BIRTH DEFECTS FROM IMPAIRED GLUCOSE METABOLISM

1. Meta Hypothesis

Among women without diabetes before pregnancy, impaired glucose metabolism during
pregnancy is associated with risk of major congenital malformations of the heart, central nervous system,
musculoskeletal system, and all birth defects combined.

2. Specific Hypotheses

1. Elevated maternal HgbA1C during the first trimester of gestation is associated with increased risk
of birth defects.

2. Children of mothers with gestational diabetes have an increased risk for birth defects.

3. Mothers with impaired glucose metabolism who supplement with anti-oxidant vitamins or folic
acid reduce the risk of having children born with birth defects.

3. Background and Justification

Among women who have type 1 or type 2 diabetes before pregnancy, the risk of congenital
anomalies in offspring is increased, and animal models confirm the teratogenicity of impaired glucose
metabolism. Whether women first diagnosed with diabetes during pregnancy (gestational diabetes) or
those with lesser degrees of impaired glucose metabolism during pregnancy have offspring with increased
frequency of birth defects has not been determined, though limited data suggest an association (Farrell,
Neale, & Cundy, 2002; Schaefer et al., 1997; Anderson et al., 2005; Kanwar et al., 2005).

3.1 Public Health Importance
Prevalence/incidence

Impairments in glucose metabolism during pregnancy are associated with an increased risk
of birth defects; thus, infants of women with type 1, type 2, and gestational diabetes are at greater risk of
having a birth defect (Casson et al., 1997; Schaefer-Graf et al., 2000). The risk of birth defects among
these infants is estimated at three to five times higher than for nondiabetic mothers and increases as
glycemic control worsens (Kucera, 1971). Major congenital malformations of the heart, central nervous
system, and musculoskeletal system, among the most common defects seen in the offspring of diabetic
women, are induced before the seventh week of gestation (Mills, Baker, & Goldman, 1979). The
prevalence in the general population of targeted birth defects is:

n 0.6 percent of births with major congenital malformations of the heart (Hoffman &
Kaplan, 2002),

L] 0.3 percent of births with central nervous system defects (Branum et al., 2003),
] 0.2 percent of births with musculoskeletal birth defects (Feuchtbaum, 1999), and

n 3-4 percent of births with major birth defects combined (Leppig, Werler, Cann, Cook,
& Holmes, 1987; Lynberg & Edmonds, 1994).
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The total prevalence of diabetes in women ages 20-39 is 1.1 percent and 4.4 percent among
those ages 40-49 (Harris et al., 1998 as cited in Beckles & Thompson-Reid, 2001). Among reproductive-
aged women with diabetes, 0.6 percent younger than 40 and about 1.6 percent of those 40 or older did not
know they had the disease (Harris et al., 1998 as cited in Beckles & Thompson-Reid, 2001). The
combined prevalence of diagnosed diabetes, undiagnosed diabetes, and impaired fasting glucose is 2.9
percent and 10.3 percent among white women ages 20-39 and ages 40-49, respectively. Among Mexican-
American women ages 20-39 and ages 40-49, 5.6 percent and 22 percent, respectively, had diagnosed
diabetes, undiagnosed diabetes, or impaired fasting glucose. Combined prevalence of the same for
African-American women ages 20-39 and 40-49 were 5.8 percent and 17.2 percent, respectively. About
4-7 percent of pregnancies are complicated by gestational diabetes, possibly even higher numbers in
various ethnic groups (Kjos & Buchanan, 1999).

There are two types of impaired glucose tolerance: impaired fasting glucose (IFG) and
impaired glucose tolerance (IGT). Depending on the test used to diagnose impaired glucose tolerance,
prevalence estimates differ. In a cross-section of U.S. adults ages 40-74 tested from 1988 to 1994, 33.8
percent had IFG, 15.4 percent had IGT, and 40.1 percent had pre-diabetes (IGT or IFG or both). When
these percentages of IGT and IFG are applied to the 2000 U.S. population, approximately 35 million
adults ages 40-74 would have IFG, 16 million would have IGT, and 41 million would have pre-diabetes
(National Diabetes Information Clearinghouse, 2004).

Based on data from the 1999-2000 National Health and Nutrition Examination Survey,
approximately 2 percent of U.S. adults between 20 and 39 years old are affected by impaired fasting
glucose, a type of impaired glucose metabolism (Centers for Disease Control and Prevention [CDC],
2003).

Economic and/or social burden

The estimated lifetime cost of birth defects among children born during one year in the
United States is $2 billion for heart defects, central nervous defects, and musculoskeletal defects
combined, and $8 billion (1992 dollars) for all birth defects combined (CDC, 1995).

3.2 Justification for a Large Prospective Longitudinal Study

The study of the broad hypotheses proposed in this document within a longitudinal study is
justified for several reasons: (1) birth defects associated with poor glycemic control can be lethal or cause
morbidity resulting in significant expenditures of health care resources; (2) preliminary studies suggest
the effects of impaired glucose metabolism can be lessened by readily accessible therapies, providing a
base for possible preventive public health recommendations; (3) the prevalence of obesity, impaired
glucose metabolism, type 2, and gestational diabetes in women of childbearing age is increasing steadily;
and (4) the longitudinal nature and potential scope of the National Children’s Study (NCS) provide the
most robust, and perhaps the only adequate, study design to understand the relationship between impaired
glucose metabolism and birth defects.

3.3 Scientific Merit

The NCS can provide new information on the relationship between impaired glucose
metabolism and birth defects. Researchers will be able to identify overt diabetes and occult forms of
abnormal glucose metabolism, ideally before conception, and evaluate their effects on the developing
fetus. Such comprehensive assessment is important because latent disorders of glucose metabolism are
more prevalent than overt diabetes, therefore, many birth defect cases could be attributed to small
increases in associated teratogenic risk. Because the effects of these metabolic abnormalities are poorly
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understood relative to those associated with overt insulin-dependent diabetes, the longitudinal study will
expand the knowledge base of preventive clinical and public health relevance.

3.4 Potential for Innovative Research

The NCS can study glucose metabolism prospectively using objective measurements. This is
an improvement over the many retrospective (e.g., case-control) studies in which the ascertainment of
disease is based solely on maternal self-reports. Where possible, measurements will begin before
conception because glucose metabolism can change during pregnancy. Abnormalities of glucose
metabolism might have multiple effects upon the fetus that manifest themselves during pregnancy (in
fetal death), at birth (as a birth defect), or later (as childhood obesity). The longitudinal component of the
study provides an opportunity to discover and assess the potential multiple effects of altered glucose
metabolism during gestation on children over time.

3.5 Feasibility

The current literature concerning impaired glucose metabolism and birth defects suggests a
number of well-established biomarkers as well as potential confounders and effect measure modifiers can
be collected within the NCS. Some procedures may represent a slight burden to participants, but most
samples and data should be easily obtainable.

Ascertainment of birth defects in the NCS will follow the approach used by existing birth-defects
surveillance programs. There is extensive experience in the ascertainment of birth defects and collection
of clinical information for classification purposes by population-based birth defects surveillance registries
in various states around the country. Some of these registries have served as the basis for a number of
large population-based case-control studies of birth defects such as the National Birth Defects Prevention
Study (NBDPS) in which clinical information was reviewed by clinical geneticists for classification
purposes. The Metropolitan Atlanta Congenital Defects Program has been successful in achieving high
levels of case ascertainment with relatively high quality of the clinical information gathered (Correa et al.,
2007).

Proper classification of cases will be somewhat challenging within a nationwide study such
as the NCS, and experience gained by investigators during the NBDPS could be useful. The NCS
conducted a workshop that included clinical geneticists, pediatric cardiologists, and birth defects experts
from around the country to review and prioritize possible strategies and pilot studies for ascertainment
and classification of birth defects in the NCS.

4, Exposure Measures
4.1 Individuals Targeted for Measurement
Primary/maternal
n Maternal reports of pregestational and gestational diabetes

] Blood glucose and HghA1C

n Serum lipid profiles
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L] Serum insulin or related samples (e.g., C-peptide)
] Serum inositol

n Genetic samples (for exploration of potentially relevant genes such as variable number
tandem repeats [VNTR] insulin, glucokinase)

Primary/child

n Serum glucose

n Serum insulin or related samples (e.g., C-peptide)

L] Genetic samples (for exploration of potentially relevant genes such as VNTR insulin,
glucokinase)

4.2 Methods

Primary/maternal

n Blood samples

n Medical record reviews

Primary/child

n Blood samples

n Medical record reviews

] Physical exams

4.3 Life Stage
Primary/maternal

] Preconception, prenatal, postnatal (follow-up of maternal carbohydrate metabolism
would be a valuable ancillary study)

Primary/child

n Birth
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5.1

5.2

5.3

Outcome Measures

Outcomes Targeted for Measurement in Child

Primary

Assessment for birth defects:

n Standard physical examinations (done routinely on all newborns and infants)
n Review of medical records from birth through age 21

] Photographs of the face in infancy

Methods
Primary

] Direct observations by a medical professional, photographs of the face, or via medical
record reviews

n Clinical information reviewed by experts for classification of birth defects

Life Stage
Primary

L] Birth through age 21

Important Confounders, Mediators, and Effect Modifiers

L] Previous history of birth defects: Mothers whose first child had a birth defect are 2.4
times more likely than other women to have a second infant with a birth defect. Most
of the risk is accounted for by the same defect (Lie, Wilcox, & Skjaerven, 1994).

n HgbAl1C: Low HgbAlC is associated with the reduced incidence of congenital
abnormalities (Haire-Joshu, 1996).

n Maternal obesity (body mass index): Maternal obesity is associated with an
increased risk of birth defects and with impaired glucose metabolism (Anderson et al.,
2005).

