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P O Box 98450
Lakewood, WA 98496-8450
Nov. 15, 2013

Millenium Bulk Terminals-Longview EIS
¢/o ICF International

701 Second Ave. Suite 550

Seattle, WA 98104

Dear Sirs and Madams:

As a retired pediatrician specializing in the care of children with birth defects during my
career, I wish to make the EIS taskforce aware of recent significant epidemiologic
research published in peer-reviewed scientific journals regarding the concern of increased
risk for serious neural tube defects (spina bifida and anencephaly) in offspring of
pregnant women in Shanxi Province, China, where there is widespread use of coal for
energy for heating and home cooking. Both epidemiological and placental studies are
concerning for indoor exposure to polycyclic aromatic hydrocarbons. Dr. Zhiwen Liisa
highly respected epidemiologist in the field of Reproductive Medicine, and Dr. Richard
H. Finnell has made major research contributions to our current knowledge of neural tube
defects. I should mention that the concern for exposure to these chemicals is coal
combustion, not inhaled dust from living nearby to passage of coal trains, so I am not
aware of any such risk for pregnant women in Washington State. However, I do feel this
research concern does behoove the governments of the United States and China to work
toward expediting capability of future exporting of natural gas and use of cleaner energy
sources for heating and cooking in the homes of China. I do share the concerns of Dr.
Melissa Weakland printed in the “Opinion” section of the Tacoma News Tribune (page
A21) on January 25, 2013 regarding the potential adverse impact of coal trains on adults
and children with chronic respiratory disorders in communities where coal trains will
pass. There is now additional concern from the birth defects scientific community as
well regarding indoor pollution exposure for the people of China who use the coal for
heat and cooking, especially the offspring of pregnant women. I am enclosing copies of
two of several pertinent studies regarding this issue that have been published in the
scientific literature for your review.

Thank you for the opportunity for public comment for the EIS process regarding this
issue.

Sincerely,

MenR I Stahan.

Mark J. Stephan, M.D.
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Indoor Air Pollution From Coal Combustion and the Risk of Neural Tube Defects in

a Rural Population in Shanxi Province, China

Zhiwen LI, Le Zhang, Rongwel Ye, Lijun Pel, Jlanmeng Llu, Xiaoying Zheng, and Alguo Ren*

* Comrespondence to Dr. Aiguo Ren, institute of Reproductive and Child Heaith, Peking University Health Science Center, 38
Xueyuan Road, Haidian District, Beffing 100191, China {e-mail: renag @bjmu.edu.cn).

Initlally submitted November 29, 2010; accapted for publication March 7, 2011.

The authors evaluated indoor air pollution from coal combustion (IAPCC) as a potential risk factor for neural tube

defects (NTDs) in a rural population in Shanxi Province, China. The studied ruraf population has both high IAPCC
exposure and a high prevalence of NTDs. A population-based case-control study was used to identify 610 NTD
cases and 837 normal controis between November 2002 and December 2007, Information was collected within 1
week following delivery or pregnancy termination due to prenatal NTD diagnosis. The authors derived an exposure
index by integrating a series of IAPCC-related characteristics conceming dwelling and lifestyle. Compared with
wornen with no IAPCC exposure, wornen with any exposure at ail had a 60% increased risk of having a chiid with
an NTD (adjusted odds ratio (OR) = 1.6, 95% confidence interval (Cl): 1.1, 2.1). Anincreased NTD risk was linked
to both residentiai heating (adjusted OR = 1.7, 95% Ci: 1.1, 2.4) and cooking (adjusted OR = 1.5, 95% Cl: 1.1, 2.1).
The risk increased with increases in the exposure index, showing a dose-response trend (P < 0.001). This Is the
first known study to link IAPCC to NTDs. Additional studies are needed to confitm the link between IAPCC and

NTDs.

air pollution, indoor; China; coal; neural tube defects; polycyclic hydrocarbons, aromatic

Abbreviations: Cl, confidence interval; IAPCC, indoor air pollution from coal combustion; NTDs, neural tube defects; OR, odds.

ratio; PAHSs, polycyclic aromatic hydrocarbons.

Indoor air pollution caused by the use of solid fuel (coal
or biomass) is a major public health challenge in developing
countries, where a substantial proportion of the population
relies on such fuels for their domestic energy needs (1). In
China, more than 70% of households rely on solid fuels for
cooking and residential heating (2). While use of biomass
fuel has remained relatively constant over the past 20 years
in Chira, coal use in rural homes has tripled (3). Given the
limited reserves of petrolenm and natural gas and the rela-
tive abundance of coal, it is likely that this coal-based en-
ergy structure will persist for many years to come in China.

The combustion of coal and biomass indoors emits a sub-
stantial amount of toxic pollutants, including particulate
matter, polycyclic aromatic hydrocarbons (PAHs), carbon
monoxide, nitrogen oxides, and sulfur dioxide (4). People
living in households relying on coal-based heating or cook-
ing may experience a high level of exposure to pollutants,

particularly women and young children who spend a large
proportion of their time indoors. Indoor pollution from
coal smoke has been implicated as a causative agent in lung
cancer, especially among nonsmoking women (5),
Emerging evidence suggests that ambient air pollution
may coniribute to birth defects (6—13). These findings link-
ing cutdoor air pollution te birth defects may be particularly
relevant for rural China, where women are exposed to sub-
stantial levels of indoor air pollution from solid fuels. How-
ever, little information is available about the role of such
indoor exposures in the etiology of birth defects, .
Shanxi Province possesses sbundant coal reserves and is
the leading coal-producing province in China, Almost all
local rural Shanxi households use coal for their residential
heating and cooking needs. Exposure to substantial levels
of indoor air pollution from coal combustion JAPCC) is
highly prevalent in the Shanxi population (14—16). In
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addition, Shanxi Province has the highest prevalence of
neural tube defects (NTDs) worldwide, at 10-20 cases per
1,000 births in some counties (17, 18). The Shanxi popula-
tion provides a unique opportunity to assess the association
of TAPCC with the risk of NTDs.

MATERIALS AND METHODS
Location and population

This study was conducted in 4 rural counties (Pingding,
Xiyang, Taigu, and Zezhou) in Shanxi Province. The total
number of births per year in the study area is approximately
10,000. A population-based birth defect surveillance sys-
tem, which has been previously described (17), was estab-
lished in this area in 2002. The surveillance system monitors
major external structural birth defects through active case
ascertainment. Cases in the study included liveborn infants,
stillborn infants (fetal death at >20 weeks’ gestation), and
prenatally diagnosed, electively aborted fetuses of mothers
residing in the study areas. County health workers verified
the diagnoses by physical examination of the fetal body for
all pregnancy outcomes and filled out a reporting form for
each case. We requested photographs of every infant born
with a suspected birth defect, if available. Pediatricians at
Peking University reviewed all case report forms and pho-
tographs before assigning final diagnostic codes. Each case
was also classified as either isolated, if there was no con-
current major malformation, or nonisolated, if there was at
least 1 accompanying major external malformation.

Using data gathered from the surveillance system, an
ongoing population-based case-control study was initiated
to explore potential risk factors for external structural birth
defects in the study area (19). When an infant was identified
as having any major external malformation, a newborn
control without any external structural birth defects was
matched to the case infant by county, sex, maternal ethnic
group, and date of conception (as close as possible). Trained
health-care workers conducted face-to-face interviews with
the mothers of the cases and controls within 1 week of
delivery to collect exposure information using a structured
questionnaire. Data were collected on maternal demograph-
ic characteristics, lifestyle, illness, medication use, and the
use of folic acid supplements. A series of questions related
to cooking and heating at home were asked to assess expo-
sure status with respect to IAPCC during the pesiconcep-
tional period. The participation rate was more than 80% for
both case mothers and control mothers. The study protocol
was approved by the institutional review board of Peking
University. All participants provided written informed consent.

