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Abstract

Objective: We investigated which trimester of exposure to PM2 5 and its components was

associated with birth and placental weight, and the fetoplacental weight ratio.

Methods: The study included 63,990 women who delivered singleton term births within

23 Tokyo wards between 2013 and 2015. Each day, we collected fine particles on a filter,

and analyzed their chemical constituents, including carbons and ions. Trimester-specific

exposure to each pollutant was estimated based on the average daily concentrations.

Results: Over the third trimester, sulphate exposure tended to be inversely associated with

birth weight, and decreased placental weight (difference for highest vs. lowest quintile

groups = -6.7g, 95% confidence interval = -12.5 to -0.9). For fetoplacental weight ratio,

there was no relationship.

Conclusions: Sulphate exposure over the third trimester may reduce birth weight,

particularly placental weight.
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INTRODUCTION

Though many studies have reported an association between exposure to fine
particulate matter during pregnancy and birth weight as an important marker of foetal
growth,' there is, at present, insufficient evidence to determine whether specific
components of PM s are associated with birth weight.* In addition, different studies have
indicated different exposure windows (e.g., first, second, or third trimester, or entire

gestation period) as sensitive periods for birth weight,””

and the findings for specific
windows of birth-weight sensitivity to PM» s exposure are inconsistent. Elucidation of the
specific components and sensitive exposure windows which have adverse effects on birth
weight may contribute to the elucidation of the mechanisms involved in the foetal toxicity
of PMz s exposure.

The placenta is an organ with a role in all maternal-foetal oxygen and nutrient

exchange,!®!!

and placental weight is used as a marker of placental function and an
important determinant of birth weight.'? There have been relatively few studies of air
pollution and placental weight.!*!” One study in Japan reported the residential proximity to
major roads, as a surrogate index of air pollutant exposure, was associated with a decrease
in placental weight.!* Other studies reported an inverse relationship between exposure to

particulate matter during gestation and placental weight.'*!> Further, there is evidence that

PM, 5 exposure leads to placental inflammation and oxidative stress.'®!” The above



evidence suggests that exposure to PM2 5 in the pregnancy affects birth weight via
disturbance of the placental oxygen and nutrient transport function. To the authors’
knowledge, no studies have investigated the association between specific PM2.s components
and placental weight, or the exposure-sensitivity windows for placental weight.

The present study, then, investigated the association between exposure to total PMa s
and its chemical components during gestation, with birth and placental weight, and the
fetoplacental weight ratio (the ratio of birth weight divided by placental weight). In our
investigation of sensitive windows for exposure to PM2 s, for birth and placental weight, we

focused on trimester-specific exposure.

METHODS
The study protocol was approved by the Ethics Committee of the Faculty of

Medicine, Toho University (A20024 A18049).

Measurement of PM2.s and its chemical components
Details of our study area and measurement of PM, s are available elsewhere.?*?! In

brief, the study area (Fig. S1) was comprised of 23 Tokyo wards on the east side of Tokyo,

which have a total area of roughly 627 km?. We measured the PM> 5 chemical component



levels between April 2013 and December 2015, at the Tokyo Metropolitan Research
Institute for Environmental Protection, in the study area in southeast Tokyo (35.7°N,
139.8°E). The institute’s location is considered suitable for measuring the typical ambient
air pollutant concentrations in the 23 wards. Using an FRM-2000 sampler (Rupprecht &
Patashnick, Albany, NY, USA), fine particles were collected daily (from 10:00 a.m. to
9:00 a.m. of the next day) on a quartz-fiber filter (47 mm diameter; 2500 QAT-UP, Pall
Life Sciences, Port Washington, NY, USA), following the Federal Reference Methods of
the US Environmental Protection Agency.?? A dual optical carbon analyzer (OCEC
Carbon Aerosol Analyzer, Sunset Laboratory Inc., Tigard, OR, USA) was used to measure
organic carbon (OC) and elemental carbon (EC); and an ion chromatograph (Dionex
ICS-5000, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to measure the
ions, including nitrate, sulphate, ammonium, chloride, sodium, potassium, and calcium. In
the chemical analysis, we followed the standardized protocol of the Japanese Ministry of
the Environment.?’

The daily mean concentrations of total PM2 s, and the maximum 8-h mean
concentrations of ozone, measured at an urban background monitoring station (Harumi
monitoring station (Fig. S1), 35.4°N, 139.5°E, approximately 5 km west of the Tokyo
Metropolitan Research Institute for Environmental Protection) were collected from the

Japan National Institute for Environmental Studies’ atmospheric environment database.



The PM2 5 concentrations were measured using the B-ray absorption method, and the
ozone concentrations were measured using the ultraviolet absorption method. Our
previous study confirmed that the urban background concentrations of PM> s and ozone
were spatially homogeneous within the 23 Tokyo wards.?* The daily mean ambient

temperatures were obtained from the database of the Japan Meteorological Agency.

Study participants

The Japan Society of Obstetrics and Gynecology provided the data on all the live
births and stillbirths after 22 weeks of gestation, at 39 cooperating hospitals within the 23
Tokyo wards, between January 2013 and December 2015. The data was extracted from the
Japan Perinatal Registry Network database, details of which are available elsewhere.?> The
database included roughly two-fifths of the total births in the 23 wards during the study
period. The attending physicians inputted the data using a standardized electronic form,
and the Perinatal Committee monitored the data quality. In the data, there was anonymised
information on maternal age, height, weight, parity, gestational age, smoking habits and
alcohol drinking, infertility treatment, medical history, diagnosis of obstetric
complications (such as hypertensive disorders of pregnancy and gestational diabetes),
mode of delivery, neonatal records, and the hospital at which the woman delivered. The

data did not include information on the residential addresses of the participants.



