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ABSTRACT

Tania Alejandra Desrosiers. Maternal occupational exposure to organic solvent
during early pregnancy and selected congenital anomalies
(Under the direction of Andrew F. Olshan, Ph.D.)

Background:As more women enter the labor force, there is increased epidemiologic
interest in the possible effects of employment and occupational exposures @e adver
pregnancy outcomes. Using data from the National Birth Defects Preveniay ®e
examined the prevalence and patterns of maternal employment before angegirancy,
and examined the relation between maternal occupational exposure to organis solvent
during the periconceptional period (first trimester and month before comceatid neural
tube defects (NTDs) and orofacial clefts (OFCs), which toxicologidal slaggest may be
susceptible to oxidative stressors like solvents.

Methods:Cases of NTDs (anencephaly; spina bifida; encephalocele) and OFCs (clef
lip £ cleft palate; cleft palate) delivered between 1997 and 2002 were identifiectto
defect surveillance registries in 8 states; non-malformed control snfgare selected using
birth certificates or hospital records. Exposure to aromatic, chlorinatedaohdagl
solvents were estimated by industrial hygienist review of self-reportegatonal histories
in combination with a literature-derived exposure database. We used emploatestio
examine variability in employment status and estimated exposure pre&degity solvent
across different time periods before and during pregnancy among contdals.ra@ios (OR)

and 95% confidence intervals (Cl) for the association between solvent classchrirth



defect group and component phenotype were estimated using logistic regressitingadjus
for maternal age, race/ethnicity, education, pre-pregnancy body massfoiaeacid
supplement use and smoking.

ResultsOver 70% of mothers worked at some point 3 months before and during
pregnancy; employment status was not constant throughout pregnancy for 258e of the
women. The prevalence of estimated exposure to any solvent during the Egticovat
period among mothers of NTD cases (n=511), OFC cases (n=1163) and controls (n=2997)
was 13.1%, 9.6% and 8.2%, respectively. No solvent class was associated witim OFCs i
these data. Exposure to chlorinated solvents was associated with increased odas of NT
(OR=1.96; CI=1.34, 2.87), particularly spina bifida (OR=2.26; CI=1.44, 3.53).

Conclusionsfuture studies of maternal employment should focus on the biologically
relevant critical exposure window to reduce misclassification. Mateotalpational
exposure to chlorinated solvents during early pregnancy may be associatsbid Rgtland

merits further research.



This work is dedicated to mothers.
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CHAPTER 1: BACKGROUND

1.1 Organic solvents

Organic solvents are a group of liquid, hydrocarbon-based chemicals abletn, extr
dissolve, or suspend fats, oils, and waxes. They are commonly used in industrial,
commercial, and household settings as a cleaner, degreaser, chemicabthdisslver,
and as an intermediate or reagent during synthesis of other chemicals. elaksp a major
component of paints and paint thinners, stripping agents, dry cleaning solutions, printing
inks, dyes, adhesives, pesticides, and gasoline. Solvents are most often used ig; mixture
hundreds make up over 30,000 industrial solvent formulations.

Organic solvents are classified into subgroups primarily by moleculatstwr
functional group, including aliphatic, alicyclic, aromatic, and halogenatgdat@orinated)
hydrocarbons, as well as alcohols, ketones, aldehydes, esters, petrolelatedjsiihd
glycol ethers. This dissertation research focuses on six chlorinateathybons (carbon
tetrachloride, chloroform, methylene chloride, perchloroethylene, tricttloytene, 1,1,1-
trichloroethane), three aromatic hydrocarbons (benzene, toluene, xylene), amdeamet

mixture known as Stoddard solvent.

1.1.1 Human exposure

Most people experience low-level exposure to solvents on a daily basis while using
household cleaners or glue, painting, going to the dry cleaners, or fillimg#neit a

gasoline station. Higher doses are delivered by cigarette smoking ouexpms



environmental tobacco smoke. Some organic solvents are also common air pollutants (e.g.
benzene) and drinking water contaminants (e.g. trichloroethylene). Another eburce
exposure is intentional solvent abuse (known as “huffing”), which is increasing in
prevalencé. Occupational exposure, however, is among the most important exposure
sources to consider for two reasons: first, solvents are exceedingly common orkpkage
across multiple industries; and second, exposure levels in the occupational setiisiggedly
substantially higher than those encountered during casual daily exposure. ©@osupati
commonly exposed to organic solvent mixtures include painters, artists, lapavat&ers,
mechanics and machinists, tile setters, plumbers and carpenters, shoe angrigdicéon
and repair workers, photographic processing workers, dry cleaning workers, thosenkho w
with glues, some cosmetologists and hairdressers, and chemical manufactdring a
petroleum workerd* For many occupations, exposure concentrations in the air as well as
in workers’ blood are well-characterized using personal air sampling and bionmait
Table 1 summarizes common industrial applications and occupations with poteoisiiex
to each of the 10 organic solvents of interest in this dissertation.

The Occupational Health and Safety Administration (OSHA) estimated@ha
million people are exposed to organic solvents in the workpfadée most recent national
data for women specifically come from the National Occupational ExposureySurve
conducted in the early 1980’s which estimated that approximately 400,000 women were
exposed to toluene; 800,000 to trichlorethane; 400,000 to xylene; 150,000 to benzene; and
230,000 to Stoddard solvelft:*these estimates are thought to underestimate current
exposure prevalence since participation of women of reproductive age aretsnith

young children in the paid labor force has steadily increased over recadesf&cTwo



thirds of mothers age 15 to 64 years with a first birth between 2001 and 2003 worked for pay
during pregnancy, up from approximately 44 percent among those with a first hivéehe
1961 and 1965>

The exact proportion of women in the United States or elsewhere who are
occupationally exposed to any organic solvent during pregnancy is unknown. In recent
population-based case-control studies of maternal occupational exposureladdfbits,
estimated exposure prevalence to any organic solvent at different points throughout
pregnancy ranged widely from zero to nearly 40 percent among control®(Skdi.
Approximately 4 percent of controls in a case-control study of fetal deatdlifor@ia self-
reported occupational exposure to solvents or degreasers at some point during pregnancy
women reported a higher exposure prevalence in the first trimester (2.8%)edrtgpa

subsequent trimesters (2.0% and 1.2%"fred ¥ trimesters, respectivelyy.

1.1.2 General toxicity

Given that organic solvents share many physical and chemical properties, thei
toxicity profiles are often described collectively. However, mechanidritexicity are
thought to differ to some degree between agents and more information is known about some
organic solvents than others. In the following sections, we describe solvertitoxici
general terms with attention to important known differences between solasses or
individual solvents.

Organic solvents are volatile and lipophilic, which together with small molesizkar
and lack of charge contribute directly to their enhanced ability to be absorbed ibtathe
Inhalation is the most common route of exposure in humans using solvents at home or work,

though dermal and oral absorption following direct contact is also possible. Once inhaled,



organic solvents are readily absorbed across the alveolar-capillary membthe lung and

are then widely distributed throughout the body. These chemicals subsequently ctsncentra
in lipid-rich tissues such as the brain (this accounts for observed central nerstens sy

effects following acute exposure). Multiple metabolic pathways are indatve

detoxification and also bioactivation depending on the specific solvent and route of exposur
In general, organic solvents are rapidly metabolized and excreted, and do not teastto per
in the body more than a few days after exposure ceases. However, constant eX@osure
level results in a measurable body burden during the exposed time period and shortly
thereafter-’

Health effects associated with organic solvent exposure have been inedstigat
both animal and epidemiological studies. In general, long-term exposure to organicssolvent
is thought to be neurotoxic, hepatotoxic, hematotoxic, and potentially carcinogenic. Acute
effects following short-term exposure include fatigue, concentration drsalideiness,
headache, and vomiting. Exposure to higher doses, such as those experienced during
intentional solvent abuse, result in euphoria, delusions, hallucination, loss of consciousness
and deatt?

The various mechanisms by which organic solvents exert toxicity are uankka
assumed to vary from one solvent to another. Further, the toxicity of solvents within the
same class can vary, whereby subtle differences in chemical struahsiatie into
significant differences in toxicity. For example, halogenated hydrocarbeksiawn to be
mutagenic by generating free radicals, while aromatic hydrocadeams to disrupt
polyribosomes? Other solvents are also thought to damage lipid membranes through lipid

eroxidatiom® In some cases, a solvent exhibits toxicity in its primary form; in other,cases
p



metabolites formed during activation of certain detoxification pathways hake potential
to cause harm (e.g. trichloroacetic and dichloroacetic acids, the metbblite
trichloroethylene and perchloroethylene). Adding further complexity is théh@icmost
solvent exposures involve multiple chemicals, and less is known about the toxicilyerits
mixtures relative to individual compounds. The toxic effects of multiple solventstare of
assumed to be additive, though solvents may also interact synergisticallygomastteally.
For example, repetitive alcohol consumption induces the P450 enzyme systemmalji
subsequently result in metabolic activation of other solvents to cytotoxic mezabbli
Concurrent exposure to benzene and toluene is thought to reduce the genotoxicity and

erythropoietic toxicity caused by benzene exposure dfone.

1.1.3 Developmental toxicity

A fundamental principle of teratology is that developmental toxicity may be
manifested in several ways: embryonic or fetal death, malformationttgretardation, or
functional defici?®?' For some compounds, these four endpoints correspond to a continuum
of increasing toxicity whereby low doses cause growth restriction andrligbes cause
malformations or death. However, any given compound can produce one outcome and not
another under certain conditions and the primary outcome can change depending on the
animal species or strain. It is often the case that concordant defects adunetliby the
same teratogen in laboratory animals and hurhah®ugh it has been demonstrated that
humans may sometimes be up to 10 times more sensitive than lab animals to known
teratogens given optimal conditioffs Therefore, an indication of developmental toxicity in
animal models points to a possible effect in humans that warrants furthergatiesti

Approximately one third of solvents tested for teratogenicity in animal rebdele been



positive’ though only ethanol and toluene (at high doses) are considered known human
teratogeng? Of the 10 organic solvents included in this research project, all have been
investigated with varying intensity with regard to developmental toxicitgstiMxhibit
teratogenic and fetotoxic effects (less evidence for methyldoede and Stoddard solvent),
and the developing nervous system appears to be a particularly sensitivéotasgecific
compounds including xylene, toluene and perchloroethyténg!’

In humans, there is not much information on the toxicity of organic solvents in-utero,
though it is known that organic solvents cross the placental barrier. Changes inlmaterna
toxicology during pregnancy, such as enhanced blood flow to the lungs and increased cardiac
output, improve absorption of organic solvents after inhalation expbstuether, an
increase in body fat during pregnancy allows for a higher body burden of s@wents
reduces elimination tim¥€. Factors related to the placental-fetal compartment also play a
role in the absorption of these compounds. Approximately half of the fetal blood ameulat
reaches the fetal heart and brain direttignd organic solvents are known to concentrate in
the lipid-rich brain. Fetal capacity to “store” solvents may thus effdgtinerease the
maternal-fetal body burden. Perchloroethylene, for example, has been shoaumalate
in the fetus at concentrations higher than those measured in the h&imee fetal
metabolic pathways for most solvents do not exist, metabolism is conducted lgriopari
maternal systents.

The specific mechanisms of teratogenesis by which organic solvents exert
developmental toxicity are not well understood. A leading hypothesis is that these
compounds create reactive oxygen species (ROS) and subsequently produce oxelsdive st

(OS) to which early embryonic development is strongly susceptibfeThe role of OS in



best described for ethanol-induced toxicity, though the literature is growingp@nasganic
solvents. Animal models suggest that alcohol exposure during early gestateasdscr
neural crest cell proliferation and promotes excessive cell death, leadaujgicahd brain
abnormalities as well as reductions in certain antioxidant enzyme atfifityn general,
oxidant-induced or redox misregulation of cellular components responsible for
developmental signals may result in a decrease in cell proliferatiencglodifferentiation,
or promote apoptosis. The effects of generalized OS on multiple specific sagrsaluction
pathways leading to teratogenesis has been recently described in aterétérEarly
organogenesis is identified as a particularly sensitive time period to chartgesedox
environment since antioxidant defenses are still imma&furgugh OS could pose a
significant threat to normal growth and development throughout gestation sinceooxida
diminishes the capacity of fetal tissues to biotransform xenobfStiéstioxidants have
been shown to ameliorate the effects of excessive cell death in selecpapakdtions and
subsequent malformations associated with exposure to teratogenic catnmes wf
ethanof®#

Several pharmaceuticals, pesticides, metals, and environmental contanm@ants a
capable of generating ROS and subsequently inducir§®&’ The capacity of a number
of organic solvents to induce the ROS-OS mechanism has been documented, including
carbon tetrachloride, chloroform, methylene chloride, trichloroethylenehlpeoethylene,
and benzen&" 3! There is also some evidence that neural tissue may be particularly
vulnerable to oxidative stress caused by solvents. Following exposure, the peebsien

of CYP2EL1 (a mixed function oxidase pathway primarily involved in the metabolism of

some organic solvents) in the fetal brain suggests that this tissue may begvbrticul



vulnerable to OS as a result of solvent metabofisgeveral other factors, including a high
rate of oxygen consumption, contribute to the unique sensitivity of CNS cells¥ O®
role of ROS in the targeted cytoxicity of neural crest cells followihgretl exposure is also
well-documented and supports the hypothesis that solvents as a chemiaalagiasert
preferential toxicity on the developing central nervous system.

The body of literature investigating the association between mateinahts
exposure and various reproductive and developmental outcomes in humans is slowly
growing. Several adverse outcomes have been considered, includingtyngartlidelayed
conception, spontaneous abortion, preeclampsia, preterm birth, growth retardation,
congenital malformation, and developmental dé&{:"*? Intentional solvent abuse has also
been studied and is known to cause a spectrum of defects and developmental abnormalities
known as Fetal Solvent Syndrome, which resembles the well-documented Feladl Alc
Syndrome caused by alcohol consumption during early pregnancy. With a growing yet
inconsistent body of evidence from experimental studies of animal models iimgl ibett
organic solvents exert developmental toxicity, these compounds can be reasonalb®dexpec
to have the capacity to induce congenital malformations under certainicogsidit humans

as well.



Table 1. Description of the 10 organic solvents of interest in this dissertation

Solvent (CAYS) Common industrial uses Primarily exposed occupations OSHA PEL
synonyms (ppm)
CHLORINATED SOLVENTS
carbon tetrachloride (56-23-5) Used in manufacturing of: Chemical manufacturing workers 10
carbona, carbon chloride, refrigerants
carbon tt, benzinoform, aerosol propellants
methane tetrachloride,
perchloromethane,
tetrachloromethane
chloroform (67-66-3) Used in manufacturing of: Water treatment plant workers 50
trichloromethane, fluorocarbons and refrigerants Paper and pulp mill workers
methyltrichloride aerosol propellants Waste management and incineration workers
plastics Pool or spa workers (including lifeguards and
paper products swimming coaches)
Purification of antibiotics
Photographic processing
Dry cleaning agent
Research chemistry
methylene chloride (75-09-2) Used in manufacturing of: Painters and paint industry workers 25
dichloromethane, methylene pharmaceuticals Aerosol packing workers
dichloride, methylene bichloride photographic film Metal cleaners
aerosol propellants
Component of paint remover and floor stripping
solution, spray paint, and automotive cleaner
perchloroethylene (127-18-4) Dry cleaning agent Dry clearners 100
PERC, tetrachloroethylene, Degreasing agent Metal cleaners
ethylene tetra-chlorid, pert, Component of water repellent, silicone lubricant,
perclene, perchlor fabric finisher, spot remover, adhesives, wood
cleaner, printing ink, and rust removers
Used as a textile-processing solvent
trichloroethylene (79-01-6) Dry cleaning agent Degreasing operation workers 100

TCE, 1,1,2-trichloroethylene,
trichloroethene, 1,1-dicloro-2-

chloroethylene, acetylene

trichloride, ethylene trichloride

Degreasing agent

Wood processing workers

Intermediate in chemical synthesis of other agentBlastics manufacturing workers

including organic solvents

Component of adhesives, and lubricants

Gas furnace operators and repair workers

Laboratory technicians

Component of consumer cleaning agents including

strippers, stain removers and rug-cleaning fluid




0T

1,1,1-trichloroethane (71-55-6)

Common industrial solvent found in consumer  Currently, there are no highly exposed occupations 350

TRI, methyl chloroform,1,1,1- degreasing and cleaning agents because domestic production and use was phased out
TCE, a-trichloroethane, Component of adhesives, aerosol sprays, and pafeffective 2002). Since 2005, no 1,1,1-trichlonasie
chloroethane Used in microelectronics industry was used in the U.S.
AROMATIC HYDROCARBONS
benzene (71-43-2) Used in manufacture of: Benzene production, storage, and transport workers 1
benzyl,benzol, cyclohexatriene  detergents (especially in petrochemical, petroleum refining
pesticides coke, coal, and chemical manufacturing indusyrie
other solvents Rubber tire manufacturing workers
paint removers Printing workers
rubber Rubber workers
lubricants Shoe makers
dyes Laboratory technicians
Component of gasoline Firefighters
Intermediate in chemical synthesis of other agentGasoline station employees
including styrene Janitors and dry cleaning workers
toluene (108-88-3) Used in manufacture of: Painters and paint industry workers 200
toluol, methylbenzene benzene Artists and printing workers
rubber Petroleum, fuel, and gasoline station workers
Component of paints, inks, dyes, lacquers, Floor and carpet installation workers
fingernail polish, adhesives, and gasoline Automotive workers
Used in the printing and leather tanning industrie€osmetologists
xylene (1330-20-7) Used in manufacture of: Painters and paint industry workers 100
Xylol, dimethylbenzene other organic solvents Biomedical laboratory workers
plastic and rubber Wood processing plant workers
leather and shoes Automobile garage workers
coated fabric and paper Metal workers

Component of paints, wood finishers, and gasolirfeurniture refinishers
Carrier for insecticide application
Used in the printing industry

PETROLEUM DISTILLATE

Stoddard solvent (8052-41-3)
dry cleaning safety solvent,
naphtha safety solvent,
petroleum solvent, PD-680,
varnoline, spotting naphtha

Component of paint thinner, photocopier toner, Janitors and dry cleaning workers 500
printing ink, and adhesives Printing workers

Used as a dry cleaning solvent

Used as a general cleaner/degreaser for engine
parts in machine and automotive repair shops

CAS: A unique chemical identification number desitgd in the Chemical Abstracts Services database.
OSHA PEL: “Permissible exposure limit,” enforceabiaximum concentration in workroom air allowableidg an 8-hr workday in a 40-hr workweek.



