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lifestyles, including smoking for more than five pack-years [17], drinking alcohol heavily with
30 g/day [18], betel nut chewing [19], exercising lightly with <30 min of bicycling per day or an
equal amount of activities [20], and having a low water intake of <2.0 L/day [21]. The last category
is environmental and physiological conditions, including having cadmium in one’s blood and/or
urine [22], lead in the blood [23], and organophosphorus herbicides in water [24]. A recent study even
suggested that dehydration resulted from climate change may also be a risk factor for developing
CKD [25]. Among all of these factors, diabetes and hypertension are highly recognized to associated
with CKD [8,26].

Taiwan, infamous for the highest prevalence rate of end-stage renal disease (ESRD) in the
world [27,28], has suffered the prevalence of CKD. CKD is also a global health problem. Approximately
13.4% of the world’s population has CKD [29]. The CKD prevalence rate in Taiwan was approximately
11.9%, estimated by a large-scale study of 462,293 Taiwanese adults in 2006 [27]. In other words,
approximately 2.03 million Taiwanese people had CKD [27]. CKD, which can be divided into five
stages of increasing severity, is becoming an increasingly serious health problem worldwide. Until
2015, Taiwan had the highest prevalence of ESRD in the world (3317 cases per million people) [28].
A total of 77,920 Taiwanese patients received an ESRD diagnosis in 2015 [28]. ESRD is not only
life-threatening and inconvenient for patients” daily living, but also a burden on the society’s medical
resources. Therefore, the early diagnosis and prevention of CKD are critical objectives in maintaining a
healthy public.

Unprocessed raw water can affect one’s health. Not only can unprocessed water be a source of
drinking water, but it can also influence agricultural soils, plants, and animals, subsequently affecting
our health. In Taiwan, three categories of water resources (reservoirs, rivers, and groundwater)
dominate the sources of drinking water. About three-fourths drinking water is tap water [30]. More
than half of tap water comes from reservoirs, about one third from surface water like rivers, and about
ten percent from groundwater [31]. Raw water before drinking undergoes a series of water treatment
processes, which involve physical, chemical, and biological processes in order to remove contaminants
such as pesticides, organic pollutants, and volatile organics. Yet, the remaining contaminants may still
be delivered into human bodies.

Although water is essential for kidney function, a full-scale investigation into the environment’s
exposure to water contaminants in the development of CKD/ERSD has yet to be conducted in Taiwan
in order to identify any potential water-related risk factors for CKD/ESRD. This study aimed to
investigate the associations between the 61 water attributes of the three water resources and the
CKD/ESRD prevalence rates in Taiwan from 2005 to 2011. To our knowledge, this is the first study to
assess the relationships between CKD/ESRD and a wide range of water properties in the environment.

2. Materials and Methods

To evaluate the relationships between large-scale water attributes and CKD/ESRD, an ecological
study using longitudinal data was performed. The examined longitudinal data involved aggregated
de-identified health records and water monitoring data in Taiwanese counties and cities from 2005 to
2011. The unit of observation was either a county or a city in a specific year. To detect a significant
relationship, both the annual average water quality values and age-standardized CKD/ESRD
prevalence rates of the subjects were utilized. An annual average water quality was derived from the
data from all monitoring stations within a particular county or city in a year, where each sample was
given an equal weight. Finally, to lower the Type I error, the significances of the 61 relationships were
determined using partial correlation with a Bonferroni-Holm correction [32] at an « level of 0.01.

2.1. Study Area

Taiwan is a narrow and long island with a north-to-south orientation. The total area of the island
is approximately 36,193 km?. It is located southeast of the Asian continent and is part of the East
Asian island arcs in the west bank of the Pacific Ocean. Located in the subtropical climate zone (23° N,
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120° E), Taiwan neighbors the archipelagos of Japan and Ryukyu to the north, the Philippines to the
south, and mainland China to the west. The two-thirds island area is dominated by rugged mountains
that are covered by forests and the rest of the island consists of rolling hills, plateaus, coastal plains,
and basins. There are a total of 22 counties and cities in Taiwan (Figure 1).
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Figure 1. The 22 counties and cities in Taiwan. The map colors have no special meanings.

2.2. Water-Quality Monitoring Data

The water-monitoring data were acquired from the Environmental Water Quality Information
Database maintained by the Environmental Protection Administration of Taiwan [33]. The monitoring
data are divided into five categories according to the source of water resources: reservoirs, groundwater,
rivers, beaches, and coastal oceans. Because water resources in Taiwan are distributed unevenly, the
number of monitoring stations and observations in each county or city vary. Of all the 1096 water
monitoring stations in Taiwan, 448 stations were for groundwater, 319 for rivers, 121 for reservoirs, 105
for coastal oceans, and 103 for beaches. Between 2005 and 2011, these stations collected a total of 51,037
water-monitoring observations, comprising 9345 observations of groundwater, 31,791 of rivers, 4710 of
reservoirs, 2662 of oceans, and 2529 of beaches. We selected groundwater, rivers, and reservoirs to be
examined because they are closely related to tap water.

There were 61 water quality measures that we examined: 23 for groundwater, 15 for reservoirs,
and 23 for rivers. Each water resource monitored a different subset of 36 water quality items. A total of
20 of the 36 monitored items were specific metal or inorganic substances in water and the rest (16 items)
belonged to the physicochemical and biological properties of water. Tables S1-S3 for groundwater,
reservoirs, and rivers show the levels of water attributes in the study area.

2.3. CKD/ESRD Prevalence Rates

The age-adjusted standardized CKD/ESRD prevalence rates standardized by the World Health
Organization (WHO) 2000-2025 standard population were used. This study adhered to the Declaration
of Helsinki and was approved by the ethics committee of the Institutional Review Board of Chang
Gung Memorial Hospital (IRB No. 100-4385A3 and 102-2508B). This study employed de-identified
secondary data from the National Health Insurance Database (NHID) and thus was exempted from
informed consent. The original prevalence data were retrieved from NHID, which covered almost 99%
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of the entire population of Taiwan [34]. The prevalent CKD patients were defined by the presence of
the several diagnostic codes (ICD-9-CM codes: 250.4, 274.1, 283.11, 403.1, 404.2, 404.3, 440.1, 442.1,
447.3,572.3, 580-588, 593, 642.1, 646.2, and 753.1) in at least three ambulatory claims or one inpatient
claim between 2005 and 2011. The prevalent ESRD patients were identified if the patient had both an
ICD-9-CM code of 585 and an inclusion in the Registry for Catastrophic Illness [1,35-37], a rigorous
requisite for the NHI payment of dialysis therapies. The details of ICD-9 codes for CKD and ESRD are
listed at Tables A1 and A2. Those excluded were patients who died, who lacked IDs, who were less
than 18 years old, and those who exited the insurance program or underwent renal transplantation. The
township of cases was identified by the location of the medical setting of the patient with CKD. Briefly,
the standardized prevalence rates were age-adjusted to the WHO 2000-2025 standard population
using 18 age groups (0-4, 5-9, ... , 80-84, 85+). The standardized CKD/ESRD prevalence rates of this
study are consistent with those of previous studies [38—40].

Like the prevalence rates, the gender ratios—one of the controlling factors—were also
standardized with age adjustment. The other demographic variables including the national population
estimates, the townships’ population densities, and the townships’ population median ages were
obtained from Taiwan’s socio-economic database (http:/ /segis.moi.gov.tw/STAT/). Out of the 25.56
million individuals enrolled in NHID, about 1,000,000 enrolled beneficiaries were randomly sampled
in 2005 and were followed up with until 2011. Table 1 describes the baseline characteristics of the study
population from 2005 to 2011.

Table 1. The baseline characteristics of the study population.

Year 2005 2006 2007 2008 2009 2010 2011
Total population, n 1,075,535 1,074,803 1,070,511 1,065,938 1,061,195 1,056,549 1,051,921
Age (mean £ SD) 364+233 373+£234 3824234 3924234 4014235 41.0+235 41.9+235

Age group
<40 59.53% 58.30% 56.95% 55.58% 54.20% 52.77% 51.39%
40-49 15.84% 15.94% 16.12% 16.31% 16.42% 16.57% 16.67%
50-59 11.05% 11.89% 12.59% 13.17% 13.75% 14.29% 14.65%
60-69 6.66% 6.61% 6.73% 6.98% 7.30% 7.63% 8.17%
70-79 4.69% 4.80% 4.93% 5.03% 5.15% 5.29% 5.43%
>80 2.24% 2.46% 2.69% 2.93% 3.18% 3.45% 3.69%
Male 48.60% 48.53% 48.45% 48.37% 48.29% 48.21% 48.11%
CKD prevalence 4.00% 4.24% 4.49% 4.73% 4.97% 5.21% 5.53%
ESRD prevalence 0.20% 0.21% 0.23% 0.24% 0.26% 0.27% 0.28%
Comorbidity
Diabetes 6.40% 7.00% 7.20% 8.20% 8.90% 9.60% 10.30%
Hypertension 11.70% 12.70% 13.80% 14.80% 15.80% 16.80% 17.80%
Hyperlipidemia 7.50% 8.50% 9.61% 10.70% 11.81% 12.90% 14.00%

CKD: chronic kidney disease; ESRD: end-stage renal disease.

2.4. Correlation between Water Quality and CKD/ESRD

To assess the relationship between the average water quality and the CKD/ESRD prevalence
rates, partial Kendall correlations [41] were applied. Partial correlation Tyx., calculates the correlation
between X and Y by controlling Z or, more literally, by removing the effects of Z. Its formula is

as follows:
Tyx — (Tyz)(sz) (1)

Tyx'z = > S
1=t v1l—15

where Tyx, Tzx, and Ty, are Kendall’s correlations [42] between Y and X, Z and X, and Y and Z,
respectively. The correlation magnitude was classified into four levels: strong (1.0 > 7 > 0.7), moderate
(0.7>7 > 0.4), weak (0.4 > T > 0.1), and negligible (0.1 > T > 0). When the difference between Tyxz and
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Tyx was negligible, Z had no effect on the relationship between Y and X, suggesting that Y and X may
have a direct relationship. When Tyy., < Tyx, it meant that Y and X may have a spurious relationship
or that Z may be a common cause or an intermediate factor between Y and X. When Tyx., > Tyx, the
suggestion is that the effect of X on Y might be independent of that of Z on Y. In other words, X and
Z have no correlation but, by removing the covariates between Y and Z, the correlation between Y
and X improves. In our case, we aimed to control the confounding factors such as gender, age, annul,
or time-dependent bias. That is, X, Y, and Z are water quality, the prevalence of CKD/ESRD, and
control variables (population gender ratio, population median age, and sampling year), respectively.
The “ppcor” package in R was used to perform the partial Kendall’s correlation.

2.5. CKD Regression Analysis Using Selected Water Attributes

We built a CKD prevalence prediction model using nonparametric generalized additive models
(GAMs) [43]. GAMs were used to associate the regional CKD prevalence rates as the dependent
variable and the corresponding regional water attributes as the independent variables. In this study,
multiple GAMs were constructed and the optimal model was determined using the Akaike Information
Criterion [44]. A GAM adjusting for confounding sex, age, and year can be expressed as follows:

E(Y) = By +s(Sex) +s(Age) + s(Year) + s1(X1) +52(X2) + - - + 52(Xn) )

where E(Y) refers to the expected regional CKD prevalence rate during the year, s( ) are the smoothing
functions by splines, and X; are the selected river quality attributes such as Zn, COD, DO, and NHj.
The “mgcv” package in R was applied to build the GAMs.

3. Results

3.1. Associations between Water Attributes and CKD in Taiwan

Table 2 presents the partial correlations adjusted for region-wise population, gender, age, and
time-dependent annual effects between the water attributes and the CKD prevalence rates. Only four
out of the 61 water attributes that passed the Bonferroni-Holm test displayed significant associations:
the CKD prevalence rate was significantly correlated with the magnitude of Zn, ammonia (NH3-N), and
the chemical oxygen demand (COD) of rivers (T = 0.268/0.250/0.238, p = 6.01 x 1076 /2.52x 107 /6.05x
1073, respectively) and it was inversely correlated with the magnitude of the dissolved oxygen (DO) of
rivers (T = —0.267, p = 3.30 x 107°). The results indicated that a region with a higher CKD prevalence
rate may be associated with a larger amount of Zn, ammonia, or COD of rivers, as well as a lower
magnitude of DO of rivers.

3.2. Associations between Water Attributes and ESRD in Taiwan

Table 3 presents the partial correlations adjusted for region-wise population, gender, age, and
time-dependent annual effects between the water attributes and the ESRD prevalence rates. None of
the 61 water attributes displayed a significant association with the ESRD prevalence rates because they
all failed the Bonferroni—-Holm correction test.

3.3. Influential Observations Found in the Scatter Plots

Figure 2 illustrates the influential observations between arsenic in groundwater and CKD/ESRD.
Seven highly influential observations that were far away from the other observations on the X axis
were identified on the top right corner of Figure 2. We realized that all these high influencers came
from the same region, Chiayi city. A clear trend was revealed in that the arsenic in the groundwater
accompanying the CKD/ESRD prevalence in Chiayi city increased with time. The Z-score bar chart
of all the monitored substances of Chiayi city (Figure S1) indicates that Chiayi city was like the other
places in Taiwan except that it had an unusual high level of arsenic in the groundwater, with a Z-score
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was 3.85. In other words, the concentration of arsenic in the groundwater in Chiayi city was over
75 ug/L, a value that was exceptionally higher than those of the other regions in Taiwan.

Table 2. The correlation between water attribute and age-standardized CKD prevalence rate, adjusting
for gender, age, and annual effects (2005-2011).

Substance Groundwater Reservoir River
T p-Value T p-Value T p-Value
Metal and Inorganics

Ag - —0.088 0.139

As 0.140 0.018 - 0.074 0.213

Ca 0.007 0.902 - -

cd 0.089 0.132 - —0.038 0.520

Cl —0.007 0.912 - -

Cr —0.072 0.227 - —0.009 0.873

Cu —0.057 0.335 - 0.022 0.714

Fe —0.091 0.126 - -

Hg - —0.017 0.779

K 0.005 0.933 - -

Mg 0.044 0.457 - -

Mn —0.028 0.636 - 0.032 0.594

Na 0.070 0.236 - -

NH;-N 0.030 0.613 —0.077 0.282 0.250 ** 252 x 1075 **
NO,-N —0.073 0.363 0211* 3.79 x 1074 *
NO3-N —0.180 0.002 0.078 0.272 0.191 0.001

Pb —0.034 0.568 - 0.059 0.318

Se - —0.061 0.383
S03~ —0.010 0.869 - -

Zn —0.047 0.426 - 0.268 ** 6.01 x 1076 **

Physicochemical and biological properties

Alk 0.090 0.128 0.266 * 1.89 x 1074 * -

BOD - 0222* 184 x1074*
Chl-A 0.021 0.773 -

COD 0.032 0.648 0.238 ** 6.05 x 1072 **
Coliform - 0.148 0.013
DO 0.031 0.687 —0.267* 330 x 107°**
EC 0.062 0.292 0.159 0.026 —0.048 0.416

pH 0.125 0.035 0.015 0.833 —0.194 0.001

SD —0.088 0.276 -

Ss 0.197 0.006 0.022 0.706

TB 0.167 0.019 -

TDS 0.051 0.389 - -

TH 0.019 0.745 0.174 0.014 -

TKN - 0.235 0.044
TOC 0.031 0.597 0.035 0.627 0.181 0.002
WT 0.130 0.028 0.036 0.618 0.143 0.016

Significance levels of the Bonferroni—-Holm test: ** < 0.01, * < 0.05. Abbreviations: Alk: Alkalinity; BOD: Biochemical
Oxygen Demand; Chl-A: Chlorophyll-A; COD: Chemical Oxygen Demand; DO: Dissolved Oxygen; EC: Electrical
conductivity; SD: Secchi Depth (Transparency); SS: Suspended Solids; TB: Turbidity; TDS: Total Dissolved Solids;
TH: Total Hardness; TKN: Total Kjeldahl nitrogen; TOC: Total Organic Carbon; WT: Water Temperature.
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Table 3. The correlation between water attribute and age-standardized ESRD prevalence rate adjusting
for gender, age, and annual effects (2005-2011).

Substance Groundwater Reservoir River
T p-Value T p-Value T p-Value
Metal and Inorganics
Ag - - —0.034 0.568
As 0.106 0.073 —0.017 0.777
Ca 0.007 0.900 -
Cd 0.165 0.005 0.021 0.718
Cl —0.058 0.379 -
Cr —0.043 0472 —0.009 0.878
Cu —0.061 0.300 0.004 0.949
Fe —0.079 0.182 -
Hg - —0.080 0.179
K —0.112 0.058 -
Mg —0.097 0.100 -
Mn —0.016 0.793 0.074 0.214
Na —0.059 0.319 -
NH;-N 0.018 0.764 —0.176 0.013 0.094 0.111
NO,-N - —0.064 0.426 0.109 0.067
NO3-N —0.113 0.057 0.055 0.441 0.086 0.149
Pb 0.030 0.616 0.046 0.438
Se - —0.012 0.867
S03- —0.103 0.084 -
Zn —0.135 0.023 0.167 0.005
Physicochemical and biological properties
Alk 0.005 0.932 —0.008 0.914 -
BOD - 0.073 0.215
Chl-A - —0.017 0.807 -
COD - —0.056 0.429 0.138 0.020
Coliform - 0.018 0.762
DO - 0.052 0.501 —0.056 0.388
EC —0.033 0.577 —0.096 0.178 —0.081 0.172
pH 0.100 0.090 —0.134 0.060 —-0.132 0.026
SD - 0.047 0.560 -
SS - —0.021 0.768 —0.044 0.459
TB - 0.002 0.973 -
TDS —0.021 0.728 -
TH —0.018 0.766 —0.088 0.218 -
TKN - —0.047 0.685
TOC —0.046 0.439 —0.050 0.486 0.077 0.077
WT 0.010 0.865 0.014 0.845 0.054 0.364

None passed the Bonferroni-Holm test. Abbreviations: Alk: Alkalinity; BOD: Biochemical Oxygen Demand; Chl-A:
Chlorophyll-A; COD: Chemical Oxygen Demand; DO: Dissolved Oxygen; EC: Electrical conductivity; SD: Secchi
Depth (Transparency); SS: Suspended Solids; TB: Turbidity; TDS: Total Dissolved Solids; TH: Total Hardness; TKN:
Total Kjeldahl nitrogen; TOC: Total Organic Carbon; WT: Water Temperature.
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We performed an additional analysis by excluding Chiayi city because we suspected that the
arsenic in the groundwater of Chiayi city could dominate the association of the CKD/ESRD prevalence.
However, albeit with some differences, the associations were rather stable.
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Figure 2. The relationship between arsenic in groundwater and age-standardized chronic kidney
disease (CKD)/ end-stage renal disease (ESRD) prevalence rates (2005-2011): (a) the CKD prevalence
rate in groundwater and (b) the ESRD prevalence rate in groundwater. The influential observations are
labeled by the color-coded year symbols “x".

3.4. Optimal CKD Regression Model Using Selected River Attributes

Table 4 indicates that the GAM built by Zn and the COD of rivers with confounding covariates
(sex, age, and year) was the optimal model with the minimum AIC value (—987.6). The larger model
with one additional parameter (NH3) and the smaller model that considered only Zn had similar AIC
performance values to the optimal model, differing by AIC values of 1.3 and 2.4, respectively.

Table 4. The generalized additive models (GAMs) of CKD prevalence in Taiwan using selected

river attributes.

Model AIC AAIC R? DE (%)
sex + age + year —955.0 32.6 0.742 70.7
sex + age + year + COD —972.2 15.4 0.769 75.0
sex + age + year + DO —844.2 143.4 0.788 77.2
sex + age + year + NHj3 —973.0 14.6 0.772 75.6
sex + age + year + Zn —985.2 24 0.821 78.2
sex + age + year + Zn + COD —987.6 0 0.820 78.8
sex + age + year + Zn + DO —846.5 141.1 0.805 78.2
sex + age + year + Zn + NHjz —983.9 3.7 0.817 78.5
sex + age + year + Zn + COD + NHj3 —986.3 1.3 0.818 78.9
sex + age + year + Zn + COD + DO + NH; —850.3 137.3 0.809 80.1

AAIC; = AIC; — AICn; Abbreviations: AIC: Akaike Information Criterion; COD: Chemical Oxygen Demand; DE:
Deviance explained; DO: Dissolved Oxygen.

4. Discussion

To our knowledge, this is the first ecological study with seven years of monitoring to associate the
CKD and ESRD prevalence rates with a wide range of water attributes of the environment. We found
that Zn, ammonia, COD, and DO of rivers were weakly correlated with the CKD prevalence rates, but
none of them were linked to ESRD under the stringent Bonferroni-Holm test.

The GAM with the Zn and COD of rivers was the best model for the given data (Table 4).
Although including additional NH3 or omitting COD in the model led to a similar AIC performance
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when compared to the best model, the results did not support the inclusion of one more parameter
(NHs3). However, the necessity of the inclusion of COD in the model was unclear. The differences in
AIC did not support the notion that the Zn only model was substantially inferior to the best model.

Zn in the environment has been linked to CKD. In fact, both our correlation and regression results
supported that Zn was a relatively stronger indicator of CKD prevalence than the three other river
attributes. A recent study that indicated that Zn in residential soil was a risk factor for CKD progression
also supports our findings [45]. We suspect that a Zn contaminated river, which can pollute soil, may
reach CKD patients in the same way that Zn contaminated soil does. On the other hand, Zn homeostasis
is important for kidney function. A Zn deficiency is present in CKD patients [46]. Although oxidized
Zn particles which interfere with Zn homeostasis in rats are toxic [47], further investigations are needed
to confirm whether exposure to environmental Zn could cause the development of CKD in humans.

To our knowledge, this is also the first report to link environmental water quality indicators
to CKD in humans. Ammonia, COD, and DO all are indicative measures of water quality. They
are interrelated in some way. For example, ammonia can acidify water, consume oxygen, and raise
the COD. Ammonia can be a key indicator to determine whether water resources are undergoing
anthropogenic pollution. Excessive anthropogenic pollutants—which mainly come from unprocessed
livestock wastewater, domestic sewage, and industrial manufacturing—are enriched with ammonia.
Elevated levels of ammonia in the water have been demonstrated to degenerate the kidneys of Nile
tilapia [48]. However, further studies are needed to verify its role in humans.

Like a high level of ammonia in water, a low DO may mean a poor water quality. A low DO
may be caused by overfertilization, causing water plants to overgrow and dead plants to draw a lot
of bacteria, which, in turn, depletes the DO level. A river with a lower DO can support less aquatic
organisms, implying that the environment’s water is more toxic. A region with a lower DO may mean
that its environment is more toxic, thus linking it to CKD patients. Besides, hypoxia, a condition
defined by the body being deprived of oxygen, is known to accelerate CKD progression [49]. An
adequate oxygen supply is important for the functioning of the kidneys. However, it is unclear whether
oxygen-deprived water would reduce the oxygen levels in the kidneys.

A high COD, which indicates more oxidizable pollutants, also suggest that the environment is
more toxic in our findings. However, there is a lack of direct evidence that a high COD in water would
lead to the development of CKD.

Our results linked arsenic in groundwater to higher CKD prevalence. In fact, the relationship
between arsenic and CKD has been extensively studied. Previous animal research on mice and dogs
confirmed that exposure to arsenic may damage kidney function [50,51]. A recent systematic review of
studies on exposure to arsenic and kidney disease mortality in humans over the past 30 years found
evidence that generally supported a positive association between the arsenic and CKD [52]. Our
study strengthens their finding through the prevalence rate of kidney disease, not the mortality rate,
suggesting that exposure to arsenic in groundwater may relate to the development of CKD/ESRD
in Taiwan.

The alarmingly high arsenic concentration in groundwater concurrent with the high prevalence
rate of CKD/ESRD in Chiayi city might be the best example to demonstrate a plausible link between
exposure to arsenic and CKD/ESRD. Low-dose arsenic levels did not exhibit a clear correlation,
suggesting that arsenic in groundwater may need to pass a certain threshold to be associated with
CKD/ESRD. Because arsenic exists in the natural environment, such as in the soil, air, water, and food,
it may enter human bodies through breathing, drinking, or eating. Chiayi is infamous for its 1950s
Blackfoot disease endemic [53], which resulted from the exposure to arsenic in drinking water from
artesian wells, consequently impairing the blood vessels of the lower limbs of patients and causing
them to develop gangrene. Based on the 1962 groundwater data, two ecological studies linked arsenic
to the increased mortality of kidney disease in Chiayi [54,55]. They also indicated the exposure to
arsenic in locals had since ceased [54,55]. Instead, we used contemporary water monitoring data to
associate arsenic with the prevalence of kidney disease. The results led us to speculate the possible
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long latent effects of arsenic or the recurrent arsenic contamination in Chiayi in its drinking water,
crops, or farmed seafood. A recent study reported that arsenic in drinking water in Taiwan was linked
to the progression of CKD [56]. However, further investigations are needed to verify our speculation.

Because this was a longitudinal study, patients enrolled in this ecological population-based study
were aging. Some died and the population declined each year. The mean age of our patients may be
older than the national estimate because only those older than 18 years were included in our analysis.
Younger patients were excluded from the study to avoid possible confounding effects in renal diseases
that are genetic disorders. However, the aging and shrinking populations should not affect our results
as the age factor was controlled and the prevalence rates were applied in our analyses.

The reason why CKD and ESRD did not share the same correlation magnitude with water
attributes may either be due to random fluctuations or may involve a complex progression of kidney
disease. To determine the reason, more information is required.

