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BACKGROUND: Some disinfection by-products (DBPs) are reproductive and developmental toxicants in laboratory animals. However, studies of
trimester-specific DBP exposure on adverse birth outcomes in humans are inconsistent.
OBJECTIVE: We examined whether trimester-specific blood and urinary biomarkers of DBP were associated with small for gestational age (SGA),
low birth weight (LBW), and preterm birth.
METHODS: A total of 4,086 blood and 3,951 urine samples were collected across pregnancy trimesters among 1,660 mothers from Xiaogan City, China.
Blood samples were quantified for biomarkers of trihalomethanes (THMs): chloroform (TCM), bromodichloromethane, dibromochloromethane, and bro-
moform. Urine samples were quantified for biomarkers of haloacetic acids (HAA): dichloroacetic acid and trichloroacetic acid. Birth outcomes were
abstracted at delivery from medical records. We used Poisson regression models with log link functions to estimate risk ratios (RRs) and 95% confidence
intervals (CIs) for SGA, LBW, and preterm birth across tertiles (or categories) of DBP biomarker concentrations measured across pregnancy trimesters.
We also examined the relative exposure differences across gestation comparing adverse outcomes with normal births usingmixed-effects models.

RESULTS: Blood TCM concentrations in the second trimester were associated with an elevated risk of SGA comparing middle vs. lowest (RR, 2.34;
95% CI: 1.02, 5.35) and highest vs. lowest (RR, 2.47; 95% CI: 1.09, 5.58) exposure groups. Third-trimester blood TCM concentrations were also
associated with an increased risk of SGA comparing the second tertile with the first (RR, 2.61; 95% CI: 1.15, 5.92). We found that maternal blood
TCM concentrations were significantly higher for SGA compared with non-SGA births across the period from 23 to 34 wk gestation. Other blood and
urinary DBP biomarkers examined were unrelated to SGA, LBW, or preterm birth.
CONCLUSION: Blood TCM concentrations in mid to late pregnancy were associated with an increased risk of SGA, whereas other biomarkers of
DBPs examined across pregnancy were not associated with birth outcomes. https://doi.org/10.1289/EHP7195

Background
Small for gestational age (SGA), low birth weight (LBW), and
preterm birth are major contributors to infant mortality and
account for a significant proportion of neonatal deaths in the
United States and globally (Behrman and Butler 2007; Lawn et al.
2014). Adverse birth outcomes have also been associated with a
greater risk of postneonatal mortality, growth failure, and adult-
onset chronic diseases (Abitbol and Rodriguez 2012; Colman
et al. 2012; Khashan et al. 2015; Silverberg et al. 2018). The
Developmental Origins of Health and Disease paradigm main-
tains that early-life environments influence health outcomes later
in life, and birth weight and gestational age are considered impor-
tant markers of the intrauterine environment (Aris et al. 2018;
Barker 2007; Basso 2008; O’Donnell and Meaney 2017).

Disinfection by-products (DBPs) are inadvertent widespread
contaminants formed when oxidizing disinfectants (e.g., chlorine
or ozone) react with natural and synthetic organic matter in the
treatment of drinking water. Among more than 600 identified
DBPs in chlorinated water, trihalomethanes (THMs) and haloace-
tic acids (HAAs) are the most prevalent species, accounting for
66% and 27%, respectively, of chlorinated DBP compounds in
drinking water (Zhang et al. 2009). Exposure to volatile THMs
may occur through inhalation and absorption during daily activ-
ities; in contrast, ingestion of water is thought to be the main route
of exposure to nonvolatile HAAs (Nieuwenhuijsen et al. 2009b).

Toxicological studies have shown that DBPmolecules can pass
through the placenta (Danielsson et al. 1986), resulting in
decreased conception rates, pregnancy loss, reduced birth weight,
and dysmorphogenesis in rodents (Hunter et al. 2006; McMaster
et al. 2018; Narotsky et al. 2011, 2015). However, epidemiological
studies on DBP exposure in relation to adverse birth outcomes
have produced inconclusive findings (Cao et al. 2016; Hinckley
et al. 2005; Hoffman et al. 2008; Iszatt et al. 2014; Jaakkola et al.
2001; Kogevinas et al. 2016; Levallois et al. 2012; Mashau et al.
2019; Patelarou et al. 2011; Porter et al. 2005; Rivera-Núñez and
Wright 2013; Smith et al. 2016;Villanueva et al. 2011;Wright et al.
2004; Yang et al. 2019), largely owing to design and exposure
measurement issues. Previous studies mostly applied DBP concen-
trations measured in water distribution systems as a surrogate met-
ric to assign exposure to individuals or estimated internal exposure
dose by combining measures in the water distribution networks
and individual water-use activities collected by questionnaires.
However, these exposure assessments may result in misclassifica-
tion due to poor resolution of spatial and temporal variability of
monitoring data and inter- and intraindividual physiological
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differences in absorption, distribution, metabolism, and excretion
of DBPs (Grellier et al. 2015).

An important issue is that the critical periods of susceptibility of
early-life DBP exposure are understudied, with limited knowledge of
the timing of exposure in pregnancy associated with potential adverse
birth outcomes. Such data could lead to improvedmechanistic insights
for disease development and facilitate the establishment of more strin-
gent regulatory drinking water guidelines for the protection of the fe-
tus. Internal exposure biomarkers reflect integrative measures of
exposure to DBPs from all routes and sources, providing an accurate
exposure assessment for specific exposurewindows.BloodTHMcon-
centrations are sensitive to low levels of exposure (Weisel et al. 1999).
Although the elimination half-life of THMs in blood ranges from
minutes to hours, they are believed to reflect steady-state blood con-
centrations due to the high frequency of daily exposure events and
slower partitioning out of adipose tissue (Blount et al. 2011). Urinary
dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA), the two
most prevalent species of HAAs, are potential biomarkers for ingested
DBPs in chlorinated water (Wang et al. 2014; Weisel et al. 1999).
Therefore, we aimed to examinewhether blood and urinary biomarker
concentrations of DBP measured in early, middle, and late pregnancy
trimesters were associated with SGA, LBW, and preterm birth using
data froma large prospective birth cohort inChina.