1.2 Epidemiology of neural tube defects

This section provides a brief review of the epidemiology of neural tube defects,

including etiology and classification, prevalence, risk factors and pulalthhenpact.

1.2.1 Etiology and classification of NTDs

Neural tube defects are a group of heterogeneous congenital anonfatiesgthe
central nervous system that result from failure of the neural tube to cladeeatlee cranial
or caudal neuropore during the fourth week of embryogenesis. Though primary closure is
usually implicated, clinical and experimental evidence support the rardibtstiat a
closed neural tube can subsequently re-open under certain contfitibnsng normal
embryonic development, closure of the anterior (i.e. cranial) neuropore occurs2@itihthe
day of gestation and closure of the posterior (i.e. caudal) neuropore occurs ol tthey2 8t
Defects resulting from secondary re-opening of the neural tube are thougbtit@eer an
extended period of time later in development.

Neural tube defects affect either the spine or cranium, and are classiGpdrawhen
neural tissue is exposed (open NTDs often involve both the spine and cranium) or closed
when neural tissue is not exposed (closed NTDs usually affect the spiné®o@ignial
NTDs include anencephaly and encephalocele. Anencephaly is a lethadeéfesd by the
absence of a large part of the brain, skull, and scalp due to failure of the cephalit @orti
the neural tube to close. Spina bifida is the primary group of malformations ofriaé spi
cord, and is defined by incomplete closure of the neural tube along the spinal column,
typically in the lumbar region.

In epidemiologic investigations, NTDs are commonly grouped together anddstudie

as one outcome to improve sample size. Although NTDs occur as a result of similar

11



embryologic processes, there is sufficient epidemiologic and biologicrea@dipporting
their etiologic heterogeneify*® For example, some teratogens are strongly associated with
spina bifida but not anencephaly. These findings imply that defects of the brairaaid s

cord should be considered individually when methodologically feasible.

1.2.2 Prevalence of NTDs

Neural tube defects are relatively common birth defects, affectingxdpyately one
in 1000 pregnancies in the United Stateghe true incidence of NTDs is difficult to
estimate, since many cases do not progress to live birth. At least one third of alldas®s
of NTDs end in spontaneous or elective aborffoiowever, the proportion of terminated
pregnancies varies by geographic location, type of NTD, and gestationalpgeattl
diagnosis®*° In a study of 6 state surveillance programs from 1985 to 1994, between 10 and
40 percent of prenatally diagnosed cases were electively termifaatimates in Europe
are substantially highéf. Cases of anencephaly are more likely to be terminated than cases
of spina bifida.

The fact that methods for case identification and ascertainment vary across
surveillance programs complicates the estimation of national birth detiest ractive
surveillance programs usually yield more cases than passive systemgpragrdms that
seek cases among fetal deaths and electively terminated pregnamn@68z7,lpopulation-
based surveillance data for 45 specific defects from 32 states were paibkéhwever,
differences in surveillance methodology precluded calculation of prevadstiogates for all
states combinetf. The National Birth Defects Prevention Network (NBDPN) published
national estimates of select birth defects using pooled data from activetmypbksed

surveillance programs in 11 states from 1999 to 2001; this sample is thought to represent 22
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percent of U.S. live birth¥ All of the surveillance programs included fetal deaths; all but
one included elective abortiofis.Table 2 presents the estimated prevalence of NTDs for
births of all race/ethnicity. Note that the numerator of the estimatesl@sxcknown cases
among live births, fetal deaths and elected abortions, and the denominator includethBve bi

only.

Table 2. Estimated prevalence of NTDs among U.S. births, 1999-2001, NBDPN.

Defect Estimated prevalence Estimated annual no. Race/ethnicity trends
per 10,000 live births* of cases (95% ClI) compared to non-
(95% CI) Hispanic whites
Anencephalus 2.51 (2.31, 2.70) 1,009 (931 - 1,088) 4 BL; THISP
Spina bifida 3.68 (3.45, 3.92) 1,477 (1,383 — 2)57 T HISP
Encephalocele 0.93 (0.82, 1.05) 376 (328 — 423) T BL; T HISP

* Estimates adjusted for maternal age and mateacalethnicity

Abbreviations NTD = neural tube defect; NBDPN = National Bifflefect Prevention Network; Cl = confidence interval
BL = non-Hispanic black, HISP = Hispanic

Source Canfield (2006)?

These national estimates were recently updated using data from 2004-2006.
Though the estimated prevalence of NTDs were similar to that in 1999-2001, this updated
analysis showed that the estimated prevalence varies significgritigdoof surveillance
system (active vs. passive with follow-up vs. passive) and pregnancy outcomedirfichede
births; stillbirths; terminations). Active surveillance systemsiti@tide all pregnancy
outcomes ascertained the most cases.

As indicated in Table 2, the prevalence of NTDs varies by maternal tauefst,
infants of Hispanic origin born in the U.S. have a higher prevalence of NTDs ag well a
higher risk of mortality due to the defect than infants born to non-Hispanic white
mothers***> Geographic and temporal variation in the prevalence of NTDs is also well-

documented***
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1.2.3 Factors associated with NTDs

It is generally accepted that most cases of NTDs have a multifacttoialgy, with a
significant genetic component that likely interacts with a number of enviroahfaators.
To date, no single gene has been implicated as a direct causal agent. Chalmosom
abnormalities, single gene mutations, and teratogenic causes aredadentiéiss than 10
percent of case$. Fortunately, the discovery of dietary folate as a protective factor has
dramatically reduced the incidence of NTDs. Maternal B-vitamin folit iatake of at least
0.4 mg/day before conception and during early pregnancy reduces the incidence ofyNTDs b
up to 70 percent*’ Folic acid is the greatest known modifier of NTD risk to date. Table 3
presents a comprehensive list of factors known or suspected of being adseitiatd¢TDs;

factors indicated iftalics are those considered to be known risk factors.

Table 3. Factors associated with neural tube defects

Mater nal and fetal factors Environmental factors
Alcohol use Androgenic hormones
BMI (>29) Chlorination disinfection byproducts
Demographic factors Fumonisin-contaminated food
maternal age Metals
maternal race/ethnicity Nitrates
Folic acid Pesticides
Hyperthermia and febrile illness Proximity to landfills
Infant sex (female) Some industrial chemicals
Parity anesthetic agents
Previous history of SAB organic solvents
Previous history of NTD paints
Maternal metabolic conditiohs vinyl chloride
Maternal infections Some occupations
Serum glucose concentration X-irradiation
diabetes
hyperinsulinemia & hyperglycemia
Smoking
Stress

Therapeutic drug use

T Maternal infections include: cytomegalovirus, rilinesyphilis, and toxoplasmosis

2 Maternal metabolic conditions include diabeteslesnic cretinism, and phehylketonuria

s Therapeutic drugs include anticonvulsants, ariihifnes, folic acid antagonists, diuretics, andosimides
Abbreviations:BMI = body mass index; SAB = spontaneous abortion

SourcesCabrera (2004); Detrait (2005); Hwang (2003); Méitif2005); Sever (1995436374647
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It has been recommended that the potential roles of environmental and occupational
agents in the etiology of NTDs be more rigorously investightaduman susceptibility to
environmental teratogens may hinge on a complex interaction of genetiptghibye
appropriate timing, exposure characteristics, and the availability of pvetéactors®’ The
pathogenesis of NTDs is thought to involve a failure in cellular proliferaticarasitins in
the shape of the developing neuroectoderm, or abnormal changes in the supporting
vasculaturé’ These events can be caused by a number of endogenous and exogenous
factors that alter gene expression or damage cellular activitylgirdcis possible that
maternal exposure to organic solvents during early pregnancy could affect norma
neurulation by altering gene expression or by inducing targeted cellateddmage. Refer
to Section 1.1.3 for a description of the hypothesized biologic mechanisms by wgacicor

solvent exposure may be associated with an increased risk of neural tube defects.

1.2.4 Public health impact

Infants born with a NTD have an increased risk of death in the first year and als
adult years; survival rates vary by phenotype and seV&fity° On average, survival among
individuals born with spina bifida is approximately 87 percent at year one, and 78 fgrcent
18 years* Anencephaly is uniformly lethal by the end of the first year; most afféctants
are stillborn or die shortly after birffi.

Depending on the severity of the defect, affected infants also suffeficsghi
morbidity ranging from mild physical dysmorphology to severe physiwhidevelopmental
disabilities requiring lifelong management. For example, spina bifida ie&fseitts in lack of
neural function below the level of the defect and is associated with a ranggtvee

sequelae including reduced ability to walk or paralysis, hydrocephalus, endocrine
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abnormalities, deformation of the limbs or spine, learning disabilities, and bladdet, bow
and sexual dysfunctioft:*® In addition, approximately 20 percent of NTD-affected infants
are diagnosed with at least one other congenital anothdlfie resulting physical,

emotional and financial burden makes the reduction of these defects an important publi

health effort.

1.3 Epidemiology of orofacial clefts

This section provides a brief review of the epidemiology of orofacial claftkiding

etiology and classification, prevalence, risk factors and public health impact

1.3.1 Etiology and classification of OFCs

Orofacial clefts include cleft lip (CL) and cleft palate (CP) andltdsom incomplete
fusion between any of the embryonic facial swellings destined to become treat of
craniofacial area. Orofacial development in the embryo initiates with tharapge of the
prechordal plate at the cranial end of the embryonic disk on the 14th day of gestatien, a
fairly complete by the 48th day when the upper jaw and lip component&firsgeneral,
the critical time window for OFCs is considered to be between the 6th and 10th week post-
conception, though the period of development most sensitive to teratogens is day 36 for CL
and weeks 8 through 9 for CP** Cleft lip defects result from failure of the maxillary
swelling to fuse with the intermaxillary process. These defects rangegth (e.g. from a
minor notch in the vermilion border of the upper lip to a cleft that completely sep&nat
lateral lip from the philtrum and nasal cavity), depth (e.g. from involving justissfie to
dividing the primary palate completely), and can be unilateral or bilatEtaft palate
results from failure of the palatine shelves to fuse. These craniofan@inaalities often

occur together, though they are generally considered to be etiologicalhcdistiery severe
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cleft lip defects may induce clefting of the palate; therefore, cpeWilih and without cleft

palate (CL/P) are often grouped together and considered distinct from isofat&tf C

1.3.2 Prevalence of OFCs

Orofacial clefts are the second most common congenital anomaly amongtlige bir
It is often cited that approximately one in 1,000 live births is affected with an WikEh
translates to 4,000 infants a year in the United Staté4ore recent estimates suggest that
one in 850 and one in 1500 births per year are affected by CL/P and CP, resp&ctively.
As described previously in Section 1.2.2, the NBDPN recently published national population
based prevalence estimates for select defects using data collectetfirmrsurveillance

programs in 11 states from 1999 to 260 ITable 4 summarizes select results for OFCs.

Table 4. Estimated prevalence of OFCs among U.S. births, 1999-2001, NBDPN.

Defect Estimated prevalence Estimated annual no.  Race/ethnicity trends
per 10,000 live births* of cases (95% ClI) compared to non-
(95% CI) Hispanic whites
CL/P 10.47 (10.08, 10.87) 4,209 (4,050 — 4,367) ¢ BL
CP only 6.39 (6.08, 6.71) 2,567 (2,445-2,689) | BL; | HISP

* Estimates adjusted for maternal age and mateacalethnicity

Abbreviations OFC = orofacial cleft; NBDPN = National Birth Beft Prevention Network; CL/P = cleft lip with orthvout
cleft palate; CP = cleft palate; Cl = confidenceeimal; BL = non-Hispanic black, HISP = Hispanic

Source Canfield (20062

These national estimates were recently updated using data from 200%-2006.
Though the estimated prevalence of OFCs were similar to that in 1999-2001, this updated
analysis showed that the estimated prevalence varies slightly by tgpeveiilance system
(active vs. passive with follow-up vs. passive).

The distribution of CL/P varies by race/ethnicity, infant sex, geographidodison,
and demographic factors such as SES, whereas the distribution of CP islyalaifeem >3

In general, Native Americans have the highest incidence of CL/P, followediag-A
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Americans, non-Hispanic whites, and Hispanics. African-Americans havewest risk of
both CL/P and CP. Interestingly, females are more likely to have CP (gex &aR) and
males are more likely to have CL/P (sex ratio = 2:1) in white populations, though tars pat

is inconsistent across different race/ethnicitfes.

1.3.3 Factors associated with OFCs

Like NTDs, the causes of OFCs are likely multifactorial. Though there isragst
pattern of familial aggregation, few modifiable risk factors are consigtentl strongly
associated with clefts other than alcohol consumption and cigarette smoking.
Periconceptional smoking is consistently associated with a modest increastacial
clefts, particularly CL/P>>* Though linear dose-response trends across levels of smoking
have not been observed, heavy smoking (>25 cigarettes per day) is most straruigyesss
with having an OFC-affected pregnancy (OR = 1.8; 95% CI = 1.1 t62.9his
observation could be explained by misclassification of smoking at lower levelsooitd
indicate a threshold effect whereby the risk of OFCs is impacted only leymabsmoking at
higher levels of exposure. Several studies have also found maternal alcohol consumption t
be associated with OFCs, though estimates vary by amount, timing, and typshof &I®°
Low-level consumption, for example, does not seem to be as strongly ass8ciated.
Interestingly, a recent NBDPS study reported an interaction betweerptheftalcohol
consumed and folic acid intake as risk factors foP€Folic acid antagonists, such as
alcohol, have been previously shown to be associated with an increased risk 6f OFCs.

Table 5 lists several factors suspected of being associated with tAB&sjndicated in

italics are considered known risk factors.
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Table 5. Factors associated with orofacial clefts

Mater nal and fetal factors Environmental factors
Alcohol use Air pollution

Birth order Altitude

BMI (>29) Chlorination disinfection byproducts
Diabetes Environmental estrogens
Folic acid lonizing radiation
Hyperthermia and febrile iliness Organic solvents

Infant sex Pesticides and herbicides
Nutritional status Proximity to landfills
Family history of OFCs Some occupations
Race/ethnicity

Smoking

Stress

Therapeutic drug use

1 Therapeutic drugs include anticonvulsants, costemids, folic acid antagonists, and vitamin-Anfatas such as
Accutane®

Abbreviations:BMI = body mass index; OFCs = orofacial clefts

SourcesHayes (2006); Honein (2007); Larsen (2001); Mufz302); Shaw (20065*°264-¢6

Several pathogenic processes are thought to affect &FClgft lip can be caused by
inadequate migration or proliferation of neural crest cells that contribute tetvelopment
of the face, or it can be caused by excessive or targeted cell death during dewé wiime
craniofacial features. Cleft palate can be the result of inadequate grawthpaflatine
shelves, failure of the shelves to fuse, or secondary rupture after fusion. Animé mode
suggest that toluene and other organic solvents may induce OFCs through mesthanis
similar to those observed with alcoRdP®” Refer to Section 1.1.3 for a description of the
proposed biologic mechanisms by which organic solvent exposure may be assochaged wit

increased risk of orofacial clefts.

1.3.4 Public health impact

Nearly a half billion dollars is spent each year on medical care for snifamnih with
an OFC in the United Staté%.Individuals with orofacial clefts require significant medical
attention as well as nutritional, dental, speech, and behavioral intervéhifidrdost cases

of CL and CP can be repaired to some degree, but affected infants often requade speci
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feeding intervention until surgeries can be performed. Typically, the lipasreel by 3
months and the palate by 1 year. Affected individuals may face other advelisalnssues
since approximately 70 percent of CL/P and 50 percent of CP cases are syfitleomic
more than 25 percent of all OFC cases are affected by multiple birth féfects
Relatively little is known about the long-term effects of OFCs; howeveag the
mounting evidence that cases have increased all-cause mortality asasdwid,as
increased risk for cancer, cardiovascular events, and soifcitlee physical, psychosocial
and economic burden associated with orofacial clefts makes the reduction afahgseital

anomalies an important public health effort.

1.4 Review of the epidemiological literature

This section describes and summarizes the body of epidemiologic studies
investigating the association between maternal organic solvent exposure RaciNT
OFCs. Interest in adverse perinatal effects due to solvent exposure dugngnaredates
back several decades, with perhaps the most seminal studies of neural tube aradl orofac
clefts being conducted in the early 1980’s by Holmleral.in Finland’®’? In general,
most early studies observed a moderate positive relationship between solventesapdsur
birth defects®’®> However, the collection of early studies is less methodologically
sophisticated than recent investigations and interpretations of thets r@suthus subject to
various limitations including confounding, recall bias, and exposure misatasisifi.
Therefore, the summary presented here is limited to relevant studies paiblfigtel 990
with the intention of focusing on the most valid investigations and sound results. Further
exclusion criteria (with citations for select examples) are as follows

= Environmental (i.e. non-occupational) expostiré
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= Studies of other solvents, such as glycol etf&fs

» Studies where outcome is “any major malformatiyi

= Studies of birth defects other than NTDs or OBtCs

= Studies of solvent-exposed occupations (e.g. “laboratory workers”) unless
organic solvents are considered to be the primary chemical exfd&ure

= Studies of paternal occupational exposure to organic soRftits

» Studies of highly selective non-representative populations, such as studies of
women who self-identified to occupational health clinics for suspected solvent
exposuré®8d

= Case reports or case series (i.e. non-analytic studies)

Though many of the studies in the review presented here have been previously
summarized in formal reviews of the literatGf€%?we include additional studies published
thereafter. The studies summarized in the following sections share someaimhptutly
characteristics that help to inform an assessment of the quality of thecreas well as help
to potentially explain inconsistencies across study results. The primdyycétaracteristics
to be considered are study population, outcome classification, exposure assessposure

window, and exposure prevalence. Refer to Tables 6-7 for additional study details.