Limitations and Strengths

This study has some limitations. First, this is an observational study at the city or county level so
we cannot account for cases smaller than a city or county (e.g., a town or village). Second, although
we already adjusted for the gender, age, and annual effects, we still cannot eliminate the possibility
that the associations may result from other confounding factors that we did not adjust for. Third,
we did not have direct quality measures of drinking water. We instead examined three related water
resources. Thus, oral exposure may not necessarily be the same as the environmental exposure studied
here. Fourth, unlike incidence cases, prevalence may not capture the full risks of abruptly developing
diseases. However, to manifest a renal disease, a long-term exposure may be needed. The exact date at
which the exposure started is unknown and to follow up from the first exposure is unfeasible due to
the burden of the disease [57,58]. We thus preferred using prevalence data instead of incident cases to
measure the burden of the disease during a seven-year time lapse in the Taiwanese population in this
ecological study.

However, the use of nationwide health data; the extensive coverage of inorganic, physicochemical,
and biological properties of water quality data; and computational analyses adjusted for important
covariates, have strengthened the conjecture of this study. Although unmeasured confounders may
be still present, we adjusted our data to all the possible covariates whose data were available to
us. Needless to say, environmental raw water is important not only because it can be a source of
drinking water but also because it is connected to our health through the food chain via agriculture
and animals. Although the three water resources were only an approximate to drinking water,
they—representing the majority of drinking water sources in Taiwan—were the best ones with a
massive amount of information available for this study. Overall, we examined a total of 45,846
water-monitoring observations between 2005 and 2011 to address the issue of the temporality of
association. Consequently, the monitored water attributes were found to correlate with the national
cohort of patients since 2005 and to 2011 in the development of CKD or ESRD. The seven years of data
should be reliable enough to establish meaningful associations in a clinical setting.

In fact, this study has several implications. First, the poor water quality in the environment may
be linked to renal disease. Second, regulatory water monitoring of these suspicious contaminants
should be strictly done from a public health perspective. Third, water with highly suspicious
contaminants should be re-treated or drunk with caution. Fourth, water quality management could be
imperative for current public health policymaking. Finally, further clinical trials should be warranted
to assure the exact roles of the implicated environmental contaminants, such as Zn in rivers, in renal
disease mechanisms.

5. Conclusions

Environmental exposure to water containments such as heavy metal Zn is weakly but significantly
associated with CKD. Out of the 61 water attributes, only the rivers’ Zn, ammonia, and COD, as
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well as DO, were found to be weakly correlated with the CKD prevalence rates. Moreover, arsenic
contamination in groundwater may be linked to an unusually high CKD prevalence. To confirm our
findings, further investigation of individual exposure to the exact amount of water containments
should be conducted. Reducing water pollution and better managing the water quality may benefit
public health and CKD patients.
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Abbreviations

The following abbreviations are used in this manuscript:

Alk Alkalinity

BOD  Biochemical Oxygen Demand
Chl-A  Chlorophyll-A

CKD  Chronic Kidney Disease
COD  Chemical Oxygen Demand
DO Dissolved Oxygen

EC Electrical conductivity
ESRD  End Stage Renal Disease

SD Secchi Depth (Transparency)
SS Suspended Solids

TB Turbidity

TDS Total Dissolved Solids

TH Total Hardness

TKN  Total Kjeldahl nitrogen

TOC Total Organic Carbon

WHO  World Health Organization
WT Water Temperature

Appendix A
Table Al. ICD-9 codes for CKD and ESRD.

Disease ICD-9 Codes

CKD 250.4,274.1,283.11, 403.1, 404.2, 404.3, 440.1, 442.1,
447.3,572.3,580-588, 593, 642.1, 646.2, 753.1
ESRD 585 and associates
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Table A2. Description of ICD-9 codes.

ICD-9 Codes Disease Description
250.4 Diabetic Nephropathy
274.1 Gouty Nephropathy
283.11 Hemolytic Uremic Syndrome
403.1 Hypertensive Nephropathy
404.2 Malignant hypertension with renal and cardiac complication
404.2 Malignant hypertension with renal and cardiac failure
440.1 Renovascular atherosclerotic disease
4421 Aneurysm of renovascular system
447.3 Renovascular hyperplasia
572.3 Renovascular hypertension
580 Acute glomerulonephritis
581 Nephrotic syndrome
582 Chronic glomerulonephritis
583 Nephritis and renal disease
584 Acute kidney failure
585 Chronic kidney failure
586 Kidney failure
587 Renal sclerosis
588 Disease complicated by renal failure
593 Renal and ureter disease
642.1 Gestational, pregnancy related renal disease
646.2 Gestational, pregnancy related renal disease
753.1 Polycystic kidney disease
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Abstract: Manganese is a natural contaminant of water sources. It is an essential oligo-element,
which may exert toxicity at high doses, particularly via inhalation. Its toxicity by the oral route is
less known, but epidemiological and experimental studies tend to support its neurodevelopmental
toxicity in infants and children. This paper describes the method used by a middle-size public health
institution to derive a Drinking Water Guideline (DWG) for manganese. After reviewing the work
done by major public health institutions, authors confirmed the use of experimental data to derive a
point-of-departure (POD) of 25 mg of manganese/kg/day, based on neurodevelopmental effects on
pup rats. Then, a total uncertainty factor of 450 was applied to calculate a Toxicological Reference
Value (TRV) of 55 ug/kg/day. The final DWG proposed for manganese is 60 ug/L and is based on a
relative source contribution (RSC) of water of 20% and an infant drinking scenario of 182 mL/kg of
body weight (BW) of water (95th percentile of the ingestion rate distribution for 0-6 months). Despite
its limitations, e.g., starting with the work done by other agencies, such an approach demonstrates in
a transparent way the rationale and challenging choices made by regulators when deriving a DWG.

Keywords: drinking water; inorganic manganese; health-based guideline; infants

1. Introduction

Manganese is a metal mostly occurring naturally in the environment. Food is the main source
of exposure for humans, but water may sometimes become a significant source. In particular, high
levels of manganese may be found in surface or groundwater, occurring in aerobic or low oxidation
conditions [1]. Inorganic manganese is considered an essential element for human beings, despite few
reported cases of clinical deficiency [2]. It has a well-known toxicity in workers exposed by inhalation,
leading to neurotoxic effects and Parkinson-like symptoms, sometimes called manganism [3]. However,
its toxicity by the oral route has long been considered low, particularly due to homeostasis control of
its excretion.

Very few epidemiological studies were conducted on manganese exposure from drinking water
in adults. They had limited designs and gave mixed results [4,5]. However, several studies with
better designs have since then reported possible negative impact on the neurodevelopment of infants
and young children [6-9]. Infants might be particularly vulnerable to overexposure due to their
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greater gastrointestinal absorption and immaturity of their homeostatic control of bile excretion [2,10].
Therefore, growing concerns with regard to manganese neurotoxicity are being expressed [10,11].

Until now, few jurisdictions have proposed a drinking water quality criteria for manganese based
on health effects. The last version of the WHO guidelines did not report any formal guideline for
manganese, due to the fact aesthetic acceptability problems usually occur before health concerns [1].
The USEPA has proposed a lifetime health advisory of 300 ug/L based on a dietary daily intake of
10 mg for adults and 20% contribution for drinking water [12]. The same value was also recommended
for infants younger than 6 months for an acute exposure of 10 days, contrary to 1 mg/L for older
children and adults, because of concerns of possible overexposure of infants [12]. More recently,
the Minnesota Department of Health has proposed a short term Health-Based Value of 100 ug/L [13].
In doing so, the possible higher risk for the neurodevelopment of infants bottle fed with plain tap water
or given reconstituted formula is specifically targeted. Indeed, this guideline is based on cognitive
and behavioral effects found in newborn rats exposed to manganese in water [14] and accounts for
infant-specific body weight-adjusted drinking water ingestion rate.

Such a guideline brings out the growing concerns of public health institutions with regard to
the particular susceptibility of young infants to manganese, not only from the perspective of the
health effect but also of the increase exposure, also highlighted by Goeden [15] (in this IJERPH special
issue). Given the presence of manganese in several groundwater sources in Quebec [16,17] and the
absence of any official health based standard for this parameter in Quebec and Canada, the Institut
de santé publique du Québec (INSPQ, Québec, QC, Canada) was asked by the Quebec Ministry of
Healh and Social Services to propose a health-based guideline value for manganese in drinking water.
The objective of this paper is to describe a systematic method applied by the INSPQ to derive a
Drinking Water Guideline (DWG) for the non-carcinogenic contaminant that is manganese.

2. Methodology

We present here the method used by the INSPQ to derive its health-based drinking water guideline
for manganese in Quebec [18]. It relies mainly on the critical use of assessments already made available
by public health institutions around the world for manganese. The approach includes four mains
steps, namely: (1) identification of the existing relevant toxicological reference values (TRV) derived by
these institutions in order to select the most appropriate point of departure (POD); (2) determination
of the required uncertainty factors (UF) based on available data rather than default values if possible;
(3) application of the required UF to divide the POD determined in step 1 and (4) consideration of the
relative source contribution and drinking water ingestion rate in order to compute the final numerical
value of the DWG.

2.1. Inventory of Available TRV's for Selection of the Most Appropriate POD

TRVs for manganese were searched among the following sources: Health Canada’s Drinking
Water Documents [19], US EPA’s IRIS and Drinking Water Health advisoires [12,20], CalEPA’s Public
Health Goals [21], the Human Health-Based Water Guidances from the Minnesota Department of
Health (MDH, St. Paul, MN, USA) [22], WHO'’s Drinking Water Guidelines [1], ATSDR’s Minimum
Risk Levels (MRL)s [23], and the Advices for Drinking Water Quality from the French Agency for
Food, Environment and Occupational Health & Safety (ANSES, Maisons-Alfort, France) [24]. These
represent the most commonly cited public health institutions with regard to the determination of
populationnal TRVs for environmental contaminants. Not only official positions are retained at this
step, but also provisional guidelines and draft documents when they are publicly available.

The POD that could be identified for manganese from these institution reviews were critically
analyzed based on the following criteria: (1) the relevance of the exposure route to the targeted
guideline; (2) the robustness of the original dose-response curve that have lead to the determination of
the POD; (3) the correspondence with the most sensitive adverse health effect.
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Precisely, given that the DWG purpose is to limit exposure resulting from the ingestion of drinking
water, TRV for the oral route are to be focused on. In the case of animal studies, administration via
drinking water rather than food or gavage is to be privileged, but epidemiological data are prioritized
over animal data when both types are considered of equivalent quality and robustness. With regard
specifically to the POD, benchmark doses are to be prioritized over NOAELS, as they include all the
available information provided by the dose-response curve, contrary to a single experimental point,
such as the NOAEL [25]. If none of these critical doses are available, LOAELSs can be used. Finally,
should several PODs appear relevant based on the preceding criteria, the one corresponding to the
most sensitive effect, that is the lowest, is chosen.

2.2. Review and Application of The Required Uncertainty Factors

The application of uncertainty factors (UF) follows the general principles edicted by the US
EPA [26]. Such factors are applied to compensate for the uncertainty resulting from the use of a POD
that has been determined in conditions that differ from the conditions to which the targeted TRV
applies [27-29]. Thus, UF for animal-to-human extrapolation (UF,), interhuman variability (UFy),
subchronic-to-chronic extrapolation (UFs), LOAEL-to-NOAEL extrapolation (UFy) are considered.
All these UFs are usually attributed a 10 default value. Additionally, the available studies, among
which the one used for the determination of the POD is included, must comprise at least two
chronic toxicity studies and two developmental toxicity studies by the relevant exposure route,
in a rodent and non-rodent mammal species, as well as a multigenerational reproduction study.
Otherwise, an additional factor is applied to account for the deficiency in the database (UFp) [27-29].
The approach considered here implies that the value attributed to UFp, is either 3, if one or two of the
aforementioned studies is missing, or 10 if more than two these studies are missing, or if the pattern of
the dose-response curve is unclear, if suspected evidences of epigenetic carcinogenicity are present or
any other justification that cannot be covered by the above-mentioned UFs. Once all the required UFs
are identified, a so-called “customized” TRV can be calculated, as the POD divided by the product of
each selected UF.

In accordance with the WHO/IPCS and US EPA guidances on the application of chemical-specific
or data-derived extrapolation adjustment factors [30-32], it is recommended to consider the possible
replacement of the 10-fold default value generally applied UF and UFy by numerical values that are
computed from data relevant to the chemical of interest. This is proposed under the premise that the
default 10-fold value in fact corresponds to two components, one for toxicodynamic (TD) and one for
toxicokinetic (TK) variability.

In the case of manganese, available data only allow this replacement for UFy, for which the default
TK and TD component values are being attributed the value of square root of 10, that is 3.16 [30-32].
First, the comparison between average and sensitive individuals in both species was based on available
experimental data in rats and population biomonitoring data in humans [33-36]. This allowed to
evaluate whether or not the interindividual TK variability is greater in humans than in rats. Such
evaluation was necessary given that the POD retained results from a study conducted in neonate
rats (see Results), thus suggesting that the presumed increased sensitivity of newborn individuals,
as compared to adults, is intrinsically accounted for by this POD selection. The magnitude of the
interindividual TK variability that is possibly not accounted for by this POD selection was then
evaluated. Indeed, it cannot be excluded that some TK variability remains within the sensitive
human subpopulation itself, while it is apparently virtually limited in rats [33]. Thus, total blood Mn
concentrations measured in several human subpopulations presumed more sensitive to the effect of
Mn were taken from the literature, and the magnitude of the TK variability computed as prescribed by
the WHO/IPCS [30] and US EPA [31], and total UFy; was calculated by multiplying resulting TK and
TD component accordingly.
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2.3. Caclulation of the Drinking Water Health-Based Guideline

The drinking water health-based guideline for manganese is calculated based on the oral TRV
determined above following the state-of-the-art approach for non-carcinogenic effects [1,37-39], given
that the critical effect of manganese is of neurotoxic nature [3,11,40]. Precisely, equation 1 show that
the relative source contribution (RSC), the body weight (BW) and the drinking water ingestion rate
(IR) are factored in for the guideline calculation:

DWG = (TRV x RSC x BW)/IR )

where, DWG is in mg/L, TRV is in mg/kg/day, RSC is unitless, BW is in kg, and IR is in L/day.

The relative source contribution (RSC) of drinking water corresponds to a fraction of the TRV to
which the exposure resulting from the use of drinking water can contribute. Indeed, it is necessary
from a public health perspective to ensure that this contribution does not result into exceeding the
TRV if summed to the exposure resulting from the non-drinking water potential sources [1,41-44].
Given the default assumption that total exposure to an environmental contaminant may come from
5 medias (drinking water, air, soil, food and household products; [1,41]), it is considered that up to one
fifth of this total exposure can be attributed to drinking water, thus triggering a default 20% RSC value
for all age groups. In certain circumstances, for which further details are provided in Supplemental
materials, an RSC value that differ from this 20% default can be chosen. That is, a RSC greater than
20% is justifiable when drinking water is believed to be the main or the only source of exposure,
while an RSC lower than 20% can be attributed when it is estimated that the other exposure sources
than drinking water, notably food, may contribute in total, to more than 80% of the TRV [1,41-44].
Manganese being an essential element and given that its main exposure source is in fact food, its RSC
was herein validated based on data of its concentrations found in cow or soya milk formula, which
constitutes the main manganese dietary exposure source for non-breast-fed neonates.

The choice of the values that are used in Equation (1) for BW and IR is driven by three considerations,
namely (1) the period of life during which the exposure that has allowed the determination of the POD
has occurred; (2) the concern for protecting the most sensitive individuals; and (3) making sure that
the DWG is adequately protective for the high-end consumers of drinking water. The specific values
chosen in the case of manganese are detailed and justified in Results, hereafter.

3. Results

3.1. Available Oral TRV for Manganese

The oral TRVs adopted for manganese by the various institutions investigated are detailed in
Table 1. They originate either from human or animal data. With the exception of MDH, every reviewed
institution have determined an oral TRV that applies to chronic exposure of the general population.
In the case of MDH, two TRV were determined, namely one for the chronic exposure of the general
population, which in fact is the same as the US EPA’s, and another one for exposure occuring in the
first year of life (short-term TRV). Oral TRV chosen by the US EPA, WHO and ATSDR are based on
human data, whereas the short-term TRV derived by MDH is based on animal data.

In addition to the institutions indicated in Table 1, Health Canada has also recently proposed,
as part of a public consultation, an oral TRV of 25 j1g/kg BW/day based on a LOAEL of 25 mg/kg/day
divided by a composite UF of 1000 [19]. This value has not been officialy adopted to date, but is
still considered for the purpose of the present work, as it counts among the most recent documents
published on manganese by a recognized public health organization.
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Table 1. Oral TRV recommended by various public health institutions.

Institution POD (mg/kg/day) Type of POD Composite UF  Oral TRV (ug/kg/day)
TRV based on human data
US EPA and MDH [12,20,45] 0.140 1 NOAEL 1or3? 140 or 47 2
WHO [1] 0.1833 NOAEL 3 61
ATSDR [3] 0.160 NOAEL 1 160 4
TRV based on animal data
MDH [13] 25 LOAEL 300 835

! Rounded value, based on a NOAEL of 10 mg/day for a 70 kg adult; 2 Uncertainty factor that applies only to
non-dietary manganese exposure, including drinking water, for individuals older than 1 year-old. > WHO has
selected a NOAEL of 11 mg/day for a 60 kg adult.  Interim guideline. > This TRV only applies to infants younger
than 1 year old.

3.2. Determination of the Most Relevant POD

The TRV derived by the US EPA, WHO and ATSDR are all based on the upper bound estimated
daily dietary intake of manganese in the average vegetarian adult, determined as safe by various
authors after further analyses [2,46-50]. However, this TRV is not determined based on a toxicological
evaluation [10]. Moreover, either no data related to dietary manganese exposure are presented in the
cited sources, either these sources refer to other studies with limited data and for which there was no
focus on health outcome. Also noteworthy, these studies have been published back to at least the 80’s,
and as early as the 60’s. For these reasons, the human data-derived POD from the US EPA, WHO and
ATSDR is not retained here for the DWG derivation for manganese.

Conversely, considering the increasing weight-of-evidence towards infant neurotoxicity of
manganese in drinking water as the critical effect of interest, MDH and Health Canada have evaluated
the possibility to determine such guideline based on corresponding epidemiological data [13,19].
However, due to important limitations of available studies in this regard, both organizations have
considered that animal data are to be privileged. The INSPQ agrees with this evaluation. Thus, a POD
corresponding to a LOAEL of 25 mg/kg/day for neurobehavioral, motor and cognitive effects obtained
in juvenile rats exposed on post-natal days 1-21 (per o0s), or longer (via drinking water) to doses of
0, 25 or 50 mg/kg/day of manganese under the form of manganese chloride (MnCl,-4H,0), was
retained by both institutions [13,19]. This POD results from a series of three studies conducted by
the same research team [14,51,52]. In each one of these studies, at least one adverse effect occurred
at exposure doses of 25 mg/kg/day on post-natal days 1-21 [14,51] or during the entire 54 weeks
following birth [52], thus corresponding to a LOAEL (Table 2).

Table 2. Summary of the neurological effects observed in rats exposed orally to Mn following birth,
at doses of 0 (control group), 25 and 50 mg/kg/day.

Postnatal Postnatal Effect . LOAEL or NOAEL
Study Exposure Days Days ! Critical Observed Effect (mg/kg/day) 2
Decreased learning capacity
I;%rlr(l;itlz" 1-21 33-46 (increase use of stereotyped 25 (LOAEL)
response strategy) 3
Kern et al., 4 Increased expression of glial acid

2011 [51] =21 2 protein in the prefrontal cortex > 25 (LOAEL)
Beaudin et al., 1-21 120.1506 Decreased fine sensorymotor 25 (NOAEL)
2013 [52] 1-400 0-150 function 7 25 (LOAEL)

! Lifestage where the observed effect has been measured. 2 n = 20 rats per dose. * This strategy consisted in
finding food hidden at extremities of an 8-arms labyrinth by systematically moving from one adjacent arm to the
other. * 1= 16 to 24 rats per dose. ® Results in an astrocytes activation, which constitutes a sign of neurological
inflammation. © 1 = 11 or 12 rats per dose. 7 Consist into seasing and eating food granules during the staircase test.
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Given the good quality of all three studies listed in Table 2 (precise experimental protocols, control
of confounding’s, justification of the chosen exposure doses), this neurodevelopmental LOAEL of 25 mg
of manganese/kg/day was chosen as a POD for the current DWG derivation. Although other LOAEL
lower than those POD have been proposed in some studies (reviewed by Health Canada [19], see
Supplemental materials), important limitations preclude their use in the present context. In particular,
these studies often included a single experimental dose or involved controls that were not readily
comparable to the exposed group, which equals to testing a single experimental dose.

3.3. Application of Uncertainty Factors

3.3.1. Default 10-Fold Value or not Applied (UF = 1) Uncertainty Factors

Given that no available data suggest a value that differs from the default 10-fold uncertainty
factor for animal-to-human extrapolation (UF,), it was retained for the current assessment.

The POD retained reflects an exposure that has occurred over a short period of time during the
first three weeks of life of the experimental pup rats, and to which are associated neurodevelopmental
effects occurring up to three months later. But prolonged exposure throughout lifetime did not result
in a different LOAEL [52]. Likely, this brings out the evidence of a mechanism of toxicity that involves
a window of susceptibility, and that the adverse effect that may occur following exposure during
this period is in fact the most sensitive one. Therefore, even though exposure may persist for longer
duration, it will likely not trigger another adverse effect than the one associated to that specific window
of susceptibility. This is further evidenced by the fact that LOAELSs observed in chronic animal studies
for other adverse effect than the one considered here almost always exceeded 25 mg/kg/day [3].
Two exceptions are the studies of Gupta et al. [53] and Ishizuka et al. [54] which however the number
of individuals exposed was very low (4 rhesus monkeys and 2 mice, respectively), providing evidences
of very limited robustness. Thus, no subchronic-to-chronic uncertainty (UFs) factor was applied here.

3.3.2. Uncertainty Factors Different from the Default 10-Fold Value

Uncertainty factors that were applied and exhibit a magnitude that differ from the default 10-fold
value include those for human variability (UFy;), for LOAEL-to-NOAEL extrapolation (UF; ) and for
the incomplete database (UFp).

Human Variability

Experimental kinetic data on manganese in rats suggest that more than 80% of an administered
dose in neonate rats is retained as body burden [33] whereas this fraction is only about 5% in pup rats
and stays around this level until adulthood [34], suggesting a 16-fold variations between identified
sensitive and average rat. This is attributable to a reduce homeostatic capacity in the first few weeks of
life [33,34]. In humans, Japanese data were available with regard to measures specifically conducted
in newborns. Indeed, Mizogushi et al. [35] reported an arithmetic mean (& standard deviation (SD))
total blood concentration of manganese of 56.4 £ 16.4 ug/L in this subpopulation (1 = 14), based on
which a 95th percentile value of 83.4 ug/L can be computed as [mean value + (1.64 x SD)], assuming
lognormal distribution. In comparison, the mean concentration in subjects aged 1-11 years (n = 36)
was 14.8 ug/L. Considering the expected difference between an arithmetic mean and a geometric
mean in a population distribution, this latter value compares rather well with the geometric mean
concentration observed in children aged 6-11 from the Canadian Health Measure Survey (CHMS), that
is 11 pg/L [36]. Besides, mean total blood manganese levels barely vary through lifetime according to
CHMS, as values between 9.1 and 10 ug/L were obtained in the participants aged from 12 to 79 years
old. From these elements, it can be suggested that the magnitude of the variability of manganese
levels is comparable between Japanese and Canadian populations. Therefore, using the Canadian
mean adult value of 9.8 pug/L for 6 to 79 years old [36], and under the WHO/IPCS approach for the
calculation of chemical-specific adjustment factor [30], the magnitude of TK variability for manganese
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in humans can be approximated as the ratio between the 95th percentile in sensitive individuals,
here newborn japanese over the median in adults, that is the Canadian value, yielding 83.4/9.8 ~ 9.
This ratio appears rather conservative, as the corresponding ratio between newborn and older Japanese
children would have yield a value of ~ 5.6 (84.5/14.8). Ratio values of 3 or less were observed by
Park et al. [55] as well as Alarcon et al. [56] in respectively Korean and Venezuelan infants. Even when
considering reported manganese levels in pregnant women, umbilical cord and neonates, including in
12 comparison studies detailed by Huang et al. [57], such ratio remains below 10 [57,58].

Allin all, from the data mentioned in the preceding paragraph suggest that the magnitude of
the interindividual TK variability in rats is comparable, or even slightly greater, than that calculated
from human data. Although this assertion is made based on a quite limited number of measures
(11-24 per dose in rats depending on the study and 14 in humans), which limits their generalizability
to entire animal or human populations, it appears reasonable to propose that a major part of
interindividual TK variability is presumably accounted for by the use of a POD determined in neonate
rats, and the TK component of UFy can be diminished below its default 3.16 value. Also, literature
data on manganese TK variability within several presumably sensitive human subpopulations are
presented in Table S1. It can be seen that following the WHO/IPCS approach, [30], the computed
interindividual variability in toxicokinetics corresponds to a 1.7-fold magnitude in average, within the
most sensitive human individuals. This thus replaces the 3.16 default value for interindividual TK
variability factor and multiplies the other 3.16 default value for interindividual TD, yielding a resulting
rounded UFy value of 5.