NTD cases identified between November 2002 and
December 2007 were included in the study analysis. To in-
crease statistical power, all controls, including controls for
NTDs as well as for other major external structural mal-
formations, were included in the analysis. A total of 1,503
participants (637 NTD cases and 866 controls) were avail-
able during the study period. We excluded 52 infants (3.5%)
with missing data on questions related to IAPCC and 4 in-
fants (0.3%) whose families used biomass as their primary
fuel for cooking and heating (biomass exposure may also

be a risk factor but was not analyzed because of the small
numbsers of available biomass-only exposure subjects). Fol-
lowing these exclusions, 610 NTD cases (277 anencephaly,
289 spina bifida, and 44 encephalocele) and 837 controls
were available for analysis.

Exposure assesament

Mothers answered a series of 8 questions related to their
cooking and heating activities during the periconceptional
period, from 1 month before conception to 2 months after
conception, to characterize their exposure to IAPCC, in-
cluding frequency of cooking in the kitchen, primary fuel
used for cooking, whether the kitchen was separated from
the living room or bedroom, whether their periconceptional
period fell within the heating season, whether a coal stove
was used for heating, whether the stove was placed in the
living room or bedroom, the primary fuel used for heating,
and the frequency of house ventilation during the heating
season. (The questions and their response options are listed
in the Web Appendix, which is posted on the Journal’s Web
site (http://aje.oxfordjournals.org/).) These questions served,
as proxy measures for IAPCC in the living environment.
We identified 3 potential exposure sources and assigned an
exposure value for each source according to the mothers’
responses to these questions, as follows.

1. Cooking exposure: When the primary home cooking fuel
used was coal, the kitchen exposure value was recorded
as 2 if the mother had cooked daily or 1 if the mother had
cooked occasionally; otherwise, it was recorded as 0.

2. Attached kitchen exposure; When the primary. home
cooking fuel was coal and the kitchen was not separated
from the living room or bedroom, the attached kitchen
exposure value was recorded as 1; otherwise, it was re-
cordedas 0.

3. Heating exposure: When the periconceptional period fell
within the heating season, the primary home heating fuel
was coal, and a coal stove was used for heating in the
living room or bedroom, the heating exposure value was
recorded as 2 if the house was almost never ventilated or
1 if the house was occasionally ventilated; otherwise, the
value was recorded as 0.

We formed an TAPCC exposure index by summing the ex-
posure values for all individual indoor air pollution sources.
The index assumed that the effects of coal smoke were
cumulative across the various exposure sources.

Statistical analysis

The original study used a pair-matching design, but for
this analysis the matching was broken in order to increase
statistical power. Therefore, we used an unmatched analysis
to estimate the association between IAPCC and NTDs. We
analyzed the IAPCC index as both an ordinal variable and a
categorical variable to comprehensively elucidate the expo-
sure effects and any linear trends. Risk was estimated by
means of the odds ratio, and the precision of the odds ratio
was characterized by its 95% confidence interval. We used
» trend tests and logistic regression with the IAPCC index

Am J Epidemiol. 2011;174(4):451—458
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Table 1. Demographic and Obstsiric Characteristics of Neural
Tube Defect Cases and Controls in Shanxi Province, China, 2002~
2007

Casea Controls
(n=8l0f (=emr QR omience

Characteristic
No. % No. % PRatio interval
o aarce
Pingding 171 280 248 206 1
Xiyang 80 148 113 135 12 08,16
Taigu 97 159 161 192 08 0.6, 1.2
Zazhou 252 413 315 378 12 09,15
Season of
conception
Spring 657 261 194 237 1
Summer 136 225 206 252 08 0.6, 1.1
Auturmn 160 267 195 239 1.0 08,14
Winter 148 247 222 272 08 0.6, 1.1
Matemal age,
years
<20 16 27 10 12 23 10,52
20-24 205 343 293 356 10 08,13
25~29 201 335 200 352 1
30-34 120 201 181 220 10 0.7,13
>35 5 94 49 .60 16 11,25
Farmer 406 €82 555 671 1
Worker 18 30 25 30 1.0 05,18
Professional 17 29 29 35 08 04,15
Servica/sales 20 34 35 42 08 0.4, 1.4
Other 134 225 183 221 1.0 08,13
Education
Pm 100 165 50 60 1
or lower
Junior high 435 715 641 769 04 03,06
school
High school 73 120 143 171 04 02,05
or above
Table continues

as an ordinal variable to evahiate the relation between in-
creased exposure t0 IAPCC and the risk of NTDs. Multivari-
able logistic regression was nsed to estimate an adjusted
odds ratio controlling for the original matching variables
and some potentiaily confounding variabies, The matching
variables included county of residence (Zezhou, Pingding,
Xiyang, or Taigu), season of conception (spring, summer,
autumn, or winter), maternal ethnic group (Han/other), and
infant sex (male/female). The potentially confounding vari-
ables included maternal age (<20, 20-34, or >35 years),
education (primary school or less, more than primary
school), multiparity (yes, no), multiple births (yes, no), his-
tory of pregnancy affected by birth defects (yes, no), mater-
nal influenza or fever (yes, no), and passive smoking (yes,
no) during the periconceptional period. These variables

Am J Epidemiol. 2011;174(4):451-458

Table 1. Continued
Casss Conirole

Charscirtsic (=107 (n=s37 CUP o,
o 0. % No. % hatle Interval

Ethnicity

Han 608 998 832 996 1

Other 1 02 3 04 03 00,27
Parity

Primiparous 313 551 507 621 1

Multiparous 255 449 309 379 12 10,14
Muitiple births

No 572 9.3 B11 988 1

Yes 2 37 10 12 31 1.5,6.6
History of

aocted

Seiocts

No 567 939 817 978 1

Yes 37 61 18 22 30 1.9,5.3
Peri tional

use

folic acid

Yes 64~ 108 114 142 1

No 530 892 691 858 12 0.9,1.6
Influenza or

No 387 684 739 913 1

Yes 183 316 70 87 49 3.6,6.6
Passive

smoking

No 189 31.1 362 434

Yes 418 689 473 566 1.7 14,21
Infant sex

Male 266 444 304 475 1

Female 333 556 436 525 11 09,14

* Values for some characteristics may not sum fo the total number
of cases or controls bocause of missing data.

were chosen because they were significantly associated with
NTD risk in the univariate analysis at the P < 0,05 level. All
data were analyzed using SPSS 11.5 (SPSS, Inc., Chicago,
Illinois).

RESULTS

The demographic characteristics of the stady population
are presented in Table 1. Nearly all mothers were of Han
ethnicity. Most of the mothers were aged 20-34 years and
had not taken folic acid supplements during their periconcep-
tional period. Compared with control mothers, case mothers
were mare likely to be aged <20 years or >335 years, to have
a primary school or lower education, to be multiparous, to
have had multiple births, to have a history of pregnancy
affected by birth defects, to have influenza or fever, and
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Table2. Distribution of IAPCC Exposure Variables in Neural Tube
Defect Cases and Controls, Shanxi Province, China, 2002-2007

IAPCC Cases Controls  cryge  95%
Exposure (n=610" (n=837" Odds Confidence
Varlable No. % No. ™ . Ratio Interval
Primary fuel used
for cooking
Natural 60 99 145 174 1
o
Coal 544 901 688 626 19 14,26
Fraquency of
in
the kitchen
Almost none 81 149 154 184 1
Sometimes 183 300 319 381 1.0 07,13
Daity 3368 551 364 435 16 12,21
Separate kitchen
from living
roony
bedroom
Yes 523 857 719 859 1‘
No 87 143 118 141 10 08,14
Conceiving during
the l:|1egating
season
No 288 472 398 476
Yes 322 528 438 524 1.0 08,13
Using a stove for
eating
No 80 282 1690 388 1
Yes 220 718 267 612 16 12,22
Primary fuel used
for heating
Natural 1 04 2 07 1
othe
Coal 228 996 265 993 1.7 0.2, 191
Stove in the
living roorv
bedroom
No 80 262 90 338 1
Yes 160 738 176 662 14 10,21
Frequency of
roRventiation
in the living
room/
bedroom
Daity 85 371 124 464 1
Sometimes 120 524 134 502 13 09,18
Almost none 24 105 g 34 39 1.7,88

Abbreviation: IAPCC, indoor air pollution from coal combustion.

a Values for some characteristics may not sum to the total number
of cases or controls because of jump terms or missing data.