] Lipid profile: Maternal fat-modified diets result in lower total and HDL cholesterol
in infants and could be a suitable way to prevent cardiovascular disease among infants
from the beginning of life (Fard, Mehrabian, Sarraf-Zadegan, & Sajadi, 2004).

] Maternal serum inositol: The mechanisms by which hyperglycemia leads to birth
defects are not clear but are probably complex and could be related to oxidative stress,
low inositol levels, and other metabolic abnormalities associated with hyperglycemia.
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Studies in animals suggest low levels of inositol may be associated with an increased
risk of NTDs and other defects (Cockroft, Brook, & Copp, 1992; Hashimoto et al.,
1990; Baker, Piddington, Goldman, Egler, & Moehring, 1990; Green & Copp, 1997;
Cogram et al., 2002). A recent case-control study of spina bifida also suggests that
low maternal serum levels of inositol may be associated with an increased risk for
spina bifida (Groenen et al., 2003). So in evaluating the role of hyperglycemia, it is
important to take into account the inositol status of women early in pregnancy.
Inositol, a sugar with important structural and functional properties, is part of the diet
but is also synthesized by the body. Therefore, measurements of inositol status during
pregnancy will need to be based on maternal serum levels as well as on interview data
on dietary intake.

Insulin gene VNTR: There is some conflicting information regarding this insulin
gene. Most data suggest VNTR variations do not influence early growth, but some
data suggest an increased risk of childhood obesity and insulin resistance (Bazaes et
al., 2003; Bennett et al., 2004; Kraemer, Ratliff, Bartholdi, Brown & Longmire,
1989).

Glucokinase mutation: The intrauterine environment is associated with insulin
resistance in childhood. Birth weight is reduced if one parent has a glucokinase
mutation (Hattersley et al., 1998).

Hormone levels such as cortisol: Fetuses exposed to glucocorticosteroids in the first
trimester had a lowed median birth weight and were born at an earlier gestational age,
which increased the risk for being underweight or having birth defects resulting from
underdevelopment, but did not exhibit an increased teratogenic risk (Gur, Diav-Citrin,
Shechtman, Arnon, & Ornoy, 2004).

Smoking status: The more a pregnant woman smokes, the greater the cumulative
health risk for premature birth and birth defects for her baby. Nicotine and carbon
monoxide play a role in causing adverse pregnancy outcomes (U.S. Department of
Health and Human Services [HHS], 2004; Law et al., 2003; American College of
Obstetricians and Gynecologists [ACOG], 2000; Wang et al., 2002; Little, Cardy, &
Mungar, 2004).

Use of medication: Anticonvulsants can cause serious problems, including mental
retardation and slow growth, in the developing fetus. Other drugs associated with birth
defects include antipsychotic and antianxiety agents and certain antibiotics (Jones,
1996; Hernandez-Diaz, Werler, Walker, & Mitchell, 2000; Hernandez-Diaz, Werler,
Walker, & Mitchell, 2001).

Use of nutritional supplements: Supplementation with folic acid attenuates the risk
for neural tube defects (Berry, 1999; Bower & Stanley, 1989; Czeizel, 1993; Czeizel
& Dudas, 1992; Daly, Kirke, Molloy, Weir, & Scott, 1995; Laurence, James, Miller,
Tennant, & Campbell, 1981; Milunsky, 1989; MRC Vitamin Study Research Group,
1991), cardiac defects (Botto, Khoury, Mulinare, & Erickson, 1996; Botto, Mulinare,
& Erickson, 2000; Czeizel, 1996, Czeizel, Toth, & Rockenbauer, 1996; Lewis, Van
Dyke, Stumbo, & Berg, 1998; Shaw et al., 2002), oral clefts (ltikala, Watkins,
Mulinare, Moore, & Liu, 2001; Lewis et al., 1998; Shaw, Lammer, Wasserman,
O’Malley, & Tolarova, 1995; Tolarova & Harris, 1995; Yang, Khoury, Olney, &
Mulinare, 1997), and urinary tract defects (Czeizel, 1996; Czeizel et al., 1996;
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Lewis et al., 1998; Werler, Hayes, Louik, Shapiro, & Mitchell, 1999; Yang et al.,
1997). Supplementation with antioxidant vitamins appears to attenuate risk for cardiac
defects (Correa, Botto, Liu, Mulinare, & Erickson, 2003). For markers of oxidative
stress, consider collecting first voided morning urine for acrolein-lysine adducts
(ELISA), 8-hydroxy-2-deoxyguanosine (8-OHdG) (ELISA), and nitric oxide
metabolites (colorimetric, non-enzymatic assay). These have been used as markers for
oxidative stress in children with type 1 diabetes (Hata et al., 2006).

Gene-nutrient interaction:  Methylenetetrahydrafolate reductase (MTHFR)
polymorphisms appear to be associated with increased risk of birth defects (Botto &
Yang, 2000). Reduced folate carrier and MTHFR appear to interact with folic acid
supplementation to modify risk of birth defects (Shaw et al., 2002; Shaw, Rozen,
Finnell, Wasserman, & Lammer, 1998).

Family history: About 20 percent of birth defects are hereditary, resulting from the
interaction of genes from one or both parents plus environmental influences. Defects
may include cleft lip and palate, spina bifida, and heart defects (Shaw, Rozen, Finnell,
Wasserman, & Lammer, 1998; Lott, 1996).

Other factors: Recreational drugs have been associated with arm and leg
abnormalities and central nervous system problems (Jones, 1996).

7. Power and Sample Size

For women with and without diabetes prior to pregnancy and their offspring, assuming
100,000 infants are born into the Study, with a prevalence of impaired fasting glucose early in pregnancy
of 2 percent, the power to detect relative risks in the range of 1.5-2.5 for selected major defects is as

follows:
Rate per 1,000 Relative Risk
Birth defect group births 1.5 1.75 2.0 2.5
Heart defects 6 47.4 72.3 87.8 98.3
Central nervous system 3 29.8 48.7 65.6 87.0
All major birth defects 30 96.3 99.9 99.99 99.99

The Study has more than adequate power to assess associations of maternal impaired fasting
glucose and all major defects as a group. Statistical power to analyze subgroups of defects is less than that
for the main defect categories. The power to detect these associations may be also reduced when
controlling for confounders and evaluating effect measure modifiers. If, however, various defects are
associated with maternal hyperglycemia as suggested by the literature on diabetes and birth defects, it
may be possible to group them into a larger group and, thereby, increase the power of the Study to
examine smaller risks and various interactions (e.g., with folic acid or antioxidants).
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8. Other Design Issues

L] Drug/supplement classification: Data collection concerning prescription and over-
the-counter medications and herbal and multivitamin supplements must contain
accurate information about the specific brand, product line, and dosage to be
effectively used in evaluating confounders and effect measure modifiers.

n Ethical/burden considerations: ldentification of clinically significant abnormalities
in carbohydrate metabolism in preconceptional or early pregnant women will require
notification of the woman’s care provider.

L] Cost/complexity of data collection: Diabetes status prior to pregnancy may be
unknown for currently pregnant women who enter the sample. Postnatal assessment of
diabetes status may serve as a surrogate.
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INCREASED RISK OF PRETERM BIRTH FROM INTRAUTERINE EXPOSURE TO
MEDIATORS OF INFLAMMATION

1. Meta Hypothesis

Intrauterine exposure to mediators of inflammation due to infection of either vaginal,
cervical, or uterine sites or of more distal sites (e.g., periodontal disease) is associated with an increased
risk of preterm birth.

2. Specific Hypotheses

1. Intrauterine infection, as indicated by histological evidence in the fetal membranes or placenta at
the time of birth, is associated with increased risk of preterm birth (less than 37 weeks) and early
preterm birth (less than 32 weeks).

2. Pro-inflammatory cytokines in the maternal circulation during pregnancy are biomarkers of
systemic infection that places the fetus at risk for preterm birth.

3. Pro-inflammatory markers in cervical/vaginal secretions are biomarkers of local infection that
increase the risk for preterm birth.

4. Genetic predisposition to an enhanced inflammatory response (e.g., increased production of tumor
necrosis factor [TNF]) among women with evidence of vaginal or other infection during pregnancy
is associated with an increased risk of spontaneous preterm birth.

