in anemia associated with chronic renal failure and hemodialysis. Dosage ranges from 1 to
4 mg/kg per week.

Side Effects

Flushing, headache, muscle and joint pain, nausea, dizziness, rashes, fever, and chills may occur with paren-
teral iron. A very small number of patients experience anaphylaxis requiring emergency treatment. With intra-
muscular injection staining at the site may occur, especially in cases in which the solution is accidentally
administered into the superficial tissues. Staining is of a transient type, disappearing after a few weeks or
months. A “Z-track” injection into the muscle minimizes the chance of a subcutaneous leak. The local inflamma-
tory reaction is slight. Because of the painful nature and the skin discoloration that occurs with intramuscular
injection the preferred route for parenteral iron administration is intravenous.
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Contraindications to Parenteral Iron Therapy

1. Anemias not due to iron deficiency.

2. Iron overload.

3. History of hypersensitivity to parenteral iron preparations.
4. History of severe allergy or anaphylactic reactions.

5. Clinical or biochemical evidence of liver damage.

6. Acute or chronic infection.

7. Neonates.

Blood Transfusion

A packed red cell transfusion should be given in severe anemia requiring correction more rapidly than is pos-
sible with oral iron or parenteral iron or because of the presence of certain complicating factors. This should be
reserved for debilitated children with infection, especially when signs of cardiac dysfunction are present and the
hemoglobin level is 4 g/dl or less.

Partial Exchange Transfusion

A partial exchange transfusion has been recommended in the management of a severely anemic child under
two circumstances:

¢ In a surgical emergency, when a final hemoglobin of 9—10 g/dl should be attained to permit safe anesthesia.
¢ When anemia is associated with congestive heart failure, in which case it is sufficient to raise the hemoglobin
to 4—5 g/dl to correct the immediate anoxia.
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CHAPTER

[}

Megaloblastic Anemia

Philip Lanzkowsky

Megaloblastic anemias are characterized by the presence of megaloblasts in the bone marrow and macrocytes in
the blood. In more than 95% of cases, megaloblastic anemia is a result of folate and vitamin B, deficiency.
Megaloblastic anemia may also result from rare inborn errors of metabolism of folate or vitamin Bj,. In addition,
deficiencies of ascorbic acid, tocopherol, and thiamine may be related to megaloblastic anemia. The causes of mega-
loblastosis are listed in Table 7.1. The clinical features, diagnosis, and treatment of cobalamin and folate deficiency
are discussed later in this chapter (see section ‘General clinical features of cobalamin and folate deficiency’).

VITAMIN B, (COBALAMIN) DEFICIENCY

Absorption and Metabolism

Dietary vitamin By, (Cbl),' acquired mostly from animal sources, including meat and milk, is absorbed in a
series of steps that include:

* Proteolytic release of Cbl from its associated proteins and Cbl binds to haptocorrin, a cobalamin-binding
protein, produced by salivary and esophageal glands.

* In the duodenum, after exposure to pancreatic proteases, Cbl is released from haptocorrin.

* In the proximal ileum Cbl binds to intrinsic factor (IF), a gastric secretory protein, to form the IF—Cbl complex.

* Recognition of the IF—Cbl complex by specific receptors on ileal mucosal cells, which is taken into lysosomes
where the IF—Cbl complex is released and IF is degraded.

e Transport across ileal cells in the presence of calcium ions.

* Release into the portal circulation bound to transcobalamin II (TC II)—the serum protein that carries newly
absorbed Cbl throughout the body.

Figure 7.1 shows the pathway of cobalamin absorption, transport, and cellular uptake.
Cobalamin is converted into the two required coenzyme forms, adenosylcobalamin (AdoCbl) and methylcoba-
lamin (MeCbl). The cellular metabolism by which the coenzymes are formed involves the following:

Receptor-mediated binding of the TC II-Cbl complex to the cell surface.

Adsorptive endocytosis of the complex.

Intralysosomal degradation of the TC IL

Release of Cbl into cytoplasm.

Enzyme-mediated reduction of the central cobalt atom and cytosolic methylation to form MeCbl or
mitochondrial adenosylation to form AdoCbl.

Causes of Vitamin By, Deficiency

* The causes of vitamin By, deficiency are listed in Table 7.2.

For the purposes of this chapter, vitamin By, cobalamin, and cbl are used interchangeably. Vitamin B;, contains a metal ion in the form of
cobalt and therefore is also known as cobalamin.
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VITAMIN B,, (COBALAMIN) DEFICIENCY

TABLE 7.1 Causes of Megaloblastosis

85

1.
2.
3.

Vitamin B, (cobalamin) deficiency (see Table 7.2)
Folate deficiency (see Table 7.6)

Miscellaneous

a. Congenital disorders in DNA synthesis

i. Orotic aciduria (uridine-responsive) pyrimidine biosynthesis is interrupted

ii. Thiamine-responsive megaloblastic anemia’

iii. Congenital familial megaloblastic anemia requiring massive doses of vitamin B;, and folate
iv. Associated with congenital dyserythropoietic anemia (Tables 8.15 and 8.16)
v. Lesch—Nyhan syndrome (adenine-responsive) purine nucleotide regeneration is blocked

b. Acquired defects in DNA synthesis

i. Liver disease
ii. Sideroblastic anemias (Table 8.18)
iii. Leukemia, especially acute myeloid leukemia (M6) (Chapter 19)
iv. Aplastic anemia (congenital or acquired)
v. Refractory megaloblastic anemia
c. Drug-induced megaloblastosis

i. Purine analogs (e.g., 6-mercaptopurine, azathioprine and thioguanine)

ii. Pyrimidine analogs (5-fluorouracil, 6-azauridine)

iii. Inhibitors of ribonucleotide reductase (cytosine arabinoside, hydroxyurea)

“Associated in some cases with diabetes and sensorineural hearing impairment and in others with the DIDMOAD syndrome. There is wide clinical
heterogeneity of this rare disorder. Only the anemia is responsive to high doses of thiamine.

Diet Cbl bound to protein
H+ l
Cbl
HC
-
Stomach A
Cbl/HC
/ Proteases
A
HC Cbl
1
&Intrinsic
Intestine > factor
Cbl/IF
2
Uptake by CUBAM ®\
A
Cbl
Enterocytes 3
/®/TC
A
Blood
Cbl/TC
Uptake by endocytosis
Tissues 5
Intracellular
CbITC

FIGURE 7.1 Summary of cobalamin absorption,
transport, and cellular uptake. Cbl, cobalamin;
Cbl/HC, cobalamin haptocorrin complex; Cbl/IF,
cobalamin intrinsic factor complex; Cbl/TC, cobala-
min transcobalamin complex; CUBAM, ileal recep-
tors made up of cubilin and amnionless proteins;
HC, haptocorrin; TC, transcobalamin; 1, intrinsic
factor deficiency; 2, Imerslund—Grésbeck syn-
drome; 3, transcobalamin deficiency. Source:
Adapted from Morel and Rosenblatt (2006), with
permission.
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TABLE 7.2 Causes of Vitamin B;, Deficiency

1. Inadequate vitamin By, intake
a. Dietary (<2 mg/day): food fads, lacto-ovo vegetarianism, low animal-source food intake, veganism, malnutrition, poorly controlled
phenylketonuria diet
b. Maternal deficiency leading to By, deficiency in breast milk
2. Defective vitamin B;, absorption (Table 7.3)
a. Failure to secrete intrinsic factor
i. Congenital intrinsic factor deficiency (gastric mucosa normal) (OMIM 261000)
Quantitative
Qualitative (biologically inert)”
ii. Juvenile pernicious anemia (autoimmune) (gastric atrophy)”
iii. Juvenile pernicious anemia (gastric autoantibodies) with autoimmune polyendocrinopathies (OMIM 240300)
iv. Juvenile pernicious anemia with IgA deficiency
v. Gastric mucosal disease
Chronic gastritis, gastric atrophy (elevated serum gastrin and/or low serum pepsinogen 1 concentrations) often caused by
Helicobacter pylori
Corrosives
Gastrectomy (partial/total)
b. Failure of absorption in small intestine
i. Specific vitamin By, malabsorption
Abnormal intrinsic factor”
Defective cobalamin transport by enterocytes—abnormal ileal uptake (Imerslund—Grasbeck syndrome) (OMIM 261100)
Ingestion of chelating agents (phytates, EDTA) (binds calcium and interferes with vitamin B, absorption)
ii. Intestinal disease causing generalized malabsorption, including vitamin B;, malabsorption:
Intestinal resection (e.g., congenital stenosis, volvulus, trauma)
Crohn’s disease
Tuberculosis of terminal ileum
Lymphosarcoma of terminal ileum
Pancreatic insufficiency*
Zollinger—Ellison syndrome (caused by gastrinoma in duodenum or pancreas)
Celiac disease (gluten enteropathy), tropical sprue
Other less specific malabsorption syndromes
HIV infection
Long-standing medication that decreases gastric acidity (H,-receptor antagonists and proton pump inhibitors)
Parasites (Giardia, Lamblia, Diphyllobothrium latum)
Neonatal necrotizing enterocolitis
iii. Competition for vitamin By,
Small-bowel bacterial overgrowth (e.g., small-bowel diverticulosis, anastomoses and fistulas, blind loops and pouches, multiple
strictures, scleroderma, achlorhydria, gastric trichobezoar)
Diphyllobothrium latum, the fish tapeworm (takes up free By, and By,-intrinsic factor complex), Giardia lamblia, Plasmodium
falciparum, Strongyloides stercoralis
3. Defective vitamin B, transport
a. Congenital TC II deficiency (OMIM 275350)
b. Transient deficiency of TC II
c. Partial deficiency of TC I (haptocorrin deficiency) (OMIM 193090)
4. Disorders of vitamin B, metabolism
a. Congenital
i. Adenosylcobalamin deficiency ChlA (OMIM 251100) and CbIB diseases (OMIM 251110)
ii. Deficiency of methylmalonyl-CoA mutase (mut, mut?)
iii. Methylcobalamin deficiency CbIE (OMIM 236270) and CbIG diseases (OMIM 250940)
iv. Combined adenosylcobalamin and methylcobalamin deficiencies: CbIC (OMIM 277400), CbID (OMIM 277410), and CbIF diseases
(OMIM 277380)
b. Acquired
i. Liver disease
ii. Protein malnutrition (kwashiorkor, marasmus)
iii. Drugs associated with impaired absorption and/or utilization of vitamin By, (e.g., p-aminosalicylic acid, colchicine, neomycin,
ethanol, oral contraceptive agents, Metformin)

“Same condition.

YPernicious anemia is the final stage of an autoimmune disorder in which autoantibodies against H K *-adenosine triphosphatase destroy parietal cells in the stomach.
“Because of lack of the enzymes needed to liberate By, from haptocorrin, the protein that initially binds ingested vitamin By,.

OMIM, Online Mendelian Inheritance in Man (http://www.ncbi.nlm.nih.govjomimy/).
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Nutritional Deficiency

The recommended dietary allowance of vitamin By, for children is 0.9—2.4 pg/day. The most common cause of
Cbl deficiency in infants is dietary deficiency in the mother. Mothers following vegetarian, vegan, macrobiotic, and
other special diets are at particular risk. Cbl in breast milk parallels that in serum and is deficient when the mother is
a vegan or has unrecognized pernicious anemia, has had previous gastric bypass surgery or short gut syndrome.

Defective Absorption

Table 7.3 lists the features of congenital and acquired defects of vitamin By, absorption, Table 7.4 lists the main
features of genetic defects in processing of vitamin Bj,.

TABLE 7.3 Features of Congenital and Acquired Defects of Vitamin By, Absorption

Stomach Schilling Test Serum Antibodies
Condition Histology Intrinsic Hydrochloric Without IF With IF  Intrinsic Parietal Associated features
factor® acid (HCI) factor cell
Congenital Normal  Absent  Normal Decreased Normal  Absent Absent None; relative of patient may
pernicious anemia exhibit defective vitamin By,
malabsorption

Juvenile pernicious ~ Atrophy Absent  Achlorhydria Decreased Normal  Present Present Occasional lupus erythematosus,
anemia (90%) (10%) IgA deficiency, moniliasis,
(autoimmune) endocrinopathy in siblings

Juvenile pernicious ~ Atrophy  Absent  Achlorhydria Decreased Normal  Present Present Hypothyroidism (chronic auto-

anemia with immune thyroiditis—Hashimoto’s
polyendocrino- thyroiditis) insulin-dependent
pathies or selective diabetes mellitus, primary ovarian
IgA deficiency failure, myasthenia gravis,

hypoparathyroidism, Addison
disease, moniliasis, or selective
IgA deficiency

Enterocyte vitamin =~ Normal  Present  Normal Decreased Decreased Absent  Absent Benign proteinuria, amino-

B;, malabsorption aciduria, no generalized

(Imerslund- malabsorption”

Grésbeck)

Generalized Normal  Present Normal Decreased Decreased Absent  Absent Malabsorption; syndrome; history

malabsorption of ileal resection, Crohn’s disease,
lymphoma

“Either absent secretion of immunologically recognizable IF or secretes immunologically reactive protein that is inactive physiologically. The latter group includes patients whose
IF has reduced affinity for the ileal IF receptor, reduced affinity for cobalamin or increased susceptibility for proteolysis.

YRare cases have been described of this syndrome associated with generalized malabsorption reversed by vitamin By, administration and rare cases have been described without
proteinuria or aminoaciduria.

IF, intrinsic factor.

TABLE 7.4 Main Features of Genetic Defects in Processing of Vitamin B,

Defect Serum B;,  Clinical/biochemical

Food cobalamin malabsorption Low N.A. * Anemia, mild T MMA /tHcy

Intrinsic factor deficiency Low Anemia, delayed development, mild T MMA /tHcy

Enterocyte cobalamin malabsorption (Imerslund—Grasbeck) — Low Anemia, proteinuria, delayed development, mild 1 MMA /tHcy
Transcobalamin I (R-Binder) deficiency Low No abnormality, No T MMA /tHcy

Transcobalamin II deficiency Normal N.A. = Anemia, failure to thrive, mild 1 MMA /tHCy
Intracellular defects of cobalamin Normal Severe disease, T MMA /tHcy

N.A., neurologic abnormalities; MMA, methylmalonic acid; tHcy, total homocysteine; 7, increased.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



88 7. MEGALOBLASTIC ANEMIA

Gastric Acidity and Peptic Activity Deficiency

Acid pH and peptic activity are required to release cobalamin from the protein-bound state in which it occurs
in food. Impaired absorption occurs when there is impaired gastric function, for example atrophic gastritis, par-
tial gastrectomy resulting in a low serum cobalamin, mild increase in methylmalonic acid and homocysteine, and
a normal Schilling test.

Intrinsic Factor Deficiency

Patients with absent or defective IF (also known as S-binder) have low serum By, and megaloblastic anemia.
This autosomal recessive disorder usually appears early in the second year of life, but may be delayed until ado-
lescence or adulthood. The abnormal absorption of cobalamin is corrected by mixing the vitamin with a source of
normal IF. Some patients have no detectable IF, whereas others have IF that can be detected immunologically but
lacks function. The gene for human IF (GIF gene) has been cloned and localized to chromosome 11. Mutations
have been identified in the GIF gene, together with a polymorphism (68A —G) which may be a marker for this
inheritance. Homozygous GIF mutations result in complete loss of IF function.

Defective Cobalamin Transport by Ileal Enterocyte Receptors for the Intrinsic Factor-Cobalamin
Complex (Imerslund-Grisbeck Syndrome)

Most of the known patients reside in Norway, Finland, Saudi Arabia, and among Sephardic Jews in Israel. It is
due to a selective defect in cobalamin absorption in the ileum that is not corrected by treatment with IF. In these
patients, gastric IF level is normal, they do not have antibodies to IF, and the ileal intestinal morphology is nor-
mal. In some cases the ileal receptor for IF—cobalamin complex is absent, whereas in other patients it is present.
It is an autosomal recessive disorder associated with a low serum By,.

The locus for Imerslund—Grésbeck syndrome has been assigned to chromosome 10. Imerslund —Grasbeck-
causing mutations are found in either of two genes encoding the epithelium proteins: cubilin (CUBN) and
amnionless (AMN). The gene receptor, cubilin P1297L (OMIM 602997)” is a 640-kDa protein which recognizes
IF—cobalamin and various other proteins to be endocytosed in the intestine and kidney. The exact function of
AMN is unknown but mutations affecting either of the two proteins may cause Imerslund—Gréasbeck
syndrome.

The Imerslund—Grédsbeck syndrome usually presents with pallor, weakness, anorexia, failure to thrive,
delayed development, recurrent infections, and gastrointestinal symptoms within the first 2 years of life but has
been reported up to 15 years of age. In many patients, proteinuria of the tubular type is found that is not cor-
rected by systemic cobalamin.

There has been a decrease in the number of new cases, suggesting that dietary or other factors may influence
the expression of this disease.

Defective Transport

Table 7.5 lists clinical manifestations, laboratory finding and treatment of inborn errors of cobalamin transport
and metabolism and Figure 7.2 shows the pathways of vitamin By, metabolism and sites of inborn errors of
vitamin B, metabolism.

Transcobalamin II Deficiency (OMIM 275350)

TC II is the principal transport carrier protein system of cobalamin. The TC II gene is located on chromosome
22 and is inherited as an autosomal recessive trait. In the absence of TC II, a serious and potentially fatal condi-
tion occurs. It presents clinically at 3—5 weeks of age with

e Failure to thrive, weakness.
* Vomiting and diarrhea.
e Neurologic disease that appears 3—6 months after onset of symptoms.

The six-digit number is the entry number for the disorder in Online Mendelian Inheritance in Man (OMIM) a continuously updated
electronic catalog of human genes and genetic disorders. The online version is accessible through the world wide web (http://www.ncbi.nlm.
nih.gov/omim/).
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TABLE 7.5 Clinical Manifestations, Laboratory Findings, and Treatment of the Autosomal Recessive Inborn Errors of Cobalamin

Transport and Metabolism

Condition (OMIM no.) Defect

Typical clinical
manifestations

Typical onset

Laboratory findings

Treatment and response

TC II deficiency
(OMIM 275350)

TC I (R-binder)
deficiency (OMIM
193090)

Defective synthesis of
AdoCbl: cblA (OMIM
251100) cblB (OMIM
251110)

Defective synthesis of
MeCbl: cblE (OMIM
236270) cblG (OMIM
250940)

Defective synthesis of
AdoCbl and MeCbl:

cblD (OMIM 277410)
cblF (OMIM 277380)

Defective/
absent TC II

Deficiency/
absence of
TCI in
plasma,
saliva,
leukocytes

Defective
synthesis of
AdoCbl

Defective
synthesis of
MeCbl

Impaired
synthesis of
cblC (OMIM 277400) both
AdoCbl
and MeCbl

Failure to thrive,
megaloblastic anemia,
later neurologic features
and immunodeficiency

Neurologic symptoms
(myelopathy) reported,
but unclear if these are
related to condition

Lethargy, failure to
thrive, recurrent
vomiting, dehydration,
hypotonia, keto acidosis
hypoglycemia

Vomiting, poor feeding,
lethargy, severe
neurologic dysfunction,
megaloblastic anemia

Failure to thrive,
developmental delay,
neurologic dysfunction,
megaloblastic anemia,
some cases with retinal
findings

Early infancy
3—5 weeks

Unclear if
observed
symptoms are
related to
condition

First weeks or
months of life

Most in first 2
years of life

Variable from
neonatal period
to adolescence
majority with
neonatal onset

Usually normal serum Cbl;
elevated serum MMA,
homocysteine; absent/
defective TC II

Low serum Cbl, normal
TC II-Cbl levels. No
increase in MMA or
homocysteine

Normal serum Cbl],
homocysteine and

methionine; elevated MMA,

ketones, glycine, ammonia;
leukopenia,
thrombocytopenia, anemia

Normal serum Cbl and
folate; homocystinuria,
hypomethioninemia

Normal serum Cbl, TC II;
methylmalonic aciduria,
homcystinuria,
hypomethioninemia

High doses of Cbl by
injection; good response
to treatment if begun
early

Cbl therapy does not
appear to be of benefit

Pharmacologic doses of
Cbl, dietary protein
restriction, oral
antibiotics. Treatment
response for cblA better
than for cbIB

Pharmacologic doses of
Cbl, betaine; good
treatment response in
some patients treated early

Pharmacologic doses of
hydroxocobalamin,
moderate protein
restriction, betaine
treatment. Response often
not optimum

TC 1II, transcobalamin II; OMIM, Online Mendelian Inheritance in Man; Cbl, cobalamin; MMA, methylmalonic acid; TCI, transcobalamin I;
AdoCbl, adenosylcobalamin; MeCbl, methylcobalamin.
Modified from Rasmussen et al. (2001), with permission.

