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ABSTRACT

EPIDEMIOLOGY OF THYROID HORMONE ABNORMALITIES IN EXTREMELY
PREMATURE INFANTS

By
Ting Hong

Transient hypothyroxinemia of prematurity (THOP) is manifest by very low
levels of serum thyroxine (T4) and tri-iodothyronine (T3), but normal thyroid stimulating
hormone (TSH) levels from shortly after birth until up to 6 weeks after birth. THOP is
commonly seen among extremely premature infants born before 28 weeks of gestational
age (GA). Studies have shown that THOP could increase risk of cerebral palsy (CP), a
major neurodevelopmental disability outcome among children born prematurely, and may
also cause other neurodevelopmental disabilities at later ages. Recent evidence suggests
thyroid hormone (TH) supplementation may prevent some cases of CP and improve
cognitive outcomes among premature infants. Little has been written about the correlates
of baseline TH levels or postnatal TH levels in infants at risk for THOP.

From April 2005 to August 2007, we conducted a randomized clinical trial of TH
supplementation in preterm infants born between 24 and 28 weeks of GA. Neonatal free
T4 (FT4), total T4 (TT4), and TSH values were measured within 24 hours after birth but
prior to treatment (as baseline), and then on day 3, 7, 14, 21, 42, 56, and at discharge.
Maternal FT4, TT4, and TSH were measured shortly after delivery. FT4 was assessed by
direct equilibrium dialysis and TT4 and TSH by chemiimmunoluminescent assay.
Maternal and labor exposures were abstracted through medical records. Neonatal
information was kept in daily charts. Discharge information was recorded in study

discharge form.






This dissertation reviewed the characteristics and the correlates of neonatal
baseline and postnatal TH levels, and analyzed correlates of neonatal baseline and
postnatal TH levels (log-scale) among very premature infants using the THOP trial data.
Linear regression was used for analysis on correlates of baseline TH levels and mixed
model for correlates of postnatal TH levels.

Adjusted analyses showed that neonatal baseline FT4 levels related to GA
(percentage change; p-value: +17%/wk; <0.01), fetal growth ratio (-6%/0.1; <0.01), race
(Black vs. Hispanic +30%; <0.01), multiple birth (-14%; 0.06), and intrauterine growth
restriction (-18%; 0.06), while TT4 levels related to GA (+16%/wk; p<0.01), antenatal
steroid use (+22%; 0.03), magnesium use (+14%; 0.06), and prolonged rupture of
membrane (PROM) (+32%; <0.01). Postnatal FT4 levels were not significantly
associated with any factor examined. Postnatal TT4 levels on day 3-21 were all
significantly lower than on day 56, ranging from 33-46% (p<0.01). Postnatal TT4 levels
also were associated with GA (+12%/wk; <0.01), duration of ventilator use (-5.6%/10day;
<0.01), and necrotizing enterocolitis (NEC) (-53%; 0.01).

With the exception of GA, different groups of factors were correlated with FT4
and TT4 levels in extremely premature infants. Baseline FT4 was more closely related to
fixed attributes such as multiple birth, race, and fetal growth, while baseline TT4 was
more closely related to pregnancy conditions and treatments, such as antenatal steroid
and magnesium use, and PROM. Postnatal FT4 levels were not clearly affected by any
prenatal or postnatal exposures examined. Postnatal TT4 levels increased significantly
over postnatal age and were significantly associated with GA, duration of ventilator use,

and NEC.
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Chapter 1 Background

In the past three decades, the development of laboratory techniques has improved
our understanding of perinatal thyroid physiology. However, as the survival of premature
infants increases, we are facing the new challenge of transient hypothyroxinemia of
prematurity, which is manifest by relatively low serum free thyroxine (T4), normal serum
thyroid stimulating hormone (TSH). Literature on premature thyroid is sparse, especially
on the correlates of transient hypothyroxinemia in prematurity newborns and how
premature thyroid reacts to postnatal life. Thus this dissertation aims to answer some of
these questions using data collected in a randomized clinical trial.

In this chapter, brief overview of thyroid hormones is provided, covering the
physiology of thyroid hormones, the role of iodine in thyroid physiology, and the
ontogenesis of the hypothalamic-pituitary-thyroid system. Then a brief description of
thyroid function changes in healthy term infants is given, followed by a review of the
changing patterns of thyroid hormones and prenatal/postnatal correlates of transient
hypothyroxinemia in premature infants. At the end, a summary discusses associations of
transient hypothyroxinemia with neurodevelopmental outcomes in premature infants, and
the rationale for attempting to discover whether there are beneficial effects of thyroxine
supplements in this population.

1.1 Physiology of thyroid hormone (Figure 1.1)
The thyroid gland produces a variety of thyroid hormones, also called

iodothyronine, to provide the daily needs of the human body. Iodothyronine molecules



differ from each other by the number of iodine atoms and positions on the benzene-ring.
The major iodothyronines are:

1) 3, 5, 3°, 5’-L-tetraiodothyronine (T4),

2) 3, 5, 3’-triiodo-L-thyronine (T3),

3) 3, 3°, 5’-triiodothyronine (reverse T3 (rT3)),

4) 3, 3’-diiodothyronine (T2). Conversion among iodothyronines is catalyzed by
human iodothyronine selenodeiodinases.

Among all iodothyronines, T4 has the highest concentration in plasma and is the
only thyroid hormone exclusively secreted by the thyroid gland. T3 is also secreted by
the thyroid gland, but 80% of T3 (and almost all rT3) is produced by conversion from T4
in the liver, kidney, brain, skeletal muscle, and adipose tissue (1-4). In the circulation,
there are two forms of thyroid hormone: free and bound. Because free thyroid hormones
degrade rapidly, most T4 and T3 molecules are transported to target organs bound to
thyroid binding globulin (TBG). However, since only free thyroid hormone can be taken
up into the cell, bound T4 and T3 serve as a thyroid hormone reservoir to maintain
thyroid hormone homeostasis (1).

