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Abstract

Maternal thyroid function is closely tied with normal fetal developmental processes, and
clinical thyroid hormone deficiencies have been associated with a number of adverse
outcomes, ranging from obstetric complications to impaired neurodevelopment.
Maternal hypothyroxinemia, a subclinical thyroid hormone deficiency, has also recently
been proposed to be detrimental in fetal development. To determine whether this
condition is adversely related to fetal growth or early neonatal morbidity, a prospective
cohort was employed to examine the association between maternal hypothyroxinemia
during the early second trimester of pregnancy and the outcomes of fetal growth
restriction and neonatal condition at birth. Using measures of small for gestational age,
standardized birth weight z-score, and low Apgar score, no relationship was found

between a maternal thyroxine deficiency and a compromised neonatal presentation.
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Chapter 1

Introduction

1.1. Literature review

1.1.1. Background

The course of fetal growth is highly significant in determining neonatal well-being and
subsequent postnatal development. The impact of a restriction of fetal growth can be
keenly felt, as these infants have an increased susceptibilify to immediate and long-term
morbidities, as well as a greater risk of mortality (1). The etiology of fetal growth
restriction is complex, and currently there exists a plethora of known and suspected risk
factors. However, in many cases, the details of the underlying mechanisms associated
with these risk factors remain largely speculative. A reduced ability to transfer nutrients
and oxygen to the fetus is one of the dominant proposed pathways in the etiology of fetal
growth restriction, potentially arising as a result of decreased uterine blood flow,
placental insufficiency, or maternal malnutrition. Disruptions of crucial signaling
molecules are also believed to be important, with evidence supporting an important role
of the availability of hormones such as insulin, thyroxine, and glucocorticoids, as well as

other factors such as insulin-like growth factors (2).

Hormonal regulation is a key process in fetal development. Organogenesis is highly
dependent on the precise coordination of chemical signals acc;ording to a strict temporal
sequence, and cues from thyroid hormones are among those that promote development,
being key contributors to normal cardiac, pulmonary, and nervous system functioning (3).
In 1999, two publications were released suggesting that disruptions of maternal thyroid
homeostasis can disturb fetal development, despite the normal functioning of the fetal
thyroid gland. Impaired fetal neurodevelopment was found to be associated with both
maternal hypothyroidism (4) and maternal hypothyroxinemia (5), a condition widely
regarded as a subclinical thyroid hormone deficiency, in which free thyroxine levels are
reduced and thyroid-stimulating hormone concentrations remain in the normal range. In

response to the study on hypothyroidism (4), a letter to the editor suggesting that



hypothyroxinemic women in the control group could be diluting the effect size of the
adverse neurodevelopmental effects associated with hypothyroidism prompted further
analysis (6). In a regression examining maternal thyroxine levels and the
neurodevelopment of the children in the control group, a 10-point increase in 1Q was
observed from the low to the high ends of the range of free thyroxine levels (p=0.13), a
trend supporting the claim that hypothyroxinemia impairs fetal development in a manner
similar to that of hypothyroidism (6). These studies raised the profile of research on
hypothyroxinemia, focusing more attention on the effects of this condition on perinatal

outcomes, including on fetal growth restriction (7-9).

This chapter will be organized as follows: a brief overview of fetal growth restriction and
early neonatal morbidity will be provided, followed by a description of the thyroid gland
and its role in pregnancy and development. Selected thyroid diseases will be examined,

with a focus on hypothyroxinemia and its relationship to fetal growth.

1.1.2. Restriction of fetal growth

Classically, fetal growth restriction has been measured as low birth weight. According to
the World Health Organization (WHO), an infant with a low birth weight is one less than
2,500 grams at its first weighing, which is ideally performed within one hour of birth
(10). This has been consistently shown to be an important predictor of neonatal
morbidity and mortality and is currently in widespread use. While birth weight is easily
obtained and measured, low birth weight in and of itself does not accurately describe the
well-being of the newborn. Two important factors to consider in the interpretation of

birth weight are the length of gestation and the presence of intrauterine growth restriction.

Length of gestation is inherently variable among births in a population, with deliveries
between 37 and 42 weeks being term deliveries, and those prior to 37 weeks being
preterm (11). In Alberta, the Canadian province where this research is set, this is an issue
of considerable concern, with 3881 of the 42,019 live births in 2005 occurring
prematurely (9.2%) (12). The vast majority of fetal growth occurs in the second half of
pregnancy, with up to 95% of an infant’s weight being gained during this time (13). If



the duration of gestation is interrupted, it follows that fetal growth and development may
not have reached their optimal levels. Premature delivery is often associated with a
reduced birth weight relative to the mean of all births, as well as a number of morbidities,
such as respiratory distress syndrome (1). The risk of mortality is also greatly increased
among preterm infants: 32.6% of neonatal deaths in Canada can be attributed to
premature birth (14). In 2005, 74% of all low birth weight births in Alberta were the
result of preterm delivery (2030/2726) (14). While this represents the most significant
cause of low birth weight, premature delivery is associated with a set of distinct risk
factors, and these infants are not necessarily subject to an impaired rate of growth. The
most recent figures available for Alberta data suggest that 46% of preterm infants are

born weighing more than 2,499 grams (1745/3775) (14).

The second major contributor to low birth weight is intrauterine growth restriction
(IUGR). This is a measure of the inability of an infant to attain its full growth potential
prior to parturition (15). IUGR can arise as a maladaptive response to various underlying
pathologies, including a number of genetic and environmental factors (16). Commonly, it
is defined as a birth weight below the tenth percentile according to gestational age and
infant gender (16). Despite the recognition that individual fetal growth is programmed to
an extent by certain factors such as maternal race, height, and parity (17), and can be
impeded by biological, chemical, and physical elements, growth potential is not easily
measured in a clinical context, due to varying growth trajectories (18). The best prenatal
estimation of JUGR occurs through the use of at least two successive ultrasound
measurements taken two to four weeks apart to gain an approximation of the rate of fetal
growth. The progression and severity of growth restriction can then be monitored,
allowing for the best possible confirmation of IUGR (19). Due to the difficulties in
measuring fetal growth restriction, the term small for gestational age (SGA) is often used

as a proxy in population research, although not in clinical practice.

Small for gestational age is a statistical definition used for the classification of infants
with a birth weight below a set percentile, usually the tenth, for their gestational age and

gender (20). This is a term that is used solely to describe the size of the infant at birth,



without considering the degree or rate of fetal growth in utero (21). While the shared use
of the tenth percentile cut-off for both IUGR and SGA implies that the two conditions are
synonymous, they are distinct entities. Overlap between the two is possible, although not
necessary (21), and it is often assumed that an infant presenting as SGA will have

suffered from IUGR.

This assumption has led to a number of discrepancies and inconsistencies in the literature.
The terms IUGR and SGA are often used interchangeably, occasionally without provision
of an explicit definition. Additionally, the statistical limits used to define SGA are not
universally maintained at 10 percent. Depending on the source, the third, fifth, or tenth
percentile may be used, or a point 2 standard deviations below the mean (17). Another
interesting consideration is that the use of SGA as a measure of [IUGR may not have the
same relevance when used for preterm infants as for full-term infants (22). As the birth
weight references used in the classification of SGA are based only on live births, it is
likely that at earlier gestational ages, they also capture the influence of underlying factors
that are associated with prematurity. In this way, the birth weights provided to calculate
SGA are more reflective of the induction of preterm delivery than of growth restriction,
and the smallest 10% of the live born infants will be much smaller than the smallest 10%

of live births combined with those remaining in utero.

Given the wide range of variability in the usage of these commonly measured end-points,
it is essential to remain mindful of the context in which the terms SGA and IUGR are
used for meaningful interpretations to be made. Throughout this manuscript, SGA
infants will be defined as those in the lowest tenth percentile according to gender and

gestational age, and will be used as a surrogate for [UGR.

1.1.3. Early neonatal morbidity

The condition of a newbom at the time of delivery can be strongly predictive of neonatal
morbidity and mortality. In 1952, a scoring system was proposed by Virginia Apgar to
rapidly evaluate the condition of the infant and its response to resuscitation (23). This

scale has remained clinically relevant and is in widespread use today. The Apgar score is



based on five parameters: heart rate, respiratory effort, muscle tone, reflex irritability, and
color, and each is scored from 0 to 2 for a maximum score of 10 (Table 1.1). Scores of 7
or higher are considered normal, 4-6 are intermediate, and below 3 are low (24). Apgar
scores are recorded at 1 and 5 minutes after birth, with the 5-minute score better
reflecting the likelihood of survival (25). In a recent study of 132,228 singleton term
deliveries, it was found that neonatal mortality was highly correlated with Apgar scores
below 7, with a relative risk (RR) of 1460 (95% confidence interval (CI) 835 to 2555) for
scores 0-3, and a RR of 53 (95% CI 20 to 140) for scores 4-6, when compared to infants
with scores 7-10 (26).

While the Apgar score has been shown to have merit as a predictor of neonatal mortality
in term infants, it is inappropriate for use in the prediction of neurologic outcome or in
the diagnosis of asphyxia (24). These can both be associated with a low Apgar score, but
there are numerous other factors that can result in a depressed score independently of
these outcomes. Included among these are the maternal use of analgesics or sedatives,
airway obstruction, and physical immaturity (27) (Table 1.2). Physical immaturity is
highly relevant due to its association with preterm delivery. Premature infants often have
low Apgar scores due to underdevelopment, despite being otherwise healthy. For this
reason, the score’s significance as a predictor of mortality is limited among premature
births, and should only be used as an assessment of the infant’s condition in the delivery

room to guide the need for resuscitation (24).

While there are limitations to its use, the Apgar score remains an important measure of a
newborn’s physical condition and the five minute score will be used in this thesis as an

indicator of early neonatal morbidity.

1.1.4. Thyroid hormone homeostasis

1.1.4.1. Function of the thyroid gland

The thyroid gland plays a critical role, acting to maintain metabolic homeostasis in the
body (28). Its influence is far-reaching, with nearly all physiological systems impacted to

some degree. Through the secretion of its two major hormones, thyroxine (T;) and



triiodothyronine (T3), the thyroid is able to regulate cardiac, gastrointestinal, and kidney
function; manipulate energy usage, heat generation, and weight; and play an essential role
in early fetal and childhood growth and development (29) (Table 1.3). These actions are
generally enabled by the stimulation of lipid and carbohydrate metabolism, which in turn
translates into oxygen consumption and action at the level of the target tissues (28). The
few metabolically active tissues to escape input from the thyroid are the adult brain,
testes, uterus, lymph nodes, spleen, and anterior pituitary (28). While the thyroid gland is
not essential for survival, its absence is associated with poor mental and physical
performance, an impaired ability to withstand cold, and mental retardation and stunted

growth (dwarfism) in children (28).

Of the two major hormones secreted by the thyroid, T3 is the more biologically active
species, being three to five times more potent than T4 (29). Despite its higher level of
activity, the concentrations of T released into /the circulation are far surpassed by those
of T4. Approximately 80ug (103nmol) of T, is released from the thyroid per day,
compared to 4ug (7nmol) of T3 (28). Additionally, 2u1g (3.5nmol) of the biologically
inactive reverse triiodothyronine (rT3) is secreted (28). Once secreted from the thyroid,
approximately one-third of the available T4 is converted to Ts, increasing the amount of
accessible substrate necessary for biological activity, while 45% is transformed to rTs to
eventually be converted to the weakly active diiodothyronines, and the remainder is
largely plasma protein bound (28) (Figure 1.1). The fraction of hormones that remain
un‘bound make up the active species, and free T3, as well as free T4 to a limited extent, are
able to bind to the hormone-sensitive nuclear transcription factors that act as thyroid

hormone receptors (TRs) in their target tissues, thereby exerting their actions (28).

The most established mechanism of regulation of thyroid hormone activity comes in the
form of a classical endocrine negative feedback loop (Figure 1.2). This is initiated at the
level of the hypothalamus, in which thyrotropin-releasing hormone (TRH) is produced
(29). TRH travels to the thyrotropic cells in the anterior pituitary, stimulating the
production and secretion of thyroid-stimulating hormone (TSH; formerly called

thyrotropin) (29). TSH acts on the thyroid gland, promoting the production of T; and T4



(29). Once Tz and T, are released into the bloodstream, the free fractions of each are
responsible for providing feedback to the hypothalamus and pituitary to either stimulate
or inhibit further TRH and TSH signaling. This feedback occurs largely at the level of
the pituitary, and is primarily the result of regulation by free T; rather than free T4 (28).

One of the most important aspects in determining the necessary levels of thyroid
stimulation is the level of available iodine. lodine is required for the synthesis of thyroid
hormones, being a fundamental element of the building blocks monoiodotyrosine (MIT)
and diiodotyrosine (DIT). Under normal conditions, one molecule of MIT and one of
DIT will condense to form T3, while two molecules of DIT will join to form Tj (28).
However, in the case of an inadequate supply of iodine, these precursor molecules cannot
be synthesized in sufficient amounts, thereby limiting the amount of thyroid hormones
produced. In this event, MIT is preferentially produced over DIT, resulting in a greater
rate of production of T3 than T4 (29). With reduced amounts of hormones in circulation,
TRH, and especially TSH, secretion is increased in an attempt to compensate for this
deficiency. Conversely, when the intake of iodine is excessive, TSH secretion is
inhibited due to sufficient levels of thyroid hormone production (29). It has been
observed in situations of mild to moderate iodine deficiency that the thyroid has the
ability to maintain euthyroid status through a number of autoregulatory mechanisms that
do not require the stimulatory effects of the pituitary and TSH (30). Among these
mechanisms are increased thyroidal blood flow and volume, increased thyroidal iodine
clearance, increased half-life of iodine-containing compounds, and preferential synthesis

of Tz over Ts.

Another regulatory factor involved in the maintenance of appropriate circulatory thyroid
hormone concentrations is the extensive plasma protein binding that occurs with these
hormones. It is estimated that more than 99% of both T4 and T3 are bound to plasma
proteins (28). T; and T4 are able to bind to three proteins: thyroxine binding globulin
(TBG), transthyretin, and albumin. By far, TBG carries the greatest quantities of thyroid
hormones, with approximately 70% of the circulating amounts of both T3 and T4 being

held by this protein (29). Transthyretin acts as a ready supply of T4, having a fairly high



affinity for the hormone, as well as engaging in rapid dissociation (29). Albumin has the
lowest affinity of the three plasma proteins for thyroid hormones, but as it is present in
such high quantities in the bloodstream, it is still responsible for transporting 15% of the
hormones in circulation (29). Like transthyretin, albumin is associated with rapid
dissociation rates, and therefore acts as an easily accessible store of both T3 and T4 (29).
The prominent role of plasma proteins in thyroid hormone homeostasis has a number of
advantages: it enables the transport of hormones that have poor solubility in water, it
makes available large quantities of the hormones, and it facilitates the even distribution of

the hormones among their target tissues (29).

The degradation of thyroid hormones is carried out by the deiodinase family of enzymes.
There are three types of deiodinases: D1, D2, and D3 (also known as types I, 11, and III,
respectively) (31). D1 is found in the liver, kidney, muscle, and fhyroid and its role is to
transform T, to T3 and rT; to the similarly inactive 3,3’-diiodothyronine (T;) (28). D2
acts as the major activating enzyme, converting T4 to Tz, while D3 is the major
deactivating enzyme, converting T4 to r'T3, and T3 to T, (29,31). Approximately 80% of
T4 is degraded via deiodination, with its metabolites including both T3 and T3 (29). Itis
through this process that the majority of Tj is produced (29).

1.1.4.2. Maternal thyroid fﬁnction during pregnancy

During pregnancy, the demands on the maternal thyroid gland are greatly increased. Not
only do a number of physiological changes occur that affect thyroid function (for
example, increased estrogen concentrations stimulate TBG production (32)), but the
mother is also required to provide adequate amounts of thyroid hormones both for herself
and for the developing fetus. This is achieved through a number of hormonal alterations.
One of the major influences comes in the form of the previously alluded to increase in the
concentration of TBG. Throughout the first trimester, the levels of TBG rise until they
reach a plateau at approximately 12-14 weeks of gestation (33). With a greater
availability of plasma proteins, thyroid hormone binding increases, resulting in the
stimulation of increased secretion of T4 and T3. Therefore, the levels of total T5 and T4

increase in parallel with those of TBG (33). Also contributing to the rise in total thyroid



hormone levels is the presence of human chorionic gonadotropin (hCG), a hormone that
is secreted by the placenta following implantation of the newly conceived embryo (11).
The o-subunit of hCG shares structural similarities with that of TSH, and the two
proteins are in fact close enough that hCG can stimulate thyroid hormone receptors (34).
In this manner, hCG seems to transiently take on the role of TSH, and as it increases
during the first trimester, TSH decreases accordingly (33). Finally, the levels of free Ty
and T are also changed as a result of an exceptionally high level of deiodinase activity in
the placenta (35). While the concentrations of both T3 and T4 show a temporary increase
in early gestation, due to the actions of hCG and TBG, the wide distribution and high
levels of D3 activity serve to inactivate these hormones to a greater extent than would
occur in a non-pregnant state. In this manner, by the end of a woman’s pregnancy, her
free hormone levels are reduced to approximately 10-15% lower than those of a non-
pregnant woman (33,35). Related to hormonal changes are the alterations in iodine
demand and usage during pregnancy. While demand increases, due to increased hormone
production (36), availability is reduced. This deficiency arises as a result of two
phenomena: an increased renal iodine clearance (29,33,34), and maternal transfer of

iodine to the fetus (33).

1.1.4.3. Thyroid function in fetal and infant development

The thyroid gland is a significant contributor to the course of fetal and infant
development, playing a critical role in coordinating the maturation of the skeletal,
auditory, visual, hepatic, pulmonary, and cardiac systems, as well as to the functionality
of brown adipose tissue, and most importantly, the brain (37). Beginning even prior to
the onset of fetal thyroid function, and up until approximately two years of postnatal life,
neurological development is reliant on the input provided by thyroid hormones (37).
Regulation of thyroid hormone signaling is multi-factorial, with control being exerted
through the expression of thyroid hormone receptors and deiodinases, both at the
maternal and fetal level, as well as through feedback mechanisms and hormone

availability.