® Does not include biomass fuel.

to have been passively exposed to smoking during the peri-
conceptional period. No significant differences were found
between the case and control groups for any other
characteristics.

Table 2 shows the distribution of variables related to
cooking and heating in the case and control groups. More
than 80% of households utilized coal as their primary do-
mestic fuel for cooking, and nearly all families (>99%) used
coal for residential heating. Compared with control mothers,

NTD case mothers were more likely to use coal as their -

primary fuel (relative to nonbiomass solid fuels), to have
a higher frequency of cooking in the Kitchen, to use a coal
stove for heating, to have a coal stove in the living room/
bedroom, and to ventilate the living room/bedroom less
frequently. All of these items indicate a higher IAPCC expo-
sure in the NTD group.

_ Table 3 shows the association between the IAPCC expo-
sure index and the risk of NTDs. Overall, 80.2% of case
mothers and 72.9% of control mothers had IAPCC exposure
during the periconceptional period. IAPCC exposure was
associated with a 60% increase in NTD risk relative to no
exposure (adjusted odds ratio (OR) = 1.6, 95% confidence
interval (CI): 1.1, 2.1). Both crude and adjusted odds ratios
tended to increase with increasing score on the exposure in-
dex, demonstrating a clear linear trend (P < 0.001). Similar
results were observed for anencephaly and spina bifida when
these defects were analyzed separately (data not shown).

We further analyzed the association of NTDs with each
of the 3 different exposure sources separately to under-
stand their respective effects (Table 4). An increased risk
of NTDs was associated with IAPCC exposure from heating
(adjusted OR = 1.7, 95% CL: 1.1, 2.4) and from cooking
(adjusted OR = 1.5,95% CI: 1.1, 2.1) but not with exposure
from having a kitchen attached to the living room/bedroom
(adjusted OR = 1.1, 95% CI: 0.7, 1.6). Approximately 70%
of women in the study were exposed to IAPCC from a cook-
ing source, while less than 20% of women were exposed to
IAPCC from a heating source.

We further examined the IAPCC index as an ordinal vari-
able to analyze its association with each type of NTD. As
Table 5 shows, a 1-unit increase in the exposure index was
significantly associated with a 30% increased overall risk
of NTDs (adjusted OR = 1.3, 95% CL: 1.1, 1.5) and a 20%—
40% increase in the risk of the various subtypes of NTDs.

DISCUSSION

. In this population-based case-control study, we found that
among a rural population in Shanxi Province, maternal ex-
posure to indoor coal smoke was significantly associated
with an increased risk of anencephaly, spina bifida, and NTDs
overall. The NTD risk increased with increases in the ex-
posure index. IAPCC exposures from heating and cooking
were both linked to increased NTD risk.

Maternal active or passive cigarette smoking during preg-

‘pancy has long been associated with several birth defects,

including NTDs (19-22). In recent years, outdoor air pollu-
tion has also been linked to some birth defects (6-13). Most
of the deleterious pollutants in urban air pollution, tobacco
smoke, or biomass smoke, such as PAHs, carbon monoxide,
and heavy metals, are also prominent in coal smoke. Because
of decreased dispersal or photo-degradation, some pollutants
exist at even higher levels indoors in rural households of

Am J Epidemniol. 2011;174(4):451-458
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"Table3. APCC Exposure Index Scores for Neural Tube Defect Cases and Controls and Association With Risk of
Neural Tube Defacts in Shanxi Province, China, 2002-2007 g

Cases Controls
M i ew e ma B me
o° 121 198 227 271 1 1
1 140 229 223 266 1.2 0.9,1.6 12 09,18
2 239 392 280 345 1.6 1.2, 24 17 12,25
3 81 133 g0 108 17 12,25 1.8 11,28
>4 29 48 8 10 6.8 30,153 54 2,0, 14.1
Any*® 489 802 610 729 15 1.2,1.9 16 11,21
Abmaﬁ%n;’cl.mrﬁdenumml;IAPoc.indooralrpouutionfmnooaloomuﬁon;on.adds'm.
* < 0.001.

= Adjusted for county of residence (Zezhou, Pingding, Xivang, Taigu); season of conception (spring, summer,
autumn, winter); matemal ethnic group (Han, other); infant sex (male, female); matemnal age (<20 or >35 years, 20—
34 years); matemal education (primary schoal of less, more than primary echool); multiparity (ves, no); muitiple births
(yes, no); history of pregnancy affected by birth defects (ves, no); matemal influenza or fever (yes, no); and passive
smoking during the periconceptional period {yes, no).

b Reference category.

¢ Exposure index scores 1--5 combined.

China. Thus, there is good reason to expect that this pollu- are the most common complex mixtures in coal smoke.
tion exposure would affect pregnancy outcomes in these ‘Some PAHs, such as benzo{g)pyrene, are well-known hu-
settings. man carcinogens and also demonstrate teratogenic effects in

Chronic exposure to PAHs may be the primary mecha- animal studies (23-25). Our previous studies indicated very
nism by which coal smoke increases the risk of NTDs. PAHs high levels of benzo(a)pyrene poilution in local househoids,

Table 4. Association of Various IAPCC Exposure Sources With Risk of Neural Tube Defects in Shanxi Province,

China, 2002-2007

IAPCC Exposwre Cases Controils ‘
L e . i
Heating '

o 501 821 748 894 1 : 1

1 %0 148 82 98 16 12,23 17 11,25

2 19 31 7 08 41 - 17,97 18 06,43

Any* 100 179 89 108 18 14,25 1.7 11,24
Cooking

0 139 228 256 306 1 1

1 164 269 254 303 12 09,16 12 09,17

2 %07 503 327 381 17 13,22 19 13,27

Any* 41 772 581 694 15 12,19 15 114,21
Attached kitchen

0. 535 877 737  BBA 1 1

1- 75 123 100 119 1.0 07,13 141 07,18

Abbreviations: Cl, confidence interval; IAPCC, indoor air pollution from coal combustion; OR, odds ratio.

2 An exposure index score of 0 was the reference category.

® Adjusted for county of residence (Zezhou, Pingding, Xiyang, Taigu); season of conception (gpring, summer,
autumn, winter); matemal ethnic group (Han, other); infant sex (male, femals); matema age (<20 or >35 years, 20~
34 years); matemal education (primary school or less, more than primary school); multiparity (yes, no); multiple births
(ves, no); history of pregnancy affecied by birth defects (yes, no); matemal infiusnza or fever (yes, no); passive
smoking during the periconceptional period (yes, no); and the 3 exposure sources (heating, cooking, and attached
kitchen; yes, no).

© Exposure index scores 1 and 2 combined.

Am J Epidemiol. 2011;174(4):451-458
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Tabie 5. Association of a 1-Unit Increase in IAPCC Exposure Index Score (Ordinal) With the Risk of Neural Tube
Defocts, Overall and by Subtyps, in Shanxi Province, China, 2002-2007

B Bh w wo ws wo
Al NTDs 610 837 13 12,14 1.3 11,15
NTD subtype
Anencephaly 277 837 14 12,18 14 12,17
Spina bifida 289 837 1.2 11,14 1.2 1.0, 1.4
- Encaphalocele 4 837 12 09,17 14 09, 2.1
Isolated or nonisolated® defect
isclated NTDs 577 837 13 12,14 13 11,15
Nonisolated NTDs 33 837 1.2 09,17 1.4 09,23

Abbreviations: Cl, confidence interval; IAPCC, indoor air pollution from coal combugtion; NTD, neural tube defect;

OR, odds rafio.