1.4.1 Studies of NTDs

Five studies meeting the aforementioned inclusion criteria for this rénases
examined the association between maternal occupational exposure to organis solgent
neural tube defects (Table )®" This section briefly highlights their study characteristics

and results.

Study population Two studies were conducted in France (Cordier 1992; Garlantezec
2009), one in Mexico (Aguilar-Garduno 2010), one in California (Shaw 1999) and one in

Texas (Brender 2002). The latter study focused exclusively on births to Me&aoarcan
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women along the Texan-Mexican border. Three studies obtained cases fromd)asmpta
from a population-based birth defect registry, and one observed cases thadoatinin a

population-based prospective cohort of pregnant women. Outcome ascertaiAthent:

studies grouped isolated cases of any NTD together except Agaitdtiiet al, who
exclusively focused on anencephaly. Sledwal. reported that effects were also estimated for

spina bifida and anencephaly individually. Exposure assessrA#rstudies employed an

industrial hygienist to classify exposure to “any solvent” based on self-eepactupational
histories. The two studies conducted in the U.S. also classified exposure to solvdtirig res
from hobby activities. Garlantezetal.also considered self-reported exposure to multiple
products considered to contain solvents. Comliad. distinguished between exposure to

solvents in pure form and exposure to solvent-containing products. Exposure wifildew:

critical period for teratogenic induction of NTDs is considered to be the 4th week of
gestation. Both Brendet al. and Shavet al. considered exposure during the perinatal
period, defined as 3 months prior to conception to 3 months after conception. €badlier
and Garlantezeet al.restricted their analysis to mothers with jobs held “at the beginning of

pregnancy”. Aguilar-Gardunet al.focused on exposure that occurred 3 months before and

one month after the last menstrual period. Exposure preval&ieevet al.and Cordieet

al. found a similar proportion of exposed controls: 38 and 32 percent, respectively. In the
study by Garlantezest al, 47% of controls self-reported occasional or regular exposure to
solvents, whereas the JEM-estimated exposure prevalence among controls was
approximately 20%. In the other studies, no controls were estimated to be exposdt. Res
Brenderet al. estimated the odds ratio (OR) for occupational exposure only and any NTD to

be infinite (95% CI = 1.8 too; 7 exposed cases) since no controls were exposed. For any
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solvent exposure (occupational or hobby), the OR was 2.5 (98% CI = 1.3 to 4.7; 36 exposed
cases). Notably, furniture stripping and refinishing was the hobby most stessglgiated

with NTD-affected pregnancies (OR =4.4; 95% CI = 0.8 to 31.1). ®halvdid not find

an association between NTDs and either occupational or hobby exposure to organic solvents
in general; the OR for combined exposure was 0.89 (95% Cl =0.69to 1.1; 211 exposed
controls). Cordieet al.also did not find an association between occupational exposure to
any organic solvent (OR for frequency >50% of workday = 1.2; 90% Cl =0.4t0 4.4; 5
exposed cases). However, effect estimates were elevated for exposiverit®ntaining
products on the job (OR for frequency >50% of workday = 2.0; 90% CI = 0.7 t0 6.7; 8
exposed cases). Garlanteetal.observed only 1 exposed NTD case; the OR for self-
reported and JEM-estimated exposure was 6.58 (95% CI = 0.7 to 63.9) and 1.30 (95% CI =
0.1to 12.5), respectively. Eight cases of anencephaly (5.5% of all casesktiveates to

be exposed to solvents in the study by Aguilar-Garairab. put no OR was estimated

because no controls were considered exposed.

1.4.2 Studies of OFCs

This section briefly highlights the study characteristics and resuitgedatudies
meeting the aforementioned inclusion criteria for this review that haamaiegd the
association between maternal occupational exposure to organic solvents ard|alefts
(Table 7)*96:98100 Note that Cordieet al. (1992) and Garlantezet al. (2009) investigated
both OFCs and NTDs.

Study population:Three of five studies were conducted using cases obtained in

hospitals or surgical centers in France (Chevrier 2006; Laumon 1996; Cordier 19923sone w

conducted within a prospective cohort of pregnant women in France (Garlantezecr2D09) a
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one was conducted using cases across Europe identified through a population-based birt

defect registry (Lorente 2000). Outcome ascertainméhtee studies combined all cases

of cleft lip and palate, whereas the other two examined CP and CL/P individuafigsuf®
assessmentAll studies employed an industrial hygienist to classify exposure to solvents
based on self-reported occupational histories. Garlan&zda@lso considered self-reported
exposure to multiple products considered to contain solvents. Cetdiedistinguished
between exposure to solvents in pure form and exposure to solvent-containing products. The
other three studies estimated exposure to specific solvents or solvent ciagsesure

window: For OFCs, the critical period of development is considered to be from the 6th to
10th week of gestation. Each of the five studies estimated exposure at diffagepétiods
ranging from the first two months of pregnancy to anytime during pregn&xposure
prevalence:The exposure prevalence among controls varied substantially acrossafeese c
control studies: Chevriaat al. estimated 39 percent of controls to be exposed to any solvent.
In the study by Garlantezet al., 47% of controls self-reported occasional or regular
exposure to solvents, whereas the JEM-estimated exposure prevalence anoig)wast
approximately 20%. In the population-based European study, the estimated exposure
prevalence for toluene, aromatic hydrocarbons, and trichloroethane wasrit,pepercent,

and less than 1 percent, respectively. Cormeliei. estimated that 11 and 21 percent were
exposed to pure solvents and solvent-containing products, respectively. Letuahatd

not report exposure prevalence. Resu@hevrieret al.reported elevated odds of both CP
(OR =3.78; 95% CI = 0.7 to 20.7 3 exposed cases) and CL/P (OR =9.45; 95% Cl =2.5to
35.3; 14 exposed cases) with any exposure to chlorinated solvents. Significaratga!

odds of OFCs were also observed for petroleum solvents, for which a positive trend was
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observed for increasing exposure score (based on intensity, frequency, andiabtktyje

and CL/P (p<0.01). Generally, higher estimates were observed in this st@lyRothan

CP alone for any solvent. In contrast, Loregttal. found larger estimates for CP alone than
CL/P, though odds ratios for both defect groups were elevated. The OR for CP alone was
3.02 (95% CI1 = 0.93 to 9.84; 4 exposed cases) for exposure to aromatic hydrocarbons, 6.47
(95% CI1 =1.02 to 40.9; 2 exposed cases) for trichloroethylene, and 6.73 (95% Cl = 1.19 to
38.0; 2 exposed cases) for toluene. Lauwtaoal. combined all cases of orofacial clefts and
reported moderately elevated estimates for exposure to any solvent (OR 8562 =

1.04 to 2.52), aromatic solvents (OR = 1.78; 95% CI = 0.89 to 3.54), and halogenated
solvents (OR = 4.40; 95% CI = 1.41 to 16.15). However, these estimates were unadjusted for
any potential confounding factors. Cordatral. also combined all cases and observed

highly elevated odds of any OFC with exposure to solvents in pure form (OR = 7.9; 90% ClI
= 1.8t0 44.9; 7 exposed cases) or to solvent-containing products (OR = 6.8; 90% Cl = 0.2 to
40.1; 4 exposed cases). Garlanteztesl. observed an increased odds for combined all cases
of OFCs combined (n=8) associated with both self-reported exposure to any solvent-
containing product (OR = 3.60; 95% CI = 0.8 to 16.0; 5 exposed cases) and JEM-assessed
exposure to any organic solvent based on job title (OR = 12.85; 95% Cl = 2.6 to 64.7; 6

exposed cases).

1.4.3 Overall summary and limitations of previous research

In general, evidence supporting an association between maternal occupational
exposure to organic solvents and NTDs and OFCs is inconsistent. The observed rglationshi
seems to be strongest for OFCs and less so for NTDs. Inconsistencysaal@sscould be

explained by differences in study population, exposure assessment, or outcome

25



ascertainment. Most studies, however, report positive findings; it is uncledrewtias is
due to publication bias or whether these studies reveal a true underlying etistogiaaon.
As previously discussed in this chapter, the role of organic solvent exposure in the
development of defects originating from neural crest cells is biolbg@ausible, though
potential mechanisms of toxicity are not well understood.

The recent epidemiologic studies investigating the relationship betwdemala
occupational organic solvent exposure and congenital anomalies reviewedon $egctare
superior to previous work in that they apply improved methods for study design, exposure
assessment, and data analysis. For example, most studies employed lilmggstnasts to
carefully review self-reported occupational histories and classggsaire by probability or
frequency. This method is preferable to using self-reported exposure dsiactyit can
reduce recall bias as well as exposure misclassification. Also, rigeuitsecent studies are
adjusted for potentially confounding factors such as maternal age, BMI, anchgmoki
Despite these strengths, this collection of studies also shares lingtatio

Exposure assessment is arguably the study characteristic with thpatergial to
directly influence observed results. In the absence of personal moniton@catpational
exposure assessment methods are particularly sensitive to mis@éssifibat can bias
study results in either direction (i.e. toward or away from the null) to variousetegr
Assessment by expert review is perhaps the optimal method available tgrdestielogic
studies that must rely on indirect retrospective assessflieBtaluations of generic job-
exposure matrices (JEMS) in studies of organic solvent exposure as wadlias sf birth
defects suggest that sensitivity and specificity are often unsédisfand that hybrid JEMs

that are study-specific and informed by expert review perform Bt
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Even with a perfect method of exposure assessment, studies of organic solvent
exposure are challenged by the fact that most occupational exposure is torsottaes
and not to individual compounds. This fact limits the ability of studies to isolateispecif
putative solvent exposures from others that may have no effect. Cled\aigi2006)
attempted to compare women exposed to one solvent class with women unexposed to any
solvent; the intended analysis could not be implemented given that all wopwsedxo
chlorinated solvents in their study population were additionally exposed to eithwepetr
or oxygenated solvent§® Grouping exposure to “any solvent” is also problematic since
concurrent exposure can have additive, synergistic, or antagonistic joint effabtsrisk of
adverse outcomes.

Choice of study population differed across these studies. Some studies included
singleton births only, or restricted their sample to liveborn infants, which maguace
selection bias. Given the range of study populations, exposure assessment methods a
exposure windows, it is not surprising that the exposure prevalence also radggoaaioss
these studies. However, there does not seem to be a pattern between exposene@reval
and magnitude of the observed effect estimates in this collection of studies.

Choice of referent group for analysis also differed across these studies.stdmae
restricted eligible participants only to women who were working during¥peseire period
of interest; in these studies, exposed working women were compared to non-exposed
working women. Other studies, however, included non-working women in the referent
group. This latter approach can introduce confounding by factors such as SES.

Only the most salient issues specifically pertinent to studies of matemgbational

organic solvent exposure and NTDs and OFCs have been highlighted in this section.
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Numerous other methodological considerations specific to epidemiologicsstidibemical
exposures and birth defects have been discussed at length in the lit8fdfira.recent

review of occupational exposure to glycol ethers and congenital malformeakeveloped a
series of sensitivity analyses to show that both positive and null findings in ta&ulieeare
guite sensitive to several methodological problems including selection bias due to
unrecognized SAB, case non-response, or non-random control selection, asaxetiaase
misclassification and residual confoundif{§.For example, given a plausible range of
sensitivity and specificity for exposure classification, the sensitansalysis suggested that
odds ratios observed by Cordetral. (1997) for glycol ether exposure and CL/P could be 1.1
to 1.8 times the “corrected” OR resulting from perfect exposure classificaSimilarly,

given a plausible range of case response proportions, the same odds could be 0.7 to 1.6 times
the “corrected” OR resulting from complete case response. Despite thiibgio$ results

to such errors, weak or moderate associations that consistently rexss stadies with
different methodological characteristics may reflect true underlyiaghanisms of

teratogenesis and warrant further investigatfdn.
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Table 6. Summary of epidemiologic studies investigating maternal otmgdatrganic solvent exposure and neural tube defects

Author (year)

Study Characteristics

Exposur e Assessment

Adjustment Covariates Results

L ocation OR (95% CI); # exposed cases
Aguilar- Design:case-control Exposure periodbetween 3 months Frequency matched by date Any solvent
Garduncet al. prior to LMP and 1 month after LMP  of birth and delivery facility = 8 cases (5.5%) exposed &
(2010) Study populationBirths 0 controls exposed;
identified by the Mexican Exposure assessmetit review of Models adjusted for maternal effect estimate not reported
Mexico Epidemiologic Surveillance  self-reported occupational history age, SES, adverse
System (2000-2001) reproductive history, folic
Exposure prevalence in controlso acid intake, caloric intake,
Outcome:anencephaly controls were exposed to solvents cooking with wood, coal or
(n=151), and 151 controls tires
Garlantezeet Design:prospective cohort Exposure periodearly pregnancy Models adjusted for tobacco Any solvent
al. (2009) based on employment at 19 weeks  and alcohol consumption Based on self-reported exposure
Study population3,421 6.58 (0.7 — 63.9); 3
France pregnant women in Brittany = Exposure assessmeself-reported Other factors considered but

(2002- 2005)

Outcome:any CNS defect
combined (n=4)

exposure and job-exposure matrix

Exposure prevalence in controk47%
based on self-report; 20% by JEM

not adjusted for included Based on JEM-estimated
maternal age and education exposure
1.30(0.1-12.5);1

Brenderet al.
(2002)

Texas

Design:case-control

Study populationBirths
among Mexican-American
women (1995- 2000)

Outcome:any isolated NTD
combined (n=225), and 378
controls

continued on next page...

Exposure periodbetween 3 months
prior to conception and 3 months after
conception

Exposure assessmetit review of
self-reported occupational history

Exposure prevalence in controlso
controls were exposed to solvents

Frequency matched by year Any solvent
of birth and delivery facility = Occupational exposure only
o (1.8 —0); 7
Models adjusted by BMI and
maternal age Hobby exposure only
1.9 (1.0 -3.6); 27

Maternal smoking was not
found to be a confounder Combined exposure

2.5(1.3-4.7); 36




Shawet al. Design:case-control Exposure periodbetween 3 months Unadjusted Any solvent

(1999) prior to conception and 3 months after Occupational exposure only
Study populationSingleton conception Maternal education, 0.97 (0.71 — 1.3); 158
California births (liveborn, stillborn, or race/ethnicity, and
electively terminated) at Exposure assessmetit review of multivitamin use were not Hobby exposure only
hospitals in CA (1989-1991) self-reported occupational history and found to be confounders 1.1 (0.66 —1.7); 45
job-exposure linkage for task-specific
Outcome:any isolated NTD  exposures Combined exposure
(n=538), and 539 non-defect 0.89 (0.69 — 1.1); 211
controls Exposure prevalence in control38%

for occupational exposure only

0€

Cordieretal*  Design:case-control Exposure periodrestricted to jobs held Individually matched by Any solvent
(1992) “at beginning of pregnancy” delivery hospital Any frequency
Study populationBirths at 1.0 (0.4 -2.4); 12
France hospitals in Paris or Marseille Exposure assessmeliit review of Models adjusted for Frequency >50% of workday
(1984-1987) self-reported occupational history; residential area, maternal age 1.2 (0.4 —4.4);5
classified by frequency and SES
Outcomeanyisolated CNS Any solvent-containing product
defect combined (n=83), and Exposure prevalence in control32% Any frequency
83 controls for pure solvents; 36% for solvent- 1.4 (0.6 —3.2); 15
containing products Frequency >50% of workday

2.0 (0.7-6.7); 8

*90% Cls in this study
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Table 7. Summary of epidemiologic studies investigating maternal ocoogladrganic solvent exposure and orofacial clefts

Author (year) Study Characteristics Exposur e Assessment Adjustment Covariates Results
Location OR (95% CI); # exposed cases
Garlantezeet Design:prospective cohort Exposure periodearly Models adjusted for Any solvent
al. (2009) pregnancy based on maternal age, education self-reported exposure 3.60 (0.8 — 16&0)
Study population3,421 employment at 19 weeks level, tobacco and alcohol JEM-estimated exposure  12.85 (2.6 — 64.7); 6
France pregnant women in consumption

Brittany (2002- 2005)

Outcome:any orofacial
cleft defect combined
(n=8)

Exposure assessmestlf-
reported exposure and job-
exposure matrix

Exposure prevalence in
controls: 47% based on self-
report; 20% by JEM

Cheuvrieret al.
(2006)

France

Design:case-control

Study populationtnfants
hospitalized at 9 hospitals
(1998-2001) whose
mothers all worked during
the first trimester

Outcome:CP (n=76), CL/P
(n=164), and 236 controls

Exposure periodi® trimester

Exposure assessmeift
review of self-reported

occupational history; classified

by intensity, frequency, and
reliability

Exposure prevalence in
controls: 39% to any solvent

Frequency matched by Chlorinated solvents
sex, age, geographic origin any vs. none
and residence

CL/P: 9.45 (2.35-3); 14
CP: 3.187 - 20.7); 3

Petroleum solvents
any vs. none

The following factors
were not found to be
confounders: maternal
smoking, alcohol intake,
and first trimester dietary
folate intake

CL/P: 3.64 (1.5 -8.8); 17
CP: 1.21(0.3-7203
very low-low vs. none CL/P: 3.21 (1.1 — 9.3,
medium-high vs. none CL/P: 4.60 (1.1 — 1972);
wefu< 0.01 for CL/P

Lorenteet al.
(2000)

Europe

Design:case-control

Study populationBirths
identified by the European
Registration of Congenital
Anomalies (1989-1992)

Outcome:CL/P (n=64), CP
(n=36), and 751 controls

continued on next page...