Transporting free thyroid hormone molecules into cells is an energy-dependent
process, mediated by the Na+/taurocholate cotransporting polypeptide and L-type amino
acid transporters. Free T3 (FT3) molecules enter cells and bind to specific nuclear DNA-
bound thyroid hormone receptors (TR) to regulate gene expression (5). With a 15-fold
higher binding affinity to TR’s than T4, T3 is the major biologically active thyroid
hormone. Intracellular FT3 can either enter the nucleus and bind to the TRs, or be

degraded to T2 by type-3 selenodeiodinase (D3) (1). The intracellular free T4 (FT4)



molecule becomes active T3 by having a single 5’-iodine atom detached by type 2 (D2)
human iodothyronine selenodeiodinase. FT4 can also be converted to inactive rT3 by
removing a single 5-iodine atom, a reaction catalyzed by D3. The activation and
degradation pathways of iodothyronines are illustrated in Figure 1.1.

1.2 Role of Iodine in thyroid physiology

Iodine is an essential element in thyroid hormone synthesis and metabolism and,
in humans, is completely dependent on dietary intake. Iodine deficiency is often seen in
mountain area and lowland regions far from the oceans, such as central Africa, northern
China, Himalayas area, India, many countries in Europe, and South America, etc. Those
who consume only locally produced foods in these areas are at great risk for lodine
deficiency.

When iodine supply is reduced, the human body takes compensatory reactions to
maximally conserve iodine and improve the efficiency of iodine use. These adjustments
occur at the hypothalamic, pituitary, thyroid, and peripheral tissue levels. For instance,
during iodine deficiency, a plasma T4 decrease may increase D2 expression in the central
nervous system (CNS), hypothalamus, and pituitary gland, which promotes the
conversion of T4 to T3. D3 expression in the CNS may decrease to allow T3 to stay
active for relatively a longer period in the face of iodine deficiency (6-8). This
preference for T3 during iodine deficiency is physiologically more efficient as T3
consumes one iodine atom less than T4, but has a three-fold higher biological potency (1).

In human adults, when total iodine intake is less than 75 pg/day, the above
compensatory adjustments in thyroid function will be activated. Similar physiological

adjustments have been found in disorders in which there is difficulty utilizing iodide,



such as Hashimoto's disease and Grave’s disease during antithyroid drug treatment
treatment (9, 10). Despite the compensatory mechanisms to help the human body to
preserve iodine and increase the efficacy of iodine utilization, prolonged and severe
iodine deficiency will eventually lead to clinical hypothyroidism.

Since insufficient iodine can cause hypothyroidism, one might assume that
excessive iodine would induce hyperthyroidism. However, the contrary is true.
Excessive iodine exposure inhibits thyroid hormone production and may cause transient
hypothyroxinemia. Prolonged excessive exposure to iodine places the thyroid gland at
risk of goiter or hypothyroidism. With iodide overload, the thyroid gland reacts first by
increasing, and then by decreasing organification of iodide, ultimately producing a
reduction in iodothyronine synthesis (11). This decrease intrathyroidal organification of
iodide is known as the Wolff-Chaikoff Effect. The decreased iodide organification is
thought to result from the overly high concentration of inorganic iodide within the
thyroid gland, which possibly interferes with the effect of thyroid peroxidase (TPO).
After experiencing the Wolff-Chaikoff Effect for a short time period, the normal thyroid
gland partially regains the ability to uptake iodide into the cell for iodothyronine
production. This process lasts until the iodide level falls below the threshold for
maintaining the Wolff~-Chaikoff Effect. This adaptation or escape phenomenon prevents
the development of hypothyroidism and iodide goiter. However, if excessive iodine
intake continues and iodine levels stay higher than the threshold, goiter or
hypothyroidism will eventually develop. Although this escape mechanism exists in fetus
or premature infants is not confirmed, cases of infants born with goiters large enough to

cause respiratory distress have been reported as a result of maternal iodide ingestion (12-



14). Potassium iodide, once commonly used for cough treatment, was thought to be one
of the most frequent culprits (15). Thus prolonged overload iodine intake during
pregnancy or infancy (for preterm infants) may cause hypothyroidism or goiter and
should be avoided as much as possible (11, 16, 17).

1.3 Ontogenesis of hypothalamic-pituitary-thyroid system

The development of the fetal hypothalamic-pituitary-thyroid (HPT) system
includes three phases: ) embryogenesis, II) hypothalamic maturation, and III) maturation
of hypothalamic-pituitary-thyroid system function (18, 19). Although the time windows
overlap with each other, distinct differences exist in anatomy, histology, biochemistry,
and biological function across the three phases.

Phase I: embryogenesis of the pituitary and thyroid gland occurs during the first
trimester. The thyroid embryo anlage becomes recognizable as early as one month after
conception and the embryogenesis of thyroid gland is the mostly completed by 10 to 12
weeks of gestational age (GA) (1, 20). Toward the end of this period, tubule-like
structures are seen in the fetal thyroid, soon after which the follicular structure appears
and then the follicles are filled with colloid. While the thyroid structure develops, the
fetal thyroid develops the ability to concentrate iodide and to synthesize iodothyronines
(1, 18, 19, 21-22). Meanwhile, the fetal pituitary undergoes histological differentiation
and starts synthesizing TSH by 14 weeks’ gestation. Fetal serum T4, T3, and TSH
become measurable by the end of this phase (23-26), but concentrations remain low until
mid-gestation.