LOAEL-to-NOAEL Extrapolation

Based on ATSDR’s compilation, both LOAEL and NOAEL values can be identified among
several of the reviewed experimental studies in neonate rodents, which covered a wide array of such
effects [14,51,52,59-62]. In each one of these studies, the NOAEL is at the most 3 times lower than the
LOAEL; therefore, a 3-fold LOAEL-to-NOAEL UF;, is chosen here.

Database Deficiencies

The available relevant studies on manganese detailed by Health Canada [19] include all of the
required studies as per the state-of-the art determination of TRV (see Methods) [26-29]. Therefore,
no UFp would be needed under this aspect. However, some of the studies that were not retained
here due to the weaknesses mentioned in 3.2, still suggest a neurodevelopmental LOAEL that could
be lower than the 25 mg/kg/day value used herein (See Supplemental Materials). In particular,
the studies from Dorman et al. [61] and Brennemann et al. [60] suggest LOAEL values of 11 and
22 mg/kg/day, but the toxicological significance of the adverse effects considered in these studies
(increased reaction to an acoustic stimulus, and increased motor skills, respectively) is unclear. Still,
a 3-fold UFp is added in the current analysis at this step to compensate for the uncertainty added by
the existence of lower LOAEL values that were not retained for the purpose of the current assessment.

3.4. Determination of a Customized TRV

Based on the POD retained in 3.2 (LOAEL of 25 mg/kg/day) and the product of every uncertainty
factors applied as justified in Section 3.3 (UFyy x UFa x UFsc x UFy, x UFpg =5 x 10 x 1 x 3 x 3 =450),
the TRV calculated in this assessment is 25/450 = 55 ug/kg/day.

3.5. Consideration of the Relative Source Contribution and Drinking Water Ingestion Rate

3.5.1. Relative Source Contribution

Elevated manganese concentrations, up to the range of 300 a 400 ug/L, had been found in
milk formula, in particular based on soya milk [10,63]. A Canadian study has examined manganese
concentrations in various drinks destinated to neonates and infants [64]. Despite limited sample
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size, a mean manganese concentration of 100 £ 50 pg/L was measured in a cow milk-based formula.
Corresponding value for soya milk-based formula was 340 + 110 ug/L.

Although present at roughly 3.4 times greater concentrations, manganese in soya milk-based
formula is up to 8 times less bioavailable than in cow milk-based formula; this is attributed in part
to the presence in soya milk of other chemicals (e.g., phitic acid) that compete with manganese for
GI absorption [65]. Overall, it appears reasonable to state that cow milk-based formula represents
a potential for greater internal manganese dose. Therefore, based on a 95th percentile manganese
concentration of 182 ug/L in cow milk-based formula computed under the same default statistical
considerations as those described in 3.3.2., an exposure dose of 33 nug/kg/day can be calculated.
This figure corresponds to 60% of the TRV determined above (55 nug/kg/day) and leaves a margin
of 40% of the TRV to every non-dietary sources of manganese exposure, drinking water being only
one of them. Else, the available data do not suggest that dietary and other non-drinking water sources
contribute to more than 80% of the total exposure. Overall then, under the premise of parting equally the
above-mentioned 40% contribution between drinking water on the one hand, and every other non-dietary
sources on the other hand, the default value of 20% can be retained here for DWG derivation.

3.5.2. Body Weight (BW) and Drinking Water Ingestion Rate (ING)

Given that the TRV determined above for manganese is based on a POD determined under the
consideration of a specific period of susceptibility, the values considered to the parameters related to
the drinking water contact rate are deemed to reflect this specific time period. Therefore, the mean BW
and 95th percentile value of ING for the infants aged < 6 months for the Quebec population, described
elsewhere [66], are being used for the DWG calculation. This corresponds to 6.7 kg and 1.22 L/day
respectively, for a BW-adjusted equivalent ingestion rate of 0.182 L/kg/day. Other elements considered
by the present authors with regard to the choice of the appropriate BW-adjusted DW ingestion rate are
presented in Supplemental materials.

3.6. Calculation of the Drinking Water Guideline

Applying Equation (1) above to the TRV calculated in 3.4, the DWG for manganese is 61 ug/L,
rounded to 60 pg/L and based on a 20% RSC, a BW of 6.7 kg and a drinking water ingestion rate of
1.22 L/day. This guideline is more stringent than similar guidelines proposed by other public health
institutions around the world, as shown by Table 3.

Table 3. Comparison of drinking water guidelines proposed by various public health institutions,
including the one derived by the INSPQ.

Public Health Institution

“ istic Health Canada [19] US EPA [12] WHO [1] MDH [13] INSPQ [18]
Year of publication 2016 2004 2017 2012 2017
Critical studies, [14,51,52], [46,47,67], 121, [14], [14,51,52],
(specie) (rats) (human) (human) (rats) (rats)
POD, mg/kg/day 25 0.14 0.183 25 25
(Type) (LOAEL) (NOAEL) (NOAEL) (LOAEL) (LOAEL)
Composite UF, 1000, 3, 3, 300, 450,
(detailed) 2 (10x10x1x10x1) @Bx1x1x1x1l) @Bx1x1x1x1) (10x10x1x3x1) (5x10x1x23x3)
TRV, ug/kg/day 25 47 61 83 55
BW, kg 7 70 60 - 6.7
RSC, % 50 20 20 50 20
ING, L/kgBW/day 3 0.107 0.029 0.033 0.29 0.182
Guideline value, 100 300 400 1001 60

mg/L

Abreviations: BW, body weight; ING, daily ingestion rate; POD, point of departure; RSC, relative source contribution;
TRV, toxicological reference value; UF, uncertainty factor. 1 DWG applied to infants less than one year old. 2 UFy x UFp x
UFsc x UFL x UFpg, see text for meaning. * The body-weight adjusted ingestion rates are obtained by dividing the ingestion rate,
in L/day, by the BW, in Kg, that are chosen by each institutions in the calculation of their respective drinking water guideline.
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4. Discussion

The objective of this work was to derive a health-base DWG for manganese and provide a
demonstration of the procedure used by a public health agency of a midsize jurisdiction such as the
province of Quebec, that is INSPQ, for such activity. The work is mainly based on a systematic analysis
of already existing guidelines determined by other public health institutions, with a focus on the
rationale and critical points determined by these institutions to justify their methodological choices.
Such an approach presents the advantage in that by building on existing work, it allows efficient
process of guideline derivation while optimizing often limited time and human resources in middle
size public health institutions. The DWG obtained here for manganese is 61 pug/L, rounded to 60 nug/L,
and was derived by focusing specifically on the concern of protecting the most vulnerable population,
that is children aged < 1 year old, not only by selecting the lowest relevant POD available and applying
the required UF, but also by considering a BW and drinking water ingestion rate that corresponds
specifically to this age group. Thus, the resulting guideline accounts for the greater drinking water
ingestion rate in neonates as compared to adults, on a BW basis. It therefore addresses the concerns
raised by Goeden [15].

Despite the fact that there are lower guidelines for manganese in drinking water based on
esthetical considerations, that is 50 ug/L and currently projected to be lowered to 20 ug/L [19,68,69],
the present health-based guideline is more stringent than corresponding health guidelines around
the world, as the next most severe guideline is MDH’s Risk Assessment Advice of 100 ug/L. Reasons
for such discrepancy can be identified from the values taken by the different variables entering in the
guideline calculation, which are detailed in Table 3.

The main source of greater conservatism in the current assessment as compared to the US EPA
and WHO mainly stems from the choice of the POD, an animal one that triggers the application of
several UFs, rather than the epidemiological POD with almost no UF applied. Indeed, the former
appears more justifiable given that in the latter case, the human data that were not evaluated from the
toxicological point of view, but rather the nutritional one [10].

The choice made here of the neurodevelopmental animal LOAEL of 25 mg/kg/day is also justified
based on the following four elements:

(1)  Neurotoxic effects of ingested manganese are the most sensitive ones based on the array of the
toxicological tests listed in Table 2. Besides, this effect was observed in pup rodents at BW-adjusted
exposure doses that are lower than those observed in other rodent groups (post weaning or adult
animals) exposed chronically or subchronically to manganese [3]. Such sensitivity in rodent pups
appears related to the immaturity of their homeostatic regulation system, with the consequent
maximal absorption and minimal, if not absent, excretion during the first 15 to 18 postnatal
days [33,70-72].

(2) Because of the uncertainties associated with the characterization of exposure and the role of
confounders in epidemiological studies, corresponding data with regard to cognitive, motor
and behavioral effects [19,73] are difficult to use for quantitative risk assessment such as the
derivation of a health-based drinking water guideline.

(3)  Although non-human primates would constitute the most appropriate toxicological model in
order to characterize the toxicity of ingested manganese in humans [74,75], the available data do
not appear sufficiently robust to do so. Indeed, such data result from experimental designs that
either involve a single tested dose or a manganese exposure occurring via the intravenous route,
or lacks comparable control experimental groups [53,75-82].

(4) The mechanism of action of manganese neurotoxicity through the oral exposure route is not fully
elucidated. Itis likely multi-process, including perturbation of dopamine transmission [40]. Given
that such perturbation has been observed in both rodents and primates exposed to manganese [74],
using a rat-based LOAEL to determine a DWG in humans appears relevant.
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Once the choice of relying on animal data rather than human data has been made, differences
in the application of UF contribute to derive a different guideline than MDH and Health Canada.
However, at the end and as shown in Table 3, the composite UF of 450 positions itself in between
Health Canada composite UF (1000) and MDH one (300). As a result, the TRV obtained (55 ng/kg/day)
also lies midway between these two institution values (25 and 83 pg/kg/day). These numbers can be
analyzed in light of the essential nature of manganese by comparison with the minimum recommended
intakes of the Institute of Medicine (IOM). The TRV obtained here is significantly greater than the
minimum intake recommended for neonates aged < 6 months (~0.5 ug/kg/day) but may be lower
than, or equivalent to, this recommendation for other age groups, in particular children aged 1-3 years
(80 ug/kg/day) and 4-8 years (55 ug/kg/day) [2]. However, IOM recommended intakes are based on
real exposure data that are deemed corresponding to the minimum intakes required. Possibly, the true
required intake is much lower.

A source of greater conservatism herein is the application of 3-fold UFpg to account for the fact that
some lower LOAEL values—although apparently less robust than the POD selected here—could have
been used (See Supplemental Materials). This factor is not applied by any other public health institution.
Conversely, in some instances, less severe UF values were used. This is the case for UFy, as a 5-fold
factor was applied here contrary to the default 10-fold value applied by both MDH and Health Canada.
As clearly demonstrated in Section 3.3.2, available data support the application of a less-than-ten-fold
factor for UFy. In fact, MDH and Health Canada both argue that a significant variability is observed in
manganese metabolism in rats and thus such variability need to be accounted for when extrapolating
to animals (personnal communication with Health Canada and MDH). However, it is the current
authors position that this variability either leans towards greater variability in rats than humans, or that
the toxicokinetically more sensitive individuals were accounted for by the experimental design leading to
the selected animal POD. In such situation, it can be argued that only the toxicodynamic component of
the UFy, that is 3.16, need to be accounted for. Since some residual uncertainty still resides in assessing
human variability from animal variability data, it appears reasonable that such situation triggers an UFy
no lower than 4, and the data-derived approach used here is coherent with this argument.

In support of the current assessment, both MDH and Health Canada have applied the default
10-fold animal-to-human extrapolation factor while neither institution applied any UF for the use
of a less-than-chronic POD in guideline derivation. While MDH guideline specifically targets
short-term exposure [13], this position appears well justified. Health Canada, for its part, argues
that the consideration of a POD triggered by an exposure occurring during a restrained window
of susceptibility, as can be concluded from the experimental design detailed in Table 2, suggests
that the measured effect is likely more sensitive than any other (chronic) effect that may result from
long-term exposure to manganese in drinking water and that as a result, no UF for subchronic to
chronic extrapolation is required. Other coherent UF values include the 3-fold UFy, applied here like
MDH and differently than the 10-fold default applied by Health Canada. This 3-fold value was also
based on the review of the magnitude of the LOAEL/NOAEL ratios for a same given adverse effect,
detailed by ATSDR (see also Supplemental Material). However, MDH argument differs in that it
qualifies as subtle the neurological adverse effect and thus does not require a 10-fold factor.

The attribution of a RSC of 20% rather than 50% contributes significantly to the derivation of a
lower guideline than MDH and Health Canada. Both institutions have justified this 50% value by
the fact that neonates are mainly exposed to manganese from two sources, namely drinking water
and food, each of which 50% of the overall contribution is attributed. Although this is based on some
rationale, the careful analysis of the available quantitative data suggests otherwise with regard to the
magnitude of this factor, as the 50% value retained by these institutions appear too high. Indeed, if 50%
of the TRV of 55 ng/kg/day calculated in Section 3.4 was attributed to drinking water, the potential is
real for some infants to be exposed to a total dose exceeding it. Given the 33 ng/kg figure calculated in
Section 3.5.1, this corresponds to 60% of the TRV as resulting from ingestion of milk formula, leaving
at the most a RSC for drinking water that should not be greater than 40%.
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In this regard, it is noteworthy that Krishnan and Carrier [20] describe the US EPA methodology
for deriving values that depart from default for this factor, based on available data on the presence of
the contaminant of interest in the various environmental medias. Thus, an RSC lower than 20% can be
required if it is estimated that the other exposure sources than drinking water may contribute, at the
total, to more than 80% of the TRV [1,31], as allowing as much as 20% of RSC to drinking water in
this case would undesirably translate into a total exposure that theoretically exceeds the threshold of
potential effect. Conversely, an RSC greater than 20% can be envisaged when it is known that drinking
water is likely the sole (e.g., up to 80%) or at least the main (e.g., at 50%) contributor to the total
human exposure [1,26,28,30,31], for instance because a chemical is added for water treatment purposes
(e.g., trihalomethanes, trihaloacetic acids). However, the data-derived approach implies that for a
situation in which the drinking water is more contaminated than the other medium, its RSC can be
greater than 20% and as a result, the guideline more permissible for more contaminated media than for
less contaminated ones. Although this can be justifiable from a risk management perspective, it is more
hardly so when reasoning strictly from the point of view of protecting human health. Besides, the IOM
stated that, for infants, the sole source of manganese as essential element should come from dietary
sources [2], therefore excluding any presence in drinking water. Obviously, this recommendation was
made at a time where not many toxicological data on manganese were available. But the default 20%
value was still retained here, and the data-derived approach proved to be useful in demonstrating that
the 50% figure appears too permissive.

One uncertainty that is worth mentionning with regard to the DWG determined here relates
to the fact that manganese speciation is sensitive to environmental conditions and drinking water
sources may vary considerably with regard to their physicochemical environment. Thus it cannot
be excluded that the population, for which the DWG aims at regulating its manganese exposure,
in fact is exposed to chemical forms of manganese that are different than the one that was used in
the study from which originates the POD used herein. Likewise, the dose-response relationship
could be different. However, the manganese chloride that was used in the chosen POD study is very
soluble and is ionized as Mn?%* in water, which happened also to be the vehicle of administration in
this study. Besides, epidemiological studies that brought out concerns for the neurodevelopmental
toxicity of manganese (see Introduction) have been conducted on population fed by groundwaters
and it is therefore reasonable to assume that most manganese was also present as Mn?2*+. Overall then,
the impact of the uncertainty associated with the possible variations of the dose-response relationship
according to the chemical form of manganese appears low with regard to the adequacy of the DWG
proposed herein.

A limitation of the method presented here that needs to be acknowledged is that a complete
literature review of all toxicological and epidemiological data available on manganese toxicity was not
performed, but rather a critical analysis of previous work done by other Agencies was done [12,13,19].
In particular, the POD for this risk assessment was based on a critical analysis of papers, which were
already selected and reviewed by those agencies. This approach was chosen in response to limited
resources but still appears appropriate in view of the credibility of these agencies and the fact that,
at least for the MDH [13,45] and Health Canada [19], their reviews of the literature were quite recent.
Should there have been no recent review available by credible agencies, a complete literature review
would have been required, but only for the time period not covered by the previous reviews. Despite
the fact that such an approach has some limitations (no replication of the original literature reviews),
it allows middle-size agencies to do such work with limited resources and time constraints, which is
not a negligible advantage from a public health perspective.

Finally, this DWG for manganese is based on a risk assessment conducted on the most vulnerable
population to this contaminant: infants fed with formula reconstituted with drinking water. Normally,
for convenience and simplicity of the communication message, it might be justified to propose such a
guideline for the entire population exposed to excessive concentration of manganese in drinking water.
However, because the homeostatis control for oral exposure is more developed in older children and
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adults, and cost of measures to be applied to reduce exposure (water treatment, changing the source of
water., etc.), some juridictions will prefer to use a different DWG for older populations. This is the case
of MDH who has recommended to use the USEPA Health advisory of 300 ug/L for older population
(>1 year old) [13]. Water treatment technologies, both at the community and individual levels are
available, but their implementation may represent additional financial costs and significant challenges
for drinking water system managers. However, given the organoleptic inconveniences caused by the
presence of manganese for exposed population, in particular staining of laundry and plumbing fixtures,
and eventually taste problems, it might be justified to implement measures to reduce the presence of
manganese in drinking water for the entire population. Thus, the organoleptic recommendation of
50 pug/L, as currently proposed by US-EPA [38] and WHO [68], or a lower one as the one proposed
recently by Health Canada [19], might therefore be considered as a target to be achieved for the entire
population. Our proposed DWG is not very different from these esthetical guidelines.

5. Conclusions

Deriving DWG is an important activity to protect public health [1]. However, the procedures used
to derive a guideline are sometimes very technical and not available in current literature. A simple
method used by a middle size institution (INSPQ, Québec, QC, Canada) using the critical review of
work done by other institutions as its first input was thus presented here, following a step by step
method to derive a guideline for non carcinogenic contaminants.

The proposed health based guideline proposed for manganese is based on the same animal
POD as the one chosen by other institutions [13,19] but its numerical value differs by using different
uncertainty factors, RSC of water to the TRV and water consumption. Globally, the proposed guidelines
of 60 nug/L is still higher than the usual esthetical guidelines values for manganese (50 pg/L, projected
to be lowered at 20 ug/L, [1,19]) but lower that other health based values [12,13,19]. The rationale
applied to the choices made herein were exposed and compared to the choices of other institutions.
This might help to open a transparent debate on the issues relative to deriving health based guidelines
for drinking water.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1660-4601/15/6/1293/s1,
Table S1. Total blood concentrations (mean, standard derivation and 95th percentiles) of Mn measured in
presumably sensitive human subpopulations as reported in other studies. I. Consideration regarding the
application of 3-fold UFpp to account for the fact that some LOAEL values lower than the POD retained in
the current assessment are available in the literature. II.Considerations with regard to the choice of the appropriate
BW-adjusted drinking water ingestion rate.
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Abstract: Americans fill upward of four billion prescriptions for pharmaceuticals each year, and many
of those pharmaceuticals eventually make their way into the environment. Hundreds of different
active pharmaceutical ingredients (APIs) are detected in ambient waters and source water used for
drinking water in the U.S. Very few of these drugs have health-based guidance values that suggest a
safe level for individuals exposed in the ambient environment through drinking water. The Minnesota
Department of Health (MDH) has developed a novel method to derive screening-level human health
guidance values for APIs. This method was designed for rapid evaluation and relies on Food and
Drug Administration (FDA)-approved drug labels and limited additional public data resources
for necessary information. MDH developed an analytical framework using traditional and novel
uncertainty and adjustment factors specific to the information available for APIs. This framework,
along with an estimated lowest therapeutic dose (LTD), was used to derive screening reference
dose (sRfD) values. Water screening values (WSV) were then derived using the sRfD, a relative
source contribution factor (RSC), and a water intake rate for infants to represent a highly exposed
population. MDH used this new method to derive water screening values for 119 APIs that are
commonly prescribed and/or commonly monitored in Minnesota waters, including antibiotics,
antidepressants, steroids, and other classes of drugs. The derived WSVs can be used to provide
context to environmental detections, prioritize APIs for further health-based guidance development,
prioritize APIs for future environmental monitoring studies, and inform the development or
refinement of analytical methods.

Keywords: pharmaceuticals; human health; environment; drug labels; screening method; LTD;
uncertainty factors; risk assessment; risk context

1. Introduction

In the past twenty-five years, the portion of the United States population that uses at least
one prescription pharmaceutical has risen approximately ten percent. From 2011-2014, nearly half
of all Americans used at least one prescription medication, and nearly a quarter used three or
more [1]. In 2017, upward of four billion prescriptions, or 12.6 prescriptions per capita, were filled by
Americans [2]. Trends show that that percentage will continue to grow in the coming years.

The rapid growth in pharmaceutical use has contributed to increased detection of pharmaceuticals
in the environment [3—-6]. Many pharmaceuticals are commonly detected in potential drinking
water sources and treated drinking water, yet very few of these drugs have established water
guidance values that inform the probability of certain health risks associated with large populations
consuming water containing prescription drugs [7]. Pharmaceuticals enter the environment through a
variety of pathways, including improper disposal down household drains and toilets, disposal into
landfills, runoff from manure in agricultural areas after use in animals, industrial releases, and human
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excretion. While detected environmental concentrations may be lower than other types of contaminants,
these compounds are designed to be biologically active and potent at low concentrations, warranting
special scrutiny to assess potential human health risk.

Despite the widespread presence of pharmaceuticals in water, these contaminants of emerging
concern are not currently regulated for drinking water and wastewater purposes. A number of
methodologies have been described in the literature for screening and prioritizing the hazard and
risk to human health from pharmaceuticals in the environment [8-11]. These approaches use various
techniques for calculating toxicity values and mainly rely on published data in the literature for
derivation of toxicity points of departure and adverse effects. The method developed by the Minnesota
Department of Health (MDH) builds on many of these approaches, adding assessment factors that
may be of specific concern for pharmaceuticals (e.g., endocrine activity), in addition to incorporating
many elements of MDH’s established risk assessment methods to derive water guidance values [12].
A key aspect of the rapid assessment method is a reliance on easily accessible data obtained from
the US Food and Drug Administration (FDA) drug labels to provide the majority of the information
needed. Pharmaceuticals typically have sufficient safety data as required by FDA; however, much of
the data relevant for risk assessment are not available in published literature and drug studies are
often considered proprietary. The data source allows for the rapid assessment of a large variety and
number of pharmaceuticals that could be present in potential drinking water sources.

The objectives pursued by MDH were: (1) to create a rapid assessment framework for deriving
screening reference doses (sRfDs) for orally administered pharmaceuticals using readily available
information (e.g., FDA approved drug labels); and (2) to use the sRfDs to derive water screening level
values for an initial set of commonly prescribed and detected pharmaceuticals. The developed values
can be used for a variety of purposes, including, providing human health context to environmental
detections, guiding future monitoring efforts, prioritization of development or refinement of analytical
methods, and prioritization the development of health-based standards.

2. Methods

2.1. Selecting the Most Relevant Pharmaceuticals for Value Development

MDH initially planned to focus on the pharmaceuticals most relevant in Minnesota. However,
prescription usage information was not available on a state-specific basis in 2013, when method
development was initiated. Information on the top 200 pharmaceuticals most commonly prescribed
and used in the United States from 2011-2012 [13,14] was considered representative of pharmaceutical
use in Minnesota. This list, which is updated each year, provided an approximation of what may be
entering the Minnesota environment, but not necessarily what is actually being found and in what
amounts. In addition to the top 200 pharmaceuticals from the national lists, other pharmaceuticals
were added if they were included in monitoring efforts relevant to Minnesota and were on common
analyte lists from national/federal laboratories. The active pharmaceutical ingredient (API) for each
pharmaceutical was identified using information from drug label information found on the National
Library of Medicine drug information website DailyMed [15]. Duplicate APIs were removed from
the list.

The developed framework provides a method to rapidly derive sRfDs for a large number of APIs
based on information from the FDA drug label. The sRfDs are appropriate for most orally administered
APIs, with a few exceptions (Table 1). The framework is not designed to address APIs with non-oral
routes of administration, genotoxic effects, lack of appropriate FDA labels, and those that are only
used for purposes that do not require a prescription for human use. These characteristics were used to
establish exclusion criteria. Approximately one-third of the unique APIs were excluded based on the
exclusion criteria.
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Table 1. Exclusion Criteria for Applicable APIs.

Exclusion Criteria Description

The bioavailability of an API given orally differs from that of an API
given via another route of administration. Route to route
modifications would be necessary to adjust for a non-oral route.
The MDH method was designed to rapidly derive water screening
values (WSV) related to oral ingestion, only. APIs designed to be
administered vaginally, dermally, sublingually, via suppository,

via injection (intraperitoneally, subcutaneously, or intravenously),
and via inhalation are not appropriate for this method.

Non-oral route of administration

The acceptable daily intake (ADI) values and dietary reference
intake (DRI) levels for nutrients found in food and pharmaceuticals

Nutritional supplement are available and more appropriate for to deriving human-health
based guidance values than the calculated lowest therapeutic doses
(LTD) used in this method [16].

Labels for OTC drugs do not provide the necessary information to

Over-the-Counter (OTC) medication only use the developed method

Most illicit substances do not have an FDA-approved label.

Some illicit substances may be used for therapeutic purposes with a
prescription; however, the potential adverse effects may not be
appropriate for analysis with this method.

Tllicit Substance

Many discontinued products no longer have active FDA-approved
labels that contain the necessary information to use the developed
method. If the drug is not approved for use in the US, then it is not
likely to be found in US waters in significant quantities.

Discontinued or Not Approved in US

Labels for veterinary use APIs are not always required to provide

Registered for Veterinary Purposes only the same level of detail as labels with APIs intended for human use.

The developed method may not be adequate to derive an
Genotoxic or Non-Threshold Carcinogen appropriately conservative screening reference doses (sRfD) or
WSVs for genotoxic or non-threshold carcinogens.

