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POBox 98450 
Lakewood, WA 98496-8450 
Nov. 15, 2013 

Millenium Bulk Terminals-Longview EIS 
c/o ICF International 
701 Second Ave. Suite 550 
Seattle, WA 98104 

Dear Sirs and Madams: 

As a retired pediatrician specializing in the care ofchildren with birth defects during my 
career, I wish to make the EIS taskforce aware ofrecent 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 ofcoal for 
energy for heating and home cooking. Both epidemiological and placental studies are 
conuming for indoor exposure to polycyclic aromatic hydrocarbons. Dr. Zhiwcn Li is a 
highly respected epidemiologist in the field ofReproductive Medicine, and Dr. Richard 
H. Finnell has made major research contributions to our current knowledge ofneural tube 
defects. I should mention that the concern for exposure to these chemicals is coal 
combustion, not inhaled dust from living nearby to passage ofcoal trains, so I am not 
aware ofany such risk for pregnant women in Washington State. However, I do feel this 
research concern does behoove the governments ofthe United States and China to work 
toward expediting capability of future exporting ofnatural gas and use ofcleaner energy 
sources for heating and cooking in the homes ofChina. I do share the concerns ofDr. 
Melissa Weakland printed in the "Opinion" section ofthe Tacoma News Tribune (page 
A21) on January 25, 2013 regarding the potential adverse impact ofcoal 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 ofChina who use the coal for 
heat and cooking, especially the offspring ofpregnant women. I am enclosing copies of 
two ofseveral 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, 

/fl~J--~ ~ 
Mark J. Stephan, MD. 
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Original Contribution 

Indoor Air Pollution From Coal Combustion and the Risk of Neural Tube Defects In 

a Rural Population in Shanxi Province, China 


Zhtw.n U, Le Zhang, Rongwel Ya. Ujun Pal, .Jianmeng Uu, Xlaoylng Zhang, and Alguo Rent' 

*Conaspondence to Dr; Aiguo Ren, Institute cl ReproduciMt and Child Health, PeiW1g University Health Science Center, 38 

Xueyuan Road, Haidian District, Bejng 100191, China (1H11811: renagObjroo.edu.cn). 


lnltJally submitted November29, 2010; BCC8plfJd for publication Uan::h 7, 2011. I 
i

The authors evaluatad indoorair pollution from coal conb.astion (IAPCC) as a potential risk factor for neural tube 
defects (NTDs) in a rural populatiOn in Shanxi Province, China. The studied rural population has both high IAPCC 
exposure and a high pmvalence of NTDs. A population-based case-control study was used to identify 61 0 NTD 
cases and 837 normal controls between November 2002 and December 2007. Information was collected within 1 
~Neek following delivery or pregnancy termination due to prenatal NTD diagnosis. The authors derived an exposure 
index by integrating a series of IAPCC-related characteristics concerning dwelling and lifestyle. Compared with 
women with no IAPCC exposure, women wHh any exposure at ail had a 60"/a increased risk oi having a child with 
an NTD (adjusted odds ratio (OR) = 1.6, 95% confidence Interval (CI): 1.1, 2.1 ). An increased NTD risk was linked 

··. to both residential heating (adjusted OR= 1.7, 95% Cl: 1.1, 2.4) and cooking (adjusted OR =1.5, 95% Cl: 1.1, 2.1 ).' Th(i 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 m NTOs. Additional stucfl86 are needed to confinn the link between IAPCC and 
NTDs. 

air pollution, Indoor; China; coal; neural tube defects; polyeycllc hydrocarbons, aromatic 

Abbreviations: Cl,.confldence Interval; IAPCC. Indoor air pollution from coal combustion; NTDs,.neural tube defecta; OR. odds 

raUo; PAHs, polycyclic aromatic hydroCarbons. · 


Indoor air pollution caused by the use of solid fuel (coal partieulady women and young cbildren who spend a large 

or biomass) is a major public bealth chaJJenge in developing proportion of their time indoors. Indoor pollution from 

countries, where a substantial proportion of the population coal smoke has been implicated as a causative agent in lung

relies on such fuels for their domestic energy needs (1). In cancer, especially among nonsmoking women (5).

China. more than 70% of households rely on solid fuels for Emetging evidence suggests that ambient air pollution 

cooking and residential heating (2). While use of biomass may contribute to birth defects (6-13). These findings link

fuel bas remained relatively constant over- tbe past 20 years ing outdoor air pollution to birth defects may be particuJarly 

in China, coal ulfe in rural homes bas trip~ (3). Gmm the relevant for rural anna, where women are exposed to sub

limited reserves of petroreum and natural gas and the rela stantial levels of indoor air pollution from solid fuels. How

tive abundance of coal, it is likely that this coal-based en ever, little information is available about the role of such 

ergy 8tmctUre will persist for many years to come in China indoor exposures in the etiology of birth defects. 


The combustion of coal and biODUl!S indoors emits a s'.lb Shanxi Province po!SCSSCS abundant coal reserves and is 

stantial amount of toxic pollutants. including particulate the leading coal-producing province in China Almost all 

matter, polycyclic aromatic hydrocarbons (PAHs), carbon local rural Shanxi households use coal for their residential 

monoxide, nitrogen. oxides, and sulfur dioxide (4). People beating and cooking needs. Exposure to substantial levels 

living in households relying on coal-based beating or cook of indoor air pollutioo from coal combustion (IAPCC) is 

ing may experience a high level of exposure to pollutants, highly prevalent in the Shanxi population (14-16). In 
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addition. Shanxi Province has the highest prevalence of be a risk factor but was not analyzed because of the small 

neural blbc defects (NTDs) worldwide, at 10-20 cases per numbers of available biomass-only exposure subjects). Fol
lowing these exclusions, 610 NID cases (277 anencephaly,

1,000 births in some counties (17, 18). The Shanxi popula
tion provides aunique opportunity to asseSS the association 289 spina bifida, and 44 encephalocele) and 837 controls 

of IAPCC with tbe risk of NTDs. were available for analysis. 

Exposure asaiaament
MATERIALS AND METHODS 

Mothers answered a series of 8 questions related to their
Location and population cooking and heating activities during the periconceptional 

This study was conducted 1n 4 rural counties (Pingding, period, from 1 month before conception to 2 months after 

Xiyang, Taigu, and Zezhou) in Shanxi Province. The total conception, to characterize· their exposure to IAPCC, in

number ofbirtbs per year in the study area is approximately cluding frequency of cooking in the kitchen, primary fuel 
used for cooking, whether the kitchen was separated from

10,000. A population-based birth defect surveillauce sys
the living room or bedroom, whether their pcriconceptional

tem, wbich bas been previously described (17), was estab
lished in this area in 2002. The surveillance system monitors period fell within the beating season, whether a coal stove 

major extemal structural birth defects through active case was used for beating, whether the stove was placed in the 
living room or bedroom, the primary fuel used for heating,

ascertainment. Cases in the study included liveborn infants, 
stillborn infants (fetal death at ~20 weeks' gestation), and and the frequency of bouse ventilation during the beating 

season. (The questions and their response options are listed
prenatally diagnosed, electively aborted fetuses of mothers 
residing in the study areas. County health workers verified in the Web Appendix, which is posted on the Joumars Web 

the diagnoses by physical examination of the fetal body for site (http:l/aje.oxfordjoumals.orgl).) These questions served. 

all pregnancy outcomes and filled out a reporting form for as proxy measures for IAPCC in the living environment. 

each case. We n:quested photographs of every infant born We identified 3 potential exposure sources and assigned an 

with a suspected birth defect, if available. Pediatricians at exposure value for each source according to the mothers' 
responses to these questions, as follows.Peking University reviewed all case report forms and pho

tographs before assigning final diagnostic codes. Each case 1. Cooking exposure: When the primary home cooking fuel
was also classified as either isolated, if there was no con used was coal, the ldtcben exposure value was recorded
current major malfonnation, or nonisalated, if there was at as 2 if the mother had cooked daily or 1 if the mothet had
least 1 accompanYing major external malformation. cooked occasionally; otherwise. it was recorded as 0.