Exposure period:any time
during pregnancy

Exposure assessmetitt
review of self-reported

occupational history; classified

by probability and frequency

Exposure prevalence in
controls: 1% for toluene; 4%

Models adjusted for Aromatic hydrocarbons
center, maternal age, SES, any vs. none
urbanization, and country

CL/P: 1.79 (0-8216); 5
CP:3.02 (0.93-9.84); 4

of origin Trichloroethylene
any vs. none CL/P: 3.21 (0-420.9); 2
CP: 6.47 (1.02 - 40.9); 2
Toluene
any vs. none CL/P: 1.61 (0-167.7); 1

CP:6.73 (1.19 — 38.0); 2

for aromatic hydrocarbons; <1%

for trichloroethane




Author (year) Study Characteristics Exposur e Assessment Adjustment Covariates Results

Location OR (95% CI); # exposed cases
Laumonet al. Design:case-control Exposure period1® two Unadjusted Any solvent
(1996) months of pregnancy 1.62 (1.04 — 2.52)
Study populationtnfants
France presenting for outpatient ~ Exposure assessmeifit Aromatic solvents
facial surgery at 6 centers classification of self-reported 1.78 (0.89 — 3.54)
in Rhone-Alpes (1985- exposure to solvents
1989) Halogenated solvents
Exposure prevalence in 4.40 (1.41 - 16.15)

Outcomenon-syndromic  controls: not reported
CL/P and CL combined
(n=200), and 400 controls

A

Cordieret al*  Design:case-control Exposure periodrestricted to  Individually matched by ~ Any pure solvent
(1992) jobs held “at beginning of delivery hospital Any frequency
Study populationBirths at  pregnancy” 7.9(1.8-44.9);7
France hospitals in Paris or Models adjusted for Frequency >50% of workday
Marseille (1984-1987) Exposure assessmetit residential area, maternal o (0.4 —0); 3
review of self-reported age and SES
Outcomeisolated CL and occupational history; classified Any solvent-containing product
CP combined (n=29), and by frequency Any frequency
29 non-defect controls 6.8 (0.7 —128.3); 8
Exposure prevalence in Frequency >50% of workday
controls: 11% for pure solvents; 2.2(0.2-40.1); 4
21% for solvent-containing
products

*90% Cls in this study



CHAPTER 2: STATEMENT OF SPECIFIC AIMS

Toxicologic and epidemiologic evidence suggest a possible association between
maternal occupational exposure to organic solvents and the risk of congenital amomalie
Though findings in recent investigations are inconsistent due to methodolodiesdrties
and other factors, this potential association warrants further inquiry singewoamen work
during early pregnancy and organic solvents are commonly used in various workplaces. The
primary purpose of this research was to advance our knowledge about the potatitial re
between maternal occupational exposure to organic solvents during pregnancy askdathe ri
neural tube defects and orofacial clefts in offspring. The National BirficBBePrevention
Study (NBDPS), one of the largest ongoing population-based case-controd stk
factors for major structural congenital anomalies, was for marspmsaa notable framework
in which to examine this research question and improve upon the methods of previous work.
The available study population, for example, consisted of a large, population-basedaample
demographically diverse mothers of carefully classified cases and sativlered
relatively recently in 8 states across the United States, includingarasesg fetal deaths and
terminations from the majority of study sites. In addition, self-reportegpational
histories and expert-assessed determinations of exposure to 10 organic solkents we
available for up to 6 jobs that mothers reported having three months before and during
pregnancy.

Particularly for studies of pregnancy outcomes that are most vulnerable during a

specific period of development, like congenital anomalies, accurate assésdéprenatal



exposures requires evaluation of exposure during the appropriate time window. etlte eff

of exposure misclassification due to exposure variability across critt@windows in

studies of pregnancy outcomes have been described in the litéfdffirdn short, greater
variability in exposure across different time periods results in gregpersure

misclassification when exposure is considered “anytime during pregnanowéwudr, if
exposure is known to be invariable over the course of pregnancy, then the collection of
timing-specific exposure may not be necessary. Little is known about ting tipaittern,

and prevalence of occupational exposure to organic solvents during pregnancy. Therefore
we were also interested in exploring the prevalence and patterns of hemepiayment and
estimated solvent exposure during pregnancy. The specific aims of tlkidaties project

are as follows:

AIM 1: to explore the prevalence and pattern of occupational exposure to organic

solvents among women before and during pregnancy

Specifically, to:

e determine estimated solvent exposure prevalence across different time
periods before and during pregnancy

e describe within-woman variability in exposure status across differeat tim
periods before and during pregnancy

e estimate the magnitude and direction of bias resulting from

misspecification of the critical window of exposure
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AIM 2: to evaluate the impact of maternal occupational organic solvent exposure on

selected major structural birth defects

Specifically, to:
e estimate the effect of estimated occupational exposure during the
periconceptional period on the prevalence of NTDs and OFCs

e evaluate effect heterogeneity across component phenotypes of NTDs and

OFCs
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CHAPTER 3: METHODS

Chapter 3 describes the general analytic framework and methods for thishresear
project. Additional descriptions of the methods are included in the manuscripts (Sections

4.2.2 and 4.3.2).

3.1 Study population

The National Birth Defects Prevention Study is an ongoing, multi-cenfeu)qdmn-
based case-control study designed to investigate genetic and environméortslafssociated
with over 30 major congenital defedf€. It began in 1997, and is among the largest
collaborative birth defect case-control studies in the United States. Thassgjmhnsored
by the CDC, which coordinates a group of Centers for Birth Defects Researcteaeadti®n
(CBDRP) that contribute to the study using data from local population-based bati def
surveillance systems. The annual birth population covered by the CBDRRe(isantpling
frame for cases and controls) represents approximately 10 percent @&.abirths.
Currently, there are 9 participating centers including Arkansas, Califboma,
Massachusetts, New York, North Carolina, Texas, Utah, and a CDC-based cenlnta A

Georgia; participating centers have changed over time.

3.1.1 Case and control ascertainment

Each center contributes approximately 300 cases and 100 controls to the study
annually. Methods for case and control ascertainment vary by center. Potefigadlg
cases are identified from each participating state’s birth defeeeillance system. Some

centers ascertain cases statewide (AR, IA, MA, NJ, UT), and others coyeetadted areas



of the state (CA, NC, NY, TX, CDC). Cases include live births (all centeta) deaths
greater than 20 weeks gestation (AR, CA, IA, MA, NC, TX, UT, CDC), and ptgnata
diagnosed elective terminations (AR, CA, IA, NC, TX, UT, CDC) with esthatr actual
dates of delivery (EDD) on or after 01 October 1997 (01 January 1998 for AR and NJ; 01
January 2003 for NC and UT) who were diagnosed with at least one eligible birthadefec
interest within the first year of life. New Jersey contributed casesaritbls through 31
December 2002.

Controls include live births without a major defect with an EDD during the samee tim
frame as cases. Controls are randomly selected from hospital dele@rgséAK, CA, NY,
TX, and CDC through 2000) or birth certificates (1A, MA, NC, NJ, UT and CDC since
2001). Though small differences exist between controls selected from hesgitaitrols
selected from birth certificates, the combined population of controls is stmiiarget
populations with regard to demographic and health factors including maternal age,
race/ethnicity, and timing of entry into prenatal cafe.

Additional eligibility criteria apply. Case and control infants must be inuls&dy
of and reside with the birth mother to be eligible for the study. Birth mothers malktdat

the time of enroliment and speak either English or Spanish to be eligible.

3.1.2 Case classification

Case classification is standardized across all contributing cer@@érscal geneticists
at each center review pertinent case information abstracted from medmals to
determine eligibility for study inclusion. Eligible cases are then weadeagain by a team of
NBDPS clinicians to confirm eligibility and to distinguish whether a ¢esethe defect of

interest as an isolated defect (e.g. no additional major, unrelated defeasg of multiple
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congenital anomalies (e.g. two or more major, unrelated defects), or as a companent of
known syndrome, sequence or association. Cases with defects of known etiology (e.g.
single-gene disorders and chromosomal anomalies) are excluded. An important purpose of
the uniform case classification process is to apply what is known about embryoidg
pathogenetic mechanisms to make case groups for analysis more comparable while

respecting important etiologic heterogeneity between defécts.

3.2 Data collection

NBDPS collects information about participants from multiple sources: (1)caledi
and hospital records for case infants are reviewed for classification psirf@smothers of
cases and controls are interviewed; and (3) parents of cases and coatasleedrto collect
buccal cells from themselves and their infants as a source of DNA. Standadupescare
used for contacting, recruiting, and enrolling mothers of case and control infawsl] as
for obtaining informed consent for all data collection procedtffe€ontact with mothers is
first established no earlier than 6 weeks after the infant's EDD. Mornatantives are

offered for completed participation in both the interview and collection of biologics

3.2.1 Maternal interview

A structured computer-assisted telephone interview (CATI) Mother Questiensair
administered in English or Spanish by female interviewers between 6 am@Rgl months
after the EDD. The average infant age at interview was 10 months for NTD cases, 10
months for OFC cases and 8 months for controls. The CATI takes approximately one hour
and covers a wide range of health and environmental topics including demographealphysi
behavioral, nutritional, and chemical factors. Mothers are asked to repodnoeptonal

and post-conceptional illness, medication use, vitamin use, residence, occupation, substance
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abuse, information on the index pregnancy, and family history of birth defects. Sea Sect

3.3 for a description of the occupational history section of the maternal imtervie

3.2.2 Participation rates

Participation rates are calculated by case-control status, racetgttand defect
group. The following participation rates are calculated by the NB&féiSare specific to the
study population of cases included in this research project (i.e. EDD from sduidyade
through 12/31/2002). The overall study participation rate (i.e. participation in ¢neiéut)
was 72 percent for cases and 69 percent for controls. Among cases, hon-Hispasic white
were more likely to participate (75%) than Hispanics or non-Hispanic blacks (65 and 63%,
respectively). The same pattern held among controls. Defect-spataficalso varied
slightly. Seventy percent of NTD cases participated; mothers of casespivia bifida were
more likely to participate than cases of anencephaly$7/@3%, respectively). The

participation rate among cases of orofacial clefts (76%) did not vary inptype.

3.3 Exposure assessment

The occupational history section of the maternal interview (Appendix A)ifigeint
mothers who were employed for at least one month duration from three months prdeeding t
EDC through the end of pregnancy. Employment was defined as compensated, volunteer or
military service, including part-time work and work performed at home. Fbr reported
job, mothers were asked about the employer, job title, primary tasks and dutiesathe
and machines handled on the job, dates of employment, and hours and days worked per
week; up to 6 jobs could be recorded. Jobs were then coded by occupation and industry
according to the Standard Occupational Classification Manual (250)d North

American Industry Classification System (199%).
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The National Institute for Occupational Safety and Health (NIOSH) ledigative
to perform a comprehensive occupational exposure assessments for womed entb#é
NBDPS through 2002. Study investigators identified specific substances to inclhde i
assessments based on published estimates of exposure prevalence in the vwanéiplace
evidence in the scientific literature relating these agents to birtbtdefied other adverse
health outcomes. Agents of interest included: chlorinated solvents, aromaticsolvent
Stoddard solvent, glycol ethers, oil mist, polycyclic aromatic hydrocarba@stds)p
pesticides, and metals. This dissertation research includes exposure dasséssmants
performed for 10 organic solvents including 3 aromatic solvents (benzene, xylenseobue
chlorinated solvents (carbon tetrachloride, chloroform, methylene chloride,
perchloroethylene, trichloroethylene, 1,1,1-trichloroethane), and the petrbksed-mixture

Stoddard solvent (also known as mineral or white spirits).

3.3.1 Assessment strategy

Comprehensive era-specific (1997-1999; 2000-2002) and solvent-specific job-
exposure databases were developed for NBDPS by a team of occupational epgistsiol
and industrial hygienists (IH) contracted by NIOSH. These job-exposuteadata based on
extensive literature reviews of published papers reporting direct measiiseand
determinants of exposure for various occupations and industries, were then used in
combination with IH review of self-reported job information to estimate the piitlga
intensity, and frequency of exposure for each reportedRobbability was defined as the
likelihood that a specific job within an industry within a given era had apgsxe to the
solvent; each job was assigned one of the following categories for exposurgilfyoloa

(unexposed), <10%, 10-49%, 50-89% a®d%. Intensitywas defined as the expected
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concentration (ppm or mgAnof solvent in the woman'’s breathing zorfe@equencywas
defined as the expected number of hours per week of exposure to the solvent, based on a 40-

hour work week.

3.3.2 Estimated exposure prevalence

Approximately 12,500 jobs among 10,528 mothers who delivered between October
1997 and December 2002 were assessed for potential exposure to 10 organic solvents. Tabl

8 presents the distribution of estimated exposure to each of the solvents of.interest

Table 8. Distribution of estimated exposure to organic solvents among all polotedeby
NBDPS participants anytime during pregnancy or 3 months before conception, 1997-2002.

Solvent Unique jobs (h=12,536)
Unknown Not exposed Exposed
n n n % Probability

score (mode)*

Aromatic solvents

Benzene 50 12,419 66 0.5 4
Toluene 49 12,255 231 1.8 4
Xylene 49 12,247 239 1.9 4
Chlorinated solvents
Carbon tetrachloride 49 12,455 31 0.3 1
Chloroform 49 12,180 306 2.4 1
Methylene chloride 48 11,727 760 6.1 1
Perchloroethylene 48 12,057 430 3.4 1
Trichloroethane 48 11,725 762 6.1 1
Trichloroethylene 49 12,133 353 2.8 1
Stoddard solvent 41 12,148 346 2.8 2

*Exposure probability scores: 1 = <10%; 2 = 10-4B%; 50-89%; 4 = and90%.

The prevalence estimates in Table 8 are among all of the jobs held for at least one
month duration anytime during pregnancy or the 3 months preceding pregnancy among
mothers of controls and cases of cardiovascular defects, musculoskeletsl, defe@l tube
defects, orofacial defects, and male reproductive tract defects withmEDr before 31

December 2002.
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3.3.3 Exposure characterization for analysis

To determine estimated exposure at the mother level (rather the job lewealjitars
time windows during pregnancy, employment dates were linked to pregnancy daashfor
mother.

Dates of employment obtained during the interview were recorded as the month and
year that each job started and ended. Therefore, we developed an algorithgnto assi
complete job dates consisting of day, month and year. First, each job was assumed to begi
on the first day of the reported starting month and end on the last day of the reported ending
month. Second, for mothers with multiple jobs, jobs overlapping by exactly one month were
assumed to have been held consecutively and job dates were further modified such that the
overlapping month was approximately evenly divided between jobs (i.e., Job 1 was modified
to end on mm/14/yy and Job 2 was modified to start on mm/15/yy). Any jobs overlapping by
more than one month were assumed to have been held concurrently and job dates were not
further modified. Complete job dates were set to missing if the startind)nsbaitting year,
ending month or ending year was unknown, or if the starting and ending dates were
inconsistent; these jobs were later reviewed manually to determine wpattial job dates
were informative.

Pregnancy dates reported during the interview included the date of the astuale
period (LMP) and the infant’s date of birth (DOB). The estimated date of concepb@) (E
was calculated as the DOB-266 days, or LMP+14 days if the DOB wasqisale
constructed five pregnancy time windows of interest: (1) before pregnanmediaé 90
days preceding the EDC; (2) the first trimester, defined as the timedretive EDC and 89
days after the EDC; the periconceptional period, defined as the time b&weays

preceding the EDC and the end of the first trimester; (4) the second trinde$iteed as the
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time between 90 days after the EDC and 179 days after the EDC (or the DOB, whicheve
came first); and (5) the third trimester, defined as the time between 18@ftirythe EDC
and the DOB.

Job-level information was then summarized across women to obtain summary
estimates of exposure for each mother for each time window of interest. ThusgHor e
solvent, a mother was consideegosedf any of her jobs during the time window was
rated as exposed (i.e., probability of exposure > 0 for any job). She was considered
unexposed she did not have a job during the time window or if all her jobs during that

window were rated as unexposed (i.e., exposure probability = O for all jobs).

3.4 Dataanalysis
All data management and analyses were conducted using SAS 9.1 (SAS Institute,

Inc., Cary, NC) and Stata 9.2 (Statcorp, College Station, TX).

3.4.1 Analytic plan for Aim 1: Prevalence of solvent exposure during pregnancy

Aim 1 was to evaluate variability in occupational organic solvent exposure
prevalence across different time periods of pregnancy.

Study populationThe sample population included for this analysis included all

mothers of NBDPS controls through 2002 who reported having at least one58000).

We focused exclusively on controls under the assumption that the control population (and
therefore the distribution of estimated exposure among controls) is a reptiesesample of
the general study population.

Data analysis strategyFirst, self-reported pregnancy dates were linked with self-

reported employment dates to determine jobs that were held during ditiererperiods

before and throughout pregnancy. Then, jobs were linked with exposure data to determine
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whether mothers were estimated to be exposed to any solvent in the diffeeewiniohows.
Exposure was characterized dichotomously (i.e. any/none) to any solvent. ido furt
refinement in exposure (e.g. by solvent class, etc.) was considered under th#iaadiuat
variability in exposure is independent of the type of solvent to which a participant is
primarily exposed. However, the average duration of exposure within each window was
calculated to evaluate whether exposures during certain windows werakalyréol be
transient.