The beginnings of fetal thyroid functioning are marked by the appearance of thyroid
hormone receptors at 8-10 weeks of gestation (30,36,37), the initiation of iodine trapping
at approximately 11-12 weeks (29,35), and the subsequent secretion of TSH and Ty
around 12 weeks (34). By 18-20 weeks, the hypophysial portal system has developed
(29,30), and the fetal thyroid becomes fully functional (35). However, up to this point,
the fetus is largely reliant on a maternal supply of hormones. Placental permeability to
thyroid hormones is limited due to extensive deiodinase activity (38). The inactivating
enzyme D3 is highly expressed in the placenta, converting the majority of the available
T4 to rT3 and T to T, (29,31). Despite this activity, iodine and TRH are able to freely
cross the placenta and small quantities of T, are able to pass into the fetal circulation, but
any transfer of Ts is negligible, and TSH does not cross at all (34,36). In this way, the
mother acts as a source of thyroid hormones, both directly, through the limited provision
of T4, and indirectly, as T4 can be converted by the fetus to the more active T3 (30). Later
on in development, once the fetal thyroid has begun to operate, the maternal supply of

iodine enables hormone synthesis (34).

Once in the fetal circulation, thyroid hormones are preferentially used in the regulation of
proper brain development (29). Precision is crucial, and to maintain appropriate levels of
thyroid hormones, both D3 and the major activating enzyme D2 are expressed in the fetal
brain, with activity being detected as early as 7-8 weeks of gestation (37). D2 is critical
in making available the necessary T3, through the conversion of T4, while D3 is charged
with preventing an excessive presence of thyroid hormones. Additionally, the thyroid
hormone receptor isoforms TRal, TRa2, and TRB1 have been detected during the same
timeframe, around 8 weeks of gestation (37). The activity of these enzymes and
receptors so early in gestation suggests that fetal development does not occur
independently of maternal thyroid activity, underscoring the importance of maternal

thyroid homeostasis.
The second half of the gestational period is marked by increases in total and free T4 and

to a lesser extent, total and free T3, TBG, and TSH (37). This corresponds to the latter

half of cerebral neurogenesis and migration, as well as the initiation of neuronal
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differentiation, synaptogenesis, and myelinogenesis, processes which extend into infancy
and early childhood (37). Also of importance in early development is the impact of
thyroid hormone mediation on growth and on nonshivering thermogenesis. Bone
maturation depends both directly and indirectly on thyroid hormone availability, as Ts
regulates endochondral ossification and growth plate chondrocyte differentiation, as well
as the expression of growth hormone and insulin-like growth factor (IGF) (37). At the
time of birth, thyroid hormones also act in concert with catecholamines to stimulate the
transcription of uncoupling protein (UCP1) in the mitochondria-rich cells of brown
adipose tissue. The actions of UCP1 serve to release energy as heat in a reaction vital to

the transition of the fetus from the maternal to the external environment (37).

1.1.4.4. Selected thyroid disorders during pregnancy
As described above, the influence of the thyroid is extensive in the normal development
of the fetus. Being involved in such vital processes, it is not surprising that severe

problems arise in the event of a disruption of thyroid hormone homeostasis.

1.1.4.4.1. Hypothyroidism

It has been well-documented that a deficiency in thyroid hormones during gestation,
whether as a result of decreased maternal transfer, or of a fetal defect, can lead to
impaired development in the central nervous system (CNS), with effects ranging from
mental retardation to motor-rigidity to deaf-mutism (28). Hypothyroidism, which is
defined by the presence of TSH levels greater than the 98" percentile of the general
population (30), therefore implying a deficit of free T4 and T3, has long been associated
with these conditions. Children with congenital hypothyroidism have been observed to
display slowed bone growth, delayed epiphyseal closure, and a depression of growth
hormone (GH) secretion (28). Neuropsychological performance has been shown to suffer
(4,35), and congenital hypothyroidism is believed to be one of the most common causes
of preventable mental retardation (28). Maternal hypothyroidism is associated with a
number of additional adverse pregnancy outcomes, including miscarriage, preeclampsia,
anemia, decreased birth weight and head circumference, placental abruption, fetal

distress, and perinatal mortality (39,40). Although hypothyroidism is a preventable
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condition, it still has a prevalence of approximately 1-2% in pregnant women, and
another 2-3% of expecting mothers are diagnosed with subclinical hypothyroidism, with
normal levels of T3 and T4 but elevated TSH (39).

Fetal growth restriction has been examined in the context of hypothyroidism, typically as
one of many measures of overall fetal or neonatal wellbeing. It is only recently that the
consequences of hypothyroidism on the neonate have been considered at all, since
maternal thyroid dysfunction was long associated with anovulation (41). However, with
more successful pregnancies being observed, the effects of both maternal and fetal

thyroid function on the development of the fetus have been a source of interest.

The association between severe growth restriction and fetal thyroid hormone levels was
examined in an early study conducted by Thorpe-Beeston and colleagues (42). Small for
gestational age was diagnosed using abdominal circumference =2 standard deviations
below the normal mean, as determined by ultrasound. Forty-nine SGA fetuses between
21 and 38 weeks gestation were selected from a group of infants that had been diagnosed
with growth restriction in this manner and who were referred for karyotyping, following
which their serum samples were collected by cordocentesis and were analyzed for TSH,
total and free T4 and T3, and TBG levels. Fetal thyroid function was then assessed using
these parameters, using reference ranges previously collected from a cohort of 62
appropriately groWn fetuses (appropriate for gestational age; AGA) (43). To account for
the expected changes in thyroid hormone levels over the course of pregnancy,
comparisons were made between the SGA and AGA groups using the standard deviations
from the mean for each of the outcome measures as per gestational age. It was found that
the group of fetuses displaying SGA had significantly increased TSH levels (mean
difference 1.24 SD; p<0.0001) and decreased total (mean difference -0.951 SD; p<0.001)
and free T4 (mean difference -1.218 SD; p<0.0001) levels when compared to the AGA
group, suggesting fetal hypothyroidism. The use of standard deviations in the reporting
of differences in hormone measurements was a strength in this study, as the fetal serum
samples were collected from a wide range of gestational ages, making it impossible to

directly compare thyroid hormone measurements. While this study does provide a
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correlation with restricted fetal growth and diminished thyroid function, it is impossible
to determine whether JIUGR is the result, or the cause, of altered thyroid function. In
their discussion, the authors suggest that a hypothyroid state is an adaptive, and even
advantageous, function of the fetus in response to IUGR, as it results in a decrease in
metabolic rate and oxygen consumption, allowing conservation of the resources supplied
by the mother via the placenta. While this may indeed represent an adaptive state, it is no
longer likely to be considered advantageous, with more recent evidence indicating that
fetal thyroid hormone deficiency can permanently impair neurodevelopment and future

intellectual functioning (4,36).

At the level of maternal hypothyroidism, evidence has suggested that birth weight is
slightly decreased in response to even mild maternal thyroid dysfunction, for example, in
the work by Glinoer ef al. in 1991 (44). Selecting a cohort of 120 women who were
clinically euthyroid, but who had mild thyroid abnormalities, the authors followed the
women from a point early in gestation (>70% prior to 20 weeks) through to their
deliveries. This population was heterogeneous, with the disorders suffered by cases
including goiter, nodules, thyroid autoantibodies, and a history of a past thyroid disorder.
Given that the population was selected from an area with moderate iodine deficiency, and
that the past thyroid disorder subset included women who had previously been on thyroid
hormone supplementation, this group could be considered to share similar features with
hypothyroid women and will be discussed further. This group was comprised of 11
women who had TSH levels similar to those of the controls and a slightly elevated free T,
concentration. While these parameters do not suggest hypothyroidism, the serum
samples from these women were collected at an earlier point in gestation than those of
controls (11 vs. 15 weeks; p<0.03), which is very likely to account for this discrepancy.
Of the indices collected to measure fetal development, the only significant finding was
that women with a past history of thyroid disease gave birth to infants with a slightly
reduced birth weight compared to controls (2.9 kg, compared to 3.3 kg; p<0.01), while
gestational age and hormonal parameters were not influenced. The evidence provided by
this study is not particularly strong, notably due to the heterogeneity of the population

and the small sample size. The classification of past thyroid disease is broad,
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encompassing a number of different conditions with varying etiologies and expressions.
However, it allowed for the closest extrapolation to women with hypothyroidism and was
therefore not discounted in terms of providing preliminary trends. Another limitation is
the lack of a documented, or adjusted for, date of collection of maternal serum samples.
Thyroid hormone levels change over the gestational period, not necessarily allowing for
the comparison of measurements taken at different time points. Finally, the measurement
of birth weight is limited in its ability to be interpreted without being put in the context of
gestational age, but the gestational age at delivery did not differ significantly between the
past thyroid disease group and the control group (38 weeks vs. 39 weeks), thereby

potentially negating this concern.

Even when treated, maternal hypothyroidism has been observed to have an impact on
fetal growth. In a case control study of full-term infants born to healthy women (N=139),
or to women with hypothyroidism treated with thyroxine supplementation (N=246), it
was found that the birth weight and head circumference in the study group were
significantly reduced when compared to the control group (p<0.001) (45). When limiting
the analyses to infants born AGA, the results remained unchanged. This study provides
an interesting perspective, since all mothers in the study group were being actively
treated for a thyroid hormone deficiency. It is possible that the prescribed treatment was
inadequate, which is plausible considering that TSH and free T4 levels fluctuate over the
course of the pregnancy, making it a difficult condition to control. If a relapse to a
hypothyroid state were to occur during a critical window during fetal development, the
insufficiency of thyroid hormones during that time could be translated into adverse
developmental effects such as fetal growth restriction. This study had a number of
strengths. While fetal growth was measured as birth weight, the study design limited
subjects to full-term births, and further adjusted for infants that were appropriate for
gestational age, with no resulting change in the reported results. It was also highly
representative of its target population, including all relevant births from a single centre
over the course of a six year period (January 1994 — December 1999). All infants born to
thyroxine-supplemented hypothyroid women were potential subjects (N=259), with the

only exclusions being infants born to mothers that already had a child during the study
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period or who were second-born twins (N=9), and those with permanent congenital
hypothyroidism (N=4). The control group was made up of all healthy infants born to
healthy women who underwent at least two thyroid function tests during pregnancy with
normal results. Interestingly, when fetal thyroid function was measured, it was found that
the infants with the highest levels of TSH also had the lowest birth weights (p<0.035) and
smallest head circumferences (p<0.001). The TSH levels of the neonates were found to
demonstrate a positive correlation with maternal levels (r=0.751; p<0.001), suggesting
that the severity of growth restriction is determined in a dose-dependent manner,
corresponding to the severity of maternal hypothyroidism. The significance of the
finding that head circumference was reduced is less clear, since typically, this is a finding
associated with hyperthyroidism, while hypothyroidism is generally associated with an
increase in this parameter (46,47). However, it was proposed by the authors that this
could be the result of the variations in thyroid hormone availability — in times of
insufficient maternal provision, the fetus may overcompensate with increased production

of T4, resulting in a transient hyperthyroid state.

In another study examining the effect of treatment of maternal hypothyroidism, as well as
the timing, women with controlled hypothyroidism (N=127 during the first trimester;
N=123 during the third trimester) were compared to women with uncontrolled
hypothyroidism (N=40 during the first trimester; N=44 during the third trimester) in the
context of neonatal and obstetric outcomes (48). While a trend towards a reduction in
birth weight, as well as an increased risk of low birth weight was observed in the
uncontrolled group at both time points, none of the observed associations reached
significance (effect sizes not provided). It is unlikely that thyroid hormones are
responsible for this trend however, since in all cases but one, low birth weight was due to
premature delivery, negating any likelihood that thyroid hormone levels played a role.
This study employed a retrospective design, using a database generated from patients
presenting to an antenatal endocrine clinic. Thyroid hormone measurements were
available, as well as certain obstetric and neonatal outcomes, such as birth weight and
rate of Caesarean delivery, but there was no information available on any other potential

confounding factors, making the applicability of these findings somewhat limited.
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Additionally, while each of the outcomes was compared between women with controlled
and uncontrolled hypothyroidism at two separate time points, it would have been
interesting to compare the differences between the outcomes within the thyroid status

classifications across time periods, an analysis that was not provided in this paper.

Birth weight is commonly reported as a neonatal measure in studies of hypothyroidism,
but the evidence on fetal growth restriction as a primary outcome is limited. However,
the trend towards a reduction in birth weight is fairly consistently seen across studies, and
is frequently reported as an adverse outcome associated with hypothyroidism (39,49).
Although birth weight is not the best measure of fetal growth restriction, it seems likely
that a deficiency in thyroid hormones does lie on the causal pathway to this particular

outcome.

Taken together, the adverse effects of hypothyroidism have encouraged recommendations
for the implementation of universal prenatal screening programs from a number of
endocrine societies, including the American Thyroid Association, The Endocrine Society,
and the American Association of Clinical Endocrinologists (50-52). Measurements of
serum TSH and free T4 can be easily obtained, determining the appropriate course of
treatment if necessary (53). Thyroxine therapy is very effective in the management of
hypothyroidism, and is recommended for use throughout pregnancy, adjusting the dosage
to accommodate the increased demands on thyroid hormone availability (54). Currently
in Alberta, universal screening for thyroid disease among pregnant women is not in

effect, with testing being limited to women with possible clinical features.

1.1.4.4.2. Hypothyroxinemia

Although the diagnostic feature of hypothyroidism is an elevated TSH concentration,
there is speculation that the underlying cause of the consequences associated with this
condition is a deficiency of T4, regardless of TSH levels. Hypothyroxinemia is defined as
a reduction in free T4 levels to a point below a set cutoff (typically the 5™ or 10®
percentile) without the expected increase in TSH to accompany this drop (55). Initially

this description appears to be counterintuitive, as thyroid hormone levels are subject to
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negative feedback mechanisms that dictate that a reduction in free T4 will be
accompanied by a compensatory increase in TSH. However, as described above, the
thyroid has a number of autoregulatory mechanisms that allow it to normalize TSH levels
in the context of a T, deficiency, including the preferential synthesis of T3 over T4

(30). This response suggests that while the production of T, may suffer, T; is still
synthesized at a normal, or even an increased rate, thereby maintaining TSH homeostasis
and preventing the expected increase in concentrations (36). Therefore, while the
increased levels of free T3 in the maternal circulation may be sufficient to maintain the
mother’s requirements, the deficiency in free T can still be experienced by the fetus in
the absence of overt maternal symptoms, as T3 is unable to cross the placenta. In addition
to the presence of autoregulatory mechanisms, the thyroid hormone imbalance may be
the result of improper signaling from the hypothalamic-pituitary-thyroid axis, or
dysfunction at any of those levels. With the recognition that this phenomenon exists,
several animal and epidemiological studies are reporting findings that support the
suggestion that the adverse neurodevelopmental outcomes seen in cases of
hypothyroidism can actually be attributed to reduced levels of free T4, whether or not the
levels of TSH are augmented (30).

Much of the work in the area of hypothyroxinemia has been conducted by the research
teams of Dr Victor J. Pop (Tilburg, the Netherlands). In 1999, Pop et al. initiated a series
of studies that suggested that low levels of maternal free T4 in women without overt
thyroid dysfunction are associated with impaired fetal and infant neurodevélopment 5).
In the first study, a cohort of 220 healthy infants born to women without thyroid disease
were assessed for neurodevelopment at 10 months of age using the Bayley Scales of
Infant Development. The study group was limited to women receiving antenatal care at
12 weeks gestation from one of five centers in Veldhoven, the Netherlands, between
January and November 1994. Any women receiving thyroid medications were excluded,
as were any women experiencing pregnancy-related complications. Infants were limited
to those that were singletons, born at term, and without evidence of growth restriction or
congenital anomalies, including hypothyroidism. Serial measurements of maternal

thyroid hormone levels were taken at 12 and 32 weeks gestation, as well as at 4 weeks
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postpartum, and at 8 week intervals until 36 weeks postpartum. When looking at women
with free thyroxine levels below the 10% percentile (10.4 pmol/L) at 12 weeks gestation,
the investigators found that these infants (N=22) had significantly poorer performance on
the Bayley Psychomotor Developmental Index (PDI) than the children of women with
higher free T4 levels (N=198) (mean difference in scores 7.4; 95% CI 1.1 to 13.9), and
were at an incréased risk for a low score on psychomotor development (below 1 SD of
the mean; RR 5.8; 95% CI 1.3 to 12.6). With linear regression, maternal free T4
concentrations also demonstrated a significant positive correlation with infant scores on
the PDI (R: 0.46, p=0.03). This study provided the first evidence that a subclinical
maternal thyroid hormone deficiency could be influential in determining fetal
neurodevelopment, specifically at a time before the fetus is able to act as its own supply
of thyroid hormones. Extensive measures were taken to ensure that the population
examined was healthy, so that any overt manifestation of disease could not be considered
to be on the causal pathway to poor neurodevelopment. An interesting point to be noted
though is that 46% of women with free T4 levels <10™ percentile at 12 weeks gestation
had elevated thyroid peroxidase antibody (TPO-Ab) titres (>50 mU/L) at 32 weeks
gestatibn, which is much higher than the 10% of normal adults that could be expected to
have high antibody concentrations (56). Elevated TPO-Ab levels are commonly seen in a
number of thyroid diseases, including nodular goiter, thyroid carcinoma, Graves’
thyrotoxicosis, and chronic autoimmune thyroiditis (56), so this observation could

possibly be an indication of an underlying condition not otherwise detected.

In a subsequent study, the effect of maternal hypothyroxinemia on infant
neurodevelopment was examined longitudinally, with a follow-up period that lasted until
the children reached two years of age (57). The subjects for this study were randomly
selected from women who presented for antenatal care in and around Eindhoven, the
Netherlands, between January 1997 and April 1998. Cases were defined as mothers that
had free T, levels below the 10™ percentile (12.4 pmol/L) and normal-range TSH levels
at 12 weeks gestation (N=135), while controls had free T4 levels in the 50™-90%
percentile range (15.6 — 19.1 pmol/L) with normal TSH levels and were matched in a 1:1

ratio to cases on the basis of parity and gravidity (N=135). The infants were assessed for
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neurological functioning at one and two years of age using the Bayley Scales of Infant
Development, with analyses based on 63 cases and 62 controls after one year, and 57
cases and 58 controls after two. At both one and two years of age, the children of
hypothyroxinemic women had significant, and clinically relevant, reductions in scores on

indices of motor and mental development compared to the children of controls.