Methods

Research Design
The Xiaogan Disinfection By-Products (XGDBP) Study is a pro-
spective birth cohort conducted inXiaogan City, China, that investi-
gates the effects of prenatal DBP exposure on fetal growth and
development (Chen et al. 2019; Wang et al. 2019). Xiaogan City
was served by a single water treatment facility where chlorination
was used to disinfect water. The median (arithmetic mean) monthly
concentrations of chloroform (TCM), total trichloromethane
(TTHMs), DCAA, and TCAA in the water distribution network
of Xiaogan City were 4.2 (4.3), 7.1 (7.4), 3.4 (3.5), and
8:2 ð10:1Þ lg=L, respectively, in measurement years 2015–2016
(Wang et al. 2019). To be included in the study, women had to be
between 18 and 40 years of age, carrying a singleton gestation, per-
manently living in the study area, <14 wk gestation at the time of
study entry, no history of psychiatric illness (to avoid communica-
tion barrier), and no self-reported diagnosis of endocrine disease
(e.g., diabetes and thyroid disease) that may affect birth outcomes
(Billionnet et al. 2017; Sheehan et al. 2015). From 2015 to 2017,
1,876 of 2,021 (participation rate 93%) potentially eligible pregnant
women attending the Maternal and Child Health Care Service
Center of Xiaonan District were enrolled to participate. All partici-
pants completed a questionnaire, underwent physical examination,
provided a single urine sample, and had a venous blood drawn at
each study visit during early [first trimester, gestational age <14 wk;
mean± standard deviation (SD), 9:2± 2:3 wk], middle (second
trimester, gestational age 14–27 wk; mean, 17:1± 2:0 wk), and
late pregnancy (third trimester, gestational age >27 wk; mean,
31:8± 2:3 wk). After excluding 116 women due to stillbirths
(n=18), malformation (n=2), spontaneous abortion (n=63), and
induced abortion (n=33), and 100 participants due to missing data
on birth outcomes, 1,660 women were retained in the current analy-
sis (Figure 1). Our study was approved by the ethics committee of
Tongji Medical College. All participants provided written informed
consent before enrollment.

Covariates
Participant characteristics, including race, height, age, occupation,
and socioeconomic status, were collected at recruitment using

self-reported baseline questionnaires. Lifestyle factors (e.g.,
tobacco and alcohol use), secondhand smoke–exposure, dietary
habits, medical history, and water use activities (e.g., water sour-
ces, water-use frequency, daily tap-water consumption, and the
time interval since last bathing/showing) were self-reported and
collected at baseline and follow-up visits. Weight was measured
by multifunctional anthropometric instruments at prenatal visits
during each trimester. Body mass index (BMI) was calculated as
weight in kilograms divided by the square of height in meters.
Research staff recorded the date and time of biological specimen
collection.

Blood and Urine Sample Collection and Biomarker
Quantification
Specimen collection and quantification have been described in
detail elsewhere (Wang et al. 2019). In brief, venous blood and
urine samples were collected using vacutainers and polypropyl-
ene containers, respectively, which were validated to be free of
contamination by analyzing a field blank sampling tube/con-
tainer with boiled spring water (Zeng et al. 2013). We detected
blood TCM, bromodichloromethane (BDCM), dibromochloro-
methane (DBCM), and bromoform (TBM) using a headspace
solid-phase microextraction gas–chromatographic method (HS-
SPME-GC) and urinary DCAA and TCAA using a liquid–liquid
extraction gas–chromatographic method (LLE-GC). For quality
control, each analysis run included a blank water sample (boiled
spring water) and two pooled controls spiked with target analy-
tes. The blank samples were used to detect possible contamina-
tion. The relative SD of repeated pooled controls was <10%;
the spiked recoveries for THMs and HAAs ranged from 82% to
116%. The limits of detection (LODs) for TCM, BDCM,
DBCM, TBM, DCAA, and TCAA were 1:95 ng=L, 0:45 ng=L,
0:68 ng=L, 2:00 ng=L, 1:0 lg=L, and 0:50 lg=L, respectively.
Values of THMs and HAAs in biological samples below the
LODs were replaced by LOD=

p
2 (Hornung et al. 1990).

Urinary creatinine and specific gravity (SG) were measured to
correct for urine dilution using automated clinical analyzers
(Wang et al. 2019).

Birth Outcomes
Infant birth and delivery data including delivery mode, date of
birth, sex, gestational age at delivery, and birth weight were

Figure 1. Flowchart for study population.
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abstracted from hospital medical records by trained study staff.
Gestational age at delivery was estimated by an obstetrician, by
first-trimester ultrasound evaluations and/or self-reported date of
last menstrual period. The outcomes of interest in the current
study were SGA, LBW, and preterm birth. SGA and appropriate
for gestational age (AGA), including both preterm and term-born
delivery, were defined as a gender-specific birth weight less than
10th percentile and within 10th–90th percentile for gestational
age in a representative Chinese referent population, respectively
(Cao et al. 2016; Chen and Jin 2011). Preterm birth was defined
as live-singleton births that occurred before 37 completed gesta-
tional wk (Spong 2013). LBW was defined as a birth weight of
less than 2,500 g (Jin 2015).