The next step was to evaluate exposure variability between windows. For this
analysis, we compared mutually exclusive windows using the Kappa statistib, whic
indicates the degree of concordance above and beyond what would be expected by chance
alone. We also constructed another measure of variability, which is the raticalf ove
exposure prevalence to time-window-specific exposure prevalence (oweealindow
[OTW] ratio)*® This measure was developed for a previous investigation of exposures
during pregnancy to characterize variability across time and to make irdsranout
subsequent misclassification. Assuming the distribution of exposure across pyagnanc
known for all participants, the OTW ratio is defined as follows:

OTW ratio=p/pi
p=e/n where:p = overall prevalence
e = number exposed out pfparticipants
pi = e/(n — d), whereg = number exposed in time interval
di = number who did not survive to time interval

As indicated in the formula above, the denominator of the time-specific prevalence
excludes participants whose pregnancies ended prior to the start of therhogvtinis
exclusion addresses survivor bias and is important since our study population includes feta

deaths, elective terminations, and live births of various gestational ages. elat@oprof the
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OTW ratio is straightforward: the higher the ratio, the greater thebi#tgsian terms of
different participants being exposed across different time windows; high ta&t do not
change across pregnancy imply that prevalence is similar across siralavdifferent
people are exposed at different windows. A consistently low OTW ratio impliethéha
same people are being exposed across time windows. The advantage of thei@®Véra
other measures of concordance is that it can be used to evaluate how well a cniteendefi
of exposure (i.e. “anytime during pregnancy”) performs relative to a monededefinition
(i.e. “1* trimester only”), which is crucial when investigating the effect pfenatal
exposure on an outcome where the critically relevant exposure window mayde. nar
Further, the OTW ratio has a direct relationship with exposure misatasigifi: the higher
the ratio, the more misclassification is expected if exposure weredeoedianytime during
pregnancy rather than during the narrower etiologically relevant window.

Additional analysesOriginally, we hypothesized that we would observe variability

in solvent exposure status over the course of pregnancy, and thus we intended to conduct
additional sensitivity analyses to empirically demonstrate the effeuntsclassifying

exposure during the biologically relevant critical window for congenital anesaln

actuality, very little variability in exposure status over the courseeagjiancy was observed

in these data (Section 4.1) and therefore further analyses were not conducted. We then
hypothesized that we did not observe variability in estimated exposure stattiseoseurse

of pregnancy because exposure status was based on employment histories ushiciven
been very stable (i.e. no variability in employment status or occupation) oveutise of
pregnancy. Using the same strategy of linking job dates with pregnansydéatzibed

earlier in this Chapter, we examined the assumption that employment statcenstant (i.e.
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women who workea@nytimeduring pregnancy worked fail of their pregnancy). We
considered a mother to be employed in a given time window if she worked at lepdt one
during any portion of that window. We calculated the prevalence of magnpddyment
anytime before and during pregnancy and for each time window of interestngAmothers
employed anytime before and during pregnancy, we determined the proportion who
experienced a change in employment status during pregnancy (e.g., fromaysehtpl
employed) and the proportion who remained employed for the entire duration of their
pregnancy. We also examined the distribution of major occupations held by worhen wit
different employment patterns. For these analyses, we extended our Sampié

December 2005 (n 7,000).

3.4.2 Analytic plan for Aim 2: Solvent exposure and NTDs

Aim 2 was to estimate the effect of maternal occupational solvent exposurg duri

pregnancy on the prevalence of neural tube defects.

Study populationThe study population included employed mothers of cases of NTDs
(n=521) and non-malformed controls (n=2997) delivered between 01 October 1997 and 31
December 2002. These mothers had participated in the NBDPS interview,d dyamitey
at least one job during the time between the 3 months before the EDC through delivery (67%
of participating cases were employed; 72% of controls), and were from ltheihg
NBDPS sites: Arkansas, California, Georgia, lowa, Massachusetts)éisay, New York
and Texas. We further excluded women with pregestational diabetes (7 NBD2atase
controls), and 3 cases and 5 controls with a first degree family history of NTDs.

Outcome assessmeiitfe considered all NTDs combined as an outcome of interest as

well as the following mutually exclusive NTD phenotypes: anencephaly and
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craniorachischisis (BPA modification of ICD*¥ 740.0; 740.1), spina bifida (741.0; 741.9)
and encephalocele (742.0).

Exposure window We restricted the exposure period of interest to the

periconceptional period, defined as one month preceding the EDC through the endrsf the fi
trimester.

Adjustment for confoundingCovariates of interest included those considered in the

literature to be moderate to strong risk factors for NTDs that may beiatssbwith maternal
occupational solvent exposure but are not on the causal pathway between exposure and NTD
incidence. The distribution of each covariate was examined and categorized apgyopri

All covariates were included in adjusted models. Table 9 presents the ctgof each

covariate.

Table 9. Covariates for analyses of maternal solvent exposure and corayemtalies

Covariate Categorization

Maternal age at delivery <20 yrs
20-25 yrs (REF)
26-35 yrs
>36 yrs

Maternal race/ethnicity Non-Hispanic white (REF)
Non-Hispanic black
Hispanic
Other

Maternal education <12 yrs
12 yrs
>12 yrs

Smoking During periconceptional period:
Any
None

Folic acid supplementation During periconceptional period
Little/no use €30 days)
Some use (>30 days, <daily)
Daily use (REF)

Pre-pregnancy BMI Categorized according to NIH standard, with
overweight and obese categories combined:
Thin/normal weight (<25) (REF)
Overweight (25 BMI <30)
Obese ¥30)
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Descriptive analysidata analysis began with standard variable description, data

cleaning, variable (re)coding, and univariate and bivariate graphicallaundrtanalyses for

all outcome and exposure variables as well as covariates of interestintDisjicator

variables were constructed for categorical variables not meeting thre@sm of linearity

on the log scale. The amount of missing data was evaluated for each vaoaldeable

was missing>5% of the total sample. A series of pairwise associations between exposures,
outcome of interest, and covariates were examined to gain familiatityttvei underlying

data structure, to examine the strength and pattern of associations beivwaelies, and to
evaluate correlation between primary exposures and covariates.

The crude association between exposure to any solvent and NTDs wasdtrgtifie
each covariate of interest to assess effect measure modificatgrthsiBreslow-Day test
for homogeneityd priori a-level = 0.20). No effect measure modifying covariates were
identified.

Modeling strategy:Three sets of models were conducted for all NTDs combined

using unconditional logistic regression. Three additional sets of models were teahiduc

each series of component phenotypes (anencephaly, spina bifida, encephalimggle) us
polytomous logistic regression (PLR). In the first set of models, we estimaéeljusted

odds ratios (OR) and 95% confidence intervals (Cl) to examine the associ&veerbe
exposure to each solvent class and all NTDs combined and component phenotypes. In the
second set of models, we estimateditisiependengffects of each solvent class by
simultaneously including terms for each class in the models. The final set of models
included terms for each solvent class as well as for the following maté@acteristics

reported during the maternal interview: age at delivery, race/ethnidiigagon, pre-
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pregnancy body mass index, folic acid supplement use, and smoking. Within each PLR
model, we evaluated heterogeneity in the estimated exposure effects acnogsergm
phenotypes using likelihood ratio testdphalevel = 0.20):*°

To account for the varying levels of estimated exposure probability in the e&posur
assessment, we repeated the primary exposure-defect analysetsng e exposed group
to women with at least one job with an estimated probability of exposure ghreatert
equal to 10% for any individual solvent within each solvent class. This strategyeda® us
sharpen the exposure contrast by excluding women less likely to be exposedo We als
repeated analyses restricting all cases to only those with an isolatediNdébcases of
isolated congenital anomalies may differ etiologically from those pregenith multiple
defects.

Beta-estimates from the logistic models estimated the log-odds of raviNgD-
affected pregnancy among women estimated to be occupationally exposedgaran or
solvent class during the periconceptional period of the index pregnancy, adjastitig
other covariates in the model.

Effect size calculatianA priori effect size calculations were performed assuming 500

NTD cases and 3000 controls for a range of distribution of exposure to solvents among all
NBDPS participants presented in Table 8. All effect size calculatiores pegformed

assuming an alpha-level of 0.05, 80 percent power, and unadjusted dichotomous exposure
contrasts. Table 10 presents the smallest detectable OR for all OFCsaagéd af solvent

exposure prevalence.
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Table 10. Preliminary effect size calculations, NTDs.

Exposure NTD cases Controls Minimum
prevalence (%) (n=500) (n=3000) detectable OR
1.0 5 30 2.8
2.0 10 60 2.2
5.0 25 150 1.7
8.0 40 240 1.6
10.0 50 3000 15

This analysis had 80% power to detect an OR of approximately 1.6 for the association
between estimated exposure to “any solvent” during the periconceptional (@wirsedved
prevalence ~ 8% among controls) and all NTDs combined. Actual estimadie®fes
were likely larger given loss of sample size due to sample restrictiossing data, and

multivariate adjustment.

3.4.3 Analytic plan for Aim 3: Solvent exposure and OFCs

Aim 3 was to estimate the effect of maternal occupational solvent exposurg duri
pregnancy on the prevalence of orofacial clefts. Most features of théi@afraypework and
approach to data analysis (exposure window, adjustment for confounding, descriptive
analysis, and modeling strategy) were the same as described for NiniD&)( Therefore
we describe only the differences below.

Study populationThe study population included employed mothers of cases of OFCs

(n=1249) and non-malformed controls (n=2997) delivered between 01 October 1997 and 31
December 2002. These mothers had participated in the NBDPS interview, reponted h

at least one job during the time between the 3 months before the EDC through délivery (

of participating cases were employed; 72% of controls), and were from ltheihg

NBDPS sites: Arkansas, California, Georgia, lowa, Massachusetts)éteey, New York

and Texas. We further excluded women with pregestational diabetes (17 @5(2€as

controls), and 69 cases and 8 controls with a first degree family history &. OFC
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Outcome assessmeitfe considered all OFCs combined as an outcome of interest as

well as the following two mutually exclusive OFC phenotypes: cléétpalone (749.0
except 749.08) and cleft lip with or without cleft palate (749.1 except 749.19; 749.2).

Effect size calculatianA priori effect size calculations were performed assuming

1250 OFC cases and 3000 controls for a range of distribution of exposure to solvents among
all NBDPS participants presented in Table 8. All effect size calongtvere performed
assuming an alpha-level of 0.05, 80 percent power, and unadjusted dichotomous exposure
contrasts. Table 11 presents the smallest detectable OR for all @F&@sange of solvent

exposure prevalence.

Table 11. Preliminary effect size calculations, OFCs.

Exposure OFC cases Controls Minimum
prevalence (%) (n=1250) (n=3000) detectable OR
1.0 12.5 30 2.2
2.0 25 60 1.8
5.0 62.5 150 15
8.0 100 240 14
10.0 125 3000 1.3

This analysis had 80% power to detect an OR of approximately 1.4 for the association
between estimated exposure to “any solvent” during the periconceptional (@wirsedved

prevalence ~ 8% among controls) and all OFCs combined.

3.5 Approvals

The Public Health Institutional Review Board (IRB) at the University of iNort
Carolina, Chapel Hill, determined that this dissertation does not constitute humantssubje
research as defined by federal regulations and therefore does not reguagpiidval (study

no. 08-1875; 10/31/2008).
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The National Birth Defects Prevention Study is approved by the IRB ofi@:&5
well as by all participating CBDRP. Additional approvals for this projemtired by the
NBDPS, including approval of the research proposal by the internal Data Sharing
Committee, data use agreement, and declaration of confidentiality and daity $ewve all

been satisfactorily met.
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CHAPTER 4: RESULTS

4.1 Prevalence of solvent exposure during pregnancy

As originally proposed, Specific Aim 1 of this dissertation was to evaluatouéyi
in occupational organic solvent exposure prevalence across different time périods
pregnancy. The results of the associated analyses are summarized bedtve ih2.
Approximately 8.7% of mothers were considered to be occupationally exposed to one or
more organic solvents “anytime” during pregnancy (i.e., between 3 monthe beddEDC
through delivery). Between different time windows, the exposure prevalened saghtly
from 6.2% in the third trimester to 8.0% in the first trimester and before conceptien. T
series of low OTW ratios (close to 1.0) across all time windows suggests$d#tio within-
woman variability in estimated exposure. In other words, the same womenonsigeced
exposed in each window. The interpretation of low OTW ratios is that there wouldebe litt
exposure misclassification introduced by an anytime-during-pregnancyimaedsolvent
exposure status in these data even if the biologically relevant critimddwifor exposure
was a narrower time window like a particular trimester. Kappa caiteranged from 0.77
to 0.95, also indicating high concordance in exposure status across mutually exchesive

windows.



Table 12. Estimated occupational solvent exposure prevalence, exposure durdt@mya
ratios for different pregnancy time windows among employed mothers of cfrtrd,997),
NBDPS, 1997-2002.

Anytime BEFORE T1 T2 T3

Exposure prevalence

Exposed 261 239 240 211 185

Unexposed 2713 2736 2734 2768 2794

Unknown 23 22 23 18 18
Percent exposed among all mothers 8.7% 8.0% 8.0% 0% 7. 6.2%
Length of time window (days) 388 20 20 20 118
Duration of exposure among exposed

Mean 272 84 81 83 75

Min, Max 29, 378 2,90 2,90 4,90 2,108
OTW ratio -- 1.09 1.09 1.24 141

BEFORE, conception — 3 months; T1, first trimesi&; second trimester; T3, third trimester; OTWeal-to-window

Originally, we hypothesized that we would observe variability in solvent exposure
status over the course of pregnancy, and thus we intended to conduct additional sensitivity
analyses to empirically demonstrate the effect of misclassigipgsure during the
biologically relevant critical window for congenital anomalies. Inaldty very little
variability in exposure status over the course of pregnancy was observeckiddteand
therefore further analyses were not conducted.

We hypothesized that an explanation for this lack of variability in estthea¢eosure
status over the course of pregnancy was because exposure status was basedmerimplo
histories, which must have likewise been very stable (i.e. no variabimployment status
or occupation) over the course of pregnancy. Using the same strategy of lotkotefgs
with pregnancy dates described earlier (Section 3.3.3), we examined the azsuinapbti
employment status was constant throughout pregnancy (i.e. women who aoykiete
during pregnancy worked fail of their pregnancy).

Manuscript 1 (Section 4.2) is the resulting brief report that presents the I&tiona
methods and results of our examination of the prevalence and patterns of employarent be

and during pregnancy among mothers of controls in the NBDPS, as well as a disofissi
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the implications of our findings for future studies of prenatal exposures and adverse

pregnancy outcomes.

4.2 Manuscript 1. Patterns of maternal employment before and during pregnancy

4.2.1 Introduction

In epidemiologic studies of prenatal exposures and pregnancy outcomes, exposure
variability over the course of pregnancy is important to consider sin¢eriing of the
exposure frequently determines the nature and magnitude of its'8#8&tThalidomide, for
example, is associated with a spectrum of human embryopathies depending omgheftim
exposure: 20-23 days after conception causes external ear malformationssvetx@eesure
24-31 and 27-33 days after conception causes upper and lower limb defects, respéttively.
Another example is tobacco use, which is more strongly associated witheddtial
growth as gestational age increases, such that no effect on fetal grobgkngeol among
women who stop smoking earlier in pregnafiéyldentifying critical windows for prenatal
exposures can advance hypotheses about biologic mechanisms, inform expossingeaisse
and help identify susceptible populations for public health intervention. In practice, this
pursuit requires use of time-dependent exposure measures that capture expaduilit/ va
over the course of pregnancy.

Collection of timing-specific occupational information (e.g., by month of pregnancy
is resource intensive and particularly challenging in retrospectiveestu@ften, studies of
maternal employment obtain only one measure of employment status, sugbl@syent at
delivery or “anytime” during pregnancy, and assume that employment saimsstant

throughout pregnancy. If employment statusasconstant, this practice can lead to biased
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measures of association between employment and adverse pregnancyesutaerno
misclassification of employment during the critical window of expoSit¥.

There is little evidence in the literature to support — or refute — the assuniation t
maternal employment status is constant throughout pregnancy. Published repotisros pat
of maternal employment have generally focused on duration of employwikat (
proportion of employed women work into their second [third] trime¥tether than
changes in employment stat¥8Hat proportion of women start [stop, remain] working
during pregnancy?)>*° Our objective was to explore the latter questions. In the following
brief report, we present a description of the prevalence and patterns of matgriogheent
before and during pregnancy in a population-based sample of mothers of infantedelive
between 1997 and 2005 who participated in the National Birth Defects Prevention Study

(NBDPS).

4.2.2 Methods

The NBDPS is an ongoing case-control study of risk factors for structuradmitadg
anomalies in the United Stat®e. The study population for this analysis consisted of
mothers of live born infants with no major birth defects (controls) delivered betwéebe®c
1997 and December 2005 who were randomly selected from birth certificates or hospital
delivery records in 10 participating states (Arkansas, California, Gedogia,
Massachusetts, New Jersey, New York, North Carolina, Texas and Utah). Amgoiedyi
66% (n=6,807) of eligible mothers participated in the NBDPS during this time.

Mothers were interviewed in English or Spanish using a structured telephone
guestionnaire within 24 months after delivery; median infant age at interview wastBan

During the interview, mothers were asked whether they had been employgdiaiea
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between the three months before they became pregnant and their infant’s dale of bi
Employment was defined as any compensated or volunteer work lastingt atrieanonth,
including military service. Dates of employment for up to six jobs were obtairted a
recorded as the month and year that each job started and ended.