The effect of the interaction between weeks of gestation and changes in maternal thyroid
hormone levels on neurodevelopment was also investigated using measures of maternal
hormone levels at 12, 24, and 32 weeks gestation (57). In contrast to their earlier work in
which maternal free T, levels at 32 weeks gestation had no influence on infant
development (5), the authors found that the effect of hypothyroxinemia in early gestation
could be mediated by changes over the course of the gestational period. Women who had
low free T, at 12 weeks, but who experienced an increase throughout the latter portion of
pregnancy gave birth to infants unmarked by the neurodevelopmental delays observed in
those infants whose mothers did not experience this same phenomenon. Comparatively,
the women with free T4 levels that were below the 10® percentile at 12 weeks and
continued to drop throughout gestation gave birth to the infants with the poorest
developmental profiles, while those with normal free T4 at 12 weeks and a reduction
throughout pregnancy were not affected. The latter two findings imply that the damage is
sustained during the period in which the fetal thyroid gland is not yet functional, and
therefore the fetus is entirely reliant on a maternal supply of thyroxine. They also suggest
that once the fetus is able to produce its own supply of hormones, these stores are
sufficient to maintain normal functioning and development, even if the mother is unable
to sustain the expected contributions. However, the evidence suggesting that an increase
in thyroxine levels can restore normal development is more difficult to make sense of, as
it runs counter to the hypothesis that maternal thyroid hormones exert their most
important effects during the first trimester. Assuming that this is not a chance finding,
the possible conclusions that can be reached are that maternal hypothyroxinemia at 12
weeks is not as influential as has been suggested, with later availability of thyroid
hormones from both the mother and the fetus being able to compensate for any prior

deficiency, or that perhaps the increase in maternal free T4 occurs to a great enough
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degree between 12 and 16-20 weeks gestation, when the fetal thyroid gland becomes
functional, that normal neurodevelopment can still be salvaged through the mothers’
contribution.  The therapeutic implications of these findings are that thyroxine
supplementation could be beneficial in women suffering from thyroid hormone
deficiencies. At this point though, there is no concrete evidence that thyroxine

supplementation has beneficial effects on fetal and infant development.

In the most recent study on the effect of maternal hypothyroxinemia on
neurodevelopment, infant performance was assessed at three weeks of age (58).
Inclusion criteria were the same as in the study described above, but this study was set in
the city of Veldhoven, rather than in Eindhoven. Maternal thyroid hormone assessments
were also collected in the same manner, but neurodevelopment was assessed using the
Neonatal Behavioral Assessment Scale (NBAS). In the neonates born to the cases
(N=108), significantly lower scores (p=0.04) on the orientation index of the NBAS were
observed than in the children of the cases (N=96). The orientation index is one of seven
clusters that was analyzed and encompasses traits related to overall alertness and
response to visual and auditory stimuli. Non-significant trends towards lower scores
among the newborns of cases were also observed in the measurements of range of state
(arousal) and regulation of state (ability to regulate state in response to increasing levels
of stimulation) (p<0.10). While the NBAS is designed to generate scores on various
separate indices, it is more importantly intended to gain an appreciation of how each of
these scales interact with one another to provide a description of the overall development
of the infant (59). A point of interest is then the significance of each of the scores in
isolation. While hypothyroxinemic mothers may be at an increased risk of having an
infant with a depressed score on the orientation index, a question to be raised is whether
this will necessarily translate into a delayed developmental profile. Another issue to note
1s that while the authors suggest that these findings provide further support for their
earlier work in which maternal hypothyroxinemia is associated with an increased risk of
neurodevelopmental delay, the manifestations of this impairment do not seem to overlap.
In both prior studies, the infants born to hypothyroxinemic mothers had an increased risk

of a reduced score on the assessment of motor development (5,57), however this index
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was not affected in the present study. A final note is that both maternal anxiety during
pregnancy and gestational age at delivery were significant predictors of low scores on
measures of orientation, bringing into question the significance of the contribution of

maternal hypothyroxinemia.

Importantly, the studies conducted by this research group have provided evidence to
challenge the previously held belief that subclinical alterations in thyroid hormone
homeostasis were irrelevant in the context of fetal health, and have directed attention
towards the possibility that since T4 is the metabolic precursor of the physiologically
active Ts, it is quite plausible that an inadequate supply of T4 is indeed the root of

neonatal problems attributed to maternal thyroid hormone deficiencies during pregnancy.

To date, there are only limited accounts of the non-neurological effects of maternal
hypothyroxinemia on fetal development. Animal data collected using a rat model has
suggested that maternal hypothyroxinemia induced by thyroidectomy results in reduced
litter size and impaired fetal growth, with offspring exhibiting body weights 10% lower
than those of controls (60). This effect however, was only observed during early
gestation, before the beginnings of fetal thyroid function, after which fetal body weight
normalized. A proposed mechanism to explain this effect is a reduction in the expression
of the glucose transporter GLUT1 in the placehta and fetal brain. GLUT]1 plays a critical
role in the mediation of glucose transfer from the maternal to fetal systems, and a
deficiency in this transporter translates into compromised glucose uptake (60). In
hypothyroxinemic rats, GLUT1 expression was indeed reduced in the placenta as well as
in the fetal brain, potentially contributing to the adverse birth outcomes observed (60).
As with fetal growth though, this was only seen in early gestation. The ability of the
fetus to recover from this type of insult calls into question the practical significance of
this finding, but it is also possible that it is merely reflective of species differences
between rodents and humans, indicating a less permanent effect of a thyroid hormone
deficiency in the former. Finally, while the study describes its exposure in the rat dams
as maternal hypothyroxinemia, TSH levels were not actually measured, and other

descriptions of this rodent model have reported marked elevations in the measurements of
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this hormone (61). These results therefore, may be more indicative of the effect of

maternal hypothyroidism than hypothyroxinemia.

In humans, there is also some documentation that a perturbation of thyroid function is
associated with IUGR, although the evidence is still limited and somewhat ambiguous.
In a comparison of 26 fetal blood samples collected by cordocentesis from appropriately
grown fetuses (gestational age 20-38 weeks) and 15 collected from fetuses compromised
by IUGR (gestational age 24-35 weeks), Kilby et al. found that free T4 and free T levels
were significantly lower in the latter group (p<0.001), with TSH levels remaining in the
normal range, suggesting relative fetal hypothyroxinemia (7). These results were
complemented by the finding that placental samples collected from pregnancies
complicated by IUGR had increased expression of the thyroid hormone receptor variants
TR al, a2, and f1, when compared to normal placentae (p<0.01 for each variant).
Presumably the upregulation of thyroid hormone receptors in the placenta and the
resultant fetal thyroid hormone deficiency stems from a maternal thyroid hormone
deficiency, but data was not provided to relate the mother’s thyroid economy to the
resulting fetal condition (7). These findings are of interest due to the proposed role of the
thyroid gland in the etiology of IUGR through its actions on the placenta. Stimulation of
the production of 174 estradiol and epidermal growth factor in the placenta has been
linked to the actions of T3, suggesting a possible role of the hormone in placental growth

and development (62), processes which are disrupted in IUGR pregnancies (63).

An interesting consideration in relation to these findings is the possibility of reverse
causation. This would indicate that rather than an increased expression of thyroid
hormone receptors acting as a marker of a factor that would induce IUGR (i.e. maternal
thyroid hormone deficiency), IUGR would be the underlying cause of the receptor
upregulation. The suggestion in this situation would be that feedback from the fetus,
rather than from the mother, determines the compensatory mechanism required to make

more thyroid hormones available.
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In a study similar tolthe one described above, Chan et al. found that expression of
monocarboxylate transporter 8 (MCT8), a highly specific thyroid hormone membrane
transporter, was increased in placental samples associated with IUGR (8). When
comparing normal placental samples to gestationally-matched IUGR samples, the
observed increase in mRNA expression reached significance in placentae collected in the
early third trimester (26-32 weeks gestation; p<0.05), but was no longer observed in the
late-gestation group (37-38 weeks gestation). It is important to note that the data on
IUGR was drawn from 10 cases, all of which were identified according to very strict
criteria, resulting in the use of only severe cases of growth restriction. Third trimester
placental samples in both the normal and IUGR groups were collected following
Caesarean section, although the reasons were not specified in the IUGR group. The
normal group underwent Caesarean sections for placenta previa, maternal tumors, or
prelabour rupture of membranes with a breech presentation. Also, while the placental
samples were approximately gestationally matched, the IUGR group had -earlier
deliveries in both the early- and late-gestation groups, with samples from 26-32 weeks
being compared to 28-34 weeks, and those from 37-38 weeks being compared to term |
deliveries. These differences in sample collection and gestational age may confer

additional discrepancies between the two groups beyond fetal growth restriction.

Placentae from normal pregnancies were collected from 6 weeks gestation to term, with
measurements suggesting that MCT8 expression increases over the course of the
pregnancy (8). Given that maternal thyroid hormone deficiencies are believed to have the
greatest impact on fetal development during early gestation (5), it would be interesting to
determine whether expression of MCTS is altered in IUGR placentae in the first half of
gestation. The finding that the upregulation of this transporter was observed in early but
not late third trimester samples suggests that this protein may be more relevant earlier in

gestation, possibly prior to the onset of fetal thyroid function.
The most direct evidence available on the relationship between maternal

hypothyroxinemia and fetal growth restriction comes from a large study of 17,298

women published in 2007, in which the authors examined the effects of a maternal
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thyroxine deficiency on perinatal outcomes and concluded that the condition is not
associated with any change in the risk of adverse events (9). Casey et al. identified
hypothyroxinemic women as those with TSH in the normal range and a free T4 level at or
below the 2.5% mark, resulting in concentrations <0.86 ng/dL (11.1 pmol/L). However,
using this definition, only 1.3% (N=233) of their study subjects were considered to have
hypothyroxinemia. The 10™ percentile has been commonly used in the literature to
describe hypothyroxinemia, including in the studies that have observed adverse effects on
fetal and infant neurodevelopment (5,57,58). By limiting their definition of exposure to
1.3% of their population, Casey et al. may have reduced their ability to detect any
association between hypothyroxinemia and the already rare outcomes of interest,
including low Apgar score and fetal and neonatal mortality. In Casey’s work, the cohort
was derived from women who were screened for rubella during the first half of
pregnancy, with tests ranging from 6-20 weeks gestation. The 11.1 pmol/L value that
was used in their definition of exposure was calculated based on all of these women and
was applied uniformly. However, free T4 concentrations do not remain constant
throughout pregnancy. Following an initial transient increase in response to hCG
secretion, free T4 concentrations drop over the course of the remainder of the pregnancy
(35). Although the data is not shown, Casey reports that gestational age-specific free T4
cut-offs were also tested in analyses and the results did not differ from those using an

averaged 2.5% measurement.

To measure fetal growth restriction, -birth weight was selected as an outcome, measured
as <1,000g and =2,500g, without consideration of gestational age (9). While birth weight
is easily obtained, a more accurate depiction of fetal growth may have been gained from
the use of small for gestational age or birth weight z-scores. Another outcome that was
assessed was the five minute Apgar score, using a cut-off point of a score <3. A five

minute Apgar score <3 is highly correlated with neonatal mortality, being associated with
a RR of 1460 (95% CI 835 to 2555) (26). This is a very rare outcome though, and
indeed, no cases were reported among women with maternal hypothyroxinemia.
Additionally, neonatal mortality was among the outcomes measured. However, no cases

were observed in the study group, therefore the measure of a low Apgar score may have
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been more informative if it had included more observed data. This may have been
possible through the use of an Apgar score <7 as clinically, scores of 7-10 are considered
to be good to excellent, while those <7 are considered to have a poorer prognosis (26).
Finally, while Casey et al. adjusted their findings to account for the influence of maternal
age, race, parity, and weight, there are several more known risk factors for adverse
perinatal outcomes, notably maternal smoking. By accounting for these additional
factors, it would be possible to provide a more realistic portrayal of the risk incurred by

maternal hypothyroxinemia.

The findings of these three studies imply that maternal thyroid hormone deficiency may
play a role in stimulating compensatory mechanisms at the level of the placenta to
increase fetal thyroid hormone availability, and that fetal hypothyroxinemia may be
associated with growth restriction, but the evidence is limited as to whether maternal

hypothyroxinemia plays a significant role in determining the course of fetal growth.

The most common cause of maternal hypothyroxinemia is believed to be an iodine
deficiency, as this occurs more frequently than primary thyroid dysfunction or thyroid
autoimmunity, making it an easily preventable condition (36). While Western societies
have generally been considered to be iodine-sufficient, recent trends have shown that the
proportion of the population in which this is true is declining, especially among pregnant
women. It is recognized that pregnant women have an increased demand for iodine, and
the recommended daily intake is 250ug (200-300ng), compared to 150ug for other adults
(64). According to data from the National Health and Nutrition Examination Survey
(NHANES) conducted in 2001-2002, 7.3% of pregnant women were iodine-deficient
(urinary iodine <50ug/L), compared to 6.9% between 1988 and 1994 (64). Previous
results collected from NHANES have been shown to be comparable to Canadian data
from the same time period (65), making these levels of iodine-deficient women a concern
in this population as well. Currently, it is unknown the proportion of Albertan women
who are iodine deficient, but the default assumption in clinical practice is that of iodine

sufficiency.
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1.1.4.4.3. Hyperthyroidism

In contrast to the conditions described above in which a deficiency in thyroid hormones
leads to adverse effects, hyperthyroidism describes a condition in which serum TSH
levels are reduced, nearly always below 0.1 mU/L, and free T3 and T4 concentrations are
elevated (66). It is quite rare in pregnancy, with an estimated prevalence of 0.1-0.2%
(39,66). The majority of this proportion is made up of cases of gestational transient
thyrotoxicosis (GTT), a nonautoimmune condition resulting from the stimulation of the
thyroid gland by hCG (66). While GTT may be associated with maternal symptoms such
as weight loss, tachycardia, and fatigue, it has not been linked to adverse pregnancy
outcomes (66). The other main cause of hyperthyroidism in pregnancy is Graves’
disease. Unlike GTT, Graves’ disease is autoimmune in origin and its consequences are
typically more severe. Common symptoms include fatigue, palpitations, anxiety, heat
intolerance, diaphoresis, and weight loss, all of which, with the exception of weight loss,
are associated with a normal pregnancy, potentially making the condition difficult to
recognize (66). If left unmanaged, Graves’ disease can be associated with preeclampsia,
fetal malformations, premature delivery, and low birth weight; however, if treated, the

prognosis for both the mother and fetus is good (66).

While this section is not by any means a complete review of all of the thyroid diseases
that may occur during pregnancy, its purpose is to act as a brief summary of some of the
major conditions, with an emphasis on those in which a deficiency in thyroid hormones is
the main clinical feature, due to evidence that this insufficiency may play a role in the

etiology of fetal growth restriction.

1.2. Hypothesis and research objectives

With evidence suggesting that hypothyroxinemia can alter the course of fetal
development, it was hypothesized that a deficiency in maternal free T4 would translate
into adverse pregnancy outcomes. This thesis is designed to determine whether maternal
hypothyroxinemia at 15-16 weeks gestation increases the risk of fetal growth restriction

and/or early neonatal morbidity.
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Table 1.1. Apgar score.

Color Blue or pale Acrocyanotic Completely pi

Heart Rate Absent <100 beats/min >100 beats/min

Reflex/Irritability No response Grimace Cry or active withdrawal

Muscle Tone Limp Some flexion Active motion

Respiration Absent Weak cry: Good, crying
Hypoventilation

American Academy of Pediatrics, Committee on Fetus and Newborn, American College of Obstetricians
and Gynecologists and Committee on Obstetric Practice. Pediatrics. 2006,117:1444-1447.

Table 1.2. Factors associated with, and influential in determining Apgar score.

Immaturity

Analgesics, narcotics, sedatives
Magnesium sulfate

Acute cerebral trauma

Precipitous delivery

Congenital myopathy

Congenital neuropathy

Spinal cord trauma

Central nervous system anomaly
Lung anomaly (diaphragmatic hernia)
Airway obstruction (choanal atresia)
Congenital pneumonia and sepsis
Previous episodes of fetal asphyxia (recovered)
Hemorrhage-hypovolemia

Maternal acidosis

High fetal catecholamine levels

Adapted from Kliegman RM, Behrman RE, Jenson HB and Stanton BF eds. Nelson Textbook of Pediatrics,
18" edition. United States of America: Saunders Elsevier; 2007. Accessed June 4, 2008 at
<http://www.mdconsult.com.login.ezproxy.library.ualberta.ca/das/book/body/96441976-
3/712433972/1608/273. htmitt4-ul.0-B978-1-4160-2450-7..50096-7—cesec22 2454>.

27


http://www

Table 1.3. Physiologic effects of thyroid hormones.

Heart Chronotropic Increase number and affinity of B-adrenergic receptors
Inotropic Enhance responses to circulating catecholamines
Increase proportion of a myosin heavy chain (with
higher ATPase activity)
Adipose tissue Catabolic Stimulate lipolysis
Muscle Catabolic Increase protein breakdown
Bone Developmental Promote normal growth and skeletal development
Nervous system Developmental Promote normal brain development
Gut Metabolic Increase rate of carbohydrate absorption
Lipoprotein Metabolic Stimulate formation of LDL receptors
Other Calorigenic Stimulate oxygen consumption by metabolically active

tissues (exceptions: testes, uterus, lymph nodes,
spleen, anterior pituitary)
Increase metabolic rate

Ganong WF, ed. Review of Medical Physiology. 20" edition. United States of America: McGraw-Hill;

2001:307-321.