Of all births registered (n = 89,417), which included multiple births, we first limited

to 85,513 singleton births (85,513 women). In addition, in Japan, some women return to

their hometown in the late pregnancy, and deliver at a hospital near their parents’ home (a

custom known as satogaeri in Japanese). Therefore, as such women may not have resided

in the study area during pregnancy, we also excluded 1,677 women, to avoid

misclassification of exposure. The further narrowing of participants is presented in Fig. 1.

In the end, 63,990 women who delivered term singleton births (37-41 weeks of gestation)

were included in our analysis. As the PM2. s component measurements only began on 1

April, 2013 (three months after the beginning of the study), the PM» s component analysis

only included the 48,417 women whose first trimester fell within this later period.

Exposure assessment

From the viewpoint of data availability, we assumed that the concentrations of PM3 s

and ozone were homogeneous within the 23 Tokyo wards, and assessed only temporal

variability in the pollutant concentrations. On the basis of the birth date and gestational

age calculated by ultrasound results in the early pregnancy, we estimated exposure to each

pollutant by averaging the daily concentrations of that pollutant over the first trimester

(0-13 weeks of gestation), second trimester (14-27 weeks), third trimester (28-36 weeks),

and entire gestation period (0-36 weeks).



Birth and placental weight data

The birth weight (g) was measured, and the placental weight (g), recorded
immediately following the birth, included the membrane and umbilical cord (after manual
removal of any blood clots by the midwife). The fetoplacental weight ratio, as a surrogate
parameter for placental efficiency,?® was calculated by dividing the birth weight by the

placental weight.!!

Statistical methods

We used Stata 16 for Windows (Stata Corporation, College Station, TX, USA) for
all analyses. The participants were categorized into five groups, based on the respective
quintiles of pollutant concentrations. For the association between maternal exposure to
pollutants and the outcomes (birth weight, placental weight, and fetoplacental weight
ratio), we considered the participants to be nested within hospitals, and applied a
multilevel linear regression model with the hospital as a random effect. The difference and
95% confidence intervals (CIs) of the outcomes were estimated for each pollutant, with
the lowest-concentration group as the reference. As potential confounding factors, we
adjusted for maternal age at delivery (< 25, 25-34, > 35 years), gestational weeks, infant

sex, parity (nulliparous, multiparous), and season of conception (spring, summer, autumn,



winter). As in our previous studies, we estimated the difference per interquartile range
increase (IQR) in the pollutant concentrations. In determining which trimester was the
sensitive period for the outcomes, we constructed not only single-trimester models that
included each trimester-specific exposure, but also multi-trimester models that
simultaneously included exposure over the first, second, and third trimesters.

When we found an association between maternal exposure to a pollutant and the
outcomes in both the single-trimester and multi-trimester models, we determined whether
the observed association was affected by the factors associated with birth weight; that is,
we adjusted, in the multi-trimester models, for smoking habits,?” alcohol drinking (yes, no,
missing),?® pre-pregnancy body mass index (< 18.5, 18.5-24.9, > 25 kg/m?, missing),*
gestational weight gain (GWG: poor, normal, excessive gain, missing),’® exposure to total
PM, 53! and ambient temperature.’** Hypertensive disorder of pregnancy**3* and
diabetes/gestational diabetes®> are related to both PM, s exposure and birth weight. As
these obstetric complications might be intermediate factors for the association between
pollutant exposure and outcomes, we performed the sensitivity analysis after excluding
women with these complications. Finally, given the assumption of spatial homogeneity in
the PM> s concentrations, we performed a further sensitivity analysis, restricting to women

who delivered at hospitals within 10 km of the monitoring sites.



RESULT

Table 1 presents the background information of the 63,990 women. The mean
maternal age was 33.8 years, and the proportion of > 35 years accounted for 46.7%. The
mean birth weight was 3,033.5 g (standard deviation (SD) = 373.4), the mean placental
weight was 570.0 g (SD = 103.3), and the mean fetoplacental weight ratio was 5.422 (SD
=0.771). Table S1 shows the distribution of characteristics among the five groups,
according to the average PM» 5 concentrations over the entire gestation period.

Table 2 presents the aggregated results of the environmental factors. The average
exposure to total PMz s over the entire gestation period was 16.9 (SD = 1.4) pg/m>. The
correlation coefficient among pollutant exposures during the entire gestation period is
shown in Table S2.

Table S3 presents the association of exposure to total PM> s and its components over
the entire gestation period, with birth weight, placental weight, and fetoplacental weight
ratio. We observed no association between such exposure and the outcomes.

Table 3 and Table S4 show the trimester-specific association between exposure to
total PM2.s and its components, and birth weight. Total PM2 5 and sulphate over the third
trimester tended to be inversely associated with birth weight in the single-trimester model.

When we compared with the lowest group of total PM> 5 and sulphate exposure over the
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third trimester in the multi-trimester model, the adjusted differences in the fourth group

were -14.4 g for total PM2 5 (95% CI = -24.4 to -4.4, p for IQR increase = 0.38, p for

inter-quintiles pattern = 0.08) and -19.0 g for sulphate (95% CI =-34.2 to -3.8, p for IQR

increase = 0.08, p for inter-quintiles pattern = 0.03).

Table 4 and Table S5 show the trimester-specific association between exposure to

total PM> 5 and its components, and placental weight. We observed that exposure to

sulphate over the third trimester was inversely associated with placental weight. In the

multi-trimester model, exposure to sulphate was related to a -6.7 g decrease in placental

weight (for highest vs. lowest group: 95% CI =-12.5 to -0.9, p for IQR increase = 0.07, p

for inter-quintiles pattern = 0.01). We also found an inverse association between exposure

to ammonium over the third trimester and placental weight.