3. Background and Justification

While the cause of most preterm births is unclear, evidence of placental or chorioamniotic
infection is present in as many as 40 percent of all spontaneous preterm births and in up to 75 percent of
those born before 32 weeks gestation (the infants at greatest risk of subsequent adverse outcome)
(Romero, Espinoza, Chaiworapongsa, & Kalache, 2002; Andrews, Hauth, & Goldenberg, 2000).
Numerous common organisms of generally low virulence (e.g., ureaplasma, mycoplasma, gardenerella)
have been associated with spontaneous preterm birth, and multiple micro-organisms can be present
concurrently. Chorioamniotic or vaginal markers of inflammation and infection have been associated with
preterm birth in the absence of identifiable infectious agents. Most work has focused on the association
between local infection in gestational tissues and the vagina and preterm birth (Goldenberg, Hauth, &
Andrews, 2000). However, systemic infection or infection at sites remote from the fetus, for example,
periodontal disease, have been associated with preterm birth (Offenbacher et al., 1998; Goepfert et al.,
2004; Jeffcoat et al., 2001) although a recent meta-analysis reported that this association was weaker in
high-quality studies than it was in studies of lower quality (Vergnes & Sixou, 2007). The latter findings
suggest a systemic infection of the mother influences the fetus through the blood. At present, it cannot be
ruled out that an association between periodontal disease and preterm birth is the result of confounding,
for example, by socioeconomic status (Goldenberg et al., 2006).

Observation of higher prevalence of infection at birth for preterm births compared to normal
gestation infants has led to suggestions that screening and treatment for infection has the potential to
reduce the incidence of preterm birth. However, interventions intended to reduce risk of preterm birth by
addressing infectious causes of inflammation have, to date, not provided consistent evidence of benefit,
(Pararas, Skevaki, & Kafetzis, 2006). An example includes a randomized trial of antibiotic therapy during
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the interpregnancy interval for mothers with a prior preterm birth in which no difference in preterm birth
was found among 124 analyzable pregnancy outcomes (Andrews et al., 2006). Another trial randomized
823 women for treatment of periodontal disease (scaling and root planning) at 13-17 weeks of pregnancy
but failed to find a resulting difference in proportion of preterm births (Michalowicz et al., 2006) despite
promising results for this therapy in a small pilot study (Jeffcoat et al., 2003). Several explanations can be
proposed for the lack of efficacy of interventions tested to date. First, the choice of an agent for antibiotic
interventions or the timing of their administration (i.e., after infection became symptomatic, when it has
been suggested infections that have a role in preterm delivery may have been present at conception)
(Goldenberg et al., 2000) were not suitable to obtain the desired effect. Second, the presence of infection
and inflammation at preterm birth may not be a case of cause-and-effect but of phenomena with a
common risk factor. Certain research gaps regarding infection and inflammation in preterm birth are best
addressed through observational studies: to more specifically identify the infectious agents and
inflammatory processes most closely related to preterm birth; to obtain better evidence of a causal link
between infection and preterm birth, including evaluating temporal sequence; to determine if infection
causes preterm birth mainly among women or fetuses with variant inflammatory response genes; and to
detect biomarkers for risk of preterm birth.

Observational studies are also needed to investigate genetic susceptibility to the influences
of infection and inflammation on birth outcomes. A putative susceptibility allele of the proinflammatory
cytokine TNF-alpha has been examined in several studies, but a pooled analysis revealed no overall
association between the polymorphism and preterm birth (Menon et al., 2006). A woman with a history of
preterm birth is at high risk of another preterm birth, and incidence varies by race. This implies factors
intrinsic to the mother, possibly genetic, play an important role. There is continued interest in finding
genetic factors that act in the pathway of infection and inflammation effects on preterm birth (Pararas et
al., 2006).

The National Children’s Study (NCS) is an ideal setting in which to address these issues,
because it will enroll a representative sample of pregnant women. This will enable the determination of
the contribution of inflammation to the burden of preterm birth among different ethnic groups. The large
size of the cohort will allow for more definitive data on the presence and magnitude of an interaction
between the TNF-alpha promoter mutation and the presence of bacterial vaginosis on the occurrence of
preterm birth (Goldenberg et al., 2000).

In summary, it is likely inflammation and infection are intimately associated with preterm
birth as well as with short- and long-term neonatal outcomes including neurologic impairment. The exact
mechanism of these associations, including timing and mode of action, remain unclear. And while there
are sufficient data to suggest certain populations are at increased risk (e.g., African-American women),
there may be other predisposing facts such as single nucleotide polymorphisms in inflammatory genes or
other genes also present in women or their infants who ultimately experience this complication. There are
also likely specific pathogens and gene-environment interactions that result in preterm birth and poor
neonatal outcomes.

3.1 Public Health Importance
Prevalence/incidence

Each year in the United States, approximately 12 percent of all births are preterm (less than
37 weeks gestation) and 1-2 percent are early preterm (less than 32 weeks) (Martin, Hamilton, Ventura,
Menacker & Park, 2002). Two-thirds of all infant deaths in the United States occur among those born
preterm; preterm birth is associated with substantial neonatal morbidity, a high risk of long-term
neurodevelopmental deficits, and low academic achievement (Hack et al., 2002). In term pregnancies,
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about 1-2 percent are affected by chorioamnionitis (intrauterine infection), but in pregnancies ending in
preterm births, the prevalence of such infection is higher (Wu & Colford, 2000).

Economic and/or social burden

Hospital charges in 2003 for infants who were preterm or low birth weight totaled $18.1
billion in 2003, and these infants accounted for half of the hospital charges for all infants (March of
Dimes, 2006). The estimate does not include the monetary value related to use of community health
services, the increased educational costs, the costs of social services, nor the out-of-pocket expenses
incurred by the guardians of these children (Petrou, Sach, & Davidson, 2001). This underestimates current
costs because of increasing preterm birth rates and improved survival of preterm infants. Due to large
socioeconomic and racial or ethnic disparities, the U.S. population does not evenly share the medical,
educational, and economic costs of preterm births.

3.2-3.3 Justification and Scientific Merit for a Large Prospective Longitudinal Study

It is likely that inflammation and infection are intimately associated with preterm birth as
well as with short- and long-term neonatal outcomes including neurologic impairment. The exact
mechanism of these associations, including timing and mode of action, remain unclear and can only be
elucidated within the context of a large prospective longitudinal study such as the NCS. The Study will
enroll a representative sample of pregnant women. This will enable the determination of the contribution
of inflammation to the burden of preterm births among different ethnic groups. In addition, the large size
of the cohort will allow for more definitive data on the presence and magnitude of an interaction between
the TNF-alpha promoter mutation and the presence of bacterial vaginosis on the occurrence of preterm
births (Goldenberg et al., 2000).

3.4 Potential for Innovative Research

There is evidence for an association between preterm birth and infection/inflammation as
outlined above, but important questions remain to be answered to develop appropriate screening and
interventions. As a longitudinal study, the NCS can examine issues of causality (exposure preceding
disease) and timing of exposure that cannot be studied in other settings. The study will have good
feasibility and statistical power, as noted below, to address research questions about infection,
inflammation, and preterm birth.

35 Feasibility

Given the present knowledge about infection and inflammation and their relationship to
preterm birth, a number of specific infectious agents can by hypothesized to be risk factors and a number
of proinflammatory cytokines can be hypothesized to be mediators in this pathway. Therefore, the list of
potential biomarkers to be measured in a study is long and may change as knowledge advances. However,
as long as suitable biological samples are obtained in appropriate quantities and stored in a manner that
prevents degradation of DNA and proteins, researchers will have the opportunity to return to these
samples and examine a number of specific biomarkers of exposure as the science develops.

In designing research to examine infection and preterm birth, there are questions about what
tissue and what timing of sample collection will best capture the biologically relevant exposure. For
example, a case-control study observed an association between symptomatic periodontal disease and
preterm birth found periodontal disease was not reflected in local markers of infection (i.e., placental
culture, cord plasma IL-6) (Goepfert et al., 2004). This is indicative of questions about measurement of
local versus systemic infections and potential influence of each on the fetus. Table 1 summarizes the
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types of samples and timing of their collection relevant for assessment of fetal exposures to infection and
inflammation. The study protocol calls for collection of two of the most critical tissues for assessment of
infection: the placenta (including membranes) and the umbilical cord. Amniotic fluid will not be obtained.
The study protocol includes good coverage of maternal samples of interest (i.e., a blood draw and a
vaginal swab at each trimester).

Periodontal disease as a risk factor for preterm birth has received attention in recent
literature. Collection of dental records or physical exams under the study protocol to ascertain presence of
periodontal disease in the mother will not be feasible in the NCS. It is possible several sites might propose
an ancillary study of periodontal disease and preterm birth. Given that periodontal disease is found among
approximately 25 percent of African-American and 15 percent of white and Mexican-American
reproductive age women (Xiong, Buekens, Vastardis, & Wu, 2006), a study of approximately 6,000
women would be needed to detect a 2.4-fold increase of birth at less than 28 weeks of gestation to women
with periodontal disease compared to women with normal periodontal health. Just such a relative risk was
reported in a recent meta-analysis (Xiong et al., 2006). Adding periodontal examinations for this number
of women may be feasible as an ancillary study. Alternatively, assessment of bacterial DNA specific to
pathogens responsible for periodontal disease in maternal sera may provide a surrogate marker for
periodontal disease itself. Biomarkers of infection in maternal serum are another method for the indirect
assessment of periodontal disease.