I'T3
(2 ng)

45% (80

T3
5% | (4 ug)

Other metabolites, plasma protein binding

Figure 1.1. Thyroxine metabolism.
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Figure 1.2. Hypothalamic-pituitary-thyroid axis. The solid arrows indicate stimulatory

effects and the dashed arrows indicate inhibitory effects.
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Chapter 2
Maternal Hypothyroxinemia, Fetal Growth Restriction, and Early
Neonatal Morbidity

2.1. Introduction

Normal fetal development is programmed to a large extent by the availability of thyroid
hormones, and sufficient amounts of triitodothyronine (T3) and thyroxine (T4) are crucial
in the promotion of proper cardiac, pulmonary, and central nervous system functioning
(1). Despite this requirement, the fetal thyroid gland does not fully develop until mid-
gestation, necessitating a dependence on a maternal supply of thyroid hormones prior to
this point (2). Thyroid hormone deficiencies are known to be associated with a
perturbation of normal developmental processes, and maternal hypothyroidism, in which
thyroid-stimulating hormone (TSH) levels are reflexively elevated above the 98™
percentile (3), implying a deficiency in T3 and T4, has long been associated with adverse
pregnancy outcomes, including fetal growth restriction, motor rigidity, auditory deficits,
and mental retardation (4,5). Though data is available on the consequences of
hypothyroidism, less is known about the effects of hypothyroxinemia, a related thyroid

hormone deficiency.

Hypothyroxinemia occurs when free thyroxine levels are below the 10™ percentile for a
population, without a corresponding increase in TSH (6). Although this has previously
been considered a subclinical condition, research is beginning to emerge that challenges
this assumption. In a series of studies conducted by Haddow et al. (7) and by Pop et al.
(8-11), thyroid deficiencies limited to the mother, including maternal hypothyroxinemia,
have been linked to poorer infant psychomotor development, impaired
neuropsychological development, and breech presentation. Stemming from the evidence
presented in these publications, the impact of hypothyroxinemia on various perinatal
outcomes has also been considered. A recent American study of 17,298 women
examined the association between isolated maternal hypothyroxinemia (defined in this
study as free T4 <0.86 dL and normal-range TSH before 20 weeks gestation) and adverse

neonatal outcomes, including low birth weight, Apgar score <3, and fetal or neonatal
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death, although no significant effects were observed (12). Reduced concentrations of
circulating free T4 and free T5 with normal TSH levels have been documented in blood
samples drawn from growth-restricted fetuses (13), and in placental samples collected
from intrauterine growth restricted (IUGR) births, increased expression of thyroid
hormone variants TR al, a2, and 1, as well as a thyroid hormone membrane transporter,
monocarboxylate transporter 8 (MCTS), has been found (13,14). These results suggest
that thyroid hormone deficiencies are sufficiently important to the fetus to warrant the

triggering of compensatory mechanisms.

Hypothyroidism and hypothyroxinemia are related by a shared free T, deficiency,
differing only in the compensatory actions of TSH. The present study was designed to
assess whether maternal hypothyroxinemia is associated with fetal growth restriction and
early neonatal morbidity, and consequently, whether an inadequacy of free T4 underlies
the adverse effects associated with thyroid hormone deficiencies, regardless of TSH

concentrations.

2.2. Methods

2.2.1. Study population

The study was conducted in the Capital Health Region, an administrative unit within the
universal healthcare infrastructure, in and around Edmonton, Alberta, Canada. Women
who were pregnant in 2005-2006 and who elected to undergo a second trimester prenatal
screen for Down syndrome, open spina bifida, and trisomy 18 made up the study
population. Screens were collected between December 15, 2005 and June 22, 2006.
Only women receiving the screen at 15-16 weeks gestation, and those who had been
referred by a physician who had made at least eight similar recommendations over the
course of the study period were included, the latter criteria intended to minimize the risk
of over-representation of high-risk pregnancies. Further criteria that were used to
determine the inclusion of study subjects were maternal age (=8 years) and live
singleton deliveries 22 weeks of gestation. Additionally, any women who gave birth to

infants with malformations, as determined by data collected at the time of birth, were
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excluded from the analysis. The study protocol received ethical approval from the Health
Research Ethics Board at the University of Alberta.

2.2.2. Pregnancy outcome assessment and perinatal risk factors

The outcomes of interest in this study were early neonatal morbidity, measured by five
minute Apgar score, and fetal growth restriction, measured as small for gestational age
(SGA: birth weight <10 percentile for gestational age and gender) and z-score for birth
weight (15). Outcome data was obtained from the Delivery Record that is collected at the
time of birth in all hospital and midwife-attended deliveries, encompassing >99% of all
provincial births (Appendix I). Information from the Delivery Record is stored
electronically by the Alberta Perinatal Health Program (APHP) and was obtained from

this organization (www.aphp.ca).

The maternal characteristics collected from APHP included age, weight, height,
substance use (including cigarettes, alcohol, and illicit drugs), obstetric history (gravida;
previous SGA births; poor weight gain; pregnancy type, i.e. singleton or multiple), and
medical history (diabetes — pre-existing and gestational; cardiovascular conditions — heart
disease, hypertension, pregnancy-induced hypertension, and proteinuria; renal disease;
anemia). Women with both pregnancy-induced hypertension and proteinuria were
classified as having preeclampsia. Infant variables included gender, birth weight,
| gestational age, fetal anomaly (suspected and observed), and stillbirth. Maternal race and
gestational age at the time of serum collection were also available from data collected as

a part of the prenatal screen.

2.2.3. Thyroid hormone assessment

Serum samples were stored at -20°C until the time of analysis for thyroid hormones.
Thyroid function was determined based on maternal serum TSH and free Ty
concentrations measured by an automated analyzer (Bayer Advia Centaur) employing
direct chemiluminescent technology. Concentrations of free T, were measured using a
competitive immunoassay. In this analysis free T4 present in the serum sample competes

with acridinium ester-labeled T4 in the Lite Reagent for binding sites on a constant
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amount of polyclonal rabbit anti-T4; antibodies, which are covalently bound to
paramagnetic particles present in the solid phase. An inverse relationship exists between

the amount of light units emitted and the amount of free T4 in the patient’s sample.

Each of the serum samples collected was screened for TSH using a two-site sandwich
immunoassay. Briefly, a fixed amount of two antibodies was used: a monoclonal mouse
anti-TSH antibody labeled with acridium ester introduced via the Lite reagent, and a solid
phase polyclonal sheep anti-TSH antibody that is covalently coupled to paramagnetic
particles. The amount of TSH in the patient sample is directly related to the amount of

relative light units detected by the system.

The inter-assay coefficients of variation for the measurements of TSH were 10%, 2.7%,
and 2.1% at 0.06, 10.8, and 25.2 mU/L, respectively. The corresponding values for the
measurements of free Ty were 3.9%, 3.0%, and 3.6% at 4.8, 18.4, and 60.5 pmol/L,
| respectively (16).

From these analyses, each of the women was classified into one of four groups: euthyroid
(TSH 0.15-4.0 mU/L; free T4 >8.5 pmol/L), hypothyroxinemic (TSH 0.15-4.0 mU/L; free
T4 8.5 pmol/L), hypothyroid (TSH >4.0 mU/L), or hyperthyroid (TSH <0.2 mU/L).
These end-points were based on the reference ranges used by the laboratory staff at

Capital Health in routine thyroid function measurement.

2.2.4. Statistical analysis

All statistical analyses were conducted using STATA version 8.0 (StataCorp, College
Station, TX). Differences in continuous variables were assessed using the z-test (two-
tailed), and those in categorical variables were analyzed with Fisher’s exact test. Risk
ratios (RR and associated 95% confidence intervals (CI)) were estimated for SGA and
Apgar score (<7 at five minutes) using a modified Poisson regression procedure (17).
Linear regression was used to evaluate birth weight z-score. All potential confounders

were included in the regression models, as well as interpretable interaction terms that
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reached statistical significance. All outcomes were tested for associations with

hypothyroxinemia and with free T4 concentrations. Statistical significance was set at 5%.

2.3. Results

2.3.1. Thyroid hormone measurements

The serum samples of 974 women who had the prenatal screen during the study period
were analyzed (Table A2.1, Figures A2.1 — A2.7). Of these 974, the screens of 902 were
successfully linked to their corresponding delivery records by APHP. A further 23 were
excluded: 7 duplicate samples from the same woman, 5 twins, 8 infants with observed
anomalies, 1 stillbirth, 1 implausible birth weight for gestational age (standard deviation
(SD) 14.6 - confirmed data entry error), and 1 infant born earlier than 22 weeks of
gestation. In the case of a repeated measurement in a single woman, her first record was
retained.  Ultimately, 879 women were included in the cohort (Figure 2.1).
Measurements of TSH ranged from 0.01 to 9.31mU/L in the entire cohort, with a mean
value of 1.16 mU/L (SD 0.94). Free T4 levels spanned 4.2 to 27.1 pmol/L, with a mean
of 11.7 pmol/L (SD 2.6) and geometric mean of 11.0 pmol/L (95% CI 5.8 to 19.3
pmol/L). The women of the cohort were stratified according to four maternal hormone
classifications of interest: euthyroid (N=756), hypothyroxinemic (N=89), hypothyroid
(N=15), and hyperthyroid (N=19). Details of thyroid hormone levels for both the cohort
as a whole, and as stratified by thyroid hormone status, are provided in Table 2.1. The
two hormones were only weakly correlated, with a correlation coefficient (r) of 0.19

(Figure 2.2).

Serum levels of TSH were not significantly changed over the two week collection period
(15-16 weeks gestation), with a reduction of 0.0042 In-units per day (95% CI -0.021 to
0.013). Free T4 levels, however, were associated with a slight decrease of 0.068 pmol/L
per day (95% CI -0.12 to -0.013) (Figure 2.3). The repeated measurements made in the
same woman support this trend. In five of the seven women who had duplicate screens,
serum free T4 levels were reduced at the time of the second test when compared to the

first (Figure 2.4). However, when tested as a potential effect modifier in the regression
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models, the interaction between free T4 concentrations and the gestational age at the time

of the test was not significant.

2.3.2. Comparison of the study cohort to the Alberta population

Details on the demographics and pregnancies of the women for whom data linkage was
complete, those who were not linked, and the final study subjects are provided in Table
2.2. The women who were not linked at APHP were significantly younger, with a mean
age of 28.7 years, compared to 30.6 years in the linked group (p<0.01). The proportion
of women under the age of 25 was also significantly higher (<20: p<0.01; 20-24: p=0.05).
However, besides maternal age, the linked and not linked groups showed no appreciable
differences in maternal race, thyroid hormone status, gestational age at time of test, or
month of prenatal screen. Similarly, there were no significant differences observed

between the linked group and the final study subjects.

The study subjects were also compared to all women in Northern Albeﬁa receiving the
prenatal screen between December 2005 and February 2008 (N=15,006) on the same
parameters as described above, with the exception of maternal thyroid hormone status as
only the samples collected from study subjects were analyzed (Table 2.2). The mean
maternal age in the study group was significantly higher than that of the reference group
(30.6 compared to 29.8; p<0.01), with a higher proportion of women in the age group 30-
34 (p<0.01) and a lower proportion in the age groups <20 and 20-24 (p=0.01 and <0.01,
respectively). These findings are not surprising since the greater population included
women 14 years of age and older, shifting the mean towards a younger age, while also
increasing the observed frequency of women <20. In most cases, maternal race was
comparable between the two populations. However, more women of Asian, Filipino, and
Oriental descent were observed in the study population, while fewer First Nations women
were represented. The gestational age at the time of the screen was significantly lower in
the study population, with a mean of 112.6 days compared to 116.6 days. This was also
not unexpected as we were limiting our data collection to women who had undertaken the
screen at 15-16 weeks gestation. Finally, the month of the prenatal screen differed

between the two populations. In the study group, serum samples were only collected
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between December 2005 and June 2006, explaining the significant differences in
proportions when compared to the year-round collection encompassed by the reference
population. However, when the comparison was limited to the months of January to
June, as well as December, in both populations, the two groups were still significantly
different in every month but February. The trend that was observed was that in the
winter months (December to March), the larger population had a higher proportion of
women screened than were screened in the study group, but this was reversed in the
spring (April to June), when the larger population had a lower proportion of women

screened. The practical significance of these results is uncertain.

As of February 2007, the second trimester prenatal screen has been a standard of care, but
at the time of sample collection, it was still an elective procedure. Typically the screen
was recommended due to a high risk pregnancy, especially for older mothers, or for those
with previous complications in pregnancies or previous babies with congenital anomalies.
However, some physicians offered it routinely, and some women requested the screen
due to personal preference (18). A requirement for inclusion in the study was that the
woman had to have been referred for the screen by a physician making at least eight
similar recommendations over the study period, with the intention of minimizing the
chance that high-risk pregnancies would be over-represented. Therefore, it can be hoped
that the study subjects were more representative of the average population in their

respective age strata.

A caveat to be noted is that only current thyroid hormone concentrations could be
determined. The possibility that there were women in the cohort with preexisting
hypothyroidism who were adequately treated cannot be discounted. In name, this could
introduce exposure misclassification, although for all intents and purposes, these women
would be equivalent to the physiologically euthyroid women with whom they would be
grouped. As there were 15 hypothyroid women in our cohort, it is evident that there were
untreated or inadequately treated study subjects in our population, negating concern that

we were unable to collect data on this group.
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The study subjects were in all likelihood healthier than could be expected in the rest of
the province. The study subjects were selected from a group of women that had taken a
prenatal screen during their second trimester of pregnancy, indicating that they all had
access to a physician and/or prenatal care, known preventive factors in the development
of adverse pregnancy outcomes. In a comparison of the study cohort to province-wide
data published in 2006 (19), it was found that the study subjects had lower rates of
preterm delivery, self-reported smoking and alcohol consumption than Albertan women
as a whole, supporting the assumption that the cohort was a healthier group. The mean
maternal age at delivery was very similar between the data from the cohort and from the
Alberta figures, but a higher proportion of women aged =35 was represented in the study
population (19). Additionally, stillbirths, fetal anomalies, and multiple deliveries were
excluded, limiting the study population to lower risk pregnancies. A comparison of these

two populations is provided in Table 2.3.

2.3.3. Simple stratified analyses

The mean birth weight amongst the infants born to the women included in the study was
3378 g, the mean z-score was 0.076, 61 were classified as SGA (6.9%), and 9 had a five
minute Apgar score <7 (1.0%). Simple stratified analyses suggested that younger women
(18-24), those of smaller stature (weight and/or height), and those who had previously
given birth to an SGA baby were at an increased risk of adverse pregnancy outcomes

(Tables 2.4, A2.2).

Among infant variables, gender was fairly evenly matched, there were two infants with
suspected anomalies, neither of which were observed to have an anomaly at birth, and the
rate of preterm birth was 7.5%, a number lower than the provincial average of 9.1% in
2005 (20). Maternal thyroid hormone status divided the study subjects into four groups.
Based on our definition of hypothyroxinemia encompassing women with serum free T4
levels at or below the 10" percentile, our observed proportion of these women (10.1%) is
appropriate. Hypothyroidism is observed in 1-2% of the population during pregnancy
(5), a frequency which was mirrored in our population. The proportion of hyperthyroid

women in our population is slightly problematic however. In the general population,
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hyperthyroidism in pregnancy is rare, being observed in approximately 0.1-0.2% of
women. Our observed frequency of 2.2% is notably higher, which is likely due to a
selection bias, as women with a higher risk of complications in pregnancy, or overt

clinical symptoms, would likely have a higher probability of being screened.

Maternal race was examined using Caucasian women as the reference group. In all other
categories, the mean birth weight was lower, significantly among Asian, First Nation, and
Oriental women. When adjusting for gender and gestational age, this relationship
remained significant among Asian women, with an RR for SGA of 2.67 (95% CI 1.47 to
4.86). The trend was reversed among First Nations women: the mean z-score for birth
weight was 0.26 (SD 0.51), compared to 0.17 (SD 0.94) among Caucasian women. First
Nations women were also more likely to have infants with Apgar scores <7, with a RR of

9.06 (95% CI 1.14 to 72.29).

Past obstetric history in our population was captured through the use of variables for
gravida and previous SGA delivery. An increase in gravida demonstrated a trend towards
a positive relationship with birth weight, corresponding to a reduced risk of the delivery
of an SGA infant, as well as a reduced risk for an Apgar score <7. Conversely, previous
SGA delivery was highly associated with a current SGA delivery, as well as an increased

risk of a low Apgar score.

A number of anthropometric descriptors were available to us. Among women with a pre-
pregnancy weight >91 kg, the risk of SGA was decreased, while women with a pre-
pregnancy weight <45 kg, as well as those with a height <152 cm, were subject to an
increased risk. Poor weight gain during pregnancy was also associated with an elevated
risk of the delivery of a small infant. None of the women included in these categories

gave birth to an infant with an Apgar score <7.
The only significant association that was found between maternal disease and fetal

growth restriction was for the effect of preeclampsia (RR for SGA 3.69; 95% CI 1.08 to

12.58). Trends, however, suggest that women with diabetes are at a lower risk of having
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an SGA infant, while women with hypertension may be at a slightly elevated risk. Again,

none of these women had an infant with a low Apgar score.

Maternal smoking was reported in 11% of our population. Alcohol consumption and
drug dependence were reported much less frequently, but still occurred. Smokers showed
a trend towards an increased risk for delivering infants with SGA and a low Apgar score,
which is consistent with the available literature (21,22). There were no SGA infants born
to women who consumed alcohol or were drug dependent, nor were there any with low
Apgar scores in the drug-dependent group. However, among women who consumed
alcohol during their pregnancy, the risk of an Apgar score <7 was highly elevated, with a
RR of 21.85 (95% CI 3.32 to 143.90).

2.3.4. Multivariate analyses

All of the available covariates were included in the regression models, and after this
adjustment maternal hypothyroxinemia was not observed to have an association with
SGA, birth weight z-score, or Apgar score <7. Using euthyroid women as the reference
group, the RR for hypothyroxinemic women giving birth to an SGA infant was 0.38
(95% CI 0.11 to 1.33) and the mean difference in z-score was 0.038 (95% CI -0.17 to
0.24). None of these women gave birth to an infant with an Apgar score below 7 (Table
2.5). Free T4 levels were also substituted for hypothyroxinemia in each of the regression
models to determine whether a trend existed with the hormone concentrations and any of
the selected outcomes, but no relationship was observed (Figure A2.8, Table A2.3). An
increase of one picomole per liter free T4 was associated with RRs of 1.29 (95% CI 0.69
to 2.43) for SGA and 1.11 (95% C1 0.21 to 5.82) for Apgar <7, as well as a slope of -0.11
(95% CI -0.35 to 0.13) for z-score (Table 2.6).