Tables S6 and S7 show the trimester-specific association between exposure to total

PM; 5 and its components, and the fetoplacental weight ratio. Although the association

with sulphate over the third trimester was somewhat positive, pollutant exposures were not

associated with the fetoplacental weight ratio.

We then aimed at exposure to sulphate over the third trimester, and performed a

sensitivity analysis of the association between sulphate exposure and the outcomes (Fig.

S2). Overall, the inverse association persisted. For example, after further adjustment for

smoking, alcohol drinking, pre-pregnancy body mass index, GWG, total PM 5, and
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temperature, the respective adjusted differences per IQR increase in sulphate exposure
were -18.6 g for birth weight (95% CI =-32.0 to -5.3) and -4.8 g for placental weight

(95% CI = -8.8 to -0.8).

DISCUSSION

The present study investigated the effect of gestation-period exposure to PM> s and
its chemical components, on birth weight, placental weight, and the fetoplacental weight
ratio, in Tokyo. Over the entire gestation period, exposure to PMz 5 and its components
was not associated with any outcome. However, in the third trimester, there was a weak
inverse relationship between exposure to total PM2 s and sulphate, and birth weight; and
sulphate exposure was associated with a decline in placental weight.

Although past studies presented that maternal exposure to total PM> s was inversely
associated with birth weight,'73%37 there was not sufficient evidence to clarify whether
specific exposure windows were responsible for the adverse effects. A review article
reported that exposure in the first trimester was marginally associated, and exposure in the
second and third trimester was significantly associated, with lower birth weight.*® In the
present study, a suggestive inverse association was observed for exposure to total PMa 5

over the third trimester, and only then. Some studies have noted that the third trimester



was a sensitive period in this respect. An analysis based on 572,272 births in
Massachusetts in 2000-2008 demonstrated that exposure to total PM> s over the third
trimester (mean = 9.6 pg/m>) was associated with a -9.2 g reduction in birth weight (per 10
ng/m? increase; 95% CI = -15.0 to -3.3).3¢ A natural experimental study (83,672 births) in
Beijing during the 2008 Beijing Olympics, when air pollutant concentrations declined,
showed an inverse association between total PM» s over the 8" gestational month and birth
weight (adjusted difference per IQR (19.8) pg/m?® increase = -18 g, 95% CI = -32 to -3).*°
Although we could not here confirm whether birth weight is vulnerable to PM2 s exposure
during specific time windows, we hope in time to identify these periods, in order to
understand the pathways underlying the association between exposure to PM> s and birth
weight. If the mid- or late-gestational periods are determined to be the relevant periods for
birth weight as a marker of fetal growth, we may seek to prevent adverse fetal health via
risk communication regarding PMz s exposure.*

A novel aspect of this study was the observation of an inverse association between
sulphate exposure, as a PM» 5 component, over the third trimester, and placental weight as
well as birth weight. Compared with the lowest quintile exposure group, placental weight
decreased 6.7 g (95% CI =-12.5 to -0.9), roughly 1% of the average placental weight, in

the highest group. Although this difference was less than the placental weight difference

related to maternal smoking (for example, -18.2 g for the smoker vs. the non-smoker group

12



[95% Cl=-16.6 to -19.7]),*! and the clinical implications of the disparity were unclear, we
observed a clear difference. Sulphate, one of the major components of PM» 5, mainly arises

t.* Few

from sulphur dioxide, due to a chemical reaction caused by sunligh
epidemiological studies have found an association between sulphate exposure and birth
outcome. One such study, based on 3,673,224 live singleton births in California between
2000 and 2006, demonstrated that sulphate exposure over the entire gestation period
(mean = 2.6 pg/m®) was associated with decreased birth weight (difference per 1.9 pg/m?
increase = -22.0 g, 95% CI = -25.0 to -18.0).* Another study, based on 406,627 full-term
births in Atlanta from 1994 through 2004, found an inverse association between sulphate
exposure over the third trimester (mean = 4.9 pg/m?) and birth weight (difference per 2.9
ng/m?® increase = -8.5 g, 95% CI =-19.1 to 2.0).” To the authors’ knowledge, no studies
have found an inverse association between sulphate exposure, particularly exposure over
the third trimester, and placental weight. Exposure to sulphate was, however, associated
with an increase in serum concentrations of vascular cell adhesion molecule-1,*
interleukin-6,* and tumor necrosis factor-alpha,*® which are inflammatory markers. These
markers seem likely to be related to maternal exposure to second-hand smoke,*’** which

t.*8 Therefore, it seems likely that the inflammation

is a causal factor for low birth weigh

induced by sulphate exposure affects not only birth weight but also placental weight,

which is strongly related to birth weight. We know that the villous of the placenta actively



arborizes during the third trimester.'” Sulphate exposure over the third trimester leads to
chorioamnionitis via stimulation of inflammation, and may lead to placental insufficiency.
The association between ammonium and placental weight seems likely to reflect sulphate
toxicity, because sulphate and ammonium combine to form ammonium salt.*?

The fetoplacental weight ratio is known as a marker of placental efficiency, with a
low ratio seemed to be the result of hypertrophy in placenta under the compensatory
response to hypoxia® or under-nutrition.”° In this study, we did not show the association of
sulphate exposure over the third trimester with this ratio. Therefore, further investigations
are needed with respect to our hypothesis that pollutant exposure affects birth weight via
functional disturbance of the placenta.