If an appropriate FDA-approved label was found for an API, the description section of the
label was searched for possible exclusion criteria. Exclusions based on genotoxic or non-threshold
carcinogenicity were generally determined during review of the label and selection of uncertainty and
adjustment factors. An unsuccessful search for an applicable FDA-approved label and supporting
information usually indicated that one or more of the exclusion criteria applied.

2.2. API Data Used for Rapid Assessment

Information for each API was obtained from the most current and appropriate FDA approved
label. Labels were accessed via DailyMed [15] and the most recently approved label available for oral
administration of the API was selected. Additionally, MDH selected a label for a drug containing
the API from an original packager, when available. If a suitable label could not be found for the
API in the DailyMed database, the FDA Drugs Database [17] was searched for an applicable label.
When information was not available from the drug label, or when additional data was needed to
further confirm or support information from the drug label, data was gathered from other sources such
as the National Toxicology Program (NTP), FDA New Drug Application (NDA) Data, International
Agency for Research on Cancer (IARC), and Hazardous Substances Data Bank (HSDB) [18-20].

2.3. Lowest Therapeutic Dose Calculation

The lowest therapeutic dose (LTD), the lowest amount of an API that is necessary to produce a
clinically effective outcome, was selected as the point of departure (POD) for deriving the sRfDs.
The lower end of an API’s therapeutic dosing range can be considered a lower threshold for
biological activity, approximating a lowest adverse effect level (LOAEL). The LTD was considered an
appropriate POD for the framework because API-related biological effects in the general population
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were considered undesirable. LTDs based on special dosing for individuals with certain physiological
conditions or existing disease (e.g., renal or hepatic impairment), requiring a lower, titrated, or limited
dosing, were considered not relevant for the general population and excluded from consideration.
Doses on FDA labels were typically expressed as milligram per day (mg/day). In some cases,
label instructions indicated dosing was required multiple times per day over various time increments
to attain a minimum therapeutic level. In these cases, the LTD included the full amount per an entire
24-h day and not the minimum amount per tablet/capsule (e.g., a 10 mg tablet taken 4 times per day
resulted in LTD of 40 mg/day). MDH subsequently calculated the final LTD by converting the selected
dose from mg/day to mg/kg-day (Equation (1)):

LTD (mg/kg-day) = Dose of API (mg/kg)/BW based on age (kg) 1)

An appropriate body weight (BW) in kilograms was selected from the US Environmental
Protection Agency (EPA) Exposure Factors Handbook [21,22]. Mean weights by age, as shown in
Table 2, that corresponded to the appropriate dosing recommendations from the label were used to
calculate the dosage in units of mg/kg-d. If a specific age or body weight range was described on the
FDA label (e.g., 12-17 years of age), the LTD calculations were performed on each age group separately
(e.g., 12-13, 13-14, etc.) to determine age-group specific LTDs. In these instances, however, the age
group with the highest mean weight usually produced the lowest LTD. If doses on the label were
already reported in mg/kg-day, no further calculations or adjustments were made.

Table 2. Mean Weights by Age Used in Lowest Therapeutic Dose Calculations.

Age (Years) Mean Weight (kg) !
671 22.5
7-8 274
8-9 31.3
9-10 36.2
10-11 39.5
11-12 44.6
12-13 50.3
13-14 56.9
14-15 61.5
15-16 65.9
16-17 68.0
17-18 66.6
>182 80

Selected mean weights were based on the dosing age range presented on the drug label. 1 Dosing for ages under
6 years of age normally reported as mg/kg with no need for further calculation. ? The mean weight (kg) for
adults 18+ years of age is from EPA Exposure Factors Handbook 2011 Edition Table 8-1, comprising 1999-2006
data [22]. Increased weight reflects the higher average weight of a United States adult and adds to conservativeness
of calculations.

2.4. Uncertainty and Adjustment Factors

Uncertainty factors (UF) and adjustment factors (AF) were used to account for a range of
considerations in calculating appropriately conservative sRfDs. While the majority of the UFs applied
were based on standard chemical risk assessment methods, modifications to decision criteria for
application were developed to better fit specific considerations regarding APIs and the available data
from FDA approved labels. Additional AFs were applied to account for special considerations and
concerns related to the selected pharmaceuticals, including nonlinear (i.e., threshold) cancer potential
and endocrine activity. Unlike MDH’s methodology for developing health-based water guidance
following in-depth review, which uses the standard RfD derivation process for nonlinear carcinogens,
the MDH rapid assessment methodology for pharmaceuticals addressed carcinogenicity potential with
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an additional AF for cancer. In total, six potential UF or AFs, represented as UF/AF, may be applied to
account for various areas of uncertainty.

A Decision Tree was established to facilitate the selection of UFs and AFs (Figure 1).
Definitions and guidelines were incorporated into the Decision Tree to ensure consistency in defining
and applying the UFs and AFs. Each UF or AF could be assigned a value of 1, 3, or 10. The UF/AF
designation was based on the FDA-approved label data for the API or a representative API for the
therapeutic class, along with additional sources as needed. A value of 1 was assigned to indicate that
the particular UF or AF was not needed for the API. The minimum overall UF/AF possible (product of
all six UF/ AFs) was 30 (default application of an intraspecies UF of 10 and at minimum a LOAEL
UF of 3) and the maximum UF/AF possible was 100,000 (a product of 10,000 for all UFs and 10 for
either the AF for endocrine activity or for cancer potential). The rationale for application of specific
UFs and AFs is detailed in Sections 2.4.1-2.4.6. Decision criteria for the application of each UF or AF
were designed to avoid overlap application of UF/AFs based on the same information. Therefore,
application of the maximum total UF/AF of 100,000 was not used in the current assessment and is
highly unlikely to occur in future assessments.

Consistent with MDH and EPA risk assessment methodology [12], individual UF/AFs of 3
and 10 were expressed as 30 (3 x 10"), whereas individual UF/AFs of 3 and 3 were expressed as
10 (109> x 10%5 = 101). For the APIs evaluated, the overall UF/AF was usually at least 100. Each UF
and AF is described in more detail in the following subsections and in the Decision Tree (Figure 1).

2.4.1. Cancer Adjustment Factor (AFc)

MDH accounted for the risk of potential cancer of an API by applying an AF based on the
available information from the FDA label. If the API was determined to be a threshold carcinogen, i.e.,
a carcinogen for which there is sufficient evidence that a level of exposure exists below which there
is no cancer risk, the appropriate Cancer AF (AFc) was determined. The FDA labels did not directly
state whether or not an API had a threshold or non-threshold mode of action (MOA). Additional
literature sources were consulted and professional judgement was required to make determinations.
Non-threshold, i.e., linear, carcinogens were not appropriate for this method and were excluded from
the evaluation. Application of UFs/AFs to a POD is not appropriate for linear carcinogens. Assessment
of linear carcinogens requires access to appropriate cancer study data in order to derive a cancer slope
factor rather than deriving an RfD based on a no observable adverse effect level NOAEL) or LOAEL.
For most APIs, appropriately detailed dose-response cancer data were not reported on FDA-approved
labels and were not publically available because the studies were considered proprietary. Therefore,
application of a rapid assessment method was not possible for linear carcinogens.

For traditional non-linear (threshold) carcinogen risk assessments, MDH evaluates the data to
ensure an RfD based on non-cancer effects will also be protective for cancer. A separate cancer-based
value using UFs is not typically derived for non-linear carcinogens. In contrast, the rapid screening
method was used to derive a sRfD, protective of non-linear cancer effects, by using a cancer adjustment
factor (AFc). In many cases, drugs tested for carcinogenicity were only found to cause cancer in animals
at human equivalent doses (HED) far above the maximum recommended human dose (MRHD). An
HED is the human dose estimated to be equivalent to the dose administered to the test animal, based
on allometric scaling. For pharmaceuticals, allometric scaling is based on relative body surface area
between animals and humans. The carcinogenicity sections on the FDA labels provided the HEDs and
comparisons with MRHDs necessary to make a determination about AF.. An AF,. of 10 was applied
when the HED associated with tumors was near or below the MRHD or LTD. If the HED was far above
the MRHD or LTD, an AF. was not needed. An AF. was also not applied in cases where the particular
type of cancer reported in animals was not relevant to humans (rodent thyroid and liver tumors),
or if the cancer was localized at the site of administration and not relevant to oral administration
(carcinogenic effects only seen in studies with administration via subcutaneous or intraperitoneal
injection and effects not deactivated via first pass metabolism).
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Determine Eligibility for Method API Excluded or Not Appropriate if one of ing
with Exclusion Criteria . Non-oral route of administration

. Nutritional Supplement or Illicit Substance
. Only registered for Over-the-Counter (OTC) or Veterinary Use
. Discontinued for Use or Not Approved for Usein the United States
. Identified as a Genotoxic or Non-Threshold Carcinogen*
| Cancer AF (AFc) applies?

*Exclude if evidence of genotoxic mode of action (MOA)

No AF needed if:
. Species specific cancer known to not be relevant to human

Apply the higher of AFc or AFg e Cancerlocalized at site of administration and not relevant to oral administration

d (et . Evidence of threshold mode of action (MOA) and human equivalent dose (HED)
~CONEI A1 threshold well above LTD/MRHD

AFof 10 if:
. Sufficient evidence of threshold MOA and HED threshold near or below LTD/MRHD

| Endocrine AF (AFg) applies?

AF of 3 if EDC effects are:
. Clear hormonal effects in animals but testedand not observed in humans
. Small but clinically insignificant changes in hormone levels
. Frequent in post-market surveys, negative results in animals, and no other label
precautions
. Infrequent in post-market surveys or clinical trials with no animal evidence or other
information on label to support
AF of 10 if EDC effects are:
. Intended effect
. Described in ‘Warnings/Precautions’ or ‘Pharmacodynamics’ sections of label
. Described in ‘Adverse Reactions’ section as leading to discontinuation of treatment
. Requiring hormonal lab tests as part of treatment/monitoring
. Described as frequent adverse reactions in post-market surveys or clinic trials and/or
animal data for positive hormonal effects is relevant to humans

Apply Intraspecies Variability UF

(UFtuman) of 10
Apply UF of 3 as a default
Apply UF of 10 instead if:
. Pregnancy Cat. D or X, or labeled as unsafe for pregnant woman
A . Intended Useis for life-threatening condition
Apply LOAEL-NOAEL UF (UFy-y) I— . Not clinically testedin children (or if tested, had different safety profile than adults)
and not intended for use in children
. Serious and/or life-threatening adverse effects linked to LTD
. Pregnancy Cat. Cand LTD approximates dose used in repro/dev studies
. Black Box Warning (serious adverse effects not also related to condition medication is
treating and not related to drug abuse/overdose or genetic polymorphism)
Apply UF of 3 if:
. Less extensive toxicity testing exists (e.g. no multigenerational
A 4 reproductive/developmental studies, Warnings have identified important or critical
data gap)
Apply Database UF (UFpg)? |7 Apply UF of 101:
. No animal toxicity information available, or studies were very limited (other than
chronic or endocrine which are considered separately)
Apply UF of 3 if:
. Intended for chronic use but no or limited chronic animal studies are available AND
no expected increase in severity of adverse effects over time based on human use
. Intended for chronic use with sufficient chronic animal studies but some evidence for
increased or new adverse effectsin humans associated with longer durations.
. Relatively new and intended for chronic use with sufficient chronic animal studies but
Apply Duration UF (UFs-c)? Ii uncertainty about duration-related effects due to relatively short history of human
use experience (approx. €10 yr)
Apply UF of 10 if:
. Intended for short-term use only
. Intended for subchronic use (not intended to treat chronic or lifetime conditions) and
has no or limited chronic animal studies
. Intended for chronic/lifetime use AND there is some evidence for increased severity
of adverse effects with longer duration use, and no/limited chronic animal studies
A Productof all Four UFs (Human, L-N, DB, and $-C) and the higher of the AFs (C or E)
Calculate Total UF/AF |7 Minimum overall UF/AF = 30
. Default application of an Intraspecies UF of 10 and at minimum a LOAEL UF of 3
Maximum overall UF/AF = 100,000
. A product of a total of 10,000 for the product of all four UFs and 10 for one of the AFs

Figure 1. The decision tree provides a summary and guide for the decisions made in regards to
application of Adjustment Factors (AFs), Uncertainty Factors (UFs), and calculation of Total UF/AF for
use in derivation of a screening reference dose (sRfD).
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2.4.2. Endocrine Activity Adjustment Factor (AFg)

MDH accounted for potential adverse effects relating to endocrine activity by applying an
Endocrine Activity AF (AFg). The AFg was applied when endocrine activity was either the intended
effect or a reported side effect of the API. Concerns that the application of the LOAEL-NOAEL
UF (UFLN) of 10, discussed in Section 2.4.4, was not adequate to be protective of the very
low-level potencies of potential endocrine active APIs warranted the use of this additional AF.
MDH considered endocrine activity to include effects related to the female reproductive system,
male reproductive system, pituitary gland, adrenal gland, changes in hormones (including estrogen,
testosterone, and androgen), and hormonal changes related to the nervous system, blood sugar
changes, and metabolism [23]. For endocrine effects aggravated by, but not caused by, the API
(e.g., aggravation of diabetes symptoms in diabetic patients), an (AFg) was not applied unless an
endocrine mode-of-action was identified from the label. Additionally, an AFg was not applied if
endocrine effects were described as rare adverse effects on the label, or the API masked signs of
endocrine disease by controlling symptoms (e.g., controlled arrhythmias caused by hyperthyroidism).
If the AFc was already applied, the AFg was still noted but not additionally applied. This decision
was based both in part on the results of other assessment methodologies [10,24] for APIs and to
avoid overlapping conservatism in the application of UF/AFs. An Endocrine Activity AF (AFg)
of 3 was applied when at least one of the following conditions was present on the FDA label or
supporting information:

e Clear hormonal effects in animals were observed, but testing in humans was performed and no
effects were observed.

e Small but clinically insignificant changes in hormone levels were seen in animal studies.

e Endocrine effects were frequent in post market surveillance in humans but negative endocrine
effects were reported in animal studies, and no other precautions for endocrine effects were
provided on the label.

e Infrequent endocrine effects in post market surveillance or clinical trials in humans were noted
but there were no animal studies available on the label to support the observed endocrine effects.

An Endocrine Activity AF (AFg) of 10 was applied when at least one of the following conditions
was present on the FDA label or supporting information:

The endocrine effects observed were the intended therapeutic effects of the APL

,

The endocrine effects were described in the ‘Warnings/Precautions” or ‘Pharmacodynamics

section of the FDA label.

e The endocrine effects were described in the “Adverse Reactions’ section of the FDA label as
leading to discontinuation of treatment.

o  There were hormonal lab tests that were required or recommended as part of the treatment, or for
monitoring individuals taking the API.

e The endocrine effects were described as frequent adverse reactions in post-marketing surveillance or

clinical trials and/or there are animal data indicating positive hormonal effects relevant to humans.

2.4.3. Intraspecies Variability Uncertainty Factor (UFpyuman)

MDH accounted for the variation in how human individuals may respond to APIs by applying an
Intraspecies Variability UF of 10 to every APL This is consistent with EPA and MDH risk assessment
methods for deriving health-based guidance [12,25].

2.4.4. LOAEL-NOAEL (Dosing) Uncertainty Factor (UF.n)

Although APIs are designed to exert a beneficial therapeutic effect on an individual, this effect
may be undesirable for the general population. Adverse side effects may also occur at the LTD and
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drug safety studies may not report or test for effects that occur at doses lower than the LTD. As a
result, the LTD was considered to be analogous to a LOAEL and could not be considered as a NOAEL.
Therefore, the LOAEL-NOAEL UF (UF; .y) was applied.

A LOAEL-NOAEL UF (UFy.N) of 3 was applied as a default. The LOAEL-NOAEL UF (UF.y)
was increased to 10 if the FDA label or supporting information indicated that the API met any of the
following criteria:

e The API was labeled as Pregnancy Category D or X, or labeled as unsafe for pregnant women.
FDA pregnancy categories D and X indicate that there could be side effects that may affect sensitive
populations at the LTD. Category D is assigned when risks to the fetus were observed in humans,
but the benefits may outweigh the risks. Category X indicates studies in animals or humans have
shown fetal abnormalities or other risks to the fetus and the risks outweigh the benefits. These two
category classifications warrant the use of a more protective UE. In comparison, Categories A
and B indicate that adequate information in humans exist that demonstrate no substantial effect
to the fetus or that studies failed to demonstrate effects to the fetus and there have been no
well-controlled studies in pregnant women. Category C indicates that animal studies have shown
adverse effects to the fetus and that there are no adequate studies in humans, but the potential
benefits may outweigh the risks.

e  The API was labeled as Pregnancy Category C and the LTD approximated the dose used in
reproductive or developmental studies that was indicated on the FDA label.

e  The API was intended for life threatening conditions. APIs used to treat many serious conditions
often have severe side effects that can occur at the level of the LTD. The potential benefits of these
APIs may outweigh the risks for those seeking the therapeutic benefit, but the side effects may
not be acceptable to the general population.

e  The API was not clinically tested in children or, if it was tested in children, it had a different safety
profile than adults and the LTD applied only to adults. This extra level of protectiveness was
warranted because children are often more sensitive to the effects of APIs.

e  The LTD for the API was linked to serious and/or life threatening adverse effects.

e The FDA label for the API contained a black box warning. Certain serious warnings, particularly
those that may lead to death or serious injury, are often required to be presented as a black
box warning on the label with bold text marked ‘Warning’ [26]. Warnings for which a UF of
10 was applied included serious, life threatening effects not related to the condition or illness
that the API was treating. Examples of effects where a UF of 10 was applied include statements
concerning drug abuse or overdose, increased suicide from antidepressants, and those related to
specific polymorphisms. Potential vulnerability due to genetic polymorphisms is addressed by
the Intraspecies UF.

2.4.5. Database Uncertainty Factor (UFpp)

A Database UF (UFpg) was applied to account for APIs with less extensive toxicity testing,
especially if the data gap may be relevant to sensitive populations. A UFpp of 3 was applied to APIs
that may have extensive toxicity testing, but an important study appeared to be missing from the drug
label. The lack of multigenerational reproductive/developmental studies was a common cause for
setting this UF to 3. A UFpg of 10 was applied to APIs that had no animal studies or studies with very
limited endpoint testing as described on the available FDA label or other readily available sources
(e.g., NTP, HSDB). Additional information may have been available in the published scientific literature,
but an extensive literature search and subsequent in-depth analysis and critical review was outside the
scope bounds for conducting a rapid assessment because it is very time and resource intensive.
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2.4.6. Duration (of Administration) Uncertainty Factor (UFsc.c)

A Duration UF (UFsc.c) was applied to account for uncertainty based on the length of APT use
or administration, to account for limited chronic testing, or to account for the potential for increased
severity of potential effects over time during the course of taking an API. A Duration UF (UFsc.c) of 3
was applied when at least one of the following conditions applied based on the available FDA label or
supporting information:

e  The API was intended for chronic use (months to years) with no expected increase in severity of
adverse effects over time based on extensive time of human use, but had no or limited accessible
chronic animal studies.

e The API was intended for chronic use and had sufficient chronic studies in animals, but had some
evidence of increased or new risk of adverse effects in humans associated with longer durations
of use, including increased risk of dependence on the APIL

e The API was intended for chronic use and had sufficient chronic studies in animals, but was
relatively new to market, and uncertainty about possible duration-related effects due to a relatively
short history of human use remains.

A Duration UF (UFsc.c) of 10 was applied when at least one of the following conditions applied
based on the available FDA label or supporting information:

e  The API was intended for short-term use only (days to weeks)

e The API was intended for subchronic use (months) and had limited or no chronic testing in
animals. This includes APIs not intended to treat chronic or lifetime conditions.

e  The API was intended for chronic and/or lifetime use with no or limited chronic testing in
animals, and there is evidence for increased severity of adverse effects with increasing and longer
durations of use.

2.5. Screening Reference Dose (sRfD) Calculation

The calculated LTDs, along with the UF/AF assignments, were used in the derivation of sRfDs
for each API The sRfD is calculated in a similar manner to a traditional reference dose (RfD), a daily
oral dose that is not likely to have appreciable risk or adverse effects [25,27]. MDH calculated the sRfD
by dividing the LTD by the total UF/AF (Equation (2)):

sRfD (mg/kg-d) =LTD (mg/kg-d)/[(AFC or AFE) X UFHuman X UFL_N X UFDB X UFS.C] (2)

2.6. Water Screening Value (WSV) Calculation

The WSV was derived using the calculated sRfD, a relative source contribution factor (RSC),
a unit conversion factor, and a drinking water intake rate (Equation (3)). The WSV calculation is based
on the MDH standard non-cancer assessment algorithm for calculating short-term water guidance
values [12]:

WSV (ug/L) = (sRED (mg/kg-d) x RSC x Conversion Factor (11g/mg))/Water Intake (L/kg-d)
WSV (ug/L) = (sRfD (mg/kg-d) x 0.8 x 1000 (ng/mg))/0.289 (L/kg-d)

©)

Water intake may be only one of several pathways by which an individual may be exposed to a
contaminant. An RSC is used to account for exposure other than ingestion of water (e.g., inhalation of
volatilized chemicals, dermal absorption) as well as exposure from other media (e.g., diet) to ensure
that the cumulative exposure does not exceed the RfD, in this case the sRfD [25]. MDH used the EPA
Exposure Decision Tree [25,28] to identify the appropriate RSC value [28]. Within the EPA Decision
Tree framework, RSCs can range from 0.2 up to 0.8. The EPA methodology uses a ceiling of 0.8 (80%)
and minimum of 0.2 (20%) so that no more than 80% nor less than 20% of the RfD can be accounted for
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from ingestion of water at the developed guidance value [28]. WSVs were calculated using an RSC
of 0.8 for the majority of APIs, based on the assumption that individuals not taking a prescription
medication could receive the majority of their exposure through drinking water. An RSC of 0.2 was
applied to a very limited number of APIs that have prescription as well as numerous over-the-counter
uses, due to concerns regarding the frequency of unintended overdoses [29,30]. An example would
be acetaminophen or ibuprofen, which are widely used in infants and children cough, cold and
pain medications.

The intake rate used to calculate the WSV is 0.289 L/kg-d, which represents the 95th percentile
human infant intake for ages 1-3 months [12]. This is consistent with MDH methodology for completing
pesticide rapid assessments and with MDH risk assessment methodology for developing water
guidance values [12,31,32]. The use of this intake rate is protective for infants and special susceptible
populations, and was considered appropriately conservative for development of screening-level values.

3. Results

MDH identified 121 unique APIs from the 200 most prescribed pharmaceuticals in the United
States from the 2011 and 2012 Pharmacy Times lists [13,14]. Forty of the 121 unique APIs were excluded
from further analysis based on the exclusion criteria outlined in Table 1. Thirty-eight additional
unique APIs were identified from monitoring efforts in Minnesota waters. This resulted in a total of
119 APIs for evaluation, 81 from analysis of the top 200 prescribed pharmaceuticals in the United States
and 38 additional APIs that were commonly being monitored in Minnesota. Five APIs were included
in the assessment even though they did not have current FDA-approved labels or were discontinued
for use, despite the general exclusion criteria. These five included: lomefloxacin, norfloxacin,
oxytetracycline, propoxyphene, and sulfamethizole. Labels were identified in DailyMed [15] for these
five drugs, but it was discovered during the assessment that the API was either recently discontinued
for use or the label was too outdated to provide all of the necessary information needed for assessment.
In these cases, additional data sources [17,19,20] were relied upon to provide the needed information
to derive a sRfD and WSV.

MDH calculated LTDs for each of the 119 APIs. A large majority (106 or 89%) of calculated LTDs
used adult (i.e., >18 years of age) dosing, based on recommendations from the label. The remaining
13 (or 11%) used child or adolescent dosing and body weights (BW) from the label to serve as the basis
of the LTD (Figure 2). The calculated LTDs ranged from 0.0013 to 25 mg/kg-d, spanning four orders
of magnitude.

6-12 years

(50.3 kg);
1%
Adult Body Weight (80
kgo) Direct <18 years
&R body weight

Adolescent Body from label; 2%

Weights
13,11%

12-17 years (68kg); 6%

Figure 2. Breakdown of Dosing Basis for Lowest Therapeutic Dose Calculations for the 119 APIs
Evaluated. The child and adolescent body weights are based on averages for the ranges [21,22]
presented in Table 2.
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The LTDs were then used to generate sRfDs for 119 APIs. The total UF/AF adjustment applied
to the 119 APIs ranged from 100 to 30,000. The Intraspecies UF (UFtyman) of 10 was applied to all
APIs. The LOAEL-NOAEL UF (UF; N) of 3 or 10 was applied to all APIs as well. A breakdown of the
frequency of application for each UF and AF is shown in Figure 3.

A UF|_ of 10 was applied to the majority of APIs (102 out of 119 or 86%) and a UF; .y of 3 was
applied to the remaining 17 APIs (14%) as a default UF. Often, multiple decision points for application
of a UF of 10 applied to each API, such as a black box warning being present on the label and the
API not being intended for use in children. These instances were recorded, but only one UF;_y was
applied in these instances. Relevant black box warnings or pregnancy category D or X statements were
found on labels for 42% of APIs meeting the criteria for application of a UF; .y, The label for 24% of
APIs specifically indicated that the API was not intended for use in children, meeting the criteria for
application of a UFy .. Serious adverse effects occurring at the LTD were noted on the label for 15% of
APIs and 14% were labeled with a Pregnancy Category C classification with an LTD that approximated
doses used in reproductive studies, both cases also meeting the criteria for application of a UFy .y of 10.