Using data gathered from the surveillance system. an 2. Attached kitchen exposure: When the primary. home 
ongoing popu]atioo-based C8SCH:Oiltrol study was initiated cooking fuel was coal and the kitchen was not separated
to explore potential risk factors for extemal structural birth from the living room or bedroom, the attached kitchen
defects in the study area (19). When an infant was identified e.xposun= value was recorded as 1; otherwise, it was re
as having any major external malformation, a newborn corded as 0.
control without any external structural birth defects was 3. Heating exposure: Wben the periconceptional period fell 
matched to the case infant by county, sex. maternal ethnic within the beating season, the primary home heating fuel 
group, and date ofcooceptioo (as close as possible). 'Iiained was coal, and a coal stove was used for heating in the 
health-care workers conducted face-to-face interviews with living room or bedroom, the heating exposure value was 
the mothers of the cases and controls within 1 week of recorded as 2 if the house was almost never ventilated or 
delivery to collect exposure information using a structured 1if the house was occasionally ventilated; otherwise, the
questionnaire. Data were collected on maternal demograph value was recorded as 0.

ic characteristics, lifestyle, illness, medication use, and the 


We fomled an IAPCC exposute index by summing the ex
use of folic acid supplements. A series ofquestioos related 
to cooking and heating at home were asked to assess expo posure values for all individual indoor air pollution sources. 


sure status with respect to IAPCC during the periconcep The index assumed that the effects of coal smoke were 


tional period. The participation rate was moie than 80% for cumulative across the various expOsure sources. 


!,loth case mothers and control mothers. The study protocol 

was approved by the institutional review boaJd of Peking Stldlstlcal analysis 

University. All participants provided writtaJ. infonned consent. 


The original study used a pair-matching design, but for
NTD cases identified between November 2002 ·and 

December 2007 were included in the study analysis. To in this analysis the matcbing was broken in older to increase 

crease statistical power, all controls, including controls for statistical power. Therefore, we used an umilatched analysis 

NTDs as well as for other major external structural mal to estimate the association between IAPCC and NTDs. We 
analyzed the IAPCC index as both an ordinal variable and a

formations, were included in the analysis. A total of 1,503 
categorical variable to comprehensively elucidate the expo

participants (637 NTD cases and 866 controls) were avail
sure effects and any linear trends. Risk was estimated by

able during tbe study period. We excluded 52 infants (3.5%) 
means of the odds ratio, and the precision of the odds ratio

with missing data on questions related to IAPCC and 4 in

fants (0.3%) whose families used biomass as their primary was characterized by its 95% confidence interval. We used 

fuel for cooking and heating (biomass exposure may also ·l trend tests and logistic regression with the IAPCC index 

Am J EpldemJol. 2011 ;174(4):451-458 
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Table1. Demographic and Obsbdrtc O'laracteristlcs of Neural Table 1. Continued 

Tube Defect Cases and Controls In Shanxi Province, China, .2002
2007 c:.. CGntrol8 
 Crud8 8R(n=61CI)" (n = 1137)"Clweco1lrlsllc Odds Conlldll c.... CMtrolll c:ruc. 15% No. .. Rllllo lrllilmllNo. 

Chw.-lltlo (n =110)" (n •1137)" Oda. "'Conllct.l- EthnlcltyNo. No. Ralo lnf8rvll"' "' Han 608 99.8 832 99.6 1CO!dyaf 

186idence Other 1 0.2 3 0.4 0.3 0.0,2.7 


Pingding 171 28.0 248 29.6 1 Parity 

Xiyai1g 90 14.8 113 13.5 1.2 o:8,1.6 Primiparous 313 55.1 sm 62.1 1 

Talgu 97 15.9 161 19.2 0.9 0.6, 1.2 Multiparous 255 44.9 309 37.9 1.2 1.0,1.4 

Zezhau 252 41.3 315 37.8 1.2 0.9,1.5 Multiple blrth8 

Season of No 572 96.3 811 98.8 1 

conception 


Yea 22 3.7 10 1.2 3.1 1.5, 6.6 
Spring 157 26.1 194 23.7 1 Histo.y of 

Surmter 135 22.5 206 25.2 0.8 0.8, 1.1 
 ~~ Autumn 160 26:7 195 23:9 1.0 0.8,1.4 bybilth 

Winter 148 24.7 222 27.2 0.8 0.8,1.1 
 d8fecls I 

Uatemal age. No 567 93.9 817 97.8 1 iyears Yes :rT 6.1 18 2.2 3.0 1.9,5.3 

<20 16 2.7 10 1.2 2.3 1.0, 5.2 
 Pe~al 
2o-24 205 34.3 293 35.6 1.0 0.8, 1.3 use 

folic acid 
25-29 201 33.5 290 35.2 1 

Yea 64· 10.8 114 14.2 1
30-34 120 20:1 181 22.0 1.0 0.7,1.3 

No 530 89.2 691 85.8 1.2 0.9,1.6 
~35 56 9.4 49 . 6.0 1.6 1.1, 2.5 

Influenza or 
Occupation fever 

Farmer 406 68.2 555 67.1 1 No 3fJ7 68.4 739 91.3 1 
Worker 18 3.0 25 3.0 1.0 0.5,1.8 Yes 183 31.6 70 8.7 4.9 3.6,6.6 

1!!. 

l 
~ Professional 17 2.9 29 3.5 0.8 0.4,1.5 Passive 


smoking
Senricafsale& 20 3.4 35 4.2 0.8 0.4,1.4 

No 188 31.1 362 43.4 1
Other 134 22.5 183 22.1 1.0 0.8,1.3 e. 
Yes 418 68.9 473 56.6 1.7 1.4,2.1Education 

Infant sax100 16.5 50 6.0 1
~ Male 288 44.4 31M 47.5 1 
 Ior lower 
Female 333 55.8 436 52.5 1.1 0.9,1.4 8Junior high 435 71.5 641 76.9 0.4 0.3,0.6 0school • Values for some characleltsllcs may not sum to the total number 


HV!achool 73 12.0 143 17.1 0.4 0.2, 0.5 of cases or controls because ot missing data. 
 ior above 
~ 

Table continues s 
were chOsen because they were significantly associated with N 

NTD risk in the univariate analysis at the P < 0.05 level Allas an ontinal variable to evahiate the relati.em between in-
data were analyzed using SPSS 11.5 (SPSS, Inc., Chicago,creased exposure to IAPCC and the risk ofNTDs. MuJtivarl-
Illinois).able logistic regression was used to estimate an adjusted 

odds ratio controlling for tbe original matching variables 
and some potentially confounding variables. The mak:bing RESULTS
variables included county of residence (Zezhou, Pingding, 

Xiyang, or Taigu). season of conception (spring, summer, The demographic characteristics of the study population 

autumn, or winter), maternal ethnic group (Han/other), and are presented in Thble 1. Nearly all mothers were of Han 

infant sex (male/female). The potentially confounding vari- etbnicity. Most of the mothers were aged 20-34 years and 

ables included maternal age ( <20, 20-34, or ;::::35 years), had not taken folic acid supplements duringtlleir peri~

education (primary school or less, more than primary tional period. Compared with control mothers, case mothers 

school), multiparity (yes, no), multiple births (yes, no), his- were more likely to be aged <20 years or ?:35 years, to bave 

tory ofpregnancy affected by birth defects (yeS, no), mater- a prinuuy school or lower education. to be multiparous, to 

nal influenza or fever (yes, no), and passive smoking (yes, have had multiple births, to bave a history of pregnancy

no) during the periconceptional period. These variables affected by birth defects, to have influenza or fever, and 
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Table2. Distribution of IAPOC Exposure Variables in Neural Tube Table. 2 shows the distribution of variables related to 