Consistently in the adjusted models, fetal growth restriction was significantly associated
with poor maternal weight gain over the course of the pregnancy and a previous SGA
delivery. Asian women were also at an increased risk of having an SGA baby, as well as
one with a reduced z-score. Contrary to expectations, maternal smoking was not found to

significantly increase the risk of SGA, or to significantly reduce z-score. Factors
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associated with an increased risk of Apgar <7 included previous SGA delivery and any
maternal alcohol consumption during pregnancy. Protective factors against fetal growth
restriction included increasing maternal age and increasing gravida. Additionally, a
longer gestational period reduced the risk of observing a low Apgar score (Table 2.6).
The relationship between birth weight and free T4 concentrations was examined when
stratified by maternal smoking status with no observed effect (Figures 2.4, A2.9 — A2.10,
Table A2.4). Significant interactions were noted between free T4 levels and maternal age
in the models for z-score and Apgar, however the associations that were implied were
unable to be interpreted, and were therefore not included in the final models. There was

no other evidence of effect modification (Tables 2.6, A2.5 — A2.8).

Based on the findings of a recent publication that suggested that the accuracy of the
assessment of fetal growth differs between preterm and full-term infants due to the use of
references developed from the weights of live births only (23), each of the regressions
was run again, stratified according to gestational age (<37 weeks vs. 37 weeks). As
shown in Tables 2.5 and 2.6, the birth weight z-scores among full-term infants do not

differ from those of the study population as a whole.

Hypothyroidism was observed to be associated with a slight increase in mean z-score
(0.48), but there were no instances of SGA or Apgar <7. Hyperthyroid women also
demonstrated a slightly elevated mean z-score (0.13), and 1 gave birth to an SGA infant
(5.3%). There were no infants born to hyperthyroid women with a low Apgar score

(Table 2.5).

2.4. Discussion

This study was conducted to determine whether maternal hypothyroxinemia is associated
with an adverse effect on fetal growth and early neonatal morbidity. While it was
hypothesized that a reduction in maternal free T4 levels would be detrimental to the

development of the fetus, the results do not provide evidence to support this relationship.
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The cohort selected was drawn from a pool of women who had undergone a second
trimester prenatal screen at 15-16 weeks of gestation. The utility of this screen is limited
by the fact that it is an optional test, typically offered to women suspected to be high-risk
pregnancies due to increased age or a history of complications in pregnancy. However,
the major benefit of drawing from this group of women was the timeframe it provided.
As the fetal thyroid gland does not become functional until 18-20 weeks of gestation, it
was advantageous that the maternal serum samples were analyzed for hormone
concentrations at a point prior to this milestone. In this way, it could be determined
whether a free T4 deficit attributable solely to maternal thyroid function would have a
detrimental effect on the development of the fetus, an issue of potential therapeutic
importance. Thyroxine supplementation is common in the treatment of hypothyroidism,
and has therefore been supposed to be a plausible intervention in the management of
hypothyroxinemia. However, as it is not yet known if maternal hypothyroxinemia can be

causally linked to adverse outcomes, the benefits of treatment remain uncertain.

As expected, the women whose delivery records were unable to be linked to the data
from their prenatal screens by APHP were significantly younger than the women whose
records were linked. The inclusion criteria contained a requirement for women involved
in the study to be =18 years of age, explaining the higher proportion of women younger
than 20 in the group that was not linked. Women between 20 and 24 years of age were
also more highly represented in the unlinked group than in the linked group, possibly due

to an increased likelihood of termination.

The observed rates of SGA were slightly lower than expected, but there are a number of
potential explanations for these findings. The definition used for SGA was taken from
the work of Kramer et al. (15) who published tenth percentile cut-offs for a large
population of Canadian births between 1994 and 1996. However, it has been observed
that the birth weight of Canadian newborns has been steadily increasing over time (15).
Therefore, the 6.9% rate of SGA is likely partially explained by this trend. It is also
plausible that the study population was in better health and had better access to medical

care than could be expected from the general population. Since serum samples were
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taken from a prenatal screen, it is evident that the entire cohort had access to a physician
and/or prenatal care, factors that are known to reduce the likelihood of harm to the fetus
(24). The suggestion that this specific population is healthier than average is also
supported by the fact that 11% of women reported smoking at any time during
pregnancy, a number well below the reported rate of 25.7% province-wide (19).

Previous SGA delivery was found to be a significant risk factor for all three outcomes.
However, the rate of smoking among these women was 50%, a number more than four
times greater than that reported in the overall cohort. Of the women who had a previous
SGA delivery, all were euthyroid, further failing to provide support for the hypothesis

that these adverse birth outcomes are the result of thyroid hormone deficiencies.

The observed trends relating to the impact of maternal smoking on fetal growth
restriction were reflective of the current literature. Although not significant, the risk of
SGA was increased approximately two-fold among smokers, which is similar to other
published estimates (21,22). The mean z-score for birth weight among smokers was
reduced, as was expected, and this was apparent to a slightly higher degree among
women who gave birth to full-term infants. It is likely, therefore, that in the full study
population, the slightly lower effect estimate of effect encompassed some noise related to
the induction of preterm delivery also associated with maternal smoking. It was
anticipated that alcohol consumption and drug use would also be associated with fetal
growth restriction, but possibly due to underreporting and to the fact that the information
collected on illicit substances related to drug dependence and not necessarily drug use,

this association was not found.

The findings of this study in relation to the effects of thyroid hormones are in agreement
with those of Casey et al. (12), with the added strengths of adjustfnent for factors known
to be influential in fetal growth (gestational age and maternal smoking status), and the
use of a 10™ percentile cut-off for free T, levels in the definition of hypothyroxinemia.
The allowance for the effect of gestational age on fetal growth is necessary in the

distinction between an infant that is born small due to prematurity and one that has
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suffered from a pathologic condition, while maternal smoking is strongly associated with
adverse effects during pregnancy, particularly with a reduction in birth weight (21). The
use of a higher cut-off point for free thyroxine levels, at 10% rather than at 2.5%, allowed
for increased power to detect relevant outcomes, as well as ensured consistency with a
large proportion of published work, allowing comparisons to be made between studies
((8-10)). Although a higher percentile was used, the 10™ percentile in the current study
corresponded to a free T4 concentration of 8.5 pmol/L, compared to 11.1 pmol/L (0.86
ng/dL; 95% CI 10.3 to 24.5 pmol/L) at the 2.5 percentile in the work of Casey et al. The
serum samples were treated in a similar manner in each study, but differences in
measurements may have arisen due to the use of a different instrument for the analysis
(Bayer Advia Centaur compared to Immulite 2000 Analyzer), as well as the fact that the
assays for free T4 measurements are recognized to be problematic (25). Finally, while the
five minute Apgar score was used as a measure of early néonatal morbidity in both
studies, the present use of a score <7 rather than <3 was chosen due to its widespread use
as a clinically relevant indicator of a poor to intermediate condition (26), as well as its
capacity to increase power. Despite differences in study design, the major conclusions
that a deficiency in maternal free T4 is not significantly associated with a reduced birth

weight or Apgar score are shared.

The seemingly contradictory finding to the literature that birth weight z-scores were
elevated among hypothyroid women raised concerns that the study population may not be
representative of typical hypothyroid patients. To determine whether our definition and
classification of hypothyroidism was similar to that of other populations, free T4 levels
from the hypothyroid women in our cohort were compared to the data collected by
Haddow et al. (7) who used a comparable screening procedure in the selection of study
subjects. Their reported geometric mean value for free T4 among hypothyroid women
was 9.1 pmol/L (95% CI 7.4 to 11.2 pmol/L), which is only slightly lower than our value
of 11.0 pmol/L (95% CI 5.8 to 19.3 pmol/L). In fact, overlap was observed in the
distribution of free T4 concentrations between the two populations, increasing confidence

in our measurements.
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One limitation of the present study was the inability to directly measure fetal growth
restriction. SGA 1is a frequently used and easily obtained birth outcome measurement,
but it is not without its drawbacks. SGA is commonly assumed to mirror [IUGR and is
therefore typically used as a proxy, but the two definitions are distinct and it is possible

for an infant to be SGA without having suffered from growth restriction, and vice versa.

Finally, information was gathered on as many known risk factors of fetal growth
restriction as possible, but there were certain elements that were unable to be captured.
Data on socioeconomic status and intervals between pregnancies were not available,

although it is known that both of these factors can contribute to adverse birth outcomes.

2.5. Conclusion

With non-significant estimates of risk for small for gestational age, birth weight z-score,
and five minute Apgar score <7 among hypothyroxinemic women, it appears unlikely
that this condition is detrimental to fetal development. From the data collected, a
plausible conclusion is that hypothyroxinemia, being a subclinical physiological
condition, does not have an appreciable effect on fetal growth restriction or early neonatal

morbidity.
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prenatal screen data

974 women with

available

/\

902 prenatal screens linked to
Delivery Record data by APHP

72 prenatal screens not linked
to Delivery Record data by
APHP

879 maternal-infant pairs
included in study

23 records not meeting
inclusion criteria:
7 duplicate screens
5 twins

Figure 2.1. Study subject inclusion.

8 observed fetal anomalies
1 stillbirth

1 infant born <22 weeks

1 data entry error

Table 2.1. Measurements of maternal thyroid function among study subjects*.

All subjects (879) 1.16 +0.94 0.94 (0.56-1.47) 11.742.6 11.6 (9.9-13.4)
Euthyroid (756) 1.15£0.71 1.01 (0.61-1.50) 122422 11.9 (10.5-13.6)
Hypothyroxinemic (89) 0.68 £0.36 0.61 (0.41-0.86) 7.6 £0.8 7.8 (7.0-8.3)

Hypothyroid (15) 5.75 £1.60 5.16 (4.46-6.79) 110532 | 103 (8.4-14.6)
Hyperthyroid (19) 0.07 £0.04 0.06 (0.04-0.11) 125449 11.7 (9.2-15.3)

*IQR = interquartile range.
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Figure 2.2. Maternal free thyroxine (fT4) concentration by TSH concentration at the time
of prenatal screening. The vertical line indicates the tenth percentile of fT4
concentrations (8.5 pmol/L) and the horizontal line indicates the upper limit of the normal
range of TSH (4.0 mU/L). Women in the lower left-hand quadrant are
hypothyroxinemic, while those in the lower right-hand quadrant are euthyroid.

ne of screen

. 95%Cl

Fitted values

Figure 2.3. Maternal free thyroxine (fT4) concentration by gestational age at the time of
prenatal screening.
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Figure 2.4. Subjects who underwent duplicate prenatal screens, resulting in two free

thyroxine (T,) measurements from two separate collection dates. Each line represents
one study subject.
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Table 2.2. Comparison of women not linked to those linked at the Alberta Perinatal
Health Program. \

Maternal thyroid NA NA

hormone status

—N (%)
Euthyroid 62 (86.1%) 1.00 756 (86.0%) 1.00
Hypothyroxinemic 5 (6.9%) 0.54 89 (10.1%) 1.00
Hypothyroid 3(4.2%) 0.14 15 (1.7%) 1.00
Hyperthyroid 2 (2.8%) 0.69 19 (22%) 0.87

Maternal age i Cme

— mean (SD) 28.7(6.9) <0.01 0 30.6(4:8) 30.6 (4.8) 1.00 29.8(5.3) <0.01

Maternal age e

~N (%) ,: ‘
<20 11 (15.3%) <0.01 16(1.8%) .1 16(1.8%) 1.00 518 (3.5) 0.01
20-24 14 (19.4%) 0.05 S 99(11.0%) ] 98 (11.2%) 0.94 2332 (15.5) <0.01
25-29 12 (16.7%) 0.02 27530:5%):+] 267 (30.3%) 1.00 4725 (31.5) 0.50
30-34 21 (29.2%) 0.16 342:(37.9%)-.| 334 (38.0%) 1.00 4804 (32.0) <0.01
35-39 12 (16.7%) 1.00 <153 (17.0%) | 147 (16.7%) 0.90 2292 (15.3) 0.25
=0 2(2.8%) 0.65 “17(1.9%) 17 (1.9%) 1.00 335(2.2) 0.64

Maternal race

- N (%) . .
Caucasian 50 (69.4%) 0.70 600.(66:5%) 1 589 (67.0%) 0.84 10,113 (67.4) 0.82
Asian 7(9.7%) 0.71 109.(12.1%)-1 108 (11.7%) 0.94 1442 (9.6) 0.01
Hispanic 0(0.0%) 1.00 :7(0.8%) 7 (0.8%) 1.00 88 (0.6) 0.37
Black 2 (2.8%) 033 “14:(1.6%) 14 (1.6%) 1.00 277(1.9) 0.70
Semitic 0(0.0%) 1.00 25(06%) ] 5(0.6%) 1.00 76 (0.5) 0.81
Filipino 1(1.4%) 1.00 “12(1:3%) 11 (1.3%) 1.00 89 (0.6) 0.03
First Nation 0(0.0%) 0.62 14.(1.6%) 13 (1.5%) 1.00 563 (3.8) <0.01
Oriental 3(42%) 1.00 47.(52%) 47 (5.4%) 0.92 601 (4.0) 1.00
Korean 0 (0.0%) 1.00 L 0(0:0%) 0 (0.05%) 1.00 2(0.01) 0.05
Unknown 9 (12.5%) 0.55 - 94 (104%)-7] 90(10.2%) 0.94 1755 (11.7) 021

Gestational age at

test (days) L T

— mean (SD) 112.5(3.3) 0.79 112631 .4 1126 (3.1) 1.00 116.6 (13.8) <0.01

Month of prenatal

screen — N (%) b
January 12 (16.7%) 0.87 167 (18:5%) 1 161 (18.3%) 0.95 1897 (12.6%) <0.01
February 14 (19.4%) 0.63 153.(17.0%)- | 151 (17.2%) 0.95 1534 (10.2%) <0.01
March 2(2.8%) 0.76 38(4.2%) 37(4.2%) 1.00 939 (6.3%) 0.01
April 14 (19.4%) 041 142.(15:9%) 1 140 (15.9%) 0.95 1008 (6.7%) <0.01
May 16 (22.2%) 0.53 171 (19.0%): | 164 (18.7%) 0.90 1022 (6.8%) <0.01
June 6(8.3%) 021 126/ (14.0%) | 123 (14.0%) 1.00 942 (6.3%) <0.01
July NA NA NA NA NA 906 (6.0%) NA
August NA NA i NA NA NA 1002 (6.7%) NA
September NA NA NA NA NA 1299 (8.7%) NA
October NA NA NA NA NA 1451 (9.7%) NA
November NA NA NA: NA NA 1594 (10.6%) NA
December 8 (11.1%) 1.00 “105.(11:6%) | 103 (11.7%) 1.00 1412 (9.4%) 0.03

*p-values calculated with the linked group (N=902) as the reference
**p-values calculated with the study subjects (N=879) as the reference
NA: not applicable
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Table 2.3. Comparison of the study cohort to women in Alberta.

Mean maternal age (years) 30.6 29.0
Premature delivery (<37 weeks) 7.5% 9.1%
Smokers 11.0% 25.7%
Alcohol consumption 0.6% 18.0%
With data from (19).
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Table 2.4. Measures of fetal growth and neonatal morbidity, according to infant and maternal variables.

yroid hormone status

Gender

Female 452 (51.4) 3305 (484) 0.023 (0.94) 35(7.7) 1.0 3(0.7) 1.0

Male 427 (48.6) 3455 (550)* 0.13 (0.95)" 26 (6.1) 0.79 (0.48-1.28) 6(1.4) 2.12 (0.53-8.42)
Preterm delivery

No 813 (92.5) 3439 (465) 0.068 (0.94) 56 (6.9) 1.0 7(0.9) 1.0

Yes 66 (7.5) 2628 (607)* 0.18 (0.97) 5(7.6) 1.1 (0.46-2.65) 2(3.0 3.52 (0.75-16.62)
Suspected anomaly

No 877 (99.8) 3378 (523) 0.075 (0.95) 61 (7.0) 1.0 9(1.0) 1.0

Yes 0.2) 3550 (608) . (0.0)

Euthyroid 756 (86.0) 3373 (518) 0.055 (0.92) 58(7.7) 1.0 9(1.2) 1.0
Hypothyroxinemic 89 (10.1) 3402 (503) 0.16 (0.91) 2 2.3)f 0.29 (0.07-1.18) 0(0.0) -
Hypothyroid 15 (1.7) 3527 (590) 0.52 (1.1)f 0 (0.0) - 0(0.0) -
Hyperthyroid 19 (2.2) 3342 (724) 0.18 (1.6) 1(5.3) 0.69 (0.10-4.70) 0 (0.0) -

Maternal age
<20 16 (1.8) 3499 (624) 0.15(1.1) 3 (18.8)" 3.68 (1.20-11.30) 1(6.3) 10.43 (1.00-109.38)
20-24 98 (11.2) 3307 (607) -0.090 (1.0)* 13 (13.3)* 2.61 (1.31-5.18) 1(1.0) 1.70 (0.16-18.62)
25-29 267 (30.4) 3365 (520) 0.57 (0.99) 17 (6.4) 1.25 (0.65-2.40) 4(1.5) 2.50 (0.46-13.57)
30-34 334 (38.0) 3398 (488) 0.12 (0.89) 17 (5.1) 1.0 2(0.6) 1.0
35.39 147 (16.7) 3382 (543) 0.097 (0.91) 10 (6.8) 1.34 (0.63-2.85) 1(0.7) 1.14 (0.10-12.45)
240 17 (1.9) 3458 (408) 0.17 (0.90) 1(5.9) 1.16 (0.16-8.19) 0 (0.0) -