We developed an algorithm to assign complete job dates consisting of day, month and
year. First, each job was assumed to begin on the first day of the reported startth and
end on the last day of the reported ending month. Second, for mothers with multiple jobs,
jobs overlapping by exactly one month were assumed to have been held conseadively a
job dates were further modified such that the overlapping month was approximatdly ev
divided between jobs (i.e., Job 1 was modified to end on mm/14/yy and Job 2 was modified
to start on mm/15/yy). Any jobs overlapping by more than one month were assumed to have
been held concurrently and job dates were not further modified.

Pregnancy dates reported during the interview included the date of the astuale
period (LMP) and the infant’s date of birth (DOB). The estimated date of concepb@) (E
was calculated as the DOB-266 days, or LMP+14 days if the DOB was mid§img
constructed four mutually exclusive pregnancy time windows: (1) beforegmey, defined
as 90 days preceding the EDC; (2) the first trimester, defined as thedimeen the EDC
and 89 days after the EDC,; (3) the second trimester, defined as the time between 90 day
after the EDC and 179 days after the EDC (or the DOB, whichever came first})dhd (
third trimester, defined as the time between 180 days after the EDC an@he D

We considered a mother to be employed in a given time window if she worked at
least one job during any portion of that window. We calculated the prevalencecohahat

employment anytime before and during pregnancy and for each time windoigrest.
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Among mothers employed anytime before and during pregnancy, we determined the
proportion who experienced a change in employment status during pregnandyof®.g
unemployed to employed) and the proportion who remained employed for the entirendurati
of their pregnancy.

Of the 6,807 eligible mothers, 98 were excluded from all analyses because they did
not provide any employment information during the interview. We further excluded 96
women from all time window-specific analyses: 2 women who reported hawriged/but
did not provide any additional employment information, 63 women with missing
employment dates that could not be reconciled by manual review, and 31 women whose
reported employment dates were inconsistent with the time period of ir{tergbetween 3

months before conception and delivery).

4.2.3 Results

Seventy-two percent of women (n=4,832) reported having been employed anytime
before or during pregnancy (Table 13). The highest prevalence of employaseabserved
during the first trimester (67.8%) and the lowest during the third trimgs2ef%),
indicating that fewer women were employed later in pregnancy.

Further examination of within-woman patterns of employment among mothers
employed anytime before and during pregnancy revealed that approxif&gelin=3,569)
of women were consistently employed across all time windows (Table 14yeflaéing
women experienced a change in employment status at some point during pregnaong. Am
these women, the most common patterns represented women employed before pregnancy

who ceased employment during the first or second trimester and remainedaysempl
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thereafter (n=710; 15.0%). It was less common for women to be unemployed before

conception and initiate employment sometime during pregnancy (n=344; 7.3%).

Table 13. Prevalence of employment across time windows of pregnancy amegsnodt
non-malformed liveborn controls, National Birth Defects Prevention Study, 1997-2005
(n=6,709).

Pregnancy time windows

Anytime’ Before First Second Third
conceptiof trimester trimester trimester
n (%) n (%) n (%) n (%) n (%)
4832 (72.0) 4392 (66.4) 4482 (67.8) 4262 (64.4) 3870 (58.7)

2Defined as the 3 months before the estimated cdiocegate through the infant’s date of birth.

® Defined as the 3 months before the estimated quiocedate.

¢ Window-specific estimates are based on all moths reported working anytime during pregnancy for
whom information was available about the timingbfobs relative to each pregnancy time window4n36),
plus non-employed mothers (n=1877), with the exoeptf the third trimester, for which mothers who
delivered in the second trimester were also exdyde?1).

Table 14. Patterns of employment status before and during pregnancy among wiatioar
malformed liveborn controls, in descending order by frequency, National BirdtBef
Prevention Study, 1997-2005.

Time windows Number of Percent of Percent of
(x = employed during window) women employed all women
Before First Second Third women only (n=6709)
conceptiol  trimester  trimester  trimester (n=4736)
X X X X 3,569 75.4 53.2
X X X 370 7.8 55
X X 340 7.2 5.1
X X X 152 3.2 2.3
X X 110 2.3 1.6
X 98 2.1 15
X X 39 0.8 0.6
X 24 0.5 0.4
Other patterns 34

& All mothers who reported working anytime duringgmancy for whom information was available about the
timing of all jobs relative to each pregnancy timaedow

® Defined as the 3 months before the estimatedafatenception.

¢ Other observed patterns: first trimester only @¥%econd trimester only (n=9); all windows exciyst
trimester (n=13); all windows except second triraegh=2).
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4.2.4 Discussion

Recent data on the prevalence and patterns of maternal employment dunvagnpyeg
are limited. The U.S. Census Bureau reports that 67% of women worked for pay at some
point during the pregnancy leading to their first birth between 2001 and 2003, and that 87%
of these employed women worked into their last trimestén. contrast to the Census report,
our study included both primi- and multiparous women who worked with or without pay for
at least one month duration. Despite differences in design, our results werelgeneral
consistent with the Census report. We found that 72% of women worked anytime before and
during pregnancy, and that approximately 80% worked into their last trimester. Wmique
our study, we further examined patterns of employment status, revealing geataurths of
employed women were consistently employed in one or more jobs before predmangit
their last trimester, whereas one fourth of women changed employment status during
pregnancy. Among women who changed employment status, more than twice as neany we
employed before pregnancy and later stopped working (15%) than started vadt&rigeir
pregnancy began (~7%).

The fact that employment status is not constant over the course of pregmaacy f
large proportion of women (25%) means that single measures of employment siahg ma
accurately characterize maternal occupational exposure occurrineieniftime windows
during pregnancy. Use of anytime-during-pregnancy measures will includerwom
employed during irrelevant time periods and introduce misclassificatigrirtigeeneral, will
bias effect measure estimates toward the’itfi’ The effect of this misclassification could
be magnified in a study in which the exposure of interest is not employ@es¢but rather
some other related factor like job title or chemical exposure that furtheswathin levels

of employment status. Results from studies using an anytime-duringapoggmeasure of
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employment status should therefore be interpreted cautiously as null finciygefhect
attenuation due to exposure misclassification rather than evidence of no effectyet,
since 95% of women who were employed anytime before and during pregnancy were
employed in the first trimester, misclassification resulting fromaiise anytime-during-
pregnancy measure may be less of a concern for studies in which the critidawis
known to be around the time of conception or early pregnancy.

Use of a single-point-in-time measure of employment status, such a{engpit at
delivery,” will likewise introduce exposure misclassification if the pointriretdoes not
correspond to the critical window. Consider a study in which the biologicadlyaned
window is shortly after conception, but employment information is limited to gmmaot
status at the time of delivery. Given the employment patterns observed in plg, 4
hypothetical study would incorrectly classify 16% of employed women agmgmheyed
(i.e., women employed in the first trimester but not the third) and 3% of non-employed
women as employed (i.e., women employed in the third trimester but not the fimst). T
potential for misclassification may be of greater concern in studiesliteih employment
information from birth certificates, on which it's often unclear whether eympént
corresponds to usual occupation, most recent occupation, current occupation at delivery or
occupation at some other time before or during pregnancy. Studies investigatuaddity
of parental occupation information on birth certificates suggest that emptogrgenerally
underreported?*?! In one such study by Brender et al. (2002) of nearly 650 women in
Texas who participated in NBDPS,approximately one third of women who reported via
interview that they were employed during the first trimester were dected on the birth

certificate as unemployed (JD Brender, written communication of unpublishe@/@&h]).

61



A number of factors make the NBDPS sample of controls a useful framework in
which to explore patterns of maternal employment during pregnancy. Our popblasied-
sample of nearly 7,000 primi- and multiparous women was geographically and
demographically diverse and spanned over 8 recent years. Detailed occubéttonak
were carefully collected via interview, allowing for employmentustdb be determined for
different time periods before and during pregnancy. Additionally, because sotber
interviewed soon after delivery, we minimized the potential for recall Bremployment
dates.

Despite the short recall period, error in self-reported employment datesur i
assignment of complete job dates may have resulted in misclassificatiomplofyenent
status in any of the four pregnancy time windows, thereby influencing thevebgmtterns
of employment. Another limitation of our study is that mothers participaticgrasols in
the NBDPS may not be representative of other populations of women with different
distributions of factors related to employment. Participants were all ,sathive born
non-malformed infants, and were more likely than women in their base population to be
white and have more years of educatithThough participants were employed in a wide
variety of occupation¥? other differences in demographic, behavioral and obstetric factors
associated with self-selection into (and out of) employment likely influencqat¢lialence
and patterns of employment observed in our study, and thus the ability to generalize our
findings to other populations of pregnant wom&h?*

In conclusion, we found that employment status is not constant over the course of
pregnancy for a substantial proportion of women. Our findings underscore the impaftanc

using a time-dependent assessment of employment status that correspboskd\aas
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possible to the biologically relevant critical window to reduce exposure sggatation.
We encourage investigators to consider the impact of within-woman variability in
employment status in the design and analysis of future studies of maternayreemu and

adverse pregnancy outcomes.

4.3 Manuscript 2: Maternal occupational exposure to organic solventsduring early
pregnancy and selected congenital anomalies

4.3.1 Introduction

Organic solvents are a group of volatile carbon-based chemicals common in
occupational settings due to their wide application as cleaners, degreaseragents in
varied industrial processes. These solvents are commercially availabhteisands of
industrial formulations and are used in the production of paints, adhesives, inks and dyes, dry
cleaning solutions, pesticides, fuels, cosmetics and pharmaceuticalen$idfiworkers in
the United States are potentially exposed to organic solVf@rst the current prevalence of
occupational exposure among pregnant women is unknown.

A number of organic solvents are recognized reproductive toxins, although the
specific mechanisms by which they exert developmental toxicity andderssis in
particular are not well understod® One leading hypothesis is that these compounds
produce oxidative stress (OS) to which early embryonic development is strongly
susceptiblé*?* The capacity to induce embryonic OS has been demonstrated for several
organic solvents including benzene, carbon tetrachloride, chloroform, methylende;hlor
perchloroethylene and trichloroethylelé* Animal models of ethanol-induced OS suggest
that OS causes alterations in gene expression and interferes with ndlmhed aetivity of
the neural crest cell population, ultimately leading to brain and facial abnaéesfIfe12°1%’

Neural tube defects (NTDs) and orofacial clefts (OFCs) are two majaps of congenital
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anomalies thought to result from abnormal embryological development of neutaetigs
and thus may be particularly susceptible to oxidative stressors.

Though a number of epidemiologic studies have investigated the potential agsociati
between maternal occupational exposure to organic solvents and NTDs or OFCs,tardonsis
results between studies are difficult to interpret given important limitain study design
and exposure assessmétt!97:99:100.105106 4, axample, some studies have combined major
malformations that are embryologically or pathogenetically distimotone outcome group
of interest; this practice may dilute effect measure estimatesaBiing etiological
heterogeneity between phenotyp&s Another limitation common to retrospective studies is
exclusive use of job title (e.g., “nurse”) as a surrogate for exposursfridtisgy is less able
to discriminate exposure profiles within groups of occupation and industry than more
detailed assessments incorporating expert review of occupational sistbrighe resulting
bias is of special concern in studies where the overall prevalence of expdewesisce
misclassification of even a few unexposed individuals as exposed can lead dotsalbst
attenuation of observed effect estimdtés.

Given the prevalent use of organic solvents in the workplace and their suspected
capacity to exert developmental toxicity in humans, the potential effectlsprinf among
women exposed during pregnancy warrant further investigation in studies detsigne
minimize both exposure and outcome misclassification. We investigated theassoci
between maternal occupational exposure to organic solvents during early pregmatioy
prevalence of NTDs and OFCs in a large, population-based sample of women for whom
exposure was assigned using a comprehensive job-exposure database and expeft revi

self-reported occupational histories.
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4.3.2 Methods

The National Birth Defects Prevention Study (NBDPS) is an ongoing, gitdti-
population-based case-control study designed to investigate a ranglefattors for major
congenital anomalie? Participating birth defect surveillance programs identified cases of
NTDs and OFCs among live births, fetal deaths greater than 20 weeksge stadi
prenatally diagnosed elective terminations. Non-malformed live birth centigke
randomly selected using either birth certificates or hospital recordsfi@same base
population as cases in each state. Mothers of cases and controls were interyiewed b
telephone in either English or Spanish up to 24 months after the date of delivery. Using
pregnancy calendars to aid recall, interviewers elicited information deautgraphic,
environmental, nutritional, behavioral and clinical factors before and during pregnéine
NBDPS is approved by the institutional review boards of the Centers for Diseasel @odt
Prevention and all participating sites.

Our study population included employed mothers of cases of NTDs (n=521), OFCs
(n=1249) and non-malformed controls (n=2997) delivered between 01 October 1997 and 31
December 2002. These mothers had participated in the NBDPS interview (71%sof cas
participated; 68% of controls), reported having at least one job during the timeebdtve 3
months before the estimated date of conception (EDC) through delivery (67% of
participating cases were employed; 72% of controls), and were fromllineihg NBDPS
sites: Arkansas, California, Georgia, lowa, Massachusetts, New Jeesey dik and Texas.
The average infant age at interview was 10 months for NTD cases, 10 montR<fon€es,
and 8 months for controls.

We excluded women with pregestational diabetes (7 NTD cases; 17 OFC2€ases

controls). For analyses of NTDs, we further excluded 3 cases and 5 continadsfinst
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degree family history of NTDs; for analyses of OFCs, we excluded 69 aade3 controls

with a positive family history.

Outcome classification

Clinical geneticists at each site performed a standardized reviewtcibd
medical records to confirm eligibility of cases for the NBO®'SEligible cases were then
further classified by NBDPS clinicians as having one isolated major caabamomaly,
multiple major anomalies, or a pattern of anomalies representing a coteplelopmental
syndrome. Cases with anomalies of known etiology (e.g., single-gene disorders and
chromosomal abnormalities) were excluded from the NBDPS. Neural tube dedeets
further classified by major component phenotype: anencephaly and craniorach(&Psi
modification of ICD-9'**740.0; 740.1), spina bifida (741.0; 741.9) and encephalocele
(742.0). Orofacial clefts were further classified into two component pyyegmtcleft palate
alone (749.0 except 749.08) and cleft lip with or without cleft palate (749.1 except 749.19;

749.2).

Exposure characterization

The occupational history section of the maternal interview identified mothers
were employed for at least one month duration from three months preceding the EDC
through the end of pregnancy. Employment was defined as compensated, volunteer or
military service, including part-time work and work performed at home. Fbr reported
job, mothers were asked about the employer, job title, primary tasks and dutesathe

and machines handled on the job, dates of employment, and hours and days worked per
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week; up to 6 jobs could be recorded. Jobs were then coded by occupation and industry
according to the Standard Occupational Classification Manual (26@@y North American
Industry Classification System (199%},and assessed for exposure to 10 organic solvents
including 3 aromatic solvents (benzene, xylene, toluene), 6 chlorinated solvelnts (car
tetrachloride, chloroform, methylene chloride, perchloroethylene, tricttloytene, 1,1,1-
trichloroethane), and the petroleum-based mixture Stoddard solvent (also knownras mine
or white spirits). Comprehensive era-specific (1997-1999; 2000-2002) and solvefit-speci
job-exposure databases were developed for NBDPS by a team of occupational
epidemiologists and industrial hygienists (IH). These job-exposure databased on
extensive literature reviews of published papers reporting direct measiiseand
determinants of exposure for various occupations and industries, were then used in
combination with IH review of self-reported job information to estimate the pildlpaof
exposure for each reported job. Probability was defined as the likelihood that & $plecif
within an industry within a given era had any exposure to the solvent; each job \gasass
one of the following categories for exposure probability: O (unexposed), <10%, 1,5B39%
89% and>90%.

Using self-reported job dates, we restricted the exposure period of intetiest
periconceptional period, defined as one month preceding the EDC through the end df the firs
trimester. The periconceptional period corresponds to the critical window in@odicy
development during which NTDs and OFCs are thought to d&turhus, for each solvent,

a mother was considereadposedf any of her jobs during the periconceptional period were

rated as exposed (i.e., probability of exposure > 0 for any job). She was considered
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unexposed she did not have a job during the perioconceptional period or if all her jobs

during that time were rated as unexposed (i.e., exposure probability = O for all jobs).

Statistical analysis

Using the dichotomous exposure variable previously described (exposed/unexposed),
we examined the prevalence of estimated exposure to each solvent and solsent clas
(aromatic; chlorinated; Stoddard solvent) among mothers by case-céatusl sWe then
explored correlation in assigned exposure status within and between solveist atasag
all exposed mothers of controls to determine the best modeling strategy. E>gtatize
was strongly correlated between individual solvents within solvent classex&mple, 98%
of women exposed to methylene chloride were also exposed to trichloroethane. &xposur
correlation between solvent classes was substantially lower than witbseslaGiven strong
exposure correlation among individual solvents within solvent class, in multivariable
modeling analyses we considered exposure to solvent class only.

Three sets of models were conducted for each composite defect group (e.g)., NTD
using unconditional logistic regression, and for each series of component phenetypes (
anencephaly, spina bifida, encephalocele) using polytomous logistic regresdR)n (Rlthe
first set of models, we estimated unadjusted odds ratios (OR) and 95% confidenedsinter
(CI) to examine the association between exposure to each solvent classhacahgaasite
or component outcome. In the second set of models, we estimateddgpendenéffects of
each solvent class by simultaneously including terms for each class indeésmThe final
set of models included terms for each solvent class as well as for the folloategnah

characteristics reported during the maternal interview: age at delraee/ethnicity,
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education, pre-pregnancy body mass index, folic acid supplement use, and smoking. Within
each PLR model, we evaluated heterogeneity in the estimated exposureaefiesss
component phenotypes using likelihood ratio teslishalevel = 0.20):*°

To account for the varying levels of estimated exposure probability in the e&posur
assessment, we repeated the primary exposure-defect analysetsng e exposed group
to women with at least one job with an estimated probability of exposure greater tha
equal to 10% for any individual solvent within each solvent class. This strategyeda® us
sharpen the exposure contrast by excluding women less likely to be exposedo We als
repeated analyses restricting all cases to only those with an isolatedrNOEL, since cases
of isolated congenital anomalies may differ etiologically from thoseemteng with multiple

defects.