The UFs ¢ was applied to 92 of 119 (77%) of APIs. The UFs.c of 3 was applied slightly more
often (50 out of 92 or 54%) than the UFs ¢ of 10 (42 out of 92 or 46%). The UFs.c of 3 was typically
applied to account for intended chronic use of an API that had sufficient testing apparent on the label
or supporting information, but there was evidence of an increase in incidence or severity of effects
with increased duration of use. The UFs_c of 10 was most often applied to account for APIs intended
for short-term use (e.g., antibiotics, pain relievers, and sedatives).

Cancer AF 9

Endocrine AF @l 41
E’ Intraspecies UF 119
B
2 LOAEL-NOAELUF | 102
=
<
= Database UF I T
=]
Duration UF | SN 42
0 20 40 60 80 100 120 140
Number of APIs with Applied UF/AF
m UF of 3 Applied UF of 10 Applied

Figure 3. Frequency of Uncertainty (UF) and Adjustment (AF) Factors (described in Section 2.4)
Application During Derivation of API sRfD including application of UF/AF of 3 or 10 applied for
the Cancer AF (AFc¢), Endocrine AF (AFg), Intraspecies UF (UFyman), LOAEL-NOAEL UF (UF N),
Database UF (UFpg), and the Duration UF (UFs_¢).

A UFpp of 3 or 10 was applied to 103 of 119 (87%) of APIs. The UFpp ¢ 3 was most often applied
(101 out of 103 or 98%) to account for a lack of multigenerational study to appropriately qualify
reproductive and developmental risks. The UFpg ot 10 was applied to two APIs (2%), benztropine and
digoxin, to account for a lack of animal studies, most notably for reproductive and developmental
endpoints, being described on the label or supporting information.

The framework for deriving sRfDs included two novel adjustment factors: Cancer AF (AFc) and
Endocrine (AFg). These adjustment factors were applied to less than half of the 119 APIs. In cases where
both factors were deemed appropriate only the higher of the two AFs was applied in deriving the
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sRfD. The AFc of 10 was applied to nine APIs (digoxin, drospirenone, fenofibrate, gemofibrozil,
olanzapine, pioglitazone, primidone, quetiapine, and risperidone) to account for evidence of a
threshold carcinogenic mode of action with the threshold near or below the LTD or MRHD. The cancer
endpoints identified for these nine APIs included liver carcinomas and tumors, mammary gland and
interstitial testes tumors, bladder tumors, thyroid cancers, and adrenal gland tumors.

The AFg was applied to 45 APIs, with the application of a AFg of 10 being the most frequently
applied value (41 out of 45). The AFg of 10 was usually applied for one of two reasons: (1) for 61%
(25 out of 41) it was based on endocrine side-effects (e.g., antidiuretic hormone effects, increased
hormone levels, goitrogenic effects, gynecomastia) described in the warnings and precautions,
pharmacodynamics, and adverse reactions sections of the label; or (2) for the remaining 39% (16 of 41)
it was based on endocrine effects that were the intended therapeutic effect (e.g., insulin stimulation,
regulation of thyroid activity) for APIs that were glucocorticoids, antidepressants, hormones, or lipid
lowering drugs. The AFg of 3, on the other hand, was usually applied to account for infrequent
endocrine effects (hormone level changes) being reported in humans with no animal data to support
these observed effects.

Some individual APIs lacked data to adequately evaluate carcinogenic potential or endocrine
activity. During the assessment it was determined that APIs within the same class could be used to
address these data gaps. Three classes of APIs (i.e., statins, sulfonamides, and tetracyclines) were
assessed as a group for determining the appropriate application of the Cancer AF and/or Endocrine
Activity AF. A group assessment was considered appropriate since the general modes-of-action are
similar within each class.

Statins, including atorvastatin, lovastatin, pravastatin, rosuvastatin, and simvastatin, were each
assigned an AFg of 10 based on clear indications for endocrine effects on the “Warnings and Precautions’
section of the label. Sulfonamides, including sulfadiazine, sulfamethizole, and sulfamethoxazole,
were each assigned an AFg of 10 to account for known drug class effects on the thyroid. The tetracycline
drug class, including demeclocycline, doxycycline, minocycline, oxytetracycline, and tetracycline,
were reviewed together to determine Cancer and Endocrine AFs. The tetracycline class evaluation
was based on the label for minocycline and supporting information on labels for others in the group.
Tetracyclines were assigned an AFg of 10 for thyroid effects including thyroid hyperplasia and the
potential of thyroid related cancers. An AFc of 1 was assigned to the five tetracyclines based on the
lack of information provided on labels to determine relative dosing related to human doses for cancer
studies, and due to the likely cancer mechanism, if present, being related to endocrine mechanisms,
which was more appropriately covered with the application of the AFg.

The sRfDs were calculated using the LTD and overall UF (Equation (2)). Each sRfD along with
an RSC and an infant water intake rate were used to generate the WSV (Equation (3)). An RSC of 0.8
was used for the majority of the 119 APIs. However, an RSC of 0.2 was used for one API, ibuprofen,
because it is included in multiple over-the-counter (OTC) formulations intended for children in
addition to prescription pharmaceuticals. The derived sRfDs ranged from 0.00000016 mg/kg-d to
0.12 mg/kg-d, spanning six orders of magnitude. The final derived water screening values (Table 3)
also spanned six orders of magnitude with values ranging from 0.0004 png/L to 400 pg/L. A detailed
breakdown of the calculation for each of the 119 APIs (i.e., LTD, sRfD, WSV, UE/AF application,
and reference label sources) is provided in Table S1. Pharmaceutical Water Screening Values Table
(see supplementary information).
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Table 3. Derived Water Screening Values (WSV), Screening Reference Doses (sRfD), Uncertainty and
Adjustment Factor (UF/AF) application, and calculated Lowest Therapeutic Doses (LTD) for 119 APIs 1

API CASRN LTD (mg/kg) Total UF/AF sRfD (mg/kg-d) WSV (ug/L)
Albuterol 18559-94-9 0.075 100 0.00075 2
Alendronate 66376-36-1 0.063 300 0.00021 0.6
Allopurinol 315-30-0 2.50 100 0.025 70
Alprazolam 28981-97-7 0.0094 1000 0.0000094 0.03
Amitriptyline 50-48-6 0.74 10000 0.000074 0.2
Amlodipine 88150-42-9 0.037 100 0.00037 1
Amoxicillin 26787-78-0 125 1000 0.013 40

Amphetamine salts - 0.039 3000 0.000013 0.04
Ampicillin 69-53-4 12.5 3000 0.0042 10
Atenolol 29122-68-7 0.63 1000 0.00063 2
Atorvastatin 134523-00-5 0.13 3000 0.000043 0.1
Azithromycin 83905-01-5 3.13 3000 0.001 3
Benztropine 86-13-5 0.013 3000 0.0000043 0.01
Betaxolol 63659-18-7 0.13 1000 0.00013 0.4
Bisoprolol 66722-44-9 0.6 1000 0.0006 2
Carisoprodol 78-44-4 9.38 1000 0.0094 30
Carvedilol 72956-09-3 0.313 300 0.001 3
Celecoxib 169590-42-5 2.50 1000 0.0025 7
Cephalexin 15686-71-2 12.5 1000 0.013 40
Cimetidine 51481-61-9 10 1000 0.01 30
Ciprofloxacin 85721-33-1 6.25 3000 0.0021 6
Clarithromycin 81103-11-9 6.25 3000 0.0021 6
Clavulanate 58001-44-8 3.13 1000 0.0031 9
Clindamycin 18323-44-9 7.50 3000 0.0025 7
Clonazepam 1622-61-3 0.013 3000 0.0000043 0.01
Clonidine 4205-90-7 0.0025 300 0.0000083 0.02
Clopidogrel 113665-84-2 0.94 300 0.0031 9
Codeine 76-57-3 0.19 1000 0.00019 0.5
Cyclobenzaprine 303-53-7 0.19 10000 0.000019 0.05
Demeclocycline 127-33-3 7 30000 0.00023 0.6
Diazepam 439-14-5 0.044 300 0.00015 04
Diclofenac 15307-86-5 1.25 300 0.0042 10
Digoxin 20830-75-5 0.0016 10000 0.00000016 0.0004
Diltiazem 42399-41-7 15 1000 0.0015 4
Doxepin 1668-19-5 0.94 3000 0.00032 0.9
Doxycycline 564-25-0 091 30000 0.000030 0.08
Drospirenone 67392-87-4 0.038 10000 0.0000038 0.01
Duloxetine 116539-59-4 0.50 1000 0.0005 1
Enalapril 75847-73-3 0.063 300 0.00021 0.6
Erythromycin 114-07-8 125 1000 0.013 40
Escitalopram 128196-01-0 0.13 3000 0.000043 0.1
Ezetimibe 163222-33-1 0.125 300 0.00042 1
Fenofibrate 49562-28-9 0.60 3000 0.0002 0.6
Fenoprofen 31879-05-7 2.5 3000 0.00083 2
Fluconazole 86386-73-4 1.25 10000 0.00013 0.4
Fluoxetine 54910-89-3 0.25 3000 0.000083 0.2
Furosemide 54-31-9 0.25 300 0.00083 2
Gabapentin 60142-96-3 113 100 0.11 300
Gemfibrozil 25812-30-0 15 3000 0.005 10
Glipizide 29094-61-9 0.19 10000 0.000019 0.05
Glyburide 10238-21-8 0.016 10000 0.0000016 0.004
Hydrochlorothiazide 58-93-5 0.16 10000 0.000016 0.04
Hydrocodone 125-29-1 0.25 10000 0.000025 0.07
Hydrocortisone 50-23-7 0.25 30000 0.0000083 0.02
Ibuprofen 15687-27-1 20 3000 0.0067 5t
Imipramine 50-49-7 0.37 10000 0.000037 0.1
Indomethacin 53-86-1 0.63 300 0.0021 6
Ketoprofen 22071-15-4 0.94 1000 0.00094 3
Lamotrigine 84057-84-1 2.81 300 0.0094 30
Levothyroxine 51-48-9 0.0013 300 0.0000043 0.01
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Table 3. Cont.

API CASRN LTD (mg/kg)  Total UF/AF sRED (mg/kg-d) WSV (ug/L)
Lisdexamfetamine 608137-32-2 0.38 3000 0.00013 0.4
Lisinopril 76547-98-3 0.063 3000 0.000021 0.06
Lomefloxacin 98079-51-7 20 3000 0.0067 20
Lorazepam 846-49-1 0.025 3000 0.0000083 0.02
Losartan 114798-26-4 0.63 300 0.0021 6
Lovastatin 75330-75-5 0.13 10000 0.000013 0.04
Mefenamic acid 61-68-7 12.5 3000 0.0042 10
Meloxicam 71125-38-7 0.094 1000 0.000094 0.3
Memantine 19982-08-2 0.25 1000 0.00025 0.7
Meprobamate 57-53-4 3.98 1000 0.004 10
Metformin 657-24-9 14.7 10000 0.0015 4
Methylphenidate 113-45-1 0.25 1000 0.00025 0.7
Methylprednisolone 83-43-2 0.05 30000 0.0000017 0.005
Metoprolol 51384-51-1 0.31 300 0.001 3
Minocycline 10118-90-8 2.5 30000 0.000083 0.2
Montelukast 158966-92-8 0.081 100 0.00081 2
Naproxen 22204-53-1 6.25 1000 0.0063 20
Nebivolol 118457-14-0 0.031 1000 0.000031 0.09
Nifedipine 21829-25-4 0.38 1000 0.00038 1
Norfloxacin 70458-96-7 10 3000 0.0033 10
Ofloxacin 82419-36-1 5 3000 0.0017 5
Olanzapine 132539-06-1 0.037 10000 0.0000037 0.01
Olmesartan 144689-63-4 0.25 300 0.00083 2
medoxomil
Oxycodone 76-42-6 0.25 30000 0.0000083 0.02
Oxytetracycline 79-57-2 6.25 30000 0.00021 0.6
Penicillin V 87-08-1 9.38 3000 0.0031 9
Pentoxyifylline 6493-05-6 5 300 0.017 50
Pioglitazone 111025-46-8 0.19 10000 0.000019 0.05
Pravastatin 81093-37-0 0.35 10000 0.000035 0.1
Prednisolone 50-24-8 0.06 30000 0.000002 0.006
Prednisone 53-03-2 0.063 30000 0.0000021 0.006
Pregabalin 148553-50-8 1.88 300 0.0063 20
Primidone 125-33-7 9.38 3000 0.0031 9
Progesterone 57-83-0 25 30000 0.000083 0.2
Promethazine 60-87-7 0.23 3000 0.000077 0.2
Propranolol 525-66-6 0.38 3000 0.00013 0.4
Propoxyphene 469-62-5 4.88 3000 0.0016 4
Quetiapine 111974-69-7 0.63 10000 0.000063 0.2
Ranitidine 66357-35-5 2 100 0.02 60
Risperidone 106266-06-2 0.0074 3000 0.0000025 0.007
Rosuvastatin 287714-41-4 0.063 10000 0.0000063 0.02
Sertraline 79617-96-2 0.31 3000 0.0001 0.3
Sildenafil 139755-83-2 0.13 1000 0.00013 0.4
Simvastatin 79902-63-9 0.063 10000 0.0000063 0.02
Sitagliptin 486460-32-6 1.25 10000 0.00013 0.4
Sulfadiazine 68-35-9 25 10000 0.0025 7
Sulfamethizole 144-82-1 12.5 30000 0.00042 1
Tadalafil 171596-29-5 0.031 300 0.0001 0.3
Tamsulosin 106133-20-4 0.005 3000 0.0000017 0.005
Temazepam 846-50-4 0.09 3000 0.00003 0.08
Tetracycline 60-54-8 18.8 30000 0.00063 2
Tramadol 27203-92-5 2.50 1000 0.0025 7
Trazodone 19794-93-5 1.88 10000 0.00019 0.5
Triamterene 396-01-0 047 300 0.0016 4
Trimethoprim 738-70-5 4.57 3000 0.0015 4
Valsartan 137862-53-4 1 300 0.0033 9
Verapamil 52-53-9 225 1000 0.0023 6
Warfarin 81-81-2 0.025 1000 0.000025 0.07
Zolpidem 82626-48-0 0.063 3000 0.000021 0.06

! Derived values are based on data and drug labels accessed in 2014 from DailyMed [15] and the FDA Drug

Database [17].
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4. Discussion

MDH developed a novel method to rapidly derive screening level values for APIs that have the
potential to be found in the environment. As described in Section 2, this method relied upon established
MDH risk assessment practices as well as pharmaceutical specific data to derive appropriately
conservative water screening values in a rapid manner.

4.1. Data Sources

The selection of an appropriate FDA label was key to deriving a WSV for each API. As previously
mentioned, it was important to find the most current and active FDA label available for oral
administration of the API. Labels from the original packager and brand names, that were no more
than three years old, were used to derive the screening values in 2014. When original labels were not
available, repackagers and generic labels were used. When labels in DailyMed [15] were older than
two years, the FDA Drugs Database [17] was consulted to confirm that it was the most up-to-date
available label.

The available FDA-approved labels can change over time due to new FDA labeling requirements
or availability of new safety data. Changes to labeling requirements could affect where relevant
information is found on the label and could change how the available data is interpreted.
During development of the 119 screening values, the FDA finalized a new Pregnancy and Lactation
Labeling Rule (PLLR) that changed how pregnancy and lactation data were presented on the label [33].
The new rule removed the use of pregnancy letter categories (A, B, C, D, and X) and replaced it with
three subsections labeled ‘Pregnancy’, ‘Lactation’, and ‘Females and Males of Reproductive Potential’.
This new rule gradually phased in the new requirements for existing products and immediately
impacted newly registered products. These changes do not impact the values already derived; however,
the evaluation of new products will have to be slightly altered to fit the new label presentation.
The developed methodology is still useful when evaluating these new products, as the description of
effects will still be available. However, the pregnancy letter categories which made the LOAEL-NOAEL
UF designation easy to apply, will not be present.

Additional changes to other label sections may occur if additional rule changes are made by the
FDA. Changes to labels may also occur as new safety data are added. When there is updated safety
information, the FDA [34] generally directs that relevant labels be updated to reflect those changes.
MDH, however, found that labels in DailyMed [15] were not always updated. Changes to labels can
also be due to changes in manufacturer or packager of the API, as well as formulations being acquired
by different companies as a product becomes generic. DailyMed [15] did not have an archive process
for these labels when a new label was issued under the same manufacturer at the time of the MDH
assessment. For these reasons, labels for assessment were chosen carefully and were identified during
value derivation (Table S1). With this knowledge, MDH relied heavily on the FDA-approved label,
but other sources were consulted to verify information and fill in data gaps.

The data sources used for this rapid assessment method placed constraints on the types of APIs
that could be evaluated. Over-the-counter drugs (OTC), genotoxic or non-threshold carcinogens,
and those with non-oral routes of administration cannot be adequately assessed using this method,
even though they are often detected in the environment. The Decision Tree in Figure 1 could be easily
adapted for OTC drugs; however, different sources of relevant information would need to be identified
to facilitate consistent and rapid reviews since OTC labels do not contain the same level of detail as
prescription labels. Appropriate risk assessments of genotoxic and non-linear carcinogens require
development of cancer slope factors. However, cancer slope factors are not available on FDA-approved
labels and cannot be developed without access to data that are currently not publicly available.
Drugs with non-oral routes of administration need to be assessed using route-to-route extrapolation.
While there are various methods available to conduct route-to-route extrapolation, there are currently
no methods developed to facilitate a rapid screening assessment for non-orally administered APIs.
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Additional or different methods, decision criteria data, and data sources would need be needed to
address these groups of APIs.

4.2. Appropriately Conservative Methodology

The rapid assessment method was designed to derive appropriately protective sRfDs and WSVs.
The method is designed to be more conservative than values generated using the established MDH
methodology for in-depth chemical reviews. The level of protectiveness is appropriate for a screening
value meant to protect the general population, including sensitive or highly exposed populations,
based on limited data or time for assessment. To ensure that the sRfDs and WSVs were sufficiently
protective, appropriately conservative selections were made for a variety of parameters used to derive
sRfDs and WSVs.

An adult body weight of 80 kg was used in the LTD calculations. As seen in Figure 2, the most
common body weight used in the development of the LTDs was the 80 kg adult body weight.
In most risk assessment methodologies, 70 kg is the standard adult body weight. According to
the EPA, the average adult body weight has increased in recent years, making the 80 kg estimate more
appropriate for the current general US adult population [22]. Use of the higher adult body weight
results in lower LTDs and sRfD.

The Decision Tree (Figure 1) for application of UF/AFs based on drug label and supporting
information was designed to ensure that the resulting sRfD, which was based on limited data and
level of evaluation, would be protective of the most sensitive members of the general population.
MDH risk assessment methodology for conducting in-depth chemical reviews, uses a maximum UF
of 3000 when deriving an RfDs [12]. A chemical with a UF over 3000 is deemed to have insufficient
information to derive an appropriate health-based value. The rapid assessment methodology resulted
in the application of overall UFs ranging from 100 to 30,000, with 33 (28%) having values greater
than 3000. The majority of APIs with a total UF greater than 3000 were either endocrine-active or
had a LOAEL-NOAEL UF (UF;.y) of 10 (Table S1). The common application of an UF; .\ of 10 is not
unexpected given that APIs are designed to be biologically active at low doses.

Uncertainty factors for intraspecies variability (UFguman), LOAEL-NOAEL extrapolation
(UFL-n), database deficiencies (UFpg), and duration (UFs. 4,.c) are commonly applied in established risk
assessment practices for industrial and commercial product environmental contaminants. Unlike APIs,
these environmental contaminants are not usually designed to be biologically active in humans.
To account for this intended biological activity, MDH included additional adjustment factors for cancer
(AFc) and endocrine activity potential (AFg) in the rapid assessment framework for pharmaceuticals.
The use of additional factors for cancer and endocrine activity has precedence based on other methods
and approaches described in the published literature [10,24]. The Australian government (AU) has
published guidelines for water recycling that include development of surrogate acceptable daily
intakes for pharmaceuticals [24]. The AU describes use of a 10-fold safety factor for hormonally active
steroids because normal hormone function and fertility could be adversely affected in those not taking
the medication for therapeutic benefits [24]. This hormonally-based safety factor used by the AU is
similar to the endocrine activity AF applied in MDH's rapid assessment methodology. The WateReuse
Foundation also identified hormonally active compounds and genotoxic carcinogens to be of particular
concern and incorporated a UF of 10 in their assessment [10]. These additional AFs provided an extra
degree of protection for effects that were not necessarily captured by the other UFs, and may be related
to the intended biological effect of the API. The maximum LOAEL-NOAEL UF of 10 may not be
adequately protective for APIs designed to effect endocrine targets or for potential carcinogens.
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The use of a water intake rate based on bottle-fed infants of 0.289 L/kg-d also added to the
conservative nature of the derived screening values. Bottle-fed infants have a higher intake of water on
a per body weight basis than individuals at any other life-stage, and are more likely to ingest a higher
dose than adults [12,32]. The high infant intake rate is protective of formula-fed infants as well as other
sensitive populations. The same intake rate and rationale has been applied by MDH for deriving rapid
assessment values for pesticides [31] and is recommended for screening level values [32].

Comparison of WSVs with MDH Derived Health-Based Guidance (HBG)

To test the developed method, MDH compared the WSVs derived using the rapid assessment
methodology with health-based guidance values (HBGs) derived from traditional in-depth reviews for
five APIs [35]). The five APIs were acetaminophen [36], carbamazepine [37], 17a-ethinylestradiol [38],
sulfamethoxazole [39], and venlafaxine [40]. The HBGs are based on an in-depth evaluation of potential
health risk and are preferred over WSVs when available.

The WSVs derived using the rapid assessment methodology were 2 to 250 times lower, or more
conservative, than HBGs derived using established MDH in-depth review methods (Table 4). For four
of the five (acetaminophen, carbamazepine, sulfamethoxazole, and venlafaxine) APIs the same RSC
(0.2 for acetaminophen and 0.8 for the others) and intake rate (0.289 L/kg-d) were used to derive both
the WSV and the HBG. When these inputs were the same, the resulting WSVs were lower than HBGs
due, in part, to use of the LTD as the point of departure (POD) instead of a LOAEL or NOAEL, as well
as of the additional UFs and AFs. Total UF/AFs for WSVs were higher than those used for HBGs.
This was expected because full in-depth reviews required for HBG development were more refined
and involved critical examination of much larger datasets, which reduced the degree of uncertainty.

For the remaining API, 17a-ethinylestradiol, the RSC used to derive the WSV and HBG was 0.8,
but the intake rates differed. The HBG derived from a full in-depth review supported use of a lower,
sub-chronic water intake rate (0.070 L/kg-d) rather than the infant intake rate (0.289 L/kg-d) used in
deriving the WSV. The lower intake rate in the HBG calculation and the higher overall UF applied
in the WSV calculation resulted in a nearly identical values. This indicated that even for hormonal
active compounds that mimic endogenous chemicals, the derived WSVs are near or lower than values
derived with traditional methods.

The two WSVs for acetaminophen represented the recommended daily dose ranges for different
therapeutic purposes. For example, a simple headache might be treated effectively with only one tablet
but more severe pain or chronic conditions such as arthritis might require the maximum recommended
daily dosing of six tablets (i.e., 1 tablet every 4 h). The lower LTD of 3.75 mg/kg-d and WSV of 9 ug/L
were based on one tablet per day while the higher LTD of 22.5 mg/kg-d and WSV of 50 ug/L were
based on six tablets per day.

The limited comparison of rapid assessment-based WSVs and HBGs, which are based on an
in-depth review, demonstrates a reasonable level of conservatism. Therefore, WSVs were considered
appropriate for screening and prioritization purposes and were not likely to underestimate risk.
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Table 4. Comparison of Inputs and Values for the Pharmaceutical Rapid Assessment Method
for Deriving WSVs and MDH established traditional method for deriving Health-Based Guidance

Values (HBG).
Pharmaceutical Rapid .
API WSV (ug/L) Ml;)l;l:}B G Level of Protection Assessment hg;z‘:ﬁ:‘ﬁgge
H Method Inputs P
LTD1—3.75
LTD2—22.5 mg/kg-d POD—7.4 mg/kg-d
9 UBtuman—10 UFy—10
Acetaminophen 2 200 4-22x UFLn—10 H
50 UFps—3 UFpp—3
UFg.c—10 Total UF—300
Overall UF/ AF—3000
LTD—1 mg/kg-d POD—3.8 mg/kg-d
AFc—10
UF, —10 UFy—10
Carbamazepine 0.9 40 44x HUMAN UF; .N—10
UFLn—10
U3 UFpp—3
Overall UF/ AF—3000 Total UF—300
LTD—0.00044 mg/kg-d
AFg—10 —7
POD—4.2 x 10~" mg/kg-d
UFruman—10 UFp—10
17a-Ethinylestradiol 0.0001 0.0002 2x UFL.N—10 UFH 3
UFpp—3 A
UFo—3 Total UF—30
Overall UF/ AF—3000
LTD—4.57 mg/kg-d
AFg—10 POD—1.2 mg/kg-d
UFjuman—10 UFp—10
Sulfamethoxazole 0.4 100 250x UFL.N—10 U FF:\fS
UFpg—3
UFs.c—10 Overall UF—30
Overall UF/AF—30,000
LTD—25 mg/kg-d
UFguman—10 POD—0.54 mg/kg-d
. UFN—10 UFy—10
Venlafaxine 0.3 10 33x UFpp—3 UFyn—10
UFg.c—10 Total UF—100

Overall UF/ AF—3000

1 Points-of-departure (POD) for derving MDH Health-Based Guidance (HBG) are NOAELS or LOAELS. Uncertainty
factors (UF) used in deriving HBGs include Intraspecies UF (UFy), Interspecies UF (UF,), LOAEL-NOAEL UF
(UFyn), and a Database UF (UFpg). 2 The lower LTD of 3.75 mg/kg-d (LTD;) and WSV of 9 ug/L were based on
one tablet per day for acetaminophen, while the higher LTD of 22.5 mg/kg-d (LTD,) and WSV of 50 ug/L were
based on six tablets per day for acetaminophen. Both dosing regimens are therapeutically relevant and therefore
were both included as comparison values.