TCII

Edosome

Cob(lll)alamin

Cob(lll)alamin

TCII Methylmalonyl CoA

Lysosome

TCII

mut (~1/55.000)

Methylmalonyl CoA Mutase

Adenosylcobalamin

/< CbIB(33)

Cob(l)alamin

? cblA

Cob(ll)alamin

/

Cob(Ill)alamin

2 ChIA(45)

Mitochondrion

» Succinyl CoA

Cob(lll)alamin

cbIF(5)

Cob(lll)alamin

chIC (>100) ?

Cob(Il)alamim

cbID (2)

AdoMet

chIE(!I)

Homocysteine

Methyl -THF

Methylcobalamm

Methionine synthase
cbIG(19)

Cob(l)alamin

» Methionine

FIGURE 7.2 Cobalamin metabolism in cultured mammalian cells and the sites of the known inborn errors of cobalamin metabolism.
AdoMet, S-adenosylmethionine, cob(Ill)alamin, cob(Ialamin, cob(Il) represent cobalamin with its cobalt in the 3+, 2+, or 1+ oxidation
state, methyl-THF is 5-methyltetrahydrofolate. The incidence or minimum numbers of patients with a given diseases are shown in parenthe-
ses. Source: Adapted from Rosenblatt and Whitehead (1999), with permission.
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e Severe megaloblastic anemia. Some present with progressive pancytopenia or isolated erythroid hypoplasia.
Defective granulocyte function may occur. Serum cobalamin levels are normal (most of the cobalamin in
serum is bound to transcobalamin I (TC I)).

¢ Cellular and humoral immunologic deficiency.

e Hyperhomocysteinemia, homocystinuria, and methylmalonic aciduria occurs.

Diagnosis

Diagnosis requires demonstration of the absence of protein capable of binding radiolabeled cobalamin and
migrating with TC II on chromatography or gel electrophoresis, or by immunologic techniques. TC II is synthe-
sized by amniocytes, permitting prenatal diagnosis.

Treatment

One thousand pg vitamin By, intramuscularly 1-2 times weekly. Serum cobalamin levels must be kept very
high (1,000—10,000 pg/ml) in order to treat TC II deficiency patients successfully.

Partial Deficiency of Transcobalamin I (Haptocorrin Deficiency) (OMIM 193090)

In partial deficiency of TC I (also known as haptocorrin or R-binder) serum vitamin By, concentrations are
low but patients show no signs of vitamin B, deficiency (no megaloblastic hematologic features, normal
values for hemocysteine and methylmolonic acid) because their TC II-cobalamin levels are normal and patients
are not clinically deficient in vitamin B;,. TC I concentrations range from 25 to 54% of the mean normal
concentration.

Clinically this syndrome is characterized by a myelopathy, not attributable to other causes and the etiology of
these symptoms remains unclear.

Disorders of Metabolism: Congenital

The conversion of a vitamin to its active coenzyme and subsequent binding to an apoenzyme producing active
holoenzyme are fundamental biochemical processes. Therefore deficient activity of an enzyme can result not only
from a defect of the enzyme protein itself, which may involve interaction of a coenzyme with an apo-enzyme,
but also from a defect in the conversion of the vitamin to a coenzyme.

Once vitamin By, has been taken up into cells, it must be converted to an active coenzyme in order to act as a
cocatalyst with vitamin B;,-dependent apoenzymes. Two enzymes known to depend for activity on vitamin B,
derivatives are:

* Methylmalonyl coenzyme A (CoA) mutase, which requires AdoCbl. Methylmalonyl CoA mutase catalyzes the
conversion of methylmalonyl CoA to succinyl CoA. A decreased activity of methylmalonyl CoA mutase is
reflected by the excretion of elevated amounts of methylmalonic acid.

¢ N°-methyltetrahydrofolate homocysteine methyltransferase, which requires MeCbl. Lack of MeCbl leads to
deficient activity of N°-methyltetrahydrofolate homocysteine methyltransferase, with reduced ability to
methylate homocysteine, resulting in hyperhomocysteinemia and homocysteinuria.

Patients with inborn errors of cobalamin utilization present with methylmalonic acidemia and hyperhomocys-
teinemia, either alone or in combination. Methylmalonic acidemia occurs as a result of a functional defect in the
mitochondrial methylmalonyl CoA mutase or its cofactor AdoCbl, which catalyzes the conversion of
L-methylmalonyl CoA to succinyl CoA. Hyperhomocysteinemia occurs as a result of a functional defect in the
cytoplasmic methionine synthase or its cofactor MeCbl. Those disorders causing methylmalonic aciduria are char-
acterized by severe metabolic acidosis, with the accumulation of large amounts of methylmalonic acid in blood,
urine, and cerebrospinal fluid.

The incidence is estimated at 1:61,000. All the disorders of Cbl metabolism are inherited as autosomal recessive
traits and prenatal diagnosis is possible. Classification has relied on somatic cell complementation studies in cul-
tured fibroblasts. Prenatal detection of fetuses with defects in the complementation groups cblA, cblB, cbIC, cblE,
and cbIF has been accomplished using cultured amniotic cells and chemical determinations on amniotic fluid or
maternal urine. In several cases, in utero cbl therapy has been attempted with apparent success.
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Adenosylcobalamin Deficiency CblA (OMIM 251100) and CbIB (OMIM 251110) Diseases

Deficiency of AdoCbl synthesis leads to impaired methylmalonyl CoA mutase activity and results in methyl-
malonic acidemia. Cobalamin-responsive methylmalonic aciduria characterizes both CbhlA and CbIB diseases.
Intact cells from both CblA and CbIB patients fail to synthesize AdoCbl. However, cell extracts from CblA patients
can synthesize AdoCbl when provided with an appropriate reducing system, whereas extracts from CblB patients
cannot. The defect in CbIA may be related to a deficiency of a mitochondrial nicotinamide adenine dinucleotide
phosphate (NADPH)-linked aquacobalamin reductase. The defect in CbIB affects adenosyltransferase, which is
involved in the final step in AdoCbl synthesis.

This group of patients presents with:

¢ Life-threatening or fatal ketoacidosis in the first few weeks or months of life.

* Hypoglycemia and hyperglycinemia.

e Failure to thrive or developmental retardation (may be a consequence of the acidosis and reversed by relief of
the ketoacidosis).

* Serum cobalamin concentrations are normal.

* Both CblA and CbIB are autosomal recessive diseases.

Studies of these patients have shown that intact cells fail to oxidize propionate normally. Methylmalonyl CoA
arises chiefly through the carboxylation of propionate, which in turn derives largely from degradation of valine,
isoleucine, methionine, and threonine.

Treatment

Ninety percent of CbhlA patients respond to therapy with systemic hydroxocobalamin or cyanocobalamin,
whereas only 40% of CbIB patients respond to this therapy. Only 30% have long-term survival.

Methylmalonyl-CoA Mutase (mut, mut?) Deficiency

Defects in methylmalonyl CoA mutase apoenzyme formation can occur and result in methylmalonic aciduria.
This is an autosomal recessive disease, and prenatal diagnosis is possible. Culture of patients’ fibroblasts shows
two classes of mutase deficiency: those having no detectable enzyme activity are designated mut, whereas those
with residual activity, which can be stimulated by high levels of cobalamin, are called mut®.

Clinical Findings

Infants are well at birth but become rapidly symptomatic on protein feeding and develop lethargy, failure to
thrive, muscular hypotonia, respiratory distress, and recurrent vomiting and dehydration. Basal ganglia infarcts,
tubulointerstitial nephritis, acute pancreatitis, and cardiomyopathy may occur as complications despite treatment.
Patients excrete greater than 100 mg to several grams of methylmalonic acid daily (normal excretion is less than
15—20 micrograms per gram of creatinine), develop life-threatening or fatal ketoacidosis, elevated levels of ketones,
glycine, and ammonia in the blood and urine. Hypoglycemia, leukopenia, and thrombocytopenia may occur.

Treatment

Patients do not respond to vitamin B;, therapy. Protein restriction using a formula deficient in valine, isoleu-
cine, methionine, and threonine (with the goal of limiting amino acids that use the propionate pathway) is
employed. Lincomycin and metronidazole may reduce enteric propionate production by anaerobic bacteria.
Therapy with carnitine is employed for those patients who are carnitine deficient.

Methylcobalamin Synthesis Deficiency: CblE (OMIM 236270) and CblG (OMIM 250940) Diseases

Abnormalities in MeCbl synthesis result in reduced N°-methyltetrahydrofolate: homocysteine methyltransferase
and consequently lead to homocysteinuria with hypomethioninemia. Thus homocysteinuria and hypomethioninemia,
usually without methylmalonic aciduria, characterize functional methionine synthase deficiency (CblE, CbiG), although
one CbhIE patient has been described showing transient methylmalonic aciduria. Fibroblasts from CbIE and CbiG
patients show a decreased accumulation of MeCbl with a normal accumulation of AdoCbl after incubation with cyano-
cobalamin. Their fibroblasts show decreased incorporation of labeled methyltetrahydrofolate as well. Cyanocobalamin
uptake and binding to both cobalamin-dependent enzymes is normal in CbIE fibroblasts and in most CbIG fibroblasts.
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Clinical Findings

1. Most patients become ill with failure to thrive during the first 2 years of life, but a number have been
diagnosed in adulthood.

2. Megaloblastic anemia.

3. Various neurological deficits including developmental delay, cerebral atrophy, EEG abnormalities, nystagmus,
hypotonia, hypertonia, seizures, blindness, and ataxia.

Treatment

Hydroxocobalamin is administered systemically, daily at first, then once or twice weekly. Usually this corrects
the anemia and the metabolic abnormalities. Betaine supplementation may be helpful to reduce the homocysteine
further. The neurological findings are more difficult to reverse once established, particularly in ChIG disease.
There has been successful prenatal diagnosis of CbIE disease in amniocytes and the mother with an affected fetus
can be treated with twice-weekly hydroxocobalamin after the second trimester.

Combined Adenosylcobalamin and Methylcobalamin Deficiencies CblIC (OMIM 277400),
CblD (OMIM 277410), and CbIF (OMIM 277380) Diseases

These disorders result in failure of cells to synthesize both MeCbl (resulting in homocysteinuria and hypo-
methioninemia) and AdoCbl (resulting in methylmalonic aciduria) and accordingly, deficient activity of
methylmalonyl CoA mutase (leading to homocystinuria and hypomethioninemia with methylmalonic aciduria)
and N’-methyltetrahydrofolate: homocysteine methyltransferase. Fibroblasts from CbhIC and CbID patients
accumulate virtually no AdoCbl or MeCbl when incubated with labeled cyanocobalamin. In contrast, fibro-
blasts from CbIF patients accumulate excess cobalamin, but it is all unmetabolized cyanocobalamin,
nonprotein-bound and localized to lysosomes. In CbIC and CbID, the defect is believed to involve cob(Ill)ala-
min® reductase or reductases, whereas in CbIF, the defect involves the exit of cobalamin from the lysosome.
Partial deficiencies of cyanocobalamin beta-ligand transferase and microsomal cob(Ill)alamin reductase have
been described in ChIC and CbID fibroblasts as well.

Clinical Findings
These patients present in the first month or before the end of the first year of life with:

Poor feeding, failure to thrive and lethargy.

Developmental retardation.

Spasticity, delirium, and psychosis (in older children and adolescence).

Hydrocephalus, cor pulmonale, and hepatic failure have been described, as well as a pigmentary retinopathy

with perimacular degeneration.

* Methylmalonic acid levels are less than in methylmalonyl CoA mutase deficiency but greater than in defects of
cobalamin transport.

* Macrocytosis, hypersegmented neutrophils, thrombocytopenia, and megaloblastic anemia.

* Many patients with the onset of symptoms in the first month of life die, whereas those with a later onset have

a better prognosis.

CbIC, CbID, and CUIF diseases can be differentiated using cultured fibroblasts. Failure of uptake of labeled cya-
nocobalamin distinguishes CbIC and CbID from all other cbl mutations. There is reduced incorporation of propio-
nate and methyltetrahydrofolate into macromolecules in all three disorders and reduced synthesis of AdoCbl and
MeCbl. Complementation analysis between an unknown cell line and previously defined groups establishes the
specific diagnosis. Prenatal diagnosis has been successfully accomplished in CbIC disease using chorionic villus
biopsy material and cells.

Treatment

The treatment of CbIC disease can be difficult. Daily therapy with oral betaine and twice-weekly injections of
hydroxocobalamin improve lethargy, irritability, and failure to thrive, reduce methylmalonic aciduria and return
serum methionine and homocysteine concentrations to normal. There has been incomplete reversal of the

3In this form of cobalamin the cobalt atom is trivalent (cob (III)) and must be reduced before it can bind to the respective enzyme.
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neurologic and retinal findings. Surviving patients usually have moderate to severe developmental delay, even
with good metabolic control.

Disorders of Metabolism: Acquired

In protein malnutrition (kwashiorkor, marasmus) and liver disease, impaired utilization of vitamin B;, has
been reported. Certain drugs are associated with impaired absorption or utilization of vitamin B, (see Table 7.2).

FOLIC ACID DEFICIENCY

Absorption and Metabolism

Food folate occurs in the polyglutamate form, which must be hydrolyzed by conjugase in the brush border of
the intestine to folate monoglutamates. These are absorbed in the duodenum and upper small intestine and trans-
ported to the liver becoming 5-methyltetrahydrofolate, the principal circulating folate form.

Folate binds to and acts as a coenzyme for enzymes that mediate single-carbon transfer reactions. They accept
and donate single-carbon atoms at different states of oxidation. 5,10-Methylenetetrahydrofolate is used
unchanged for the synthesis of thymidylate, reduced to 5-methyltetrahydrofolate for the synthesis of methionine,
or oxidized to 10-formyl tetrahydrofolate for the synthesis of purines.

The recommended dietary allowance of folate increases from 150 to 400 ug/day from age 1 year to 18 years.

The causes of folic acid deficiency are listed in Table 7.6.

Acquired Folate Deficiency

Folate deficiency, next to iron deficiency, is one of the commonest micronutrient deficiencies worldwide.

Folate sufficiency for the fetus is necessary to prevent neural tube defects. It is best achieved by administering
folate (and cobalamin) to mothers during the periconceptional period. Low daily folate intake is associated with
a two fold increased risk for preterm delivery and low infant birth-weight.

Folate requirements are increased in the following conditions:

e Rapid growth in the first few weeks of life. Folate supplement is necessary at this time, in doses of
0.05—0.2 mg daily, particularly in premature infants.

Pregnant women (due to the requirements of the growing fetus) and lactating women.

Goat’s milk diet (goat’s milk contains almost no folate).

Medication ingestion, for example, antiepileptic medication, oral contraceptive pills.

Diseases of the small intestine causing malabsorption.

Hemolytic anemia with rapid red cell turnover, for example, sickle cell anemia, thalassemia.
Chronic infections, for example, diarrhea, hepatitis (may disturb folate stores), HIV infection.

Inborn Errors of Folate Transport and Metabolism

These include hereditary folate malabsorption, methylenetetrahydrofolate reductase (MTHFR) deficiency, and
glutamate formiminotransferase deficiency. In addition to these rare severe deficiencies, polymorphisms in the
MTHEFR gene have been implicated with neural defects and vascular thrombosis. Table 7.7 lists the clinical and
biochemical features of inherited defects of folate metabolism.

Hereditary Folate Malabsorption (OMIM 229050)

Hereditary folate malabsorption (congenital malabsorption of folate) is due to a rare autosomal recessive trait.

It is characterized by an abnormality in the absorption of oral folic acid or of reduced folates (5-methyltetrahy-
drofolate or 5-formyltetrahydrofolate (folinic acid)) associated with elevated excretion of formiminoglutamate
(FIGLU) and of orotic acid. This disease is due to a specific transport system defect for folates across both the
intestine and the choroid plexus. It is caused by loss-of-function mutations in the protein-coupled folate trans-
porter gene (pcft/SLC46A1). Even when blood folate levels are increased sufficiently to correct the anemia, folate
levels in the cerebrospinal fluid may remain low. These patients are unable to achieve the normal 3:1 CSF:serum
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TABLE 7.6 Causes of Folic Acid Deficiency

1. Inadequate intake
. Poverty, ignorance, faddism
. Method of cooking (sustained boiling loses 40% folate)
. Goat’s-milk feeding (6 mg folate/1)
. Malnutrition (marasmus, kwashiorkor)
. Special diets for phenylketonuria or maple syrup urine disease
. Prematurity
. Post bone marrow transplantation (heat-sterilized food)
2. Defective absorption
a. Congenital, isolated defect of folate malabsorption®
b. Acquired
i. Idiopathic steatorrhea
ii. Tropical sprue
iii. Partial or total gastrectomy
iv. Multiple diverticula of small intestine
v. Jejunal resection
vi. Regional ileitis
vii. Whipple’s disease
viii. Intestinal lymphoma
ix. Broad-spectrum antibiotics
x. Drugs associated with impaired absorption and/or utilization of folic acid, for example, methotrexate, diphenylhydantoin
(Dilantin), primidone, barbiturates, oral contraceptive agents, cycloserine, metformin, ethanol, dietary amino acids (glycine,
methionine), sulfasalazine, and pyrimethamine
xi. Post bone marrow transplantation (total body irradiation, drugs, intestinal GVH disease)
3. Increased requirements
. Rapid growth (e.g., prematurity, pregnancy)
. Chronic hemolytic anemia, especially with ineffective erythropoiesis (e.g., thalassemia major)
. Dyserythropoietic anemias
. Malignant disease (e.g., lymphoma, leukemia)
. Hypermetabolic states (e.g., infection, hyperthyroidism)
. Extensive skin disease (e.g., dermatitis herpetiformis, psoriasis, exfoliative dermatitis)
. Cirrhosis
. Post bone marrow transplantation (bone marrow and epithelial cell regeneration)
4. Disorders of folic acid metabolism
a. Congenital”
i. Methylenetetrahydrofolate reductase deficiency (OMIM 236250)
ii. Glutamate formiminotransferase deficiency (OMIM 229100)
iii. Functional N°-methyltetrahydrofolate: homocysteine methyltransferase deficiency caused by cblE (OMIM 236270) or cblG (OMIM
250940) disease
iv. Dihydrofolate reductase deficiency (less well established)
v. Methenyl-tetrahydrofolate cyclohydrolase (less well established)
vi. Primary methyltetrahydrofolate: homocysteine methyltransferase deficiency (less well established)
b. Acquired
i. Impaired utilization of folate
¢ Folate antagonists (drugs that are dihydrofolate reductase inhibitors, e.g., methotrexate, pyrimethamine, trimethoprim,
pentamidine)
e Vitamin B,, deficiency
e Alcoholism
¢ Liver disease (acute and chronic)
e Other drugs (IIB10 above)
5. Increased excretion (e.g., chronic dialysis, vitamin By, deficiency, liver disease, heart disease)

Q-0 &n T

50 om0 N T

“Rare disorder. Isolated disorder of folate transport resulting in low CSF folate and mental retardation. The ability to absorb all other nutrients is normal. The defect is overcome
by pharmacologic oral doses of folic acid or intramuscular folic acid (Lanzkowsky et al., 1969).

"These disorders are associated with megaloblastic anemia, mental retardation, disorders in gait, and both peripheral and central nervous system disease.

OMIM, Online Mendelian Inheritance in Man (http://www.ncbi.nlm.nih.gov/omim/).

folate ratio indicative of failure to transport folates across the choroid plexus. The uptake of folate into other cells
is probably not defective and the uptake of folate into cultured cells is not abnormal.

Clinical Presentation

This disorder manifests in the first few months of life and is characterized by megaloblastic anemia associated with
low serum, red cell, and cerebrospinal fluid folate levels as well as chronic or recurrent diarrhea, mouth ulcers, failure
to thrive, and usually loss of developmental milestones, seizures, and progressive neurological deterioration.
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TABLE 7.7 Clinical and Biochemical Features of Inherited Defects of Folate Metabolism

Hereditary Methylene-H, Glutamate  Functional methionine
folate folate formimino- synthase deficiency
malabsorption fiec}}lc'tase :ira?sferase CbIE CbIG
eficiency eficiency
CLINICAL SIGNS
Prevalence 13 cases >30 cases 13 cases 8 cases 12 cases
Megaloblastic anemia A N N* A A
Developmental delay A A N* A A
Seizures A A N* A A
Speech abnormalities N N A? N N
Gait abnormalities N A N* N A?
Peripheral neuropathy N* A N* N A®
Apnea N A N* N* N
BIOCHEMICAL FINDINGS
Homocystinuria/homocysteinemia N A N A A
Hypomethioninemia N A N A A
Formininoglutamic aciduria A? N A N N*
Folate absorption A N N N N
Serum Cbl N N N* N N
Serum folate A A N* N N
Red blood cell folate A A® N* N N

DEFECTS DETECTABLE IN CULTURED FIBROBLASTS

Whole cells

CHj3H, folate uptake N N N A A
CH3H, folate content N A N N N
CH3B,, content N N N A A
Extracts
Activity of holoenzyme of methionine N N N NP A
synthase
Glutamate formiminotransferase Activity undetectable
in cultured cells
Abnormal in liver
and erythrocytes
Methylene-H, folate reductase N A N N N
TREATMENT

Folic acid or Folates, betaine Folates OH-Cb], folinic acid, betaine
reduced folates methionine

in pharmacologic

doses

“Exceptions described in some cases.