Phase II: hypothalamic maturation overlaps with Phase I. The time window, from

4-5 weeks of gestation to around 30-35 weeks of gestation, is when continuing



development of the hypothalamus and pituitary glands proceeds. Anatomically,
hypothalamic nuclei and fibers of the supraoptic tract become visible by 12 to 14 weeks.
Biochemically, TRH, gonadotropin-releasing hormone, and somatostatin reach
measurable levels in hypothalamic tissue by 12 weeks, indicating that the hypothalamus
can synthesize hormones by then. From the 10-12th to the 35th week, hypothalamic
maturation continues as the pituitary-portal vascular system matures (18, 19).

Phase III: the elevation of fetal serum T4 concentrations marks the beginning of
the maturation of the hypothalamic-pituitary-thyroid system. Around 18-20 weeks’
gestation, pituitary and serum TSH begin to rise. Serum TSH concentrations peak early
in the third trimester and decline slowly from about 15 pU/ml at 30 weeks to 10 pU/ml at
term (27-29). Fetal serum T4 and FT4 levels gradually climb up in the third trimesters
until term.

More importantly, the hypothalamic-pituitary-thyroid negative feedback system
starts regulating thyroid hormone production during this period. Infants born after 26 to
28 weeks of GA have been found to respond to exogenous TRH injections (40 pug) with
serum TSH elevations (30, 31). Also, increased cord and serum T4 levels after intra-
amniotic injection of T4 (700 pg) greatly suppressed both cord TSH levels and neonatal
TSH surges in term infants (32). These up and down-regulations of thyroid hormone
levels are mediated through hypothalamic stimulation of pituitary TSH secretion and
subsequent stimulation of the thyroid gland (19). The hypothalamic-pituitary-thyroid

feedback matures with gestational age and HPT development is complete at term (28).



1.4 Maternal-Fetal thyroid hormone interaction

The fetal thyroid hormone supply relies a great deal on maternal sources
throughout pregnancy, especially the first two trimesters. It is well known that
transplacental passage of TSH from mother to fetus is negligible, but maternal T4 can
cross the placental barrier and freely enter the fetal circulation. T4 has thus been detected
in coelomic and amniotic fluids prior to the onset of fetal thyroid function (22).
Moreover, measurable cord T4 levels are found in newborns with congenital
hypothyroidism (33). With increasing tissue needs resulting from fetal growth, maternal
thyroid hormone production rises as pregnancy proceeds. In the late second or early third
trimester, the source of fetal thyroid hormone supply gradually shifts, however, from
complete maternal dependence to partial maternal dependence, because of maturation of
fetal thyroid function and of hypothalamic-pituitary-thyroid regulation.

Can the fetus suffer hyperthyroxinemia when the mother transfers too much
thyroid hormone to the fetus? Most likely no, because large amount of type 3
monodeiodinase existed in placenta tissue, possibly in uterus as well, which prevents the
fetus from developing hyperthyroxinemia by increasing the degradation of T4 to rT3 or
T3 to T2. Nonetheless, there have been reports on neonatal thyrotoxicosis secondary to
maternal hyperthyroidism (34, 35). This could be due to placental transfer of
immunoglobulin, or possibly abnormality of neonatal thyroid.

1.5 Postnatal thyroid hormone surge

In term neonates, serum TSH levels surge immediately after birth and usually

peak at 30 minutes of postnatal life. A sharp decrease in serum TSH appears

immediately after the peak in the first few hours, followed by a much slower decline until



TSH drops significantly below cord level at about 48-72 hours after birth (36). Serum T4
levels rise to respond to the TSH elevation, reaching an apex at 24 hours after birth, and
then slowly decreasing to a plateau over the first week of life (37-41). Serum T3
increases in a similar fashion to T4, except that its rise is not a direct resulted of the TSH
boost, but rather is produced by 1) reduced T3 degradation due to sudden loss of D3 from
placenta tissue, 2) decreased D3 expression in newborn liver and brain tissues, and 3)
increased peripheral conversion of T4 to T3 shortly after birth (19, 37, 41).

The acute TSH surge after birth is thought to be stimulated by the cold exposure
in the extrauterine environment, and the subsequent thyroid hormone elevations are
known to be responsible for non-shivering thermoregulation in newborns. The thyroid
hormones influence the brown adipose tissue (BAT) in heat production through many
physiologic pathways, such as by increasing uncoupling protein activity in BAT,
controlling lipid composition and the size of brown adipocyte, and increasing expression
of proteins involved in brown adipocyte metabolism (oxidation). All of these
mechanisms promote the production of high energy phosphate bonds that are ultimately
converted to heat in BAT (42). Results from many animal experiments support the role
of thyroid hormone in non-shivering thermoregulation in neonates. In addition to the
thyroid hormone surge triggered by cold exposure, it has been found that thyroid
hormone levels are positively related to rectal temperature, and that higher body
temperature are observed in euthyroid animals compared to animals with hypothyroidism
(43-46).

However, premature infants, especially extremely low gestational age infants (GA

< 28 completed weeks), are expected to have immature hypothalamic-pituitary-thyroid



system and less fat tissue. Immaturity affects the thyroid hormone surge owing to the
lack of capacity to synthesize hormone and/or the lack of effectiveness of HPT hormone
regulation. The latter deficit affects the thyroid hormone surge by reducing intracellular
conversion of T4 to T3 in BAT, which is rich in D2. As a result, the brown adipocyte is
smaller, has an altered lipid composition. There is a lower circulating free fatty acid
concentration, and eventually less heat production (18, 47-49).