The present study had a number of limitations. First, given its assumption of spatial
homogeneity in the PM2 s concentrations, some measure of exposure misclassification
could not be avoided. Although we confirmed that this assumption was not violated in the
case of the total PMa 5 concentrations,?* the case of PM2s components was unclear.
However, the aforementioned California study between 2000 and 2006 (n = 3,673,224 live
singleton births), investigating the relationship of PM2.s components with birth weight,
demonstrated that the results of a 10-km buffer were similar to those of a 20-km buffer.*
In the present study, the 23 Tokyo wards all fell within a roughly 20-km radius of their

center (Fig. S1). One study in the U.S. reported that sulphate was relatively spatially

14
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homogeneous.”! In addition, in the present study’s sensitivity analysis restricted to
participants who delivered at hospitals within 10 km of the measurement sites, the inverse
association of sulphate exposure over the third trimester with birth and placental weight
was basically unchanged.

Second, there may have been a measure of exposure misclassification due to
deviation in the gestational age, because ultrasound measurements were used for
estimation of this factor. If PM> 5 exposure affects early foetal growth, gestational age
based on ultrasound measurements would be underestimated. However, given that we
estimated trimester-specific exposure (3-month average of pollutant concentrations), the
influence of underestimation of gestational age, on the 3-month average of pollutant
concentrations, was likely to be small.

Third, we could not avoid some misclassification of placental weight, because the
measurement procedure regarding placental weight was not standardized nationwide, and
thus was likely to differ among the studied hospitals. Finally, the results of this study
might chance findings caused by the large number of analyses.

Despite the above limitations, we found evidence of a trimester-specific association
of exposure to PM2.5s components with birth weight, and this is the first study, as far as we
know, to find adverse effects of sulphate in PM> 5 on placental weight. Among the study’s

strengths, fine particles were collected according to the Federal Reference Methods, and
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the Perinatal Registry database included all term births in the cooperating hospitals. In

addition, we adjusted for several potential confounding factors, and observed a robust

association for sulphate exposure. Finally, as we restricted our study area to 23 Tokyo

wards, the potential confounding of regional-level variables was unlikely.

CONCLUSION

In this Japanese study, sulphate exposure over the third trimester was weakly

associated with birth-weight reduction, and associated with a decline in placental weight.

The study, which focused on specific components of PM3 5 and specific exposure windows,

provided further evidence regarding the adverse birth effects of PM2 5 exposure.
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Figure legend

Fig. 1

The narrowing process for births targeted for analysis.

25



26

List of Supplemental Digital Content

Table S1
Characteristics of the 63,990 studied women, based on the quintiles of PM» s concentrations

over the entire gestation period, in 23 Tokyo wards, between 2013 and 2015.

Table S2

Pearson’s correlation coefficients among pollutant exposures over the entire gestation period.

Table S3
Association of exposure to total PM» s and its components with birth weight, placental weight,

and the fetoplacental weight ratio, over the entire gestation period.

Table S4

Trimester-specific association between exposure to PMa.s components and birth weight.

Table S5

Trimester-specific association between exposure to PM2.s components and placental weight.

Table S6
Trimester-specific association between exposure to total PM2.s and its components, and the

fetoplacental weight ratio, in the single-trimester model.

Table S7



Trimester-specific association between exposure to total PM2 s and its components, and the

fetoplacental weight ratio, in the multi-trimester model.

Fig. S1

Locations of monitoring stations and hospitals.

Fig. S2
Sensitivity analysis of the association between exposure to sulphate over the third trimester

and the outcomes.

27



[ 2Ing1

4 (¢p =U) 7 > 10 O] < oner 1ySom [ejuade[dold g
(S¥1 =u) 3001 > 10 30001 < IYS1M [eIUIE[] ﬁ 066'¢9 =0
(I =u) 30001 > 10 30005 < YS1oM YIg
S :SRIPNQ
‘4o=1
: (1 =u) |oq (Ls€°TT = ) WSoM [2juaoed | ﬁ olcd
‘(7 = u) Y31oM [a1q U0 uonBwWIOJUl SUISSIIA
G J
ﬁ 6LS9L =1
(821 =) symIq wd)-3sod pue (G/8°9 = U) SYMIQq W1
p . ﬁ 78s'eg=u
(FST="1)
X3s juejul 1o ‘Ajured ‘98 [euId)EW UO UOTIBWLIOJUL SUISSTA
- J
ﬁ 9¢g8°cg =

(106°¢ = u) sarueusdaid ordnny )

A N e S e N

- J

(1,91 = u) awoy  syuaied 1oy 1eau

[e11dsoy & Je JOAI[OP PUB WLID) JBAU UMOJIWOY JIdY) 0 UIN}Y
(& J

L1Y'68 =1

S10Z-€10T ‘oseqeiep JI0MIIN ANSIZIY [eleulidd uedef ay) Ul paId)SISAT QIIM [OIYM

(ueder ur 0AYO]) sprem ¢z uryim syedsoy Sunerddood g¢ 1. uone)sdg Jo SYIM 77 I SYMIQ QAL ) [[V

ainbi4



Table

Table 1. Characteristics of the 63,990 studied women; distribution of birth weight and placental weight.