& Odds rafio for a 1-unkt change in IAPCC exposure index score. _

® Adjusted for county of residance. (Zezhou, Pingding, Xiyang, Taigu); season of conception (spring, summer,
autumn, winter); maternal ethnic group (Han, other); infant sex (male, female); matemal age (<20 or >35 years, 20~
34 yoars); matemal education (primary school of less, more than primary school); multiparity (yes, no); multiple births
(yes, no); hlstoryofpregnarwaﬁectedbybirﬂrdefects(yes. no}; usa of folic acki supplements (yes/no); matemal
influenza or fever (yes, no); and passive smoking during the periconceptional period (yes, no).

¢ Associated with other major extemal structural birth defects.

especially in the winter. Of the 48 pairs of samples collected
from kitchens and bedrooms in winter, 97.9% and 93.8%
of samples exceeded recommended national standards for
indoor air benzo(a)pyrene levels (1 ng/m*), and the median
concentration reached 15.0 ng/m’ in kitchen samples and
11.84 ng/m’ in bedroom samples. Even in summer, 63.3%
of kitchens had a benzo(a)pyrene concentration that was
over national standards (14). A comparison study indicated
that the median PAH content of high-molecular-weight
(4 ring and larger) compounds in the settled house floor dust
in the rural households of Shanxi Province (162 pg/m®) was
40-fold hi than what has been recorded in Azerbaijan
(2.9 pg/m?) and more than 200-fold higher than reporied
levels in Texas (0.11 pg/m?). The surface loadings of carci-
nogenic PAHs followed the same trend, with median load-
ing being 50-fold higher in China than in Azerbaijan and
levels of carcinogenic PAHs being below detection limits
in most of the Texas samples (15). High levels of genotoxic
mixtures of PAHs were detected in the settled dust of the
average rural households sampled in Shanxi Province (16).
A recent case-control study in this population showed that
the mothers of newbom children with an NTD exhibited
significantly elevated levels of PAHs in their blood as com-
pared with the levels observed in normal controls. However,
the study did not indicate a correlation with PAH-DNA
adducts, which may suggest a possible nongenotoxic mech-
anism (26).

Other suspected pollutants from domestic coal combus-
tion that may be involved in the increased risk of NTDs
include carbon monoxide and some toxic heavy metals such
as arsenic and lead. Carbon monoxide reduces the capacity
of the blood to carry oxygen to the body tissues by binding
to hemoglobin and forming carboxyhemoglobin. Experimen-
tal studies have demonstrated that chronic low-level maternal
carbon monoxide exposure may decrease the metabolism of

xenobiotics such as benzo(a)pyrene, interfere with the met-
abolic and transport functions of the placenta, and have a
toxic effect on the developing nervous system of rats (6, 27).
Arsenic and lead are neurotoxins. While the risks of human
maternal exposure to arsenic or lead during pregnancy are
not well known, studies involving pregnant animals exposed
to the metals have linked them to a variety of congenital
malformations, including NTDs (13). :

Our study showed that exposure to indoor air pollution
from both heating and cooking sources contributed signifi-
cantly to an increased risk of NTDs. In the study population,
more than 85% of kitchens are separated from living areas
with poor ventilation. Although the time spent in the kitchen
is relatively short, the kitchen is significantly more poltuted
than the living arca (14). In addition, the percentage of
women exposed to cooking source pollution (approximately
70%) was far higher than that of women exposed to heating
source pollution (<20%) because heating was only required
in the winter and most households had relatively good ven-
tilation in the living area. Domestic cooking is an important
duty of most local housewives, and most women usually
persist in this cooking role throughout pregnancy. Our re-
sults showed that more than 80% of the women cooked fre-
quently, and approximately 50% of them had cooked daily
during the periconceptional period. Chen et al. (28) found
that cooking frequency was associated with higher levels of
urinary 1-hydroxypyrene in Chinese women, indicating that
a higher PAH exposure was also associated with frequent
cooking. Therefore, cooking exposure may play an impor-
tant role in the development of NTDs in the rural population
of Shanxi Province. _

Tobacco smoking is another source of indoor air pollu-
tion. In China, approximately 2 of every 3 adult men are
regular smokers, whereas very few women smoke actively.
Passive smoking, however, is widespread in China. In the
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study population, less than 2% of women were active smok-~
ers, whereas some 60% of women had been passively ex-
posed to tobacco smoke during the periconceptional period.
Our previous study demonstrated that maternal passive
smoking was associated with an increased risk of NTDs
(19). When this potential confounder was included in the
multivariate model used here, the risk of NTDs attributed
to JAPCC was not substantially changed.

It is noteworthy that the effect estimate for heating source
index level 2 decréased from 4.1 to 1.6 with adjustment
(Table 4). The dramatic change may be related to the close
correlation between heating exposure and the variable “in-
fluenza or fever.” The 2 factors are both related to heating
season and poor ventilation. If this “influenza or fever”
factor was removed from the final adjustment model, the
effect estimate for the index level 2 heating source variable
was 3.0 (95% CL: 1.2, 7.7) (data not shown),

Qur study had several strengths. The study was population-
based, with a relatively large sample size, a high participa-
tion rate, and adjustment for several potential confounders.
The very high prevalence of NTDs in the study population
increased the likelihood of identifying important risk fac-
tors. The study population was relatively homogeneous. All
birth defect cases were reviewed by pediatricians at Peking
University using clinical descriptions and photographs. This
additional review decreased the likelihood of misclassifica-
tion. Qur study considered all types of pregnancies affected
by NTDs, inciuding elective terminations due to prenatal
diagnosis. Participants were interviewed within the first
week after delivery or pregnancy termination, and the in-
terviewers helped them to confirm the period of exposure

to the dates of their last menstrual period. There-
fore, misclassification due to exposure timing was mini-
mized. To our knowledge, this study was the first to assess
the effects of IAPCC and the risk of NTDs in a Chinese
population. -

Our study had several limitations. As in any other case-
control study, recall bias is a major concern. Case mothers
may tend to overreport factors they believe to have influ-
enced their NTD-affected pregnancies in comparison with
control mothers. However, because there have been no pub-
lished scientific reports regarding the possible association
between indoor air pollution and the risk of NTDs so far,
and because the interval from birth or pregnancy termina-
tion to interview was relatively short, any recall bias should
have been minimal. In our questionnaire, potential data
indicating IAPCC exposure were distributed thronghout
several separate and relatively objective questions about
dwelling or lifestyle around the time of conception. There-
fore, it is unlikely that recall bias substantially affected our
results. In our study, one of the matching criteria for control
selection was the date of conception. This criterion was
originally designed to control for the effect of scasonal di-
etary variation. However, because heating is highly corre-
iated with season, matching by date of conception may lead
to overmatching, resulting in underestimation of the effect

of IAPCC. Questions about dwelling and lifestyle charac-

teristics are indirect measures of coal smoke exposure and
may not accurately reflect individual exposure. Ventilation
during cooking was not investigated; thus, its effect on the

Am J Epidemiol. 2011;174(4):451-458

exposure index could not be estimated. These limitations
could have resulted in nondifferential exposure misclassifi-
cation and therefore weakened the true association. In addi-
tion, the IAPCC exposure index was newly created for use
in this study and has not been validated in other studies.
Therefore, it may need to be validated with other data sets
and in other settings in the future. In this study, informa-
tion on dietary folate intake was not collected, preventing
us from adjusting for its potentially confounding effect.
However, the diet of the local residents is not very diverse.
Variation ip folate intake from diet cannot explain the ob-
served association between IAPCC exposure and NTD risk.