Table 1. Types of biological samples useful for assessment of infection during pregnancy, and
planned collection under the NCS protocol

Collected under
Priority*  Type of sample  Timing of collection current NCS protocol?  Biomarkers of interest

1 Placenta At birth Yes, B1 Histologic evidence of
inflammation, biomarkerst
2 Membrane (amnion At birth Yes, B1 Histologic evidence of
and chorion) inflammation, biomarkerst
3 Umbilical cord At birth Yes, Bl Histologic evidence of
segment inflammation, biomarkerst
4 Vaginal secretions Each trimester and at  Yes, vaginal swab at Biomarkerst, Gram stain
birth T1,T2/3
5 Maternal cervical  To be decided No PCR for specific
fluid pathogens
6 Maternal urine Each trimester and at  Yes, T1, T2, T3,B1  White cell count, PCR for
birth specific pathogens
7 Fetal cord blood At birth Yes, (cord is collected) Biomarkerst
serum Bl
8 Maternal serum Eacrr: trimesterandat T1,T2, T3 Biomarkerst
irt
¥ Mother and infant ~ Any Yes Genetic polymorphisms
DNA

* Qualitative ranking of importance of this sample type for assessment of in utero exposure to infection.

t Biomarkers include PCR for specific pathogens, cytokine levels, specific gene expression, and glucose level. The former can feasibly be
assessed retrospectively from stored samples.

t For evaluation of gene-environment interaction, not assessment of infection.
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4, Exposure Measures
Primary/maternal
Maternal infection/inflammation:

L] Infection serology (lymphocytes, antibodies, cytokines/interleukins, inflammatory
markers, metalloproteinases)

n Gram stain for bacterial vaginosis
L] Medical history of fever and infection (medicine usage) during pregnancy
] Dental exams (potential adjunct study in subpopulation)
Primary/child
L] Prenatal infection: Umbilical cord/placental histology
L] Infection serology (lymphocytes, antibodies, cytokines/interleukins, inflammatory
markers, metalloproteinases)
4.1 Individuals Targeted for Measurement

The most efficient design would be to conduct detailed assessment of exposure for a case-
cohort or nested case-control sample of participants.

4.2 Methods
Primary/maternal
] Blood samples
] Vaginal fluid swabs self-collected
] Interviews
" Medical record reviews
Primary/child
n Physical sampling at delivery
n Histologic exam of placenta, umbilical cord, and fetal membranes at birth

n Cord blood
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4.3 Life Stage

Primary/maternal

] Prenatal

Primary/child

[ Birth

5. Outcome Measures
51 Outcomes Targeted for Measurement in Child
] Preterm birth: Gestational age; birth weight
5.2 Methods
] Longitudinal data from prior study contacts, including prenatal ultrasounds
] Medical records
5.3 Life Stage
n Birth
6. Important Confounders, Mediators, and Effect Modifiers

n Economic status: Increased risk associated with low educational level; unmarried
status (Centers for Disease Control and Prevention [CDC], 1990), and psychosocial
stress (Hogue, Hoffman, & Hatch, 2001).

L] Race/ethnicity: As a percent of live births, 17.6 percent among blacks are preterm,
11.4 percent among Hispanics, and 10.8 percent among whites (Division of Vital
Statistics, National Center for Health Statistics, CDC, 2003).

(] Mother’s medical history: Increased risk associated with maternal smoking, alcohol
consumption; older maternal age (indicated preterm births); younger maternal age
(spontaneous preterm births); low or high parity; previous preterm birth or stillbirth
(Heffner, Sherman, Speizer, & Weiss, 1993; Meis et al., 1995; Wisborg, Henriksen,
Hedegaard, & Secher, 1996).

n Others: Increased risk; unwantedness of the pregnancy (Olsen et al., 1995;
McDonald, Armstrong, & Sloan, 1992).

] Potential effect modifiers: Antibiotic treatment (which may decrease exposure to
infectious agent-initiated processes of inflammation, especially if systemic, or may
increase exposure through alteration of normal vaginal flora, allowing bacterial
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vaginosis, invasion of inappropriate organisms, or through the dissemination of
proinflammatory mediators after bacterial death).

n Corticosteroids (Goldenberg et al., 2006).

(] Genetics and gene-environment interactions: Some (Macones et al., 2004), though
not all (Menon et al., 2006), evidence suggests a specific polymorphism in the TNF
gene leading to an exaggerated inflammatory response is associated with an increased
risk of preterm birth among women with bacterial vaginosis. Variation in other
proinflammatory genes (e.g., IL-1, IL-6) ( Engel et al., 2005) may also be associated
with increased risk of spontaneous preterm birth among women with infection during
pregnancy.

L] Intermediate variables: Data collection and analysis must be conducted with the
awareness that certain conditions may fall in a causal pathway between infection and
preterm birth (e.g., preeclampsia). Another issue is that factors other than infection
can affect biomarker of inflammation. An example of this is that inflammation has
been cited as possible mechanism of action of noninfectious exposures that contribute
to risk of preterm birth (e.g., air pollutants) (Huynh, Woodruff, Parker, & Schoendorf,
2006).

7. Power and Sample Size

For a number of specific hypotheses, data analysis will be based on a case-cohort or case-
control sample rather than the whole cohort. These designs are appropriate for exposures requiring
expensive or time-consuming assays or data collection (e.g., cytokine assays, PCR for detection of
microbial DNA, or retrospective chart review). Study power for specific hypothesis tests will vary
depending on the outcome selected for analysis (e.g., preterm birth, defined as less than 37 weeks with an
estimated prevalence of 12 percent, or early preterm birth, which may be a more specific endpoint with
infection-associated inflammation but is much less frequent, estimated at 1-2 percent). The exposure of
interest also affects power. Periodontal infection is very prevalent, as high as 30 percent among adults,
whereas the percentage of intrauterine infections with any single specified microorganism will be quite
low. Evaluation of study power should also take into account missing data. Given that missing data can be
expected due to missed clinic visits, subject refusal for certain samples, laboratory assay failure, etc., it
should be expected that not all subjects will have complete data for the exposure of interest and for
covariates. Minimum detectable odds ratios for a range of scenarios are presented in Table 2.
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Table 2.

Minimum detectable odds ratios* (MDOR) for two preterm birth outcomes, by exposure

prevalence
Percent N cases MDOR for each % exposure prevalence
with with
missing complete
Outcome Frequency N cases data data 05% 1% 2% 5% 10% 20%

Preterm birth
< 37 weeks

Early preterm birth

< 32 weeks

Early preterm birth

< 32 weeks

12% 12,000 10% 10,800 150 135 125 115 112 <110
25% 8,000 160 140 130 120 114 110

2% 2,000 10% 1,800 240 200 165 140 130 125
25% 1,500 260 210 170 145 135 125

1% 1,000 10% 900 >3.00 250 200 160 145 135
25% 750 >3.00 270 210 165 150 135

* At 80% power, alpha = 0.05, 1:1 case-control ratio; calculated using Stata software.

8.

9.

Other Design Issues

Changing biomarkers: The list of potential biomarkers to be measured in a study is
long and may change as knowledge advances. However, as long as suitable biological
samples are obtained in appropriate quantities and stored in a manner that prevents
degradation of DNA and proteins, researchers will have the opportunity to return to
these samples and examine a number of specific biomarkers of exposure as the
science develops.

Ideal tissues to collect: In designing research to examine infection and preterm birth,
there are questions about what tissue and what timing of sample collection will best
capture the biologically relevant exposure. The study protocol calls for collection of
two of the most critical tissues for assessment of infection: the placenta (including
membranes) and the umbilical cord. Amniotic fluid will not be obtained. The study
protocol includes good coverage of maternal samples of interest (i.e., a blood draw
and a vaginal swab at each trimester).

Use of periodontal measures: Periodontal disease as a risk factor for preterm birth
has received attention in recent literature. Collection of dental records or physical
exams under the study protocol to ascertain presence of periodontal disease in the
mother will not be feasible in the NCS. It is possible several sites might propose an
ancillary study of periodontal disease and preterm birth.

] Reporting of findings: Issues of reporting of findings to participants and parents of
participants, dependent on what samples are collected and analyzed at what time, will
require special attention.
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INCREASED RISK OF FETAL GROWTH RESTRICTION, PRETERM BIRTH, BIRTH
DEFECTS, AND DEVELOPMENTAL DISABILITIES IN CHILDREN BORN THROUGH
ASSISTED REPRODUCTIVE TECHNOLOGY

1. Meta Hypothesis

Children whose conceptions were aided by assisted reproductive technology (ART) are at
increased risk of fetal growth restriction, birth defects, and developmental disabilities in comparison to
children who were conceived without ART.

2. Specific Hypotheses

1. Singleton fetuses resulting from ART treatment will have higher rates of fetal growth restriction as
compared to singleton fetuses from the general population and also as compared to singleton
fetuses from couples with subfertility who did not undergo ART.

2. Women with singleton pregnancies resulting from ART treatment will have higher rates of preterm
delivery as compared to women with singleton pregnancies from the general population and also as
compared to women with singleton pregnancies arising from couples with subfertility who did not
undergo ART.