* p<0.05

T p<0.10



http://pnpul.lll.M1

LS

Maternal race
Caucasian 589 (67.0) 3434 (505) 0.17 (0.94) 30 (5.1) 1.0 5(0.9) 1.0
Asian 103 (11.7) 3197 (538)* -0.28 (0.99)* 14 (13.6)* 2.67 (1.47-4.86) 2(1.9) 2.29 (0.45-11.64)
Hispanic 7(0.8) 3227 (560) -0.13 (1.2) 1(143) - | 2.81(0.44-17.81) 0 (0.0) -
Black 14 (1.6) 3295 (443) -0.0036 (1.1) 2 (14.3) 2.81(0.74-10.61) 0 (0.0) -
Semitic 5(0.6) 3292 (348) -0.23 (0.81) 1 (20.0) 3.93 (0.66-23.48) 0 (0.0) -
Filipino 11 (1.3) 3252 (576) -0.0014 (0.69) 1(9.1) 1.79 (0.27-11.96) 0 (0.0) -
First Nation 13 (1.5) 3114 (796)* 0.26 (0.51) 0 (0.0 - 1(7.7) 9.06 (1.14-72.29)
Oriental 47 (5.4) 3281 (436)* -0.19 (0.76)* 4(8.5) 1.67 (0.61-4.54) 0 (0.0) -
Unknown 90 (10.2) 3352 (568) 0.060 (0.92) 8 (8.9) 1.75 (0.83-3.69) 1(L1) 131 (0.15-11.09)
Gravida
1 292 (33.2) 3361 (536) -0.0088 (0.96) 26 (8.9) 1.0 3(1.0) 1.0
2 288 (32.8) 3363 (530) 0.016 (0.93) 17 (5.9) 0.66 (0.37-1.20) 4(1.4) 1.35 (0.31-5.99)
3 180 (20.5) 3407 (515) 0.20 (0.97)* 11 (6.1) 0.69 (0.35-1.36) 1(0.6) 0.54 (0.06-5.17)
4-12 119 (13.5) 3413 (484) 0.24 (0.89)* 7(5.9) 0.66 (0.29-1.48) 1(0.8) 0.82 (0.09-7.79)
Weight >91kg
No 792 (90.1) 3362 (516) 0.032 (0.93) 58 (7.3) 1.0 9(1.1) 1.0
Yes 87 (9.9) 3524 (564)* 0.48 (1.0)* 3(3.5). 0.47 (0.15-1.47) 0 (0.0) -
Weight <45kg
No 877 (99.8) 3379 (523) 0.078 (0.94) 60 (6.8) 1.0 9 (1.0) 1.0
Yes 2(0.2) 3018 (237) -0.65 (1.6) 1 (50.0) 7.3 (1.79-29.88) 0 (0.0) -
Height <152cm
No 863 (98.2) 3381 (523) 0.082 (0.95) 57 (6.6) 1.0 9 (1.0) 1.0
Yes 16 (1.8) 3247 (492) -0.27 (0.92) 4 (25.0)* 3.79 (1.56-9.18) 0 (0.0) -
Poor weight gain
No 872 (99.2) 3380 (521) 0,080 (0.94) 59 (6.8) 1.0 9(1.0) 1.0
Yes 7(0.8) 3145 (695) -0.41 (1.3) 2 (28.6)! 4.22 (1.27-13.99) 0 (0.0) -
Previous SGA delivery
No 871 (99.1) 3383 (520) 0.086 (0.94) 58 (6.7) 1.0 8(0.9) 1.0
Yes 8(0.9) 2899 (572)* -1.0 (0.98)* 3 (37.5)% 5.63 (2.22-14.26) 1(12.5) 13.61 (1.92-96.61)
Pre-existing diabetes
No 861 (98.0) 3383 (518) 0.064 (0.94) 60 (7.0) 1.0 9(1.1) 1.0
Yes 18 (2.1) 3152 (684)% 0.67 (1.1)* 1(5.6) 0.80 (0.12-5.45) 0 (0.0) -
* p<0.05
+p<0.10
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Gestational diabetes

No 832 (94.7) 3381 (528) 0.069 (0.95) 59(7.1) 1.0 9(1.1) 1.0

Yes 47(5.4) 3331 (414) 0.20 (0.80) 2(4.3) 0.60 (0.15-2.38) 0(0.0) -
Hypertension (HTN)

No 869 (98.9) 3379 (521) 0.072 (0.95) 61 (7.0) 1.0 9(1.0) 1.0

Yes 10 (1.1) 3281 (688) 0.39(0.57) 0 (0.0) - 0(0.0) -
Pregnancy-induced HTN

No 837 (95.2) 3388 (513) 0.078 (0.94) 58 (6.9) 1.0 9(1.1) 1.0

Yes 42 (4.8) 3182 (659)* 0.039 (0.98) 3.1 1.03 (0.34-3.16) 0 (0.0) -
Proteinuria

No 870 (99.0) 3383 (520) 0.080 (0.95) 59 (6.8) 1.0 9 (1.0) 1.0

Yes 9 (1.0) 2886 (540)* -0.30 (0.90) 2(22.2) 3.28 (0.94-11.41) 0 (0.0) -
Preeclampsia

No 871 (99.1) 3384 (520) 0.081 (0.95) 59 (6.8) 1.0 9 (1.0) 1.0

Yes 8 (0.9) 2769 (441)* -0.43 (0.86) 2 (25.0) 3.69 (1.08-12.58) 0(0.0) -
Chronic renal disease

No 876 (99.7) 3382 (520) 0.076 (0.95) 61 (7.0) 1.0 9(1.0) 1.0

Yes 3(0.3) 2418 (288)* -0.023 (0.34) 0 (0.0) - 0(0.0) -
Smoker

No 782 (89.0) 3396 (517) 0.093 (0.95) 51 (6.5) 1.0 6 (0.8) 1.0

Yes 97 (11.0) 3236 (548)* -0.060 (0.92) 10 (10.3) 1.58 (0.83-3.01) 33611 4.03 (1.02-15.87)
Alcohol

No 874 (99.4) 3378 (524) 0.077 (0.95) 61 (7.0) 1.0 8(0.9) 1.0

Yes 5(0.6) 3480 (264) -0.10 (0.36) 0 (0.0) - 1 (20.0)* 21.85 (3.32-143.90)
Drug-dependent

No 873 (99.3) 3379 (524) 0.077 (0.95) 61 (7.0) 1.0 9(1.0) 1.0

Yes 6 (0.7) 3338 (338) -0.10 (0.79) 0 (0.0) - 0 (0.0 -
* p<0.05
+ p<0.10




Table 2.5. Estimates of fetal growth restriction due to hypothyroxinemia, adjusted for

potential confounding factors.

T

Euthyroid 58 756 1.00 -1.00 (-2.92, 0.92) -0.68 (-2.69, 1.33)
Hypothyroxinemic 2 89 0.38 (0.11, 1.33) 0.035 (-0.17, 0.24) 0.013 (-0.20, 0.22)
Hypothyroid 0 15 * 0.48 (0.006, 0.95) 0.35 (-0.16, 0.86)
Hyperthyroid 1 19 0.66 (0.10,4.21) 0.13 (-0.29, 0.56) 0.061 (-0.42, 0.54)
Suspected anomaly 0 2 * 0.23 (-1.13, 1.58) 0.27 {-1.09, 1.63)
Maternal age - - 0.55(0.36,0.84) | 0.069 (-0.058,0.20) | 0.048 (-0.08, 0.18)
Maternal age squared - - 1.01 (1.00, 1.02) -0.0011 (-0.003, -0.00073 (-0.003,
0.001) 0.001)
Maternal race
Caucasian 30 589 1.00 -1.00 (-2.92, 0.92) -0.68 (-2.69, 1.33)
Asian 14 103 3.31 (1.76, 6.21) -0.47 (-0.66, -0.27) | -0.48 (-0.68, -0.27)
Hispanic 1 7 3.28 (0.48, 22.52) -0.27 (-0.98, 0.43) -0.14 (-0.96, 0.68)
Black 2 14 2.69 (0.66, 11.02) -0.19 (-0.67, 0.30) -0.21 (-0.72,0.29)
Semitic 1 5 5.88(0.93,37.31) -0.58 (-1.39, 0.23) -0.59 (-1.41,0.22)
Filipino 1 11 2.52(0.34,18.54) -0.17 (-0.72, 0.38) -0.20 (-0.78, 0.38)
First Nation 0 13 * 0.12 (-0.39, 0.64) 0.22 (-0.36, 0.81)
Oriental 4 47 2.02 (0.85, 4.80) -0.37 (-0.65, -0.09) | -0.39 (-0.68, -0.09)
Unknown 8 90 1.68 (0.81, 3.47) -0.074 (-0.28, 0.13) | -0.058 (-0.28, 0.16)
Gravida
1 26 292 1.00 -1.00 (-2.92, 0.92) -0.68 (-2.69, 1.33)
2 17 288 0.81 (0.41, 1.57) 0.017 (-0.14, 0.17) | 0.0089 (-0.15,0.17)
3 11 180 0.81 (0.38, 1.73) 0.19 (0.009, 0.36) 0.17 (-0.01, 0.36)
=3 7 119 0.82 (0.34, 1.99) 0.29 (0.08, 0.50) 0.27 (0.05, 0.49)
Weight >91 kg 3 87 0.65 (0.22, 1.97) 0.36 (0.15, 0.58) 0.39 (0.16, 0.61)
Weight <45 kg 1 2 3.04 (1.10, 8.38) -0.52 (-1.82,0.79) -0.51 (-1.82, 0.80)
Height <152 cm 4 16 1.83 (0.74,4.57) -0.023 (-0.50, 0.46) -0.0037 (-0.51,
0.50)
Poor weight gain 2 7 2.86 (1.35, 6.05) -0.70 (-1.40, -0.58 (-1.33,0.18)
-0.003)
Previous SGA delivery 3 8 8.54 (3.01,24.18) | -1.07(-1.73,-042) | -1.08 (-1.74, -0.42)
Pre-existing diabetes 1 18 1.17 (0.12,11.27) 0.46 (0.014, 0.91) 0.13 (-0.53, 0.78)
Gestational diabetes 2 47 0.53 (0.13, 2.26) 0.12 (-0.15, 0.40) 0.047 (-0.26, 0.35)
Hypertension 0 10 * 0.10 (-0.60, 0.81) 0.15 (-0.61, 0.91)
Preeclampsia 2 8 5.85(1.82,18.78) | -0.71 (-1.36,-0.05) | -0.52(-1.34,0.29)
Chronic renal disease 0 3 0.21 (0.03, 1.46) -0.037 (-1.34, 1.26) *
Smoker 10 97 2.02 (0.92, 4.44) -0.25 (-0.46, 0.04) | -0.25(-0.48, -0.02)
Any alcohol consumption 0 5 * -0.051 (-0.88, 0.78) | -0.069 (-0.91, 0.77)
during pregnancy
Drug dependence 0 6 * -0.083 (-0.89, 0.72) | -0.083 (-0.89, 0.73)

*Estimates were unable to be obtained in cells with no observations
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Table 2.6. Estimates of fetal growth restriction and early neonatal morbidity due to free

Free T,

1.29 (0.69, 2.43)

0.048 (-0.14, 0.24)

thyroxine concentration (pmol/L), adjusted for potential confounding factors.

2 e

0.082 (-0.11, 0.28)

3.04 (0.80, 11.48)

TSH

0.71 (0.53, 0.94)

0.084 (0.02, 0.15)

0.082 (0.01, 0.15)

0.86 (0.51, 1.46)

Free T, * Gestational

1.00 (0.99, 1.00)

-0.00044 (-0.002,

-0.0007 (-0.002,

0.99 (0.98, 1.00)

age at test 0.001) 0.001)
Maternal age 0.54 (0.36, 0.80) 0.076 (-0.05, 0.20) 0.055 (-0.08, 0.19) 1.43 (0.08, 25.44)
Maternal age squared 1.01 (1.00, 1.02) -0.0012 (-0.003, -0.00083 (-0.003, 0.99 (0.95, 1.04)
0.0009) 0.001)
Infant gender (male) NA NA NA 1.49 (0.48, 4.62)
Gestational age NA NA NA 0.023 (0.0005,
0.99)
Gestational age NA NA NA 1.05 (0.99, 1.12)
squared
Suspected anomaly * 0.15 (-1.20, 1.50) 0.20 (-1.15, 1.56) *
Maternal race
Caucasian 1.00 -1.18 (-3.14,0.77) -0.90 (-2.95, 1.15) 1.00
Asian 3.08 (1.63, 5.85) -0.46 (-0.66, -0.26) -0.48 (-0.68, -0.27) 1.68 (0.19, 14.87)
Hispanic 3.70 (0.54, 25.32) -0.29 (-1.00, 0.41) -0.12 (-0.94, 0.69) *
Black 2.75 (0.68, 11.18) -0.15 (-0.64, 0.34) -0.17 (-0.68, 0.34) *
Semitic 5.81 (0.87, 38.70) -0.65 (-1.46, 0.16) -0.67 (-1.49, 0.15) *
Filipino 2.25(0.28, 18.11) -0.18 (-0.74, 0.37) -0.22 (-0.80, 0.36) *
First Nation * 0.16 (-0.36, 0.67) 0.26 (-0.32, 0.84) 5.77 (0.70, 47.54)
Oriental 1.79 (0.76, 4.24) -0.36 (-0.64, -0.07) -0.38 (-0.67, -0.08) *
Unknown 1.69 (0.85, 3.35) -0.074 (-0.28, 0.13) -0.065 (-0.28, 0.15) 0.61 (0.14, 2.76)
Gravida
1 1.00 -1.18 (-3.14,0.77) -0.90 (-2.95, 1.15) 1.00
2 0.78 (0.40, 1.52) 0.024 (-0.13, 0.18) 0.012 (-0.15,0.17) 0.80(0.13, 4.99)
3 0.76 (0.36, 1.63) 0.19 (0.01, 0.36) 0.17 (-0.01, 0.36) 0.60 (0.03, 13.12)
) 0.86 (0.36, 2.04) 0.29 (0.08, 0.50) 0.26 (0.04, 0.48) 0.42 (0.09, 1.98)
Weight >91 kg 0.62 (0.22,1.79) 0.36 (0.15,0.57) 0.38 (0.16, 0.60) *
Weight <45 kg 4.85 (1.61, 14.63) -0.66 (-1.96, 0.65) -0.65 (-1.96, 0.66) *

Height <152 cm

1.70 (0.62, 4.64)

-0.011 (-0.49, 0.47)

0.011 (-0.49, 0.51)

*

. Poor weight gain

2.14(0.93, 4.91)

-0.67 (-1.36, 0.03)

-0.56 (-1.31, 0.19)

*

Previous SGA delivery

8.18 (2.89,23.17)

-1.06 (-1.71, -0.40)

-1.06 (-1.71, -0.40)

8.17 (2.01, 33.16)

Pre-existing diabetes

0.98 (0.08, 11.97)

0.48 (0.04, 0.93)

0.10 (-0.55, 0.76)

Gestational diabetes

0.13 (-0.14, 0.41)

0.052 (-0.25, 0.36)

Hypertension

0.50 (0.11, 2.19)
*

0.094 (-0.61, 0.80)

0.17 (-0.59, 0.93)

Preeclampsia

6.33 (2.10, 19.09)

-0.72 (-1.37, -0.06)

Chronic renal disease

0.23 (0.03, 1.57)

0.041 (-1.35, 1.26)

-0.51 (-1.32, 0.30)
*

¥ K| ¥| *| ¥

Smoker

1.86 (0.83, 4.16)
*

-0.23 (-0.44, -0.02)

-0.24 (-0.46, -0.005)

3.95 (0.29, 53.93)

Any alcohol
consumption during
regnancy

-0.054 (-0.88, 0.78)

-0.080 (-0.91, 0.76)

22.36 (2.60,
192.11)

Drug dependence

-0.062 (-0.87, 0.74)

-0.052 (-0.86, 0.76)

*

NA: not applicable

*Estimates were unable to be obtained in cells with no observations
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‘Non-smokers @ Smokers

Figure 2.5. Infant z-score according to maternal free thyroxine (fT4) concentration
(pmol/L), stratified by maternal smoking status. The vertical line indicates the tenth
percentile for maternal T4 concentrations (8.5 pmol/L).
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Chapter 3
Relevance to Environmental Health and Future Research

3.1. Overview

The goal of this thesis was to determine whether a correlation exists between maternal
hypothyroxinemia and fetal growth restriction and/or early neonatal morbidity. Using a
prospective cohort of 879 women and their babies, no association was found between a
maternal deficiency of free T4 and the delivery of an infant that was small for gestational
age, that had a reduced z-score for birth weight, or that had a five minute Apgar score
less than 7. Although these findings do not support the hypothesized association, they
should serve as reassurance that subclinical maternal thyroid hormone deficiencies do not

appear to increase the risk of these adverse perinatal outcomes.

3.2. Relevance to environmental health research

The research objectives for this study were largely drawn from evidence collected in
developmental toxicity studies related to environmental exposures to endocrine
disruptors. In a list published in 2002, 116 chemicals were identified that interfered with
normal thyroid function through disruptions of hormone production, transport, and
metabolism (1). While this list was not intended to be exhaustive, it still highlights the
sensitivity of the thyroid to synthetic compounds present in the environment. Some of
the compounds considered to be thyroid toxicants are the widespread environmental
contaminants polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers
(PBDEs), and polybrominated biphenyls (PBBs) (2). Of these, PCBs are the most widely
studied, and it is recognized that exposure to these chemicals is associated with reduced
circulating T4 in animal models, and possibly with hypothyroidism (2-5). Reductions in
1Q, impaired visual recognition memory, and deficits in attention and motor ability have
been correlated with PCB body burden (2), all of which are also associated with thyroid
hormone deficiencies. Although less is known about PBDEs and PBBs, they are
structurally related to PCBs, making it possible that their pattern of toxicity mimics that
of PCBs.
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Another class of chemical that has been linked to disruption of thyroid hormone
homeostasis is perfluorinated acids (PFAs). These are chemicals that have been widely
used in industry and in consumer products for decades, and have recently been
recognized as persistent organic pollutants with potentially toxic effects on development
(6). In animal models, exposure to perfluorooctane sulfonate (PFOS), an eight-carbon
member of the PFA family, has been correlated with a reduction in both maternal and
fetal levels of circulating thyroid hormones, while TSH levels remain constant (6,7).
Perfluorooctanoic acid (PFOA), another widespread member of the class, has also been
linked with a disruption of free thyroxine levels (8). One of the most consistently seen
toxicities related to PFA exposure is a reduction in fetal weight at birth, which has been
suggested to be the result of thyroid hormone disruption, potentially via interference with
cellular or functional maturation of organ systems (7). Both PFOS and PFOA are able to
cross the placenta (7,9,10), therefore if the observed toxicities are mediated by thyroid
hormones, it is unknown whether they are the result of a maternal thyroid deficiency, or

of direct fetal exposure to the compounds, leading to an isolated fetal thyroid deficiency.