China has the largest coal production and consumption
in the world. IAPCC is a major public health issue in rural
China because of the abundant use of coal and low aware-
ness of potential health risks among the population. Women
may experience high IAPCC exposure because of the large
amount of time they spend both indoors and cooking. Our
results, together with evidence of the association of other
negative pregnancy outcomes with JAPCC, may draw more
attention to the potential damage caused by IAPCC in rural
China. The intriguing findings of our study warrant further
research. More powerful study designs are necessary to
confirm the association between IAPCC and NTDs and to
understand which contaminants, if any, in this process might
render exposed women more susceptible to NTD-affected
pregnancies.
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Persistent organic poilutants (POPs) have been associated with
a wide range of adverse health effects. Our case~control study
was performed to explore the association between placental levels
of selected POPs and risks fer neural tube defects (NTDs) in a Chi-
nese pepulation with a high prevalence of NTDs. Cases included

80 fetuses or newboms with NTDs, whereas the controls were 50°

healthy, nonmalformed newbom infants. Placental concentrations
of polycyclic aromatic hydrocarbons (PAHs), organochlorine pesti-
cides, polychlorinated biphenyls, and polybrominated diphenyl
ethers were analyzed by gas chromatography-mass spectrometry.
The medians of PAHS, o,p’-isomers of dichlorodiphenyitrichioro-
ethane (DDT) and metabolites, a- and y-hexachlorocyclohexane
{HCH), and a-endosulfan were significantly higher in case placentas
than in controls. PAH concentrations above the median were asso-
ciated with a 4.52-fold [95% confidence interval (Cl), 2.10-9.74) in-
creased risk for any NTDs, and 5.84- (95% 1, 2.28-14.96) and 3.71-
fold (95% Cl, 1.57-8.79) increased risks for anencephaly and spina
bifida, respectively. A dose-response relationship was chserved
between PAH levels and the risk of NTDs, with odds ratios for the
second, third, and fourth quartiles, compared with the first, of
1.77-(95% Q, 0.66-4.76), 3.83- (95% Q, 1.37-10.75), and 11.67-fold
(95% Q, 3.28-41.49), respectively. A dose-response relationship
was observed for anencephaly and spina bifida subtypes. Similar

results were observed for o,p’-DDT and metabolites, «-HCH, y-HCH,

and e-endosulfan, whereas no dose-response relationship was ob-
served for the last two pollutants. Elevated placental concentra-
tions of PAHs, o,p-DDT and metabolites, and «-HCH were
associated with increased risks of NTDs in this population.

congenital abnormalities | indoor air poliution

Ncural tube defects (NTDs) are setious birth defects that re-
sult from the failure of the neural tube to close by the 28th
day of gestation. NTDs that are restricted to the cranial region of
the neural tube are referred to as anencephaly (1). This condition
is characterized by the absence of the cranial vault and absent or
markedly diminished cerebral hemispheres. In addition, the cer-
ebellum is usually absent, and the brainstem may be hypoplastic.
Most fetuses with anencephaly are aborted or stillborn. However,
a small proportion of anencephalic infants are live-born, and they
can sarvive for short periods without significant medical support.
Closure defects that are restricted to the caudal portion of the
neural tube are referred to as meningomyeloceles or spina bifida
(1). This condition is associated with bony defects in the overlying
neural arches, through which the meninges and spinal cord tissue
are exposed to the body surface. Clinically, spina bifida may be
further characterized by anatomic level and extent of the lesion.
The majority of fetuses with spina bifida are live-born and, with
proper treatment, survival into adulthood is common. Infants
with spina bifida often have paralysis, urinary and bowel prob-
lems, learning difficulties, or hydrocephalus. It has been esti-
mated that annually, more than 320,000 infants worldwide are
affected by NTDs (2).

1277012775 | PNAS | August2,2011 | vol. 108 | no. 31

NTDs have a multifactorial etiology, with both genetic and
environmental contributions to the observed phenotypes. Folate
deficiency during the periconceptional period, maternal epilepsy
with concomitant anticonvulsant drug expasure, maternal obesity,
diabetes mellitus, and maternal hyperthermia are all known risk
factors for NTDs (3). Environmental pollutants have also been
suggested to be involved in the etiology of these malformations,
although limited comroborating evidence has been reported to
date (3, 4). .

Per(siste)nt organic pollutants (POPs) are ubiquitous chemicals

‘that can accumnulate in the human body because of their lipid

solubility and resistance to metabolism. Common POPs include:
organochlorine pesticides (OCPs), polychlorinated biphenyls
(PCBs), polybrominated diphenyl ethers (PBDEs), and polycyclic
aromatic hydrocarbons (PAHs), among others. Exposure to POPs
can be associated with a wide range of adverse health effects,
including cafcinogenicity and teratogenicity (5, 6). These com-
pounds not only behave as endocrine disruptors, but they also
have the ability to induce cellular oxidative stress (7, 8). Both of
these mechanisms have been reported to disrupt normal embry-
onic development.

There have been few reported studies of the association be-
tween these pollutants and the risk of NTDs in humans. The only
publication exploring the association between PAH biomarkers
and NTD risk showed that the total PAH concentration in the

‘blood of women whose pregnancies were affected by NTDs was

higher than that of women who gave birth to healthy infants (9).
In a case-control study conducted in the United States, pregnant
women who reported that an insect control professional applied
pesticides to their homes had a 60% increased risk of having an
NTD-affected pregnancy compared with those women who had
no such pesticide exposure during their pregnancies (10). Mex-
ican American women who reported using pesticide in their
homes or yards were twice as likely to have pregnancies affected
by NTDs than those who reported no pesticide use (11). In Cal-
ifornia, the NTD risk was found to be weakly associated with
periconceptional maternal residential proximity to National Pri-
ority List sites containing PCBs (12). However, a major limitation
of most of these epidemiological studies is that they did not use
biomarkers to quantify maternal or fetal exposure, relying solely
on more circumstantial evidence, ’
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Understanding the environmental causes of NTDs can facilitate
research into the underlying mechanisms responsible for the de-
velopment of NTDs and help formulate population prevention
strategies that target these modifiable environmental factors. In
the present study, we tested the hypothesis that elevated concen-
trations of POPs in the placenta may be associated with increased
risks of NTDs by measuring PAHs, OCPs, PCBs, and PBDEs in the
placentas from 130 women in a rural area of China with a reported
NTD prevalence rate as high as 13.9 per 1,000 births (13).

Results

Characteristics of the case and control mothers are summarized
in Table 1. There was no significant difference between the two
groups with respect to maternal age, educational level, occupa-
tion, parity, previous history of birth defect-affected pregnancies,
folic acid supplementation, or passive smoking. One-third of the
case mothers reported fever and/or influenza during early preg-
nancy, compared with 8% of the controls. None of the case
mothers and only one control mother reported smoking during
the periconceptional period. .

Table 2 and detail the concentrations of selected POPs
in the placental samples of cases and controls. In total, 10 PAH
congeners were detected in 82-100% of the samples. Phenan-
threne was the PAH compound with the highest concentration,
followed by fluorene, fluoranthene, pyrene, and anthracene.
Median concentrations of all individual PAHs were higher in case
placentas than in those of controls, although the differences for
benzo[a]anthracene and benzo[g,h.iJperylene were not statisti-

Table 1. Characteristics of women who had pregnancies
affected by NTDs (cases) and women who delivered healthy
infants (controls) ’

Cases Controls

Characteristic (n = 80) {n =50)
Maternal age {y)

<25 31 (39) 15 (32)

25-29 23 (29) 11 (23)

=30 25 (32) 21 (45)
Maternal education

Primary or lower 15 (19) 5 (10}

Junior high 54 (68) 41 (82)

High school or above 10 (13) 4 (8)
Maternal occupation

Farmer 64 (83) 45 (92)

Nonfarmer 13 (17) 4(8)
Parity

1 45 (60) 23 (46)

»2 30 (40) 27 (54)
Previous birth defects history

Yes 6(8) 0 (0

No 73 (92) 50 (100)
Periconceptional folate supplementation

Yes 7 (9) 6(13)

No 71 (91) 41 (87)
Fever or flu during early pregnancy

Yes 25 (33) 4(8)

No 50 (67) 46 (92)
Maternal smoking

Smoking 0 (0) 1)

Nonsmoking 79 (100) 49 (98)
Maternal passive smoking

Yes 50 (63) 24 (48)

No 2937 26 (52)

Data are number (percentage). Total number may not be equal to the
number of cases or controls due to missing or unknown data.