Data Analysis
Descriptive statistics were conducted for maternal characteris-
tics and neonatal birth outcomes. One-sample t-test and chi-
square tests were used to compare the differences in maternal
and neonatal characteristics between the subgroups of SGA,
LBW, and preterm birth and the total study population. Blood
brominated trihalomethanes (Br-THM) were the sum concentra-
tions of BDCM, DBCM, and TBM; TTHMs were the sum con-
centrations of TCM and Br-THMs. Maternal blood TCM,
BDCM, Br-THM, and TTHM and urinary DCAA and TCAA
concentrations were divided into tertiles based on all measure-
ments across pregnancy trimesters. Because blood DBCM and
TBM concentrations were detected in ≤52:4% of the speci-
mens, we constructed a three-level ordinal variable by percen-
tiles: <60th, 60th–80th, and >80th.

Because of the prospective design of this cohort (Zou 2004),
we fitted generalized estimating equations with a log link func-
tion and Poisson distribution using multiple informant models
based on the SAS PROC GENMOD procedure to estimate the
risk ratios (RRs) and 95% confidence intervals (CIs) of SGA
(vs. AGA), LBW (vs. normal birth weight), and preterm birth
(vs. term birth) by tertiles (or categories) of DBP biomarker
concentrations during the first, second, and third trimesters of
pregnancy (Sánchez et al. 2011). In brief, multiple informant
models treat each of the three pregnancy trimesters as inform-
ants and simultaneously estimate the association between DBP
exposure and study outcomes. This method retains the interpre-
tation of a set of separate multiple regressions for each trimester
and also tests the difference in associations between biomarker
concentrations and birth outcomes across pregnancy trimesters
by jointly estimating the regression models using Type 3 tests
(Sánchez et al. 2011). We considered a Type 3 p<0:10 as an in-
dication that associations differed significantly across preg-
nancy trimesters. Tests for linear trend were conducted by
modeling tertiles (or categories) of DBP biomarker concentra-
tions as an ordinal level variable using integer values. To further
explore periods of susceptibility across pregnancy trimesters, we
used the population exposure pattern approach developed by
Sánchez et al. (2011). We applied quadratic mixed-effects mod-
els to estimate the relative exposure and 95% CIs of DBP bio-
marker concentrations across gestational weeks, comparing
adverse birth outcomes vs. normal births.

Covariates were selected a priori and were then added in a
forward stepwise model selection procedure in multivariable
models if their inclusion resulted in a >10% change in the esti-
mated associations between each exposure and birth outcome
(Maldonado and Greenland 1993). For consistency, we used the
same set of covariates in the final multivariable models: maternal
age at recruitment and the gestational week at sample collection
were included as continuous variables; active or passive smoking
exposure (yes vs. no), delivery mode (spontaneous vs. cesarean),

and infant sex (female vs. male) were included as dichotomous
variables; prepregnancy BMI (<18:5, 18.5-24.9, or ≥25 kg=m2)
and sampling time of day (07:00–08:59, 09:00–11:59, or 12:00–
17:30) were included as categorical variables using indicator
terms (i.e., two dichotomous indicator terms for each 3-category
variable); and household income (<3,000, 3,000–4,999, or
≥5,000 yuan=month) were included as an ordinal categorical
variable using integer values (i.e., 0, 1, and 2). For the covariates
with missing values at a given time point (<1:5% for any covari-
ates), a missing indicator was used in the analysis. Urinary creati-
nine was included as a separate independent variable for
associations between HAAs and birth outcomes. This approach
allowed for the urinary analyte concentration to be appropriately
adjusted for urinary dilution without introducing additional con-
founding (Barr et al. 2005).

Several sensitivity analyses were conducted. First, we re-
stricted the analysis of associations between urinary HAAs and
adverse birth outcomes among women who had a normal range
of urinary creatinine (i.e., >0:3 to <3 g=L) to assess the influence
of highly diluted or concentrated samples. Second, we reanalyzed
the aforementioned associations in a subset of participants who
had SG measured in urine. We used SG-adjusted concentrations
calculated by the formula

Pc =P× ½ðSGmean − 1Þ=ðSG−1Þ�,

where Pc is the SG-corrected concentrations (lg=L), SGmean is
the mean SG of the whole population, and P is the unadjusted
concentrations. Third, we reanalyzed the associations of blood
THMs and urinary HAAs with SGA by excluding women who
reported occupational exposures to organic/chlorinated solvents
(n=48), which might represent a different source of exposure
to DBPs. Fourth, we included both prepregnancy BMI and
trimester-specific weight gain as additional covariates in the mul-
tivariable models. Statistical analyses were performed using SAS
(version 9.4; SAS Institute Inc.).

Results

Characteristics of Mother–Infant Pairs
The incidence of SGA, LBW, and preterm birth was 3.8% (n=63),
2.0% (n=34), and 3.6% (n=59), respectively. The arithmetic mean
(± SD) gestational age and birth weight of 1,660 infants were
38:8 ð±1:3Þwk and 3,312:1 ð±413:8Þ g, respectively (Table 1).
Slightly fewer than half of the infants were boys (47.6%), and
60% were born by cesarean. Most mothers were of a Han ethnic
background (99.4%), with a mean age of 26:4 ð±4:2Þ y at enroll-
ment. Although only 0.7% of mothers reported active smoking,
27.2% reported exposure to secondhand smoke. Only 3.7%
reported alcohol consumption. More than 83% of the mothers
used chlorinated tap water as their main water source. Women
with an SGA birth tended to be thinner (lower BMI) and were
more likely to have a spontaneous delivery compared to the over-
all study sample (Table 1).

Distribution of Blood THMs and Urinary HAAs
Among 1,660 participants, there were 1,636 (98.6%), 1,337
(80.5%), and 1,113 (67.0%) women with blood drawn and quanti-
fied for THMs during the first, second, and third trimesters of
pregnancy, respectively. There were 1,497 (90.2%), 1,342
(80.8%), and 1,112 (66.9%) women with urine samples quantified
for HAA, during the first, second, and third trimesters of
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pregnancy, respectively (Table 2). Biomarkers TCM, BDCM,
DCAA, and TCAA were detectable in ≥76:5% of the samples
collected across all pregnancy trimesters, whereas DBCM and
TBM were detected in ≤52:4% of the specimens (Table 2).