4.3. Applications of the Values and Use of the Method

The WSV derived by MDH using the rapid assessment methodology are most appropriate for
prioritization and screening purposes. MDH recommends using WSVs as a first tier assessment
for detections of APIs in a variety of water environments, including surface water, groundwater,
and treated drinking water. Ingestion of water is unlikely to pose a threat to human health when API
water concentrations are below the WSV. WSVs can also be used for: (1) setting priorities for deriving
new health-based guidance based on in-depth reviews; (2) setting priorities for developing new or
improved laboratory analytical methods; (3) selecting APIs to be included in future monitoring projects;
and (4) assisting in the evaluation of water quality. Situations in which water detections exceed the
WSV, may benefit from completing a more thorough risk assessment for the API. Many APIs may not
have any available analytical methods, making it impossible or difficult for them to be included in
environmental monitoring programs. The WSVs may help to identify APIs that warrant development
of new or improved analytical methods. The water screening values are not designed to be used
as definitive estimates of risk. A more refined assessment, including detailed toxicity and exposure
evaluations, should be done before specific risk management decisions are made.

To date, MDH has used the derived values to provide context to environmental detections
of various monitoring studies of surface water and groundwater in Minnesota. The majority of
detections have been below developed WSVs. Only two APIs, hydrochlorothiazide (WSV of 0.04 ug/L)

325



Int. J. Environ. Res. Public Health 2018, 15, 1308

and methylprednisolone (WSV of 0.005 ug/L), have been detected in Minnesota surface water at
concentrations exceeding the WSV (0.0571 ug/L and 0.006, respectively) [41,42]. No concentrations
for APIs in Minnesota groundwater have exceeded a WSV. Gabapentin, an anticonvulsant is detected
frequently and at relatively high concentrations compared to other APIs in Minnesota surface waters,
sometimes at concentrations over 1 ug/L [42]. While these concentrations appear of concern in contrast
to concentrations of other APIs, the concentrations are well below the developed WSV of 300 ug/L
indicating that gabapentin detections are not likely to pose a human health concern at detected
concentrations. It should be noted that WSVs may not be protective of ecological receptors.

Although, concentrations did not exceed the WSV for most APIs in Minnesota, that does not
indicate that concentrations of APIs in other areas and states are not of potential concern. The WSVs can
be used to provide context to environmental detections in waters throughout the country to similarly
prioritize monitoring efforts and determine potential health risk posed by detected concentrations.

Additionally, MDH compared the WSVs to available maximum detection limits (MDL) and
maximum reporting limits (MRL) for analytical schedules from EPA (Methods 1694, 1698) [43,44],
USGS (Methods 2434, 2440, and 2080) [45-47], and SGS Axys Analytical pharmaceutical methods [48],
all of which are commonly used to analyze Minnesota monitoring samples. The MDL or MRL
exceeded the WSV for eight APIs, including benztropine, digoxin, glyburide, hydrocortisone,
methylprednisolone, oxycodone, prednisolone, and prednisone, indicating that efforts to improve
(lower) detection limits of existing analytical methods may be warranted.

MDH was also unable to find evidence of monitoring capability for nearly 22% (18 of 81) of
the most commonly prescribed APIs. Given the potential for environmental release development of
analytical capabilities should be a research priority.

5. Conclusions

MDH has developed a rapid assessment method for deriving WSVs for APIs. This approach
is rooted in traditional risk assessment practices and builds upon related methods created by other
organizations. This method can be applied for most orally administered human prescription drugs.
Screening level values were developed relatively quickly using data from FDA-approved drug labels.
MDH used the rapid assessment method to derive sRfDs and WSVs for 119 unique APIs that are
commonly prescribed and/or monitored in the environment. The use of FDA-approved labels and
limited additional sources allowed for the derivation of consistent and appropriately conservative
screening level values. These screening values filled existing data gaps in the available guidance for
many of these APIs.

Over four billion pharmaceutical prescriptions were filled last year in the United States, and this
estimate is expected to increase in coming years. Continually increasing trends in prescription usage
means that APIs have an ever-growing presence in the natural environment. Pharmaceuticals are nearly
ubiquitous in most environmental media as a result of improper disposal and normal human excretion.
Growing concerns about widespread prevalence of APIs in the environment led to the realization that
a rapid method for developing values to provide context for the occurrence of APIs in the environment
was required. The rapid assessment method and screening values developed by MDH provide
information that can be used to respond to current detections and allow risk managers opportunities
to be proactive in setting future priorities. Some future priorities include continued monitoring
for pharmaceuticals in environmental media, setting priorities for more detailed and impactful
pharmaceutical risk assessments, and identifying the need for new or modified analytical methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/7/1308/
s1, Table S1: Active Pharmaceutical Ingredient (API) Rapid Assessment Method Inputs, Decisions, Values,
and Supporting Information.
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Abstract: In 2007, the Minnesota Department of Health (MDH) developed new risk assessment
methods for deriving human health-based water guidance (HBG) that incorporated the assessment
of multiple exposure durations and life stages. The methodology is based on US Environmental
Protection Agency recommendations for protecting children’s health (US EPA 2002). Over the last
10 years, the MDH has derived multiple duration (e.g., short-term, subchronic, and chronic) water
guidance for over 60 chemicals. This effort involved derivation of multiple duration reference doses
(RfDs) and selection of corresponding water intake rates (e.g., infant, child, and lifetime). As expected,
RfDs typically decreased with increasing exposure duration. However, the corresponding HBG
frequently did not decrease with increasing duration. For more than half of the chemicals, the shorter
duration HBG was lower than chronic HBG value. Conventional wisdom has been that chronic-based
values will be the most conservative and will therefore be protective of less than chronic exposures.
However, the MDH’s experience highlights the importance of evaluating short-term exposures.
For many chemicals, elevated intake rates early in life, coupled with short-term RfDs, resulted in
the lowest HBG. Drinking water criteria based on chronic assessments may not be protective of
short-term exposures in highly exposed populations such as formula-fed infants.

Keywords: drinking water guidance; infant exposure; chemical risk assessment; duration extrapolation

1. Introduction

Guidance values produced by human health risk assessments most often use animal experiments
of different durations and key endpoints of consideration to derive a quantitative guidance value for
the matrix of concern (water, air, soil, etc.). Chronic duration studies have been the preferred source of
toxicity information, as these longer duration studies provide ample time for toxic effects to manifest
from the exposure protocol. In recent years, a realization has been building that elevated sensitivity
or exposures during the developmental time period may provide data that drive a risk assessment
to a lower guidance value compared to use of longer duration chronic studies. In 1993, the National
Academy of Science (NAS) [1] recommended changes to regulatory practice in order to ensure proper
characterization of risks to infants and children. The specific recommendations included consideration
of greater physiological sensitivity of infants and children, using exposure estimates representative of
infants and children, and accounting for nondietary as well as dietary sources of exposure. The NAS
report prompted passage of the Food Quality and Protection Act and amendments to the Safe Drinking
Water Act related to children’s health protection. The US Environmental Protection Agency (US EPA)
subsequently established the reference dose/reference concentration (RfD/RfC) Technical Panel early
in 1999 to evaluate the RfD/RfC derivation process with respect to how well children and other
potentially sensitive subpopulations are protected. As a result of this review, the RfD/RfC Technical
Panel recommended derivation of RfD/RfCs for multiple exposure durations as well as enhanced or
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additional testing protocols to improve children’s health protection as part of the noncancer assessment
process [2].

In 2007, the Minnesota Department of Health (MDH) began implementing exposure
duration-specific methods that were adopted into state rule in 2009 [3]. For the derivation of
noncancer health-based guidance, the MDH relied heavily upon the RfD/RfC Technical Panel
recommendations [2] and additional duration- and life-stage specific US EPA guidance [4,5].
In addition, changes to MDH practice were mandated in Minnesota’s 2001 Health Standards Statute,
which required that safe drinking water standards include “a reasonable margin of safety to adequately
protect the health of infants, children, and adults ... ” [6]. This statute was based on concerns
regarding children’s susceptibility to environmental contaminants. In response, the MDH’s approach
to multiple-duration guidance included consideration of “windows of sensitivity” to toxicants as well
as periods of high exposures.

The MDH derives human health-based guidance (HBG) to evaluate potential health risks of
environmental exposures. The focus of this manuscript are HBGs developed in response to concerns
over contaminated water. MDH guidance is used by state programs as regulatory tools for groundwater
protection, the prevention of exposure, remediation of contaminated sites, and to provide context for
risk management. The MDH also uses HBG to advise households about chemical contamination in
private wells. An HBG represents a water concentration (expressed as micrograms of chemical per
liter of water, pug/L) that can be consumed with no appreciable risk to human health. HBGs are based
on chemical toxicity (the dose that results in adverse effects), the duration of exposure (the time period
of exposure that results in adverse effects), and the amount of water individuals drink during the
exposure period.

Until 2007, the MDH used methods for deriving HBG that were similar to those used by the US
EPA Office of Water for calculating chronic (lifetime) health advisories [7]. The US EPA methods for
assessing noncancer health effects from lifetime exposure generally combine an adult water intake rate
(2 L per day for a person weighing 70 kg, 2 L/70 kg b.w./day) with a chronic reference dose (RfD) and
a relative source contribution factor (RSC) of 0.2. The RSC factor represents the maximum amount
of the RfD “apportioned” to drinking water [8]. US EPA also derives 1- and 10-day health advisories
using a child water intake rate (1 L per day for a child weighing 10 kg, 1 L/10 kg b.w./day) and no
RSC (allowing 100% of the RfD to be from consumption of water). This approach typically results in
short-term health advisory values that are greater than longer-term lifetime health advisory values.
In contrast, the MDH’s implementation of exposure duration-specific methods has resulted in HBGs
that have been more frequently driven by less-than-chronic exposure scenarios.

As of December 2017, the MDH has utilized the multiduration methodology discussed above to
derive HBG for 85 chemicals or chemical groups. A wide range of chemicals have been evaluated,
including, solvents, pesticides, consumer product/personal care-related chemicals, pharmaceuticals,
and perfluorinated compounds. This publication is a retrospective evaluation of the MDH’s decade
long experience of incorporating multiple duration evaluations into their process for deriving HBGs
for water. The specific objectives of the evaluation are to: (1) evaluate the significance of incorporating
multiple duration assessment methodology for deriving HBG intended for the general population
(rather than the traditional single chronic duration) and (2) determine the overall utility of conducting
multiple duration assessments for public health protection.

2. Materials and Methods

To derive HBG, the MDH followed the standard US EPA four-step risk assessment process: hazard
identification; dose-response/toxicity evaluation; exposure assessment; and risk characterization [9].
Hazard identification is a determination of the type of adverse effects posed by a chemical or substance.
Dose-response or toxicity evaluation describes the quantitative relationship between the amount of
exposure (i.e., dose) to a substance and the extent of toxic injury or disease. Exposure assessment
typically includes the magnitude, frequency, duration, and route of exposure. Finally, when applied
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to developing standards or guidance, risk characterization integrates all three previously mentioned
steps to derive a level of exposure that is unlikely to pose a health risk to the population of interest.

2.1. Hazard Assessment and Dose—Response

The chemicals chosen for review were identified by state agencies and the public as chemicals
known or anticipated to be groundwater or surface water contaminants in Minnesota. For each
chemical, government reports and peer-reviewed literature were searched for toxicity study
information that encompassed various life stages and durations. The MDH adopted the duration
definitions as recommended by the US EPA [2], as shown in Table 1.

Table 1. Defined study exposure duration [2].

Duration Definition

Short-term Repeated exposure for more than 24 h, up to 30 days.

Repeated exposure for more than 30 days, up to
Subchronic approximately 10 percent of a lifetime (approximately
90 days in typical laboratory rodent studies)

Repeated exposure for more than approximately 10
Chronic percent of a lifespan (more than 90 days, to 2 years in
typical laboratory rodent studies)

For each chemical assessment and each toxicity bioassay, the MDH evaluated information
regarding the specific periods of time (e.g., life stage most susceptible to a toxic effect) and durations
of exposure necessary to elicit an adverse effect. The MDH found that data were often not available
for all dose-response time points or all life stages of potential interest, such as fetal or neonatal life
stages. In addition, the time-point or exposure duration associated with effects was often not clear,
since many parameters (e.g., histopathology) were assessed only at study termination. Studies that
did include exposure during development (e.g., gestation, birth, and nursing) typically did not report
the dose to the fetus or neonate. In these cases, the MDH used the maternal dose as a surrogate.

Studies that did not include developmental exposure were useful for assessing shorter-duration
dose-response for non-developmental health endpoints. Unless data to the contrary were available,
these non-developmental endpoints (e.g., hepatotoxicity) were assumed to be relevant to any age
group, including infants and children, when matched to the appropriate exposure duration.

Reference Dose Derivation and Selection

Using the systematic approach recommended by the US EPA [2], the MDH derived an RfD for
each duration for which sufficient toxicity data were available. An appropriate point of departure
(e.g., no observable adverse effect level (NOAEL), lower confidence limit of a benchmark dose (BMDL),
or lowest observable adverse effect level (LOAEL)) was identified and adjusted by applicable human
equivalent dose conversion [10], uncertainty, and variability factors [3].

Since the RfD for each duration should be protective of all health endpoints that could occur within
the given duration of exposure [2,3], the MDH considered and compared the short-term, subchronic,
and chronic duration-based RfDs for a chemical prior to final RfD determination. Standard short-term,
subchronic, and chronic toxicity bioassays typically do not encompass all life stages or may not assess
all sensitive endpoints. In cases where the shorter-duration RfD was lower (more protective) than
a longer-duration RfD due to life stage sensitivity or health effect assessed in the shorter duration
study but not assessed in the longer-duration studies, the shorter-duration RfD was used as the
longer-duration RfD as well. For example, a short-term RfD, based on developmental effects, may be
lower than the chronic RfD based on evaluation of adult animals only. Since assessment of early
life stages was not included in the chronic studies, the final chronic RfD would be set at the lower
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short-term RfD to ensure that short-term exposures that occur within a chronic durations are adequately
protected. Shorter duration RfDs that were lower because of differences in study dose selection were
not used as RfDs for longer durations. For example, wider dose spacing in the subchronic study could
result in a lower subchronic RfD because the subchronic NOAEL was lower than the chronic NOAEL.
The differences in the RfDs is due to the different dose levels selected alone and not due to the lack of
life stage or endpoint assessment. This approach is consistent with US EPA recommendations [2] and
recent US EPA practice [11]. Specific case where these decisions were made are described in Section 3.1.

The duration specific RfD and its basis for each chemical is available on the MDH'’s website (http:
//www.health.state.mn.us/divs/eh/risk/guidance/gw/table.html) in the form of chemical-specific
toxicity summaries. Links to the chemical specific summaries are also provided in Table S1 of the
Supplemental Information.

2.2. Exposure Assessment—Drinking Water Intake Rates and the RSC

Estimation of human doses from drinking water exposures requires a drinking water intake rate
for assessing exposure in the context of the RfD. An HBG is derived by incorporating a drinking
water intake rate, which is the quantity of water consumed per kilogram of body weight per day
(L/kg per day). In 2007, the MDH used the US EPA’s report, “Estimated Per Capita Water Ingestion
and Body Weight in the United States—An Update” [12] as a source of intake rates for the general
population and subpopulations (e.g., children, pregnant women). As recommended by the US EPA
Science Advisory Board (SAB) [13], the MDH used estimates of intake based on data for individuals
who drank at least some tap water (i.e., consumer-only). The US EPA has since updated the Exposure
Factors Handbook [14], which now serves as the source of water intake rates for the MDH’s HBG
(see Table 2).

Table 2. Age group water ingestion rates (Tables 3-1 and 3-3, consumers only [14]).

Age Grou Mean Ratio to All 95th Percentile Ratio to All
8 P (L/kg-Day) Ages (L/kg-Day) Ages
Birth to <1 0.137 8.6 0.238 54
month
1to<3 0.119 7.4 0.285 65
months
3to<6 0.080 5.0 0.173 39
months
6to<l2 0.053 33 0.129 29
months
1to <2 years 0.027 17 0.075 1.7
2 to <3 years 0.026 16 0.062 14
3 to <6 years 0.021 1.3 0.052 1.2
6 to <11 years 0.017 11 0.047 11
1 to <16 0.012 0.8 0.035 0.8
years
16to <18 0.010 0.6 0.030 07
years
18to <21 0.011 0.7 0.036 08
years
>21 years 0.016 1.0 0.042 1.0
All ages
(ifetione) 0.016 0.044
Pregnant 0.014 0.9 0.043 1.0
women
Lactating 0.026 16 0.055 13
women
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Infancy and early childhood are clearly periods during which exposure to water is the greatest,
as demonstrated by the much larger water intake rates on a per body weight (L/kg per day) basis.
Intake rates drop sharply with age, approximating adult rates on a per body weight basis by 6 to
11 years of age. The MDH selected the 95th percentile intake rates for HBG derivation. This ensured
that the HBG was protective of individuals who consume most of their water from a single source,
such as a private well.

For deriving short-term duration HBG, the MDH selected the 1 to <3 months old infant intake
rate of 0.285 L/kg per day. For longer-durations, the MDH calculated time-weighted averages
(TWA) starting at birth. The resulting subchronic (birth to approximately 8 years) and chronic
(birth to approximately 70 years) duration TWA intake rates were 0.070 and 0.044 L/kg per day,
respectively. These intake rates represent default values. Other exposure values were used if sufficient
chemical-specific information indicated that a different duration or intake rate was more appropriate.
For example, if a developmental effect was identified as the most sensitive effect and the susceptible
period was limited to in utero development for the health effect of concern (e.g., cardiac malformations),
the intake rate for pregnant women was used to calculate the HBG value.

Another aspect of exposure is the relative contribution that ingestion of water adds to the
total exposure to a chemical. Water intake may constitute only one of several exposure pathways.
A relative source contribution (RSC) factor is used to account for non-water ingestion related exposures
(e.g., inhalation of volatilized chemicals, dermal absorption) as well as exposures via other media
(e.g., consumer products, food, air, and soil) to ensure that the cumulative exposure does not exceed
the RfD.

The use of an RSC is mandated by Minnesota state statute [15] and is based on the US EPA’s historic
use of the RSC to derive drinking water health advisories and ambient water quality criteria. US EPA
guidance for the latter includes an exposure decision tree for selecting RSC values [8]. The decision tree
consists of a series of decision points at which the availability and quality of chemical and exposure
data are evaluated. In general, a lack of statistically significant exposure data will steer the process
towards a lower, more protective, RSC value. Higher RSC values may result if situation-specific data
indicate that alternate exposures may not be as significant as water ingestion. US EPA [8] recommends
that RSC values stay within the range of 0.2 to 0.8; the lower end of the range protects against other
routes of exposure when uncertainty is high, and the upper end of the range allows for unknown
exposures when uncertainty is low. Because the HBG are derived for exposure to the general public
rather than a site-specific situation the application of the decision tree results in an RSC of 0.2 for most
chemicals, which means that ingestion of water accounts for 20 percent of the RfD, with the remaining
80 percent coming from other pathways or sources of exposure.

A default RSC of 0.2 was used for the multiple duration HBG developed for most of the
85 chemicals studied, with some exceptions. The narrower range of environments encountered
by an infant during the first few months of life justified the use of an RSC of 0.5 for short-term
(infant) exposures to most chemicals found in drinking water. The MDH used an RSC of 0.2 for all
durations (including short-term based on infants) for chemicals that were classified as highly volatile,
because inhalation is likely to be a significant exposure pathway for all durations. For pharmaceuticals
available only through prescription, the MDH used an RSC of 0.8 for all durations because exposure
from non-water sources, apart from prescription use, is unlikely. The MDH’s derivation of the default
RSC values using US EPA’s decision tree process is documented in Appendix K of the MDH's technical
support document [3].

2.3. Risk Characterization

Understanding the relationship between timing and duration of exposure to a chemical and the
subsequent adverse effects was essential in completing the characterization of risk. Calculation of
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each HBG combines a duration-specific RfD with the corresponding intake rate and a relative source
contribution factor (RSC)

RfDgyration X RSC x 1000 ug/mg

nI_IBGdurat'ior\ = IR gura
uration

(€]
where:

nHBGqyration = the noncancer health-based guidance value, for a given duration (see Table 1),
expressed in units of micrograms of chemical per liter of water (ug/L).

RfDguyration = the reference dose, for a given duration (see Table 1), expressed in units of milligrams of
the chemical per kilogram of body weight per day (mg/kg per day).

RSC = the relative source contribution factor, as described above.

IR quration = the intake rate of water ingested for a given duration, as described above.

Departures from the HBG algorithm and parameter values discussed above were made if sufficient,
appropriate chemical-specific information was available. The MDH rounded the HBG value to one
significant figure, which was the least precise parameter used in the calculation.

Final Selection of Health-Based Guidance (HBG)

Similar to the decision process used for selection of RfDs, the MDH compared the longer-duration
HBG with the corresponding shorter-duration HBG prior to determining the final health-protective HBG
value. If the shorter-duration HBG value was lower than a longer-duration value, the shorter-duration
HBG value was selected as guidance for the longer-duration exposure. This ensures that shorter-duration
exposures that could occur within the longer-duration exposure period are protected.

A detailed description of the MDH’s methodology for deriving drinking water HBG was
published in a technical support document [3]. The MDH's application of this methodology, in the
form of chemical-specific toxicological summaries, is publically available on the MDH website
(http:/ /www.health.state.mn.us/divs/eh/risk/guidance /gw / table.html).

3. Results and Discussion

Of the 85 chemical assessments conducted between 2007 and 2017, the MDH was able to derive
short-term, subchronic and chronic RfDs and HBG in 63 (~74%) of the assessments. Subchronic and
chronic (but not short-term RfDs) and HBG were derived for an additional 15 chemicals, for a total of
78 (92%) of the 85 assessments. For the remaining seven chemicals, only a single value could be derived
(e.g., anatoxin-a, dichloromethane, 2-methylnaphthalene, NDMA, PFOA, PFOS, and triclocarban).

The retrospective evaluation focused on the comparison of short-term, subchronic, and chronic
duration values and was therefore limited to the 63 assessments containing values for all three
durations. The duration-specific RfDs and HBG for these 63 assessments are presented in Tables S1
and S2 (see Supplemental Information).

3.1. Comparison of Duration-Specific Reference Doses

As expected, based on established toxicological trends, the MDH found that, in general RfDs
decreased with increasing duration (short-term > subchronic > chronic), as shown in Figure 1.
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Figure 1. Comparison of reference doses (RfDs) across durations. # Includes four assessments in which
RfD was slightly lower than the chronic RfD due to dose selection.

In 45 of the 63 (71.4%) multiple duration assessments, the calculated chronic RfD was equal to
or lower than the selected short-term RfD. For 10 of the 63 (15.9%) assessments, the short-term
RfD was the lowest RfD. In 6 of the 10 cases, adverse developmental effects were the basis
of the short-term RfD. The six chemicals were benzo[a]pyrene, boron, butyl benzyl phthalate,
dibutyl phthalate, di-2-ethylhexyl phthalate, and ethylene glycol. Two of the remaining four chemicals
were cholinesterase inhibitors (chlorpyrifos and chlorpyrifos oxon). The final remaining two were
pharmaceuticals (desvenlafaxine and venlafaxine), where the RfD was based on a minimal therapeutic
dose level. The chronic studies upon which the chronic RfD was based did not assess the most sensitive
life stages or physiological state (e.g., pregnancy). The chronic RfD must be protective of health effects
that could result from less than chronic exposures, therefore the final chronic RfD was set to the lower
short-term RfD.

In 8 of the 63 (12.7%) multiple duration assessments the subchronic RfD was the lowest calculated
RfD value. In one case, trichloroethylene (TCE), the lower subchronic RfD was based on developmental
immune effects observed in a subchronic duration study. For three chemicals (17 x-ethinylestradiol,
mestranol, and thiamethoxam), the RfD was based on male reproductive system effects observed in
a subchronic duration study. In these instances, the subchronic RfD was used as the final RfD for the
chronic duration as well to ensure that the chronic RfD was protective of subchronic exposures that
could occur within a chronic exposure.

For the remaining four chemical assessments (N,N-diethyl-meta-toluamide (DEET),
sulfamethozine/sulfamethoxazole, triclosan, and xylenes) the subchronic RfD was only slightly lower
than the chronic RfD and was due to the different dose levels selected for the subchronic and chronic
studies. For example, the NOAEL for the subchronic DEET study was lower than the NOAEL for
the chronic study. Benchmark dose estimates, which might have corrected for the difference in dose
selection, were not available. Another example is triclosan, in which the lowest dose tested for the
subchronic study was a LOAEL whereas the point of departure for the chronic study was a NOAEL.
Application of a LOAEL-to-NOAEL uncertainty factor, not differences in toxicological sensitivity,
produced a lower subchronic RfD. In these four instances, the calculated chronic RfD rather than the
slightly lower subchronic RfD was used as the RfD for the chronic duration.
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Although the RfDs, in general, decreased with increasing duration (short-term > subchronic > chronic),
the shorter duration RfDs were often not much higher than the longer duration RfDs. This is
demonstrated by a geometric mean ratio of 3.5 & 2.8 for comparison of short-term to chronic RfDs
and 1.9 £ 2.0 for comparison of subchronic to chronic RfDs when all 63 assessments are considered.
The 95th percentile ratios for short-term to chronic and subchronic to chronic were 24.1 and 5.4,
respectively, See Table 3.