1.6 Transient hypothyroxinemia of prematurity (Table 1.1)

Transient hypothyroxinemia of premature (THOP) infants is manifest by
relatively low free T4, normal serum TSH, and normal responses of TSH and T4 to TRH
(19). In general, THOP is a laboratory based diagnosis and is mostly asymptomatic.
However, signs of hypothyroidism, such as hypoactivity, lethargy, poor feeding,
constipation, jaundice, edema, and hoarse cry, have been observed in preterm infants with
THOP (50). Although these signs are not specific to hypothyroidism, the clinical
response to thyroxine replacement therapy, exclusion of other possible causes in addition
to the infants’ low serum T4 levels and normal TSH levels, have strongly suggested that
hypothyroxinemia was likely the cause. With increasing postnatal age, serum thyroid
hormone levels of preterm infants increase and catch up with term infants by 3-8 wks
postnatal age. The temporary presence of low thyroid hormone levels is the reason for
use of the term transient hypothyroxinemia.

Frequencies of THOP reported in different preterm cohorts have varied because
of differences in 1) the gestational age groups studied, 2) the postnatal ages when tested,
3) the definition of transient hypothyroxinemia applied, and 4) the sample sizes. Table 1

summarizes published frequencies of THOP (50-59). Although variations exist across



studies, the trend is clear in showing that the THOP rate decreases dramatically as
gestational age increases. Within the same gestation group, the THOP rate declines over
postnatal age, although the effect of postnatal growth on thyroid hormone levels is not as
strong as that of gestational maturation.

1.6.1 The different patterns of postnatal thyroid hormone levels in preterm infants

In the past three decades, advances in laboratory techniques have improved our
knowledge of the physiology of the thyroid hormones. With the broad use of surfactant,
prenatal steroids, and the development in neonatal intensive care, more and more very
premature newborns survive. The physiology and pathophysiology of these premature
thyroid glands and HPT regulation systems have been studied, but are still not well
understood. This section provides a brief summary of the changing patterns of postnatal
thyroid hormones and TSH concentrations in preterm infants, especially extremely
premature infants, and the differences from term infants.
1.6.1.1 Cord blood thyroid hormone levels in preterm infants (Table 1.3-1.5; Figure
1.2-1.4)

At birth, preterm infants have low cord serum thyroid hormone levels. Many
studies have reported significantly lower cord FT4, TT4, and TSH levels in preterm
infants than in term infants (60-63). The baseline hormone level differences between
preterm and term infants diminish as gestational age increases (64). Tables 1.3-1.5
summarize the cord FT4, TT4, and TSH levels reported in different populations by
different gestational age groups (2, 37, 54, 59, 65, 66). FT4 levels had slight increase
over gestational age with the highest values appearing at 36 weeks. TT4 levels increase

steadily along with gestational age. TSH levels remain nearly flat over gestational age.
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One Japanese study reported TSH levels being highest around 30-34 weeks, but the same
trend was not seen among other studies (66).

Williams et al. presented the cord thyroid hormone and TSH levels of 620 infants
in a cross-sectional fashion. Study infants were born between 23 and 42 weeks of GA
and enrolled from 11 Scottish neonatal intensive care units, as part of a cohort study of
transient hypothyroxinemia (63). Cord thyroid hormone levels of every single gestational
week were reported and results were difficult to be included in table 1.3-1.5 because
other studies reported thyroid hormone levels by clustered gestational age groups. To
visualize the changing pattern, we have converted the thyroid hormone levels reported by
Williams into graphs. Figure 1.2-1.4 illustrate the approximate changing pattern of cord
FT4, TT4, and TSH with gestational age. FT4 reached the highest value around week 33
and then decreased thereafter. The turning point in this graph appeared much earlier than
what is observed in table 1.3, and the degree of decrement is much greater in William’s
population. These differences were probably caused by three factors. First, clustered
gestational age groups (table 1.3) can not show trends as clearly as individual gestational
weeks (figure 1.2). Second, the sample sizes in gestational weeks 35, 36, and 37 were 4,
9, and 10 respectively in Williams’ report. Small sample sizes might introduce variation
and might not accurately reflect the hormone levels of infants born within these
gestational weeks. Third, infants in Williams’ report were all admitted to neonatal
intensive care units, implying that they had different levels of illness. Their illness levels
might be related to their thyroid hormone levels and the relation is likely to be stronger in
term than in preterm infants. Patterns seen in both TT4 and TSH, in the Williams’ data,

are in agreement with those observed in table 1.4.
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1.6.1.2 Postnatal thyroid hormone changes in preterm infants

After birth, as aforementioned, the TSH levels of term infants rise quickly and
reach an apex value within 30 minutes. Serum iodothyronine levels rise to respond to the
TSH stimulation and climax at around 24 hours after birth. Both TSH and thyroid
hormone levels drop after the peak levels but remain much higher than in adults.

The thyroid function of preterm infants behaves differently from term infants.
According to the maturity level, preterm infants can be categorized into two groups,
moderately preterm group (29-36 completed weeks of GA) and extremely premature
group (less than 28 completed weeks of GA). We will address these two groups
separately.
1.6.1.2.1 Postnatal thyroid hormone changes in moderately preterm infants (Table
1.6-1.8) (2, 54, 58, 64-71)

The moderately preterm group refers to infants born between 29-36 completed
weeks of gestational age. As these neonates are closer to term, their thyroid glands and
HPT regulation systems have gained a certain level of capacity to adapt to the extra-
uterine environment, but the potency of these system is not as great as those of term
infants. Baseline (at birth) thyroid hormones and TSH levels of this group are lower than
those of term infants and are positively associated with gestational age. The TSH surge is
seen in this population and rising T4 and T3 levels are observed in response to the TSH
surge. The surges of TSH and thyroid hormones in moderately preterm infants are

qualitatively similar to those of term infants, but lesser in degree (19, 72).
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1.6.1.2.2 Postnatal thyroid hormone changes in extremely premature infants (Table
1.9-1.11) (2, 54, 57, 61, 64)