Number of women  Birth weight (g)  Placental weight (g)
n (%) mean (SD) mean (SD)
Total 63990 3033.5(373.4) 570.0 (103.3)
Maternal age
<25 2248 (3.5) 3022.9 (372.6) 577.1 (102.2)
25-34 31880 (49.8) 3029.9 (370.0) 568.6 (101.5)
>35 29862 (46.7) 3038.0 (377.1) 570.9 (105.3)
Parity
Nulliparous 38850 (60.7) 3021.5 (374.1) 565.8 (101.9)
Multiparous 25140 (39.3) 3051.9 (371.7) 576.4 (105.1)
Smoking status
Yes 54405 (85.0) 3032.2 (372.8) 569.2 (103.4)
No 1917 (3.0) 3023.2 (370.1) 559.6 (103.9)
Missing 7668 (12.0) 3051.5 (376.7) 577.3 (101.7)
Alcohol drinking habits
Yes 47209 (73.8) 3025.4 (373.1) 566.8 (103.2)
No 2115 (3.3) 3023.7 (371.7) 576.3 (106.3)
Missing 14666 (22.9) 3060.9 (373.4) 579.2 (102.5)
Pre-pregnancy body mass index (kg/m?)
<18.5 7245 (11.3) 2931.1 (352.0) 542.3 (96.9)
18.5-24.9 47611 (74.4) 3044.8 (371.4) 572.9 (103.0)
>25.0 4147 (6.5) 3191.4 (435.6) 625.9 (118.2)
Missing 4987 (7.8) 3038.3 (384.4) 570.5 (104.0)
Gestational week
37 8343 (13.0) 2764.9 (340.3) 547.8 (106.7)
38 16996 (26.6) 2932.2 (336.2) 556.1 (102.6)
39 17606 (27.5) 3057.3 (339.4) 569.6 (99.8)
40 15323 (24.0) 3172.4 (347.6) 585.4 (100.3)
41 5722 (8.9) 3280.6 (356.4) 603.3 (104.3)
Infant sex
Male 32457 (50.7) 3082.5 (372.3) 574.0 (103.5)
Female 31533 (49.3) 2983.0 (367.9) 565.9 (103.0)

Season of conception
Spring (March—May)
Summer (June—August)
Autumn (September—November)
Winter (December—February)
Gestational weight gain“
Poor gain
Normal gain
Excessive gain
Missing
Hypertensive disorders of pregnancy
Yes
No
Diabetes/gestational diabetes
Yes
No
Mode of delivery
Vaginal delivery
Caesarean section

15503 (24.2)
15496 (24.2)
16578 (25.9)
16413 (25.7)

32808 (51.3)

14309 (22.4)

11886 (18.6)
4987 (7.7)

3190 (5.0)
60800 (95.0)

3281 (5.1)
60709 (94.9)

49183 (76.9)
14807 (23.1)

3032.8 (376.5)
3034.1 (373.7)
3031.2 (371.5)
3035.7 (372.2)

2968.2 (354.7)
3115.3 (366.2)
3113.1 (392.3)
3038.2 (384.4)

2909.3 (410.2)
3040.0 (370.3)

3050.0 (408.1)
3032.6 (371.5)

3052.8 (361.4)
2969.2 (404.4)

570.4 (103.8)
571.7 (103.3)
569.7 (103.1)
568.2 (103.1)

555.4 (99.2)
584.6 (103.4)
592.2 (107.6)
570.5 (104.0)

547.0 (106.2)
571.2 (103.0)

580.6 (110.3)
569.4 (102.9)

568.2 (100.0)
575.7 (113.5)

NOTE: SD, standard deviation



¢ Gestational weight gain (GWG) was defined as follows: poor gain (GWG < 5.0 kg for obesity, < 7.0 kg for
overweight, < 11.5 kg for normal weight, < 12.5 kg for underweight); normal gain (5.0 < GWG < 9.0 kg for
obesity, 7.0 < GWG < 11.5 kg for overweight, 11.5 < GWG < 16.0 kg for normal weight, 12.5 <GWG < 18.0
kg for underweight); and excessive gain (GWG > 9.0 kg for obesity, GWG > 11.5 kg for overweight, GWG >

16.0 kg for normal weight, GWG > 18.0 kg for underweight).



"SUOBIIUIOUOD UBSW Y-§ wnwiixew AJreq
‘por1ad 193e[ SIY) UIYIIM [[9F JOISQUILI} JSIIJ 9SOUM USWOM / [H°]¢ Y} 0} SJUSWAINSBIW
9say} paugisse AJuo am ‘(Apmys oy Jo Suruuidaq oy 13k syiuow d1y3) €10 THdy [ uo uedaq Ajuo syudwdinsedw juouodwod ST Yl SV,

"UOTIBIAJD pIepuels ‘(IS ‘QUO0ZO ‘€() ‘uoqied o1uesdIo ‘) 3uel d[nrenbidur YOI ‘uoqred [ejudwd ‘O ‘HLON

€8 0LE 9L 89¢  ¥L  6S¢ T $'9¢ 09 96¢ T9¢ 9¢c  qdd 40
€00 800 €00 800 €00 800 100  L0O 200 800 LOO 900  w/@r wmde)
T00 800 TO0 800 TO0O 800 100  L0O 100 800 LOO LOO  w/@d wnissejod
SI'0  TCTo0 €10 TTO ¥I0 TTO 900  TTO 600 9T0 TTO LI'0 w/@i  opuory)
00 S0 +¥00  ST0  $00 SI0 100  SI0 200 910 SI'0 #I'0 w@d wnipog
v vl €0 Sl €0 S 10 Sl T0 1 §1  $1  wEd  wnuowwy
01 LT 60 LT 'l 8°C 0 8'C 90 I'e 67 ST w@El oeydng
60 VI 8°0 'l 80 V1 €0 'l 90 L1 ST T qwdl oreniN
0 LT €0 LT €0 LT T0 L'T T0 8Cc LT 9T wEi DO
0 €1 0 €1 1'0 €1 10 €1 10 v ¥ g1 wEl Dy
Lsiuauodwod STNG
0¢ 691 9T 691 9T 691 Al 691 9] LT L9T T9I (w3 ST [8I0L
ds uedw S  uedw (S  ueow das  uesw AO0I  WSL  WoS WIS
pIIy L, puooas ISI ] QIMUdId
J9)SoWIII], poudd uone)sasd amuyg