Median blood THMs and urinary DCAA (creatinine-adjusted)
concentrations were highest in the third trimester, and creatinine-
adjusted urinary TCAA concentrations were highest in the first
trimester (Table 2).

Table 1. Characteristics of mother–infant pairs in the overall study sample and by birth outcomes [n (%) or mean±SD].

Characteristic Overall (n=1,660)a SGA (n=63) LBW (n=34) PTB (n=59)

Birth outcomes
Gestational age (wk) 38:8± 1:3 39:1± 1:1 36:2± 2:5 35:2± 1:3
Birth weight (g) 3,312:1± 413:8 2,552:7± 199:7 2,250:3± 200:7 2,747:8± 530:4
Gender
Male 790 (47.6) 25 (39.7) 20 (58.8) 37 (62.7)
Female 870 (52.4) 38 (60.3) 14 (41.2) 22 (37.3)
Delivery mode
Spontaneous 664 (40.0) 31 (49.2) 10 (29.4) 23 (39.0)
Caesarean 994 (60.0) 32 (50.8) 24 (70.6) 36 (61.0)
Maternal baseline characteristics
Age (y) 26:4± 4:2 26:1± 3:8 26:1± 3:4 27:2± 4:9
BMI at recruitment (kg=m2)
<18:5 352 (21.4) 20 (31.7) 10 (29.4) 14 (23.7)
18.5–24.9 1,153 (70.2) 40 (63.5) 23 (67.6) 41 (69.5)
≥25 137 (8.3) 3 (4.8) 1 (2.9) 4 (6.8)

Marital status
Married 1,579 (95.6) 63 (100) 32 (93.9) 55 (93.2)
Other 73 (4.4) 0 (0) 2 (5.9) 4 (6.8)
Household income (yuan/month)
<3,000 678 (41.0) 23 (36.5) 16 (47.1) 26 (44.1)
3,000–4,999 756 (45.8) 29 (46.0) 13 (38.2) 26 (44.1)
≥5,000 218 (13.2) 11 (17.5) 5 (14.7) 7 (11.9)

Ethnicity
Han 1,641 (99.4) 63 (100) 34 (100.0) 59 (100.0)
Other 10 (0.6) 0 (0) 0 (0) 0 (0)
Gravidity (including

current pregnancy)
1 765 (46.1) 35 (55.6) 12 (35.3) 28 (47.5)
≥2 894 (53.9) 28 (44.4) 22 (64.7) 31 (52.5)

Education level
Less than high school 1,039 (62.9) 37 (58.7) 20 (58.8) 37 (62.7)
High school and above 612 (37.1) 26 (41.3%) 14 (41.2) 22 (37.3)
Cigarette smoking status
Never 1,649 (99.3) 62 (98.4) 34 (100.0) 59 (100.0)
Current/former 11 (0.7) 1 (1.6) 0 (0) 0 (0)
Secondhand smoke
Never 1,208 (72.8) 43 (68.3) 26 (76.5) 44 (74.6)
Current/former 452 (27.2) 20 (31.7) 8 (23.5) 15 (25.4)
Alcohol use
Never 1,599 (96.3) 63 (100) 34 (100) 58 (98.3)
Ever 61 (3.7) 0 (0) 0 (0) 1 (1.7)
Use of chlorinated tap water
No (well or spring water) 274 (16.5) 12 (19.0) 6 (17.6) 15 (25.4)
Yes 1,386 (83.5) 51 (81.0) 28 (82.4) 44 (74.6)
Occupational exposures to

organic/chlorinated solvents
Ever 48 (2.9) 1 (1.6) 1 (2.9) 0 (0)
Never 1,612 (97.1) 62 (98.4) 33 (97.1) 59 (100)
Time-varying characteristics
Sample collection time (h)
0700–0859 491 (12) 24 (15.2) 12 (14.1) 21 (14.7)
0900–1159 2,904 (70.8) 104 (65.8) 56 (65.9) 95 (66.4)
1200–1730 704 (17.2) 30 (19) 17 (20) 27 (18.9)

Time interval since last
bath/shower (h)

≤12 434 (10.5) 17 (10.7) 11 (12.4) 19 (12.8)
12.1–24 2,496 (60.5) 96 (60.4) 60 (67.4) 93 (62.8)
>24 1,193 (29.0) 46 (28.9) 18 (20.2) 36 (24.4)

Gestational age at sample
collection (wk)

First trimester 9:2± 2:3 9:6± 2:1 9:4± 2:1 9:0± 2:2
Second trimester 17:1± 2:0 17:0± 1:9 17:2± 1:7 16:9± 1:5
Third trimester 31:8± 2:3 31:5± 2:3 31:7± 2:4 31:6± 2:0

Note: BMI, body mass index; LBW, low birth weight; PTB, preterm birth; SD, standard deviation; SGA, small for gestational age.
aA total of 18 women had missing information on BMI at recruitment, 8 on household income, 9 on ethnicity, 1 on smoking status, 3 on alcohol use, 4 on secondhand-smoke exposure,
2 on delivery way, 8 on marriage status, 1 on gravidity, 52 on sample collection time, 55 on time interval since last bath/shower, and 36 on gestational age at sample collection.
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DBP Exposures and Risks of Adverse Birth Outcomes
After adjusting for confounders, blood TCM concentrations in
the second trimester of pregnancy were associated with an ele-
vated risk of SGA, comparing middle vs. lowest (RR, 2.34; 95%
CI: 1.02, 5.35) and highest vs. lowest (RR, 2.47; 95% CI: 1.09,
5.58) exposure groups (Table 3). The risk of SGA was also
higher among women with third-trimester blood TCM concentra-
tions in the medium tertile (RR, 2.61; 95% CI: 1.15, 5.92), com-
pared with women in the lowest tertile. The Type 3 tests revealed
that the associations between TCM exposure and SGA differed
across pregnancy trimesters (Type 3 p=0:07, Table 3). The
above-mentioned associations did not change substantially when
we excluded women reporting occupational exposures to organic/
chlorinated solvents, and those associations did not change when
both prepregnancy BMI and trimester-specific weight gain were
added as covariates (see Tables S1 and S2).