The extremely premature group consists of neonates born prior to 28 completed
weeks of gestational age. This population is delivered at the end of the second trimester
or the beginning of the third trimester. This time window coincides with the third phase
of the ontogenesis of the HPT system, during which the fetal thyroid gland and the HPT
regulation system begin to mature and function (see section 1.3) (18, 19). This process is
interrupted by parturition. The coordination between the fetal thyroid gland and the HPT
regulation system is not yet developed at birth. Clinically, TSH levels at baseline are
extremely low in this population and they increase with gestational age. The TSH surge,
is greatly suppressed or even absent among extremely premature infants (2, 61, 73). The
reasons for this absence could include a lack of TRH response to declining thyroid
hormone levels, or an immature HPT system that has limited TRH secretion.
Alternatively, the central nervous system may be too immature to respond to cold
stimulation after delivery (74).

Among extremely premature infants, FT4 concentrations start at a much lower
level compared to moderately preterm or term infants and the FT4 increase is transient
and minimal. In a randomized clinical trial, in which thyroxine supplement was provided
to preterm infants less than 30 weeks of gestational age, Van Wassenaer et al. reported a
small, insignificant increase (0.3 ng/dl) of the mean serum FT4 levels on day 1, followed
by a significant decrease with a nadir appearing on day 7 among 100 preterm newborns
in the placebo group (75). In another large randomized clinical trial which examined the

effect of T3 and hydrocortisone on lung disease in very premature infants (23-29 weeks),
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no thyroid hormone surge was seen in 128 subjects randomized to the placebo group (61).
In addition, the thyroid hormone concentrations barely changed over the first two weeks
of life in this study cohort. A study of 22 infants born between 24 and 27 weeks of
gestational age, whose thyroid hormone levels were measured in cord blood and at 1, 7,
and 24 hours after birth, found small and transient increases consistent with other studies
Q).

The total T4 increase is also greatly attenuated in these very low gestational age
newborns. Murphy et al. reported severely reduced TT4 elevation after birth in neonates
born between 24 and 27 gestational weeks (2). Hadeed et al. also found infants less than
1000 grams (GA < 30 wks) had small degrees of TT4 elevation. Table 1.7 summarizes
the previously reported serum TT4 values in the first 3 weeks of life in different
gestational age groups. Cross-sectionally, TT4 levels increase with gestational age;
longitudinally, TT4 increases slightly by postnatal age, but with great variation across
different studies.

Interestingly enough, baseline rT3 levels (the inactive form of thyroid hormone)
remain much higher in extremely premature infants than in both moderately preterm and
term infants (2, 37, 68, 71). Cord rT3 levels decrease with increasing gestational age.
After birth, the serum rT3 levels gradually decrease to the same levels as term infants.
rT3 is also known as the major iodothyronine form in the fetus. This similarity between
extremely premature infants and fetuses strongly suggests that thyroid function and HPT
regulation are not functioning, only minimal functioning, in this population.

In summary, both baseline and postnatal thyroid hormone levels are low in

preterm infants. Hormone changes regularly seen in term infants, especially the hormone
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surges after birth, are suppressed in preterm infants. The degree of attenuation is the
greatest in extremely premature newborns, and sometimes the surges even disappear.
Transient hypothyroxinemia of prematurity reflects a delay in maturation of both thyroid
gland function and hypothalamic-pituitary-thyroid regulation system. The maturity of
newborn, namely gestational age, plays the most important role in this process.
1.6.2 Prenatal factors that affect thyroid hormone levels in preterm infants at birth
Besides prematurity, there are other prenatal factors that may affect the thyroid
function of preterm infants at birth, such as intrauterine growth restriction,
chorioamnionitis, placenta insufficiency, antenatal steroid use, etc. In this section we
briefly summarize most of the prenatal factors previously discussed in the literature.
1.6.2.1 Intrauterine growth restriction and THOP (Table 1.12) (58, 60, 76, 77)
Intrauterine growth restriction (IUGR) is associated with transient
hypothyroxinemia in preterm infants. Many studies have compared the thyroid hormone
levels of small for gestational age (SGA) infants with those of appropriate for gestational
age (AGA) infants at birth or during neonatal period. Consistently low thyroid hormone
levels have been found in SGA infants independent of gestational age (41, 58, 71, 78).
However, in light of our limited knowledge of fetal thyroid development, and our
restriction to observational data from previous reports, it is hard to determine the causal
relationship between IUGR and THOP. Three mechanisms may explain the association
between IUGR and THOP. First, thyroid hormone is known to be critical in fetal growth.
In athyrosis cases or when fetal thyroid development was interrupted, intrauterine
hypothyroidism has been known to cause fetal growth restriction. Second, in fetus with

growth restriction from intrauterine insults, the thyroid gland could be one of the affected
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organs and hypothyroxinemia might develop. Last, a common risk factor may affect both
fetal growth and thyroid gland development or function.
1.6.2.2 Histological chorioamnionitis and THOP (Table 1.12-1.13) (58, 60, 76, 77)

It is worth mentioning an interesting finding about the association of histological
chorioamnionitis (HCA) and low thyroid hormone levels in preterm infants. De Felice et
al. examined placentas of 155 preterm newborns (GA 29.36 + 2.39 wks) and measured
the thyroid hormone levels of these infants on postnatal day 4 and day 40 (76). They
found that after adjustment for birthweight and respiratory distress syndrome, having
HCA increased the risk of having first week TT4 (day 4) more than 1 standard deviation
below the mean by 32-fold (95% CI 8.9-115.6). Although this is the only study, to our
knowledge, designed for testing the relationship between asymptomatic HCA and
hypothyroxinemia, many other groups repeatedly have established the significant impact
of intrauterine infection on elevated risks of preterm delivery and other neonatal
morbidities of the preterm infants (79-81). De Felice’s finding suggests that THOP may
be one of many consequences of a fetal inflammatory response to intrauterine infection.