'SI0308] [eJUStIUOIIAUD JO SOI)STIR)S %.HMEESW i A



(SL°96) 60 (LLse)re (€€667) €¢- (96°L'$) 00 (rere)oe 9TVY6) e Ri(0)|
(€8°¢61-)9¢- (errer-)so Qv viIc)es- (S9°9LI-)SS- 6970  (BTIIV11-)TO #9£0€ Ty 8°61-) 8L~ 0¥E0€ LIS
#91°T6) 9 (8€1°S0I-) L] (98 ‘9°61-) ¢~ B¥1°98)1'E 81¥0E (901 ‘L11-) S0~ TIL0E (06°L€-) ¥'T- S1€0€ ny
(¥'s ¥'0T-) §'L- (91 ‘6'8-) 8¢ (€91°6'9) LY (Ot L'81-) 0L~ 0'1€0€ (0€1°L'8)1'T  1140¢ (8€T8L)0E  99¢0€ pig
(cerLg)ee (S0or°S1I-)s0-  (€5°091-) €6 O11°¢8) v T €5¢0€  (I'6401-) 90~ L'HE0E (O TSI-) €6 €7¢€0¢ pug
Jor Jor Jor JOI 1°6£0€ I L1620¢ Jor 8'L£0€ 18T

00
(0 '8°01-) ¥¢- (6°€T6'1-) 09 (t'6°6'6-) 81 (T9°T$)S0 (LTIT°60) 19 (T6°6T1-)LE (o)1
891°9¢1-) 1’1 (99T TH) TII (961 °9L-) 09 (991 6'9-) 8 L970€  (SHYT€D¥ET  T'TH0E (08T ¥¢€) €L $6£0€ LEIS
(To1°L11-) €T (T0T°867) TS (861°LS)0L (L9116 8S 67e0e (061 8°1-)98 8'LEOE (I'61°90°) €6  8LEOE 0y
(8€T8€1-)00 (9LI‘0€l-) €T (01 6'8)ST (TITc+) 09 9'LE0E (SLI'TTILL T18€0€ (TSTTH)SS 90v0¢ pig
(181 8°9-) L'S (8LT°€9)8S (6'€T ‘v'9) 8¢ (961 6°0)¥'6 TIY0E (T61°91-)8'8 19¢0¢ (€€1°¢9) s §Teoe pug
Jor Jor Jor Jor  L€g0g JPI6°020€ JoI 9°€70€ S|

od
(9C°89) 1'C- (S01°¢c0) t'S (LY¥96) 0 T 9v) To- (€LTT)ST (T¥s$) 90 (o)1
(STT81-)8L- (FETCO 6T (S9°¢°61-) §¥- (r'9°0°€I-) €€~ SLEOE (SLIEY) 99  €1h0¢ (I'9°6¥1-) ¥'v-  9p€0¢ ws
v v¥e) vyl- 6C166)ST (90-¢TT)v11- (0 1-°L'61-) €01- 81€0€  (TOCPI-) I'h- 10€0€ (8°0°C6I-) €6~ $0£0€ Py
LieL-) gL Lerroe  (SL0TIH)TT 9TCrI-)6s- 81€0€  (88°911-) ¥ 1- 6TE0€E (F9°6TI-)1'E- 9°6¢0¢ pig
L1961-) 89 (LI re)ge (€591 €¢- (€€PEl) IS $'LTog (€8°L'8)T0- 6'S£0€ (6v0CI-) 9¢-  86€0€ pug
Jor Jol Jor JoI 6'8€0€ JO10°LT0€ I 6°0£0€ S|

ST [eI10L

(1D %S6) (1D %S6) (1D %5s6) (1D %S6) ) (ID %S6) ) (1D %S6) @)
»OOURIRIIP ,OOURIJJIP ,OOUIRIIP »OOURIIJIP Hawﬂog »OOURIJIP uﬂwqoa pOOURIIJIP uawwog \Cowoﬁmﬁu
pasnlpy pasnlpy pasnlpy pasnlpy g pasnlpy g pasnlpy g
payy, puooag ISILq payy, puooag RME

([OPOW INSSWLT-BNIA

[opOW 1)SAWILN-9[TUIS

JIo)SowILL],

YS0oM T3IIq pue ‘syuouodwiod siT pue ST [8101 03 9Ins0dXd U0IMIq UONBIDOSSE OIJ109dS-I01SOWILI], *¢ 9[qe ]



"SI3)SOWILY) PIIY) PUE ‘PUOIIS ISILY 3Y) 19A0 dInsodxa papn[our A[snoduejnuuis I |,

'uondoduod JO U0Seas pue xS Jueul AIm [euonelsdd ‘Ajued oFe jeurdrew 10j pasnlpy ,

"u0qIed JIue3I0 ‘D) ‘d3uel a[nIenbIdUl YOI {U0GILd [BIJUIWA[D ‘DY [BAINUI JDUIPIFUOD I :HLON

(Ls*s61-) 69
(06 °0€T) 0L~
O T1°6L1-) TE-
(T6*80C) 8L~
(e ‘Tvi-) sc-
Jol

(T1°L17)001-
LYy TPe) 0'ST-
(8'¢-TPe) 0°61-
W1-°9LT) 0°ST-
(€6 °6'81-) 99
JoI

(191 °L'91-) €°0-
(L6E°T'1T) €6
(9°8€°6'91-) 0'11
(ToT‘vel-) 6L
(F'TTI1-) €6
JoI

(€ST811-) L1
(9€1°L€T) 1°6-
(L61°9T1-) Ty
(612°6'67) 09
(€9°T6I-) S 9
JoI

(€0T°TS)S'L
(T6181C) €1~
(0T8I t'C
(Lv1°961-) v'C
(€1 °8'%1-) L0
Jol

(I'z0€c) 0°01-
(I'v ‘€°¢€-) 0°S1-
(601 ‘v'ST-) T'L
(0°L1‘T¥I-) ST
(812°9¢) 16
JoI