Relative blood TCM concentrations were higher in SGA births
compared with AGA births during middle and late pregnancy
(Figure 2). More specifically, lower pointwise CI crossed above
the null at 23 wk (relative exposure= 1:20; 95% CI: 1.02, 1.43)
and persisted until 34 wk gestation (relative exposure= 1:37; 95%
CI: 1.01, 1.86), indicating significantly higher exposure across the
period from 23 to 34 wk gestation in SGA compared with AGA
births (Figure 2).

Other blood DBP biomarkers examined were not associated
with SGA, LBW, or preterm birth (see Table 3 and Tables S3
and S4). Moreover, urinary DCAA and TCAA concentrations
were not associated with any tested birth outcomes in this cohort
(see Table 3 and Tables S3 and S4). The associations between
urinary HAAs and adverse birth outcomes did not change materi-
ally when we restricted the analysis to women who had a normal
range of urinary creatinine (i.e., >0:3 to <3 g=L) and when SG-
corrected concentrations were used to correct for urine dilution
(see Tables S5 and S6, respectively).

Discussion
The incidence of SGA, LBW, and preterm birth in this cohort
was 3.8%, 2.0%, and 3.6%, respectively. Our study population is
similar to that of a larger earlier study (1993–1998) that enrolled
200,589 infants born in 21 counties of 2 southern Chinese prov-
ince (Zhejiang and Jiangsu) and a northern province (Hubei),
reporting an incidence of SGA of 5.8% (Li et al. 2017).

Similarly, in the Healthy Baby Cohort that enrolled 5,364 preg-
nant women between 2012 and 2014 in Wuhan, China, the esti-
mated proportion of LBW and preterm birth was 2.2% and 3.3%,
respectively (Yang et al. 2016). Results from our prospective
birth cohort showed a positive association between maternal con-
centrations of blood TCM during the second and third trimesters
of pregnancy and risk of SGA, defined as birth weight less than
10th percentile for gestational age in a representative Chinese
referent population. When the population exposure pattern
approach was applied, we found that maternal blood TCM con-
centrations were significantly higher for SGA compared with
non-SGA births across the period from 23 to 34 wk gestation.
There was no evidence of any associations between other THM
biomarker concentrations and LBW or preterm birth. Maternal
urinary DCAA and TCAA were also unrelated to any of the
tested birth outcomes in our cohort. Our prospective birth cohort
is the first study, to our knowledge, that measured internal bio-
markers of DBP exposure across pregnancy in relation to adverse
birth outcomes, providing new evidence of a potentially suscepti-
ble period of risk for SGA with exposure in middle and late preg-
nancy to TCM concentrations.

Several prior epidemiological studies have explored the asso-
ciation between trimester-specific DBP exposures and growth-
related birth outcomes. In support of our findings, Summerhayes
et al. (2012) reported a higher risk of SGA among women with
high TCM concentrations during the third trimester by geocoding
314,982 births to water distribution systems in New South Wales,
Australia. Similarly, Wright et al. (2004) reported exposure–
response effects of elevated third-trimester TCM concentration
on a greater risk of SGA among 196,000 infants in Boston,
Massachusetts, USA. In a cohort study of 4,161 pregnant women
in Lithuania, Grazuleviciene et al. (2011) reported that the esti-
mated internal dose of TCM during second and third trimesters
was positively associated with the risk of SGA. In contrast, sev-
eral studies indicated a lack of association between THM expo-
sure and SGA (Jaakkola et al. 2001; Kogevinas et al. 2016;
Patelarou et al. 2011; Rivera-Núñez and Wright 2013;
Villanueva et al. 2011). Our findings were also consistent with
numerous previous studies showing no association between
THMs and LBW or preterm birth (Hinckley et al. 2005;
Kogevinas et al. 2016; Patelarou et al. 2011; Villanueva et al.
2011), and between HAAs and SGA, LBW, or preterm birth
(Hoffman et al. 2008; Smith et al. 2016), though several studies

Table 2. Distribution of blood THM and urinary HAA concentrations measured across pregnancy trimesters.

Biomarkers

First trimester Second trimester Third trimester

n %>LOD Median IQR n %>LOD Median IQR n %>LOD Median IQR

Blood THMs (ng/L)
TCM 1,636 91.1 10 5.7–15.8 1,337 91.7 9.6 5.7–14.7 1,113 94.6 11.2 7.0–16.7
BDCM 1,636 76.5 0.79 0.52–1.1 1,337 79.8 0.80 0.56–1.1 1,113 82.8 0.87 0.60–1.2
DBCM 1,636 41.5 <LOD <LOD–1:0 1,337 42.6 <LOD <LOD–1:1 1,113 43.9 <LOD <LOD–11:3
TBM 1,636 46.3 <LOD <LOD–8:5 1,337 47.1 <LOD <LOD–9:4 1,113 52.4 2.59 <LOD–15:9
Br-THMs 1,636 — 3.8 2.7–10.4 1,337 — 3.7 2.8–11.3 1,113 — 4.5 2.8–17.8
TTHMs 1,636 — 16.5 10.3–28.2 1,337 — 16.3 10.5–26.8 1,113 — 19 12.2–36.6
Urinary TCAA
Crude (lg=L) 1,497 84.7 1.4 0.70–2.6 1,342 95.6 1.9 1.2–2.9 1,112 95.0 1.5 1.0–2.3
SG-adjusted (lg=L) 1,494 — 1.73 1.16–2.57 1,331 — 1.79 1.22–2.62 1,093 — 1.59 1.13–2.25
Creatinine-adjusted
(lg=g creatinine)