Defect cases and Controls, Shanxi Province, China, 2002-2001 	 cooking and heating in the case and control groups. More 
than 80% of households utilized coal as ~eir primary ~

c- ConlnllaIAPCC 	 Cnxle 9ft mestic fuel for cooking, and nearly all families (>99%) used
(n= 8111)" (n= 83Tf Odda ConlldMceElrpMure coal for residential heating. Compared with control mothers,

Vart.blll No. No. . Ratio lnlilrYal

"' "' 	 NID case mothers were more likely to use coal as their · 
Primary fuel used primary fuel (relative to nonbiomass solid fuels), to have


for cooking 
 a higher frequeJicy of cooking in the kitchen, to use a coal 


N~~ 60 9.9 145 17.4 1 stove for beating, to have a coal stove in the living room/ 


bedroom, and to ventilate the living room/bedroom less

90.1 688 82.6 1.9 1.4,2.6Coal 544 	 frequently. All ofthese items indicate a higherIAPCC expo

sure in the NID group.

Freq=In Table 3 shows the associatioo between the IAPCC expo-

the en 
sure index and the risk of NTDs. Overall, 80.2% of case


Almost none 91 14.9 154 18.4 1 
mothers and 72.9% ofcontrol mothers had IAPCC exposure


Sometimes 183 30.0 319 38.1 1.0 0.7, 1.3 during the periconceptional period. IAPCC exposure was

1.2, 2.1
Daily 338 55.1 364 43.5 1.6 associated with a 60% increase in N1D risk relative to no [ 

Sepanda kitchen exposure (adjusted odds ratio (OR) = l.6, 95% confidence lfrom living interval (Cl): 1.1, 2.1). Both crude and adjusted odds ratios a.
roonv' tended to increase with increasing score on the exposure in-
bedroom 

Yes 523 85.7 719 85.9 dex, demonstrating a clear linear trend (P < 0.001). Similar i 
results were observed for anencephaly and spina bifida when

No lfl 14.8 118 14.1 1.0 0.8,1.4 
these defects were analyzed separately (data not shown). 


Conceiving during We further analyzed the association of N1Ds with each

the heating of the 3 different exposure sources separately to under-
season 

stand their ~spective effects (Table 4). An increased risk
No 288 47.2 398 47.6 

ofNIDs was associated with IAPCC exposure from heating
Yes 322 52.8 438 52.4 1.0 0.8, 1.3 

(adjusted OR = 1.7, 95% CI: 1.1, 2.4) and from cooking 
Usin~ a stove for (adjusted OR= 1.5, 95% CI: 1.1, 2.1) but not with exposure

eating from having a kitchen attached to the living room/bedroom a
No 90 28.2 169 38.8 1 (adjusted OR= 1.1, 95% CI: 0.7, 1.6). Approximately 70% ~
Yes 229 71.8 ~ 81.2 1.6 1.2,2.2 ofwomen in the study were exposed to IAPCC from a cook- <· 

Primary fuel used ing source, while less than 20% of women were exposed to l
for heating 	 IAPCC from a heating source. a, 

0.4 2 0.7 1 	 We further examined the IAPCC index as an ordinal vari- ~Natural~olhe able to analyze its association with each type of NID. As i
Coal 228 99.6 265 99.3 1.7 0.2,19.1 Table S shows, a 1-unit increase in the exposure index was 

Stove in the significantly associated with a 30% increased overall risk t
§living roornf ofNIDs (adjusted OR= 1.3, 95% CI: 1.1, 1.5) and a 20%

bedroom 40% inaease in tbe risk of the various subtypes of NIDs.
No 80 26.2 90 33.8 f
Yes 169 73.8 176 66.2 1.4 1.0,2.1 	 1t 

QFreque~of DISCUSSION 	 N 

venti ation ;::;
in the living
room( In this population-based case-control study, we found that 

bedroom among a rural population in Shanxi Province, maternal ex
posure to indoor coal smoke was significantly associated

Daily 85 37.1 124 46.4 1 
with an increased risk ofanencephaly, spina bifida, and N'IDs

Sometimes 120 52.4 134 50.2 1.3 0.9,1.9 
overall. The NTD risk increased with increases in the ex

3.4 3.9 1.7,8.8Almost none. 24 10.5 9 
posure index. lAPCC exposureS from beating and cooking 


Abbreviation: IAPCC, indoor air pollution from coal combustion. were both linked to increased NTD risk. 

• Values for some challiCieristics may not sum lo the total number Maternal active or passive cigarette smoking during preg

of cases or controls because of jump terms or missing data. . nancy has long been associated with several birth defects, 

b Does not include biomass fuel including NTDs (19-22). In recent years, outdoor air poilu

tion bas 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,


to have been passively exposed to smoking during the peri
and heavy metals, are also prominent in coal smoke. Because

conceptional period. No significant differences were found 
ofdecreased dispersal or photo-degradation, some pollutants

between the case and control groups for any other 
exist at even higher levels indoors in rural households of

characteristics. 
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. Table 3. IAPCC Exposure Index Scores for Neural Tube Deract C8aee and Controls and Asaoclallon With Risk of 


Neural Tube Defects in Shanxi Province, China, 2002-2007 


ca.. Contruls CrudeIAPCC~,. IIIS'l(.CI 85%CI 
.lndlx Sconl No. No. em- ~ 

"" "' if 121 19.8 2'Z1 27.1 · 1 1 


1 140 22.9 223 26.6 12 0.9, 1.6 1.2 
 0.9, 1.8 

2 239 39.2 289 34.5 1.6 1.2, 2.1 1.7 1.2, 2.5 

3 81 13.3 80 10.8 1.7 1.2, 2.5 1.8 1.1, 2.9 

~4 29 4.8 8 . 1.0 6.8 3.0,15.3 5.4 2.0, 14.1 

489 80.2 610 72.9 1.5 1.2,1.9 1.6 1.1, 2.1Anf 
Abbnlviations: Cl, conflclance Interval; IAPCC, incSoor air pollutiorl from coal combualion; OR, odds !8tlo. 

* ""- < 0.001. 
• Adjusted for county of residence (Zazhou, Pingding, Xiyang, Talgu); season of conception (spring, sumner, 

auturm, winter); malemal ethnic group (Han, other); infant sex (male, femlle); matema1 age (<20 or ~35 yeare. 20

34 Y'IUB); maternal aducalion (primary schoalar leea, mo111 than primary achool); m~ (yes, no); multiple bilths 
(yes, no); history of pregnancy all"8ct$d by billh def8cl8 (ya, no); matema1 influenza or fever (yes. no); and pasaive 

smoking during the pariconceptioral period {yes, no). I
b Reference category. 

c Exposure index scores 1-6 combined. i 


are the most common complex mixtures in coal smoke.China. Thus, there is good reason to expect that this pollu

tion exposure would affect pregnancy outcomes in these Some PAHs, such as benzo(a)pyrene, are well-known hu


settings. man carcinogens and also demonstrate teratogenic effects in 
animal studies (23-25). Our previous studies indicated veryChronic exposure to .PAHs may be the primary mecha

nism by which coal smoke increases the risk ofNTDs. PAHs high levels ofbenzo(a)pyrene pollution in local households, 

Table 4.. As9ocialion of Various IAPCC Exposure Sources With Risk of Neuml Tube Derecls in Shanxi Province, 

China, 2002-2007 

IAPCC EJIIICIIIft cu. Conlrclll en... W1tCI IRCISoan:eand~ ~ ORNo. No..lndMSccn" "" "" 
Healing 