3. Infants born from singleton pregnancies resulting from ART treatment will have higher rates of any
birth defects as compared to infants born from singleton pregnancies from the general population
and also as compared to infants born from singleton pregnancies arising from couples with
subfertility who did not undergo ART.

4. Children born from singleton pregnancies resulting from ART treatment will have higher rates of
developmental disability as compared to children born from singleton pregnancies from the general
population and also as compared to children born from singleton pregnancies from couples with
subfertility who did not undergo ART.

3. Background and Justification

ART is infertility treatments in which both oocytes and sperm are handled in the laboratory.
These treatments include in vitro fertilization (IVF) with transcervical embryo transfer (common), IVF
with intracytoplasmic sperm injection (ICSI) and transcervical embryo transfer (common), gamete and
zygote intrafallopian transfer (gametes or zygotes transferred into fallopian tubes rather than uterus,
which is rare), frozen embryo transfer (Iless common), and donor embryo transfer (less common). ART is
recognized as an important contributor to the U.S. low birth weight rate because of the known association
between the use of ART and multiple births (Centers for Disease Control and Prevention [CDC], 2004b;
CDC, 2000) and between multiple births and low birth weight (Martin & Park, 1999). It has been
suggested that concerns about adverse outcomes of ART could be mitigated by single embryo transfer,
avoiding the major complications associated with multiparity (Wennerholm et al., 2000; Catt, Wood,
Henman & Jansen, 2003; Davis, 2004). However, as reviewed below, there is substantial evidence
suggesting increased risk for singleton pregnancies from ART. This hypothesis therefore focuses on the
outcomes for singletons.

National Children’s Study Research Plan
September 17, 2007 — Version 1.3 A2-25



Fetal growth restriction

Many retrospective studies have found rates of low birth weight and preterm birth are
increased among singleton infants conceived with ART as compared with naturally conceived singleton
infants or population-based rates (MRC Working Party on Children Conceived by In Vitro Fertilisation,
1990; FIVNAT, 1995; Gissler, Malin Silverio, & Hemminki, 1995; Verlaenen, Cammu, Derde, & Amy,
1995; Bergh, Ericson, Hillensjo, Nygren & Wennerholm, 1999; Dhont, De Sutter, Ruyssinck, Martens, &
Bekaert, 1999; Westergaard, Johansen, Erb, & Andersen, 1999; Schieve et al., 2002; Schieve et al., 2002;
Jackson, Gibson, Wu, & Croughan, 2004; Schieve, Ferre, et al., 2004; Poikkeus, Gissler, Unkila-Kallio,
Hyden-Granskog, & Tiitenen, 2007). The question remains whether the observed risks for singletons
conceived with ART is a direct effect of the procedure or reflects another factor related to the underlying
infertility of the couples who conceive using these procedures (Westergaard et al., 1999; Buck Louis,
Schisterman, Dukic, & Schieve, 2005). Subfertile controls (i.e., trying for more than one year) who
conceive spontaneously are necessary to address this question. A recent large population-based study
from the Netherlands using subfertile couples conceiving naturally as controls suggests ART (or some
component of it) may have independent adverse effects for low birth weight and preterm birth (Kapeiteijn
et al., 2006). In addition, studies to date have been limited in their ability to evaluate low birth weight due
to intrauterine growth restriction separately from low birth weight due to preterm delivery. This is an
important distinction for understanding etiology and developing prevention strategies. No study has
monitored fetal growth changes prospectively. Rapidly changing ART treatments (most notably, a rapid
increase in the use of ICSI in the past five years) result in a need to re-examine the association with
precise data about treatments (Schultz & Williams, 2002).

Birth defects

Mixed results exist regarding the association between ART and birth defects in the offspring,
with some studies finding no increased risk (MRC Working Party on Children Conceived by In Vitro
Fertilisation, 1990; Friedler, Mashiach, & Laufer, 1992; FIVNAT, 1990; Westergaard et al., 1999), and
other studies finding an increased risk for all birth defects and/or some conditions (Bergh et al., 1999;
Wennerholm et al., 2000; Ericson & Kallen, 2001; Hansen, Kurinczuk, Bower, & Webb, 2002; Bonduelle
et al., 2005; Kallen, Finnstrom, Nygren, & Olausson, 2005; Klemetti et al., 2005; Merlob, Sapir, Sulkes,
& Fisch, 2005; Olson et al., 2005). A recent meta-analysis concluded ART carried a 30-40 percent
increase in the risk of all birth defects as compared with naturally conceived infants (Hansen, Bower,
Milne, de Klerk, & Kurinczuk, 2005). Prior studies have suffered from methodological problems, most
notably low statistical power, and differential case ascertainment and coding schemes for infants
conceived using ART vs. infants conceived naturally (Schieve, Rasmussen, & Reefhuis, 2005). Nearly all
studies have relied on retrospective registry data. Most studies of birth defects have not analyzed
singleton infants separately from infants from multiple gestations, and multiple gestation is a risk factor
for birth defects. Analogous to low birth weight, the question remains as to whether increased risk is due
to the treatment or the underlying infertility (Schieve, Rasmussen, et al., 2004; Kallen et al., 2005; Olson
et al., 2005; Schieve et al., 2005). Work in progress from lowa suggests underlying ovulation disorders
are themselves a risk factor for low birth weight, regardless of infertility treatment received (ART or other
treatment) (VanVoorhis et al., 2006). A large population-based cohort from Denmark found that when
compared to spontaneously conceiving subfertile controls, the incidence of all genital malformations was
increased fourfold although the incidence of birth defects overall was not increased (Zhu, Basso, Obel,
Bille, & Olsen, 2006). (This study is discussed further below.) Retrospective studies will substantially
underestimate the incidence of birth defects because some result in spontaneous abortion or in some
cases, elective abortion, so they are not identified in retrospective cohorts based on births. If such early
terminations of pregnancy were more common in ART pregnancies, then retrospective studies based on
births would underestimate the risk.
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Developmental disabilities

The study of longer-term outcomes such as developmental disabilities among ART children
has been hampered by inadequate sample sizes and follow-up. Cross-sectional studies have generally not
found increased developmental problems for children conceived by ART (Olivennes et al., 2002;
Ponjaert-Kristoffersen et al., 2005). A retrospective population-based study from Sweden reported an
increased risk for cerebral palsy (odds ratio 2.8, 95 percent confidence interval 1.3-5.8), and a
nonsignificant trend for suspected developmental delay (odds ratio 2.0, 95 percent confidence interval
0.7-5.4) among singleton children conceived with ART (Stromberg et al., 2002). The study suffered from
a number of methodological drawbacks, including a reliance on registry data and a lack of standardized
neurodevelopmental evaluation. There have been no longitudinal prospective studies with thorough
follow-up and standardized assessment across children conceived with and without ART.

Epigenetic effects have been shown with ART techniques applied to animals (Khosla, Dean,
Brown, Reik & Feil, 2001, Young et al., 2001) and this may be a possible mechanism for some adverse
outcomes with ART in humans (Schultz, 2005). The rare imprinting disorders Angelman Syndrome and
Beckwith-Wiedemann Syndrome have been linked to ART, though the absolute risk is small (Cox et al..,
2002; DeBaun, Niemitz, & Feinberg, 2003; Chang, Moley, Wangler, Feinberg, & Debaun, 2005; Mabher,
2005; Sutcliffe et al., 2006). Nevertheless, this highlights the potential value of investigating potential
genetic and epigenetic mechanisms for adverse outcomes of ART within a large cohort study (Bjornsson,
Fallin & Feinberg, 2004).

3.1 Public Health Importance
Prevalence/incidence

In the United States and worldwide, the use of ART to overcome infertility is increasing
rapidly. In 2004, the most recent year for which U.S. population-based data are available, more than
128,000 ART procedures were performed, resulting in more than 49,000 live-born infants (CDC, 2004b).
These infants are estimated to represent slightly more than 1 percent of the total infants born in the United
States in 1999. However, ART treatments represent only a fraction of the infertility treatments currently
used. Results from the population-based National Survey of Family Growth suggest that in 2002,
treatment with ovulation stimulation medications without ART was about 15 times more frequent than the
use of ART, and artificial (or assisted) insemination was about five times more frequent (Chandra,
Martinez, Mosher, Abma, & Jones, 2005). In addition, 15.1 percent of married women of reproductive
age reported some type of subfertility, but only 36 percent of women with subfertility ever received any
form of infertility service (of which about half received medical advice only), and only 1 percent ever
received ART. This represents a large pool of subfertile women who may have spontaneous conceptions
and also a large growth potential for increased use of ART and other infertility treatments as accessibility
improves. In a representative sample of births based on 2004’s Preghancy Risk Assessment Monitoring
System (PRAMS) in Utah, 7 percent of intended births without infertility treatment had a time to
pregnancy of greater than one year (representing spontaneous conceptions in subfertile women) (Stanford,
Ellis, Simonsen, & Baksh, 2007).