1,458 — 2.28 1.41–4.34 1,327 — 1.92 1.31–2.98 1,105 — 2.14 1.51–3.07

Urinary DCAA
Crude (lg=L) 1,497 90.6 6.15 2.30–9.52 1,342 99.0 8.12 5.33–10.43 1,112 99.3 6.89 4.76–9.22
SG-adjusted (lg=L) 1,494 — 6.63 4.34–9.40 1,331 — 7.45 5.29–10.23 1,093 — 7.14 5.19–9.48
Creatinine-adjusted
(lg=g creatinine)

1,458 — 8.44 5.46–14.61 1,327 — 8.03 5.62–11.41 1,105 — 9.27 6.97–12.85

Note: First trimester: gestational age <14 wk; mean, 9:2± 2:3 wk. Second trimester: gestational age 14–27 wk; mean, 17:1± 2:0 wk. Third trimester: gestational age >27 wk; mean,
31:8± 2:3 wk). —, no data; BDCM, bromodichloromethane; Br-THM, brominated trihalomethanes; DBCM, dibromochloromethane; DCAA, dichloroacetic acid; HAA, haloacetic
acid; IQR, interquartile range; LOD, limit of detection; TBM, bromoform; TCAA, trichloroacetic acid; TCM, chloroform; THM, trihalomethane; TTHMs, total trihalomethanes.
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support an association (Hinckley et al. 2005; Iszatt et al. 2014;
Levallois et al. 2012; Porter et al. 2005; Rivera-Núñez and
Wright 2013). These previous studies mostly used measures in
water distribution networks to assign exposure to individuals or
used indirect personal exposure measures by combining monitor-
ing data and individual water-use activities to estimate internal
exposure doses, both of which contribute to measurement error.
Additionally, the discrepancy between studies could also be
explained partly by regional variability in DBP concentrations in
water systems. For instance, the water concentrations of TTHMs
(mean: 7:4 lg=L; median: 7:1 lg=L) in Xiaogan City were
among the lowest environmental exposure levels in previous
studies from England (mean: 45:6 lg=L) (Smith et al. 2016),
Spain (median range: 5:9–114:7 lg=L) (Villanueva et al. 2011),
and United States (mean range: 43:4–56:9 lg=L) (Hinckley et al.
2005).

The determination of individual THMs and HAAs in biological
specimens reflects integrative exposures from multiple routes and
sources. To date, however, data on internal biomarkers of DBP ex-
posure in relation to SGA, LBW, or preterm birth are lacking. In a
previous study, wemeasured blood THMs and urinary TCAA con-
centrations in more than 1,100 pregnant women at the time of
delivery (Cao et al. 2016; Yang et al. 2019). Consistent with our
present study, there was no evidence of any association between
urinary HAAs and SGA (Yang et al. 2019). However, our previous
study also found a suggestive dose–response relationship between
elevated blood Br-THM and TTHM concentrations and a higher
incidence of SGA (p for trend= 0:06 and 0.08, respectively) (Cao
et al. 2016). Our findingswere also in contrast with a small study of
205 pregnant women from South Africa that reported a positive
association between elevated third-trimester TCAA concentrations
and the risk of SGA, premature birth, and low birth weight

Table 3. Associations between blood THM and urinary (HAA) concentrations (tertiles or categories) and risk of small for gestational age by pregnancy
trimestersa

Biomarkers

First trimester Second trimester Third trimester Type 3
p-valuecRR (95% CI) n=N RR (95% CI) n=N RR (95% CI) n=N

THMs
TCM — — — — — — 0.07
T1 (1:34–7:45 ng=L) 1.0 24/425 1.0 8/341 1.0 8/293 —
T2 (7:46–13:46 ng=L) 0.80 (0.43, 1.48) 18/422 2.34 (1.02, 5.35) 19/340 2.61 (1.15, 5.92) 21/279 —
T3 (>13:46 ng=L) 0.94 (0.52, 1.69) 21/410 2.47 (1.09, 5.58) 22/350 2.08 (0.89, 4.83) 17/287 —
p-trend 0.81 — 0.04 — 0.12 — —

BDCM — — — — — — 0.12
T1 (0:35–0:65 ng=L) 1.0 27/433 1.0 20/347 1.0 19/285 —
T2 (0:66–1:00 ng=L) 0.84 (0.48, 1.48) 22/417 0.89 (0.47, 1.71) 17/350 0.69 (0.34, 1.40) 13/287 —
T3 (>1:00 ng=L) 0.57 (0.30, 1.09) 14/408 0.62 (0.30, 1.29) 12/334 0.73 (0.36, 1.47) 14/287 —
p-trend 0.09 — 0.21 — 0.37 — —

DBCM — — — — — — 0.45
<60th (0:50–0:75 ng=L) 1.0 31/765 1.0 31/621 1.0 28/531 —
60–80th (0:76–1:20 ng=L) 1.74 (0.96, 3.16) 17/247 0.75 (0.34, 1.64) 8/200 1.00 (0.47, 2.13) 9/162 —
>80th (>1:20 ng=L) 1.50 (0.81, 2.79) 15/245 0.88 (0.43, 1.81) 10/210 1.08 (0.50, 2.29) 9/166 —
p-trend 0.11 — 0.62 — 0.87 — —