0 501 82.1 748 89.4 1 

1 90 14.8 82 9.8 1.6 1.2,2.3 1.7 1.1, 2.5 

2 19 3.1 7 0.8 4.1 . 1.7,9.7 1.8 0.6,4.3 

Any" 109 17.9 89 10.6 1.6 1A,2.6 1.7 1.1, 2A 

Cooking 
1 . 10 139 22.8 256 30.6 

1 164 26.~ 254 30.3 1.2 0.9,1.6 1.2 0.9,1.7 

2 307 50.3 327 39.1 1.7 1.3, 2.2 1.9 1.3, 2.7 

471 77.2 581 69.4 1.5 1.2,1.9 1.5 1.1, 2.1 Alrf 
Attached kitchen 


535 ff1.7 737 88.1 1
0 ' 

75 12.3 100
1 . 11.9 1.0 0.7, 1.3 1.1 0.7,1.8 

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

a kl exposure index score ofO was·lhe reference category. 

b Adjw!ed for cxurty of !88idence (Zezhou, Plngdlng. Xiyang, Taigu); season ol conception (spring, sunmer, 


autumn, winter); nw.tsma1 ethnic group (Han, other); infant sex (male, female); maternal age (<20 or ~35 yea!&, 20
34 yea18); maternal education (primaly school CJf' less, more than primary School); multiparity (yes, no); multiple births 

(yes, no); history of pregnancy alfecled by birth defects (yes, no); mal8mal lnftuenza or fever (yes, no); passive 

smoking during the perlcouceplional period (yes, no); and lhe 3 expoaura sources (heating, cooking, and allachad 

kitchen; yas, no). 
c Exposure index 800188 1 and 2 combined. 

Am J Epidemlol. 2011;174{4):451-458 

http:IIIS'l(.CI


456 U et al. 

Table 5. Associalion of a 1-Unit lncraese In IAPCC Exposure Index Score (Ordnal) Wllh lhe Risk of Neural Tube 

Defects. Overall and by Subtype, in Shanxi Province, China, .20024007 

No. of No. of Crude 96'11. Cl ~ .... Cl
ca.. ~ ~ 

1.3 12, 1.4 1.3 1.1, 1.5
All NTDs 	 610 837 

NTOsubtype 
277 837 1.4 1.2,1.6 1.4 1.2,1.7

Anencephaly 
1.1, 1.4 1.2 1.0,1.4

Spina bifida 	 289 837 1.2 

1.2 0.9,1.7 1.4 0.9, 2.1
Encephalocele 44 837 


lsoiSted or nonieolated" defect 


sn 837 1.3 1.2,1.4 1.3 1.1, 1.5
leolated tlTDs
Nonisolal8d NTDs . 33 837 1.2 0.9,1.7 1.4 0.9,2.3 

Abbreviation&: Cl, canfidence inl8rval; IAPCC, IndOor air pollution from coal ccmbustion; NTD, neural tube defect; 

OR, odds ratio.
• Odds ratio for a 1-unlt chai'lge i"'IAPCC expoaure index acore.. 
b Adjusted for county of.residence (Zezhou, Pingding, Xlyang, Taigu); eeason of conception (spring, summer, 

autumn, winter); maternal ethnic group (Han, other); Infant saic (male, female); maternal age (<20 or ~35 years, 20--: I
34 years); maternal educalion (primaly school or less, more than pltmaly school); multiparity (yes, no); multiple births 

(yes, no); history of pregnancy affected by birth defacls (yes, no); use of folic acid suppl&merlls (yes/no); maternal i 
influenza or fever (yes, no); and passive smoking during the periconcepliona period (yes, no). 

c Associated with other major external structural birth defects. 

xenobiotics.such as benzo(a)pyrene, interfere with the met
especially in the winter. Of the 48 pairs of Samples collected 

abolic and transport functions of the placenta, and have a
from kitchens and bedrooms in winter, 97.9% and 93.8% 

toxic effect on the developing nervous system of rats (6, 27).
of samples exceeded recommended national standards for 

Arsenic and lead are neurotoxins. While the risks of human
indoor air benzo(a)pynme levels (.l nglmi, and the median 

maternal exposure to arsenic or lead during pregnancy are

concentration reached 15.0 ng/m in kitchen samples and 


11.84 nglm3 in bedroom samples. Even in summer, 63.3% not well known, studies involving pregnant animals exposed 

to the metals have linked them to a variety of congenital


of kitchens had a benzo(a)pyrene concentration that was 

over national standards (14). A comparison study indicated 	 malformations, including Nl'Ds (13). 
· Our study showed that exposure to indoor air pollution

tbat the median PAH content of high-molecular-weight 
from both heating and cooking sources contributed signifi

(4 ring and larger) compounds in the settled house floor dust 
cantly to an increased risk ofNTDs. In the study population.

in the rural households of Shanxi Province (162 JJ.glm2
) was 


40-fold ~ than wbat bas been recorded in Azerbaijan more than 85% of kitchens are separated from living areas 


(2.9 tJ.g/ni ) and more than 200-fold higher than reported with poor ventilation. Although the time spent in the kitchen 


is relatively short, the kitchen is significantly more pollnted

levels in Texas (0.11 IJ.glm2

). The surface loadings ofcarci
than the living area (14). In addition. the percentage of

nogenic PAHs followed the same trend, with median load
women exposed to cooking soun:e polluti<m (approximately

ing being 50-fold higher in China than in Azerbaijan and 
70%) was far higher than that of women exposed to heating

levels of carcinogenic PAHs being below detection limits 

in most of the Texas samples (15). High levels ofgenotoxic 	 source pollution (<20%) because heating was only required 
in the.winter and mosfhouseholds had relatively good ven

mixtures of PAHs were detected in the settled dUst of the 
tilation in the living area. Domestic cooking is an important

average rural households sampled in Shanxi Province (16). 
duty of most local housewives, and most women usually

A recent case-amtrol study in this populatioo showed that 


the mothers of newborn children with an NTD exhibited persist in this cooking role throughout pregnancy. Our re


sults showed that JDOR: than 80% of the women cooked ~
significantly elevated levels of PAHs in their blood as com
pared with the levels observed in nomtal controls. However, quently, and approximately SO% of them had cooked daily 


the study did not indicate a correlation with PAH-DNA during the periconceptional period. Chen et al. (28) found 


adducts, which may suggest a possible nongenotoxic mech that cooking frequency was associated with higher 1eve1s of 


urinary 1-hydroxypyrene in Chinese women. indicating that

anism (26). 

a higher PAH exposure was also associated with f:rCquent
Other suspected pollutants from domestic coal combus

tion that may be involved in the increased riSk of NTDs 	 cooking. Therefore, cooking exposure may play an impor


tant role in the development ofNTDs in the rural population

include carbon monoxide and some toxic heavy metals such 

as arsenic and lead. Carbon monoxide reduces the capacity of ShanXi Province. 


of the blood to carry oxygen to the body tissues by binding Tobacco smoking is another source of indoor air pollu


to hemoglobin and forming carboxyhemoglobin. Experimen tion. In China. approximately 2 of every 3 adult men are 


regular smokers, whereas very few women smoke actively.
tal studies have demonstrated that chronic low-level maternal 


carbon monoxide exposure may decrease the metabolism of 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 
smokiDg was associated with an increased risk of NTDs 
(19). When this potential confoundet was included in the 
muhivariate model used here. the risk Qf NTDs attributed 
to IAPCC was not substantially changed. 

It is noteworthy tbat the effect estimale for heating source 
index l~l 2 decreased trom 4.1 to 1.6 with adjusbJ1eilt 
(Table 4). The dramatic change may be related to the cloSe 
correlatioo betw~ heating exposure aild the variable .. in
fluenza or fever." The 2 factors are both related to beating 
season and poor ventilation. H this ''iufluenza 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% CI: 1.2, 7.7) (data not shown). 