Table 3. Descriptive statistical summary analysis comparing measures of oral toxicity across
exposure durations.

Comparison Number of Geometric 95th
Parameter ? Chemicals Mean + GSD Percentile

Short-term to Chronic

Study

Current Analysis RID 63 35+28 241
Y RED P 18 29424 17.1
Batke et al. [16] NOAEL 14 34+37 29.2
NOAEL (rat) 107 43+47 53.2
Zametal. [17] NOAEL (mouse) 56 34436 237
Malkiewicz et al. [18] NOAEL 26 3.1+21
Groeneveld et al. [19] NOAEL 35 49 +35 38.6
Kramer et al. [20] NOAEL 71 41+44 46
Subchronic to Chronic
. RfD 63 19+20 54
Current Analysis RED b 18 16420 46
Batke et al. [16] NOAEL 58 14+21 4.7
NOAEL (rat) 222 25+34 17.4
Zarnetal. [17] NOAEL (mouse) 99 22439 214
Malkiewicz et al. [18] NOAEL 32 23+20
NOAEL 68 15+53 22.7
Bokkers and Slob [211 a1k dose 189 17429 9.9
Groeneveld et al. [19] NOAEL 70 23+3.6 18.4
Pieters et al. [22] NOAEL 149 1.7 £5.6 29

GSD—geometric standard deviation; * Comparison parameter: no observable adverse effect level (NOAEL);
lowest observable adverse effect level (LOAEL); and oral reference dose (RfD); ® Limited to chemical assessments in
which comparison is across laboratory animal studies and the chronic RfD is based on a chronic study.

The application of duration-based uncertainty factors, as well as study design factors
(e.g., dose selection), can directly influence the comparison of chronic to shorter duration RfDs.
The MDH used the standard practice of applying a subchronic-to-chronic uncertainty factor if the
study used as the basis of the chronic RfD was less than chronic in duration. The maximum MDH
subchronic to chronic RfD ratio was 10, reflecting this practice. However, a factor of 10 was not
always applied when a less than chronic study was used. The MDH evaluated the entire data set for
each chemical to assess the evidence of increasing progression with increasing duration as a basis for
an uncertainty factor of 1, 3, or 10. Of the 63 chronic RfDs, 44 (69.8%) were based on subchronic duration
studies. Of these, four incorporated a subchronic-to-chronic uncertainty factor of 10; 20 incorporated
a factor of 3; 10 incorporated a factor of 1; and 10 were set to short-term RfD values.

Limiting the comparison of RfDs across durations to the subset of chemical assessments in which
the chronic RfD was based on a chronic animal study produced smaller RfD ratios. The geometric mean
and 95th percentile short-term to chronic RfD ratio decrease from 3.4 to 2.9 and 24.1 to 17.1, respectively.
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Likewise, the geometric mean and 95th percentile subchronic to chronic RfD ratio decrease from 1.9 to
1.6 and 5.4 to 4.6 (see Table 3).

Unlike a comparison of RfDs, the direct comparison of potential points of departure
(e.g., NOAELs, LOAELS) across durations is not influenced by the application of uncertainty factors.
Several investigators have compared potential points of departure across study durations ([16-22])
reporting geometric mean ratios of similar magnitude to the current analysis of RfD ratios (see Table 3).

3.2. Comparison of Duration-Specific Health-Based Guidance (HBG) Values

The short-term, subchronic, and chronic HBG for the 63 chemicals evaluated in this manuscript
are presented in Table S2 (see Supplemental Information). By design and intent, the MDH selected
a final HBG from the calculated values to ensure that the final chronic HBG value was protective for
all life stages and exposure durations.

In testing the presumption that HBG would decrease with increasing duration
(short-term > subchronic > chronic) the MDH found chronic HBG values to be the lowest
(or equal to the lowest shorter duration value) calculated HBG value in only 23 of 63 (36.5%)
assessments. See Figure 2. For 31 of the 63 (49.2%) assessments, the short-term HBG was the lowest
HBG value. Fifty percent of the short-term to calculated chronic HBG ratios were 0.8 or less and
30 percent of the ratios were 0.5 or less. In the nine remaining assessments, the subchronic HBG was
the lowest (or equal to the lowest shorter duration value). The 50th percentile subchronic to calculated
chronic HBG ratio was 1.0 and 10 percent of the ratios were 0.5 or less.

60%
49.2%
50% (N=31) 63 Assessments had HBG Values
for All Three Durations
40% 36.5%°
(N=23)
30%
20%
14.3%°
(N=9)
10%
0%
Short-term Subchronic Chronic
Lowest Calculated HBG by Duration

Figure 2. Comparison of health-based guidance (HBG) across durations. * Includes values that are
equal to the lowest value (e.g., calculated subchronic HBG same as short-term HBG or calculated
chronic HBG same as short-term or subchronic HBG).

High intake rates from early life exposure are a key contributing factor in these findings. As shown
in Table 2, short-term duration intake rates can be six to nine times higher than chronic intake
rates. The difference between the 95th percentile based short-term (0.285 L/kg per day) and chronic
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(0.044 L/kg per day) water intake rates used by the MDH is 6.5-fold. When shorter- and longer-duration
RfDs are similar in magnitude, the high intake rate from the shorter-duration resulted in a lower
shorter-duration HBG value relative to the longer-duration HBG value. Thus, in order to ensure that
the longer-duration HBG value, which encompasses all life stages, is protective for higher shorter-term
exposure that occurs within its defined time span, the longer-duration HBG value must be set equal to
the lower, shorter-duration HBG.

The choice of RSC can also impact the magnitude of each duration-specific HBG. The purpose of
the RSC is to account for multiple sources of exposure. As noted in the introduction, the US EPA Office
of Water typically does not apply an RSC factor to exposure durations that are less than chronic in
duration. However, accounting for both dietary and nondietary (e.g., water ingestion) exposures was
among the specific changes recommended by NAS [1].

The narrower range of environments encountered by an infant during the first few month of
life justified the use of an RSC of 0.5 for short-term (infant) exposures for chemicals not considered
highly volatile. For pharmaceuticals available only through prescription, the MDH used an RSC of
0.8 because exposure from non-water sources, apart from prescription use, is unlikely (see Appendix
K of [3] for further explanation). Shorter duration HBG values for non-highly volatile chemicals were
lower than the calculated chronic duration HBGs in 19 of 51 (37%) assessments.

For the derivation of HBG values for highly volatile chemicals, the MDH used a default RSC
factor of 0.2 across all durations since the principal route of exposure is expected to be inhalation
for all ages. Eight of the 12 (67%) assessments for highly volatile chemicals had a calculated shorter
duration (short-term or subchronic) HBG value that was lower than the calculated chronic HBG value
(see Supplemental Table S2). Therefore, when RSC is set equal across all durations, it becomes more
likely that the short-term duration HBG will be lower than the chronic HBG.

As mentioned above, the US EPA Office of Water typically does not apply an RSC factor to
exposure durations that are less than chronic in duration. If no RSC factor was used to derive shorter
duration HBG and a default RSC factor of 0.2 was always used in deriving chronic HBG, 12 of the
63 (19%) chronic HBG values would exceed the short-term HBG values (see Supplemental Table S3).
If an RSC of 0.8, US EPA’s the recommended ceiling value [8], is used for all short-term HBG and
an RSC of 0.2, the recommended floor value, is used for all chronic HBG the number of chronic HBG
values exceeding the short-term value increases to 16 (25%).

4. Conclusions

The present study of multiple duration guidance derived by the MDH over the past 10 years clearly
demonstrates the importance of incorporating shorter duration toxicity information and exposure
parameters when deriving public health protective water guidance.

Twenty years ago, NAS recommended changes to regulatory practice in order to better
characterize risk to infants and children. In response to these recommendations the US EPA issued their
policy on evaluating risks to children, which stated that the US EPA will consistently and explicitly
consider risks to infants and children as part of risk assessment and standard setting [23]. In 2013,
this policy was reaffirmed by the US EPA [24]. The World Health Organization has also recently
acknowledged the need to identify the most vulnerable, based on windows of sensitivity or high
exposure, and to incorporate this information into risk assessment [25]. While there is consensus
regarding the importance of characterizing risks to infants and children, methods to characterize these
risk have generally not been widely implemented.

In 2007, the MDH implemented a multiple-duration approach which included consideration of
“windows of sensitivity” to toxicants as well as periods of high exposures. As expected, RfDs typically
decreased as exposure duration increased. Exceptions were developmental toxicants and fast
acting neurological agents (e.g., cholinesterase inhibitors). The difference in magnitude of the RfDs,
however, was often relatively small, with the majority of chronic RfDs less than four-fold lower when
compared to the corresponding short-term RfD. This observation is consistent with those made by other
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investigators who have compared the magnitude of more direct measures of toxicity (e.g., NOAELs)
across exposure durations.

Combining the short-term RfD with the high, short-term infant water intake yielded short-term
duration guidance that was lower (more protective) than chronic guidance for a majority of chemicals
evaluated. The main reason for this phenomenon was the high water intake rate in young infants,
which is nearly seven-fold higher than in older children and adults. Derivation of short-term duration
guidance may be necessary to ensure protection for all periods of susceptibility in the general
population, including periods of high water intake and early-life stages.

As acknowledged by the US EPA Technical Panel [2], derivation of RfDs and RfCs has historically
focused on the chronic duration. Short-term and subchronic reference values are typically not
derived. Derivation of additional RfD and RfC values is resource intensive, one likely significant factor
undercutting the implementation of risk assessments that focus on multiple durations.

In situations where shorter duration reference values are needed to assess risk, the panel identified
the use of the chronic reference value to assess shorter duration exposures as one possible option.
Based on the relatively small differential between shorter and chronic duration toxicity values for many
chemicals (Table 3), utilization of a chronic RfD value, when shorter duration RfDs are not available,
appears to be a reasonable screening level approach to assessing whether shorter duration exposures
may be of potential concern. The MDH has incorporated the use of chronic RfDs into derivation of
rapid assessments (e.g., screening values) for nearly 160 pesticides [26] and 120 pharmaceuticals [27] in
water to assist in identifying situations in which potential risks from short duration exposures warrant
closer scrutiny.

The MDH’s HBG work, which incorporates US EPA guidance, underscores the importance of
evaluating shorter duration periods of high exposure in order to afford susceptible populations such
as infants and children, the same level of protection as adults. This retrospective analysis clearly
demonstrates the importance of deriving shorter-duration RfDs, whether based on adult or early-life
(developmental) toxicity studies, and characterizing risk for high, short-term exposure durations.

Supplementary Materials: The following are available online at: www.mdpi.com/1660-4601/15/3/512/s1,
Table S1: reference dose derivation information for 63 MDH chemical assessments with short-term, subchronic,
and chronic values, Table S2: health-based guidance derivation information, Table S3: health-based guidance
derivation information—RSC removed from less than chronic values.
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Abstract: The presence of toxic polonium-210 (Po-210) in the environment is due to the decay of
primordial uranium-238. Meanwhile, several studies have reported elevated Po-210 radioactivity in
the rivers around the world due to both natural and anthropogenic factors. However, the primary
source of Po-210 in Langat River, Malaysia might be the natural weathering of granite rock along with
mining, agriculture and industrial activities. Hence, this is the first study to determine the Po-210
activity in the drinking water supply chain in the Langat River Basin to simultaneously predict the
human health risks of Po-210 ingestion. Therefore, water samples were collected in 2015-2016 from
the four stages of the water supply chain to analyze by Alpha Spectrometry. Determined Po-210
activity, along with the influence of environmental parameters such as time-series rainfall, flood
incidents and water flow data (2005-2015), was well within the maximum limit for drinking water
quality standard proposed by the Ministry of Health Malaysia and World Health Organization.
Moreover, the annual effective dose of Po-210 ingestion via drinking water supply chain indicates an
acceptable carcinogenic risk for the populations in the Langat Basin at 95% confidence level; however,
the estimated annual effective dose at the basin is higher than in many countries. Although several
studies assume the carcinogenic risk of Po-210 ingestion to humans for a long time even at low
activity, however, there is no significant causal study which links Po-210 ingestion via drinking water
and cancer risk of the human. Since the conventional coagulation method is unable to remove Po-210
entirely from the treated water, introducing a two-layer water filtration system at the basin can be
useful to achieve SDG target 6.1 of achieving safe drinking water supplies well before 2030, which
might also be significant for other countries.

Keywords: drinking water; radioactivity; annual effective dose; carcinogenic

1. Introduction

Po-210, a decay element of U-238, is a naturally occurring radionuclide mostly found in water, soil
and food. The significant sources of terrestrial radiation are primordial radionuclides, namely U-238,
Th-232, and K-40, which are dispersed around the Earth’s crust and widely reported in Peninsular
Malaysia [1]. In the Langat River, Po-210 is mainly due the natural weathering of the minerals, uraninite
UO; (pitchblend), carnotite, and autunite of the acid intrusive granitic rock [2—4]. Therefore, human
beings are at risk of ingestion of Po-210 through drinking water and exposure to annual effective doses
for a long time. Moreover, Po-210 is considered as one of the primary sources of alpha exposure [5]
to human beings through ingestion via drinking water [6-8]. Alam and Mohamed [5] also reported
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Po-210 is about 250,000 times more toxic than hydrogen cyanide; therefore, it could be carcinogenic if
ingested through drinking water [9-13].

Natural sources contribute about 80% to the radionuclides generated in Malaysia, the other
sources being anthropogenic ones such as industrial activities as well as mining of natural resources
along with gas and petroleum exploration [14]. Many studies in Peninsular Malaysia have investigated
the existence of radioactivity from Ra-226, Ra-228, Pb-210, Cs-137, Th-232, K-40 and Rn-222 in water
bodies [15-18] and it was reported that about 80 to 87% of the human exposure to radioactivity in
Peninsular Malaysia results mainly from natural sources such as primordial radionuclides, cosmogenic
radionuclides, etc. [14,16]. The atmospheric source is also considered as one of the sources of Po-210 in
water because of the decay of Rn-222 gas and the decay of naturally occurring U-238 [15,19].

Malaysia has seriously focused on industrial expansion to achieve developed country status
by 2020 [20,21]. As a result, the rivers in Malaysia have been found to be severely contaminated with
heavy metals [22] as well as radioactive elements [17,23,24]. Rapid mineralization of tin ore from the
Main Range Granite is the prime source of the high radioactivity associated with soil in the western
region of Peninsular Malaysia [2]. In Selangor state, the maximum activity of U-238, Ra-226, Th-232,
and K-40 recorded in sediments from the tin recycling ponds are higher than the rest of Malaysia and is
the world’s highest natural activity [25]. The DOE [26] reported that the industrial sector and quarries
are responsible for the source points of pollution in the Langat River, quantified at 8.14% and 0.24%,
respectively. Therefore, significant sources of primordial radionuclides in the Langat River Basin are
sand and gravel extraction 56.21%, and earth material extraction 28.10%, along with granite quarries
13.73% [27].

In Malaysia, the naturally occurring radionuclides are usually generated from the mining and
mineral processing industries. For instance, in Selangor, more than 30 illegal sand mining sites, mainly
in the Hulu Selangor, Sepang, and Kuala Langat districts have been identified in the last 20 years, while
the government has given permits to only 46 sites for sand mining in private lands [28]. In the Langat,
Lui, and Semenyih River Sub-basins, the mining area is about 3.28, 10.55, and 4.63 km?, respectively,
and the mining area trend is increasing [29]. However, the Malaysian government—based on the
Atomic Energy Licensing (Radioactive Waste Management) Regulations 2011—allows industries to
run if the generation of natural radionuclides remains below 1 Bq/g [30,31]. Similarly, the Ministry of
Health Malaysia recommends that the gross alpha («) and gross beta (j3) levels of both in the river and
drinking water should not exceed 0.1 Bq/L and 1.0 Bq/L, respectively, as set by the National Standard
for Drinking Water Quality [32].

Langat River in Selangor state is not only one of the primary local sources of drinking water [33,34],
but rivers are in general the primary sources of drinking water in all Malaysia. Studies on natural
radionuclides in the Langat River have reported that the radioactivity of some radionuclides in the river
such as U-238 (3.85 Bq/L), Th-232 (1.14 Bq/L), K-40 (145.67 Bq/L) [23], and Ra-226 (0.26 Bq/L) [35]
has exceeded the limit of both the gross alpha 0.1 Bq/L and gross beta 1.0 Bq/L emitters set by the
Malaysian standard for raw water quality [32]. Similarly, are only a few studies on the radioactivity
of radionuclides in the drinking water of Malaysia, which were reported safe through ingestion [36].
However, in some places of Malaysia the activity of Ra-226, i.e., 0.30 Bq/L in drinking water was
recorded above the standard set by the United States Environmental Protection Agency. Moreover,
the range of annual effective doses from radionuclides in some places of Malaysia was determined to
be 0.02 mSv/year to 0.06 mSv/year [19,37].

As there is no significant study on Po-210 in the drinking water supply chain of Malaysia, there
is an urgency to study the Po-210 activity in drinking water because of its high radiotoxicity. Since
the Langat River is situated on the acid intrusive granite rock belt that is the prime source of U-238
including Po-210, determining the Po-210 activity in the drinking water and its annual effective dose to
humans through ingestion is very important concerning human health carcinogenicity risks. Therefore,
this study investigated the Po-210 activity in the drinking water of Langat River Basin and the annual
effective dose through ingestion via drinking water.
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2. Materials and Methods

2.1. Water Sample Collection

There are a total nine water treatment plants (WTPs) in the Langat River Basin that provide
drinking water to one-third of the population in Selangor State of Malaysia [33] through the water
distributor Syarikat Bekalan Air Selangor Sdn Bhd (SYABAS). Although each WTP has been designed
to supply treated water in the specific areas of the basin, however, during water shortages treated
water from one plant may be channeled to the areas of other plants using the same pipeline. Therefore,
twenty liter water samples were collected in polyethylene containers from the Langat River precisely
from where the WTPs are located, except the Semenyih WTP were we could not collect samples of
raw water for treatment purposes in 2015 (Figure 1) during the rainy days. Similarly, twenty liter
treated water samples were collected from the outlets of the WTPs on the same day of the raw water
collection. Twenty liters of tap water from five households in the basin as well as three liters of water
after filtration were also collected from the same households based on five types of household water
filtration systems commonly used in the basin during the same period. Moreover, the collected water
samples were analyzed before the end of the half-life of Po-210 i.e., 138 days. Overall, no special
measures have been taken to analyze the samples.
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Figure 1. Water sampling points at Langat River Basin, Malaysia.

2.2. Analysis of Po-210

Water samples were filtered with the ADVANTEC membrane filter (pore size: 0.45 pm) and
acidified with concentrated HNO3; immediately after collection in order to maintain pH < 2 and to
avoid contamination. Then the water samples were analyzed for Po-210 following the modified
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International Atomic Energy Agency (IAEA) method of FeOH, precipitation (Figure 2) [38,39].
Similarly, the activity concentrations of Po-210 in water samples were determined by a CANBERRA
Apex Alpha Spectrometer (Canberra Industries, Meriden, CT, USA) with a minimum detectable activity
(MDA) of less than 0.2 mBq for a counting efficiency of 12.79%.

*HNO, (10 mL)

*pH <2 (after one hour)

*FeCl; (3 to 8 mL)

e Tracer Po-209

*NH; (12.5 mL or until red precipitation)

« IM HCL
» Sample from centrifuge tube to beaker

* Ascorbic Acid (2 mg or slightly to make
the sample transparent)

Red
Precipitation
& Centrifuge

* Heat the sample with hanging silver disk
for one hour

SACREE | « Temperature below 80 °C

& Hotplate

» Use of Alpha-spectrometry to measure
Po-210

Figure 2. Steps of chemical analysis of Po-210 for fresh water sample [38].
A Po-210 tracer has been used in this study to calculate the recovery though using Equation (1) [40].
Po-209 Recovery (%) = [{cpm (tracer)/Counting Efficiency}/Spiked tracer Po-209 (dpm)] x 100 (1)

Therefore, the following amounts of tracer Po-209 have been spiked for each sample (Table 1).

Table 1. Amount of Spiked Po-209 Tracer.

Sample Spiked Weight of Stock Tracer Po-209 Spiked Tracer

Po-209 (g) (dpm/g) Po-209 (dpm)
Pangsoon River 0.2893 12.17 3.52
Pangsoon WTP 0.4296 1.43 0.61
Lolo River 0.2957 12.17 3.60
Lolo WTP 0.3036 12.17 3.69
Serai River 0.4987 12.17 6.07
Serai WTP 0.3506 1.43 0.50
Langat River 0.2643 12.17 3.22
Langat WTP 0.4629 12.17 5.63
Cheras River 0.4695 12.17 5.71
Cheras WTP 0.4711 12.17 5.73
Bukit River 0.3597 12.17 4.38
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Table 1. Cont.

Sample Spiked Weight of Stock Tracer Po-209 Spiked Tracer

Po-209 (g) (dpm/g) Po-209 (dpm)
Bukit WTP 0.4844 12.17 5.90
Salak River 0.2297 12.17 2.80
Salak WTP 0.4430 12.17 5.39
Labu River 0.2030 1.43 0.29
Labu WTP 0.4896 12.17 5.96
Carbon Supply Hentian Kajang 0.2768 12.17 3.37
Carbon Filter Hentian Kajang 0.2186 12.17 2.66
Distilled Supply UKM 0.2090 1.43 0.30
Distilled Filter UKM 0.1940 12.17 2.36
RO Supply Hentian Kajang 0.3646 12.00 4.38
RO Filter Hentian Kajang 0.2097 12.00 2.52
Alkaline Supply Serdand 0.3289 12.17 4.00
Alkaline Filter Serdand 0.3251 12.17 3.96
UV Supply UKM 0.1880 12.17 2.29
UV Filter UKM 0.3090 12.17 3.76

2.3. Calculating Po-210 Activity

Equation (2) [40] has been used to calculate the activity of Po-210 in the water sampling date
(Table 2):

Ay = oA 2)

where Ay = Po-210 activity during sampling date, A = Po-210 activity during counting date in
alpha-spectrometry, A = Coefficient value of Po-210 is 0.005 per year, t = Half-life of Po-210 is 138 days

Table 2. Tracer Po-209 recovery (%) in drinking water supply chain samples in the Langat Basin.

Location Water (L) Recovery Po-209 (%) Sampling Date Test Date
Pangsoon River 20 19.68 6/8/2015 22/12/2015
Pangsoon WTP 20 26.43 6/8/2015 22/12/2015

Lolo River 20 19.27 6/8/2015 22/12/2015
Lolo WTP 20 33.36 6/8/2015 22/12/2015

Serai River 20 15.92 20/8/2015 2/1/2016
Serai WTP 20 58.84 20/8/2015 28/12/2015
Langat River 20 25.96 11/8/2015 22/12/2015
Langat WTP 20 20.13 11/8/2015 22/12/2015
Cheras River 20 28.70 12/8/2015 26/12/2015
Cheras WTP 20 12.87 12/8/2015 24/12/2015
Bukit River 20 16.84 13/8/2015 26/12/2015
Bukit WTP 20 2523 13/8/2015 22/12/2015

Salak River 20 14.38 14/8/2015 23/1/2016
Salak WTP 20 11.37 14/8/2015 22/12/2015

Labu River 20 19.70 20/8/2015 2/1/2016

Labu WTP 20 20.62 20/8/2015 2/1/2016
Carbon Supply Hentian Kajang 3 44.09 20/11/2015 28/12/2015
Carbon Filter Hentian Kajang 3 18.81 20/11/2015 28/12/2015
Distilled Supply UKM 3 30.22 20/11/2015 26/12/2015
Distilled Filter UKM 3 23.83 5/5/2016 22/6/2016
RO Supply Hentian Kajang 3 40.20 18/11/2015 24/12/2015
RO Filter Hentian Kajang 3 31.94 18/11/2015 24/12/2015
Alkaline Supply Serdang 3 23.43 15/11/2015 30/1/2016
Alkaline Filter Serdang 3 26.78 15/11/2015 30/1/2016
UV Supply UKM 3 13.38 15/11/2015 30/1/2016
Carbon Supply Hentin Kajang 3 44.09 20/11/2015 28/12/2015
Carbon Filter Hentian Kajang 3 18.81 20/11/2015 28/12/2015

Note: WTP = Water Treatment Plant.
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Equation (3) [38] has been used to calculate the Po-210 activity in the counting date of samples
by Alpha-spectrometry:

A = {cpm (sample)/cpm (tracer)} x [{Spiked tracer Po-209 (dpm)} x {1/Volume of sample (L)}] (3)

where, cpm = Counts per minute; Spiked trace Po-209 (dpm) = {Spiked weight of tracer Po-209 (g) x
Stock of trace Po-209 (dpm/g)}; dpm = Disintegrations per minute.

2.4. Calculating Annual Effective Dose of Po-210

The annual effective dose of Po-210 to an individual due to ingestion through drinking water was
estimated using Equation (4) [24,36]:

Dy =Cw X CRy X Dcy (4)

where Dy, = Annual effective dose (mSv/year), C, = Activity of Po-210 in the ingested water (Bq/L),
CRy = Annual intake of drinking water (i.e., average 1.996 L/Day by an individual in the Langat
Basin through questionnaire survey, so 728.54 L/year) and Dc,, = Ingested dose conversion factor for
Po-210, which is 1.2 x 1073 mSv/Bq based on the report of International Commission on Radiological
Protection (ICRP) 1996 [41,42].