4.3.3 Results

Analyses consisted of mothers of 511 NTD cases (and 2972 corresponding controls)
and 1163 OFC cases (and 2969 corresponding controls) who were employed for at least one
month duration from three months preceding the EDC through the date of infant delivery.
Table 15 summarizes the distribution of maternal characteristics in thjEesa

Among all women rated as exposed to any solvent during the periconceptional period,
approximately 85% were exposed to more than one solvent (data not shown). The
prevalence of estimated occupational exposure to any organic solvent during the
periconceptional period was 8.2% among mothers of controls, 13.1% among mothers of all
NTD cases and 9.6% among mothers of all OFC cases (Table 16). The prevadence of

solvent exposure was higher among mothers of spina bifida (14.4%) and encephalocele

69



(16.4%) cases than anencephaly (8.4%); exposure prevalence did not vary across OFC
component phenotypes.

Across all case and control mothers, exposure prevalence was highest for the
chlorinated solvent class (e.g., 6.9% among controls) and lowest for theiareohagnt
class (e.g., 2.0% among controls). The distribution of probability of exposure akso vari
between solvent classes (data not shown). For Stoddard solvent and aromatic solvents, over
90% of exposed mothers worked in at least one job with an estimated exposure prolbability o
at least 10%. However, for chlorinated solvents, only 30% of exposed mothers had an
exposure probability of at least 10%. Within solvent class, exposure prevalendiittual
solvents varied considerably. For example, within the chlorinated solvent clagsyex
prevalence among controls ranged from 0.3% for carbon tetrachloride to 6.0% for both
methylene chloride and trichloroethane.

In analyses of neural tube defects (Table 17), we observed a positive assoaidti
maternal exposure to chlorinated solvents (adjusted OR=1.96 [95%CI = 1.34, 2.87]) but not
with aromatic solvents (0.75 [0.36, 1.55]) or Stoddard solvent (0.63 [0.33, 1.23]) after
adjusting for solvent class and potential confounders. The magnitude of the eHisatene
was stronger for spina bifida (2.26 [1.44, 3.53]) and encephalocele (2.22 [0.84, 5.82]) than
for anencephaly (1.25 [0.58, 2.71]). However, these observed differences in effect across
NTD phenotypes were not statistically significant (p=0.36). Results warby mgentical
when restricting cases to only those with an isolated NTD (n=448; 88%). In tnelagc
analysis restricting the exposed group to women with an estimated exposure giyobabili

>10%, results were similar to the observed effect measure estimaddisefiqposed women
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for both Stoddard and aromatic solvents. For chlorinated solvents, the unadjusted OR was
closer to the null and considerably less precise (1.32 [0.77, 2.29]; 16 exposed cases).

In analyses of orofacial clefts (Table 18), we did not observe a stromgadsm with
maternal exposure to any solvent class. Effect measure point estim&exdfiard solvent
were slightly elevated in general, but the associated confidence inteeralsvide.

Restriction to isolated cases of OFCs (n=997; 86%) as well as to women wsiimaeated

exposure probability10% yielded similar results.
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Table 15. Distribution of select demographic and behavioral factors amongyenfiplo
mothers of cases of neural tube defects, orofacial clefts and non-malfanispuls;

National Birth Defects Prevention Study, United States, 1997-2002.

Control$ All NTDs All OFCs
Covariate (n=2977) (n=511) (n=1163)
n (%) n (%) n (%)
Maternal age at delivery
<20 years 240 (8.1) 47 (9.2) 109 (9.4)
20-25 years (R) 798(26.8) 140 (27.4) 339 (29.2)
26-35 years 1600(53.8) 259 (50.7) 578 (49.7)
> 36 years 339 (11.4) 65 (12.7) 137 (11.8)
Maternal race/ethnicity
White, non-Hispanic (R) 1929(65.0) 304 (59.5) 807 (69.5)
Black, non-Hispanic 376(12.7) 58 (11.4) 74 (6.4)
Hispanic 525 (17.7) 123 (24.1) 214 (18.4)
Other 140 (4.7) 26 (5.1) 67 (5.8)
Missing 7 0 1
Maternal education
<12 years 294 (9.9) 72 (14.1) 152 (13.1)
12 years 736 (24.8) 153 (30.0) 306 (26.3)
>12 years (R) 1942(65.3) 285 (55.9) 704 (60.6)
Missing 5 1 1
Pre-pregnancy BMI
Thin/normal weight (<25) (R) 1824(62.6) 272 (55.2) 698 (61.5)
Overweight (25 BMI <30) 662 (22.7) 105 (21.3) 246 (21.7)
Obesex30) 430 (14.8) 116 (23.5) 191 (16.8)
Missing 61 18 28
Folic acid supplement uSe
Little/no use €30 days) 638 (21.8) 123 (34.4) 251 (21.8)
Some use (>30 days, <daily) 149¢1.5) 243 (48.2) 593 (51.6)
Daily use (R) 795 (27.1) 138 (27.4) 306 (26.6)
Missing 46 7 13
Maternal smoking
Any 607 (20.4) 95 (18.6) 300 (25.8)
None (R) 2370 (79.6) 416 (81.4) 863 (74.2)

NTD, neural tube defect; OFC, orofacial cleft; BMbdy mass index; R, referent category

2Employed in at least one job for at least one maloitation between three months preceding the efstima
date of conception through the date of infant aliv
® The control group for analyses of neural tube aisféurther excluded 5 controls with a family o$toiry of

neural tube defects; the control group for analydesofacial clefts further excluded 8 controlgtwa family

history of orofacial clefts.

°During the periconceptional period, from one momticeding the estimated date of conception throigh

first three months of pregnancy.
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Table 16. Prevalence of estimated occupational exposure to organic solvents dperictmeeptional peridchmong employed
mothers of cases of neural tube defects, orofacial clefts and non-nedfeontrols, National Birth Defects Prevention Study, United
States, 1997-2002.

Control$ AllNTDs Anencephaly Spina bifida Encephalocele All OFCs  Cleft palate Cleft lip +
(n=2977) (n =511) (N =134) (n = 316) (n=61) (n=1163) (n=414) cleft palate
(n=749)
n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Any solvent 242 (8.2) 66 (13.1) 11 (8.4) 45 (14.49) 10 (16.4) 111 (9.6) 39 (9.5) 72 (9.7)
Missing 23 7 9
Chlorinated solvents 205 (6.9) 61 (12.1) 11 (8.4) 40 (12.8) 10 (16.4) 88 (7.6) 29 (7.0) 59 (8.0)
Carbon tetrachloride @.3) 0 0 0 0 3 (0.3) 2(0.5) 1(0.1)
Chloroform 84(2.8) 18 (3.5) 2(1.5) 11(3.5) 5(8.2) 34 (2.9) 11(2.7) 23(3.1)
Methylene chloride 1796.0) 56 (11.0) 10(7.5) 37(11.8) 9(14.8) 80 (6.9) 27(6.5) 53(7.1)
Perchloroethylene 11(.7) 27 (5.3) 5(3.7) 16(5.1) 6(9.8) 44 (3.8) 15(3.6) 29(3.9)
Trichloroethane 1776.0) 57 (11.2) 11(8.2) 37(11.8) 9(14.8) 80 (6.9) 26(6.3) 54(7.2)
Trichloroethylene 973.3) 23 (4.5) 3(2.2) 15(4.8) 5(8.2) 39 (3.4) 12(2.9) 27(3.6)
Stoddard solvent 79 (2.7) 18 (3.5) 4 (3.0) 11 (3.5) 3 (4.9 41 (3.5) 16 (3.9) 25 (3.4)
Aromatic solvents 60 (2.0) 11 (2.2) 3 (2.3 6 (1.9) 2 (3.3 24 (2.1) 10 (2.9) 14 (1.9
Benzene 13%0.5) 3 (0.6) 2(1.5) 1(0.3) 0 6 (0.5) 2(0.5) 4(0.5)
Toluene 582.0) 11 (2.2) 3(2.2) 6(1.9) 2(3.3) 22 (1.9) 9(2.2) 13(1.7)
Xylene 59(2.0) 11 (2.2) 3(2.2) 6(1.9) 2(3.3) 23 (2.0) 9(2.2) 14(1.9)

NTD, neural tube defect; OFC, orofacial cleft

#0ne month preceding the estimated date of cormefrough the end of the third month of pregnancy.

®The control group for analyses of neural tube dsfeather excluded 5 controls with a family oftbisy of neural tube defects; the control groupdnalyses
of orofacial clefts further excluded 8 controlsiwi family history of orofacial clefts.
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Table 17. Association between maternal occupational exposure during the periomat@gtiiod to organic solvents and neural tube

defects, National Birth Defects Prevention Study, United States, 1997-2002.

Any NTD? Anencephaly Spina bifida Encephalocéle
Solvent class OR (95%Cl) OR (95%CIl) OR (95%CIl) OR (95%CI) g
Unadjusted
Chlorinated 1.85 (1.37, 2.51) 1.23 (0.66, 2.33) 1.98 (1.38, 2.84) 2.64 (1.32,5.28) 0.23
Stoddard 1.35 (0.80, 2.28) 1.14 (0.41, 3.16) 1.34 (0.70, 2.54) 1.91 (0.59, 6.24) 0.81
Aromatic 1.07 (0.56, 2.06) 1.13 (0.35, 3.65) 0.94 (0.40, 2.20) 1.66 (0.40, 6.96) 0.80
Adjusted for solvent class
Chlorinated 2.02 (1.42, 2.88) 1.25 (0.59, 2.64) 2.30 (1.52, 3.48) 2.43 (1.03, 5.70) 0.29
Stoddard 0.86 (0.47, 1.55) 0.99 (0.31, 3.20) 0.79 (0.38, 1.63) 1.00 (0.26, 3.90) 0.92
Aromatic 0.72 (0.36, 1.44) 0.99 (0.28, 3.45) 0.59 (0.24, 1.45) 0.94 (0.20, 4.37) 0.76
Adjusted for solvent class and covaridtes
Chlorinated 1.96 (1.34, 2.87) 1.25 (0.58, 2.71) 2.26 (1.44, 3.53) 2.22 (0.84, 5.82) 0.36
Stoddard 0.63 (0.33, 1.23) 0.66 (0.18, 2.43) 0.66 (0.31, 1.43) 0.38 (0.04, 3.21) 0.87
Aromatic 0.75 (0.36, 1.55) 1.12 (0.32, 3.94) 0.65 (0.26, 1.61) 0.67 (0.08, 5.41) 0.78

OR, odds ratio; Cl, confidence interval; NTD, nduude defect
20ne month preceding the estimated date of conaefitimugh the end of the third month of pregnancy.
®Effect measure estimates for all NTDs combinedrested using unconditional logistic regression.

¢ Effect measure estimates for NTD phenotypes egtinasing polytomous logistic regression.

4 p-value for Likelihood Ratio test of homogeneityass neural tube defect phenotypes.

Covariates include maternal age, race/ethnicitycation, pre-pregnancy BMI, folic acid and smoking.
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Table 18. Association between maternal occupational exposure during the periomat@gtiiod to organic solvents and orofacial

clefts, National Birth Defects Prevention Study, United States, 1997-2002.

Any OFC® Cleft palaté Cleft lip £ cleft palate
Solvent class OR (95%CI) OR (95%CI) OR (95%CI) ]
Unadjusted
Chlorinated 1.11 (0.86, 1.44) 1.02 (0.68, 1.52) 1.16 (0.86, 1.57) 0.57
Stoddard 1.34 (0.91, 1.96) 1.47 (0.85, 2.54) 1.26 (0.78, 1.99) 0.64
Aromatic 1.02 (0.63, 1.65) 1.20 (0.61, 2.36) 0.93 (0.51, 1.66) 0.54
Adjusted for solvent class
Chlorinated 1.03 (0.76, 1.40) 0.85 (0.52, 1.38) 1.14 (0.80, 1.62) 0.30
Stoddard 1.35(0.86, 2.11) 1.63 (0.85, 3.14) 1.22 (0.72, 2.06) 0.45
Aromatic 0.92 (0.55, 1.52) 1.11 (0.54, 2.29) 0.81 (0.44, 1.51) 0.49
Adjusted for solvent class and covariates
Chlorinated 0.96 (0.70, 1.33) 0.83 (0.50, 1.38) 1.04 (0.72, 1.51) 0.45
Stoddard 1.25 (0.78, 1.99) 1.45 (0.72, 2.87) 1.15 (0.67, 2.00) 0.59
Aromatic 0.88 (0.52, 1.49) 1.03 (0.49, 2.20) 0.80 (0.42, 1.51) 0.58

OR, odds ratio; ClI, confidence interval; OFC, ooidhcleft

20ne month preceding the estimated date of conaefitimugh the end of the third month of pregnancy.
®Effect measure estimates for all OFCs combinedneséid using unconditional logistic regression.

¢ Effect measure estimates for OFC phenotypes estimesing polytomous logistic regression.

4 p-value for Likelihood Ratio test of homogeneityass OFC phenotypes.
Covariates include maternal age, race/ethnicitycation, pre-pregnancy BMI, folic acid and smoking.



4.3.4 Discussion

We observed an increased prevalence of neural tube defects among offspring of
women exposed to chlorinated solvents during the periconceptional period. The observed
association remained after restriction to only isolated cases of Nmdsgft@r adjusting for
several potential confounding factors. Though effect measure estimatestnoeger in
magnitude for encephalocele and spina bifida than for anencephaly, formaldmaityg
testing did not indicate statistically significant differences in the exposffect across
component phenotypes.

Previous studies with comparable exposure assessment and outcome classificati
have not consistently reported an association between occupational solvent exmbsure a
NTDs. In a California study of occupational risk factors for NTDs, Sétaav. (1999) found
no association between organic solvent exposure during the periconceptional peribd and a
NTDs combined (0.97 [0.71, 1.3]). However, a study of maternal occupation among
Mexican-American women in Texas found evidence that women with exposure to glycol
ethers and other solvents were more likely to have an NTD-affected predhahmyur
knowledge, our study is the first to investigate maternal occupational exposureitic spe
classes of organic solvents and NTD phenotypes.

We did not observe a positive association between maternal occupational exposure to
organic solvents and orofacial clefts. This finding is not consistent with a numieeeaf r
studies, all of which have reported large effect estimates for OFC phenatygpesr@us
solvent classes including aromatic, chlorinated and petroleum sol¥€ht&° Given that
all but one of these studies were conducted in France, it is possible that the expodese profi

between study populations differed with respect to other parameters {yntéeguency,
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etc.) not assessed in this study that are relevant to the potential etidlatpnsaip between
solvent exposure and OFC risk.

We caution against the interpretation of null findings as evidence of no associati
between solvent exposure and OFCs or NTDs, since various sources of bias, such as
exposure misclassification, could lead to the masking of effects in our'Stuttythe
absence of direct quantitative exposure measurements for each woman fronaeeookpl
biologic monitoring, our retrospective exposure assessment was limitddriates of
exposure status based on published measurements from similar occupations wédmnethe
industry and era. Our estimation of exposure therefore was unlikely to cegdawuant
within-job variability related to exposure status as well as other potgrdraltal factors,
such as dose and timing.

Our study was also limited by small sample size, driven primarily by te lo
prevalence of estimated solvent exposure in our study population. Though our study had
larger numbers of both NTD and OFC cases than most previous investigations, the results
from the multivariable logistic models adjusting for multiple potential confasndere
based on small numbers and often imprecise, especially for encephalocelaieeffect
measure sizes in both unadjusted and adjusted analyses were similar foosulrexdefect
combinations. A further consequence of small sample size is that if thecéféaqtosure
truly varied across NTD or OFC phenotypes, the likelihood ratio tests of homgg®iagit
have been underpowered to detect such heterogeneity.

The majority of exposed women in our study population were judged to be exposed to
multiple solvents, and the observed exposure correlation was highest within stigsas.

Though correlation in exposure status was expected since mixtures of individual smlgents
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frequently used in the workplace, the observed correlation was also a function of the
exposure assessment method. For example, a number of organic solvents were used for spot
treatment in dry cleaning operations from 1997 to 2002, making it challenging if not
impossible to identify the specific solvent(s) to which any given woman with eehging
job was exposed. In such scenarios, the job would be assigned a non-zero probability of
exposure to all solvent(s) potentially used in that occupation and industry. Therefore
exposure ratings in our study were likely more sensitive than specific, and émesabs
correlation in exposure status was thus high among solvents that were usechsonalieor
were otherwise mutually prevalent in a given job. Given this exposure camektiother
limitation of our study was that we were unable to examine the potential efiexposure to
each of the 10 organic solvemslividually. Grouping solvents by major chemical class
addressed some of the challenges of within-class correlation. However, thiy tfxi
solvents is known to vary across individual solvents within class, and analyses by solvent
class in our study may be biased in an unpredictable direction if exposure @ffects
individual solvents were not additive but rather synergistic or antagoHistic.