Y Abnormal activity with low concentrations of reducing agent in assay.
N, normal; A, abnormal; (i.e., clinical or laboratory findings).
From Rosenblatt (1995), with permission.
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Treatment

It is essential to maintain normal levels of folate in the blood and in the cerebrospinal fluid. Oral folic acid in
doses of 5—40 mg daily and lower parenteral doses correct the hematologic abnormality, but cerebrospinal fluid
folate levels may remain low. Oral doses of folates may have to be increased to 100 mg or more daily if necessary.
Oral methyltetrahydrofolate and folinic acid can increase cerebrospinal fluid folate levels, but only slightly. If
oral therapy is not effective, systemic therapy with reduced folates should be tried. It may be necessary to give
intrathecal reduced folates if cerebrospinal fluid levels cannot be normalized.

Methylenetetrahydrofolate Reductase Deficiency (OMIM 236250)

This condition is a rare autosomal recessive disorder. The gene for MTHEFR is located on chromosome 1p36.3
and there are more than 30 mutations. MTHEFR deficiency results in elevated plasma homocysteine and homocys-
tinuria and decreased plasma methionine levels, because levels of methyltetrahydrofolate serve as one of three
methyl donors for the conversion of homocysteine to methionine.

Clinical Findings

This condition can present severely in early infancy (first month of life) or much more mildly as late as
16 years of age. Clinical symptoms vary and consist of developmental delay which is the most common clinical
manifestation, hypotonia, motor and gait abnormalities, recurrent strokes, seizures, mental retardation, psychiat-
ric manifestations, and microcephaly. Pathologic findings include internal hydrocephalus, microgyria, perivas-
cular changes, demyelination, macrophage infiltration, gliosis, astrocytosis, and subacute combined degeneration
of the spinal cord. Methionine deficiency may cause demyelination by interfering with methylation. Vascular
changes include thrombosis of both cerebral arteries and veins. Megaloblastic anemia is uncommon in patients
with this disease because reduced folates are still available for purine and pyrimidine synthesis.

Diagnosis
MTHEFR deficiency can be diagnosed by measuring enzyme activity in liver, white blood cells, and cultured
fibroblasts.

Prognosis
Prognosis is poor in early-onset severe MTHFR deficiency.

Treatment

MTHER deficiency is resistant to treatment. Regimens have included folic acid, methyltetrahydrofolate, methionine,
pyridoxine, various cobalamins, carnitine, and betaine. Betaine therapy after prenatal diagnosis has resulted in the best
outcome to date since it has the theoretical advantage of both lowering homocysteine levels and supplementing methio-
nine levels. Prenatal diagnosis is possible by enzyme assay in amniocytes, chorionic villus biopsy samples, or cultured
chorionic villus cells. The phenotypic heterogenicity in MTHFR deficiency is reflected by genotypic heterogeneity.

Glutamate Formiminotransferase Deficiency (OMIM 229100)

Glutamate formiminotransferase and formiminotetrahydrofolate cyclodeaminase are involved in the transfer
of a formimino group to tetrahydrofolate followed by the release of ammonia and the formation of 5,10-methylte-
trahydrofolate. These activities are found only in the liver and kidneys and are performed by a single octameric
enzyme. It is not clear that glutamate formiminotransferase deficiency is associated with disease, even though
formiminoglutamic acid (FIGLU) excretion is the one constant finding. There have been 20 patients described,
with ages ranging from 3 months to 42 years at diagnosis. Some have been asymptomatic and several patients
have macrocytosis and hypersegmentation of neutrophils.

Mild and severe phenotypes have been described. Patients with the severe form show mental and physical
retardation, abnormal EEG activity and dilatation of the cerebral ventricles with cortical atrophy. In the mild
form, there is no mental retardation but massive excretion of FIGLU.

Liver-specific activity ranges from 14 to 54% of control values. It is not possible to confirm the diagnosis using cul-
tured cells because the enzyme is not expressed. There is dispute as to whether the enzyme is expressed in red cells.

Patients may have elevated to normal serum folate levels and elevated FIGLU levels in the blood and urine
after a histidine load. Plasma amino acid levels are usually normal, but hyperhistidinemia, hyperhistidinuria,
and hypomethioninemia have been found. The excretion of hydantoin-5-propionate, the stable oxidation product
of the FIGLU precursor, 4-imidazolone-5-propionate and 4-amino-5-imidazolecarboxamide, an intermediate in
purine synthesis, has been seen in some patients.
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Autosomal recessive inheritance is the probable means of transmission because there have been affected indi-

viduals of both sexes with unaffected parents.

Functional Methionine Synthase Deficiency (OMIM 250940)

Functional methionine synthase deficiency due to the cblE and cblG mutations is characterized by homocysti-

nuria and defective biosynthesis of methionine. Most patients present in the first few months of life with megalo-
blastic anemia and developmental delay. The distribution of cobalamin derivatives is altered in cultured cells,
with decreased levels of MeCbl as compared with normal fibroblasts. The cblE mutation is associated with low
methionine synthase activity when the assay is performed with low levels of thiol, whereas the cblG mutation is
associated with low activity under all assay conditions. chlE and cblG represent distinct complementation classes.
Both diseases respond to treatment with hydroxycobalamin (OH-cbl).

Other Megaloblastic Anemias

1.

'>N

Thiamine-responsive anemia in DIDMOAD (Wolfram) syndrome: This is a rare autosomal recessive disorder of
thiamine transport, possibly deficient thiamine pyrophosphokinase activity, due to mutations in a gene on
chromosome 1q23. Megaloblastic anemia and sideroblastic anemia with ringed sideroblasts may be present.
Neutropenia and thrombocytopenia are present. It is accompanied by diabetes insipidus (DI), diabetes
mellitus (DM), optic atrophy (OA) and deafness (D). Treatment: Anemia responds to 100 mg thiamine daily but
megaloblastic changes persist. Insulin requirements decrease.

. Hereditary orotic aciduria: Rare autosomal recessive defect of pyrimidine synthesis with failure to convert orotic

acid to uridine and excretion of large amounts of orotic acid in the urine, sometimes with crystals. It is
associated with severe megaloblastic anemia, neutropenia, failure to thrive, and physical and mental
retardation are frequently present. Treatment: Oral uridine in a dose of 100—200 mg/kg/day. The anemia is
refractory to vitamin By, and folic acid.

. Lesch—Nyhan syndrome: Mental retardation, self-mutilation, and choreoathetosis result from impaired synthesis

of purines due to lack of hypoxanthine phosphoribosyltransferase. Some patients have megaloblastic anemia.
Treatment: Megaloblastic anemia responds to adenine therapy (1.5 g daily).

. Miscellaneous conditions: Chemotherapeutic agents that interfere in nucleoprotein synthesis such as

hydroxyurea and 5-fluorouracil cause megaloblastic anemia. Myelodysplastic syndromes, erythroleukenia, and
some cases of acute myeloblastic leukemia may show megaloblastic changes.

CLINICAL FEATURES OF COBALAMIN AND FOLATE DEFICIENCY

. Insidious onset: Pallor, lethargy, fatigability and anorexia, sore red tongue and glossitis, diarrhea—episodic or

continuous.

. History: Poor diet, maternal vitamin By, or folate deficiency. Maternal folate deficiency results in neural tube

defects, prematurity, fetal growth retardation, and fetal loss. History of similarly affected sibling because
inborn errors of metabolism of cobalamin and folate result in failure to thrive, neurologic disorders,
unexplained anemias, or cytopenias.

. Vitamin By, deficiency: Infants may show signs of developmental delay, apathy, weakness, irritability, or

evidence of neurodevelopmental delay, loss of developmental milestones, particularly motor achievements
(head control, sitting, and turning). Athetoid movements, hypotonia, and loss of reflexes occur.

In older children subacute combined degeneration of the spinal cord occurs, resulting in signs of degeneration of the
posterior and lateral columns often with associated peripheral nerve loss. Loss of vibration and position sense with
an ataxic gait and positive Romberg’s sign are features of posterior column and peripheral nerve loss. Spastic
paresis may occur, with knee and ankle reflexes increased because of lateral tract loss, but flaccid weakness may
also occur when these reflexes are lost (secondary to peripheral nerve loss) but the Babinski sign remains extensor.
Paresthesia in the hands or feet and difficulty in walking and use of the hands may occur due to peripheral
neuropathy. Long-term cognitive and developmental retardation are irreversible following B, treatment.

MRI findings include increased signals on T2-weighted images of the spinal cord, brain atrophy, and
retarded myelination.

. Increased risk of vascular thrombosis due to hyperhomocysteinemia may occur.
. Elevation of methylmalonic acid and homocysteine levels reflect a functional lack of cobalamin and/or folate

by tissues even when plasma vitamin levels are at the lower level of normal.
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TABLE 7.8 Disorders Giving Rise to Megaloblastic Anemia in Early Life and Their Likely Age at Presentation

Likely age at presentation (months)

Disease 2—-6 7-24 >24

FOLATE DEFICIENCY

Inadequate supply

Prematurity +
Dietary (e.g., goat’s milk) +
Chronic hemolysis +

Defective absorption

Celiac disease/sprue +
Anticonvulsant drugs +
Congenital +

COBALAMIN DEFICIENCY

Inadequate supply

Maternal cobalamin deficiency +

Nutritional +

Defective absorption

Juvenile pernicious anemia +
Congenital malabsorption + +
Congenital absence of intrinsic factor + *

Defective metabolism

Transcobalamin II deficiency +
Inborn errors of cobalamin utilization +
OTHER
Thiamine responsive +
Orotic aciduria +
Lesch—Nyhan syndrome +

DIAGNOSIS OF COBALAMIN AND FOLATE DEFICIENCY

The age of presentation may help to focus on the most likely diagnosis. Table 7.8 lists disorders giving rise to
megaloblastic anemia in early life and their likely age at presentation. The following are the laboratory findings:

1. Red cell changes.

a. Hemoglobin: usually reduced, may be marked.

b. Red cell indices: MCV increased for age and may be raised to levels of 110—140 fI; MCHC normal.
Patients with associated iron deficiency or thalassemia may have a normal or low MCV.

c. Red cell distribution width (RDW): increased.

d. Blood smear: many macrocytes' and macro-ovalocytes; marked anisocytosis and poikilocytosis with tear
drop cells, presence of Cabot rings, Howell—Jolly bodies, and punctuate basophilia. These misshapen cells
have a shorter survival time.

e. Absolute reticulocyte counts fall slightly.

*Macrocytosis can be masked by associated iron deficiency and thalassemia.
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. White blood cells: count reduced to 1500—4000/mm?; neutrophils show hypersegmentation, that is, nuclei

with more than five lobes and at least 4—5% of neutrophils have five lobes. Hypersegmentation also occurs
as a benign hereditary condition, in patients receiving chemotherapy or steroids and rarely in myelofibrosis
and chronic myelogenous leukemia.

. Platelet count: moderately reduced to 50,000—180,000/mm?. Platelet function is sometimes impaired.
. Bone marrow: megaloblastic appearance. The marrow is hyperplastic due to increased levels of

erythropoietin acting on erythroid progenitor cells.

a. The cells are large and the nucleus has an open, stippled, or lacy appearance due to its retarded
condensation. The cytoplasm is comparatively more mature than the nucleus and this dissociation
(nuclear—cytoplasmic dissociation) is best seen in the more mature erythroid red cell precursors.
Orthochromatic cells may be present with nuclei that are still not fully condensed.

b. Mitoses are frequent and sometimes abnormal;’ nuclear remnants, Howell—Jolly bodies, bi- and
trinucleated cells and dying cells are evidence of gross dyserythropoiesis.

¢. The metamyelocytes are abnormally large (giant) and have a large horseshoe-shaped nucleus.

d. Hypersegmented polymorphs may be seen and the megakaryocytes show an increase in nuclear lobes.

. The functional pathophysiology of megaloblastic anemia is ineffective erythropoiesis in all cell lines (manifest by

increased levels of lactate dehydrogenase, indirect bilirubin, ferritin, serum iron and transferrin saturation, and low
serum haptoglobin levels) due to programmed cell death or apoptosis of megaloblastic cells during maturation
rather than when they are mature, resulting in a predominance of younger erythroid cells in the bone marrow.

. Serum vitamin By, level: Levels <80 pg/ml are almost always indicative of vitamin By, deficiency (normal

values 200—800 pg/ml).

. Serum and red cell folate levels: There is wide variation in normal range; serum levels less than 3 ng/ml

indicate low level, 3—5 ng/ml borderline level, and greater than 5—6 ng/ml normal level. Red cell folate
levels below 160 ng/ml are considered to be low. The reference range varies widely.

. Homocysteine rises in both folate and vitamin B, deficiency and its non-specificity limits its diagnostic value

but a normal result helps to exclude clinical deficiency. Methylmalonic acid increases in the serum and urine
in cobalamin deficiency but not in folate deficiency and is therefore a more specific test for cobalamin
deficiency. Most laboratories accept methylmalonic acid levels above 280 nmol/1 as elevated, but published
cutoff points have varied between 210 and 480 nmol/1.

Urinary excretion of orotic acid to exclude orotic aciduria.

10. Deoxyuridine suppression test: This test can discriminate between folate and cobalamin deficiencies.

If vitamin By, is suspected as a cause of the megaloblastic anemia then the following investigations should be

carried out:

Detailed dietary history, history of previous surgery.

Gastric acidity after histamine stimulation, IF content in gastric juice, serum antibodies to intrinsic factor and

parietal cells and gastric biopsy establishes a gastric cause.

Schilling urinary excretion test:” This test measures both IF availability and intestinal absorption of vitamin Bys.
If the Schilling test is abnormal, it should be repeated with commercial IF. If absorption occurs, the

abnormality is due to lack of IF. If no absorption occurs then the abnormality is due to specific ileal vitamin

B, malabsorption (Imerslund—Gréasbeck) or TC II deficiency. The Schilling test should be repeated after

treatment with tetracycline and will often revert to normal when bacterial competition (blind-loop syndrome)

is the cause of vitamin Bj, deficiency. Persistent proteinuria is a feature of specific ileal vitamin By,

malabsorption.

Ileal disease should be investigated by barium studies and small-bowel biopsy

Measurement of serum holo-TC II (cobalamin bound to TC II). In patients with vitamin By, deficiency holo-TC II

falls below the normal range before total serum cobalamin does.

®Megaloblastic cells exhibit increased frequency of chromosomal abnormalities, especially random breaks, gaps, and centromere spreading.
A rare case of non random, transient 7q has been described in acquired megaloblastic anemia.

“The test is performed by administering 0.5—2.0 mg radioactive >’ cobalt-labeled vitamin By, PO. This is followed in 2 hours by an intramuscular
injection of 1000 mg non radioactive vitamin By, to saturate the B;>-binding proteins and allow the subsequently absorbed oral radioactive vitamin
By to be excreted in the urine. All urine is collected for 24 h and may be collected for a second 24 h, especially if there is renal disease. Normal
subjects excrete 10—35% of the administered dose; those with severe malabsorption of vitamin By,, because of lack of intrinsic factor or intestinal
malabsorption, excrete less than 3%.
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* Disorders of vitamin B;, metabolism should be excluded by serum and urinary levels of excessive
methylmalonic acid and of total homocysteine, as well as by other sophisticated enzymatic assays. In folate
deficiency, serum methylmalonic acid is normal whereas homocysteine is increased. Therefore, evaluation of
both methylmalonic acid and total homocysteine is helpful in distinguishing between folate and vitamin By,
deficiency.

* Persistent proteinuria is a feature of specific ileal vitamin By, malabsorption.

If folic acid is suspected as a cause of the megaloblastic anemia then the following investigations should be
carried out:

* Detailed dietary and drug history (e.g., antibiotics, anticonvulsants), gastroenterologic symptoms
(e.g., malabsorption, diarrhea, dietary history).

* Tests for gastrointestinal diseases with associated malabsorption: gluten autoantibodies, 24-h stool fat, upper
gastrointestinal barium study and follow-through, upper-gut endoscopy and jejunal biopsy.

e Oral doses of 5 mg pteroylglutamic acid should yield a plasma level in excess of 100 ng/ml in 1 h. If there is
no rise in plasma level congenital folate malabsorption should be considered.

* Sophisticated enzyme assays to diagnose congenital disorders of folate metabolism.

TREATMENT

Vitamin B, Deficiency

Prevention

In conditions in which there is a risk of developing vitamin B;, deficiency (e.g., total gastrectomy, ileal resec-
tion), prophylactic vitamin By, should be prescribed.

Active Treatment

Once the diagnosis has been accurately determined, several daily doses of 25—100 mg cyanocobalamin or
OH-cbl may be used to initiate therapy as well as potassium supplements. Alternatively, in view of the ability of
the body to store vitamin B;, for long periods, maintenance therapy can be started with monthly intramuscular
injections in doses between 200 and 1000 mg cyanocobalamin or OH-cbl. Depending on the cause vitamin B,
deficiency may require life-long treatment.

Patients with defects of intestinal absorption of vitamin By, (abnormalities of IF or of ileal uptake) will respond
to 100 mg of By, injected subcutaneously monthly.

Patients with complete TC II deficiency respond only to large amounts of vitamin By, and the serum cobala-
min level must be kept very high. Doses of 1000 mg IM two or three times weekly are required to maintain
adequate levels.

Patients with methylmalonic aciduria with defects in the synthesis of cobalamin coenzymes are likely to bene-
fit from massive doses of vitamin Bj;. These children may require 1-2 mg vitamin By, parenterally daily.
However, not all patients in this group are benefited by vitamin Bi,. It may be possible to treat vitamin
Bio-responsive patients in utero. Congenital methylmalonic aciduria has been diagnosed in utero by measure-
ments of methylmalonate in amniotic fluid or maternal urine.

Response to Vitamin B;, Treatment

In vitamin By,-responsive megaloblastic anemia, the reticulocytes begin to increase on the third or fourth days,
rise to a maximum on the sixth to eighth days, and fall gradually to normal about the twentieth day. The height
of the reticulocyte count is inversely proportional to the degree of anemia. Beginning bone marrow reversal from
megaloblastic to normoblastic cells occurs within 6 h and is complete in 72 h. The level of alertness and respon-
siveness improves within 48 h and developmental delays may catch up in several months in young infants.
However, permanent neurologic sequelae often occur.

The use of oral folic acid is contraindicated in vitamin B, deficiency since it has no effect on neurologic manifes-
tations and may precipitate or accelerate their development despite the fact that prompt hematologic response
may occur with folic acid.
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Folic Acid Deficiency

Optimal response occurs with 100—200 mg folic acid per day. Before folic acid is given vitamin Bq, deficiency
must be excluded.

It is often possible to correct the cause of folate deficiency, for example, improved diet, a gluten-free diet in
celiac disease, or treatment of an inflammatory disease such as Crohn’s disease. In these cases, there is no need
to continue folic acid for life. In other situations, folic acid is required life-long, for example, chronic hemolytic
anemia such as thalassemia or in patients with malabsorption who do not respond to a gluten-free diet.

Response to Folic Acid Treatment

The clinical and hematologic response to folic acid is prompt. Within 1-2 days, the appetite improves and a
sense of well-being returns. There is a fall in serum iron (often to low levels as accelerated hematopoiesis occurs
with folic acid treatment) in 24—48 h and a rise in reticulocytes in 2—4 days, reaching a peak at 4—7 days. This is
followed by a return of hemoglobin levels to normal in 2—6 weeks. Leukocytes and platelets increase and mega-
loblastic changes in the marrow diminish within 24—48 h. However, large myelocytes, metamyelocytes, and band
forms may be present for several days. Folic acid is usually administered for several months until a new popula-
tion of red cells has been formed.

Folinic acid is reserved for treating the toxic effects of dihydrofolate reductase inhibitors (e.g., methotrexate,
pyrimethamine).