2.5. Household Questionnaire Survey

According to the latest population census by the Department of Statistic Malaysia, the total
number of households [43] in the Langat River Basin (Malaysia) is 1,494,865. Therefore, 402 household
questionnaire surveys were conducted in the basin using Equation (5) [44,45] to get the average daily
drinking water intake by the population at the basin to calculate the annual effective dose of Po-210
ingestion through drinking water (Equation (4)).

N

where 1 = sample size; N = population size; e = level of precision, i.e., 0.05 at 95% confidence level.

2.6. Time-Series Environmental Data

Flood Incidents data (2005-2016) for the Langat River Basin and water flow data (2005-2015) in the
Langat River are obtained from the Dept. of Drainage and Irrigation Malaysia. Similarly, rainfall data
(2006-2015) for the basin was collected from the Malaysian Meteorological Department. These data are
plotted in the graphs below to show their trends and influences on the Po-210 activity in the Langat
River Basin.

3. Results and Discussion

3.1. Po-210 Status in Raw and Treated Water

Po-210 activity ranges in the river 0.63 £ 0.29 mBq/L to 14.98 & 1.18 mBq/L and treated water
0.34 + 0.10 mBq/L to 6.80 & 0.71 mBq/L (Table 3) of water treatment plants (WTPs) were within the
maximum limit of raw and drinking water quality guideline of the Ministry of Health Malaysia [32]
and the World Health Organization [41] i.e., 0.1 x 10° mBq/L. Although Po-210 status in raw (f = 3.22,
p = 0.015) and treated water (t = 2.924, p = 0.022) was significantly safe at 95% confidence level
(i.e., t statistic) through drinking water, however, the overall efficiency of all the WTPs in the basin was
about 59% which might be due to an inability to remove Po-210 from treated water by the conventional
method used at the plants as well as the small number of water samples. The Serai and Langat WTPs
have the higher Po-210 removal efficiencies from treated water, about 93% and 81%, respectively,
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might be because of lower iron concentration (175 ug/L) in the upstream region of the Langat River
than the downstream (264 pg/L) [46] along with higher manganese and total dissolved solids at the
downstream [47,48], although all the WTPs in the basin follow a conventional coagulation method.

Table 3. Po-210 activity (mBq/L) in raw and treated water at the Langat River Basin.

Location River WTP Efficiency WTP (%) Weighted ! Efficiency
Pangsoon 2.99 +0.33 1.22 +£0.49 59 3.72
Lolo 2.54 +0.31 1.83 £0.20 28 1.49
Serai 5.02 + 047 0.34+0.10 93 9.83
Langat 14.98 +£1.18 2.86 +0.31 81 25.49
Cheras 12.40 £ 0.84 6.80 £ 0.71 45 11.77
Bukit 7.14 £ 0.69 5.18 4+ 0.42 27 4.12
Salak 1.86 £ 0.45 0.84 £ 0.20 55 2.14
Labu 0.63 +0.29 0.51 £ 0.11 20 0.26
Mean 5954522 245 +2.37 59 58.83 (Total)
t value 3.220 2.924
p value 0.015* 0.022 *
MOH (2010) <0.1 x 10° mBq/L

WOH (2017) <0.1 x 10°> mBq/L

Note: Reported Po-210 activity is in the sampling date (A,) and the standard deviation calculation are based on the
radiochemistry method, not on the replicates [49]. ! Sum of the river Po-210 activity of the eight sampling points
has been taken as the basis of weighted average for each WTP. * Significant at 95% confidence level.

Sources of Po-210 in the Langat River

The Langat River originates at the hilly areas of Hulu Langat, Selangor, Malaysia that are an
extension of the Titiwangsa Mountain Range at the north of Selangor. Hence the river drains towards
west via the highly urbanized areas of Malaysia until it flows into the Strait of Malacca. Granite
rock, extended from the granite batholith of Peninsular Thailand, is widespread underneath central
Peninsular Malaysia, especially the entire Selangor state that is situated on two types of lithology based
on intrusive rock, i.e., the formation is mainly from gabbro >500 million years ago [2,3]. Therefore,
the mean dose rate of soil in Selangor is 183 4= 84 nGy/h with the range of 17.4 nGy/h to 500 nGy/h
and the mean value is two times higher than the rest of Malaysia as well as the world average
(i.e., 92 nGy/h) [3]. Moreover, a higher dose rate of 500 nGy/h has been recorded in Hulu Gombak
because of its location in the acid intrusive granite rock in the Titiwangsa Mountain Range of East
Selangor (Figure 3). Hence, through several steps such as weathering, erosion, etc. of granite, quartz
rocks [4], these natural radionuclides usually migrate into the Langat River and increase the activity
of radionuclides.

However, the higher Po-210 activity in the midstream of Langat River than the upstream might be
due to the aerial inputs of the radionuclide, accumulation of radionuclide-rich silt and organic matter,
and increased biological production [50] as well as agricultural, industrial and urban waste discharge
in the river [51]; since dissolved oxygen (DO) along with a declining trend (Table 4) and conductivity
shows a strongly significant inverse correlation (r = —0.811) at 99% confidence level (Table 5).

Table 4. Results of the Linear Regression-based Trend line of Po-210, Physiochemical and Environmental

Parameters.
Parameters Constant River Point Coefficient R-Square F-Stat
Po-210 6.81 (1.56) —0.09 (—0.22) 0.01 0.05 (0.832)
DO 10.66 (17.43) —0.95 (—7.63) 0.91 58.21 (0.0003)
Salinity 0.001 (0.61) 0.85 (4.01) 0.73 16.09 (0.007)
Water Flow —6.99 (—1.09) 0.89 (4.72) 0.79 22.28 (0.003)
Rainfall 3079.94 (22.62) —0.81 (—3.43) 0.66 11.79 (0.014)
Flood Incidents 13.24 (10.56) —0.74 (—2.70) 0.55 7.27 (0.036)
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Figure 3. Geological map of Langat River Basin, Malaysia [4].

Table 5. Correlation of water quality and environmental parameters in Langat River.

Parameters Po-210 Salinity DO Conductivity Temperature Flood Rainfall Water Flow

Pearson
Po-210 Correlation
Sig. (1-tailed)
Pearson
Salinity Correlation 0.043 1
Sig. (1-tailed) 0.459

1

Pearson

0,800 *+*
DO Correlation 0.244 0.800 1
Sig. (I-tailed)  0.280 0.009
Pearson s . s
Conductivity ~ Correlation 0.016 0995 0811 1
Sig. (I-tailed) ~ 0.485 0.000 0.007
Pearson 0.161 0.819%*  —0.852%%  (.824 % 1
Temperature  Correlation
Sig. (I-tailed) ~ 0.352 0.006 0.004 0.006
Pearson % * | _
Flood Comelation 0542 —0.287 0743 0318 0533 1
Sig. (1-tailed) ~ 0.083 0245 0.017 0222 0.087
. Pearson 0.553 * —0.546 0.900 *** —0.556 0657 % 0.922%* 1
Rainfall Correlation
Sig. (1-tailed)  0.077 0.081 0.001 0.076 0.038 0.001
Pearson 0370 0838**  —0867**  0.850**  0815**  —0.609  —0.805** 1
Water Flow Correlation
Sig. (I-tailed)  0.184 0.005 0.003 0.004 0.007 0.054 0.008

*** Correlation is significant at the 0.01 level (1-tailed); ** Correlation is significant at the 0.05 level (1-tailed).
* Correlation is significant at the 0.10 level (1-tailed).

Moreover, human activities such as mining, aquaculture, agriculture, and industrial effluent
discharged into the water also contribute to enhancing the levels of radionuclides in the water body [52].
Contrary, the inadequate collaboration among agencies has made the pollution management of river
very complex since the river drains through three different constituencies [53,54]. Therefore, the lower
Po-210 activity in the raw water at the upstream of Langat River might be due to higher DO as well as
non-conservative characteristics of Po-210 [38,55]. Therefore, both the DO (b = —0.95, p < 0.01) and
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Po-210 (b = —0.09, p > 0.10) show declining trends based on the linear regression (Figure 4, Table 4)
from upstream to downstream at the Langat River. However, salinity (b = 0.85, p < 0.01) shows an
increasing trend from upstream to downstream at the Langat River. It indicates that the Po-210 might
have precipitated due to the increasing salinity towards downstream while mixing with the sea water.

mmm Po-210 (mBq/L) =—=DO (mg/L) =e—Salinity (psu)

} 0.09
) 0.08
) 0.07
0.06
10
0.05
8
0.04
2 R*=0.01
6 -
) 0.02
2 0.01
0 0.00

Pangsoon Lolo Serai  Langat Cheras Bukit Salak Labu

Figure 4. Po-210 activity in Langat River in relation with environmental parameters. Note: R? indicates the
variance that is explained by the best-fit line from the upstream to the downstream of the Langat River.

Similarly, the increasing water flow (b = 0.89, p < 0.01) at the downstream (Figure 5, Table 4) might
have also diluted Po-210 activity in dissolved phase. Moreover, Po-210 activity and water flow in the
Langat River show a negative correlation (r = —0.370; Table 3). However, the declining rainfall trend
(b =-0.81, p < 0.01) (Figure 6, Table 4) and flood incidents (b = —0.74, p < 0.05) (Figure 7, Table 4)
trend towards downstream of Langat River indicates less atmospheric and terrestrial inputs to have
lower Po-210 activity towards downstream than the upstream to midstream. Therefore, Po-210 activity
shows a positive correlation (Table 5) with rainfall (r = 0.553; p = 0.077) and flood incidents (r = 0.542;
p = 0.083) that means there will be lower Po-210 activity in Langat River if there are less rainfall and
flood incidents.

Table 3 describes the influence of environmental and physiochemical parameters on the Po-210
activity in the Langat River. Significant positive correlations between Po-210 activity and rainfall
(r = 0.553 *) as well as Po-210 activity and flood incidents (r = 0.542 *) are observed at the 0.10 level,
respectively, in the Langat River, that might be because of their decreasing trends towards downstream.
The decreasing trend of rainfall during 2005 to 2016 (Figure 6) and flood incidents during 2004 to 2016
(Figure 7) in the Langat River from upstream to downstream also supports the positive correlations
between Po-210 and rainfall as well as Po-210 and flood incidents since there are less atmospheric
and terrestrial inputs into the river. Accordingly, based on the geochemical behavior of Po-210,
it precipitates toward downstream while mixing with the sea water [56]. Therefore, these findings
indicate when there is less terrestrial runoff in Langat River, then there might be less attribution from
natural and manmade sources to have lower Po-210 activity in raw water.
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Figure 5. Po-210 activity in Langat River in relation with water flow in the Langat River. Note: Average
water flow data (2005-2015) are from the Dept. of Drainage and Irrigation Malaysia. R? indicates the
variance that is explained by the best-fit line from the upstream to the downstream of the Langat River.
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Figure 7. Po-210 activity in Langat River in relation with flood incidents in the Langat Basin. Note: Average
flood Incidents data (2005-2016) from the Dept. of Drainage and Irrigation Malaysia. R? indicates the
variance that is explained by the best-fit line from the upstream to the downstream of the Langat River.

The activity of Po-210, U-238 decay series progeny, i.e., 14.98 £+ 1.18 mBq/L, in the Langat
River is higher among many rivers around the world (Table 6); this might be because the river runs
through a former tin mining area that can be the source of Naturally Occurring Radioactive Materials
(NORM) [57,58]. The other reasons for the enhanced Po-210 activity in the Langat River might be
due to the weathering process on the granitic formation of the river basin, the origin of the water,
flow rate, flux of radionuclides, and geological characteristics of the area along with haze events in dry
seasons [59,60]. The sources of radionuclide pollutants are also from fertilizers, tin mining, aquaculture
feed [61] and industries [57]. Similarly, the higher Po-210 activity in the Vistula River, Poland 0.5 = 0.1
t0 9.8 & 0.02 mBq/L, is mainly because of higher contamination from phosphate fertilizer and coal
mining, along with natural sources [62].

However, the world average activity of Po-210 in the drinking water from private wells is 7 to
48 mBq/L [63]. In Malaysia, rivers provide about 98% of the drinking water sources [64,65] and in the
case of the Langat River, it provides drinking water to over one-third of the population in the state of
Selangor [47,66]. Therefore, the annual effective doses through ingestion of Po-210 by drinking water
could be dangerous for human health.

Moreover, among the rivers of Malaysia, the annual effective dose of Po-210 from the Langat River
is estimated the highest, i.e., 1.31 x 1072 mSv/ year (Table 7), because the river is located in a high rich
uranium granite rock belt, although it is below the standard of 0.01 mSv/year. Comparison of the
annual effective dose of Po-210 from the Langat River with other rivers around the world indicates that
the Langat River is in the second position, while the Vistula River in Poland, i.e., 8.6 x 1073 mSv/year,
is in the first position [62].
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Table 6. Activity of Po-210 (mBq/L) both in Malaysian and various rivers of the world.

River (Year) Minimum Maximum References
Langat, Malaysia 0.63 £ 0.29 1498 +£1.18 Present Study

Langat, Malaysia (2015) - 7.70 £ 0.60 [67]

Kuala Selangor, Malaysia (2010) 0.0002 + 0.0001 0.014 + 0.003 [38]

Kuala Selangor, Malaysia (2005) 0.22 £+ 0.06 0.75+0.28 [68]
Vistula, Poland (2004) 0.49 + 0.09 9.80 £ 0.02

Oder, Poland (2004) 0.60 £ 0.09 521 +0.19 [62]
Pomeranian, Poland (2004) 3.82+0.24 5.50 £ 0.33

Yellow, China (1999) 0.25 + 0.08 1.55 4+ 0.50 [69]

Tagus, Portugal (1997) 0.50 £+ 0.36 0.67 £ 0.03 [70]

Table 7. Annual effective dose of Po-210 (mSv/year) based on river water globally.

Location (Year) Minimum Maximum References
Langat, Malaysia 551 x 107* 1.31 x 1072 Present Study
Langat, Malaysia (2015) - 6.8 x 1073 [67]
Kuala Selangor, Malaysia (2010) ~ 0.0002 x 1073 0.01 x 1073 [38]
Kuala Selangor, Malaysia (2005) 0.2 x 1073 0.7 x 1073 [68]
Vistula, Poland (2004) 0.4 x 1073 8.6 x 1073
Oder, Poland (2004) 0.5 x 1073 46 x 1073 [62]
Pomeranian, Poland (2004) 3.4 x 1073 4.8 x 1073
Yellow, China (1999) 0.2 x 1073 14 x 1073 [69]
Tagus, Portugal (1997) 0.4 x 1073 0.6 x 1073 [70]

3.2. Po-210 Status in Household’s Tap and Filtration Water

Po-210 activity ranges in tap water 1.05 4= 0.33 mBq/L to 22.35 + 1.67 mBq/L and filtration water
0.49 4 0.19 mBq/L to 7.30 4= 0.84 mBq/L at the household level in the Langat Basin were fairly within
the maximum limit of drinking water quality standard of MOH and WHO i.e., <0.1 x 10° mBq/L
(Table 8). However, the higher mean Po-210 activity in tap water than the raw and treated water
indicates contamination in the drinking water distribution pipeline. Terrestrial inputs might have
elevated the Po-210 activity in the tap water through the heavy repairing activities of the water
distribution pipeline while water was mixing with the soil at Hentian Kajang and UKM areas within
the basin. The soil in the granite rock of Peninsular Malaysia including the Langat River Basin highly
influences the radioactivity of naturally occurring radionuclides [2,4]. Similarly, the small number of
water samples might be one of the reasons of higher Po-210 activity in tap and filtration water as well
as the standard deviations. Fortunately, the effectiveness of the household water filtration systems to
remove Po-210 from the drinking water in the basin is about 74% (Table 6). Among the commonly
used household water filtration systems in the basin, the ultraviolet (UV) filtration system shows
higher efficiency (93%) followed by distilled filtration system (69%) in removing Po-210 from drinking
water and the Po-210 activity in drinking water at Langat River Basin is within both the national and
international drinking water quality guidelines.
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Table 8. Po-210 activity (mBq/L) in tap and filter water at Langat River Basin.

Location Tap Water Filter Type Filtration Water  Efficiency Filter (%)  Weighted ! Efficiency
Hentian Kajang 1.33+£0.25 Carbon 1.05 +0.33 21 0.66
UKM 1.57 £0.70 Distilled 0.49 £ 0.19 69 2.55
Hentian Kajang ~ 22.35 + 1.67 RO 7.30 +0.84 67 35.51
Serdang 1.05 +0.33 Alkaline 0.87 +£0.28 17 0.42
UKM 16.08 +2.27 uv 1.13 £ 0.37 93 35.28
Mean 8.48 +10.10 Mean 2.17 £2.88 74 74.42 (Total)
t value 1.885 t value 1.684
p value 1.32 p value 1.68
MOH (2010) <0.1 x 10> mBq/L
WOH (2017) <0.1 x 10°> mBq/L

Note: Reported Po-210 activity is in the sampling date (A,) and Calculation of standard deviation is based on the
radiochemistry method, not on the replicates [49]. 1 Sum of all the Po-210 activities in all the five-tap water has been
taken as the basis of weighted average for each household water filtration system.

Ahmed et al. [67] reported that the Po-210 activity in the supplied water (1.7 mBq/L) in the
Langat River Basin was slightly higher than the activity of the treated water 1.5 mBq/L at the outlet
of water treatment plants might be due to the contamination in the pipelines of the drinking water
supply system. Moreover, the activity of Po-210 in the supplied water in Malaysia is higher than many
countries of the world such as 1.0 mBq/L in Italy [70], 2 to 15.2 mBq/L in Hungary [6], 0.48 mBq/L in
Poland [71], 1.4 mBq/L in India [72], etc. (Table 9). On the other hand, Po-210 activity in the supplied
water of USA 5 mBq/L [73], Italy 3.25 mBq/L [9] and Bombay, India 1.9 mBq/L [72] were higher than
the Po-210 activity in the supplied water of Malaysia, 2015 (Table 7).

Table 9. Po-210 activity in household’s tap water around the world.

Location (Year) Activity (mBgq/L) Dose (mSv/Year) References
Langat Basin 8.48 741 x 1073 Present Study
Bangi, Malaysia (2015) 17 1.5 x 1073 [67]
Italy (2009) 3.25 2.84 x 1073 [9]
Italy (2007) 1 0.9 x 1073 [70]
Hungary (2010) 2 1.75 x 1073 [6]
Poland (2001) 0.48 0.42 x 1073 [71]
India (2001) 1.4 1.2 x 1073
Bombay, India (1977) 1.9 1.7 x 1073 72]
Brazil (1992) 1 0.9 x 1073
Portugal (1995) 0.21 0.2 x 1073
Syria (1995) 1 0.9 x 1073
Austria (2001) 0.4 0.35 x 1073 [74]
USA (2008) 5 44 %1073 [73]

3.3. Human Health Hazard of Po-210 Ingestion

The annual effective doses of Po-210 through ingestion via drinking water are significant in terms
of dose contributions. Although the radioactivity of Po-210 in drinking water is lower than the activity
of the isotopes of uranium, however Po-210 is considered highly toxic. Moreover, Po-210 is the most
important dose contributor through ingestion of drinking water. For instance, Jia et al. [9] investigated
that the mean Po-210 activity 3.25 mBq/L and the Po-210 activity in drinking water remained in the
last position in the series of U-238, Ra-228 and Pb-210, however in terms of annual effective dose
2.84 x 1073 mSv/year Po-210 was the highest contributor in the same series of radionuclides (Table 9).
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Unfortunately, the Po-210 activity in the drinking water and its annual effective dose exposure for a
long time to human beings has not been studied extensively due the difficulties in determining the
radioactivity [19].

Therefore, the calculated annual effective dose of Po-210 ingestion via tap water 7.41 x 103 mSv/ year
and household filtration water 1.90 x 10~3 mSv/year indicate an acceptable carcinogenic risk
for the populations at the Langat River Basin, since the values are within the standard of
UNSCAER < 0.12 mSv/year, WHO < 0.01 mSv/year, and ICRP < 1.0 mSv/year [36] and the Polish
Ministry of Health < 0.01 mSv/year [75,76] (Table 10). Although the higher standard deviations might
be due to the small number of environmental samples, however, the result indicates safe for human
consumption. Similarly, the annual effective dose of river 5.20 x 1073 £ 4.56 x 1073 mSv/ year and
treated water 2.14 x 1073 4+ 2.07 x 10~3 mSv /year were significantly within the standard limit at 95%
confidence level.

Table 10. Annual effective dose of Po-210 via drinking water at Langat River Basin.

. River WTP . Ta . Filtered
Location (mSv/Year) (mSv/Year) Location (mSv/gear) Filter Type (mSv/Year)
Pangsoon  2.62x 1073  1.07 x 1073  HentianKajang  1.16 x 1073 Carbon Filter ~ 9.18 x 10~*
Lolo 222 %1073  16x 1073 UKM 137 x 1073 Distilled Filter =~ 4.28 x 10~*
Serai 439x107% 301 x10°*  Hentian Kajang  1.95 x 1072 RO Filter 6.38 x 1073
Langat 131x 1072 250 x 1073 Serdang 9.18 x 107 Alkaline Filter ~ 7.61 x 107*
Cheras 1.08x 1072 594 x 1073 UKM 1.41 x 1072 UV Filter 9.88 x 107*
Bukit 6.24 x 1073 4.53 x 1073 Average 7.41 x 1073 Average 1.90 x 1073
Salak 163 x 1073 7.35 x 1074 Std. 8.78 x 1073 Std. 252 x 1073
Labu 552 x 107* 443 x 107* t value 1.886 t value 1.684
Average 520x 1073 214 x 1073 p value 0.132 p value 0.167
Std. 456 x 1073 2,07 x 1073
t value 3.223 2.926
p value 0.015 * 0.022 *

Note: * Significant at 95% confidence level. United Nations Scientific Committee on Effects of Atomic Radiation
(UNSCAER) < 0.12 mSv/year. World Health Organization (WHO) < 0.01 mSv/year. International Commission on
Radiological Protection (ICRP) < 1.0 mSv /year. Polish Ministry of Health < 0.01 mSv/year.

A few studies have predicted chronic human health risk of Po-210 ingestion via drinking
water [9,10,42,71,77]. Although Zaga et al. [77] estimated Po-210 inhalation and lung cancer, however,
there is no significant association study between ingestion of Po-210 via drinking water and types of
cancer in human. Luckily, Scott [78] has estimated acute risk of Po-210 ingestion through experimenting
on the animal. Scott [78] concluded that: (1) ingestion (or inhalation) of a few tenths of a milligram
of Po-210 will likely be fatal to all exposed persons; (2) Lethal intakes are expected to involve fatal
damage to the bone marrow which is likely to be compounded by damage caused by higher doses to
other organs including the kidneys and liver; (3) Lethal intakes are expected to cause severe damage
to the kidney, spleen, stomach, small and large intestines, lymph nodes, skin, and testes (males) in
addition to the fatal damage to bone marrow; (4) The time distribution of deaths is expected to depend
on the level of radioactivity ingested or inhaled.

Therefore, natural radioactivity ingestion is one of the main causes of human radiation exposure
(i.e., global average is 2.4 mSv/year) and it should not exceed 0.1 mSv/year for drinking water
according to the European Union Drinking Water Directives (DWD) 98/83/EC [79]. The naturally
existing radionuclides in the U-238, Th-232 series, and K-40 are present everywhere in the Earth’s
crust. Ra-226, U-238 decay series progeny, and K-40 receive more attention due to their high solubility
and mobility [80]. In fact, the radioactivity of radionuclides such as U-238, Th-232, and K-40 is
very common in water, soil, and rocks [17]. Hence, it presents a serious threat of radiation to the
population if ingested [23]. However, the amount of radioactivity of radionuclides in the surface
water varies among different places in the world because of territorial and atmospheric sources [81] as
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well as man-made activities [16]. The proportion of natural and artificial radioactivity rates on earth
is 85%:15% [69], whereas in Malaysia the proportion is 80%:20% [16].

4. Conclusions

Po-210 activity in the water supply chain of Langat Basin, Malaysia was within the drinking
water quality standard of the Ministry of Health Malaysia and World Health Organization. However,
Po-210 activity in the range of 0.63 & 0.29 to 14.98 + 1.18 mBq/L in the Langat River is higher than
many countries around the world. The Langat River drains through the granite zone, an extension
of the granite batholith series of Peninsular Thailand underneath the basin. Therefore, terrestrial
sources are the main contributors of primordial radionuclides, such as U-238 and its progeny Po-210
along with the atmospheric and anthropogenic sources to elevate Po-210 activity in the Langat River.
Moreover, the less efficiency i.e., an average 59% of conventional water treatment method to remove
Po-210 entirely from the treated water might be the reason of higher annual effective dose of Po-210
ingestion via drinking water i.e., via tap water 7.41 x10~2 mSv /year than many countries around the
world, even though the limit is safe and the carcinogenic risk is acceptable for human beings. Previous
studies have already reported Po-210 is 250,000 times more toxic than hydrogen cyanide, hence it
can be carcinogenic to humans if ingested via drinking water for a long time. Moreover, the treated
water might become contaminated in the long pipelines in between treatment plants and households.
Therefore, a two-layer water filtration system (i.e., effective filtration system at the plants as well as at
the household level) should be introduced in the basin to obtain the status of a developed nation by
2020 as well as to achieve the SDG target 6.1 of getting safe drinking water supply well before 2030.
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