Our study bad severalstrenglhs. The study Was pOpulation
based, with a relatively large sample size. a high participa
tion me. and adjustment for several polaltial confounders. 
The very high prevalence of NTD& 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 Pekitig 
Univemity using clinical descriptions and photographs. This 
additional review decreased the likelihood of misclassifica
tion. Our study considered all types of pregnancies affected 
by NTDs, including elective terminations due to prenatal 
diagnosis. Participants were interviewed within· the first 
week after d.elivery or pregnancy termiaation. and the in
terviewerS helped them to confirm the period of exposure 
according to the dates of their last mensiiUal period. There
fore, misclassification due to exposure timing was mini
mized. To our knowledge, tbia study wu the first to assess 
the effects of IAPCC and the risk of NIDs in a Chinese 
populatioo. . 

Our study had several limitations. As.in any other case
control study, recall bias is a major ooac:an. Case mothers 
may tend to overreport factors they believe to hjlve influ
enced their NTD-affected pregnancies in comparison with 
control mothers. However, because there have been no pub
lished scientific reports regirdi.ng the ~ble association 
between indoor air pollution and the risk of NTDs so far. 
and because the interval from birth or pregnancy tennina
tion to interview was relatively short, any recall bias should 
have been minimal. In our questionnaire. potential data 
indicating IAPCC exposure were distributed throughout 
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 tbe date of conception. This criterion was 
originally designed to control for the efJcct of seasonal di
etary variation. However. because heating is highly corre
lated with season. matching by date ofcmception may lead 
to ovennatching, resulting in underestimation of the effect 
of IAPCC. Questions about dwelling 8lld lifestyle charac-. 
teristics are indirect measures of coal smoke exposure and 
may not accurately reflect individual ClpOSUfC. Vealilation 
during cooking was not investigated; thus, its effect oo the 
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exposure index could not be estimated. Tbese 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 bas not been :Wlid8ted in other studies. 

Therefore, it may need to be validated with other data sets 

and in other settings in the future. In this study, infonna

tion on dietary folate intake was not collected. preventing 

us from adjusting for its potentially confounding effect. 

However. the diet of tbe local residents is not very djverse. 

Variation in fo~ intake from diet cannot explain the ob

served aSsociation between IAPCC exposure and NTD risk. 


China bas the laigest coal production and consumption 

in the world. IAPCC is a major pablic health issue in rural 

China because of the abundant use of coal and low aware

ness of potential heal11i risks among the population. Women 

may experience high IAPCC exposure because of the large 

iUDOUDt of time they spend both indoors and cooking. Our 

results, together with evidence of the association of other 
 I
negative pregnancy outcomes with IAPCC. may draw more 
11-ttention to the potential damage caused by :JAPCC in rural i 
China. The intriguing findings of our study wamnt further 
research. More powerful study designs are necessary to 
confirm the association between IAPCC and NTDs and to 
understand which contaminants, ifany, in this process nUgbt 
render exposed women mote susceptible to N'ID-affected · 
pregnancies. 
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Persistent organic pollutants (POPs) have been associated with 
a wide range of adverse health effects. OUr c:ase-cantrol study 
was perfonned to explore the association between pi8CI!IItallevels 
of selected POPs and risks for neural tube defects (Nms) in a 011
nese population with a high pravalence of NTDs. Cases included 
80 fetuses or newborns with NTDs, whereas the controls were 50· 
healthy. nonmalfOrmed newbom Infants. Placental concentrations 
of polycyclic aromatic hydrocarbons (PAHs). organochlorine pesti
cides, polychlorina11!d biphenyls. and polybromlnated diphenyl 
ethers were analyzed by gas cluomatography-mass spectrometry. 
The medians of PAHs, o,p'-isomers of dlchiOrodlpl!enyltrkhlo~ 
ethane (DDT) and metabolltlts. u- and .,.haxachlorocyclohexane 
(HCH), and 11-i!ndosulfan were slgFiiflcantly higher in case placentas 
than in controls. PAH concentrations above the median were asso
ciated with a 4.52·fold [95% confidence interval (Q), 2.1o-9.74) in
creaseil risk for any NTDs, and 5.84- (95% a. 2..28-14.96) and 3.71
fold (95% a, 1.57-8.79) Increased risks for anencephaly and spina 
bif!da. re$pectively. A dose-response relationship Wll!i caer.oe:l 
between PAH levels and the risk of NTDs, with odds ratios for the 
second. third, and fourth quarllles, compared with the first. of 
1.77· (95% a. 0.66-4.76), 3.83- (95% a, 1.37-10.75), and 11.67-fold 
(95% 0. 3.2&-41A9). respectively. A dose-resj,onse relationship 
was observed for anencephaly and spina biflda subtypes. Similar 
results were observed for o,p'-DDT and metabolites, a-HOI, y-HOi, 
and IHHXIosulfan, 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 IHICH were 
associated with increased risks of NTDs in this population. 

congenital abnormalltias I indoor air pollution 

Neural tube defects (NTDs) are serious birth defects that re
sult from the failure of the neural tube to close by the 28th 

day ofgestation. NTDs that are restri~ to the cranial region of 
the neural tube are referred to as anencephaly (1). This rondition 
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 swvive for short periods without significant medical support. 
aosure defects that are restricted to the caudal portion of the 
neural tube are referred to as meningomyeloceles or spina bifi.da 
(1). This rondition is associated with bony defects in the overlying 
neural arches, through which the meninges and spinal oord 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, urinaiy 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). 

NTDs have a multifactorial etiology, with both genetic and 
environmental rontributions to the observed phenotypes. Folate 
deficiency during the periconceptional period. maternal epilepsy 
with ronoomitant anticonvulsant drug exposure, maternal obesity, 
diabetes niellitus, and maternal hyperthermia are all known risk 
faCtors for NIDs (3). Enviroomental pollutants have also been 
suggested to be involved in the etiology of these malformations, 
although limited corroborating evidence has been reported to 
date (3, 4). 

PersisteJrt organic pollutants (POPs) are ubiquitous chemicals 
. that can aa:umulate 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 efl'ects, 
including calcinogenicity and teratogenicity (5, 6). These rom
pounds not only behave as endoaine disruptors, but they also 
have the ability to induce cellular oxidative stre88 (7, 8). Both of 
these medumisms have been reported to disrupt normal .embcy
onic development. 

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

·blood ofwomen whose pregnancies were affected by NrDs was 
higher than that of women who gave birth to healthy infants (9). 
In a CBSCH:Ontrol study oonducted 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 
N'ID-affected pregnancy oompared with those women who had 
no such pesticide exposure during their pregn;mcies (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 
perironceptionai 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 ofNTPs can facilitate cally significant. When all10 PAHs were considered together, the 

research into the underlying mechanisms respon&ble for the de median concentration of the sum (:E10PAHs)for PAH burden was 

velopment of NIDs and help formulate population prevention significantly higher in case placentas than in controls. 
Target pesticides were successfully quantified in 78-100% of

strategies that target these modifiable environmental factors. In 
the placental samples. p,p'- dichlorodiphenyldichloroethylene

the present study, we tested the hypothesis that elevated concen


trations of POPs in the placenta may be associated with increased (p,p'-DDE) was the dominant pesticide measured. Concentra

tions of p,p'-dichlorodiphenyltrichloroethane (p,p'-DDT) and its

riskS ofNIDsby measuringPARs, OCPs, PCBs, and PBD.Es in the 
metabolites [p,p'-DDE and p,p'-dicblorodiphenyldichloroethane

placentas from 130 women in a rural area of China with a reported 
(p,p'-DDD)J or their sum (t3p,p'-DDTs) showed no significant