In the United States, the incidence of fetal growth restriction is approximately 5 percent
(Peleg, Kennedy, & Hunter, 1998). The preterm birth rate has been rising and is 12.5 percent of all births
as of 2004 (Committee on Understanding Premature Birth and Assuring Health Outcomes, 2006). Major
birth defects occur in approximately 3 percent of children born in this country (CDC, 2005; Boyle &
Cordero, 2005). The prevalence of serious developmental delay is estimated from 2-3 percent in national
surveys (Simpson, Colpe, & Greenspan, 2003; Van Naarden Braun, Autry, & Boyle, 2005), while the
presence of any developmental impairment, including mild impairment, is estimated to be 17 percent
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(Rice, Schendel, Cunniff, & Doernberg, 2004; Boyle & Cordero, 2005). Cerebral palsy affects
approximately 0.2 percent of children (Kuban & Leviton, 1994), and autism affects about 0.3 percent
(Yeargin-Allsopp et al., 2003).

Economic and/or social burden

Children with birth defects and those born too small contribute disproportionately to infant
and pediatric health care costs (Sandhu, Stevenson, Cooke, & Pharoah, 1986; Lynberg & Edmonds, 1994;
Committee on Understanding Premature Birth and Assuring Health Outcomes, 2006). An investigation
conducted in the United States in 2003 concluded that the proportion of preterm and low-birth-weight
infants has been growing. Ten billion dollars was spent on care for preterm births in the form of acute
care, education, and child care costs (Cuevas, Silver, Brooten, Youngblut, & Bobo, 2005). A report
estimated an aggregate incremental cost of $26 billion in 2005 associated with preterm birth. That was
$20 billion in direct costs for health care, early intervention, and education and $6 billion in lost
productivity due to the increased risk of developmental disabilities (Institute of Medicine Report, in
press). The lifetime costs for persons born in 2000 were estimated at $51.2 billion for those with mental
retardation, $11.5 billion for those with cerebral palsy, $2.1 billion for those with hearing loss, and $2.5
billion for those with impaired vision (in 2003 dollars) (CDC, 2004a). More than 25 percent of pediatric
hospital admissions are estimated to occur among children with birth defects (Lynberg & Edmonds,
1994). Children with developmental disabilities require special education services, medical services, and
supportive care.

3.2 Justification for a Large Prospective Longitudinal Study

There is strong scientific consensus about the importance of understanding the health
outcomes of ART, including longitudinal studies to identify concerns about child development
(President’s Council on Bioethics, 2004). Although a large body of literature suggests an association
between ART and the adverse outcomes discussed above for children from singleton pregnancies, critical
guestions remain that can be answered only by a large prospective study that includes appropriate
measures (Schieve, Rasmussen, et al., 2004; Schieve et al., 2005). These questions include parsing
whether the associations are due to the ART or are due to the underlying condition of infertility itself,
estimating the potential relative contribution of different types of ART treatment (most notably, ICSI), the
relative contribution of ART to fetal growth restriction and preterm delivery (important for understanding
underlying etiologic pathways and possible routes for prevention of low birth weight), and identifying the
true magnitude of the association based on standardized prospective identification of outcomes.
Prospective identification of outcomes is essential for adequate ascertainment of fetal growth restriction,
birth defects, and developmental disabilities.

3.3 Scientific Merit

One previous study that has similar design characteristics and is of a similar size to the
National Children’s Study (NCS) is the Danish national birth cohort. This study enrolled subjects during
the first or second trimester of pregnancy from 1997 to 2003 (Zhu et al., 2006). This study included
50,897 singleton births and 1,366 twin births born to normally fertile women, 5,764 singletons and 100
twins born spontaneously to subfertile couples, and 4,588 singletons and 1,690 twins born to subfertile
couples with treatment. Exposure data for treatment were obtained by questionnaires, and pregnancy and
child outcomes were obtained by linking to the national hospital register and medical birth register. As
noted, this study found an increase in genital organ malformations among singletons conceived with the
aid of infertility treatment compared to subfertile couples who conceived naturally. When broken out by
treatment class, there was some evidence this might be most related to undergoing ICSI. There was also
an increase of all malformations among spontaneously conceiving couples with longer times to pregnancy
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(adjusted hazard ratio 1.3 for couples taking longer than 12 months to conceive compared to couples
taking two months to conceive). Thus, this study found some evidence suggesting both connections to
adverse outcomes both for underlying infertility and for infertility treatment.

The NCS could examine these questions:

n Exposure: Retrospective assessment through questionnaires of the type of infertility
treatment, including different types of ART and other treatments. Prospective data
from maternal reports may be available from women participating in the prepregnancy
aspects of the Study.

L] Outcome: Fetal growth trajectories assessed by ultrasound in utero. Standardized
clinical examinations for malformations at birth. Capture of most early pregnancy
outcomes, including early miscarriage or abortion. Standardized sequential
neurodevelopmental evaluations for childhood.

] Extended outcomes: Longer term follow-up for developmental issues in adolescence,
including pubertal transitions.

n Mechanisms: Genetic and epigenetic investigations of both parents and of the
children.

n Potential confounders: Detailed data on environmental and chemical exposures,
dietary exposures, as well as data on treatments received during pregnancy.

3.4 Potential for Innovative Research

As described immediately above, the NCS would be able to examine these hypotheses more
rigorously than any study. Perhaps the greatest potential for innovation in relation to these hypotheses
comes from the opportunity to investigate the potential genetic and epigenetic mechanisms for adverse
outcomes of ART within a large cohort study (Bjornsson et al., 2004). In addition, structuring the study to
test these hypotheses will result in a cohort able to answer questions about other specific child health
outcomes from subfertility and ART that may arise in the future.

3.5 Feasibility

Most of the measurements necessary for this hypothesis are already incorporated into the
study protocol or else can be easily added with minimal change of burden for the participants. The follow-
up schedule is adequate for the study. The major alteration that would be required in the study to address
this hypothesis would be to expand the sampling frame to include a targeted subsample of couples
undergoing ART as described under “Power and Sample Size.” Addressing these hypotheses with the
study protocol is feasible.

4, Exposure Measures

The following lists include measures relevant to a robust exploration of the hypotheses,
including exploring possible mechanisms and confounders:
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4.1 Individuals Targeted for Measurement

Primary/maternal

n Maternal reports of reproductive health/infertility.

] Genetic information.

L] Hormones.

Primary/paternal

n Infertility.

] Genetic information.

4.2 Methods

Primary/maternal

] Questionnaire materials: Age; prior menstrual and pregnancy history; history of any
infertility evaluation and treatment for index or expected pregnancy; time “at risk” of
pregnancy at time of study entry and again at time of diagnosis of pregnancy;
smoking; alcohol; and socioeconomic status.

n Desirable questionnaire measures: Daily diaries of bleeding, coitus, and vaginal
mucus discharge for at least one of the cycles leading to the index pregnancy
performed and recorded by the ART center. For women not completing daily diaries,
usual frequency of sexual intercourse will be queried upon entry into the study. Prior
gynecologic history, including the history of sexually transmitted infection. Family
planning history (especially use of hormonal methods). History of infertility
evaluation and treatment in past. Time to pregnancy question for past pregnancies.
Prior history of periods of noncontracepted sexual intercourse and family planning
use.

] Anthropomentric measures: Height and weight.

n Exact infertility diagnoses and details of treatments, including ART (IVF and ICSI),
and other evaluations or treatments.

L] Prenatal treatments (such as progesterone) for index pregnancy. (These cannot be
obtained reliably from the couple by questionnaires alone).

] Basal serum FSH and estradiol levels if available from the ART Center.

] DNA of both parents.

Primary/paternal

n Essential questionnaire materials: Age; history of infertility evaluation or treatment
for index pregnancy; smoking; alcohol; and socioeconomic status.
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4.3

L] Exact infertility diagnoses and details of treatments, including ART (IVF and ICSI),
and other evaluations or treatments.

n Prior andrologic history, including sexually transmitted infection, pregnancies caused,
and prior history of infertility treatments.

] Anthropomentric measures: Height and weight.

n DNA of both parents.

Life Stage

Primary/maternal

n Preconception/periconception and following birth (depending on contact availability)
Primary/paternal

L] Preconception/periconception and following birth (depending on contact availability)

Outcome Measures

The following lists include measures relevant to a robust exploration of the hypotheses,

including exploring possible mechanisms and confounders:

5.1

5.2

Outcomes Targeted for Measurement in Child
Primary

n Preterm birth.

] Congenital malformations.

] Developmental disorders.

Methods

Essential questionnaire measures

n Child developmental measures: Screening questionnaires regarding the child
periodically in childhood; assessment of social environment for the child in relation to

potential impacts on development.

] Standardized physical examination of all neonates and infants with attention to the
ascertainment of birth defects.

[ Abstraction of relevant clinical information on birth defects from medical records.
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L] Reviews of clinical information for classification of birth defects by clinical
geneticists.

n Standardized psychoneurologic assessment for developmental milestones periodically
through childhood.

] Neonatal complications; evaluations or treatments in relation to possible birth defects
or developmental delay.

n Desirable measures from medical records (ideally prospectively or perhaps
retrospectively): School records.

L] Biologic measures: DNA of infant/child.
n Fetal biometric measurements from ultrasound.