Ren et al.

cally significant. When ali 10 PAHSs were considered together, the
median concentration of the sum (Z;,PAHs) for PAH burden was
significantly higher in case placentas than in controls.

Target pesticides were successfully quantified in 78-100% of
the placental samples. p,p’- dichlorodiphenyldichloroethylene
(p,p’-DDE) was the dominant pesticide measured. Concentra-
tions of p,p’-dichlorodiphenyltrichloroethane (p,p’-DDT) and its
metabolites [p,p’-DDE and p,p'-dichlorodiphenyldichloroethane
(p,p’-DDD)] or their sum (Z;p,p-DDTs) showed no significant
difference between case and control placentas. In contrast,
concentrations of 0,p’-DDT and its metabolites (o,p’-DDE and
0,p’-DDD) or their sum (Z30,p-DDTs) were significantly higher
in the case placentas compared with the control placentas. In
addition, the ratio of metabolites (p,p'-DDE+p,p’-DDD) to
parent (p,p-DDT) was significantly lower in placental samples
of cases than that of controls (415 vs. 56.0, P = 0.004). Hexa-
chlorocyclohexanes (HCHs) also showed isomer-specific differ-
ences between the two groups. Concentrations of o-HCH and
y-HCH were significantly higher in case than in control placentas,
but this was not the case for f-HCH, the most abundant HCH
isomer found in the placentas. Additionally, case placentas had
a higher concentration of a-endosulfan than did control placentas,
although the concentrations were low in both groups compared
with the other pesticides. For all other halogenated aromatic
hydrocarbons, including hexachlorobenzene (HCB), PCBs, and
PBDEs, there was no significant difference between the two
groups. Pollutant concentrations in the case group were compared
in placentas collected before and after 28 wk of gestation; no
differences were observed ( )-

The risk of NTDs in association with a higher level of a specific
pollutant or a group of pollutants was also analyzed (Table 3). A
concentration higher than the median of X;oPAHs was associated
with a 4.52-fold [95% confidence interval (CT), 2.10-9.74)] in-
creased risk of NTDs, and an odds ratio of 2.91 (95% CI, 1.39-
6.08) was observed for both X;0,p"-DDTs and a-HCH. In addi-
tion, higher levels of y-HCH and a-endosulfan were associated
with 3.36- (95% C1, 1.10-6.44) and 2.53-fold (95% CI, 1.03-5.99)
increased risks for any NTDs, respectively. When potential con-
founding factors were adjusted for with an unconditional multi-
variate logistic model, the associations between a concentration
above the median of £,0PAHs, Z0,p'-DDTs, o-HCH, y-HCH,
and a-endosulfan and the risk of any NTDs remained (Table 3).

The association between selected pollutants and the risk of
subtypes of NTDs was further analyzed. Median concentrations
of %;0PAHSs, Z:0,p-DDTs, «-HCH, y-HCH, and a-endosulfan
were all higher in the placental samples of cases with anencephaly
and spina bifida than those of controls, although differences in the
concentration of y-HCH and o-endosulfan for the two subtypes of
NTDs were not statistically significant (Table 3). Having a con-
centration above the median of £;;PAHs was associated with 5.84-
(95% CI, 2.28-14.96) and 3.71-fold (95% CI, 1.57-8.79) increased
risk for anencephaly and spina bifida, respectively. Higher con-
centrations of Z0,p’-DDTs, o-HCH, y-HCH, and o-endosulfan
were also associated with elevated risk of anencephaly and spina
bifida. After adjustment for the potential confounding factors,
most of the significant associations between these pollutants and
the risk of subtypes of NTDs remained (Table 3).

The association between higher levels of X,gPAHs, Z;0,p'-
DDTs, and a-HCH with the risk of NTDs showed a clear dose-
response relationship (Fig. 1 and ). When the lowest
quartile was used as the referent, increases in the risk of NTDs of
1.77- (95% CI, 0.66-4.76), 3.83- (95% CI, 1.37-10.75), and
11.67-fold (95% CI, 3.28-41.49) were observed for women whose
placental concentration of ¥,0PAHs was in the second, third, and
fourth quartiles, respectively. For Z;0,p'-DDTs, the risks of any
NTDs in association with the second, third, and fourth quartiles
were 1.20 (95% CI, 0.45-3.19), 2.16 (95% CI, 0.79-5.92), and
5.10 (95% Cl, 1.66-15.70), respectively. The results for o-HCH
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were similar to those of Z;0,p’-DDTs. The dose-response re-
lationship was present for both anencephaly and spina bifida. In
contrast, no apparent dose—response relationships between lev-
els of y-HCH or a-endosulfan and the risk of any subtype of
NTDs were observed. ’

Factors that might be associated with higher placental con-
centrations of PAHs or pesticides were compared between the
case and the control groups. Five case mothers (6%) reported
exposure to pesticides, solvents or heavy metals during the per-
iconceptional period; no control mothers reported such expo-
sures ( ). No difference was found between the two
groups with regard to domestic coal combustion exposure. When
the analysis was performed separately in the case group and in
the control group, case mothers who had a kitchen attached to
her bedroom or living room, and who used hard coal for cooking
and residential heating tended to have higher placental levels of
PAHs, but the differences were not statistically significant. No
similar tendency was observed in the control group. Maternal
passive smoking was not associated with an elevated level of
PAHES ( )

Discussion
We found that higher levels of PAHS, 0,p’-DDT and metabolites,
and o-HCH in the placental tissues were associated with elevated

risks of NTDs, and these risks increased with the concentrations
of these pollutants. Increased placental levels of y-HCH and
a-endosulfan were also associated with elevated NTD risks, but
no dose-response relationships were observed. No association
was found between placental levels of p,p’-DDT and metabo-
lites, §-HCH, HCB, PCBs, and PBDEs and risks of NTDs.
From the time of its conception and implantation in the uterus,
the embryo requires a means of nutrient exchange from the
mother as well as some means of protecting it from a maternal
immune response (14). Within the first weeks of development,
the embryonic cells are separated from the maternal tissues by
a layer of trophoblastic cefls (15). This arrangement remains
throughout gestation. With time, the trophoblasts have not onty
penetrated the endometrial blood supply but have initiated cho-
rionic villi formation. Those villi closest to the maternal blood
supply will develop and expand into a mass of chorionic tissue
that is ultimately considered to be the placenta. In addition to
nutrients and oxygen, xenobiotics, especially lipophillic pollutants,
can readily cross the preplacental structures and potentially
impact embryonic development (16). Although much of this
developmient has occurred after the embryo’s neural tube has
closed, the continuum of development from the trophoblast to
the placenta proper makes this a reasonable surrogate in which
environmental exposures that occurred earlier in gestation can be

Table 2. Concentrations (ng/g lipid) of typical poliutants in the placentas of women who had pregnancies affected
by NTDs (cases) and women who delivered healthy infants {controls)