At this point, there is no epidemiological evidence linking PFA exposure to
hypothyroxinemia. However, in a study currently underway at the University of Alberta,
that relationship is being examined’. The serum samples that are being analyzed for PEA
and thyroid hormone concentrations were collected from women belonging to the same
cohort as was used in the present study. As such, once the maternal PFA concentrations
have been determined, an intended follow-up study will be to link these numbers to the
pregnancy outcome data already collected, to investigate whether PFA exposure is
associated with adverse birth outcomes, and if this is the case, whether this pathway is
mediated by thyroid hormone levels. This data will hopefully build on the small number
of studies that have looked at the association between maternal PFA exposure and fetal
growth restriction (11-13). In the first, Grice et al. conducted a survey of an occupational

cohort exposed to PFOS, including questions on pregnancy-related information (11). Of

! Emerging contaminants as determinants of maternal hypothyroxinaemia in Edmonton, Alberta
Source: University (of Alberta) Hospital Foundation

PI: JW Martin

Co-Inv: I Burstyn, F Bamforth, NM Cherry
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the 263 women surveyed, 421 live births were reported. Among these births, there were
no appreciable differences in birth weight among PFOS exposure categories. Apelberg et
al. collected 293 cord serum samples between 2004 and 2005 from a single hospital in
Baltimore, Maryland (12). Analysis for PFOS and PFOA concentrations was conducted,
and these levels were linked to maternal characteristics and birth outcomes. Modest
reductions in birth weight were observed, although these were non-significant: PFOS
(median concentration 5 ng/mL, range <LOD (0.2) — 34.8 ng/mL) was associated with a
decrease of 69 g per In-unit (95% CI -149 to 10 g) and PFOA (median 1.6 ng/mL, range
0.3 — 7.1 ng/mL) was associated with a decrease of 104 g (95% CI -213 to 5 g) after
adjustment for potential confounders. Finally, Fei et al. employed a prospective cohort
comprised of 1,399 women and their infants selected from the Danish National Birth
Cohort (1996-2002) to examine the association between maternal PFOS and PFOA
concentrations and birth weight and length of gestation (13). As in the study described
above, a slight reduction in birth weight (-10.63 g per Ing/mL; 95% CI -20.79 to -0.47 g)
was observed with increasing levels of PFOA (mean concentration 5.6 ng/mL), however
no association was found with PFOS (mean 35.3 ng/mL). Similarly, there was no
relationship between PFA levels and the incidence of low birth weight (<2,500 g), small
for gestational age (birth weight <10™ percentile for gestational age and infant gender), or

preterm birth (<37 weeks gestation).

This presentation of some of the available data relating to the effects of PFAs on thyroid
function and developmental toxicity only represents a small fraction of the toxicological
evidence supporting a role for endocrine disruptors in the environment in the disruption
of thyroid hormone homeostasis. As mentioned above, there are numerous compounds
released into the environment that may act via the same mechanism, making it difficult to
isolate the effects that may be specific to exposures to PFAs, or to any other single
chemical class. However, benefits can be derived from knowing how these chemicals act
as a group, especially since it is likely that real-world exposure will involve a mixture of
chemicals. If it is determined that thyroid toxicants can exert their effects through an
induction of hypothyroxinemia, it is advantageous to know of any adverse effects

associated with that condition, which can then be generalized to a number of compounds.
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Conversely, if the association between hypothyroxinemia and potential toxicities is
refuted, concern regardingy a whole group of compounds can be reduced. Since PFAs and
many other thyroid toxicants are widespread in the environment, using one chemical,
group of chemical, or a known consequence of chemical exposure as markers of exposure
to a wider group of compounds is likely an efficient method of measuring the overall

manifest effects of the group as a whole.

3.3. Significance and future research

The findings of this study do not provide evidence that supports an adverse relationship
between maternal hypothyroxinemia and pregnancy outcomes. By extension, if
environmental contaminants are associated with restricted fetal growth or early neonatal
morbidity, it is unlikely that this relationship is mediated by maternal thyroid hormone
levels. These findings can serve as reassurance, both at the levels of clinical and of

public health significance.

An ongoing debate related to hypothyroxinemia is whether this condition is associated
with outcomes severe enough to warrant widespread free T4 screening among pregnant
women (14,15). It is known from research and from experience with hypothyroidism that
treatment with thyroxine is highly beneficial in the prognosis of the developing fetus,
especially when initiated early in pregnancy, an element that would be facilitated by early
detection of disease (16). Currently, screening procedures are limited to women with
overt symptoms, or to those in whom a reasonable suspicion of thyroid disruption exists
(17), something that has not been extended to hypothyroxinemia. As this is a subclinical
condition without obvious manifestations, the screening procedure would have to be
universal. While studies related to neurological development are in support of the
implementation of widespread screening programs, this study did not find a marked

effect on fetal growth that would provide evidence to further this initiative.
There remains much to be learned about the effect of maternal hypothyroxinemia on fetal

development. This study provided a preliminary look at the outcomes of fetal growth

restriction and early neonatal morbidity, but there has also been speculation about such
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conditions as breech presentation, attention-deficit/hyperactivity disorder, and autism that
warrant further research (18-20). In terms of fetal growth though, the focus of this study
could also be applied in expanded and improved forums. The findings are based on a
relatively homogenous population from one urban center. Even through the expansion of
the study protocol to include data collected from the province of Alberta, the findings
could be more informative. This could encompass a more diverse population, including
women from rural areas, which could have a marked effect on factors ranging from
behaviors (e.g. smoking rates) to maternal ethnicity (e.g. inclusion of more First Nations
women). Ifit can be established in further studies that maternal hypothyroxinemia can be
placed on the causal pathway in the manifestation of adverse fetal outcomes, it will also
be important to determine if the benefits of thyroxine treatment that are observed in
hypothyroid women and their infants can be experienced in this subclinical population as

well.

An advantage of the current study was that maternal thyroid hormones were measured
during a two-week window during gestation, limiting the data collected to 15-16 weeks
gestation. This enabled a description of the effects of maternal hypothyroxinemia on
fetal growth at a time prior to the onset of fetal thyroid function. However, free Ty lévels
are not static during pregnancy, and they are known to decrease over the course of
gestation (21). If free T4 levels were measured throughout pregnancy, it could be
determined if there was a crucial timeframe in which adverse effects may be induced, or
if they may depend on a continued worsening of the maternal condition, or if, unlike
hypothyroidism, hypothyroxinemia does not become severe enough to alter global

development, instead only influencing the more sensitive CNS development.

Another interesting question that could be answered is what happens to these children
during infancy and childhood. From research on hypothyroidism, it is known that the
thyroid is instrumental in guiding growth in the postnatal period (22), so perhaps this
would also be observed in infants born to hypothyroxinemic women. Despite our
findings that fetal growth is not influenced by this deficiency, it is possible that a latent

effect exists and manifests during a later period.
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3.4. Conclusion

In a number of recent studies, maternal hypothyroxinemia has been shown to be
associated with impaired neurological development, setting the stage for further research
on its effects on other perinatal outcomes. The impact of maternal hypothyroxinemia on
fetal growth restriction and early neonatal morbidity was assessed in this study, with the
findings not supporting a significant relationship between maternal thyroid hormone
homeostasis and these selected outcomes. While maternal hypothyroxinemia is believed
to adversely affect some aspects of fetal development, it is encouraging that this does not

appear to extend to fetal growth restriction and early neonatal morbidity.
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Appendix II. Supplemental Tables and Figures

Table A2.1. Characteristics of the study population, as reported by the Alberta
Perinatal Health Program.

Total observations 902 (100.0)
4
ender
Female 462 (51.2)
Male 440 (48.8)

Birth weight 3358.9g (554.0 )
Female 3284.3g (5133 g)
Male 3437.2g (584.2 g)

Low birth weight (<2500 g) 49 (5.4) 2070.2g (560.4 g)
Female 27 (5.8) 2174.4g (447.0 g)
Male 22 (5.0) 1942 3g (662.8 g)

Gestational age 38.7wk (2.1 wk)
Female 38.7wk (2.0 wk)
Male 38.6wk (2.2 wk)

Preterm delivery (<37 wk) 80 (8.9) 34.2wk (3.6 wk)
Female 36 (7.8) 34.2wk (3.4 wk)
Male 44 (10.0) 34.2wk (3.7 wk)

Small for gestational age (Robertson

CM 2002) 56 (6.2)

Female 30 (6.5)
Male 26 (5.9)

Apgar score
Apgar (1 minute) 8.1(1.5)
Apgar (5 minute) 8.9(0.9)
Apgar <7 (1 minute) 119 (13.2)

Apgar <7 (5 minute) 14 (1.6)
Twins 5 (0.6)
Fetal anomaly
Suspected anomaly 4(0.4)
Observed anomaly 8(0.9)
?7Down syndrome 1(0.1)
Ears lower than canthos 1(0.1)
Suspect no right kidney 1(0.1)
Tongue tie 1(0.1)
Not specified 4 (0.4)
Stillbirth 1(0.1)
Maternal age
As recorded on Delivery Record 30.1 (4.8)
As recorded on prenatal screen 30.6 (4.8)
Difference between the two ages -0.5 (3.0
Maternal race
Caucasian 600 (66.5)
Asian 109 (12.1)
Hispanic 7 (0.8)
Black 14 (1.6)
Semitic 5(0.6)
Filipino 12 (1.3)
First Nation 14 (1.6)
Oriental 47(5.2)
Unknown 94 (10.4)
Gravida 2.3(1.3)
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Weight
>91 kg 90 (10.0)
<45 kg 2(0.2)
Height (<152 cm) 17(1.9)
Poor weight gain 7(0.8)
Previous SGA delivery 8(0.9)
Maternal health conditions
Anemia 0(0.0)
Pre-existing diabetes 18 (2.0)
Gestational diabetes 47 (5.2)
Heart disease 0 (0.0)
Hypertension 12 (1.3)
Pregnancy-induced hypertension
(PIH) 42 (4.7)
Proteinuria 9(1.0)
Pre-eclampsia (PIH + proteinuria) 8(0.9)
Chronic renal disease 4(0.4)
Maternal substance use
Smoker 99 (11.0)
Alcohol 5(0.6)
Drug-dependent 6 (0.7)
Antepartum score recorded 902 (100.0)

g

15

Figure A2.1. Distribution of birth wei ght z-scores of the entire'stﬁ(iy“‘pbpﬁl’éﬁon
(N=902), calculated according to Kramer et al., 2001.



F igure A2.2. Distribution o:f‘mafaht birth wei ght (grams)’f of the entire sfudy population
(N=902).

Figure A2.3. Distribution of gestatio‘nal age (Weeks) at déliVery of the entire study
population (N=902).
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Figure A2.5. Distribution of gravida of the ént'iré‘studzy ‘p(l)pyiila‘ti‘on (N¥902).
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Figufé A2.6. Distribution of 4‘on'e—'1"1'11ﬁ1/1te“Apgarkscbreé of the entire study population

(N=902).

Figi;re A2.7. Distribution of five-minute Apgar scores of the entire stﬁdy population
(N=902).
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Table A2.2. Birth weight z-scores according to infant and maternal variables — linear ‘

regression (N=879)

-0.015 (-0.052, 0.022)

Gestational age (25-42 weeks) 0.43 -0.015 (-0.054, 0.024)
Preterm delivery 0.11 (-0.13, 0.35) 0.37 0.13 (-0.12, 0.38)
Suspected anomaly 0.24 (-1.08, 1.55) 0.72 0.24 (-1.14, 1.62) 0.74
Maternal age
Continuous (18.3-45.1 years) 0.011 (-0.0020, 0.024) 0.10 0.011 (-0.0023, 0.025) 0.10
Categorical (V)
<20 (16) 0.024 (-0.45, 0.50) 0.92 0.032 (-0.47, 0.53) 0.90
20-24 (98) -0.21 (-0.42, 0.0021) 0.05 -0.22 (-0.45, 0.00075) 0.05
25-29 (267) -0.064 (-0.22, 0.088) 041 -0.068 (-0.23, 0.092) 0.40
30-34 (334) 1.0 - 1.0 -
35-39 (147) -0.024 (-0.21, 0.16) 0.80 -0.027 (-0.22, 0.17) 0.78
=0(17) 0.052 (-0.41, 0.51) 0.82 0.055 (-0.43, 0.54) 0.82
Maternal race (V)
Caucasian (589) 1.0 - 1.0 -
Asian (103) -0.45 (-0.65, -0.25) 0.00 -0.47 (-0.68, -0.27) 0.00
Hispanic (7) -0.29 (-0.99, 0.40) 0.41 -0.30 (-1.03, 0.43) 042
Black (14) -0.17 (-0.67, 0.33) 0.50 -0.18 (-0.71, 0.34) 0.49
Semitic (5) -0.39 (-1.22,0.43) 0.35 -0.42 (-1.29, 0.45) 0.34
Filipino (11) -0.17 (-0.73, 0.39) 0.56 -0.17 (-0.76, 0.42) 0.57
First Nation (13) 0.090 (-0.42, 0.61) 0.73 0.085 (-0.46, 0.63) 0.76
Oriental (47) -0.36 (-0.64, -0.080) 0.01 -0.37 (-0.67, -0.080) 0.01
Unknown (90) -0.11 (-0.31, 0.10) 0.32 -0.11 (-0.33, 0.11) 0.33
Gravida
Continuous (1-12) 0.074 (0.028, 0.12) 0.00 0.078 (0.029, 0.13) 0.00
Categorical (N)
1(292) 1.0 - 1.0 -
2 (288) 0.025 (-0.13, 0.18) 0.75 0.024 (-0.14, 0.19) 0.77
3(180) 0.21 (0.031, 0.38) 0.02 0.21 (0.028, 0.40) 0.02
>4 (119} 0.25 (0.053, 0.45) 0.01 0.27 (0.054, 0.48) 0.01
Weight >91 kg 0.44 (0.24, 0.65) 0.00 0.46 (0.24, 0.68) 0.00
Weight <45 kg -0.73 (-2.04, 0.59) 0.28 -0.76 (-2.14, 0.62) 0.28
Height <152 cm -0.35 (-0.82, 0.12) 0.15 -0.36 (-0.86, 0.13) 0.15
Poor weight gain -0.49 (-1.20, 0.21) 0.17 -0.51 (-1.25,0.23) 0.17
Previous SGA delivery -1.09 (-1.75, -0.44) 0.00 -1.16 (-1.85, -0.47) 0.00
Pre-existing diabetes 0.60 (0.16, 1.04) 0.01 0.64 (0.17, 1.10) 0.01
Gestational diabetes 0.13 (-0.15, 0.40) 0.37 0.13 (-0.16, 0.42) 0.38
Hypertension 0.32 (-0.27,0.91) 0.29 0.32 (-0.30, 0.94) 0.31
Pregnancy-induced hypertension -0.039 (-0.33, 0.25) 0.80 -0.041 (-0.35, 0.27) 0.79
Proteinuria -0.38 (-1.00, 0.24) 0.23 -0.040 (-1.06, 0.25) 0.22
Preeclampsia -0.51 (-1.17,0.97) 0.13 -0.55(-1.24,0.15) 0.12
Chronic renal disease -0.099 (-1.17, 0.97) 0.86 -0.13 (-1.26, 1.00) 0.82
Smoker -0.15 (-0.35, 0.047) 0.14 -0.16 (-0.37, 0.049) 0.13
Alcohol -0.18 (-1.01, 0.65) 0.68 -0.19 (-1.06, 0.69) 0.67
Drug Dependent -0.18 (-0.94, 0.58) 0.65 -0.18 (-0.98, 0.62) 0.65
Thyroid hormone status (V)
10" <10%M%ile cut-offs
Euthyroid (756) 1.0 - 1.0 -
Hypothyroxinemic (89) 0.10 (-0.11, 0.31) 0.35 0.10 (-0.11, 0.32) 0.35
Hypothyroid (75) 0.46 (-0.023, 0.94) 0.06 0.49 (-0.022, 1.00) 0.06
Hyperthyroid (79) 0.12 (-0.31, 0.55) 0.58 0.13 (-0.32, 0.58) 0.57
Clinical cut-offs
Euthyroid (713) 1.0 - 1.0 -
Hypothyroxinemic (87) 0.092 (-0.12, 0.30) 0.39 0.10(-0.13, 0.32) 0.40
Hypothyroid (15) 0.45 (-0.036, 0.94) 0.07 0.48 (-0.036, 0.99) 0.07
Hyperthyroid (31) 0.012 (-0.33, 0.35) 0.94 0.20 (-0.34, 0.38) 0.92
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thure A2.8. One and five minute Apgar scores according toyiwmﬁél/té"rnal ﬁee thyroxine
(fT4) concentration. The vertical line is drawn at the 10™ %ile cut-off for T, levels (8.5
pmol/L) and the horizontal line is drawn at an Apgar score of 7.

Table A2.3. Frequency and proportion of low Apgar scores, stratified by maternal
thyroid hormone status.

. = .
minute | minutes | minute | minutes | minute | minutes | minute | minutes | minute | minutes | minute | minutes
0 0 14 0 7 1 92 9 7 1 110 9

0.0%) | 0.0%) | 157%) | 0.0%) | 0.9%) | 0.1%) | 121%) | 12%) | 0.8%) | (0.1%) | (12.5%) | (1.0%)
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among non-smokers.
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B

F igureﬁkAZ.IO. Infant birth weight according to maternal free thyfoxine (Ty) concentration
among smokers.
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Table A2.4. Mean birth weight and birth weight z-score, stratified by maternal thyroid
hormone levels and smoking status.

Non-smoker | 3386.9 g (678) 34483 ¢ (75) 3580 g (13) 3392.1¢ (17)
Smoker | 32235g (80) 3155.0 g (14) 3180 g (2) | 2912.5¢g (2)
Non-smoker | 0.090(678) |  022(15) | _ 048(13) |  0.19(17)
Smoker 20.061 (30) 2019 (14) 0.76 (2) 0.10 (2)
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Table A2.5. Mean birth weight stratified by thyroid status and infant and maternal variables.

Gender

(Mean birth weight in grams, number of study subjects in brackets.)