(] Radiology: Neonatal cardiac ultrasound, if available (for structural defects).

5.3 Life stage

Prenatal, birth, and childhood through early adulthood.

6. Important Confounders, Mediators and Effect Modifiers
] Maternal age at conception
] Parity
n Previous obstetric outcome
n Ethnicity
] Socioeconomic status

n Genetic carrier states of parents

7. Power and Sample Size

The study design must ensure the sample selected is appropriate to study the effects of ART
on various outcomes for singleton births separately. Because a high proportion of ART births are
multiple, this must be factored into sample size estimations. It may be desirable to inflate the ART sample
in order to have full power to assess major subtypes of ART (e.g., IVF with and without ICSI). Based on
the following table, a minimum of 3,000 and a maximum of 16,000 ART-exposed pregnancies will be
needed to adequately address the hypotheses, depending on whether power is sought for specific
conditions of low incidence, and whether full power is desired to analyze two subgroups of ART. By
comparison, the Danish national birth cohort included 4,588 singleton infants exposed to infertility
treatment of which only a subgroup of unreported size actually had ART (Zhu et al, 2006). Within the
existing study sample frame, approximately 1,000 infants will be ART-exposed, meaning that targeted
oversampling for participants with ART will be necessary for sufficient power for the hypotheses. Of the
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approximately 85,000 non-ART pregnancies available for the nonexposed comparison group,
approximately 7 percent (5,950) can be expected to be pregnancies resulting from spontaneous
conceptions to subfertile couples, allowing for somewhere between a 1:1 and 10:1 ratio of ART-exposed
to unexposed pregnancies resulting from spontaneous conceptions from subfertile couples.

Table 1. Sample Size Calculation
5 6
Number of Number of
ART live birth ART
3 4 deliveries pregnancies
2 Minimum Sample size needed to needed to
1 Prevalence | expected increase | of singleton | obtain number | obtain number
Outcome of in general | in ART singleton | births needed | of singletons in | of deliveries in
Interest population population in ART group column 4 column 5
Intrauterine 5% 1.5 fold (7.5%) 925 1,423 1,674
growth
restriction
(term infants)
Preterm 10.0% 1.5 fold (15.0%) 434 668 809
delivery
Birth defects 3.0% 1.5 fold (4.5%) 1,578 2,428 2,856
(all)
Serious 2.0% 1.5 fold (3.0%) 2,395 3,685 4,335

developmental
disabilities (all)

Mild-serious 17.0% 1.5 fold (25.5%) 233 358 421
developmental
disabilities (all)

Specific birth 1.0% 2.0 fold (2.0%) 1,445 2,223 2,615
defect or
developmental
disability

Specific birth 0.5% 2.0 fold (1.0%) 2,909 4,475 5,265
defect or
developmental
disability

Specific birth 0.3% 2.0 fold (0.6%) 4,861 7,478 8,798
defect or
developmental
disability

Assumptions: Column 4: At least 4:1 ratio non-ART (nonexposed) to ART infants; alpha = 0.05 (two-sided); Beta = 0.2. Column 5: 65% of
deliveries will be singletons. Column 6: 15% fetal loss rate.

8. Other Design Issues

n Ethical/burden considerations: Couples seeking ART are already undergoing
intensive and time-consuming medical testing and treatments. Preconception data
collection could be structured to coincide with their regular visits to an infertility
clinic. While it would be ideal to recruit all ART-exposed women preconceptionally,
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it would also be possible to recruit women and their partners at the time of conception.
For many couples, infertility is an emotionally charged condition, and it may turn out
that willingness to participate is more likely once conception has occurred.

L] Cost/complexity of data collection: A sampling strategy that incorporates selected
recruitment at infertility treatment centers will be required. These centers should be
located at or near the study sites to maximize comparability of the women recruited.
Arrangements will need to be made with infertility clinics to facilitate coordination of
data collection, including review of records of diagnosis and treatment.
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MATERNAL SUBCLINICAL HYPOTHYROIDISM AND NEURODEVELOPMENTAL
DISABILITIES/ADVERSE PREGNANCY OUTCOMES

1. Meta Hypothesis

Maternal subclinical hypothyroidism is associated with adverse pregnancy outcomes and
neurodevelopmental disabilities.

2. Specific Hypotheses

1. Maternal subclinical hypothyroidism during pregnancy results in changes in neurodevelopmental
trajectories in the offspring.

2. Maternal/fetal environmental exposures during gestation result in changes in neurodevelopmental
trajectories in children, at least in part, via disruption of the maternal thyroid system.

3. Maternal subclinical hypothyroidism during gestation results in adverse pregnancy outcomes,
specifically preterm birth (delivery earlier than 37 weeks) and preeclampsia.

4. Maternal hypothyroidism in the first trimester of pregnancy before the fetus can produce its own
thyroxine is more damaging to childhood neurodevelopment than hypothyroidism later in
pregnancy (American Thyroid Association [ATA], 2004).

3. Background and Justification

Epidemiologic data show suboptimal thyroid function in pregnancy is associated with
impaired intellectual development. Two studies have shown an association between low thyroid hormone
concentrations in early gestation and significant 1Q decrements in children at 7 years and 10 months of
age, respectively (Klein et al., 2001; Pop et al., 1999) although both studies are single-center studies with
small sample sizes. Further evidence for this association comes from a recent study showing an inverse
correlation between the severity of maternal hypothyroidism and 1Q of the offspring (Klein et al., 2001)
and from a study suggesting maternal hypothyroidism in the first trimester of pregnancy before the fetus
can produce its own thyroxine is more damaging to childhood neurodevelopment than hypothyroidism
later in pregnancy (Pop et al., 2003).

In 2004, a statement from the ATA and the American Association of Clinical
Endocrinologists workshop “Impact of Maternal Thyroid Status on Pregnancy and Fetal and Childhood
Development” concluded although hypothyroidism from iodine deficiency in the United States has been
addressed, “there are still additional adverse outcomes for maternal health, maintenance of pregnancy,
and child development that may occur as a result of overt maternal hypothyroidism, as well as subclinical
hypothyroidism (normal serum thyroxine concentration and elevated serum thyroid-stimulating hormone
concentration), maternal hypothyroxinemia (depressed serum free thyroxine concentration), and the
presence of thyroid autoantibodies (Pop et al., 2003).” The ATA highlighted several recent research
findings, among which two are particularly relevant to this proposed hypothesis and need further data
with regards to “magnitude:”

n Pregnant mothers with overt or subclinical hypothyroidism are at an increased risk for
premature delivery.
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(] The offspring of mothers with (subclinical) thyroid hormone deficiency or thyroid-
stimulating hormone elevation during pregnancy may be at risk of mild impairment in
their intellectual function and motor skills (Casey, 2005).

Autoimmune disorders are considered to be the most common cause of hypothyroidism in
reproductive-age women (Brucker-Davis, 1998). However, endocrine disruption as a mode of action for
the toxicity of chemicals has been of increasing interest and concern during the past decade. Of particular
interest are chemicals demonstrated to alter thyroid hormone function in laboratory animals and wildlife.
There is much less information from studies that assess thyroid effects in humans (Howdeshell, 2002). A
recent review listed 116 chemicals that could interact with thyroid hormone status (Landrigan, Garg, &
Droller, 2003). Although the potential of environmental chemicals to interfere with thyroid function is
well established, the role of endocrine disruption in hypothyroidism at the population level is not known.

While the literature suggests variations of endocrine parameters, such as thyroid dysfunction
in utero, appear to be associated with developmental disabilities in the resulting child, the threshold for
manifestation of these effects is currently undefined. There are information gaps regarding the potential
effects of hormonally active agents in the environment on the developing fetus via maternal endocrine
disruption. There also are potential direct interactions with the fetus for agents that can cross the placental
barrier. A recent conference that focused on evaluation of endocrine disruption within the National
Children’s Study (NCS) investigated the issue of thyroid hormone function as well as other endocrine
effects. Scientists who participated in this workshop highlighted the potential for chemical exposures to
cause subclinical hypothyroidism or subclinical hypothyroxinemia and thus increase the risk for adverse
health and developmental outcomes in children as an important priority for the Study (Longnecker et al.,
2003; Chung, Lau, Yip, Chiu, & Lee, 2001).

Maternal depression affects fetal health (Van den Bergh, Mulder, Mennes, & Glover, 2005;
Chrousos, Torpy, & Gold, 1998). Although psychological and biological explanations have been
researched, hypotheses focused on hormonal exposures have received more attention. Depression is
known to affect thyroid and pituitary function and is associated with hypothalamo-pituitary-adrenal
(HPA) axis hyperactivity. Maternal stress, anxiety, or depression (factors regulated by peptides derived
from the activated HPA axis) each affect birth outcomes (Paarlberg, Vingerhoets, Passchier, Dekker, &
van Geijn, 1995; Sandman et al., 1994; Sandman, Wadhwa, Chicz-DeMet, Dunkel-Schetter, & Porto,
1997; Smith et al., 1990; Wadhwa, Dunkel-Schetter, Chicz-DeMet, Porto, & Sandman, 1996). Thus,
increased HPA-axis activity, including subclinical hypothyroidism and hypothyroxinemia, through
psychological influences such as depression, may directly affect maternal and fetal function, fetal growth,
and ex utero growth and function.