However, in another study whose primary aim was to examine the association
between antenatal glucocorticoids and THOP, the opposite relationship was discovered
between chorioamnionitis (CA) and THOP. The unadjusted analyses showed that the
median TT4 level of 200 infants with CA was significantly higher than that of 100 infants
without CA (TT4 6.6 vs. 6.2 pg/dl, p=0.02). Although whether this relationship
remained significant in an adjusted model was not indicated in this report, it draws

attention to the unsettled effect of CA on THOP.
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Except for comparable prevalence rates of CA (63.2% (98/155) vs. 66.7%
(200/300)), we found several features in study designs and populations that differed and
which may explain their contradictory results (table 1.13). The most important difference
is that De Felice et al. included IUGR newborns, but Martin et al. did not. As noted above,
SGA infants have lower thyroid hormone levels than do AGA infants. CA is known to
be a risk factor for IUGR (81). Excluding IUGR subjects could artificially elevated TT4
levels in the chorioamnionitis population and attenuate the differences. In addition, De
Felice et al. studied moderately preterm infants, but Martin et al. studied extremely
premature infants. The latter are known to have very low thyroid hormone levels and a
minimal thyroidal response to the extra-uterine environment. Population difference could
thus be a second reason for the different results. Moreover, Martin’s group used the
thyroid hormone results assessed by the State newborn screening program and excluded
all subjects with no or delayed first week thyroid hormone values, while De Felice et al.
obtained day 4 thyroid hormone values on every study subject. We know that overall
severity of illness tends to interfere with newborn screening and cause delays in blood
sample collection. According to Martin, the subjects with missing hormone values in
their study were less mature and had a higher mortality rate. We also know that sickness
severity is tightly bound to low thyroid hormone levels and CA may also contribute to the
sickness. In the Martin et al study, there might have been more subjects with CA
encountering missing hormone value problems than subjects without CA. This might
also raise the apparent hormone levels in chorioamnionitic infants. Finally, De Felice et

al. studied only infants with asymptomatic CA, while Martin’s group did not differentiate
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asymptomatic from symptomatic. It might be that asymptomatic and symptomatic CA
might affect fetuses through different mechanisms.

Since the study conducted by De Felice’s group was designed to study the
association between HCA and THOP among premature infants, their findings provided us
evidence to believe that HCA may be associated with low thyroid hormone levels in
preterm infants. However, histological chorioamnionitis is a complicated condition and
may affect fetal growth in various ways. For further understanding of this association,
more studies with careful definition of histological chorioamnionitis need to be
conducted for this specific hypothesis.
1.6.2.3 Placenta insufficiency and THOP (Table 1.12) (58, 60, 76, 77)

Two small studies (n=62 and n=28) compared thyroid hormone levels of
moderately preterm infants born to preeclamptic mothers with “placenta deficiency” (PD)
assessed through ultrasonography and mothers without (60, 62). Both studies found low
cord thyroid hormone levels in infants born to preeclamptic mothers with placenta
insufficiency (PI). However, most infants born to preeclamptic mothers with PI in these
two studies had IUGR. The association between PI and THOP thus might possibly have
been mediated by IUGR. Alternatively, THOP could also result from a condition other
than IUGR, primarily induced by PI. For instance, Buimer et al. found that low cord FT4
levels were not related to maternal FT4 levels, but to prenatal acidosis, which was an
outcome of PI (82).
1.6.2.4 Maternal thyroid hormone levels and THOP

It is well accepted that fetal thyroid hormone levels are strongly influenced by

maternal thyroid function. Will this also be true after delivery? Studies that examined
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both cord and maternal serum thyroid hormone levels are needed to answer this question.
In a cross-sectional study, Hume et al. measured thyroid hormone levels (FT4, T4, T3, &
TSH) of 428 mother-infant pairs at different gestational age (GA 15-42 wk) (37). The
correlation analyses revealed an overall lack of association between maternal thyroid
hormones and TSH levels at delivery with neonatal cord levels. However, in another
study engaged in newborn thyroid hormone changes in the first 24 hours of life, the same
research team found a strong correlation between maternal TSH and neonatal TSH in 72
mother-infant pairs with gestational age between 24 and 34 weeks (2). The relationship
between maternal and neonatal thyroid hormone levels at birth thus remains unclear.
1.6.2.5 Antenatal steroid treatment and THOP

Controversies exist in literature with respect to the association between antenatal
steroid exposure and early neonatal thyroid hormone levels among premature infants.
Franklin et al. failed to find any effect of antenatal steroids use on neonatal thyroid
function at birth or during the postnatal period (n=97) (83). But a recent study, in a much
larger preterm population (n=556; GA 23-28 wk), found a complete dose of antenatal
glucocorticoids increased first-week mean T4 level by 0.81 pg/dl (p=0.03) (77). Except
for the difference in the number of subjects received antenatal steroids treatment (20 vs.
135), which gave more power in detecting association, the latter study also found much
less illness frequency among newborns receiving antenatal glucocorticoids treatment,
including lower rates of PDA, IVH, etc. These findings suggested that antenatal steroid
treatment could possibly promote the maturation of multiple organs, including the thyroid
gland, and reduce overall illness severity, both of which are known to be related to

improved serum thyroid hormone levels.