Cases of hereditary dihydrofolate reductase deficiency respond to N-5-formyl tetrahydrofolic acid and not to
folic acid.
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CHAPTER

8

Bone Marrow Failure
Adrianna Vlachos and Jeffrey M. Lipton

Bone marrow failure may manifest as a single cytopenia (e.g., erythroid, myeloid, or megakaryocytic), or as
pancytopenia. It may present with a hypoplastic or aplastic marrow or result from invasion of the bone marrow
by non-neoplastic (e.g., storage cells) or neoplastic cells.

Bone marrow failure may be congenital or acquired (Table 8.1). Table 8.2 lists the inherited bone marrow failure
syndromes (IBMFS) with their causative genes. IBMFS can manifest with pancytopenia (e.g., Fanconi anemia (FA)
and dyskeratosis congenita (DC)) or single cytopenias (e.g., Diamond—Blackfan anemia (DBA),
Shwachman—Diamond syndrome (SDS), severe congenital neutropenia (SCN), Kostmann syndrome (KS), cyclic
neutropenia, amegakaryocytic thrombocytopenia (AMT), and thrombocytopenia absent radii (TAR) syndrome).
The “single cell line cytopenias” may develop abnormalities in other hematopoietic cell lines (Table 8.1).

Congenital dyserythropoietic anemias (CDAs) result in moderate erythroid failure due to ineffective erythro-
poiesis with characteristic morphological abnormalities of erythroblasts.

Mitochondrial diseases may present with bone marrow failure (Pearson syndrome, Wolfram syndrome, and
various types of sideroblastic anemia).

Figure 8.1 shows the differential diagnosis of pancytopenia, and Table 8.3 lists the investigations to be carried
out in a patient with pancytopenia.

APLASTIC ANEMIA

Aplastic anemia is characterized by a marked decrease or absence of blood-forming elements with resulting
pancytopenia and can be inherited or acquired. Various degrees of lymphopenia may be present. Splenomegaly,
hepatomegaly, and lymphadenopathy do not generally occur in this condition.

ACQUIRED APLASTIC ANEMIA

Definition
Severe aplastic anemia (SAA) is defined by:

a. Bone marrow cellularity of less than 25%.
b. At least two of the following cytopenias: granulocyte count <500/mm? (<200 mm® defines very SAA);
platelet count <20,000/mm~; and/or reticulocyte count <20,000/ mm?.

Non-SAA occurs when the above criteria are not met. There is little consensus on distinguishing between mild
and moderate aplastic anemia.

Pathophysiology

Aplastic anemia results from an immunologically mediated, tissue-specific, organ-destructive mechanism. It is
postulated that after exposure to an inciting antigen, cells and cytokines of the immune system destroy stem cells
in the marrow resulting in pancytopenia. Treatment with immunosuppression leads to marrow recovery.
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TABLE 8.1 Causes of Single Cytopenias and Trilineage Bone Marrow Failure

SINGLE CYTOPENIAS

1. Red cells

a.

Inherited
i. Diamond—Blackfan anemia (pure red cell aplasia)
ii. Congenital dyserythropoietic anemia

. Congenital (can be inherited)

i. Pearson syndrome

. Acquired

i. Idiopathic
Transient erythroblastopenia of childhood (TEC)
ii. Secondary
Drugs or toxins
Infection—parvovirus B19 infection in immunodeficiency patients (chronic bone marrow failure)
Malnutrition
Thymoma
Chronic hemolytic anemia with associated parvovirus B19 infection (transient bone marrow failure)
Connective tissue disease and autoimmune disease associated
Malignancy associated

2. White blood cells

a.

Inherited
i. Shwachman—Diamond syndrome (SDS)
ii. Severe congenital neutropenia
iii. Reticular dysgenesis
iv. Other rare genetic disorders

. Acquired

i. Primary
Benign neutropenia of childhood
ii. Secondary
Drugs
Autoimmune neutropenia of infancy
Other autoimmune associated (systemic lupus erythematosis, etc.)

3. Platelets

a.

b.

Inherited

i. Amegakaryocytic thrombocytopenia

ii. Thrombocytopenia absent radii syndrome

Acquired

i. Idiopathic/immune thrombocytopenia purpura

ii. Other autoimmune associated (systemic lupus erythematosis, Crohn’s disease, etc.)

TRILINEAGE BONE MARROW FAILURE (GENERALIZED PANCYTOPENIA)

1. Inherited

a.
b.
. Shwachman—Diamond syndrome (predominantly neutropenia)’

. Congenital amegakaryocytic thrombocytopenia (predominantly thrombocytopenia)®
. Diamond—Blackfan anemia (predominantly anemia)’

. Aplastic anemia with constitutional chromosomal abnormalities

- 0 QN

Fanconi anemia (associated with chromosomal breakages induced by clastogens, e.g., diepoxybutane (DEB) or mitomycin C (MMQC))
Dyskeratosis congenita (associated with short telomeres)

i. Dubowitz syndrome (congenital abnormalities, mental retardation, aplastic anemia)

2. Acquired

a.
b.

Idiopathic (more than 70% of cases)
Secondary
i. Drugs”

Predictable, dose-dependent, rapidly reversible (affects rapidly dividing maturing hematopoietic cells rather than pluripotent
stem cells)

i. 6-Mercaptopurine

ii. Methotrexate

ii. Cyclophosphamide

iv. Busulfan

v. Chloramphenicol

Unpredictable to normal doses (defect or damage to pluripotent stem cells)

i. Antibiotics: chloramphenicol, sulfonamides

ii. Anticonvulsants: mephenytoin (Mesantoin), hydantoin

iii. Antirheumatics: phenylbutazone, gold

iv. Antidiabetics: tolbutamide, chlorpropamide

v. Antimalarial: quinacrine

-

(Continued)
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TABLE 8.1 (Continued)

ii. Chemicals: insecticides (e.g., DDT pesticide, Parathion, Chlordane)
iii. Toxins (e.g., benzene, carbon tetrachloride, glue, toluene)
iv. Radiation
v. Infections
Viral hepatitis (hepatitis A, B, and C and serotype-negative hepatitis)
Human immunodeficiency virus infection (HIV/AIDS)
Infectious mononucleosis (Epstein—Barr virus)
Rubella®
Influenza®
Parainfluenza®
Measles®
Mumps®
Venezuelan equine encephalitis
Rocky Mountain spotted fever®
Cytomegalovirus (in newborn)
Herpes virus (in newborn)
Chronic parvovirus
vi. Immunologic disorders
Graft-versus-host reaction in transfused immunologically incompetent subjects
X-linked lymphoproliferative syndrome (see Chapter 16)
Eosinophilic fasciitis
Hypogammagloblinemia
vii. Aplastic anemia preceding acute leukemia (hypoplastic preleukemia)
viii. Myelodysplastic syndromes (see Chapter 17)
ix. Thymoma
x. Paroxysmal nocturnal hemoglobinuria (see Chapter 9)
xi. Malnutrition
Kwashiorkor
Marasmus®
Anorexia nervosa“
Pregnancy

“Can have reduction in other cell lines.
YPartial listing.
“Pancytopenia with temporary marrow hypoplasia.

Gamma-Interferon (y-IFN) plays a central role in the pathophysiology of aplastic anemia. In vitro studies
show that the T-cells from aplastic anemia patients secrete ~-IFN and tumor necrosis factor (TNF). Long-
term bone marrow cultures have shown that ~-IFN and TNF are potent inhibitors of both early and late
hematopoietic progenitor cells. Both of these cytokines suppress hematopoiesis by their effects on the mitotic
cycle and, more importantly, by the mechanism of cell killing. The mechanism of cell killing involves the path-
way of apoptosis (i.e., v-IFN and TNF upregulate each other’s cellular receptors, as well as the Fas receptors
in hematopoietic stem cells). Cytotoxic T-cells also secrete interleukin-2 (IL-2), which causes polyclonal expan-
sion of the T-cells. Activation of the Fas receptor on the hematopoietic stem cell by the Fas ligand present
on the lymphocytes leads to apoptosis of the targeted hematopoietic progenitor cells. Additionally, ~-IFN
mediates its hematopoietic suppressive activity through IFN regulatory factor 1 (IRF-1), which inhibits the
transcription of cellular genes and their entry into the cell cycle. ~-IFN also induces the production of nitric
oxide, diffusion of which causes additional toxic effects on the hematopoietic progenitor cells. Direct cell—cell
interactions between effective lymphocytes and targeted hematopoietic cells probably also occur. The oligoclo-
nal expansion of CD4+ and CD8+ T-cells that fluctuate with disease activity further supports an immune
etiology.

Table 8.1 lists the various causes of acquired aplastic anemia.

Clinical Manifestations

Acquired aplastic anemia may be idiopathic or secondary. At least 70% of cases are idiopathic. The incidence
is approximately two cases per million per year in the West and higher in parts of Asia (~4—7.5 cases per million
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TABLE 8.2 Inherited Bone Marrow Failure Syndrome Genes, Known, and Presumed

105

Disorder Gene Number of cases Locus Genetics Gene product
Fanconi anemia FANCA 60—-70% 16q24.3  Autosomal recessive FANCA
FANCB ~2% Xp22.31  X-linked recessive FANCB
FANCC 14% 9q22.3 Autosomal recessive FANCC
FANCD1 ~3% 13q12.3  Autosomal recessive FANCD1/BRCA2
FANCD2 ~3% 3p25.3 Autosomal recessive FANCD2
FANCE ~3% 6p21.3 Autosomal recessive FANCE
FANCF ~2-10% 11p15 Autosomal recessive FANCF
FANCG ~1% 9p13 Autosomal recessive FANCG/XRCC9
FANCI ~2% 15q25-26 Autosomal recessive FANCI/KIAA1794
FANCJ] <1% 17q22.3  Autosomal recessive FANC]J/BRIP1
FANCL <1% 2pl16.1 Autosomal recessive FANCL/PHF9/POG
FANCM® <1% 14g21.3  Autosomal recessive FANCM
FANCN <1% 16p12.1  Autosomal recessive FANCN/PALB2
FANCO <1% 17g25.1  Autosomal recessive FANCO/RAD51C
FANCP <1% 16p13.3  Autosomal recessive FANCP/SLX4
FANCQ <1% 16p13.12  Autosomal recessive FANCQ/XPF/ERCC4
UBE2T 1g32.1 Autosomal recessive FANCT
Dyskeratosis congenita DKC1 17—-36% Xq28 X-linked recessive Dyskerin
TERC 6—10% 3q26.2 Autosomal dominant TERC/telomerase RNA
component
TERT 1-7% 5p15.33  Autosomal dominant and TERT/telomerase
autosomal recessive reverse transcriptase
TINF2 11-24% 14q12 Autosomal dominant TIN2
NOP10 <1% 15q14 Autosomal recessive NOP10
NHP2 <1% 5q35.3 Autosomal recessive NHP2
WRAP53 3% 17p13.1  Autosomal recessive WRAPS53
CTC1 1-3% 17p13.1  Autosomal recessive CTC1
Diamond —Blackfan anemia RPS19 25% 19q13.2  Autosomal dominant RPS19
RPS17 1% 159252  Autosomal dominant RPS17
RPS24 2% 10q22-23 Autosomal dominant RPS24
RPL5 7% 1p22.1 Autosomal dominant RPL5
RPL11 5-10% 1p36.11  Autosomal dominant RPL11
RPL35A 2—4% 3929 Autosomal dominant RPL35a
RPS7 1% 2p25.3 Autosomal dominant RPS7
RPS10 2—6% 6p21.31  Autosomal dominant RPS10
RPS26 2—6% 12q13.2  Autosomal dominant RPS26
RPS29 <1% 14921.3  Autosomal dominant RPS29
RPL26 <1% 17p13.1  Autosomal dominant RPL26
RPL15 <1% 3p24.2  Autosomal dominant RPL15
GATA1 <1% Xp11.23  X-linked recessive GATA1

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY
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TABLE 8.2 (Continued)
Disorder Gene Number of cases Locus Genetics Gene product
Shwachman—Diamond SBDS ~90% 7q11.21  Autosomal recessive SBDS
syndrome (SDS)
Severe congenital neutropenia ~ ELANE 60% 19p13.3  Autosomal dominant Neutrophil elastase
SCN
¢ ) HAX1 (Kostmann Rare 1g21.3 Autosomal recessive HAX1
syndrome)
G6PC3 Rare 17q21.31 Autosomal recessive G6PC3
GFI1 Rare 1p22 Autosomal dominant GFI1
WAS Rare Xpl11.4- X-linked recessive WASP
pl1.21
JAGN1 Rare 3p25.2 Autosomal recessive JAGN1
GATA2 Rare 3q21.3 Autosomal dominant GATA2
(MonoMac syndrome)
CXCR4 (WHIM Rare 2q22.1 Autosomal dominant CXCR4
syndrome)
Amegakaryocytic MPL 100% 1p34 Autosomal recessive Thrombopoietin
thrombocytopenia receptor/TPOR
Thrombocytopenia absent radii RBMS8A 100% 1g21.1 Autosomal recessive RBMSA

(TAR) syndrome

“FANCM is a member of the “core complex” but homozygosity not yet identified in patients with Fanconi anemia.

Pancytopenia

(Low hemoglobin, hematocrit, white blood cell count, and platelet count)

Splenomegaly

Bone marrow aspiration

|
|
Abnormal

Leukemia/MDS
Granulomata: Sarcoid, TB
Storage diseases
Gaucher disease
Niemann—Pick disease
Other

Normal

Lymphoma
Hypersplenism
Connective tissue disorder
Portal hypertension
Prehepatic
Hepatic

Primary splenic disease

Cyst

No splenomegaly

Bone marrow aspiration and biopsy

FIGURE 8.1 Approach to the dif-
ferential diagnosis of pancytopenia.
MDS, myelodysplastic syndrome; PNH,
paroxysmal nocturnal hemoglobinuria.

Abnormal

Leukemia

Hypocellular Acellular (<25% cellularity)
Mild/moderate Aplastic
aplastic anemia
anemia

Inherited Acquired

Fanconi anemia

Dyskeratosis congenita

Familial aplastic anemia
Shwachman-Diamond syndrome
Inherited Thrombocytopenia
Other rare inherited syndromes

Idiopathic
MDS
PNH

Secondary
Drugs
Toxins

Radiation
Immunologic
Infections

HIV
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TABLE 8.3 Investigations in Patients with Pancytopenia

1.

Detailed past history, medication history, toxin and radiation exposure, thorough physical examination for congenital anomalies, detailed
family history of aplastic anemia, MDS or leukemia, and congenital anomalies in other family members

2. Blood count: Hb, Hct, MCV, absolute reticulocyte count, WBC, absolute neutrophil count, platelet count
3. ANA and anti-dsDNA titers, direct antiglobulin test (DAT), rheumatoid factor, liver function tests, and tuberculin test
4. Viral serology: hepatitis A, B, C, EBV, parvovirus, varicella, CMV, HIV. PCR for virus when indicated
5. Serum vitamin B12, red cell and serum folate levels
6. Bone marrow aspirate and trephine biopsy
7. Cytogenetic studies on bone marrow along with fluorescence in situ hybridization for chromosomes 5, 7, 8, 22 and perhaps others to
evaluate for MDS
8. Chromosome breakage assay on blood lymphocytes or skin fibroblasts using clastogen stimulation (e.g., diepoxybutane or mitomycin C)
to diagnose Fanconi anemia
9. Skeletal radiographs; renal, cardiac, abdominal ultrasounds; chest radiograph to determine congenital anomalies
10. Telomere length determination for dyskeratosis congenita
11. Flow cytometric immunophenotypic analysis of erythrocytes for deficiency of GPI-linked surface protein (e.g., CD59) to exclude
paroxysmal nocturnal hemoglobinuria
12. Skeletal radiograph, chest radiograph, pancreatic ultrasound, or CT scan, 72-h fecal fat, serum trypsinogen and isoamylase, fecal elastase
for Shwachman—Diamond syndrome (SDS)
13. Mutation analysis for specific inherited bone marrow failure syndromes when suspected
Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; WBC, white blood cell; CMV, cytomegalovirus; HIV, human immunodeficiency virus; EBV,
Epstein—Barr virus; PCR, polymerase chain reaction.

per year) and the male:female ratio is 1:1. The onset of acquired aplastic anemia is usually gradual, and the
symptoms are related to the pancytopenia:

Anemia results in pallor, easy fatigability, weakness, and loss of appetite.

Thrombocytopenia leads to petechiae, easy bruising, severe nosebleeds and gastrointestinal bleeding and
hematuria.

Leukopenia leads to increased susceptibility to infections and oral ulcerations and gingivitis that respond
poorly to antibiotic therapy.

Hepatosplenomegaly and lymphadenopathy do not occur and their presence suggests an underlying
malignant process.

Laboratory Investigations

Anemia: normocytic or macrocytic, normochromic.

Reticulocytopenia: absolute count more reliable.

Leukopenia: granulocytopenia often less than 1500/mm?®.

Thrombocytopenia: platelets often less than 30,000/ mm?®.

Fetal hemoglobin: may be slightly to moderately elevated.

Bone marrow:
Marked depression or absence of hematopoietic cells and replacement by fatty tissue containing reticulum
cells, lymphocytes, plasma cells, and usually tissue mast cells.
Megaloblastic changes and other features indicative of dyserythropoiesis frequently seen in the erythroid
precursors.
Bone marrow biopsy essential to assess cellularity for diagnosis and to exclude the possibility of poor
aspiration technique or poor bone marrow sampling; additionally it will help to rule out granulomas,
myelofibrosis, or leukemia.
Chromosomal analysis is normal and assists in excluding myelodysplastic syndromes (MDSs).
Bone marrow cultures, antigen-based evaluation, and molecular testing for infectious agents and/or DNA;
when indicated.

Chromosome breakage assay: performed on peripheral blood to rule out FA.

Flow cytometry (CD59): to exclude paroxysmal nocturnal hemoglobinuria.

Telomere length: to screen for DC.

Liver function chemistries: to exclude hepatitis.

Renal function chemistries: to exclude renal disease.
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TABLE 8.4 Recommendations for Treatment of Children with Aplastic Anemia

1. Moderate aplastic anemia:
Observe with close follow-up and supportive care
If the patient develops:
Severe aplastic anemia, and/or
Severe thrombocytopenia with significant bleeding, and/or
Chronic anemia requiring transfusion treatments, and/or
Serious infections

Then treat as severe aplastic anemia

2. Severe aplastic anemia:

Allogeneic bone marrow transplantation when HLA-matched sibling donor available.

In the absence of an HLA-matched sibling marrow donor:
Treat the patient with antithymocyte globulin (ATG) and cyclosporine A (CSA), with methylprednisolone for serum sickness
prophylaxis
The use of growth factors such as G-CSF or GM-CCF is no longer routinely done (see Table 8.4)
Hematopoietic stem cell transplant clinical trials are ongoing and experience suggests that, particularly in light of late clonal evolution
following immunosuppressive therapy, matched unrelated donor (MUD) transplants are likely to become a treatment of choice for
newly diagnosed SAA.

If no response or waning of response and recurrence of severe aplastic anemia a second course of immunosuppressive therapy is

controversial. The following is recommended by most experts:
HLA-matched unrelated bone marrow, peripheral blood or umbilical cord blood transplant if a suitable donor is available. If not
available a second course of immunosuppression is warranted
High-dose cyclophosphamide without stem cell transplant is controversial and not commonly considered
Newer thrombopoietin-mimetic drugs such as eltrombopag are under investigation for patients with refractory severe aplastic anemia

Partial response: absence of infections and transfusion dependency and sustained increase in all cell counts as follows: reticulocyte count =20,000/mm?>;
platelet count =20,000/mm?; absolute neutrophil count =500/mm?. Complete response: Normal counts. Partial response and complete response are considered as
responses for the evaluation of the success of immunosuppressive therapy.

* Viral serology testing: hepatitis A, B, and C antibody panel; Epstein—Barr virus (EBV) antibody panel;
parvovirus B19 IgG and IgM antibodies; varicella antibody titer; cytomegalovirus (CMV) antibody titer;
human immunodeficiency virus antibody test.

* Quantitative immunoglobulins (Igs) to rule out immunodeficiency.

* Autoimmune disease evaluation: antinuclear antibody (ANA), total hemolytic complement (CH50), C3, C4, direct
antiglobulin test (DAT).

e HLA typing: patient and family done at the diagnosis of SAA to identify a suitable donor and ensure a timely
transplant.

Physical examination, appropriate laboratory screening assays and imaging studies, and, if warranted, muta-
tion analysis should be performed to rule out other IBMFS (DC, DBA, SDS, AMT).
Table 8.4 shows the recommendations for the treatment of moderate and SAA.