(€1 v01-) S'1
(Ty1°8'1C-) 8°¢-
(601 ‘102 9t~

(86 °S91-) ¥¢-

(6'8°9¢1-) ¥'C-

,«ou

(69°0¢€1-) T'¢-
(I'L1 ‘8'81-) 8°0-
(o1 Tse) 9L
(91 °8LI-) 91~

(T61°1$)0L
JoI

(8°5€°9°¢-) 191
(S'6€ ¥'91-) 911
(8¢ ‘6L1-) S8
(19z°L81-) L€
(S91°09) €6
JoI

(OLLST) ¥
(6 °TSI-) 6T
(I€1°€67) 61
(L€°891-) 99
(69°0°€1-) T'¢-

mou

®TTLI)LL
(Tt v0e)0€l-
(t'C-°€'8T) 0°S1-
(L0°S€T) 0T~
(€TLL1)LL
JoI

(€01 ‘v'11-) 970
(0T ‘8°61-) €0
(891 °061-) 1'1-
("6 °€'€C) 69

(L6°T91-) Te

Jo1

€9¢0¢
S 1P0¢
L0€0¢
6'920¢
6'8¢0¢

£6£0¢
8'1€0¢
1'8€0¢
§'LT0E
SLEOE

1'9€0¢
G'8E0¢
6°6C0¢
8'e0e
8'8€0¢

(101 °8€1-) 6'1-
(TS10%1-) 90
(T1TLs)LL
(I'vTT0) 611
L 1e1) 6T
wou

LT %01-) 1'1
(6'8 ‘T'8T) 96

(001 °LTT)¥9-
(¥'S '8°ST-) 0°01-
(89 °9'81-) 66~

Jo1

(F'1°L°0T) L6
(6T91E) 0PI~
(€11°912) Ts-
(0°€1 ‘¥'E1-) TO-

(061 60 T'6
JoI

6°1€0¢
6°6C0¢
[4 47403
¢ 1e0e
89¢0¢

0°LE0¢
¥'6€0¢
0°€20¢
9¢0¢
¥'8¢0¢

0°Ce0e
6'8¢0¢
9°Le0¢
143403
(4403

(S¥1°TS)9P
(€crsorce
(68 TLI-) 'y~
(06 “6°LT-) +'9-
(0¥ ‘LST-) 8°6-
moh

(€6°68) 70
(0TTv01-) 8°S
(Sv1°T91-) 60~
(OLISTI) T°E
(6L1 6% S9
Jol

(8S1°6°9) 9%
(TI1T911-) 8%
(€1 °091-) 60
(€sLoc)LL-
OT1°1T8)S'T
JoI

8'1€0¢
I'v€0¢
£ee0e
09¢0¢
1'6€0¢€

1'9€0¢
(443
9°8¢0¢
0r0¢
0°LE0¢

L 1¥0€
£ee0¢
L120¢
9°010¢
6'7€0¢

(o)1
UIS
Py
pi¢
puc
ST
wniuowuy
(o)1
me
RE
pi¢
pug
N
oreyding
(o)1
UiIS
e
323
pug
1]
ABNIN



(TeLo)Tt L1emroo  (10°8¢)8I- (978060 OTH%I1)T10 (00°9¢) 81~ (o)
LyLe)so (6¢Le)ro  (80°1L)TE- 0V TE)IPo  LOLS (€eLe)zo- 60Ls  (TOOL)PE- T89S LIS
TS sTIPI (oscer  (€T0s) ¢l vST)I0L €S (€ece)oo  ¢oLs  (ITLYIECT- 069 Ny
(8€°6€) 00 (S9°TI)9C (Ts L)Lt (t€°9¢) 1'0-  80LS Ov6r)¥1r  1TLS LyLrm-st  €us pig
SroT)el Ovor)er  (L0°9s) ST W EvT)IS0  €0LS Iy 81T 91LS  ([@TLP)8T-  60LS pug
Jol Jol Jor Jor €696 JoI 6’896 I 6TLS 18]
00
(6TST)L0 Leomrer  (€1°¢e)ol- T er0) v (1¢T0)ST (8T1°S'1-)T0 01
FL0T)ILT (€860)Le (6TTS)II- (ILT0)9E  STLS (I'L's0)8¢  LTLS O€LTIP0  90LS A1
Fsoe)Tl ®9°1TTIvT  (FETH)¥0- (SSTI1)TT  TILS 09°CT0)6T  T'TLS (€Y 91)¥T  TILS my
(IsTe)ol t9o°LT)6r  (STHP)OI- (IS0 1T 60LS (SSH0)ST  9ILS (€€sT)¥0o  8ILS pig
(T9TI)ST (99°90)0¢  (8CTTE)TO- 09°T0) 6T VLS 09°T0)6T TILS (TeLT)TO  €0LS pug
Jor Jor Jor Jor €196 I 6696 I 6696 ST
oL
(I1°L1-) €0- oe¢To)sT  (1°0C)S0- 1T 10 (AN DN @1°L1-) €0 :(0)|
(9T°9¢-) §°0- (€9°L0)8C (TTHy)II- (S€CTIL0  VILS (€sTre  LoLs  (€T0v)60-  tILS A1
(10°6S-) 6'C CsyIrre  (60°9¢) €t (TI'T°S¥)L'T-  T69S (v 8I)er  10Ls  (@TI8Y)8I- 695 LtA1%
TTve) oo Oy yr1E  (9Tce) €0 6TTTIVY0  SOLS (9€6T)90 689  (TTSE)90-  969S pig
(rTLe) To- TeTce)vo  (0TT€)90- (8TTTIE0 969 (ST9c)10- 90Ls  (61°T€)90-  00LS pug
Jal Jol Jal Jor 7696 Jor 6696 Jor 6696 S|
ST [e10L
(1D %S6) (1D %S6) (1D %S6) (1D %S6) S) (1D %S6) ) (1D %56) 3
,OOURILJIP ,OOURILJIP ,OOURIQIJIP ,OOURILJIP WSom ,QOURIHJIP ySom ,OOURILJIP WSm  K10807e))
pasnlpy pasnlpy pasnlpy pasnlpy [ejudde[d pasnlpy [ejudde[d pasnlpy [emudoe[d
payL, puod9g ISTLg pIyL puooag ST
RESICIINING