Cases (n = 80) Controls (n = 50)
Pollutant Gex Median (IQR) %* Median (IQR) Pt
PAH
Fluorene 100 108 (81-151) 100 80 (57-97) <0.001
Phenanthrene 100 308 (250-486) 100 210 (142-322) <0.001
Anthracene 100 20 (11-39) 100 12 (7.6-19) 0.002
Fluoranthene 100 46 (29-68) 100 30 (22-47) <0.001
Pyrene 100 45 (27-85) 100 24 (12-30) <0.001
Benzofa]anthracene 85 35(2.0-5.9 86 2.9 (1.54.1) 0.10
Chrysene 100 12 (7.0-23) 100 8.1 (4.2-11) <0.001
Benzo[bJfluoranthene 96 2.7 (1.5-4.0) 9% 2.1(1.13.2) 0.03
Benzo[k}fluoranthene [ 1.7 (1.1-2.6) 96 1.2 (0.70-1.7) 0.003
Benzolg,h,|]peryiene 89 13 (0.51-3.1) 82 0.87 (0.24-1.8) 0.09
Y1oPAHs - 597 (460-835) 392 (268-547) <0.001
DDT and metabolites
o,p-DDT 88 1.1 (0.47-2.2) 90 0.63 (0.25-1.0) 0.011
o,p-DDE 100 0.95 (0.70-1.8) 100 0.72 (0.53-1.0) 0.001
o,p’-DDD 26 1.6 (0.84-3.0) 98 1.3 (0.76-1.9) 0.05
2a0,p"-DDTs 43 (2.5-7.6) 27 (2.0-3.8) 0.001
p.p"-DDT 78 1.1 (0.40-2.0) 82 0.73 (0.30-1 .‘_l) 0.06
p.p"-DDE 100 52 (26-79) 100 51 (37-76) 0.5
p.p'-DDD 100 3.7 (2.2-1.6) 100 39(@4-6.2) 0.86
¥ .zp.p"-DDTs 55 (31-85) 59 (39-83) 0.60
¥:PDTs 60 (35-98) 61 (41-88) 0.77
HCH
a-HCH 100 1.5 (0.99-2.2) 100 0.96 (0.57-1.4) 0.001
B-HCH 100 39 (13-65) 100 33 (22-52) 0.60
y-HCH 98 1.6 (0.70-2.7) 98 - 0.99 (0.55-1.7) 0.02
TaHCHs 44 (18-71) 36 (24-56) 0.47
a-Endosulfan 94 0.079 (0.038-0.15) 38 0.054 (0.035-0.089) 0.03
HCB 100 15 (10-22) 100 17 (13-21) 0.37
3gPCBs* 0.90 (0.62-1.7) 0.87 {0.64-1.1) 0.43
ZGPBDESS 0.54 (0.37-0.94) 0.54 (0.34-0.79) 0.74

- IQR, interquartile range. :
*Detection rate of a spedific pollutant in placental samples.

'In comparison with the median of controls, Mann—Whitney U test.

*Indudes PCB congeners of -105, -118, -156, -157, -167, -189, -206, and -209.

SIncludes PBDE congeners of -47, 66, 99, -100, -153, and -154.
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Table 3. Median concentrations (ng/g lipid) of ¥ 1PAHs, Y50,p"-DDTs, e-HCH, y-HCH, and a-endosulfan in the

placentas of women who had pregnancies affected by NTDs {anencephaly or spina bifida) and women who

delivered healthy infants {controls), and the risk in association with a concentration above the median of the

pollutant(s)

Pollutant Median (IQR) Unadjusted odds ratio (95% ay Adjusted odds ratio (95% (e }ad

Y. 10PAHs®
Any NTDs 597 (460-835)*** 4.52 (2.10-5.74) 6.00 (1,95-18.50)
Anencephaly 633 (462-844)*** 5.84 (2.28-14.96) 8.71 (1.63-46.45)
Spina bifida 571 (452-825)*** 3.71 (1.57-8.79) 9.09 (2.07-39.86)
Controls 392 (268-547) 100 1.00

Y.50,p-DDTs"
Any NTDs 43 (2.5-7.6)*** 2.91 (1.39-6.08) 5.19 (1.70-15.82)
Anencephaly 4.4 (2.4-6.8)* 2.43 (1.01-5.85) 9,52 (1.45-62.65)
Spina bifida 4.2 (2.8-8.5)*** 3.40 (1.45-7.93) 8.68 (1.94-38.76)
Controls 2.7 (2.0-3.8) 1.00 1.00

o-HCH
Any NTDs 1.5 (0.99-2 2)x** 2.91 (1.39-6.08) 3.89 (1.26-11.97)
Anencephaly 1.4 (1.0-2.4)*** 3.43 (1.40-8,42) 5.26 (0.96-28.79)
Spina bifida 1.5 (0.78-1.9)* 255 (1.11-5.89) 2.78 (0.76-10.24)
Controls 0.96 (0.57-1.4) 1.00 1.00

yHCH
Any NTDs 1.6 (0.70-2.7) . 3.36 (1.10-6.44) 11.75 (2.95-46.88)
Anencephaly 1.6 (0.63-2.5) 2.66 (1.59-7.08) 9,91 (1.35-72.76)
Spina bifida_ - 1.7 (0.91-3.0) 4.11 (1.74-9.72) 20.40 (3.27-127.39)
Controls 0.99 (0.55-1.7) 1.00 1.00

a-Endosulfan
Any NTDs 0.079 (0.038-0.15) 2.53 (1.03-5.99) 3.26 (1.10-9.71)
Anencephaly 0.082 (0.035-0.17) 2.49 (1.22-5.25) 3.00 (0.61-14.81)
Spina bifida 0.078 (0.039-0.15) 2.57 (1.12-5.91) 443 (1.14-17.19)

1.00

Controls 0.054 (0.035-0.089) 1.00

IQR, interquartile range.

*In comparison with controls; exposure was defined as above the median concentration.

*Adjusted for maternal occupation, age, educational level, parity, folic acid supplementation, passive smoking, and fever or flu during
early pregnancy, season of conception, mother's residence, and infant sex.

Sinciudes fiuorene, phenanthrene, anthracene, fluoranthene, pyrene, benzolajanthracene, chrysene, benzo[b}fluoranthene, benzolk]}

fluoranthene, and benzofg.h.ilperylene.
Tincdudes o,p’-DOT, o,p"-DDE, and o,p"-DDD.

+xxp < 0,001, **P < 0.01, *P < 0.05 in comparison with the median of controls, Mann-Whitney U test.

evaluated. Thus, placental levels of pollutants of interest can be
used as biomatkers of early in utero exposures even before the
embryo proper is established (17).

Possible associations between PAH exposure and the risk of
NTDs have been reported in several previously published epide-
miological studies. Elevated risk of NTDs (relative risk, 1.83; 95%
CI, 1.08-3.09) was observed in Sydney, Nova Scotia, Canada,
where PAHs were reported as some of the most common poliu-
tants emitted from large-scale coke oven operations, compared
with a neighboring community (18). A 10% excess risk of con-
genital anomalies of the nervous system was observed in a region
of the United Kingdom, where an increased exposure to total
black smoke was recorded (19). In animal experiments, PAHs
have been consistently shown to be teratogenic. The embryonic
development of fish embryos was disturbed (20), and congenital
malformations of various organ systems were induced by benzo(e)
pyrene exposure to pregnant mice (21).

Environmental PAHs have multiple sources (22). In northern
China, PAH exposure comes primarily from coal combustion.
Shanxi Province produced 300 million tons of coal in 2003 and

anked first in PAH emission among all Chinese provinces (23).
incident with PAH emission, the prevalence of NTDs in Shanxi
Province was the highest in the country (24), with a prevalence
rate of as high as 13.9 per 1,000 in some rural communities (13).
In addition to industrial emission, exposure to indoor coal com-
bustion is another major source of exposure to PAHs. In the rural
area of the province, local residents use coal for cooking and

Ren et al.

residential heating in the winter. Our previous study conducted
in the same population found that the concentration of PAHs was
higher in the venous blood of mothers who had NTD-affected
pregnancies than in those who delivered healthy infants (9). BEx-
posure to indoor coal combustion, based on an index constructed
from questionnaire data, has been shown to be associated with an
elevated NTD risk (25). These findings support the hypothesis

that NTD risk may be associated with environmental PAH ex-

posure, In the present study, however, an association between

indoor coal use and placental PAH concentration was not ob- &

served, likely owing to the small sample size.