Treatment

Supportive Care

e Transfusion of red cells and platelets should be minimized, but should not be withheld if clearly indicated.
The risk of serious bleeding and symptomatic anemia must be balanced against the risk of transfusion
sensitization and iron overload.

Prior to any transfusion, perform complete blood group typing to minimize the risk of sensitization to
minor blood group antigens and to permit identification of antibodies should they subsequently develop.
Transfusions should be restricted, if possible, to unrelated donors to decrease the likelihood of sensitization
to donor antigens.

In all patients, blood products should be leukocyte-depleted to reduce the risk of sensitization and

CMV infection. CMV-negative blood products are equivalent to CMV-safe blood products, even for
CMV-seronegative patients who may require future transplant.

Patients receiving chronic red cell transfusion should be followed for evidence of iron overload and receive
appropriate chelation.

The use of single donor platelets, when available, is recommended.
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* Menses should be suppressed by the use of contraceptives.
¢ Drugs that impair platelet function, such as aspirin, should be avoided.
¢ Intramuscular injections should be given carefully, followed by ice pack application to injection sites.
¢ The antifibrinolytic agent, e-aminocaproic acid (Amicar) (100 mg/kg/dose every 6 h, daily maximum
24 grams) can be used to reduce mucosal bleeding in thrombocytopenic patients with good hepatic and
renal function. Hematuria is a contraindication to its use. Teeth should be brushed with a cloth or soft
toothbrush to avoid gum bleeding.
¢ Avoid infection. Keep patients out of the hospital as much possible. Good dental care is important. Rectal
temperatures should not be taken, and the rectal areas should be kept clean and free of fissures. If a patient is febrile:
Culture possible sources, including blood, sputum, urine, stool, skin, and sometimes spinal fluid and bone
marrow, for aerobes, anaerobes, fungi, and tubercle bacilli.
Patients with fever and neutropenia should be treated with broad-spectrum antibiotic coverage
(Chapter 33). The specific therapy depends upon the clinical status of the patient, the presence of indwelling
vascular access devices and knowledge of the local flora pending specific culture results and antibiotic
sensitivities. Patients who remain febrile for 4—7 days, even with broad antibacterial coverage, should be
started on antifungal therapy empirically. Therapy should be continued until the patient is afebrile and
cultures are negative or a specific organism is identified.
¢ Patients previously treated with immunosuppressive therapy (IST) should receive irradiated cellular blood
products to prevent transfusion-acquired graft-versus-host disease (GVHD) (Chapter 36). Patients
receiving IST should also receive Pneumocystis jiroveci prophylaxis with trimethoprim/sulfamethoxazole
(Bactrim/Septra) or pentamidine.

Patients with mild to moderate aplastic anemia should be observed for spontaneous improvement or complete
resolution. Hematopoietic stem cell transplantation (HSCT) is the treatment of choice for SAA for patients who
have an HLA-matched related donor.

Specific Therapy
Hematopoietic Stem Cell Transplantation

HLA typing should be performed as soon as the diagnosis of SAA is suspected in children. Patients with
related histocompatible donors should have an HSCT (FA, DC, paroxysmal nocturnal hemoglobinuria (PNH)
or other IBMFSs should be ruled out prior to HSCT). Rapidly treating with HSCT is critical as prolonged neutro-

penia and multiple transfusions increase the risk of transplant-related morbidity and mortality. See Chapter 34
for preparatory regimens employed pre-transplant.

Immunosuppressive Therapy

Patients unable to undergo matched related HSCT (because no suitable donor is present) should receive IST
consisting of antithymocyte globulin (ATG) and cyclosporine (CSA) (Table 8.5). Methylprednisolone or predni-
sone should be used to prevent serum sickness. The response rate using this regimen is 85%.

TABLE 8.5 Immunosuppressive Therapy for Severe Aplastic Anemia

1. Antithymocyte globulin: Atgam"“" (lymphocyte immune globulin, antithymocyte globulin (equine) sterile solution) (Pharmacia &
Upjohn Co, Pfizer, Inc.) is preferred at 40 mg/kg/d IV once daily, or thymoglobulin (antithymocyte globulin (rabbit)) (Genzyme Corp)
5 mg/kg/d IV once daily on days 1—4 infused over 6—8 h. Premedication with diphenhydramine and acetaminophen is recommended

2. Methylprednisolone, 2 mg/kg/d IV on days 1—4. Divide into 0.5 mg/kg/dose IV every 6 h

3. Prednisone oral taper following the 4-day course of IV methylprednisolone. On days 5 through 14, start prednisone, 1.5—2 mg/kg/d PO to
be divided into two equal daily doses. After day 14 institute a slow taper (e.g., on days 15 and 16, prednisone, 1 mg/kg/d PO to be
divided into two equal daily doses). On days 17 and 18, prednisone, 0.5 mg/kg/d PO to be divided into two equal daily doses. On day 19,
prednisone, 0.25 mg/kg/d PO to be given in one dose

4. CSA (Sandimmune®, Gengraf®, Neoral®) 10 mg/kg/d PO initially starting on day 1, divided into two equal daily doses. Serum drug
levels should be monitored as needed with the first level at 72 h post initiation of therapy. CSA dose to be adjusted to keep serum trough
levels between 200 and 400 ng/ml. CSA should be continued for one year until and after a trilineage response is achieved. Decrease the
dose by 2.0 mg/kg every 2 weeks once the taper is begun, watching for signs of recurrence of aplastic anemia

5. G-CSF is no longer routinely used in most centers. Occasionally G-CSF is utilized at a dose of 5 ug/kg SC once daily to improve neutrophil
counts in selected patients who are actively infected and persistently severely neutropenic (<200/mm?), with reassessment and
discontinuation after no more than a few days or weeks if there is no significant response

CSA, cyclosporine (formerly cyclosporine A); G-CSF, granulocyte colony-stimulating factor.
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Contraindications to the use of immunosuppressive drugs include:

* Serum creatinine, >2 mg/dl

e Concurrent pregnancy.

e Concurrent hepatic, renal, cardiac, or metabolic problems of such severity that death is likely to occur within
7—10 days.

* Moribund patients.

Antithymocyte Globulin

Test dose: To identify those at greatest risk of systemic anaphylaxis, skin testing is strongly recommended by the
manufacturer prior to ATG treatment. An intradermal ATG test dose consisting of 0.02 ml of a 1:1000 dilution in
0.9% sodium chloride solution for injection (5 pg equine IgG) is used with a saline control injection administered
on the contralateral side. The results are read at 10 min: a wheal at the ATG site 3 mm or larger in diameter than
that at the saline control site suggests clinical sensitivity and increased possibility of a systemic allergic reaction
should the drug be dosed intravenously. Many centers have eliminated the test dose in favor of premedication.

The dose of ATG is shown in Table 8.5.

Usual adverse reactions to ATG:

e Thrombocytopenia: Patients may require daily platelet transfusions to maintain a platelet count of more than

20,000/ mm? (during administration of ATG). Only irradiated and leukocyte-filtered cellular blood products

should be used.

Headache.

Myalgia.

Arthralgia.

Chills and fever: Treatment with an antipyretic, an antihistamine, and corticosteroid is indicated as

premedication.

* Chemical phlebitis: A central line (high flow vein) for infusion of ATG should be used and peripheral veins
should be avoided.

* Jtching and erythema: Treatment with an antihistamine with or without corticosteroids is indicated.

¢ Leukopenia.

* Serum sickness may occur approximately 7—10 days following ATG administration. This should be treated by
increasing the daily dose of Solumedrol until the symptoms abate.

Uncommon adverse reactions to ATG: Dyspnea, chest, back and flank pain, diarrhea, nausea, vomiting, hyperten-
sion, herpes simplex infection, stomatitis, laryngospasm, anaphylaxis, tachycardia, edema, localized infection,
malaise, seizures, gastrointestinal bleeding/perforation, thrombophlebitis, lymphadenopathy, hepatosplenome-
galy, renal function impairment, liver function abnormalities, myocarditis, and congestive heart failure.

Cyclosporine (CSA) Preparations:

Cyclosporine modified:

— Capsules, soft gelatin 50 mg.

Gengraf:

— Capsules 25 mg (as cyclosporine modified).

— Capsules 100 mg (as cyclosporine modified).

— Solution, oral 100 mg/ml (as cyclosporine modified).
Neoral:

— Capsules, soft gelatin 25 mg (as cyclosporine modified).
— Capsules, soft gelatin 100 mg (as cyclosporine modified).
— Solution, oral 100 mg/ml (as cyclosporine modified).
Sandimmune:

— Capsules, soft gelatin 25 mg.

— Capsules, soft gelatin 100 mg.

— Solution, oral 100 mg/ml.

Administer capsules and oral solution on a consistent schedule with respect to time of day and meals.
Gengraf and Neoral oral solution may be diluted with orange juice or apple juice to make the solution more
palatable. Sandimmune oral solution may be diluted with milk, chocolate milk, or orange juice, preferably at
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room temperature, to make it more palatable. Stir mixture well and administer immediately after mixing. Do not
allow mixture to stand before administering.

Sandimmune is not bioequivalent to Neoral or Gengraf. Conversion using a 1:1 ratio may result in lower blood
concentrations.

The starting dose of cyclosporine is 10 mg/kg per day. CSA levels should be performed once a week for the
first 2 weeks and then once every 2 weeks for the remainder of the treatment or as necessary to maintain a
whole-blood CSA level between 200 and 400 ng/ml. An elevated serum creatinine level is the principal criterion
for dose change. An increase in creatinine level of more than 30% above baseline warrants a reduction in the
dose of CSA by 2 mg/kg/day each week until the creatinine level has returned to normal. A serum CSA level of
less than 100 ng/ml may be evidence of inadequate absorption and/or non compliance; a CSA level above
500 ng/ml is considered an excessive dose and CSA should be discontinued. Levels should be repeated daily or
every other day. When the level returns to 200 ng/ml or less, CSA should be resumed at a 20% reduced dose. In
responders, CSA should be tapered very slowly, beginning at 6 months to a year from initiation of therapy
although there is little to no evidence available for guidance regarding the target levels and tapering schedule.

Principal side effects of CSA: Renal dysfunction, tremor, hirsutism, hypertension, and gingival hyperplasia.

Uncommon side effects of CSA: Significant hyperkalemia, hyperuricemia, hypomagnesemia, hepatotoxicity, lipe-
mia, central nervous system toxicity (including seizures), and gynecomastia. An increase of more than 100% in
the bilirubin level or of liver enzymes is treated in the same way as an increase of more than 30% in creatinine
and warrants a reduction in the dose of CSA by 2mg/kg/day each week until the bilirubin and/or liver
enzymes return to the normal range.

Contraindications to the use of CSA: Hypersensitivity to CSA.

Pharmacokinetic interactions with CSA:

Carbamazepine, phenobarbital, phenytoin, rifampin—decreases half-life and blood levels of CSA.
Sulfamethoxazole/trimethoprim IV—decreases serum levels of CSA.

Erythromycin, fluconazole, ketoconazole, nifedipine—increases blood levels of CSA.
Imipenem-cilastatin—increases blood levels of CSA and central nervous system toxicity.
Methylprednisolone (high dose), prednisolone—increases plasma levels of CSA.

Metoclopramide (Reglan)—increases absorption and increases plasma levels of CSA.

Pharmacologic interactions with CSA:

* Aminoglycosides, amphotericin B, nonsteroidal anti-inflammatory drugs,
trimethoprim/sulfamethoxazole—nephrotoxicity.

Melphalan, quinolones—nephrotoxicity.

Methylprednisolone—seizures.

Azathioprine, corticosteroids, cyclophosphamide—increases immunosuppression, infections, malignancy.
Verapamil—increases immunosuppression.

Digoxin—elevates digoxin level with toxicity.

Non-depolarizing muscle relaxants—prolongs neuromuscular blockade.

Hematopoietic Growth Factors

Granulocyte colony-stimulating factor, G-CSF (Neupogen), had been used to achieve a more rapid increment
in the granulocyte count and theoretically to improve protection from infectious complications by stimulating
granulopoiesis. G-CSF added to standard ATG and CSA reduces the rate of early infectious episodes and days of
hospitalization in very SAA patients but has no effect on overall survival, event-free survival, remission, relapse
rates or mortality.

Treatment Choices and Long-Term Follow-Up

Although the short-term outcome with IST is comparable to that obtained with HLA-matched related HSCT, the
decision to choose HSCT for younger patients with a histocompatible donor is based on the result of long-term fol-
low-up. There are low rates of late mortality (due to chronic GVHD and therapy-related cancer) in patients undergo-
ing HSCT, and the survival curves are relatively flat. Improved GVHD prophylaxis and safer preparative regimens
should further improve these results. In contrast, there is a high risk of clonal hematopoietic disorders (MDS, AML,
and PNH) in patients treated with IST compared to HSCT. Those undergoing IST must be closely followed for the
development of clonal disorders.
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Salvage Therapy

For patients who fail sibling donor HSCT, or have a partial response (ANC =500/mm?>, but are red cell and
platelet transfusion dependent) or relapse following IST, management choices include alternative donor HSCT or
further IST. HSCT is preferred to IST if a suitable donor is available. Children and teenagers for whom a fully
HLA-matched unrelated donor exists (as determined by high-resolution typing) are excellent candidates for an
alternative donor HSCT. For patients without a good alternative donor, a second course of ATG/CSA is warranted.

Long-Term Sequelae and Outcomes for SAA

Outcomes for both IST and HSCT have improved considerably in recent years. The results of multiple cohorts
report a slightly different response rate and incidence of the clonal evolution of SAA to MDS, AML or PNH.
These data vary based on length of follow-up, age of patient, as well as institution/consortium.

e Complete or partial response rates in the range of 60—70%, largely from studies in adults, have been reported with
IST. Horse ATG appears to be superior to rabbit ATG in these studies. Although the outcomes in children for IST
are generally superior to those described for adults, disease-free survival for matched related HSCT is ~95%.

e IST improves hematopoiesis and achieves transfusion independence in the majority of patients, but the time to
response is long. Hematopoietic response may be partial and relapses are relatively common.

* The incidence of clonal hematopoietic disorders including PNH, myelodysplasia, and leukemia in patients
with SAA treated with IST ranges from 10—40%. The European Bone Marrow Transplantation Working Party
compared the rate of secondary malignancies following HSCT and IST. Forty-two malignancies developed in
860 patients receiving IST, compared to nine in 748 patients who underwent HSCT. In this study, acute
leukemia and myelodysplasia were seen exclusively in IST-treated patients while the incidence of solid tumors
was similar in the two groups of patients.

e From the aggregate data there are a number of conclusions:

Matched sibling donor HSCT is always superior as primary therapy in young patients (<20 years of age) at
any neutrophil count.

Immunosuppression, due to transplant-related morbidity and mortality in older patients, is superior to
HSCT in older patients (41—-50 years).

For the 21—40-year-old age group, the differences are less clear.

In all age groups there are a higher percentage of late failures and clonal evolution in the
immunosuppression-treated patients.

When considering the response rate (partial and complete) for IST, the low rate of transplant failure

with MUD transplant, the incidence of GVHD and the evolution of clonal disease after IST, the difference in
survival between patients treated with MUD donor HSCT and IST increases with time. Thus, MUD
transplant (preferably with controlled clinical trials) should be considered as primary therapy for SAA.

Treatment of Moderate Aplastic Anemia

The natural history of moderate aplastic anemia is uncertain and clinical experience varies widely. For this rea-
son, it is generally thought that these patients should be treated initially with supportive therapy with very close
follow-up. The majority of patients progress to SAA or develop significant and severe thrombocytopenia and
bleeding, serious infections, or a chronic red blood transfusion requirement. These patients should be treated
with the same treatment options as described for SAA.

INHERITED BONE MARROW FAILURE SYNDROMES

The key shared clinical manifestations of IBMFSs are:

Bone marrow failure.

Congenital anomalies.

Cancer predisposition.

Occasional presentation in adulthood.

The common pathophysiology is low apoptotic threshold of mutant cells.
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FANCONI ANEMIA

Fanconi Anemia (FA) is rare, with a heterozygote frequency in the general population of 1/181 in North
America; 1/93 in Israel and less than 1/100 in Ashkenazi Jews (FANCC, BRACA2/[FANCD1), South African
Afrikaners (FANCA), Northern Europeans (FANCC), sub-Saharan Blacks (FANCG) and Spanish Gypsies (FANCA)
due to the “founder effect.” It is an IBMFS associated with multiple congenital anomalies and a predisposition to
cancer.

The details of guidelines for the diagnosis and management of FA as reviewed in the text and tables are
beyond the scope of this chapter but are available from the Fanconi Anemia Research Fund. Patients with FA
should be registered with the International Fanconi Anemia Registry (IFAR). This registry collects and maintains
long-term outcome data as well as providing resources for physicians, patients, and families.

Pathophysiology

Somatic cell hybridization studies have thus far defined 16 FA complementation groups. All 16 FA genes have
been cloned (Table 8.2). Additional genes, including FANCT, are being identified. Complementation groups
FANCA, C and G represent ~90% of the cases. The gene products of these genes have been shown to cooperate
in a common pathway. After FANCM and the FA-associated protein FAAP24 detect the DNA damage, eight of
the FA proteins (FANCA, B, C, E, F, G, L, and M) assemble to form the FA core complex that is required to
monoubiquinate and activate FANCD2 and FANCI. Ubiquinated FANCD2 and FANCI form a dimer which sta-
bilizes the stalled replication fork and then in turn interacts in nuclear repair foci with the downstream FA gene
products (FANCO, D1, N, and ]) in the FA/BRCA DNA damage repair pathway. Damage repair is then achieved
by the late FA proteins in cooperation with proteins from other DNA repair pathways. Of note FANCD1 has
been identified as BRCA2. Despite the identification of this pathway, the manner in which disruption in this cas-
cade of events results in a faulty DNA damage response and genomic instability leading to hematopoietic failure,
birth defects and cancer predisposition is only incompletely understood.

FA cells are characterized by hypersensitivity to chromosomal breakage as well as hypersensitivity to G2/M
cell cycle arrest induced by DNA crosslinking agents. In addition there is sensitivity to oxygen free radicals and
to ionizing radiation.

Clinical Manifestations

* FA is inherited as an autosomal recessive disorder (>99%) and rarely as an X-linked recessive (FANCB, <1%)
and is the most frequently inherited aplastic anemia. FANCA is the most common complementation group,
representing about 70% of cases. FANCC and FANCG are the next most common, representing 10% of cases
each. The remaining complementation groups are quite rare, representing the remainder of cases (Table 8.2).

* Genotype—phenotype correlations are complex and are emerging and relate to the complementation group as
well as the specific allelic mutation (i.e., null versus hypomorphic gene product). In particular, certain
associations relating genotype to specific congenital anomalies, early-onset aplastic anemia, leukemia, as well
as Wilms tumor and medulloblastoma, have been confirmed.

e All racial and ethnic groups are affected.

* Pancytopenia is the usual finding.

The median age at hematologic presentation of patients with aplastic anemia is approximately 8—10 years.
Leukemia tends to appear later in the teenage years and solid tumors appear in young adulthood and
continue to occur as patients age.

Hematologic dysfunction usually presents with macrocytosis, followed by thrombocytopenia, often leading
to progressive pancytopenia and SAA. FA frequently terminates in MDS and/or acute myeloid leukemia
(AML).

The diagnosis of FA should always be considered in any child with an isolated cytopenia even when the
classical somatic anomalies are absent as a significant number of these cases are physically normal.
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* FA cells are hypersensitive to chromosomal breaks induced by DNA crosslinking agents. This observation is
the basis for the commonly used chromosome breakage test for FA. The clastogens diepoxybutane (DEB) and
mitomycin C (MMC) are the agents most frequently used in vitro to induce chromosome breaks, gaps,
rearrangements, quadriradii, and other structural abnormalities. Clastogens also induce cell cycle arrest in
G2/M. The hypersensitivity of FA lymphocytes to G2/M arrest, detected using cell cycle analysis by flow
cytometry either de novo or clastogen-induced, is being used by some as a screening tool for FA.

* Bone marrow examination reveals hypocellularity and fatty replacement consistent with the degree of peripheral
pancytopenia. Residual hematopoiesis may reveal dysplastic erythroid (megaloblastoid changes, multinuclearity)
and myeloid (abnormal granulation) precursors and abnormal megakaryocytes.

¢ Congenital anomalies include increased pigmentation of the skin along with café-au-lait and hypopigmented areas,
short stature (impaired growth hormone secretion), skeletal anomalies (especially involving the thumb, radius, and
long bones), male hypogenitalism, microcephaly, abnormalities of the eyes (microphthalmia, strabismus, ptosis,
nystagmus) and ears (deafness), hyperreflexia, developmental delay, and renal and cardiac anomalies. However up
to 40% of patients lack obvious physical abnormalities. There is great clinical heterogeneity even within a genotype
(affected siblings may be phenotypically different). Table 8.6 lists the anomalies and frequency in FA.