([9POW TISSWIN-HNIA]

[opow I9)SoWILI)-J[SUIS

‘yS1om [eyudoeld pue ‘syuduoduwod sy pue ST [210) 03 2INS0dXd UIOMIOQ UONBIOOSSE OJ10dS-10)SOWI]  “f 9[qeL



"SI0)SOWILY) PIIY) PUB ‘PUOIDS ISIL Y JIA0 d1nsodxd papn[our A[Snodue)nuis I ,

‘uondoouod JO uoSeas pue XS Jueul AIM [euoneIsds ‘Ajued oFe jeurdrew 10j pasnlpy ,

"u0qIed JIUe3I0 ‘DO ‘d3uel a[nIenbidul YOI {U0GILd [BIUIWA[R ‘DY [BAINUI JJUIPIFU0D I :HLON

(€1°T9) ST
F1-°LT1-) 0L~
(#0-“L'T11-) 0'9-

(L0 ‘s67) T's-

(To‘sL)Le-

JoI

(€0°99-) T¢-
(60~ S°TI-) L'9-
(90-°L'67) T's-
(9T ¥01-) §9-
01-18) 9%~
.wou

(0S*8%) 1°0
(Ss°LTI-) 9¢-
A AYIDENS

(v ¥'8-) 0°C-
(9T°9L-) ST
wmu

09°TT)61
S9O% )11
(1'5°9's-) T0-
(L1°€L) 8T
9T1°06)LI-

Jolr

(oLLo)Te
T6°Te)T€
(1'6°8'1-)9°¢
(L8°S'T)9¢
0SSe)Lo

Jo1

(S0°0L) €€
(670 °€°01-) L'y~
(TTLs)ee-
STL9) 1T
@Trve)vo
wou

0T1T8$)91-
0TLL) 8T
(6T %L) 8T
0°€¥¥) Lo
(90°L6) 9T

JoI

(TTLe) 80
(LS0s)t0
6T LL)VT
Ot 16 €0
Fs61-)81

,wo.ﬂ

(6'S°6'S) 00
(65 '8°01-) §'C-
(19°L6) 81~
(6% ‘$'8-) 81~
(S AN
,wo.H

(Ie'Lv) et
(6°0°16°) 'y~
(871°1'8) T¢-
&1°T9) ¥'C-
ST9%¢)0T

JoI

(T16y) LT

(S0-“8°01-) L'S-

(90°1L) €€
(€1-°6'8) 69
(8°0- ‘8°9-) 8°¢-

Jol

e 1e)T0
LYy vL)vi-
(€€yL) 1T
(6T°69)0°C
L1o9)1e

wou

LTLS
LTLS
€0LS
6'69¢
869S

€0LS
0CLS
9°69¢
£'89¢
CTELS

LCTLS
LILS
S0LS
1°69¢
£69¢

Ly sTITt
(SSTH)LO
(€% °0°s-) ¥'0-
(8T1°6's) 1T
(I'c6°¢) 60

Jo1

0S6T1-)S1
(€L°8¢) 81
(T99¢) €1
(T91T¢)91
(€¥Te)90

mou

(I'1°9°6-) €T
(971°L'8)9°¢-
(9TeL) €T
(Leers) el
(€rLT1) €T

.woh

VILS
v OLS
1'69¢
SILS
0ILS

€696
1'0LS
COLS
6'1LS
0°CLS

0 ILS
VILS
6°'0LS
I'TLS
0°69¢

0€6T) 10
(8¢ ‘S'v-) €°0-
9°¢ ¥'¥) 0

(9¢€TE)TO
STCTH) ¥I-

JoI

(9CT8C) 10
oLLT)TT
(L€°5°6-) 60
(€S He)0l
(AN AD RN

mow

(6'€°8°C) S0
(Ts9t) €0
(0t ‘0's-) §°0-
(0°¢ 8'%-) 6°0-
(S€TT)I90

wow

1'0LS
1'69¢
eILS
€0LS
9CLS

0°€LS
LL9S
C0LS
VLS
0°0LS

0°0LS
1'69¢
7'69¢
9°CLS
CCLS

(o)1
U1S
By
pI¢
pu¢
ST
wniuowuy
(o)1
Qe
0
pI¢
pug
18]
oreyding
(0]
il
o
pig
pug
18T
1eNIN



Clinical Significance

Clinical Significance

In this study, we focused on trimester-specific exposure, and observed an inverse association of

sulphate exposure over the third trimester with birth and placental weight. The result provides valuable

insight into the mechanism underlying the association between PMa2s exposure and adverse birth

effects.