19



1.6.2.6 Other factors and THOP

A number of studies looked at other prenatal risk factors for THOP. One large
study (n=365) found that low thyroxine levels at newborn screening were related to older
postnatal age at test (OR=1.6/day, 95% CI 1.3-2.1), and maternal education higher than 12
years was protective (OR=0.4, 95% CI 0.2-1.0) (84). Although not tested in other studies,
we have already learned that illness severity is related to both delay in newborn screening
sample collection and low thyroid hormone levels. This might explain the relation
between older postnatal age at test and lower thyroxine levels. However, the role of
maternal education, a representation of social economic status, is unclear in relation to
neonatal thyroid hormone levels.

Other studies also examined the effects of the following factors on thyroid
hormone levels in preterm infants, such as gender, race, multiple birth, route of delivery,
birthweight < 1500 g, premature rupture of membrane, placenta infarction, gestational
diabetes, prenatal antibiotics/beta-2-sympathicomimetics therapy within 24 hours prior to
delivery, etc. No significant association has been detected consistently (65, 68, 78).
1.6.3 Factors that affect postnatal thyroid hormone levels in preterm infants

After birth, postnatal exposures, in addition to residual effects from intrauterine
and labor exposures, add more complexity in revealing the association between postnatal
factors and THOP. As in adults, thyroid hormone levels in preterm infants decrease
dramatically as illness or nutritional deprivation becomes severe. Our limited knowledge
on the pathophysiology of how the neonatal thyroid gland responds to the extra-uterine
environment makes it difficult to reveal the causal relations between neonatal illnesses

and THOP.
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1.6.3.1 Postnatal illness and THOP (Table 1.14 -1.15) (54, 58)

Impaired lung function is the most commonly seen condition in preterm infants
with THOP. Compared to healthy preterm controls, significantly lower cord and
postnatal serum T4 levels have been found in infants who subsequently developed
respiratory distress syndrome (RDS) and in those who suffered RDS, respectively (54, 58,
84). The T4 difference between preterm infants with and without RDS decreases as
gestational age increases, and no T4 difference is found between term infants with and
without RDS.

The association between RDS and THORP is intriguing. Some have suggested that
THOP could be secondary to RDS. However, the finding of suppressed cord thyroxine
levels in preterm infants who developed RDS later, as well as the lack of a T4 difference
between term infants with and without RDS did not support this hypothesis. The etiology
of this association is more likely to be intrauterine for premature infants. A few
mechanisms may explain the relationship.

First, intrauterine thyroid hormone deficiency may lead to a shortage of cortisol, a
key stimulator of pulmonary surfactant synthesis. Lack of cortisol would delay lung
maturation (85), produce surfactant deficiency and impose a greater risk of having RDS
in the premature population (58). Second, it could be that the overall immaturity in
premature infants leads to both RDS and THOP. Third, thyroid hormone dependent
pulmonary maturation could be hindered directly by postnatal hypothyroxinemia. The
severity of pulmonary illness could be worsened and its duration prolonged (84). Fourth,

once RDS occurs, it could possibly affect neonatal thyroid function and deteriorate
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hypothyroxinemia, which in turn could slow down the thyroid hormone dependent
pulmonary maturation and RDS may become worse.

Interestingly enough, although T4 levels decrease in infants with RDS, TSH
showed very little difference between infants with and without RDS within the same
gestation groups(58). This finding suggested that the HPT system was immature for
hormone regulation in preterm infants. It could be that either the hypothalamus does not
respond to serum low thyroxine levels, or the pituitary reduces responding to TRH
stimulation.

Sepsis is another illness linked to THOP. It shares the same attributes with RDS
in relation to THOP, in that premature newborns with sepsis have lower serum thyroxine
levels. The association of sepsis with THOP appears to be independent of gestational age
and TSH is not affected by sepsis (54, 58). THOP has also been found to be related to
intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC), chronic lung disease
(CLD), and other neonatal disorders (4, 55, 84, 86-88).

Not many studies have investigated prenatal or postnatal risk factors of THOP,
and the consistency of published findings needs to be confirmed by more observational
studies with larger populations and broader risk factors of interest.
1.6.3.2 Medical procedure and THOP

As aforementioned, the thyroid glands of premature infants do not have the ability
to escape from Wolff-Chaikoff Effect when exposed to excessive iodine exposure.
Thyroid hormone production will be suppressed and prolonged iodine exposure could
induce permanent hypothyroidism in this population. Topical iodine antiseptics for skin

(before or after surgery), umbilical cord disinfection, and iodine containing contrast
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media are widely used in neonatal intensive care units. They are the major sources of
excessive iodine exposure for preterm infants. Khashu et al. reported severe
hypothyroxinemia in a premature infant after prolonged use of iodinated skin
disinfectants for a complex skin lesion (16). Weber et al. studied 23 infants exposed to
excessive iodine (89), among which eleven were through maternal iodine exposure
(iodine containing antiseptics used for vaginal application before or after delivery (n=4),
or caesarean section (n=5), or skin disinfectant applied in the second trimester of
pregnancy (n=2)) and twelve through neonatal exposure (topical iodine antiseptics used
for surgical intervention or umbilical cord disinfection (n=7), or contrast media used for
venous catheterization (n=4) or urography (n=1)). They have found that more than 50%
of premature infants who had THOP were exposed to iodinated skin disinfectants or
iodine-containing contrast media. The exposed neonates also had increased TSH levels
and urinary iodine excretion.

These findings suggest that iodine containing disinfectants, drugs, or contrast
agents should be used with great caution in premature infants, and that TSH monitoring is
advisable for detecting thyroid hormone suppression.