Female 3303 (382) 3296 (50) 0.93

Male 3446 (374) 3538 (39) 0.32
Preterm delivery

No 3436 (701) 3437 (84) 0.99

Yes 2570 (55) 2819 (5) 0.37
Suspected anomaly

No 3373 (754) 3402 (89)

Yes 3550 (2)
Maternal age

<20 3443 (15) 4340 (1) -

20-24 3335 (90) 2457 (3) 0.01

25-29 3359 (228) 3410 (29) 0.62

30-34 3383 (285) 3483 (40) 0.22

35-39 3381 (124) 3316 (14) 0.66

=0 3503 (14) 3233 (2) 0.41
Maternal race

Caucasian 3431 (504) 3444 (68) 0.85

Asian 3173 (88) 3112 (6) 0.77

Hispanic 3240 (6) 3150 (1) -

Black 3294 (13) 3305 (1) -

Semitic 3292 (5) - -

Filipino 3252 (11) - -

First Nation 3270 10) 2345 (2) 0.16

Oriental 3283 (39) 3411 (5) 0.55

Unknown 3330 (80) 3620 (6) 0.23
Gravida

1 3357 (260) 3353 (22) 0.98

2 3367 (244) 3279 (33) 0.36

3 3391 (149) 3507 (24) 0.31

= 3406 (103) 3664 (10) 0.10
Weight >91 kg

No 3354 (684) 3420 (79) 0.28

Yes 3554 (72) 3259 (10) 0.12
Weight <45 kg

No 3374 (754) 3402 (89) 0.63

Yes 3018 (2) - -
Height <152 cm

No 3376 (742) 3402 (88) 0.65

Yes 3018 (2) 3385 (1) -
Poor weight gain

No 3377 (750) 3402 (89) 0.66

Yes 2974 (6) - -
Previous SGA delivery

No 3379 (748) 3402 (89) 0.68

Yes 2899 (8) - -
Pre-existing diabetes

No 3379 (742) 3401 (87) 0.71

Yes 3066 (14) 3441 (2) 0.45
Gestational diabetes

No 3376 (718) 3399 (83) 0.70

Yes’ 3330 (38) 3441 (6) 0.54
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Hypertension

No 3375 (746) 3402 (89) 0.63

Yes 3281 (10) - -
Pregnancy-induced HTN

No 3384 (720) 3410 (86) 0.66

Yes 3156 (36) 3172 (3) 0.97
Proteinuria

No 3379 (747) 3402 (89) 0.69

Yes 2886 (9) - -
Preeclampsia

No 3380 (748) 3402 (89) 0.70

Yes 2769 (8) - -
Chronic renal disease

No 3377 (753) 3402 (89) 0.67

Yes 2418 (3) - -
Smoker

No 3387 (677) 3448 (75) 0.32

Yes 3259 (79) 3155 (14) 0.52
Alcohol use

No 3373 (752) 3400 (88) 0.64

Yes 3451 (4) 3597 (1) -
Drug-dependent

No 3374 (750) 3402 (89) 0.62

Yes 3338 (6) - -

* t-test conducted comparing the mean birth weights between euthyroid and hypothyroxinemic groups.
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Table A2.6. Mean birth weight z-score stratified by thyroid status and infant and maternal

variables.

(Number of study subjects in brackets.)

o Es

Preterm delivery

No 0.056 (701) 0.13 (84) 0.51

Yes 0.042 (55) 0.63 (5 0.16
Suspected anomaly

No 0.055 (754) 0.16 (89) 0.33

Yes 0.31 (2) - -
Maternal age

<20 0.069 (15) 1.30 (1) -

20-24 -0.098 (90) -0.51 (3) 0.50

25-29 0.036 (228) 0.21 (29) 0.36

30-34 0.092 (285) 0.20 (40) 0.47

35-39 0.086 (124) 0.027 (14) 0.80

240 0.30 (14) -0.24 (2) 0.44
Maternal race

Caucasian 0.16 (504) 0.16 (68) 0.96

Asian -0.34 (88) -0.48 (6) 0.69

Hispanic -0.020 (6) -0.77 (1) -

Black -0.041 (13) 0.48 (1) -

Semitic -0.23 (5) - -

Filipino -0.0014 (11) : - -

First Nation 0.29 (10) 0.081 (2) 0.63

Oriental -0.24 (39) 0.39 (5) 0.08

Unknown 0.017 (80) 0.65 (6) 0.10
Gravida

1 -0.017 (260) 0.045 (22) 0.77

2 0.0080 (244) -0.067 (33) 0.65

3 0.18 (149) 0.30 (24) 0.56

=] 0.17 (103) 0.78 (10) 0.04
Weight >91 kg

No 0.012 (684) 0.15(79) 0.20

Yes 0.47 (72) 0.20 (10) 0.42
Weight <45 kg

No 0.057 (754) 0.16 (89) 0.34

Yes -0.65 (2) - -
Height <152 cm

No 0.063 (742) 0.15 (88) 0.42

Yes 0.38 (14) 0.91 (1) -
Poor weight gain

No 0.062 (750) 0.16 (89) 0.37

Yes -0.80 (6) - -
Previous SGA delivery

No 0.067 (748) 0.16 (89) 0.39

Yes -1.01 (8) - -
Pre-existing diabetes

No 0.049 (742) 0.13 (87) 0.45

Yes 0.37 (14) 1.32 (2) 0.14
Gestational diabetes

No 0.046 (718) 0.16 (83) 0.30

Yes 0.22 (38) 0.12 (6) 0.78
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Hypertension

No 0.051 (746) 0.16 (89) 0.32

Yes 0.39 (10) - -
Pregnancy-induced HTN

No 0.059 (720) 0.15 (86) 0.37

Yes -0.022 (9) 0.21(3) 0.70
Proteinuria

No 0.060 (747) 0.16 (89) 0.36

Yes -0.30 (9) - -
Preeclampsia

No 0.060 (748) 0.16 (89) 0.36

Yes -0.43 (8) - -
Chronic renal disease

No 0.056 (753) 0.16 (89) 0.34

Yes -0.022 (3) - -
Smoker

No 0.069 (677) 0.22 (75) 0.18

Yes -0.061 (79) -0.19 (14) 0.62
Alcohol use

No 0.057 (752) 0.15(88) 0.35

Yes -0.19 (4) 0.24 (1) -
Drug-dependent

No 0.056 (750) 0.16 (89) 0.34

Yes -0.10 (6) - -

* t-test conducted comparing the mean z-scores between euthyroid and hypothyroxinemic groups.
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Table A2.7. Proportion of low birth weight infants stratified by thyroid status and infant and

maternal variables.
(Proportion of infants born LBW (%), number of study subjects in brackets.)
i

i
Gender
Female 2.3(18) 1.1(1) 0.71
Male 2.5(19) 0.0 (0) 0.24
Preterm delivery
No 1.9 (14) 0.0(0) 0.38
Yes 3.0(23) L.1(1) 0.64
Suspected anomaly
No 4.9 (37) 1.1(1) 0.17
Y 0.0 (0
Maternal age
<20 0.1(1) 0.0 (0) 1.00
20-24 0.9(7) 1.1(1) 0.24
25-29 1.5(11) 0.0 (0) 0.62
30-34 1.9 (14) 0.0 (0) 0.23
35-39 05 0.0 (0) 1.00
=0 0.0 (0) 0.0 (0) -
Maternal race
Caucasian 2.6 (20) 0.0 (0) 0.15
Asian 0.8 (6) 0.0 (0) 1.00
Hispanic 0.0 (0) 0.0(0) -
Black 0.1(1) 0.0(0) 1.00
Semitic 0.0 (0) - -
Filipino 0.1 (1) - -
First Nation 0.1(1) 1.1(1) 0.32
Oriental 0.3(2) 0.0 (0) 1.00
Unknown 0.8 (6) 0.0 (0) 1.00
Gravida
1 1.6 (12) 1.1(1) 1.00
2 1.6 (12) 0.0 (0) 0.37
3 1.2 (9) 0.0(0) 0.61
= 0.54) 0.0 (0) 1.00
Weight >91 kg
No 4.8 (36) 0.0 (0) 0.04
Yes 0.1(1) 1L.1(D) 0.23
Weight <45 kg
No 49 (37) 1.1(1) 0.17
Yes 0.0 (0) - -
Height <152 cm
No 4.8 (36) 1.1(1) 0.17
Yes 0.1 (1) 0.0(0) 1.00
Poor weight gain
No 4.8 (36) 1.1(1) 0.17
Yes 0.1 (1) - -
Previous SGA delivery
No 4.6 (35) L1(1) 0.17
Yes 0.3 (2) - -
Pre-existing diabetes
No 4.4 (33) 1.1(1) 0.25
Yes 0.54) 0.0(0) 1.00
Gestational diabetes
No 4.8 (36) 1.1(1) 0.17
Yes 0.1 (1) 0.0 (0) 1.00
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Hypertension

No 4.6 (35) 1.1(D) 0.17

Yes 0.3 (2) . .
Pregnancy-induced HTN

No 4.2 (32) 1.1(1) 0.24

Yes 0.6 (5) 0.0 (0) 1.00
Proteinuria

No 4.5(34) 1.1(D) 0.16

Yes 0.4 (3) - -
Preeclampsia

No 4.5 (34) 1L.1(1) 0.16

Yes 0.4 (3) - -
Chronic renal disease

No 4.6 (35) 1.1(1) 0.17

Yes 0.3(2) - -
Smoker

No 4.0 (30) 0.0 (0) 0.06

Yes 0.9(7) 1.1(1) 1.00
Alcohol use

No 4937 1.1(1) 0.17

Yes 0.0 (0) 0.0(0) -
Drug-dependent

No 4.9(37) 1.1(D) 0.17

Yes 0.0 (0) - -

* t-test conducted comparing the mean birth weights between euthyroid and hypothyroxinemic groups.
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Table A2.8. Proportion of small for gestational age infants stratified by thyroid status and

infant and maternal variables.

(Proportion of infants born SGA (%),, number of study subjects in brackets.)
%’&2_&%&)

6.7 (51) 1.1(D) 0.03
0.0(0) - -

Maternal age

<20 04 (3) 0.0 (0) 1.00

20-24 1.6 (12) 0.0 (0) 1.00

25-29 2.1 (16) 0.0 (0) 0.23

30-34 1.7 (13) 0.0 (0) 0.38

35-39 : 0.9 (7) 0.0 (0) 1.00

=0 0.0 (0) 1.1(1.0) 0.13
Maternal race ‘

Caucasian 3.3(25) 1.1 0.16

Asian 1.6 (12) 0.0 (0) 0.43

Hispanic 0.1(1) 0.0 (0) 0.86

Black 2.6 (2) 0.0(0) 1.00

Semitic 0.1(1) - -

Filipino 0.1 (1) - -

First Nation 0.0 (0) 0.0 (0) -

Oriental 0.4 (3) 0.0 (0) 1.00

Unknown 0.8 (6) 0.0 (0) 1.00
Gravida

1 2.9(22) L1(1) 1.00

2 ' 2.0(15) 0.0 (0) 0.23

3 1.3 (10) 0.0 (0) 0.36

>4 0.5(4) 0.0 (0) 1.00
Weight >91 kg

No 6.5 (49) 1.1(1) 0.05

Yes 0.3(2) 0.0 (0) 1.00
Weight <45 kg

No 6.6 (50) 1.1 (1) 0.03

Yes 0.1(1) - -
Height <152 cm

No 6.3 (48) L1(1) 0.05

Yes 0.4 (3) 0.0 (0) 1.00
Poor weight gain

No 6.5 (49) 1.1(1) 0.05

Yes 0.3(2) - -
Previous SGA delivery

No 6.5 (49) 1.1(1) 0.03

Yes 0.3 (2) - -
Pre-existing diabetes

No 6.7 (51) 1.1(1) 0.03

Yes 0.0 (0) 0.0 (0) -
Gestational diabetes )

No 6.6 (50) 1.1(1) 0.05

Yes 0.1(1) 0.0 (0) 1.00
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Hypertension

No 6.7(51) 1.1 (1) 0.03

Yes 0.0 (50) - -
Pregnancy-induced HTN

No 6.3 (48) 1.1 (1) 0.05

Yes 04 (3) 0.0 (0) 1.00
Proteinuria

No 6.5 (49) 1.1(D) 0.03

Yes 0.3(2) - -
Preeclampsia

No 6.5 (49) 1.1(1) 0.03

Yes 0.3 (2) - -
Chronic renal disease

No 6.7 (51) 1.1 (1) 0.03

Yes 0.0 (0) - -
Smoker

No 5.6 (42) 1.1 (H) 0.11

Yes 1.2(9) 0.0 (0) 0.35
Alcohol use

No 6.7 (51) 1.1(1) 0.03

Yes 0.0 (0) 0.0 (0) -
Drug-dependent

No 6.7 (51) L1(1) 0.03

Yes 0.0 (0) - -

* t-test conducted comparing the mean birth weights between euthyroid and hypothyroxinemic groups.
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Appendix I11. Stata Modeling Codes

Dataset: thyroid final reduced.dta

Variable coding:

SGA: Small for gestational age

zscore_K: Birth weight z-score (Kramer et al., 2001)

apgar5 7: Five minute Apgar score <7

htx: Maternal hypothyroxinemia (T'SH 0.15-4.0 mU/L; free T4 <8.5 pmol/L)
hypo: Maternal hypothyroidism (TSH >4.0 mU/L)

hyper: Maternal hyperthyroidism (TSH <0.2 mU/L)

fT4: Free thyroxine concentration

TSH: Thyroid-stimulating hormone concentration

fT4 ga day: Free thyroxine concentration * gestational age at prenatal screen (days)
susp_anomalyl: Suspected fetal anomaly

m_age: Maternal age in years

m_race: Self-reported maternal race

gr: Gravida

wt91 1: Maternal weight >91 kg

wt45 1: Maternal weight <45 kg

heightl: Maternal height <152 cm
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pwgl: Poor maternal weight gain during pregnancy

prev_sgal: Previous small for gestational age delivery
pre_diabl: Pre-existing maternal diabetes

gest diabl: Gestational diabetes

HTN1: Maternal hypertension

preeclampsia: Pregnancy-induced hypertension with proteinuria
chr renall: Chronic maternal renal disease

smoker!: Self-reported smoking status

alcoholl: Maternal consumption of =3 drinks or = drink per day
drug_dependentl: Maternal drug dependency

year2: Maternal age squared

sex: Infant gender

gestational age: Gestational age at delivery (weeks)

gage2: Gestational age at delivery (weeks) squared
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Small for gestational age:

xi: glm SGA i.htx i.hypo i.hyper i.susp_anomalyl m_age i.m_race i.gr i.wt91 1 iwt45 1
i.heightl i.pwgl i.prev_sgal i.pre diabl i.gest diabl i. HTN1 i.preeclampsia i.chr renall

i.smoker] i.alcoholl i.drug_dependentl year2, fam(poisson) link(log) nolog robust eform

xi: glm SGA fT4 TSH fT4 ga dayi.susp_anomalyl m_agei.m racei.gri.wt9l 1
1.wt45 1 iheightl i.pwgl i.prev_sgal i.pre_diabl i.gest diabl . HTN1 i.preeclampsia
i.chr_renall i.smokerl i.alcoholl i.drug_dependentl year2, fam(poisson) link(log) nolog

robust eform

Z-score:

xi: regress zscore K i.htx i.hypo i.hyper i.susp_anomalyl m_age year2 i.m_racei.gr
1.wt91 1 1.wt45 1 iheightl i.pwgl i.prev_sgal i.pre diabl i.gest diabl i.HTN1

1.preeclampsia i.chr renall 1.smoker] i.alcoholl i.drug_dependentl

xi: regress zscore_K fT4 TSH fT4 ga dayi.susp_anomalyl m age i.m_racei.gr
iwt91 1iwt45 1 iheightl i.pwgl i.prev_sgal i.pre_diabl i.gest diabl i. HTN1

i.preeclampsia i.chr_renall i.smoker] i.alcoholl i.drug_dependentl year2

94



Apgar:

xi: glm apgarS 7 fT4 TSH fT4 ga day i.sex gestational age i.susp_anomalyl m_age
im racei.griwt9l 1iwt45 1 iheightl i.pwgl i.prev_sgal i.pre diabl i.gest diabl
1.HTNI1 i.preeclampsia i.chr_renall i.smokerl i.alcoholl i.drug_dependentl year2 gage2,

fam(poisson) link(log) nolog robust eform
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Appendix IV. Regression Diagnostics

Dependent variable: Birth weight z-score

Independent variables: Hypothyroxinemia, hypothyroidism, hyperthyroidism, suspected
fetal anomaly, maternal age (years), maternal age squared (years), maternal race, gravida,
maternal weight >91 kg, maternal weight <45 kg, maternal height <152 cm, poor
maternal weight gain, previous SGA delivery, pre-existing diabetes, gestational diabetes,
hypertension, preeclampsia, chronic renal disease, smoking status, alcohol consumption,

drug dependence

quietly xi: regress zscore_K 1.htx i.hypo i.hyper i.susp_anomalyl m_age year2 i.m_race
i.griwt9l 1iwt45 1 iheightl i.pwgl i.prev_sgal i.pre_diabl i.gest diabl i. HTN1

i.preeclampsia i.chr_renall i.smokerl i.alcoholl i.drug_dependentl

predict pred, xb
predict sdr, rstudent

hist sdr
(b' =29, start= 2 6636755’, w1dth=29759849)

0 g
: St_uqentizled resiganl;g'
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gnorm sdr

twoway (scatter sdr pred)
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Dependent variable: Birth weight z-score

Independent variables: Free T4 concentration, TSH concentration, free T4 * gestational
age at prenatal screen, suspected fetal anomaly, maternal age (years), maternal race,
gravida, maternal weight >91 kg, maternal weight <45 kg, maternal height <152 cm, poor
maternal weight gain, previous SGA delivery, pre-existing diabetes, gestational diabetes,
hypertension, preeclampsia, chronic renal disease, smoking status, alcohol consumption,

drug dependence, maternal age squared (years)

quietly xi: regress zscore K fT4 TSH fT4 ga day i.susp_anomalyl m_age i.m_racei.gr
1.wt9l 1iwt45 1iheightl i.pwgl i.prev_sgal i.pre diabl i.gest diabl i. HTN1

i.preeclampsia i.chr_renall i.smoker] i.alcoholl i.drug_dependentl year2

predict pred, xb
predict sdr, rstudent

hist sdr
(bin=29, start=-2.7123129, width=.3031273)
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twoway (scatter sdr pred)
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