TBM — — — — — — 0.73
<60th (1:41–3:77 ng=L) 1.0 36/750 1.0 30/624 1.0 27/518 —
60–80th (3:78–14:44 ng=L) 1.18 (0.64, 2.20) 14/254 1.12 (0.56, 2.25) 11/201 1.01 (0.47, 2.16) 9/170 —
>80th (>14:44 ng=L) 1.07 (0.57, 2.03) 13/253 0.75 (0.34, 1.64) 8/206 1.17 (0.56, 2.43) 10/171 —
p-trend 0.74 — 0.57 — 0.70 — —

Br-THMs — — — — — — 0.57
T1 (2:26–3:00 ng=L) 1.0 19/436 1.0 20/339 1.0 14/299 —
T2 (3:01–7:76 ng=L) 1.23 (0.66, 2.30) 21/404 0.72 (0.36, 1.43) 14/345 1.32 (0.64, 2.69) 17/273 —
T3 (>7:76 ng=L) 1.29 (0.70, 2.37) 23/417 0.71 (0.36, 1.39) 15/347 1.15 (0.55, 2.38) 15/287 —
p-trend 0.42 — 0.30 — 0.71 — —

TTHMs — — — — — — 0.96
T1 (3:60–12:80 ng=L) 1.0 21/433 1.0 12/339 1.0 15/283 —
T2 (12:81–23:68 ng=L) 1.27 (0.71, 2.28) 25/403 1.55 (0.75, 3.20) 20/348 0.96 (0.47, 1.97) 15/290 —
T3 (>23:68 ng=L) 0.85 (0.45, 1.61) 17/421 1.29 (0.61, 2.71) 17/344 1.08 (0.53, 2.19) 16/286 —
p-trend 0.65 — 0.55 — 0.84 — —

HAAsb

TCAA — — — — — — 0.69
T1 (0:35–1:17 lg=L) 1.0 17/388 1.0 17/345 1.0 13/296 —
T2 (1:18–2:23 lg=L) 1.66 (0.84, 3.29) 25/367 1.18 (0.58, 2.37) 19/336 1.64 (0.78, 3.42) 21/274 —
T3 (>2:23 lg=L) 1.25 (0.51, 3.05) 16/382 0.94 (0.43, 2.06) 15/350 1.04 (0.46, 2.36) 14/284 —
p-trend 0.58 — 0.87 — 1.00 — —

DCAA — — — — — — 0.91
T1 (0:71–5:14 lg=L) 1.0 17/385 1.0 18/352 1.0 18/296 —
T2 (5:15–8:90 lg=L) 1.68 (0.86, 3.25) 25/367 0.91 (0.45, 1.82) 16/338 1.04 (0.52, 2.07) 18/276 —
T3 (>8:90 lg=L) 1.18 (0.48, 2.87) 16/385 1.02 (0.47, 2.23) 17/341 0.60 (0.28, 1.30) 12/282 —
p-trend 0.59 — 0.97 — 0.19 — —

Note: First trimester: gestational age <14 wk; mean, 9:2± 2:3 wk. Second trimester: gestational age 14–27 wk; mean, 17:1± 2:0 wk. Third trimester: gestational age >27 wk; mean,
31:8± 2:3 wk). —, no data; BDCM, bromodichloromethane; BMI, body mass index; Br-THM, brominated trihalomethanes; DBCM, dibromochloromethane; DCAA, dichloroacetic
acid; HAA, haloacetic acid; n, numerator for cases of study outcome; N, total number of participants per subgroup; RR, risk ratio; TBM, bromoform; TCAA, trichloroacetic acid;
TCM, chloroform; THM, trihalomethane; TTHMs, total trihalomethanes.
aAdjusted for maternal age, BMI at recruitment, household income, active/passive smoking status, gestational age at sampling, the time of day of sample collection, infant sex, and
delivery mode.
bModels were additionally adjusted for creatinine by including the concentrations as a continuous covariate.
cType 3 tests were conducted based on multiple informant models by fitting generalized estimating equations with a log link function and Poisson distribution; a Type 3 p<0:10 indi-
cated that the associations differed significantly across pregnancy trimesters.
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(Mashau et al. 2019). Differences between studies may be explained
by the variability in exposure concentrations in different study popu-
lations. Most participants (64%) in our previous study lived in
Wuhan City (Cao et al. 2016); their median blood concentrations of
Br-THMs and TTHMs were uniformly higher than the concentra-
tions of our present cohort population (5.6 vs. 3:9 ng=L; and 57.7 vs.
17:1 ng=L, respectively) as a result of the difference in water DBP
levels between cities. Similarly, the crude urinary concentrations of
TCAA for South African women were 28 times higher than those in
our present study population (201 vs. 7:2 lg=L) (Mashau et al.
2019). Discrepancies in the timing of exposure measurement may
also contribute to the differences in the reported associations. For
instance, our previous study recruited women at the time of delivery
(Cao et al. 2016), whereas the present study is a prospective cohort
with exposuremeasured throughout gestation, starting in thefirst tri-
mester and followed to delivery.

Identifying windows of vulnerability during pregnancy when
exposures may have particularly harmful effects on the fetus is
crucial for targeting public health interventions (Sánchez et al.
2011). Although several studies have explored the associations of
estimated DBP exposures from multiple routes (using aggregate
data from municipal water sources) in different trimesters with
birth outcomes (Grazuleviciene et al. 2011; Summerhayes et al.
2012), the statistical approaches used in those studies were based
on multiple regression models, did not perform formal tests for
the differences across the a priori–defined windows (i.e., periods
of pregnancy corresponding to the three trimesters), and were
limited in the variability of the timing of exposure measurement
among participants (i.e., did not measure exposure across gesta-
tional weeks) (Sánchez et al. 2011). By applying the population
exposure pattern approach, we identified that maternal blood
TCM concentrations were significantly higher for SGA than for
normal births across the period from 23 to 34 wk of gestation.
This finding was consistent with our results based on multiple in-
formant models, suggesting that the middle to late pregnancy is

the critical window of susceptibility to TCM exposure. This
result is biologically plausible, because fetal weight gain begins
to show notable variation in the population after early second tri-
mester (Kiserud et al. 2018), and thus disruption to the mecha-
nisms needed for optimal growth during these time windows
could have an important impact.