NfD prevalence rate as high as 13.9 per 1,000 births (13). 
difference between case and control placentas. In contrast, 
concentrations of o,p'-DDT and its metabolites (o,p'-DDE and

Results 
o,p'-DDD) or their sum (~o,p'·DDTs) were significantly higher

Characteristics of the case and control mothers are summarized 
in the case placentas compared with the control placentas. In

in Table 1. There was no significant difference between the two 
addition, the ratio of metabolites (p,p'-DDE+p,p'-DDD) to

groups with respect to maternal age, educational level, occupa
parent (p,p'-DDT) was significantly .lower in.placental samples

tion, parj.ty, previous history of birth defect-aff~d pregnancies, 
of cases than that of controls (415 vs. 56.0, P = 0.004). Hexa

folic acid supplementation, or passive smoking. One-thir~ of the 
chlorocyclohexanes (HCHs) also showed isomer-specific differ

case mothers reported fever and/or influenza during early preg ences between the two groups. Concentrations of a-HCH and 
nancy, compared with 8% of the controls. None of the case y-HCHwere significantly higher in case than in control placentas, 
mothers and only one control mother reported smoking during but this was not the case for jJ-HCH, the m6st abundant HCH 
the periconceptional period. isomer found in the placentas. Additionally, case placentas had 

Table 2 and detail the concentrations of selected POPs a higherconcentration ofa-endosulfan than did control placentas, 
in the placental samples of case's and controls. In total, 10 PAH although the concentrations were low in both groups compared 
congeners were detected in 82-100% of the 5amples. Phenan with the other pesticides. ,For all other halogenated aromatic 
threne was. the PAH compound with the highest concentration, hydrocaibons, including hexachlorobenzene (HCB), PCBs, and 
. followed by fluorene, fluoranthene, pynm.e, and anthracene. PBDEs, there was no significant difference between the two 

Median concentrations of all individual PAHswere higher in case groups. Pollutant concentrations in the case groupwere compared 

placentas than in those of controls, although the differences for in placentas collected before and after 28 wk of gestation; no 

benzo[a]anthracene and benzo[g,h.i]perylene were not statisti- differences were obseiVed ( ). 
The risk of N'IDs in association with a higher level of a specific 

pollutant or a group of pollutants was also analyzed (Table 3). A 
Table 1. Olaracterlstics of women who had pregnandes concentration higher than the median of ttoPAHs was associated 
affected by NTDs (cases) and women who delivered healthy with a 4.52-fold [95% confidence interval (CI), 210-9.74)] in
infan1s (controls) · creased risk of NTDs, and an odds ratio of 2.91 (95% CI, 1.39

Cases Controls 6.08) was obseiVed for both ~o,p'-DDTs and a-HOi. In addi

(n = 80) (n =50). tion, higher levels of y~HCH and a-endosulfan were associated
Characteristic 

with 3.36- (95% CI, 1.10-6.44) and 253-fold (95% CI, 1.03-5.99) 

Maternal age (y) increased risks for any NTDs, respectively. When potential con


<25 31 (39) 15 (32) founding factors were adjusted for with an unconditional multi• 

25-29 23 (29) 11 (23) variate logistic model, the associations between a concentration 

<!:30 25 (32) 21 (45) above the median of l:1oPAHs, :I::3o,p'-DDTs, a-HCH, y-HOI, 


Maternal education and a-endosulfan and the risk of any NTDs remained (Table 3). 

5 (10)Primary or lower 15 (19) The association between selected pollutants and the risk of 

Junior high 54 (68} 41 (82) subtypes of NTDs was further analyZed. Median concentrations 
High school or above 10 (13} 4(8) of ttoPAHs, l:3o,p'-DDTs, a-HOI, y-HOI, and a-endosulfan 

Maternal occupation were all higher in the placental samples of cases with anencephaly 
Farmer 64 (83} 45 (92) and spina bifida than those ofcontrols, although differences in the 
Nonfarmer 13(1n 4 (8) concentration ofy-HCH and a-endosulfan for the two subtypes of 

Parity NTDs were not· statistically significant (Table 3). Having a con
1 45 (60) 23 (46) centration above the median ofl:1oPAHswas associated with 5.84
;:::2 30 (40} 27 (54) (95% CI, 2.28-14.96) and 3:71-fold (95% CI, 157-8.79) increased 

Previous birth defects history risk for anencephaly and spina bifida, respectively. Higher con
Yes 6 (8) 0 (0) centrations of 1::3o,p'-DDTs, a-HCH, y-HOI, and a-endosulfan 
No 73 (92) 50 (100) were also associated with elevated risk of anencephaly and· spina 

Periconceptional folate supplementation bifida. After adjustment for the potential confounding fadors, 
Yes 7 (9) 6 (13) most of the significant associations between these pollutants and 
No 71 (91) 41 (87) the risk of subtypes of NTDs remained (Table 3). 

Fever or flu during early pregnancy The association between higher levels of I 1oPAHs, :I::3o,p'
Yes 25 (33) 4(8) DDTs, and a-HCH with the risk of NTDs showed a clear dose
No 50 (67) 46(92) response relationship (Fig. 1 and · ). When the lowest 

Maternal smoking quartile was used as the referent, increases in the risk ofNTDs of 
Smoking 0 (D) 1(2) 1.77- (95% CI, 0.66-4.76), 3.83- (95% CI, 1.37-10.75), and 
Nonsmoking 79 (100) 49 (98) 11.67-fold (95% CI, 3.28--41.49) were observed for women whose 

Maternal passive smoking placental cOncentration of l:1oPAHs was in the second, third, and 
Yes 50 (63) 24 (48) fourth quartiles, respectively. For ~o,p'-DDTs, the risks of any 
No 29 (37) 26 (52) NfDs 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
Data are number (percentage). Total number may not be equal to the 

5.10 (95% CI, 1.6fr.15.70), respectively. The results for a-HCH
number of cases or controls due to missing or unknown data. 
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were similar to those of :l4>,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 obseJVed. 

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 ~om 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 obseiVed in the control group. Maternal 
passive smoking was not associated with an elevated level of 
PARs ( ). 

Discussion 
We found that higher levels ofPAHs, o,p'-DDT and metabolites, 
and o-HCH in the placental tissues were asSociated with elevated 

risks of NIDs, 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 metab!>
lites, p..HCH, HCB, PCBs, and PBDEs and risks of NfDs. 

From the time of its conception and implantation in the uterus, 
the embiyo requires a means of nutrient exchange from the 
mother as well as some means of protecting it from a maternal 
immune respo11Se (14). Within the first weeks of development, 
the emblyonic cells are separated from the maternal tissues by 
a layer of trophoblastic cells (15). This arrangement remaiiJS 
throughout gestation. With time, the trophoblast& have not only 
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 
development 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 

Table2. Concentrations (ng/g lipid) of typical pollutants in the placantas of women who had pregnandes affected 
by NTDs (cases) and women who delivered healthy infants (controls) 

Cases (n =80) Controls (fl .. 50) 