Because each of the 10 individual PAHs assessed in the present S

study had higher concentration in case placentas than in controls,
total PAHSs concentration was used as a summary exposure in-
dicator in subsequent analyses. The similarities in their molecular

structure and mietabolism of these PAHs justify the use of the .

total PAH as such an exposure indicator. Although fluorene and
phenanthrene had the most weight, the difference in total PAHs
remained significant even if fluorene and phenanthrene were

excluded in calculating the total (median, 162 ng/g lipid for cases,

and median 91 ng/g lipid for controls).

A possible association between pesticide exposure and the risk
of NTDs has been suggested in several epidemiological studies
(10, 11). However, all of these studies relied on self-reported
pesticide exposure or used occupation or job title as surrogates
for actual pesticide exposure data. This may compromise the
studies by increasing the chance of recall bias and exposure mis-
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classifications (26). In the present study, we used placental con-
centrations of several pesticides and their metabolites as bio-
markers of in utero exposure. We found that elevated levels of
0,p-DDTs and.o-HCH in the placenta were associated with in-
creased risks of NTDs. Because DDT and HCH were banned in
1983 in China, the presence of these pesticides in the placenta
must reflect their residues persisting in the environment. -
Placental levels of pollutants are determined by both maternal
exposure and the metabolic rate of the mother. Higher levels of
pollutants in case placentas could be an-indication of excess ex-
. posure to these pollutants by case mothers compared with con-
trols. ‘Although no difference in exposures to residential coal
combustion was observed between the case and the comtrol
groups, the possibility of increased exposure to coal combustion
for the case group cannot be ruled out. On the other hand, var-
iations in maternal metabolism may also contribute to the differ-
ences in placental levels of these pollutants (i.e., case mothers may
have a lower metabolic rate than the control mothers, presumably
due to genetic factors). This was supported by the lower metab-
olites to parent ratio (ip,p’-DDE+p,p’-DDD)/p,p’-DDT) in the
Sscase group than in the control group. Lewer metabolic rates in
case mothers may result in higher placental levels of relatively less
Z persistent pollutants, such as PAHS, 0,p’-DDTs, and o-HCH, but
not for more persistent pollutants, such as HCB, p,p’-DDE, and
p-HCH. Lower metabolic activities mean slower elimination of
xenobiotics from the maternal body, and thus may increase ex-
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posure of the embryoffetus. Such extended exposure to th&:&'
teratogenic compounds may increase the risk of birth defects (27).
Although PAHs and organochlorine pesticidés are structurally <
different types of chemical pollutants, they need to be activated
by cytochrome P450 enzymes before they can exert their bi-
ological impact (28). Studies have shown that PAHs and or-
ganochlorine pesticides could induce oxidative stress (29-33).
Oxidative stress has long been considered to be a mechanism of
teratogenic ‘action for many compounds, resulting in the mis-
regulation of redox-sensitive signal transduction pathways. These
pathways are critical for developmental processes, inchiding
cellular proliferation, differentiation, and apoptosis (34).
Maternal hyperthermia has been shown to induce NTDs in
experimental animal systems (35, 36). In humans, fever and/or

-influenza during the periconceptional period has been found to be

arisk factor for fetal NTDs (37-39). In the present study, maternal
fever and/or influenza was associated with an elevated risk of
NTDs in a univariate analysis. In a multivariate logistic regression
analysis that adjusted for maternal fever and/for influenza, along
with other factors that are potentially associated with increased
risks of NTDs, the association of higher levels of PAHs and several
organochlorine pesticides in the placenta with the risk of NTDs

-Temained significant, suggesting that these pollutants may be

independent risk factors for NTDs in this population.

In conclusion, higher levels of PAHS, 0,p’-DDT and metabo-
lites, and a-HCH in the placenta were associated with elevated
risks of NTDs, Further research is warranted to determine whether
increased maternal exposure, altered maternal metabolism, or the
interactions between maternal metabolism and environmental
pollutants is the underlying cause of the increased levels of the
pollutants in the case placentas. Future studies may also examine
placental oxidative status to provide insight into the mechanism of
action exerted by these environmental pollutants.

Methods :

Swbjects. Subjects were recruited from four rural counties of Shanxi Province
{Pingding, Xiyang, Taigu, and Zezhou), China from 2005 to 2007. Cases with
a confirmed diagnosis of an NTD were ascertained through a population-
based birth defects surveillance program (13). Once a fetus or a newbomn
with such defects was identified as a case, a healthy newbom with no
congenital matformations born in the same hospital was selected as a con-
trol. The conirol was matched for sex, mother's county of residence, and the
date of mother’s last menstrual period, which was selected to be as dose as
possible to that of the case mother’s. Information on the mother's socio-
demographic characteristics, lifestyle, reproductive history, periconceptional
use of folic acid supplements, smoking and passive smoking, exposure to
pesticides, solvents or heavy metals, and domestic fuel use for cooking and
heating was collected through face-to-face interviews, which for the most
part (92%) were conducted within the first week of delivery or pregnancy
termination. Placentas were collected at delivery or termination of NTD-
affected pregnancies, placed in polyethylene bags, and kept at —20 *C until
use for analyses. The study protocol was approved by the institutional re-
view board of Peking University. Informed consent was obtained from the
mothers before the study.

In our previous study conducted in the same population, a sample size of
35 case and 18 control mothers revealed a statistically significant difference
in the blood levels of PAHs {3). In the present study, we used an empirical
sample size of 35 or greater per subgroup, which would be adequate to test
the existence of differences between concentrations of PAHs in the pla-
centas of the case and the control groups, assuming that the difference in
the placenta was similar to the difference in the biood. Although designed
as a matched case—control study, some placentas were not available for
evaluation owing to a failure to obtain consent from some women; there-
fore, the palrs were broken in the present study, We randomiy seiected
80 placentas of NTD cases (anencephaly, 36; spina bifida, 44) from a total of
155 placentas of women who had NTD-affected pregnancies, and 50 from
163 placentas of women who gave birth to singleton healthy infants as
control placentas. All of the control placentas were from term deliverles. For
NTD cases, 53% (40 of 75) of the placentas were collected before 28 ges-
tational weeks, 35% (26 of 75) between 28 and 36 gestational weeks, and
12% (9 of 75) at term (5 with missing information).
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Laboratory Analyses. Approximately 10 g of placental tissue was taken within
2 cm on the fetal side around the point of cord attachment. Each sample
was spiked with recovery surrogate standards, homogenized in hexane/
acetone solvent mixture.(1:1 by volume), and extracted three times by
ultrasonication and vortex mixing. Lipophilic material in the extractant was
determined gravimetrically and then removed by gel permeation chroma-
tography, followed by silica gel column chromatography. After concentration,
samples were spiked with intemal standards and analyzed with an Agilent
7890A-5975C gas chromatograph and mass spectrometer. PAHs, DDT and its
metabolites DDD and DDE were analyzed by mass spectrometry in electron
impact ionization mode, whereas alt of the other chlorinated or brominated
poliutants were analyzed in electron capture negative jonization mode.

One analytical procedure blank sample was prepared with each batch of
seven placental samples. Median concentrations of individual pollutants in
placental samples (n = 130) were compared with those in blank samples (n=
19). Pollutants were rejected if the concentration in the placental samples
was not significantly different from that in the blank. For the remaining
target pollutants, values in the placental samples were all more than four-
fold higher than those in the blanks. The recoveries (mean + SD) were 84% +
7%, 88% + 12%, 86% + 13%, 96% + 5%, and 93% + 14% for the surrogate
standards of deuterium-labeled phenanthrene, chrysene, perylene, a-HCH,
and PCB-65, respectively. Data were expressed on a lipid weight basis and
were neither blank nor recovery corrected. During sample preparation and
chemical analysis, the case-control status of the placental samples was
masked from those who were involved in these procedures.
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