A substantial body of literature, mainly from animal studies,
demonstrates the important role that oxidative stress plays in the
relationship between THMexposure and fetal growth and develop-
ment (Nieuwenhuijsen et al. 2009a). Both in vitro and in vivo stud-
ies have shown that TCM and a mixture of THMs induce oxidative
stress via the depletion of glutathione and other antioxidant
defenses, which, in turn, leads to DNA strand breakage and epige-
netic changes (Beddowes et al. 2003; Pereira et al. 2001), and ulti-
mately to abnormal fetal growth (Gluckman et al. 2008). In support
of this hypothesis, our previous study using data from the same
cohort showedmonotonously positive dose–response relationships
between blood TCM, Br-THM, and TTHMconcentrations and uri-
nary oxidative stress biomarkers (i.e., 8-hydroxy-2-deoxyguano-
sine and 4-hydroxy-2-nonenal-mercapturic acid) (Liu et al. 2020).
Moreover, altered DNA methylation may also represent an inter-
mediate biological mechanism linking THM exposures and
adverse fetal development (Salas et al. 2019). In another smaller
study, we reported an inverse association between maternal blood
THM concentrations and cord blood levels of Alu and LINE-1
methylation among 115 pregnantwomen (Yang et al. 2017).

The strengths of this study include the prospective design, a
comprehensive group of potential confounders, and most impor-
tantly, direct measurements of internal exposure biomarkers for
two leading DBP species (i.e., THMs and HAAs). As showering
and bathing strongly influence short-term blood THM concentra-
tions (Nuckols et al. 2005), we collected blood samples at least
2 h after the last bath or shower to obtain steady-state concentra-
tions of internal exposures. In addition, the wide variability in the
timing of exposure assessments across participants enabled us to

Figure 2. Relative exposure to TCM concentrations across gestational weeks based on quadratic mixed-effects models, comparing SGA (n=63) with non-
SGA births (n=1,257). Model was adjusted for maternal age, BMI at the time of study recruitment, household income, active/passive smoking status, gesta-
tional age at sampling, the time of day of sample collection, infant sex, and delivery mode. SGA was defined as birth weight less than 10th percentile and non-
SGA as within 10th–90th percentiles for gestational age in a representative Chinese referent population. Lower pointwise CI crossed above the null at 23 wk
(relative exposure = 1:20; 95% CI: 1.02, 1.43) and persisted until 34 wk gestation (relative exposure = 1:37; 95% CI: 1.01, 1.86). Note: BMI, body mass index;
CIs, confidence interval; SGA, small for gestational age; TCM, chloroform.
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identify periods of susceptibility to DBP exposure across preg-
nancy. Our study also had some limitations. First, THMs and
HAAs were measured at a single time point during each trimester,
which may have attenuated some associations of moderate magni-
tude toward the null due to the high within-subject variability in
DBP concentrations (Wang et al. 2014). Second, nearly 30% of
participants did not measure DBP exposures in the third preg-
nancy, which may have resulted in selection bias. However, the
proportion of adverse birth outcomeswas similar between included
and excluded women due to incomplete THM exposure data (see
Table S7). In this case, the missing data in third trimester is likely
nondifferential with respect to birth outcomes, likely resulting in
associations biased toward the null. Third, some important poly-
morphisms in genes such as CYP2E1, CYP2D6, and GSTT1,
which may affect DBPmetabolisms, were not accounted for in this
study. Fourth, a significant proportion (62.9%) of the study popula-
tion reported their educational background as junior school and
lower, which potentially limits the generalizability of our findings
to women with lower socioeconomic or educational status. Fifth,
our findings may have been confounded by other unidentified
potential exposure sources and the changing glomerular filtration
rate (GFR), blood protein binding, fat accumulation, and plasma
volume during pregnancy, which may influence exposure bio-
marker concentrations (Anderson 2005). In this cohort, the median
blood THM and creatinine-adjusted urinary DCAA concentrations
were the highest in the third trimester, whereas creatinine-adjusted
urinary TCAA concentrations were highest in the first trimester,
which might be related to changes in external exposure levels,
water-use activity, and the physiological and metabolic status dur-
ing pregnancy (He et al. 2005). Sixth, the timing of exposure
measurement during the second trimester was clustered around
16–17wkof gestation, whichmay have generated imprecise vulner-
ability windows in the second trimester. Finally, we conducted
many different comparisons, and some of our findings may be
related to multiple tests. Nevertheless, we are reassured by the con-
sistency in results using two differentmethods showing an increased
risk of SGA in relation toTCMexposure inmiddle to late pregnancy
and markedly higher concentrations across pregnancy comparing
SGAwith non-SGA births. Our results are also consistent with prior
studies of predicted TCM concentrations from municipal water
monitoring data in relation to the risk of SGA.

Conclusions
In this large prospective birth cohort with low environmental ex-
posure levels, we found that maternal prenatal exposure to TCM,
measured as blood biomarker concentrations during pregnancy
was positively associated with SGA risk. Additionally, we identi-
fied a potentially susceptible period of risk in relation to exposure
starting in mid-pregnancy (23 wk gestation) and up to 35 wk ges-
tation. Other blood and urinary DBP biomarkers examined across
pregnancy were unrelated to SGA, LBW, or preterm birth. Future
studies should validate this period of risk using similar internal
biomarkers of exposure measured throughout gestation in a dif-
ferent study population to determine if our findings are consistent
and generalizable. Nevertheless, these results should be consid-
ered in the establishment of stringent regulatory drinking-water
guidelines given their potential impact on fetal growth.
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