Pollutant %* Median OOR) %* Median (lOR) pt 

PAH 
Fluorene 100 108 (81-151) 100 80 (57-97} <0.001 
Phi!Nnthrene 100 308 (25o-186) 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(27~5) 100 24 (12-30) <0.001 
Benzo(a}l!flt;hracene 85 3.5 (2.G-5.4) 86 2.9 (1.5-4.1) 0.10 
Chrysene 100 12 (7.~23) 100 8.1 (4.2-11) <0.001 
Benzo(b]fluoranthene 96 2.7 (1.5--4.0) 96 2.1 (1.1-3.2) 0.03 
Benzo(k]fluoranthene 98 1.7 (1.1-2.6) 96 1.2 (0.7~1.7) 0.003 
Benzo(g.h.l]perylene 89 13 (0.51-3.1) 82 0.87 (0.24-1.8) 0.09 
!:1oPAHs . 597 (460-835) 392(~ <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 (0.7~1.8) 100 0.72 (0.53-1.0) 0.001 
o,p'-DDD 96 1.6 (0.84-3.0) 98 13 (0.76-1.9) 0.05 
I;3o,p'-DDTs 43 (2.5-7.6) 2.7 (2.D-3.8) 0.001 
p,p'-DDT 78 1.1 (0.40-2.0) 82 0.73 (0.3~1.1) 0.06 
p,p'-DOE 100 52 (26-79) 100 51 (37-76) 0.5 
p,p'-000 100 3.7 (2.2-7.6) 100 3.9 (2.4-6.2) 0.86 
!;3p,p'-DDTs 55 (31~5) 59 (39-83) 0 .60 
L;DDTs 60 (35-98) 61 (4H!8) 0.77 

HCH 
11-HCH 100 1.5 (0.99-2.2) 100 0.96 (0.57-1A) 0.001 
p-HCH 100 39 (13-65) 100 33 (22-52) 0.60 
y-HCH 98 1.6 (0.7D-2.7) 98 ().99 (0.55-1.7) ·0.02 
!;3HCHs 44 (18-71) 36 (24-56) 0.47 

11-Endosulfan 94 0.079 (0.038-0.15) SB 0.054 (0.03~.089) 0.03 
HCB 100 15 (1~22) 100 17 (13-21) 0.37 
I:sPCBs* 0.90 (0.62-1.7) 0.87 (0.64-1.1) 0.43 
I;6PBDEs1 0.54 (0.37-0.94) 0.54 (0.34-{).79) 0.74 

lOR. lnterquartile range. 

*Detection rate of a specific pollutant in placental samples. 

tin comparison with the median of controls. Mann-Whitney U test. 

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

11ncludes PBDE congeners of -47, -66, -99. -100, -153, and -154. 
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Table 3. Median concentrations (ng/g lipid) of I,1QPAHs, I;3o,p'-DDTs, u-HCH,y-HCH, and u-endosulfan in the 


placentas of women who had pregnancies affected by NTOs (anencephaly or spina biflda) 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% O)' Adjusted odds ratio (95% co'·* 


.I:u.PAHsi

Any NTDs 597 (460--835)*** 4.52 (2.10--9.74) 6.00 (1,95-18.50) 


8.71 (1 .63-46.45) 
Anencephaly 633 (462-844)*** 5.84 (2.28-14.96) 


Spina bifida 571 (452-325)*** 3.71 (1.57-8.79) 9.09 (2.07-39.86) 


1.00Controls 392 (268-547) 1.00 

.I;Jo,p'-DDTs~ 
2.91 (1.3!Hi.08) 5.19 (1.70-15.82)

Any NTDs 4.3 (2.5-7.6)**" 
9.52 (1.45-62.65)

Anencephaly 4A (2.4-6.8)* 2.43 (1.01-5.85) 

3.40 (1.45-7.93) 8.68 (1.94-38.76)
Spina bifida 4.2 (2.8-8.5)*** 

1.00Controls 2.7 (2.0-3.8) 1.00 


a-HCH 

2.91 (1.39-6.08) 3.89 (1.26-11.97)

AnyNTDs 1.5 (0.99-2.2)*** 

1.4 (1.0-2.4)*** 3.43 (1.40-8,42) 5.26 (0.96-28.79)
Anencephaly 

2.55 (1.11-5.89) 2.78 (0.76-10.24)
Spina bifida 1.5 {0.78-1.9)* 

1.00Controls 0.96 (0.57-1.4) 1.00 


y-HCH 

1.6 co.1o-2.n 3.36 (1.10-6.44) 11.75 (2.95-46.88)

AnyNTDs 
2.66 {1.59-7.08) 9.91 (1.35-72.76)

Anencephaly 1.6 (0.63-2.5) 
4.11 (1.74-9.72) 20.40 (3.27-127.39)

Spina bifida 1.7 (0.91-3.0) 
1.00Controls 0.99 (0.55-1.7) 1.00 


a-Endosulfan 

3.26 (1.10-9.71)

Any NTDs 0.079 (0.038-0.15) 2.53 (1.03-5.99) 

2.49 (1 .22-5.25) 3.00 (0.61-14.81)
Anencephaly o.082 <o.o3s-o.m 

4.43 (1.14-17.19)
Spina bifida 0.078 (0.039-0.15) 2.57 (1.12-5.91) 


Controls 0.054 (0.035-0.089) 1.00 1.00 


IQR, lnterquartile range. 
tin comparison with controls; exposure was defined as above the median concentration. . 


*Adjusted for maternal ocOJpation, age, educational level, parity, folic add supplementation. passive smoking, and fever or flu during 


early pregnancy, season of conception, mother's residence, and infant 5el\,. 


1Jncludes fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a)an1tu"acene, chrysene, benzo(b)fluoranthene, benzo[k) 

fluoranthene. and benzo(g,h,i)perylene. 


~lndudes o,p'-DOT, o,p'-DOE, and o,p'-000. . 


***P s 0.001, ••p ~ 0.01, *P s 0.05 in comparison with the median of controls, Mann-Whitney U test. 


evaluated. Thus, placental levels of pollutants of interest can be residential heating in the winter. Our previous study conducted ~ 
in the same population found that the concentration ofPAHswas

used as biomarkers of early in utero exposures even before the 
higher in the venous blood of mothers who had NTD-atiected

embryo proper is established (17). 
POSSlble associations between PAR exposure and the risk of pregnancies than in those who delivered healthy infants (9). Ex

NIDs have been reported in several previously published epide posure to indoor coal combustion, based on an index constructed 

miological studies. Elevated risk ofNIDs (relative risk, 1.83; 95% from questionnaire data, has been shown to be associated with an 

elevated NTD risk (25). These findings support the hypothesis
CI, 1.08-3.09) was obse.rved in Sydney, Nova Scotia, Canada, 

that NTD risk may be associated with environmental PAR ex- .
where PAHs were reported as some of the most common pollu

posure. In the present study, however, an association between
tants emitted from large-scale coke oven operations, compared 

indoor coal use and placental PAH concentration was not ob- ,
with a neighboring community (18). A 10% excesnisk: of con

genital anomalies of the nervous system was obseiVed in a region served, likely owing to the small sample size. 

of the United Kingdom, where an increased exposure to total Because each ofthe 10 individual PAHs assessed in the present 

black smoke was recorded (19). In animal experiments, PAHs study had higher concentration in case placentas than in controls, 

have been consistently shown to be teratogenic. The embryonic total PAHs concentration was used as a summary exposure in

dicator in subsequent analyses. The similarities in their molecular
development of fish embryos was disturbed (20), and congenital 

structure and metabolism of these PAHs justify the use of the .
malformations ofvarious organ systems were induced by benzo(a) 

total pAHs as such an exposure indicator. Although fluorene andi
pyrene exposure to pregnant mice (21). 