* There is a nearly 800-fold increased relative risk of developing AML and perhaps an even greater relative risk
of non-hematologic tumors (e.g., squamous cell carcinoma of head and neck, cancer of the breast, kidney,
lung, colon, bone, retinoblastoma, and female gynecologic) in patients with FA. In general these occur at much
younger ages than those seen in the general population. A relatively large number of patients only become
aware that they have FA when they are diagnosed with cancer. Androgen-related, usually benign liver
neoplasia may also occur. The risk of solid tumors may become even higher as death from aplastic anemia is
reduced, and as post-HSCT patients survive longer. These data must be considered in the context of HSCT, in
particular when the risk of non-hematologic malignancy is likely to increase as a result of HSCT conditioning
regimens and chronic GVHD. Treatment for cancer is generally ineffective.

* Prenatal diagnosis is possible by amniotic fluid cell cultures and chorionic villus biopsy.

Diagnosis

Table 8.7 lists the indications for FA screening studies.

Table 8.8 lists the laboratory studies required to make the diagnosis of FA.

Table 8.9 lists the initial and follow-up investigations to be performed in a patient with an established diagno-
sis of FA.

Complications

Table 8.10 describes the complications of malignancy and liver disease associated with FA.

TABLE 8.6 Congenital Anomalies and Frequency in Fanconi Anemia

Anomaly Approximate frequency (%)
Skin 55
Skeletal 51
Reproductive organs 35
Small head or eyes 26
Renal 21
Low birth weight 11
Cardiopulmonary 6
Gastrointestinal 5

Modified from Alter B and Lipton ]. Anemia, Fanconi. EMedicine [serial online]. 2009. Available at http:/[www.emedicine.com/ped/topic3022.htm.
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TABLE 8.7 Indications for Fanconi Anemia Screening Studies

All children with aplastic anemia or unexplained cytopenias
All children with MDS or AML
Patients with classic birth defects suggestive of FA
VATER/VACTRL (vertebral anomalies, anal atresia, cardiac anomalies, tracheoesophageal fistula, renal anomalies and limb anomalies)
Structural anomalies of the upper extremity and/or genitourinary system
Patients with:
Excessive café-au-lait spots, hypo- or hyper pigmentation of skin (especially if increasing with age)
Microcephaly
Microphthalmia
Growth failure
Development of FA-associated cancers at a young age (e.g., squamous cell carcinoma in esophagus, head, and neck <50 years of age, vulvar
cancer <40 years of age and uterine cervical cancer <30 years of age or liver tumors)
Patient with leukemia or solid tumor with unusual sensitivity to chemotherapy
Karyotype with spontaneous chromosome breaks
Patients with unexplained macrocytosis and an elevated HbF
Patients with non immune thrombocytopenia
Males with unexplained infertility
Siblings of known FA patients

TABLE 8.8 Laboratory Studies for Diagnosis of Fanconi Anemia

1. Screening tests:
Demonstration of the presence of increased chromosomal breakage in T-lymphocytes cultured in the presence of DNA crosslinking agents
such as diepoxybutane (DEB) or mitomycin C (MMC). DEB test is used more widely. Chromosome fragility includes breaks, gaps,
rearrangements, radials, exchanges, and endoreduplication. Fibroblasts should be studied in patients for whom mosaicism is suspected®
A flow cytometric technique for the analysis of alkylating-agent-treated cells can determine the percentage of cells arrested in G2/M
because a characteristic distribution clearly distinguishes FA cells from normal cells”
Western blot for D2-L (long protein formed by ubiquitination of FANCD2")

2. Definitive tests:
Complementation group analysis”
Targeted mutation analysis, copy number variant analysis® (see Table 8.2 for cloned FANC genes)

3. Prenatal diagnosis of FA:
DEB test can be used in either chorionic villus or amniocentesis derived samples

4. Detection of carrier state:
In a FA family, if proband has been identified to have a defect in one of the cloned genes, molecular testing is available for the extended
family members. Population-based screening is only done in at-risk populations

“Some patients with FA may have two populations of cells exhibiting either a normal or an FA phenotype. Such mosaicism may result in a false-negative chromosome breakage
study if the percentage of normal cells is high. The study of fibroblasts is useful in this circumstance.
®Done only in specialized laboratories.

Differential Diagnosis

¢ The differential diagnosis of FA generally includes acquired aplastic anemia, AMT, TAR syndrome as well as
VATER/VACTRL (vertebral anomalies, anal atresia, cardiac anomalies, tracheoesophageal fistula, renal anomalies,
limb anomalies) syndromes. FA is easily distinguished from TAR syndrome. There is an intercalary defect in TAR
consisting of absent radii with normal thumbs, whereas in FA the defect is terminal, an abnormal radius always
being associated with anomalies of the thumb. Table 8.11 lists the features differentiating FA from TAR syndrome.

* FA testing is warranted in any child who presents with hematologic cytopenias, unexplained macrocytosis,
aplastic anemia, or AML, as well as representative congenital abnormalities or solid tumors typical of FA such
as head and neck, esophageal or gynecologic tumors presenting at an early age (Table 8.8).

e The critical investigations are aspiration and biopsy of the bone marrow and demonstration in peripheral
blood of increased chromosomal fragility or G2/M arrest induced by clastogens (e.g., DEB, MMC).
Complementation group analysis and/or mutation analysis are helpful after the demonstration of a positive
screening test and should be obtained if possible.

¢ FA somatic mosaics with DEB-positive and DEB-negative (double population) cells belong to distinct groups
based upon the degree of mosaicism and may present diagnostic problems. Mosaicism leading to a “normal”
T-cell that is resistant to the less dose-intense HSCT conditioning, used for FA, may result in graft rejection.
In cases where mosaicism is suspected cultured skin fibroblasts should be studied.
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TABLE 8.9 Initial and Follow-Up Investigations to be Performed in a Patient with an Established Diagnosis of Fanconi Anemia

1. Endocrine studies for
. Short stature (growth hormone deficiency)
. Glucose intolerance (diabetes mellitus)
. Hypothyroidism
. Pubertal delay
Evaluation of undescended testes
. Reduced fertility
2. Imaging studies” and evaluation of
1. Cardiac anomalies
2. Orthopedic anomalies
3. Genitourinary abnormalities
3. Hepatic ultrasound every 6 months if taking androgens, serum chemistries for
1. Liver function
2. Kidney function
Hearing test
Monitoring for iron overload for patients on red cell transfusion therapy
1. Ferritin
2. Liver enzymes
3. Liver biopsy
4. MRI T2° for cardiac and hepatic liver iron quantification
Survey of family members:
1. Exclude diagnosis of FA in any other family members
2. Type family members for the potential availability of an HLA-matched sibling for future consideration of stem cell transplant
3. Provide genetic counseling to parents and patient
Prospective counseling and screening:
1. Avoid exposure to potential mutagens or carcinogens (e.g., insecticides, organic solvents, hair dye, papilloma virus)
2. Cancer surveillance:
a. Examine bone marrow yearly with histologic and cytogenetic studies for evidence of myelodysplasia or leukemia
b. Yearly head and neck examination over age 7 years
c. Yearly gynecologic examination beginning at age 16 years
d. Breast self-examination beginning at age 16 years
e. Periodic oral cancer and dermatologic screening
Mutation analysis:
These studies are performed in specialized laboratories only. Mutation analysis may help predict the phenotype as more data
become available

o U WN =

“Limit exposure to radiation by using appropriate restraint and non-radiologic imaging studies.

TABLE 8.10 Malignancy and Liver Disease in Fanconi Anemia

Total number® Male Female Median age, years (range)
Leukemia 175 86 71 13 (0.1—-49)
Myelodysplastic syndrome 110 56 51 14 (2—-49)
Solid tumors 124 42 76 23 (0.2—-56)
Liver—hepatoma 30 20 10 14 (5-50)
Liver—adenoma 16 7 9 11 (8—48)

“Number of cancers. Total number of patients without transplant with any cancer = 320. Twenty-five patients had multiple solid tumors (22 patients had two and three patients
had three). Fourteen with solid tumors also had leukemia and six had liver tumors; six with leukemia also had liver tumors.
Adapted from Shimamura and Alter (2010).

Management

Serial assessments of the bone marrow should be performed to provide evidence of progression and the
development or evolution of cytogenetic abnormalities:

¢ Bone marrow aspiration should be performed for cytology, cytogenetics with FISH analysis for cytogenetic
abnormalities that may be predictive of leukemia (e.g., 3g26q29 amplification and 7q deletion) approximately
yearly and more often if indicated by the emergence of specific clonal or morphological abnormalities.

* Bone marrow biopsy should be done for cellularity.
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FANCONI ANEMIA

Feature

Fanconi anemia

TAR

Age of onset of aplastic anemia symptoms

Low birth weight
Stature
Skeletal deformities

Absent radii with fingers and thumbs
present

Other hand deformities

Lower extremity deformities
Cardiovascular anomalies
Anomalous pigmentation of skin
Hemangiomas
Mental retardation

Peripheral blood

Bone marrow

Marrow CFU-GM, CFU-E

HbF

Hexokinase in blood cells
Chromosomal breaks in leukocytes
Malignancy

Sex ratio (male/female)
Inheritance pattern

Associated leukemia

Median of 8—10 years
~10%

Short

66%

0%

~40%
~40%
5-10%
77%
0%
17%

Pancytopenia
Macrocytosis (high
MCV)

Aplastic

Decreased

Increased

Decreased in some
Present

Common

~1:1

Autosomal recessive

Yes

Birth to infancy (first year of life)
~10%
Short
100%
100%

~40%
<10%
5-10%
0%
~10%
7%

Thrombocytopenia, eosinophilia, Leukemoid reactions, anemia

Absent or abnormal megakaryocytes, normal myeloid and erythroid

precursors

Normal (decreased CFU-megakaryocytes)
Normal

Not defined in TAR

Absent

Rare (leukemia only)

~1:1

Autosomal recessive

Rare

Prognosis Poor Good if patient survives first year when platelet count Improves

Modified from the classic review, Hall et al. (1969), with permission.

The patient’s complete blood counts should be monitored. The degree of cytopenia guides management as
follows:

Mild Moderate  Severe
Hemoglobin level (g/dl)  =8.0 <8.0 <8.0
ANC (/mm®) <1500 <1000 <500
Platelet count (/mm?®) 50,000—-150,000 <50,000 <30,000

When cytopenias are in the mild to moderate range and in the absence of cytogenetic abnormalities, counts
should be monitored every 3—4 months and bone marrow aspiration should be performed yearly. Monitoring of
blood counts and bone marrow should be increased to every 1—2 months and every 1—6 months, respectively,
for cytopenia in the presence of cytogenetic abnormalities or more significant dysplasia without frank MDS. With
falling (or in some cases rising) counts surveillance must be increased.
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Matched sibling donor

T

Yes No*
HLA-match Anemia Thrombocytopenia ~ Neutropenia
Related SCT Androgens Cytokines Cytokines

Transfusions

Androgens — oxymetholone: 2-5 mg/kg/day (may be able to taper)
Cytokines — G-CSF 5 ng/kg every day or every other day

*The use of matched unrelated and other alternative donor transplants is evolving.
A center with extensive transplant experience should be consulted for all FA patients with significant bone marrow failure.

FIGURE 8.2 Treatment of Fanconi anemia.

Treatment

Androgen therapy: Oxymetholone 2—5mg/kg/day and tapered to the lowest effective dose is effective in
approximately 50% of patients. Recent anecdotal reports and small studies suggest that Danazol may be an effec-
tive synthetic androgen with less virilizing effects. Doses in the range of ~5 mg/kg have been effective.

Cytokines: G-CSF at a starting dose of 5 pg/kg/day, tapered to the lowest effective dose may be administered
when moderate to severe neutropenia is present.

Transfusions: Treatment with packed red blood cells and platelets should be minimized and reserved
for patients who fail androgen therapy. Blood products should be irradiated, leukocyte-depleted and
of single donor origin, when possible. Blood relatives should not be used as blood donors until a
matched allogeneic related donor transplant is ruled out. Iron status should be monitored at regular intervals
to determine the degree of iron overload and the institution of chelation treatment in chronically transfused
patients.

HSCT: HLA typing should be done at diagnosis to facilitate therapeutic planning. If an HLA-matched related
donor is available, stem cell transplantation should be carried out. Indications for alternative donor HSCT are
rapidly evolving and every patient, regardless of the availability of a matched related donor should be consid-
ered for transplant as part of a clinical trial. Patients should be evaluated for transplant at one of only a few
centers, worldwide, that have FA transplant experience. Evidence of true MDS (as opposed to benign clonal
abnormalities) or evolution to leukemia is a clear indication for transplant. The sensitivity of FA patients to
traditional transplant conditioning regimens requires the use of lower dosages of chemotherapy and radiation
therapy (Chapter 31). Before a family member is used as a donor, the donor should be evaluated to exclude a
diagnosis of FA.

HPYV vaccination: Vaccination is recommended in patients with FA.

Growth hormone therapy: The majority of patients with FA have short stature. Up to 50% have deficient growth
hormone. Given a theoretical association of growth hormone and leukemia, growth hormone should be used
with that understanding in patients with FA.

Gene therapy: This approach is experimental and will only be performed in approved clinical trials in
the future.

The treatment of FA is shown in Figure 8.2.

Prognosis

Current results of matched sibling transplantation prior to development of overt leukemia show a long-term
disease-free survival of 80—90%. However, the long-term risks of late sequelae from HSCT include an increase in
cancer risk. Alternative donor transplant had historically been reserved for androgen-refractory patients and
those with MDS or leukemia. However, this recommendation is rapidly evolving as improvements in HLA typ-
ing, conditioning regimens and overall care as well as HSCT experience have improved outcomes considerably.
Thus, every patient should be evaluated for HSCT.
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DYSKERATOSIS CONGENITA

e DC is characterized by the classic triad of ectodermal dysplasia consisting of:
Abnormal skin pigmentation of the upper chest and neck.
Dysplastic nails.
Leukoplakia of oral mucous membranes.

¢ Predisposition to bone marrow failure.

e Predisposition to cancer—hematologic (leukemia, myelodysplasia) and epithelial cancers.

e Somatic findings in DC include: epiphora (tearing due to obstructed tear ducts), blepharitis, developmental
delay, pulmonary disease (fibrosis), short stature, esophageal webs, liver fibrosis, dental carries, tooth loss,
premature gray hair and hair loss; ocular, dental, skeletal, cutaneous, genitourinary, gastrointestinal,
neurologic abnormalities and immunodeficiency have been reported.

® The classical clinical diagnosis of DC requires two of the three elements of the classic diagnostic triad and any
other associated abnormality in patients with a known mutation or very short telomeres. The presence of short
telomeres in a member of a pedigree with definitive DC is sufficient for the diagnosis.

¢ The median age at diagnosis is approximately 15 years. The median age for the onset of mucocutaneous
abnormalities is 6—8 years. Nail changes occur first but hematologic abnormalities may precede
mucocutaneous changes. The median age for the onset of pancytopenia is 10 years. Approximately 50% of
patients develop SAA by age 50 years and greater than 90% develop at least a single cytopenia by 40 years of
age. The anemia is associated with a high mean corpuscular volume (MCV) and elevated fetal hemoglobin. As
with FA it is the non-hematologic manifestations of DC that are of particular concern, especially when HSCT
for bone marrow failure is considered.

Pathophysiology

The DC phenotype results from deficient telomerase activity. Telomerase adds DNA sequence back to
the ends of chromosomes that are eroded with each DNA replication. Telomerase activity is found in
tissues with rapid turnover such as the basal layer of the epidermis, squamous epithelium of the oral
cavity, hematopoietic stem cells and progenitors and in other tissues affected in DC. The lack of telomerase
activity may also give rise to chromosome instability resulting in the high rate of premature cancer. Table 8.12
shows the cells in various organs expressing telomerase and the defects that occur in telomerase failure.
Epithelial malignancies develop at or beyond the third decade of life. Type 2 alveolar epithelial cells express
telomerase, and as a consequence, about one in five patients develop progressive pulmonary disease charac-
terized by fibrosis, resulting in diminished diffusion capacity and/or restrictive lung disease. It is likely
that more pulmonary disease would be evident if patients did not succumb earlier to the complications of
SAA and cancer.

TABLE 8.12 Cells Expressing Telomerase and Defects Occurring in Telomerase Failure

Organ system Cells expressing telomerase Defect

Hair Hair follicle Alopecia

Oral cavity Squamous epithelium Leukoplakia

Skin Epidermis, basal layer Abnormal pigmentation and dyskeratotic nails
Lungs Type II alveolar cells Pulmonary fibrosis

Liver Unknown cell type Cirrhosis

Intestines Crypt cells Enteropathy

Testes Spermatogonia Hypogonadism

Bone marrow Progenitors Bone marrow failure
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Genetics

Mutations in eight genes in the telomerase maintenance pathway have been associated with DC. DC is most
commonly inherited as an X-linked recessive but may also be autosomal dominant or recessive. The gene respon-
sible for the X-linked form was mapped to Xq28 and subsequently identified as DKC1. DKC1 codes for dyskerin,
a nucleolar protein associated with nucleolar RNAs. Dyskerin is associated with the telomerase complex. This lat-
ter function appears to be the one involved in the pathophysiology of DC, as all the genes found to date to be
mutated in DC (Table 8.2) are involved in telomere biology. There are many features in common to all three
genetic subtypes, however the clinical phenotypes may vary widely in severity even within different mutations
of the same allele. Affected members within the same family may exhibit wide variability in clinical presentation
suggesting the influence of modifying genes and environmental factors. In addition different allelic mutations in
these genes may result in bone marrow failure in the absence of any physical anomalies. Thus, in addition to FA,
DC must be ruled out in all cases of aplastic anemia.

Clinical Manifestations

The clinical manifestations are quite variable.

Bone marrow failure: The incidence of bone marrow failure is 50% at 50 years of age. The majority of deaths
(67%) are a result of bone marrow failure, followed by cancer and lung disease (pulmonary fibrosis) with or with-
out HSCT. Overall median survival has improved to 49 years from 34 years in the past decade.

Malignancy: The causes of death are similar to those reported for FA with the exception of pulmonary fibrosis
which is unique to DC. MDS and AML are less frequent than in FA, as are solid tumors including head and neck
squamous cell carcinoma followed by anorectal, esophagus/stomach, brain, renal, and others. All of these cancers
occur at younger ages than these cancers occur in the population at large, but older than in patients with FA.

Neurological: Patients with the severe form of DC known as Hoyeraal—-Hreidarsson (HH) syndrome have
symptomatic cerebellar hypoplasia, microcephaly, and developmental delay. Revesz syndrome (RS) is associated
with CNS calcification, occasionally cerebellar hypoplasia and exudative retinopathy. Multiple DC genes have
been implicated in HH and TINF2 gene has been implicated in RS.

Immunodeficiency: Significant progressive immunodeficiency occurs in DC. Although DC is predominantly a
cellular immune defect, humoral immunodeficiency as well as neutropenia probably play a significant role in the
infectious morbidity and mortality in DC.

Outcome: The median survival is approximately 40—45 years for patients with DC. In HH it is approximately
5 years of age and in RS the median has not yet been defined.

Treatment

Supportive care: Blood products, antibiotics, and antifibrinolytic agents are similar to those used for idiopathic
aplastic anemia.

HSCT should be considered for those patients with an HLA-matched related donor or an acceptable alternative
donor and no DC-related contraindications. The results of HSCT have been poor predominantly due to hepatic
and pulmonary fibrosis. All DC patients are at a high risk of interstitial pulmonary disease when undergoing
HSCT. There have been too few transplant survivors to determine whether an increase in the prevalence of cancer
will follow as a consequence of HSCT. An immunoablative rather than a myeloablative approach is currently being
used to potentially reduce the incremental risk of pulmonary toxicity as well as the non-hematologic cancer risk.

Others: Although responses to androgens, G-CSF as well as erythropoietin and rarely splenectomy have been
documented, they have been transient. IST is ineffective.

CONGENITAL APLASTIC ANEMIAS OF UNKNOWN INHERITANCE

Rare cases of aplastic anemia have been associated with Down syndrome; congenital trisomy-8 mosaicism; familial
Robertsonian translocation (13;14); non-familial translocation in a male with t(1;20); (p22;q13.3); cerebellar ataxia with
bone marrow monosomy-7 manifesting prior to pancytopenia (familial ataxia—pancytopenia syndrome); and
increased spontaneous chromosomal breakage without further increase in breakage with MMC as well as other very
rare cases with familial associations. Many of these cases were reported before the discovery of the genes associated
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with the IBMFSs and can now be categorized. However, a large number of cases are yet to be genetically diagnosed
(20—40% in some series) and await the identification of new mutated genes while some represent known syndromes
with atypical presentations that are missed with targeted mutation analysis.