Clinical maternal hypothyroidism also has been linked to adverse pregnancy outcomes,
including infertility, preeclampsia, placental abruption, postpartum hemorrhage, and associated perinatal
morbidity and mortality with a high frequency of low birth weight and fetal death (Davis, Leveno, &
Cunningham, 1988; Lao, Chin, & Swaminathan, 1988). Subclinical hypothyroidism has been linked to
eclampsia, preeclampsia, and gestational hypertension (Leung, Millar, Koonings, Montoro, & Mestman,
1993). Thyroid hormone status (decreased free T4 and increased thyroid-stimulation hormone) also has
been found to be related to severity of preeclampsia and degree of low birth weight (Basbug et al., 1999).
Preterm babies born to mothers with preeclampsia and hypothyroxinemia show lower thyroid hormone
levels in utero and at birth (Belet, Imdat, Yanik, & Kucukoduk, 2003; Chan, Chiu, & Lau, 2003).
Evidence supports the premise that clinical hypothyroidism is associated with preeclampsia, preterm
birth, and associated adverse outcomes in infants. Subclinical hypothyroidism and hypothyroxinemia may
be implicated as well, but it has not been adequately studied.
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3.1 Public Health Importance
Prevalence/incidence

The prevalence of subclinical hypothyroidism during pregnancy in the United States is
estimated at 2.4 percent (Casey et al., 2005). No data exist to define the proportion of these cases
resulting, either in part or in total, from environmental exposures. While preeclampsia and spontaneous
preterm birth remain major contributors to adverse long-term outcomes for children, it is not clear what
proportion of these cases are from subclinical hypothyroidism, environmental exposures, or the
interaction between environmental exposures and resultant thyroid dysfunction.

Economic and/or social burden

No studies have precisely calculated the costs associated with thyroid dysfunction during
pregnancy. Although newborn screening for congenital hypothyroidism already occurs in all states,
maternal screening for thyroid dysfunction during pregnancy is not yet considered an obstetric standard of
care. The screening of all million pregnant women delivering live-born infants each year in the United
States could lead to several billion dollars annually in screening costs alone just for detection of
subclinical hypothyroidism or hypothyroxinemia. The costs of treatment would add substantial additional
expenditures. All these costs should be adequately justified in a prospective fashion.

3.2 Justification for a Large Prospective Longitudinal Study

No data exist to guide clinical obstetric decision making regarding appropriate interventions
for subclinical hypothyroidism or hypothyroxinemia during pregnancy. Although a randomized clinical
trial of thyroxine replacement vs. placebo for such women is registered with clinicaltrials.gov (NCT
00388297), results will not be available until at least 2015, and the study is not addressing environmental
influences on laboratory testing or outcomes. In addition, this randomized clinical trial will follow
subjects only to age 5.

As a result, a large prospective longitudinal study that collects information both about
maternal thyroid function and environmental exposures and correlates these data with truly adequate
long-term outcomes is needed in order to guide future interventions and public policy.

3.3 Scientific Merit

Such a study has obvious clinical applicability and scientific merit. All of the dependent and
independent variables described below are validated and accepted as appropriate clinical markers capable
of answering the relevant study hypotheses. The potential clinical implications are tremendous.
3.4 Potential for Innovative Research

The evolving disciplines of genomics, proteomics, and epigenetics will offer multiple
opportunities to assess the interactions between maternal and fetal thyroid genetic regulation and
environmental exposure.
3.5 Feasibility

This study is likely to be accomplished within the NCS framework. The independent

variable samples will be collected within the basic framework of the study (maternal and cord blood,
environmental exposures, long-term function of children). No extra interventions are required beyond
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those already outlined in the Study’s basic framework. Information will also be available on all newborns
from newborn metabolic screening.

4, Exposure Measures
4.1 Individuals Targeted for Measurement
Primary/maternal
n Maternal thyroid status, including L-thyroxine (T4), free thyroxine (free T4),
L-triiodothyronine (T3), free T3, thyroid stimulating hormone, thyroid gland
enlargement, and serologic markers of thyroid autoimmunity (anti-thyroid peroxidase,
anti-thyroglobulin, thyroid-stimulating, and TSH receptor-binding inhibitory
antibodies), prepregnancy or in the first trimester, as well as in the third trimester.
] Maternal stress during pregnancy as assessed by stress hormones (e.g., cortisol) and
report of stressful situations, anxiety, or depression.
Primary/child
] Neonatal thyroid status as assessed by L-thyroxine (T4), free thyroxine (free T4),
L-triiodothyronine (T3), and thyroid stimulating hormones.
4.2 Methods
Primary/maternal
n Biological specimens: Blood, urine, saliva, breast milk
] Examination by a medical professional
] Interview(s)
Primary/child
n Umbilical cord blood culture/pathology
] Blood samples/newborn blood spots
4.3 Life Stage
Primary/maternal
] Repeated measures: Preconception, first through third trimesters, birth, and during
nursing period
Primary/child
] Repeated measures at birth, during infancy
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5.1

5.2

5.3

Outcome Measures

Outcomes Targeted for Measurement in Child

Primary

L] Neurodevelopmental trajectories via neurocognitive and developmental tests including
IQ, domain-specific evaluations of attention/concentration, executive function,
learning, memory and motor skills

n Preterm birth: Gestational age, birth weight

Secondary

] School performance

Methods

Primary

n Study personnel will include a neurological examination and clinical and
observational tests, including Bayley Scales of Infant Development Il1, with subtests
for cognition, motor skills, and language. Future neurological exams will be age-
appropriate.

Secondary

(] School record examination for grades/performance

Life Stage
L] Primary/child: 1, 6, 12, and 18 months; 3, 5, 7, 9, 12, 16, and 20 years

n Secondary/child: Follow-up in year 7, 9, 12, 16, and 20

Important Confounders, Mediators, and Effect Modifiers

L] Child’s exposure to neurotoxicants (e.g., lead) during childhood: Increased
exposure to other neurotoxins would increase adverse neurodevelopment behavior
(Steenland et al., 1994; Calvert et al., 1998).

L] Family history: Twin and family studies have suggested a genetic link, which may be
shown through family histories, to neurodevelopmental disorders (Muhle, Trentacoste,
& Rapin, 2004).

(] Mother’s medical and obstetrical histories: Particularly in cases without a family
history, various obstetric complications are often cited as possible causes for fetal
neurodevelopmental disruption and consequent disorders (Nelson & Willoughby,
2000).
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Economic status: Increased risk of preterm birth is associated with low educational
level; unmarried status (Centers for Disease Control and Prevention, 1990).

Race/ethnicity: As a percent of live births, 17.6 percent among blacks are preterm,
11.4 percent among Hispanics, and 10.8 percent among whites (U.S. Department of
Health and Human Services, 2003.).

Mother’s medical history: Increased risk of preterm birth is associated with maternal
smoking, alcohol consumption; older maternal age (indicated preterm births); younger
maternal age (spontaneous preterm births); low or high parity; previous stillbirth
(Heffner, Sherman, Speizer, & Weiss, 1993; Meis et al., 1995; Wisborg, Henriksen,
Hedegaard, & Secher, 1996).

Function of endocrine disruptors: The role that endocrine disruptors play in the
relationship between maternal hypothyroidism and child neurodevelopment will be
investigated. Measurements of endocrine disruptors will be made available through
data collected for other NCS hypotheses (in particular, Hypothesis 5) and will allow
for the examination of whether endocrine disruptors have an impact on maternal
thyroid status during pregnancy and on neurodevelopment of the offspring.

Others: Unwantedness of the pregnancy (Olsen et al., 1995; McDonald, Armstrong,
& Sloan, 1992).

7. Power and Sample Size

Assuming 100,000 infants born into the Study with an exposure prevalence of 2 percent, a
type I error of 0.05, and power of 0.8, the smallest detectable relative risk would be, for cerebral palsy,
2.8, and for autism, 2.4. Adjusted odds ratios for Bayley PDI are less than 85 for infants of women with
free T4 values less than the tenth percentile at 12 weeks’ gestation have been reported as 5.8 (95 percent
confidence interval 1.3-12.6) (Pop et al., 1999). In Maine, 15 percent of children born to women with
hypothyroidism measured in the second trimester scored below 85 on WISC full-scale 1Q at a mean age
of 8 years, compared to 5 percent of children of women who were euthyroid (Haddow et al., 1999). These
studies, which suggest three-fold or greater risks of intellectual disabilities in the offspring of mothers
with hypothyroidism indicate the Study will have the power to detect similar relative risks.

8. Other Design Issues

Cost/complexity of data collection: Since the Study will collect maternal serum in
the first and third trimesters of pregnancy and the children will be routinely followed
for their cognitive and neurological development, this hypothesis could be addressed
through data and specimens already included in the study plan.

Cost of sample analysis: Analyses to assay TSH in maternal serum are inexpensive
and can be automated. Free T4, however, is somewhat more complex and expensive
to assay.
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