In case-control studies with a low prevalence of exposure, suboptimal speuifici
the exposure assessment despite good sensitivity can lead to substamtiatiattef effect
estimates?® We attempted to refine the exposure contrasts in our study and reduce
misclassification by restricting exposed women in a secondary an@lyhisse with at least
one job with an estimated probability of exposure greater than or equal to 10% for any
individual solvent within each solvent class. This strategy did not change the observed
results for Stoddard solvent and aromatic solvents since the vast majoryhafrerated as

exposed to these solvents had a job with an estimated exposure probab#ty In
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contrast, only one third of mothers rated as exposed to chlorinated solvents had a job with a
estimated exposure probabilif0%. The unadjusted OR for chlorinated solvents and
NTDs in this restricted sample was closer to the null (¥s32.85) but also considerably less
precise given the loss in sample size. We note that the association we obseveed bet
chlorinated solvents and NTDs was therefore based on a sample of women with jobs
generally estimated to have a low probability of exposure. This might implghlwainated
solvent exposure has a strong effect on NTD risk, though a more likely explanayitre ma
that the assigned exposure probabilities based on expected prevalence of dgposure
chlorinated solvents in a given occupation and industry did not accurately nedliecdual
probability of exposure or another more relevant exposure measure (e.g., peakdosahal
in our study population.

Despite its limitations, our study also has several notable strength\BDeS is a
geographically and ethnically diverse population-based study with avedydarge number
of controls and carefully classified cases, including stillbirths and ebégterminated
pregnancies. We obtained extensive data from the maternal interview about ocalpati
history and potential confounders including maternal age at delivery, ratceitgt
education, pre-pregnancy BMI, and periconceptional folic acid supplement use dmagsmo
The relatively short recall period (on average within 1 year of deliveryymzed the
potential for recall error in these self-reported data. Our exposure asaepsaTESS
utilized comprehensive literature-based job-exposure databases toegtioatbility of
exposure to 10 organic solvents for every reported job held during the critical window of
developmental susceptibility for NTDs and OFCs. Though resource intensive,atag\str

avoids recall bias associated with exclusive use of self-reported exposaseinontrol
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studies. Finally, by restricting eligibility to women who reported havingastione job
shortly before conception and during pregnancy, we attempted to mitigaleatesi
confounding by socio-economic status and other factors related to employmesat stat

In summary, we observed a positive association between maternal occupational
exposure to chlorinated solvents during the periconceptional period and the prevalence of
NTDs in offspring. Though not consistently reported in previous epidemiologic stumlées, t
finding is biologically plausible given that NTDs may be particularly spsble to oxidative
stressors like organic solvents. Recurring weak associations observed in eloigiemi
studies of suspected teratogens may reflect true underlying causaimsacs and merit
further attentiort’” To establish (or refute) causality, future studies should ideally be
designed to improve upon previous limitations in exposure assessment and outcome
classification in an effort to produce unbiased estimates. Additional expégimesearch is
also needed to advance our understanding of the possible biologic mechanisms by which

organic solvents may cause congenital anomalies.
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CHAPTER 5: DISCUSSION

The primary purpose of this research was to advance our knowledge about the
potential relation between maternal occupational exposure to organic solvents during
pregnancy and the risk of neural tube defects (NTDs) and orofacial clefts)®FC
offspring. During the process of evaluating this research question, we alscedxple
prevalence and patterns of maternal employment during pregnancy taevadupresence
of within-woman variability in employment status over the course of pregnan@ddition
to the strengths, limitations and conclusions that were addressed in detag@spihbtrto each
research objective in preceding chapters, the following chapter highlighisskeg
influencing the results, discusses the broader interpretation of this ressatqrovides

recommendations for future work.

5.1 Summary of findings, strengths and limitations
5.1.1 Patterns of maternal employment before and during pregnancy

As more women enter the labor force, there is increased epidemiologistimteiee
possible effects of employment on adverse pregnancy outcomes. Given thmaingef
prenatal exposures during pregnancy frequently determines the nature auitdicheaof
observed effects, variability in the timing of maternal employment andogmeht-related
exposures should be considered when investigating whether such exposures atenssk fac
for adverse pregnancy outcomes. Yet studies of maternal employment duringipyegna

often obtain only one measure of employment status and assume that employtone (drsta



other related factors of interest, like usual working hours per week) is constaghbut
pregnancy. If employment statusiist constant, this practice can lead to biased measures of
association between employment and adverse pregnancy outcomes due tgifiuatitas

of employment status during the critical window of exposure. Although there arehpdblis
reports in the literature that examine duration of employment during pregnancyoraure
knowledge have examined patterns of employment change to determine, foregxhepl
proportion of women whetart working during pregnancy.

In the first manuscript of this dissertation, we report the prevalence aathpait
maternal employment before and during pregnancy among mothers who padicipa
controls in the NDBPS between 1997 and 2005. Consistent with recent Census data, we
found that 72% of women worked at some point 3 months before and during pregnancy, and
that approximately 80% of these women worked into their last trimester. Unique to our
study, we further examined within-woman patterns of employment statualingviat 75%
of employed women were consistently employed in one or more jobs before pregnancy
through their last trimester, whereas 25% of women changed employment staigs dur
pregnancy. Among this latter group of women, twice as many were empldpee be
pregnancy and later stopped working (15%) than started working after theirrmrgdpegan
(~7%). The observation that employment status is not constant over the courseafq@yeg
for a large proportion of women implies that single measures of employmentrstatumt
accurately characterize maternal occupational exposure occurring theibiologically
relevant time window of susceptibility to exposure. Therefore, we remind igatess to
use a time-dependent assessment of employment status when possible to reduoe expos

misclassification.
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While many studies focus on employment status as the primary “exposure” of
interest, others focus on job title/occupation or job-related exposure (physdabe,
chemical use, etc.). Our study examined within-woman variability in emmaot/status but
not in occupation. Approximately 15% of NBDPS control mothers reported having multiple
jobs before and during pregnarn@§and thus an examination of the patterns of job change
would build on our study and further illustrate the potential for exposure misiclassif
when measures of employment do not correspond to the critical window of exposure. We
also recognize that the allocation of women into different patterns of emplolkedyt
represents a non-random function of demographic, behavioral and obstetricdastmiated
with self-selection into (and out of) employment at different times duringqprey.
Though we do not know the reasons why women changed employment status (prescribed bed
rest, need for more income, no need for more income, etc.), it would be valuable to describe
heterogeneity in the exposure profiles between working women that havendifiatterns
of employment during pregnancy, as differences in sociodemographic andlclinic
characteristics may have implications for the consideration of residual confguardi
selection bias. We intend to explore the possibility of expanding our analysesnmex
patterns of job change as well as to examine factors associated witfoméiadl termination

of employment during pregnancy.

5.1.2 Maternal occupational exposure to organic solvents during early pregnancy
and selected congenital anomalies

In the second manuscript of this dissertation, we investigated the relationroetwee
maternal occupational exposure to organic solvents during the periconceptional period and
NTDs and OFCs (corresponding to Specific Aims 2 and 3). We observed an increased

prevalence of NTDs among offspring of women estimated to be exposed to chatbrinat
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solvents. The observed association remained after restriction to only is@sgésdt NTDs,
and after adjusting for several potential confounding factors. Though odds ratiatesti

were larger for encephalocele and spina bifida than for anencephaly, fanmagjeneity

testing did not indicate statistically significant differences in the exposffect across

specific NTD phenotypes. We did not observe an association between NTDs andcdstimat
exposure to Stoddard or aromatic solvents. For OFCs, we did not observe a positive
association with estimated exposure to any solvent class.

Numerous epidemiologic studies have investigated whether maternal exposure to
organic solvents is associated with congenital anomalies in offspring. lragemesitive
associations are frequently but not consistently reported. Inconsisgings are likely
explained by differences and limitations in study population, outcome atassifi and
exposure assessment. Our objective was to improve upon the methods of previous studies in
several ways. First, rather than use the etiologically heterogeneoameutt all major
malformations combined, we focused exclusively on specific congenital aesroéli
interest. Toxicological data suggest that NTDs and OFCs may be palyisulsceptible
during early embryonic development to oxidative stressors like organic solvdrgsrekise
classification of defects by clinical geneticists, an asset of theREBBllowed us to examine
potential differences in observed effects across multiple distinct pheraifpeth NTDs
and OFCs using polytomous logistic regression. Second, we attempted to reduaesexpos
misclassification by using an exposure assessment process that compemtdexiew of
detailed self-reported occupational histories with era-specific job-axpdatabases
compiled using published data on direct measurements of occupational solvent exposure in

various occupations and industries. Although not as ideal as having individual-level
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exposure data from biologic or environmental monitoring, this strategy naeghtihe
potential for recall bias associated with self-reported exposure, and likaltecein more
accurate exposure assignment than by using only job title to infer potential acarkpl
exposure to solvents. Third, we accounted for several potentially confounding, faistbrs
as folic acid supplementation and smoking, for which extensive timing-specHioveat
obtained during the maternal interview. Lastly, a number of advantageaue$eait the
NBDPS strengthened our analysis, such as the study population, which consistad)ef
population-based sample of demographically diverse mothers of cases and colneyksdde
relatively recently in 8 states across the United States, includingaraseg fetal deaths and
terminations.

Despite the strengths of our analysis, our results must be interpreted slgutidbe
context of our study’s primary limitation: exposure misclassification. rAsipusly
discussed in Section 4.3.4, the exposure assessment was likely sensitive but not highly
specific, meaning that the women truly exposed to a given solvent were likelyateteas
exposed, whereas women who were truly unexposed were less likely to becoatedths
unexposed. This inaccuracy in assignment of exposure status would have resulted in
misclassification of truly unexposed women into the exposed group for analysil, whi
generally leads to severe attenuation of effects when the prevalengosfiexis low and
exposure is dichotomized, as was the situation in our study. Even if our exposumaasisess
could perfectly distinguish between exposed and unexposed jobs, exposure mestiassifi
would still be introduced by within-job and within-woman variability in other exposure
parameters (timing, frequency, intensity, etc.) not assessed in this Stioeyexpected

impact of exposure misclassification in our study is attenuation of the obsereetd eff
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estimates toward the null, though we cannot know with certainty the degree to which or the
direction in which our results are biased since there are likely other fadtaencing our
results, such as selection bias related to the overall NBDPS particip&ion ra

Given the assumption that our results are influenced by substantial exposure
misclassification, we do not interpret the “null” results we observed fonattd solvent
exposure and OFCs to beidence of no associatiofRather, we admit that our study was
unable to detect an association if one truly exists. Yet despite the prestenedtain of
effect measure estimates, we consistently observed a moderatetassbetaveen estimated
exposure to chlorinated solvents and NTDs, even after adjustment for severahibpptent
confounding factors such as race/ethnicity. This suggests either thaettteoéffthlorinated
solvent exposure on NTDs is particularly strong, such that our study was ablectatdet
that there’s another unknown source of bias inflating the effect measuaratest What this
source(s) of bias could be is difficult to conceive, as it would have to be spécHitatting
analyses of NTDs (because we didn’t observe elevated estimates fey &fefurther,
analyses of NTDs and chlorinated solvents (because we didn’t observe elstiatates for
Stoddard or aromatic solvents). We believe that the observed association bejvoseinee
to chlorinated solvents and NTDs — particularly spina bifida and encephalocelebemay

indicative of an underlying relationship that merits further investigation.
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5.2 Direction for futureresearch

Over two decades of epidemiologic research have been devoted to the investifjati
maternal solvent exposure during pregnancy and the occurrence of various congenital
anomalies. Despite advances in study design, exposure assessment dicchaatalyds
over the years, findings are collectively summarized as “inconsistedittha scientific
community remains uncertain about the true effect of solvent exposure during pyegnanc
Perhaps we’ve reached the limit of what can be learned about solvents and congenital
anomalies with the suite of epidemiologic tools currently at our disposal. Thkere ar
significant challenges encountered when studying this particular expasdroutcome of
interest: congenital anomalies are rare, the prevalence of occupatiposiiexis low, the
critical window of exposure is narrow, exposure assessment is indirectlets, one or
even 10 additional studies constrained by the same practical limitations willfimativcety
prove — or disprove — that solvent exposure causes birth defects.

To meaningfully advance our understanding of the relation between occupational
solvent exposure and the risk of birth defects, future research efforts should focug on thre
major areas: First, we need validation studies of indirect measures of cmealpstlvent
exposure during pregnancy, including probability and intensity, so that data gablavar
sensitivity analyses or correction of misclassification error gelapopulation-based studies
that must rely on indirect assessment. Second, we need further laboratochrasea
determine the specific pathway(s) by which individual solvents exert develophoitdy,
which will help to inform population-based investigators about relevant exposuregparam
such as timing, dose, and genetic susceptibility that may be critical toclogie

relationship between solvent exposure and NTDs or other congenital anomalibg. weas
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encourage development of novel exposure biomarkers in media that could be reasonably
obtained for retrospective epidemiologic studies, like maternal serum or newborn blood
spots, which would present a distinct opportunity to revisit this research question with an
independent source of exposure assessment.

Until we have a better understanding of the potential teratogenicseffiectganic
solvent exposure during pregnancy, it's reasonable for women to avoid using organic
solvents or products containing high concentrations of organic solvents, or to take
precautions to minimize exposure (such as using personal protective equipmagtedrtly
pregnancy. Occupational physicians and other health care providers should dissniss pot
exposure to organic solvents with their patients when evaluating other occupasional ri

factors during preconception counseling and early prenatal care.
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APPENDIX A: NBDPSOCCUPATIONAL HISTORY QUESTIONNAIRE

... I

FORM: 02 VERSION: 02
FORM APPROVED: OMB # 0920-0010

OMB EXPIRATION DATE: 05/31/2009

National Birth Defects
Prevention Study

Mother Questionnaire
CATI Version 4.1

Centers for Disease Control and Prevention
U.S. Department of Health and Human Services
Public Health Service

January 26, 2007

Information contained on this form which could permit identification of any individual or
establishment has been collected with an assurance that it will be held in strict confidence
by the contractor and CDC, will be used only for purposes stated in this study, and will not
be disclosed or released to anyone other than authorized staff of CDC without the consent
of the participant in accordance with Section 301(d) of the Public Health Service Act (42
U.S.C. 241d).

Public reporting burden of this collection of information is estimated to average 1 hour per response, including the time for
reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and
reviewing the collection of information. An agency may not conduct or sponsor, and a person is not required to respond
to a collection of information unless it displays a currently valid OMB control number. Send comments regarding this
burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to
CDC/ATSDR Reports Clearance Officer; 1600 Clifton Rd NE, MS D-74, Atlanta, GA 30333; ATTN: PRA (0920-0010).

K\ Projects\ Birthdef\ Quex \ New CATICurrent Version | English20070126.doc 1/26/2007
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National Birth Defects Prevention Study—Mother Questionnaire

Page 74

SECTION H: MOTHER’S OCCUPATION

H1.

H2.

H3.

H4.

HS.

H6.

H7.

The next section is a series of questions about your
work experiences—paid, volunteer, or military
service. This includes part-time and full-time jobs,
jobs at home, and jobs on a farm or outside your
home that lasted one month or more. From 3
months before you became pregnant to the end of
your pregnancy, did you have a job?

Were you (READ CHOICES) or did you do something
else?

SPECIFY:

A homemaker/parent.....(SKIP TO H12) ..

A student. ..(SKIP TO H3)
Disabled .. .(SKIP TO H12) .
Unemployed/in

between Jobs............... (SKIP TO H12)
OTHER .. (SPECIFY THEN SKIP TO H12)
DK.. ..(SKIP TO H12) ..

RF .. (SKIP TO H12) .

What were the names of the companies or organizations you worked for between (B3) and ([DOIB]/[DOPT])?
/ What other companies did you work for? LIST ALL EMPLOYERS, INCLUDING “SELF-EMPLOYED.” IF

STUDENT, CATI FILLS IN “SCHOOL” HERE.
COMPANY/ORGANIZATION:

DKD ASK H4 - H11

RFD SKIP TO H12

What was your job title there? IF STUDENT, CATI FILLS IN “STUDENT” HERE AND SKIPS H5 & H6.

JOB TITLE:

DKD RFD

What did they make or do? IF CONGLOMERATE: What did your division make or do?

SPECIFY:

DKD RFD

Describe what you did and how you did it. What were your main activities or duties? Anything else?

MAIN ACTIVITIES/DUTIES:

DKD RFD

Describe any chemicals or substances you handled or machines that you used or worked in the same room

with. Anything else?

CHEMICALS/SUBSTANCES/MACHINES USED:

K:\Projects  Birthdef\ Quex'\ New CATICurrent Version \ English20070126.doc
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National Birth Defects Prevention Study—Mother Questionnaire

Page 75

H8. What month and year did you start that

job/school?

H9. What month and year did you end that job/school?

DATE: .. ‘_I_, \_I_I_I_,

MM YYYY
DKD DKD
DATE: ... ‘_I_, u_l_l_,
MM YYYY
DKD DKD

CURRENTLY WORKING = DATE OF INTERVIEW

H10. How many days per week did you usually work?
IF STUDENT: How many days per week did you go
to school?

H11.  How many hours per day did you usually work?

IF STUDENT: How many hours per day did you

spend either at school or studying?

DAYS PER WEEK

HOURS PER DAY .

..................................................... L
DKD RFD
DKD RFD

PAPER COPY INTERVIEWER INSTRUCTION: IF RESPONDENT HAS HAD MORE THAN ONE JOB BETWEEN (B3)
AND ([DOIBY[DOPT]), USE SUPPLEMENT SHEET FOR EACH ADDITIONAL JOB. (REPEAT H3 -H11.)

MOTHER’S OCCUPATION-MILITARY

H12.
forces since 19907

Have you served in active duty in the U.S. armed

(SKIP TO I1).
(SKIP TO I1).
(SKIP TO I1).

[N

RFD SKIP TO I1

DKD DKD

H13. H14. H15.
In which country did you serve? From which month and year? To which month and year?
Any other? (IF STILL SERVING ENTER CURRENT
DATE)
A FROM: |_|_| |_|_|_|_| TO: |_|_| \_I_I_I_,
ok AskHi4& His MM Yyvy MM YYyy

DKD DKD

DKD ASKH14 & H15
RFD SKIP TO I1

Prow L LI L1 ||
MM YYYY
DKD DKD

To: I_MIM_I LIYTYIY_I_J
DKD DKD
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