DIAMOND-BLACKFAN ANEMIA (CONGENITAL PURE RED CELL APLASIA)

Pathophysiology

Diamond-Blackfan anemia (DBA) is a rare pure red cell aplasia predominantly, but not exclusively, of infancy and
childhood resulting from defective ribosome biosynthesis. As a consequence erythroid progenitors and precursors
are highly sensitive to death by apoptosis. All of the genetically known cases are the consequence of either small or
large subunit-associated ribosomal protein (RP) haploinsufficiency. Patients in North America with DBA should be
registered with the Diamond—Blackfan Anemia Registry (DBAR) or other national registries. These registries collects
and maintains long-term outcome data as well as providing resources for physicians, patients, and families.

Genetics

* Dominant inheritance
The first “DBA gene” was cloned in 1997 and identified as RPS19, a gene that codes for an RP, located at
chromosome 19q13.2. RPS19 mutations account for 20—25% of both sporadic and familial cases. Since that
time an additional 11 genes have been identified (Table 8.2) comprising approximately 50—70% of DBA
cases analyzed. Mutations leading to RP haploinsufficiency, both of the small and large subunit-associated
proteins, account for the majority of mutations. The functions of the RP are not fully understood.
Laboratory studies used for identification of dominant inheritance in family members of a proband with
DBA include: hemoglobin level, MCV, erythrocyte adenosine deaminase (eADA) activity (the absence of
these markers clearly does not exclude dominant inheritance) and mutation analysis when available. By
carefully evaluating families it appears that at least 40—50% of cases of DBA may be dominantly inherited.

¢ X-linked recessive inheritance
One gene implicated in DBA is inherited as X-linked recessive. GATAI encodes an erythroid transcription
regulator.

* Recessive inheritance
New preliminary studies strongly support evidence of the autosomal recessive inheritance of DBA.

To provide genetic counseling, it is important to perform the previously mentioned laboratory studies to
reduce the possibility of missing dominant inheritance in presumed recessive or sporadic cases. It is also impor-
tant to perform these laboratory studies in potential family stem cell donors to increase the likelihood of detection
of a silent phenotype. When there is a known mutation the parents should be evaluated, as well as extended fam-
ily members as indicated.

Clinical Manifestations’

* The median age at presentation of anemia is 2 months and the median age at diagnosis of DBA is 3—4 months.
Over 90% of the patients present during the first year of life. A small percentage of affected infants may be
anemic at birth.

* Platelet and white cell counts are usually normal; thrombocytosis occurs rarely, neutropenia and/or
thrombocytopenia may occur. Instances of significant cytopenias including aplastic anemia have also been noted.

¢ Physical anomalies, excluding short stature, are found in 47% of the patients. Of these, 50% are of the face and
head (microcephaly, eye anomalies), 38% upper limb and hand (thumb deformity, triphalangeal thumb,
duplication of thumb and bifid thumb), 39% genitourinary, and 30% cardiac. Twenty-one percent of the
patients have more than one anomaly.

e Low birth weight occurs in approximately 10% of all affected patients, with about half of this group being
small for gestational age. Over 60% are below the 25th percentile for height. There appears to be a slight

"Includes findings of the DBA Registry (DBAR) of North America.
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increase in the incidence of miscarriages, stillbirths, and complications of pregnancy among the mothers
who have given birth to infants with this syndrome.

¢ Karyotype is generally normal.

e Hepatosplenomegaly is not a common feature.

e Malignant potential: DBA has been recognized as a cancer predisposition syndrome, with an incidence of cancer of
22% by age 46 years. Colorectal and other GI malignancies are the most common, with osteogenic sarcoma being
the next most common. Cases of breast cancer and other solid tumors have been reported, all occurring at a
younger age than expected for these malignancies. As patients age MDS and AML become increasingly more likely.

Diagnosis

A number of RP genes mutations have been identified in DBA and a number of genetically defined indivi-
duals have been identified who lack some or all of the classical clinical criteria.
The following laboratory findings occur in DBA:

* Macrocytosis associated with reticulocytopenia. The white cell count and platelet counts are usually normal at
presentation but neutropenia and thrombocytopenia are being more frequently recognized and trilineage
marrow failure may become evident with increasing age.

* An elevated eADA activity is found in approximately 80—85% of patients.

e Elevated fetal hemoglobin.

* Bone marrow with virtual absence of normoblasts, in some cases with relative increase in proerythroblasts or
normal number of proerythroblasts with a maturation arrest; normal myeloid and megakaryocytic series.

e Importantly, these laboratory findings (macrocytosis, elevated fetal hemoglobin, and eADA activity) may be
useful in avoiding potential matched related HSCT donors with genotypic DBA, and have been helpful in
distinguishing DBA from transient erythroblastopenia of childhood (TEC).

Table 8.13 lists the diagnostic criteria for DBA.

Differential Diagnosis
This condition must be differentiated from:

e TEC. Table 8.14 lists the differentiating features of TEC from DBA.

* Congenital hypoplastic anemia due to transplacental infection with parvovirus B19 can be differentiated from
DBA by performing reverse transcriptase polymerase chain reaction for parvovirus B19 on a bone marrow
sample. Parvovirus may result in a transient red cell failure in a patient with underlying hemolytic anemia or
chronic red cell failure in a patient with underlying immune deficiency.

* Late hyporegenerative anemia due to severe Rh or ABO hemolytic disease of the newborn. This may rarely
last for a few months and should be considered in the differential diagnosis of DBA.

* Pearson syndrome, which is characterized by refractory aregenerative macrocytic sideroblastic anemia,
neutropenia, vacuolization of bone marrow precursors with sideroblasts (usually ring sideroblasts), exocrine
pancreatic dysfunction, and metabolic acidosis. The anemia presents at 1 month of age in 25% and at 6 months
of age in 70% of affected individuals. A deletion in mitochondrial DNA has been found in Pearson syndrome.
In many instances the anemia may resolve with age. However, many patients will develop neurodegenerative
disease (Kearns—Sayre syndrome) later in childhood or adulthood. The natural history of Pearson syndrome is
not well characterized.

* Other IBMFSs, as well as acquired marrow dysfunction due to viral infections or medications.

Treatment

Prednisone at a dose of 2 mg/kg/day in single or divided dosages is used to initiate therapy. Reticulocytosis
usually occurs in 1-2 weeks but may take slightly longer. When the hemoglobin level reaches ~10 g/dl, the
prednisone dose should be tapered slowly to the minimum dose necessary to maintain a reasonable hemoglobin
level on an alternate-day schedule. A dose equivalent of 1 mg/kg/every other day (0.5 mg/kg/day) is generally
safe but the corticosteroid dose must be individualized. Any patient who experiences significant steroid-related
side effects, including growth failure, should have steroid medication temporarily discontinued and should be
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Diagnostic criteria:

e Classical

Normochromic, usually macrocytic anemia, relative to patient’s age and occasionally normocytic anemia developing in
early childhood with no other significant cytopenias

Reticulocytopenia

Normocellular marrow with selective paucity of erythroid precursors
Age less than 1 year

Supporting criteria:

¢ Definitive but not essential

Presence of mutation described in classical DBA

¢ Major

Positive family history

e Minor

Congenital abnormalities described in classical DBA

Macrocytosis

Elevated fetal hemoglobin

Elevated erythrocyte adenosine deaminase activity

“These criteria are under constant analysis and may be modified as new DBA genes are identified. The diagnosis becomes less certain when there are fewer
diagnostic criteria and the patient does not have a positive family history or a known mutation.

TABLE 8.14 Differentiating Transient Erythroblastopenia from Diamond—Blackfan Anemia

Feature Transient erythroblastopenia Diamond—Blackfan anemia
Frequency Common Rare (510 per 10° live births)
Etiology Acquired (viral, idiopathic) Genetic

Age at diagnosis
Familial
Antecedent history

Congenital abnormalities

Course

Transfusion dependence
MCV increased

At diagnosis

During recovery

In remission
Hemoglobin F increased

At diagnosis

During recovery

In remission
i antigen

Erythrocyte adenosine deaminase
activity

Treatment

6 months—4 years, occasionally older

No
Viral illness

Absent

Spontaneous recovery in weeks to
months

Not dependent

20%
90%
0%

25%

100%

0%

Usually normal

Not elevated

Packed cell transfusion, if required

90%, by 1 year; 25%, at birth or within first 2 months
Yes (in at least 10—20% of cases)
None

Present ~50% cases (heart, kidneys, musculoskeletal
system)

Prolonged, 20% actuarial probability of remission

Transfusion or steroid dependent

80%
100%
100%

100%

100%

85%

Elevated

Elevated (~85% of cases)

Packed red cell transfusion until 1 year of age

Prednisone 2 mg/kg/day and taper to lowest
effective dose

Stem cell transplantation
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placed on a red cell transfusion regimen. Patients with DBA on low-dose alternate-day therapy of long duration,
starting in early infancy, may manifest significant steroid toxicity. Forty percent manifest cushingoid features,
12% pathologic fractures, and 7% have cataracts.

Packed red cell transfusion: When the blood product supply is safe and venous access is available packed red
cell transfusion should be used to support patients until they are 1 year of age to avoid significant
steroid-related problems encountered in infants and to allow for adequate growth and safe and effective
immunization. Leukocyte-depleted packed red cell transfusion should be used to reduce the incidence of
non hemolytic, febrile transfusion reactions, as well as the risk of transmission of CMV and the risk of
HLA alloimmunization. Patients who are receiving or who have recently been treated with
immunosuppressive drugs should receive irradiated blood products. Patients in whom stem cell
transplantation is contemplated should receive CMV-safe blood products. Effective iron chelation must
accompany a transfusion protocol.

HSCT: HLA-matched sibling donor transplantation should be considered for any patient with DBA,
particularly those who are transfusion dependent. Consideration should be given to the fact that 20% of all
patients attain spontaneous remission, balanced by the risk of hematologic malignancy, myelodysplasia, or
SAA. A family marrow donor must be tested for the presence of a “silent phenotype.” Matched unrelated
or incompletely matched related donor transplants have proven to be more risky and should be reserved
for patients with leukemia, MDS, SAA or patients with clinically significant neutropenia or
thrombocytopenia. Recently, the results for alternative donor transplants have improved considerably and
these recommendations may change for selected patients. The risk of developing non-hematologic
malignancy is increased following preparative regimens used in HSCT.

Alternative therapy: A number of treatments, including erythropoietin, immunoglobulin, megadose
corticosteroids, and androgens have been utilized in DBA patients with little success. Cyclosporine, IL-3,
and metoclopramide have resulted in anecdotal responses in DBA and have been largely abandoned as
therapeutic options. The toxicity of cyclosporine and the lack of availability of IL-3 preclude their use

for most patients. Based upon anecdotal data a clinical trial with leucine is ongoing to determine efficacy
in DBA.

Prognosis

Approximately 80% of DBA patients initially respond to corticosteroid therapy, however only
approximately half of the responders can remain on steroids at a dose required for an adequate red cell
response due to significant side effects. The remaining patients will require transfusion therapy or stem cell
transplantation.

The actuarial remission rate in DBA is approximately 20% by age 25, irrespective of their pattern of response
to treatment, with the majority remitting during the first decade of life.

The major complication of transfusion is iron overload, the consequences of which include diabetes mellitus,
cardiac and hepatic dysfunction, growth failure, as well as endocrine dysfunction. Iron chelation with either
deferoxamine or deferasirox is therefore an essential component of a transfusion program. The oral chelator
Deferiprone (L1) has caused significant neutropenia in DBA and should only be considered with extreme
caution in specific cases. New oral iron chelators are in development. Many patients find nearly daily
subcutaneous and even oral chelation therapy onerous and compliance is poor.

In summary both chronic corticosteroid therapy and chronic transfusion therapy may lead to a number of
significant short-term and long-term complications, supporting a role for HSCT. Improvements in matched
unrelated donor transplantation suggest that patients should be evaluated on an individual basis to determine
the utility of that approach in a given patient. Survival of patients into adulthood in remission or sustainable
on steroids is 85—100%. Only about 60% of transfusion-dependent patients currently survive to middle age.
The overall actuarial survival for DBA at 40 years of age is 75.1 * 4.8%.

HLA-matched sibling stem cell transplant patients have long-term survival of over 90% if performed at age

9 years or younger. Well matched unrelated donor transplants done recently have resulted in a survival rate of
80%. Favorable transplantation outcomes are most likely if the patient is in good health at the time of HSCT
without iron overload or allosensitization. Improvements in supportive care, GVHD prophylaxis, and infection
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control have resulted in a marked decrease in HLA-matched related HSCT transplant-related morbidity and
mortality. Sibling HSCT is recommended for young DBA patients, prior to development of significant
allosensitization or iron overload, when there is an available HLA-matched unaffected related donor.

Death in DBA is primarily due to treatment-related causes (iron overload, infection, complications of stem
cell transplant) in 67% of cases as opposed to disease-related causes (solid tumors, leukemia

and MDS, SAA). This will likely change as management of iron overload and HSCT improve.

Patients with DBA who become pregnant may develop either an increased requirement for steroid therapy or
red cell transfusions due to worsening anemia and should be considered high risk. This appears to be a
hormonally induced problem because oral contraceptives have the same effect.

Fetal hydrops secondary to fetal DBA has been reported.

TRANSIENT ERYTHROBLASTOPENIA OF CHILDHOOD

TEC is much more common than DBA and must be differentiated from DBA (Table 8.14), in order to avoid

unnecessary corticosteroid use. TEC has the following features:

Pathophysiology: The following clinical and laboratory observations have shed light on the basic mechanisms of
the pathogenesis of TEC:

Viral: There is usually a history of a preceding non-specific viral illness 1—2 months prior to TEC.

Erythropoietin levels: Serum erythropoietin levels are high, in keeping with the degree of anemia.

CFU-E and BFU-E: Both are decreased in 30—50% of patients, suggesting that the defect might be at the

CFU-E and BFU-E levels.

Serum inhibitors of erythropoiesis: IgG inhibitors of normal progenitor cells have been found in 60—80% of

patients with TEC.

Cellular inhibitors of erythropoiesis: Inhibitory mononuclear cells have been observed in approximately 25%

of patients with TEC.

On the basis of these observations, it has been speculated that a non-specific virus is cleared as the host
develops IgG antibody. This IgG antibody probably recognizes shared viral and erythroid progenitor epitopes.
Age: Usually between 6 months and 4 years of age. With more children attending daycare programs younger
patients with TEC are being identified.

Sex: Equal frequency in boys and girls.
Hematologic values:

Hemoglobin falls to levels ranging from 3 to 8 g/dL

Reticulocyte count is 0%.

White blood cell and platelet count are usually normal.

Approximately 10% of patients may have significant neutropenia (absolute neutrophil count (ANC),
<1000/mm?®) and 5% have thrombocytopenia (platelet count, <100,000/mm?®) (Table 8.14 lists the hematologic
characteristics). An analysis of 50 patients presenting with TEC at our institution revealed a high incidence of
neutropenia (64% with an ANC of less than 1500/mm?).

Bone marrow: Absence of red cell precursors, except when the diagnostic bone marrow is performed

during early recovery (prior to a reticulocytosis) when variable degrees of erythroid maturation may

be observed.

Prognosis: Spontaneous recovery occurs within weeks to months with the vast majority of patients recovering
within 1 month. TEC rarely recurs.

Treatment: Transfusion of packed red blood cells if there is impending cardiovascular compromise.

As recovery is usually prompt restraint should be exercised with regard to red cell transfusions.

Other instances of transient red cell failure may occur secondary to:

Drugs—chloramphenicol, penicillin, phenobarbital, and diphenylhydantoin.

Infections—viral infections (e.g., mumps, EBV, parvovirus B19, atypical pneumonia) and bacterial sepsis.
Malnutrition—kwashiorkor and other disorders.

Chronic hemolytic anemia—hereditary spherocytosis, sickle cell anemia, {3-thalassemia, and other congenital or
acquired hemolytic anemias. The etiologic agent is often human parvovirus B19.
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CONGENITAL DYSERYTHROPOIETIC ANEMIA

The CDAs are a group of conditions characterized by ineffective erythropoiesis (intramedullary red cell death,
anemia with reticulocytopenia, and marrow erythroid hyperplasia) and by specific morphologic abnormalities in
the bone marrow consisting of increased numbers of morphologically abnormal red cell precursors. There are three
major types of CDA (I-III) for which the mutated genes have been identified (I-CDAN1, II-SEC23B, III-KIF23) and
other variants (IV—VIII plus others) that have been described, with genes identified in two (KLFI and GATAI).

Clinical Manifestations
CDA has the following diagnostic/clinical manifestations:

* Chronic mild congenital anemia (red cells have non-specific abnormalities; basophilic stippling, occasional
normoblasts) usually presenting in childhood.

Reticulocyte response insufficient for the degree of anemia in the context of erythroid hyperplasia in marrow.
Normal granulopoiesis and thrombopoiesis.

Chronic or intermittent mild jaundice.

Splenomegaly.

High plasma iron turnover rate and low iron utilization by erythrocyte (ineffective erythropoiesis) resulting in
progressive iron overload (hemosiderosis).

Red cell survival time shortened.

* Marrow with abnormal erythroid morphology that can usually distinguish the three types of CDA.

Other manifestations of CDA include the following;:

* CDA associated with atypical hereditary ovalocytosis.

¢ CDA of neonatal onset (with severe anemia at birth, hepatosplenomegaly, jaundice, syndactyly, and small for
gestational age).

* CDA associated with hydrops fetalis and hypoproteinemia.

Table 8.15 lists the clinical and laboratory features of CDA, types I-III. Cases with clinical manifestations that
do not fit the classical categories of CDA have been described as CDA variants. Table 8.16 represents
Wickramasinghe’s attempt at the classification of CDA variants. These types share the common features of a con-
genital, perhaps hereditary, anemia with an inappropriately low reticulocyte count for the degree of anemia,
and ineffective marrow dyserythropoiesis. Mutations in two transcription factors, GATA1 and KLF1, have been
identified in patients with CDA variants and should be considered in patients lacking mutations described in
CDA I-1II lacking a known CDA-mutated gene.

Thalassemia and other metabolic abnormalities must be excluded. Table 8.17 lists the diagnostic tests necessary
when CDA is suspected.

Differential Diagnosis

The diagnosis of CDA can only be made after the exclusion of other causes of congenital hemolytic anemias
associated with ineffective erythropoiesis, such as thalassemia syndromes and hereditary sideroblastic anemias.

Treatment

* Splenectomy performed in severely affected patients with CDA type I having the poorest response results in
moderate to marked improvement.

* Transfusion program with the use of deferoxamine, deferasirox, or deferiprone to ameliorate the effects of iron
overload may be required to maintain an acceptable hemoglobin level.

* Folic acid 1 mg per week should be administered. Iron therapy is contraindicated.

e Vitamin E has been used in the treatment of CDA type II, with an apparent improvement in red cell survival
and a reduction in serum bilirubin and reticulocyte count.

* Recombinant o-IFN 2a has been used in CDA type I, resulting in increased hemoglobin level, decrease in
MCV and red cell distribution width, reduction in serum bilirubin and lactic dehydrogenase levels,
improvement in morphology of erythroblasts, and reduction in ineffective erythropoiesis.

* Successful stem cell transplant has been performed in CDA types I and II.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



SIDEROBLASTIC ANEMIAS (MITOCHONDRIAL DISEASES WITH BONE MARROW FAILURE SYNDROMES)

127

TABLE 8.15 Clinical and Laboratory Features of Congenital Dyserythropoietic Anemia, Types I—III
Feature Type I Type II (HEMPAS) Type III (familial); Type III (sporadic)
Inheritance Autosomal recessive Autosomal recessive Autosomal dominant; variable
Clinical Hepatosplenomegaly Hepatosplenomegaly Hepatosplenomegaly
Jaundice Variable jaundice Hair-on-end appearance
on skull radiograph
Gallstones
Hemochromatosis Increased prevalence of lymphoproliferative
disorders
Gene CDAN1 SEC23B KIF23; Unknown
Gene locus (in  15q15.1-15.3 20q11.2 15q22
some cases)
Red cell size ~ Macrocytic Normo- or macrocytic Macrocytic; macrocytic
Anemia Mild to moderate Moderate Mild to moderate; mild to moderate
(usually presenting
in neonatal period)
Hemoglobin 8—12 g/dl Hemoglobin 6—7 g/dl Hemoglobin 7—8.5 g/dl; hemoglobin 7—8.5 g/dl
Reticulocytes  1.5% +2% 2—4%; 2—4%
Smear Macrocytic: Normocytic: Macrocytic: macrocytic
Marked anisocytosis Anisocytosis and poikilocytosis; basophilic Anisocytosis; anisocytosis and poikilocytosis;
and poikilocytosis; stippling; “tear drop” cells; irregular poikilocytosis: basophilic stippling;
basophilic stippling contracted cells; occasionally, normoblasts
Marrow Megaloblastoid: Normoblastic: Megaloblastic:
normoblasts Binucleated, 2—5%; Bi- and multi-nucleated 10—50% binuclearity multinuclearity (up to 12 nuclei

Marrow iron

Serum
bilirubin and
urine
urobilinogen

Treatment

internuclear chromatin
bridges, 1-2%

Scant increase

Elevated

Some patients respond to
o interferon 2a treatment
or undergo HSCT

predominates

Increased

Elevated

Splenectomy; HSCT

gigantoblasts), 10—50%; megaloblastic:
multinuclearity (up to 12 nuclei gigantoblasts)
10-50%

Increased; increased

Elevated; elevated

HSCT possibly; HSCT possibly

Modified from Alter (2003). and Iolascon et al. (2013).