Enviroimtental PARs have multiple sources (22). In northern phenanthrene had the most weight, the difference in total PAHs 

China, PAR exposure comes primarily from coal combustion. remained significant even if fluorene and phenanthrene were 

anxi Province produced 300 million tons of coal in 2003 and excluded in calculating the total (median, 162 nglg lipid for cases, · 

nked first in PAR emission among all Chinese provinces (23). and median 91 n/Yg lipid for controls). 

incident with PAR emission, the prevalence of NTDs in Shanxi A possible association between pesticide exposure and the risk 

Province was the highest in the countzy (24), with a prevalence of NTDs has been suggested in several epidemiological studies 

(10, 11). However, all of these studies relied on self-reported
rate of as high as 13.9 per 1,000 in some rural communities (13). 

pesticide exposure or used occupation or job title as surrogates
In addition to industrial emission, exposure to indoor coal com

for actual pesticide exposure data. This may compromise the
bustion is another major source of exposure to PAHs. In the rural 

area of the province, local residents use coal for cooking and studies by increasing the chance of recai1 bias and exposure mis-
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Fig. 1. Quartlles of J:taPAHs (A}, :EAP'·DDTs (B). and a-HCH (C) in the 
placenta and the risks of NTDs. 

classifications (26). In the present study, we Used placental con
centrations of sel'eml pesticides and their metabolites as bio
markers of in utero exposure. We found that elevated levels of 
o,p'-DDTs and.a-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 i~ 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 mothem compared with con

' trois. Although no difference in exposures to residential coal 
combustion was obseiVed between the case and the control 
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 ([p,p'-DDE+p,p'-DDD}Ip,p'-DDT) in the 
case group than in the control group. Lower metabolic rates in 
case mothers may result in higher placental levels of relatively less 

{ persistent pollutants, such as PAHs, o,p'-DUfs, and a-HCH, but 
not for more persistent pollutants, such as HCB, p,p'-DDE, and51}-HCH. Lower metabolic activities mean slower elimination of 

( xenobiotics from the maternal body, and thus may increase ex

12774 l -.pnas.orglcglfdolf10.1013fpnas.110520910B . 

posure of the embryo/fetus. Such extended exposure to thes11. 
teratogenic compoundsmay increase the risk ofbirth defects (27). 5 

Although PAHs and organochlorine pesticides are structurally ·· 
different types of chemical pollutants, they need to be activated 
by cytoebrome P450 enzymes before they can exert their bi
ological impact (28). Studies have shown that PAHs and or
ganochlorine pesticides oould 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, including 
cellular proliferation, differentiation, and apoptosis (34).

Maternal hyperthermia has been shown to induce NfDs in 
experimental animal systems (35, 36). In hlllmlDS, fever and/or

. influenza during the periconceptional period bas been found to be 
a'risk factor fur fetal N'IDs (37-39). In the present study, maternal 
fever and/or influenza was associated with an elevated risk of 
N1Ds in a .IDlivariate analysis. In a multivariate logistic regression
analysis that adjusted for maternal fever and/or influenza, along
with other factors that are potentially associated with increased 
risks ofN'IDs, the association of higherlevels ofPAHs and lieveral 
organochlorine pesticides in the placenta with the risk of NIDs 

. remained significant, suggesting that these pollutants may be 
independent risk factors for NIDs in this population. 

In conclusion, higher levels of PAHs, o,p'-DDT and metabo
lites, and a-HCH in the placenta were associated with elevated 

risks ofNTDs. Furtherresearch is warranted to determine whether 

increasedmaternal exposure, altered maternalmetabolism, orthe 

interactions between maternal metabolism and environmental 

pollutants is the underlying cause of the increased levels of the 

pollutants in the case placentas. Futme studies may also examine 


· placental oxidative status to provide insight into the mechanism of 

action exerted by these environmental pollutants. 

Methods 
Slbjeds. Subjects were recruited from four rural counties of Shanxi Province 

(Pingding, Xiyang, Tajgu. and Zezhou), Olina from 2005 to 2007. Cases with 

a QX\fitmed diagnosis of an NTD were illKI!rtained through a populill:ion-· 

based birth defects surveillance program (13). Once a fetus or • newborn 

with such defects was identified as a case, a healthy newborn with no 

oongenhal rnalforma1lons born In the same hospital - selected as a con

trol. The control was ma1c:hed for sex. mother's county of residence, and the 

date of mother's last menstrual period, which was selected to be as do5e .as 

possible to that of the case mother's. Information on the mother's socio

demographic characteristics, lifestyle, reproductive history, pericorKl!ptional 

use of folic acid supplements, $making and Jiassive smoking. exposure to 

pesticides, solvents or heavy metals, and domestk fuel use for cooking and 

heating was oollected through fa<e-to-face interviews, which for the most 

part (92'111) - conducted within the first week of delivery or pregnancy 

termination. Placentas were oollected at delivery or U!rmination of NTD

affected pregnancies, placed in polyethylene bags, and kept at -20 ~ until 

use for analyses. The study protocol was approved by the institutional re

view board of Peking University. Informed oonsent was obtained from the 

mothers before the study. 


In our previous study conducted in the same population, a sample size af 
35 case and 18 contTol mothers revealed a statistically significant diffen!nce 
in the blood levels of PAHs (9). In the present study, we -t.osed an empirical 
sample size of 35 or greater per subgroup, which would be adequate to test 
the existence of differences between mncentratlons of PAHs in the pla
mntas of the case and the control groups. assuming that the difference in 
the placenta was similar to the difference in the blood. Although designed 
as a matched case-<ontrol study, some placentas were not available for 
evaluation owing to • faD~re to obtain consent from -..e women; there
fo;e, the pairs were broken in the present study. We randomly selected 
80 placentas of NTD cases (anencephaly, 36; spina bifida. 44) from a total of 
155 placentas af women who had NTD-affected pregnancies, and 50 from 
163 placentas of women who gave binh to singleton healthy infants as 
oontrol placentas. All of the oontrol placentas were from term deliveries. For 
NTD cases, 53'111 (40 of 75) of the pLacentas were oollected before 28 ges
tational weelcs. 35% (26 of 75) between 28 and 36 gestational weeks. and 
12'111 (9 of 75) at term (5 with missing information). 
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laboratCII')' Analyses. Approximately 10 g of placental tissue was taken within 	 Statistical Ana1Jsis. Because most of the chemicals were not normally dis

2 em on the fetal side around the point of cord attachment Each sample 	 tributed. the median with interquartile range was used to describe the 

skewed distributions of the chemical concentrations. Differences in pro
was spiked with recovery surrogate standards, homogenized in hexane/ 

acetone solvent mixture (1:1 by volume), and extracted three times by portions betWeen groups were examined with Pearson's i' test Non

parametric analysis was used to compare the medians between the case and
ultrasonication and vortex mixing. Lipophilic material In the extractant was 

control groups~ In dose-response analysis, concentration quartiles of a spe
determined gravimetrically and then removed by gel permeation chroma

cific pollutant or the sum of a class of pollutants were used as the cutoff
tography, followed bysilica gel column chromatography. After concentration, 

values. Rislc of NTOs associated with pollutant exposure was estimated from
samples were spiked with Internal standards and analyzed with an Agilent 

the odds ratio with 95% Cl. Maternal occupation, age, educational ll!liel,
7890A-5975C gas duornatograph and mass spectrometer. PAHs, DDT and Its 

parity, folic acid supplementation, passive smoking. and fever and/or in
metabolites ODD and DOE were analyzed by mass spectrometry in electron 

fluenza during early pregnancy were selected as potential confounding
Impact Ionization mode, whereas ali of the other c:hlorinated or brominated 

factors on the basis of their possible relationship with both the pollutants
pollutants were analYzed in electron capture negative ionization mode. 

and an increased risk for NTDs and were adjusted for using the unconditional
One analytical procedure blank sample was prepared with eac:h batc:h of 

logistic model. In addition. the matc:hing ·variables, ·including infant sex, 
seven placental samples. Median conCentrations of individual pollutants in 

mother's residence, and season of i:onception. were also induded in the 
placental samples (n "' 130) were compared with those in blank samples (n = 

multivariate model to account for possible imbalance between the case and 
19). Pollutants were rejected If the concentration in the placental samples 

control groups resulting from breaking the pairs. Statistical analyses were 
was not signHicantfy different from that in the blank. For the remaining 

conducted using SPSS 11.5. A two-tailed P value of <0.05 was considered to 
target pollutants, values In the placental samples were all more than four

indicate statistical significance.
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 
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