SIDEROBLASTIC ANEMIAS (MITOCHONDRIAL DISEASES WITH
BONE MARROW FAILURE SYNDROMES)

The sideroblastic anemias are a heterogeneous group of disorders characterized by iron deposition in erythro-
blast mitochondria. They are often secondary to defects in the enzymes of the heme biosynthetic pathway (8-ami-
nolevulinic acid synthase (ALA-S) deficiency). Impaired production of heme resulting from defects in these
enzymes results in mitochondrial iron accumulation, damage to the mitochondrial machinery, and formation of
ring sideroblasts. Porphyrias, however, do not display sideroblastic anemia because they are characterized by
defects in the cytoplasmic steps of heme synthesis.

Laboratory Findings

* Anemia that may be normocytic, normochromic or microcytic, and hypochromic except in Pearson syndrome,
which is characterized by macrocytic anemia probably due to fetal-like erythropoiesis.
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* Reticulocytopenia.

¢ Ineffective erythropoiesis (i.e., erythroid hyperplasia in bone marrow despite anemia).

* Presence of iron-loaded normoblasts demonstrated as ring sideroblasts (greater than 10% of erythroid
precursor) by Pearls Prussian blue stain (this stain serves as a surrogate technique for electron microscopy or
energy dispersive x-ray analysis used for the demonstration of iron-loaded mitochondria in normoblasts).

* Mild to moderate hemolysis due to peripheral red blood cell destruction of unknown etiology.

The sideroblastic anemias can arise from the primary or secondary defects of mitochondria.

TABLE 8.16 Clinical and Laboratory Features of Congenital Dyserythropoetic Anemia, Types IV—VI

Type IV Type V Type VI
Clinical Mild to moderate Spleen palpable in few cases Spleen not palpable
1 1
splenomegaly Unconjugated hyperbilirubinemia due to intramedullary
destruction of morphologically normal, but functionally
abnormal erythroblasts/marrow reticulocytes
Hemoglobin Very low, transfusion Normal or near normal Normal or near normal
dependent
MCV Normal or mildly Normal or mildly elevated Very high (119—125) without vitamin
elevated B12, folic acid, or other causes of
megaloblastic anemia
Erythropoiesis Normoblastic or Normoblastic Grossly megaloblastic
mildly to moderately
megaloblastic
Non-specific Present Absent or little Present
erythroblast
dysplasia

From: Wickramasinghe (1997).

TABLE 8.17 Diagnostic Tests for Congenital Dyserythropoietic Anemia®

Complete blood count, including MCV, red cell distribution width (RDW), blood smear examination
Absolute reticulocyte count

Quantitative light and, if needed, electron microscope analysis of the bone marrow
Serum vitamin B12 and red cell folate measurements

Parvovirus B19

Serum bilirubin levels

Hemoglobin (Hb) electrophoresis: Hb A2, Hb F assays

Red cell enzyme assays (pyruvate kinase, glucose-6-phosphate dehydrogenase [G6PD])
Sodium dodecyl sulfate polyacrylamide gel electrophoresis of red cell membranes

Test for urinary hemosiderin

Cytogenetic studies of bone marrow cells

Mutation analysis for known CDA genes

Studies of globin chain synthesis

Studies of globin gene analysis

“This list is not exhaustive nor is it required in all patients. These tests may be required when there is a need to rule out f-thalassemia, thiamine-responsive
sideroblastic anemia, megaloblastic (B12, folate) anemia, iron deficiency and other causes of ineffective erythropoiesis.
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TABLE 8.18 Classification of the Sideroblastic Anemias (SAs) Hereditary/Congenital SA

Isolated heritable
X-linked (XLSA)
Glutaredoxin 5 deficiency
Associated with erythropoietic protoporphyria
Presumed autosomal
Suggested maternal
Sporadic congenital
Associated with genetic syndromes
X-linked with ataxia (XLSA/A)
Thiamine-responsive megaloblastic anemia (TRMA)
Myopathy, lactic acidosis and sideroblastic anemia (MLASA)
Mitochondrial cytopathy (Pearson syndrome)
Acquired clonal SA
Refractory anemia with ring sideroblasts (RARS)/pure SA (PSA)
Refractory anemia with ring sideroblasts and thrombocytosis (RARS-T)
Refractory cytopenia with multilineage dysplasia and ring sideroblasts (RCMD-RS)
Acquired reversible SA
These are associated with:
Alcoholism
Certain drugs (isoniazid, chloramphenicol)
Copper deficiency (idiopathic, zinc ingestion, copper chelation, nutritional, malabsorption)
Hypothermia

Bottomly (2009), with permission.

In congenital sideroblastic anemias, iron rings are predominantly seen in late normoblasts (i.e., orthochromatic
and polychromatophilic normoblasts), whereas they are seen in earlier erythroid cells (i.e., basophilic normo-
blasts) in the acquired form.

Table 8.18 shows a classification of the sideroblastic anemias.

Pathophysiology

Heme biosynthesis involves eight enzymes, four of which are cytoplasmic and four that are localized in the
mitochondria.

8-ALA-S: There are two distinct types of ALA-S. ALA-S1 (housekeeping form) occurs in non-erythroid cells
and its gene maps on the autosome, and ALA-52 (erythroid-specific form) occurs in erythroid cells and its gene
maps on the X chromosome. Distinct aspects of heme synthesis regulation in non-erythroid and erythroid cells
are related to the differences between these two ALA-S enzymes. In non-erythroid cells, the synthesis and activity
of ALA-S1 is subject to feedback inhibition by heme, thus making ALA-5S1 the rate-limiting enzyme for the heme
pathway. In erythroid cells, heme does not inhibit either the activity or the synthesis of ALA-52 but it does inhibit
cellular iron uptake from transferrin without affecting its utilization for heme synthesis.

There are distinct features of iron and heme metabolism in erythroid and non-erythroid cells. These differences
explain the large amount of heme production by erythroid cells compared to the low amount produced by non-
erythroid cells. They also explain the mitochondrial deposition of iron in iron-loaded erythroid precursors.

Sideroblastic anemias result from injury to the mitochondria. Defects attributed to the mitochondrial pathways
of heme synthesis result in sideroblastic anemias.

Mitochondrial injury results from:

¢ Defective heme synthesis and the accumulation of iron, especially in erythroid precursors. This iron
accumulation causes oxidative damage to the mitochondrial machinery through a Fenton reaction (i.e., the
formation of a hydroxyl radical catalyzed by iron and reactive oxygen species damaging mitochondrial DNA
by crosslinking DNA strands or by promoting the formation of DNA protein crosslinks).

¢ Congenital deletions of mitochondrial DNA.

* As a result of mitochondrial damage, there is increased deposition of iron in heme-containing cells
(e.g., erythroid cells). Additionally, there is decreased oxidative phosphorylation and decreased adenosine
triphosphate (ATP) synthesis in many organs as observed in Pearson syndrome. Figure 8.3 shows a simplified
view of the pathophysiologic relationship of various mitochondrial diseases in the context of sideroblastic
anemias, bone marrow failure, and/or mitochondrial cytopathies.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



130 8. BONE MARROW FAILURE

SEVERE CONGENITAL NEUTROPENIA AND

KOSTMANN SYNDROME
A B
Erythroid cell normoblast Non-erythroid cell
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FIGURE 8.3 Simplified view of pathophysiologic consequences of mitochondrial diseases.

Treatment

Oral pyridoxine is used in some patients with either congenital or acquired sideroblastic anemia with partial
response.

Removal of the toxin/drug responsible for causing sideroblastic anemia may be effective.

Stem cell transplantation is employed for the treatment of sideroblastic anemia secondary to MDS.

Treatment of Pearson syndrome is largely palliative and consists of the following:

Correction of the metabolic acidosis (e.g., avoidance of fasting, administration of thiamine, riboflavin,
carnitine, and coenzyme Q to bypass deleted respiratory enzymes).

Removal of reactive oxygen radical by the use of ascorbate, vitamin E, or lipoic acid. The efficacy of these
therapies is not clear at this time.

Anemia is treated with red cell transfusions. G-CSF may be used to support clinically significant neutropenia.
If patients do not succumb to metabolic acidosis and organ failure the majority will improve within the first
decade of life.

HSCT has been performed and although engraftment occurred the patient succumbed to non-hematopoietic
manifestations of the disease.

SEVERE CONGENITAL NEUTROPENIA AND KOSTMANN SYNDROME

Epidemiology

Severe congenital neutropenia (SCN) includes a heterogeneous group of disorders with different patterns of

inheritance. Kostmann syndrome (KS) follows an autosomal recessive pattern of inheritance. Its underlying
genetic defect is due to homozygous mutations in the HAX1 gene on chromosome 1. Other SCN may follow auto-
somal dominant or sporadic patterns of inheritance. In this group of patients, ~60% have diverse mutations in
the neutrophil elastase gene (ELANE). These mutations affect only one allele. The majority of patients present
with a sporadic pattern, since autosomal dominant inheritance is relatively more lethal. In some patients, there
may be germline mosaicism.
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Incidence

The incidence of SCN is two per million population.

Pathogenesis and Genetics

In vitro bone marrow studies show a reduced number of granulocyte-macrophage colonies in SCN patients.
There is also a reduced number of CD34 + /Kit + /G-CSFR + myeloid progenitor cells in the bone marrow.

Neutrophil elastase gene (ELANE) mutations: It has been hypothesized that mutations of ELANE in SCN result
in a high rate of premature apoptosis in neutrophil precursors, which results in decreased myelopoiesis.
Neutrophil elastase is a serine protease localized in the granules of neutrophils and monocytes. A mutant enzyme
has a dominant negative effect on the normal wild-type elastase. This explains the defective proteolysis in the SCN
neutrophils even though half of the normal amount of the elastase is present in the neutrophils of these patients.

The gene responsible for the autosomal recessive form of SCN in the original cases described by Kostmann has been
identified as mutations in the HAX1 gene located on chromosome 1. HAX1 is an inhibitor of apoptosis. In its absence,
apoptosis proceeds unchecked. G-CSF can overcome this deficiency by activating other antiapoptotic pathways.

The mutated genes for other rare SCN syndromes are listed in Table 8.2. Some of these syndrome have unique
features:

* Glucose 6 phosphatase, catalytic subunit (G6PC3) syndrome:
Cardiac and urogenital malformations, neurologic findings.
¢ GFI1 mutation:
May be milder but clinically resembles the ELANE mutation as GFI1 is a repressor of ELANE.
e WAS mutation:
X-linked.
e JAGNT mutation:
Autosomal recessive.
* MonoMac syndrome (GATA2 mutation):
Is inherited as an autosomal dominant with severe persistent monocytopenia.
* WHIM syndrome (CXCR4 mutation):
Warts, Hypogammaglobulinemia, Infections, Myelokathexis with extensive human papilloma virus (HPV)
infection is inherited as an autosomal dominant.

Clinical Manifestations and Laboratory Investigations

During the first year of life omphalitis, otitis media, upper respiratory tract infections, pneumonitis, skin
abscesses, and liver abscesses occur commonly with positive cultures for staphylococci, streptococci, Pseudomonas,
Peptostreptococcus, and fungi. Splenomegaly may be present. Other manifestations include the following:

e Blood counts reveal a normal WBC with an ANC less than 200/mm? and a compensatory eosinophilia and
monocytosis. Mild anemia and thrombocytosis may be present.

* Bone marrow examination shows a maturation arrest of myelopoiesis at the promyelocyte or myelocyte stage
with marked paucity of mature neutrophils. There is an increase in monocytes, eosinophils, macrophages, and
plasma cells.

Treatment

¢ G-CSF: The initial dose of G-CSF employed is 5 pg/kg/day. Response occurs 7—10 days from the start of

treatment. The goal of therapy is to achieve an ANC of approximately 1000—1500/mm? and maintain the patient

free of infections. More than 95% of patients with SCN will respond to G-CSF. After beginning G-CSF therapy,

the dose should be adjusted up or down at 1- to 2-week intervals until the lowest effective dose is reached.
Complications associated with the use of G-CSF include: bone pain, splenomegaly, hepatomegaly,
thrombocytopenia, osteopenia/osteoporosis, Henoch—Schonlein purpura type of immune-complex-induced
vasculitis of the skin, and/or glomerulonephritis.
Baseline bone marrow cytogenetics should be obtained prior to G-CSF therapy. Initial cytogenetic studies at
diagnosis are usually normal. However, during the course of the disease, clonal abnormalities may emerge,
50% of which are monosomy-7. Since 12% of patients with SCN develop MDS and/or acute myelogenous
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leukemia (AML), it is important to perform periodic bone marrow examinations for morphology and
cytogenetic studies in the follow-up of these patients. Patients who require higher doses of G-CSF (more
than 8 pg/kg/d) are at higher risk to develop MDS/AML than those who are more G-CSF responsive
(40 vs 11% after 10 years of therapy).

* The G-CSF receptor is normal in patients with SCN. However, patients with SCN are predisposed to
develop acquired (somatic) mutations of the cytoplasmic domain of the G-CSF receptor. There is a good
correlation between the development of leukemia/MDS and the acquisition of G-CSF receptor mutations in
these patients. The time interval between these two events varies considerably.

* Hematopoietic Stem Cell Transplantation (HSCT)
The following are the indications for HSCT:

* Patients who require greater than ~8 ug/kg/day of G-CSF are statistically much more likely to succumb to
infection or leukemia.

* Refractoriness to G-CSF treatment.

° Emergence of MDS/AML.

HSCT can be considered as treatment for all patients with SCN who have a HLA-matched sibling donor avail-
able with matched unrelated transplant reserved for high-risk patients.

Prognosis

* The leading causes of death in SCN are infection and MDS/leukemia.

* Patients with severe chronic neutropenia should be registered with the Severe Chronic Neutropenia
International Registry. This registry collects and maintains long-term outcome data as well as providing
resources for physicians, patients, and families.

RETICULAR DYSGENESIS

Reticular dysgenesis is a disorder of stem cells in which maturation of both myeloid and lymphoid lineages is
defective. Platelet and red cell production are normal. Affected individuals have severe neutropenia and moder-
ate to severe lymphopenia. In addition, there is absence of peripheral lymphoid tissues, Peyer’s patches, tonsils,
and splenic follicles. The mortality rate is high from infection at an early age. Treatment: HSCT can be curative.

Cyclin neutropenia and SDS are discussed in Chapter 13.

Figure 13.1 shows an approach to the diagnosis of neutropenia.
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CHAPTER

9

General Considerations of Hemolytic Diseases,

Red Cell Membrane, and Enzyme Defects

Lionel Blanc and Lawrence C. Wolfe

Hemolysis is a reduction in the normal red cell survival of 120 days. It may result from corpuscular abnormali-

ties such as membrane, cytoskeleton, enzyme, or hemoglobin defects; or from extracorpuscular abnormalities
involving immune or non immune mechanisms (see Chapter 10).

OIS UT W=

14.

CLINICAL FEATURES OF HEMOLYTIC DISEASE

The following clinical features suggest a hemolytic process in a child with anemia:

. History of anemia, jaundice, or gallstones in family.

. Persistent or recurrent anemia associated with reticulocytosis.

. Anemia unresponsive to hematinics.

. Intermittent bouts or persistent indirect hyperbilirubinemia/jaundice.

. Splenomegaly.

. Hemoglobinuria.

. Presence of multiple gallstones.

. Chronic leg ulcers.

. Development of anemia or hemoglobinuria after exposure to certain drugs.
. Cyanosis without cardiorespiratory distress.

. Polycythemia (2,3-diphosphoglycerate mutase deficiency).

. Dark urine due to dipyroluria (unstable hemoglobins, thalassemia, and ineffective erythropoiesis).
. Ethnic factors:

a. Incidence of sickle gene carrier in the African-American population (8%).

b. High incidence of thalassemia trait in people of Mediterranean ancestry.

¢. High incidence of glucose-6-phosphate dehydrogenase (G6PD) deficiency among those with ethnic origins
arising in territories near the Mediterranean Sea, Africa, and Southeast Asia.

d. High incidence of hereditary ovalocytosis in Southeast Asian populations.

Age factors:
Anemia and jaundice in a Rh-positive infant born to a mother who is Rh negative or a group A or group B

infant born to a group O mother (setting for a hemolytic anemia).

LABORATORY FINDINGS

Laboratory findings of hemolytic anemia consist of:

e Evidence of accelerated hemoglobin catabolism due to reduced red cell survival.
* Evidence of increased erythropoiesis.
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FIGURE 9.1 Extravascular hemoglobin catabolism following extravascular hemolysis.

Accelerated Hemoglobin Catabolism
Accelerated hemoglobin catabolism varies with the type of hemolysis as follows:

e Extravascular hemoglobin catabolism (see Figure 9.1).
¢ Intravascular hemoglobin catabolism (see Figure 9.2).

The two may not be easily distinguished if the cause for hemolysis is not obvious, hence the long lists of mar-
kers of testing indicated below. The presence of hemoglobinuria and hemosiderinuria and the absence of hapto-
globin are the major markers of intravascular hemolysis in practice.

Markers of Extravascular Hemolysis

. Increased unconjugated bilirubin.

. Increased lactic acid dehydrogenase in serum.

. Decreased plasma haptoglobin (normal level, 36—195 mg/dl).
. Increased fecal and urinary urobilinogen.

. Increased rate of carbon monoxide production.
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Markers of Intravascular Hemolysis

1. Increased unconjugated bilirubin (although often less than extravascular hemolysis as urinary losses leave less
hemoglobin to be scavenged and processed to bilirubin).

2. Increased lactic acid dehydrogenase in serum.

3. Hemoglobinuria (Figure 9.3 lists the causes of hemoglobinuria).

4. Low or absent plasma haptoglobin.

LANZKOWSKY’S MANUAL OF PEDIATRIC HEMATOLOGY AND ONCOLOGY



136 9. GENERAL CONSIDERATIONS OF HEMOLYTIC DISEASES, RED CELL MEMBRANE, AND ENZYME DEFECTS

",,‘

Intravascular disruption of red blood cell (RBC) membrane and release of
hemoglobin in circulating blood
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FIGURE 9.2 Intravascular hemoglobin catabolism following intravascular hemolysis. Hemoglobin—haptoglobin, hemopexin—heme, and
methemalbumin are cleared by hepatocytes. Heme is converted to iron and bilirubin. The common pathway for both extravascular and intra-
vascular hemolysis is the conjugation of bilirubin (bilirubin glucuronide) by the hepatocytes, its excretion in bile and ultimately formation of
urobilinogen by the bacteria in the gut. Part of urobilinogen enters the enterohepatic circulation and part is excreted by the kidney in urine
and the remainder of urobilinogen is excreted in stool.

5. Hemosiderinuria (due to sloughing of iron-laden tubular cells into urine).

6. Raised plasma hemoglobin level (normal value <1 mg hemoglobin/dl plasma, visibly red plasma contains
greater than 50 mg hemoglobin/dl plasma).

7. Raised plasma methemalbumin (albumin bound to heme; unlike haptoglobin, albumin does not bind intact
hemoglobin).

8. Raised plasma methemoglobin (oxidized free plasma hemoglobin) and raised levels of hemopexin—heme
complex in plasma.

Increased Erythropoiesis
Erythropoiesis increases in response to a reduction in hemoglobin and is manifested by:

. Reticulocytosis: Frequently up to 10—20%; rarely, as high as 80%.

. Increased mean corpuscular volume (MCV) due to the presence of reticulocytosis.
. An increased red cell distribution width (RDW) as the hemoglobin level falls.

. Normoblasts in the peripheral blood.
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