1.7 How do thyroid hormones affect brain development?

Thyroid hormones affect both fetal brain development and long term
neurodevelopment. The former outcome is more related to maternal thyroid hormone
levels during pregnancy since maternal-fetal thyroid hormone transfer is the major source
of fetal thyroid hormone supply. The latter outcome is more associated with neonatal

thyroid function after birth.
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Three major molecular and cellular level findings support that thyroia hormone is
essential to fetal brain development. First, thyroid hormone receptors in the brain appear
early in fetal life (around 10 weeks after conception), along with detectable levels of T3
in the brain. Moreover, a large increase in the number of thyroid hormone receptors has
been found in parallel with neuroblast proliferation during the 2nd trimester. All three
discoveries strongly suggested that the fetal brain is a target organ of thyroid hormone
from early onset of pregnancy (90, 91).

Second, in first-trimester moderate/transient hypothyroxinemia rat models,
neocortical genesis and neuron migration were found to be interrupted and altered (92).
The observed changes could be avoided by timely T4 infusion, and became irreversible
with delayed or absent T4 treatment. Absence of benefit with delayed thyroxine
treatment implies that a critical window exists in brain development for the effects of
thyroid hormones. Similar findings from other authors reinforce the view that fetal
thyroid hormone deficiency can result in blurred layering in the neocortex, abnormal
distribution of callosal connections, decreased myelin deposition, and altered neuron
differentiation and axon arborization in fetal brain (93-97). Lastly, but not the least, free
T4 is the only iodothyronine that can cross the blood-brain barrier, undergo intracellular
conversion of T4 to T3, and modulate gene expression and protein production in brain
tissue (98). Thus T4 is critical in fetal brain development.

1.8 THOP and adverse neurodevelopmental outcomes (Table 1.16) (51, 53, 87, 99,
100)
THOP has repeatedly been shown to be related to adverse neurodevelopmental

outcomes. Three large observational studies linked first week thyroid function of
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premature infants and their later neurodevelopmental outcomes. All three studies
followed large cohorts of premature infants over a long period of time and examined
these children with widely accepted reliable neurological instruments. Each study found
different degrees of cognitive delay in early childhood (18-24 months) with THOP during
neonatal period, all were statistically significant. The average reduction in the Bayley
mental development index (MDI) among children experiencing neonatal THOP varied
from 6.8 to 8.3 (87, 99). The cognitive delay persisted until later ages (age 6, 8, and 9), at
which time 1Q reductions were found to vary from 6 to 8 points, and more school failures
were observed in these children than controls (51, 87, 99, 100). Neonatal THOP was also
found to increase the risk of cerebral palsy by 3.6 to 4.4 fold at age 2, and the risk of
motor development delay, especially walking disability, by 4.9 fold at age 6 (87). Their
findings were consistent with each other and strongly suggested that THOP during the
neonatal period is associated with increased risk of adverse neurodevelopmental
outcomes. However, the question of whether premature infants with THOP should be
treated with thyroxine can only be answered by a randomized clinical trial with valid long
term neurodevelopmental follow-up.

1.9 Neurodevelopmental outcomes from randomized clinical trials of supplemental
thyroxine for THOP (Table 1.17-1.18) (75, 101-105)

Since the late seventies, six randomized clinical trials (RCT) have been done to
evaluate the effect of thyroid hormone supplement, among which three early studies
focused on neonatal mortality and morbidity, and three later studies also included
neurodevelopmental outcomes at later ages. One study detected a significant protective

effect of thyroid hormone (RR=0.23, 95% CI 0.07 - 0.74) on neonatal mortality in
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moderately preterm infants (104), but other studies, although they detected similar trends,
failed to find statistical significance (Chowdry et al. RR=0.46, 95% CI 0.05 - 4.38; Van
Wanssnaer et al. RR=0.67, 95% CI 0.36-1.24) (75, 103, 104). These negative studies
were underpowered to detect moderate effect of supplements on cognitive development.

In a small RCT (n=44, 22 per group) supplementing preterm infants (GA < 32
wks) with two doses of 25 pg T3 for the first two days of life, Amato et al. reported a
20% mean decrement of the fraction of inspired oxygen (FIO2) in T3 treated neonates
(peak FIO2 0.58 + 0.12 (T3 treated) vs. 0.78 £ 0.09 (control) liters, p<0.05), however,
similar effects were not seen in other trials, including an earlier trial conducted by the
same team using T4 as the treatment (75, 101, 102, 105). The inconsistency could be due
first to a different biological effect of T3 and T4 treatment. Second, Amato’s group
studied 44 premature infants with RDS, while others focused on general preterm
populations. By and large, thyroid hormone supplement had no beneficial effect on
infant growth, duration of mechanical ventilation/CPAP, neonatal morbidities, such as
sepsis, patent ductus arteriosus, necrotizing enterocolitis, brain lesion, etc.

Among the three trials which studied neurodevelopmental outcomes at later ages,
Chowdry et al. found 11.4 points of MDI reduction (not statistically significant) in
thyroxine treated group at 12 months of age and no MDI difference at 24 months.
However, their conclusion could be misleading because their sample size was extremely
small, 5 in treatment group and 3 in placebo group at 12-month follow up, and 2 in each
group at 24-month follow up (103). Vanhole’s group also examined Bayley MDI and
psychomotor development index (PDI), but at an age (7 months) too young for a reliable

CP diagnosis to be made (105).
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The most important contribution was from Van Wassenaer’s group, because it
was by far the largest RCT of thyroid hormone supplementation in premature infants.
200 premature infants less than 30 weeks of gestational age were enrolled, with half
receiving 8 ug T4 per kilogram of body weight per day for 6 weeks and another half
receiving placebo. FT4, TT4, T3, rT3, TSH, and TBG were repeatedly measured at
postnatal day 0, 3, 7, 14, 21, 28, 35, 42, and 56. Standard Bayley examinations were
performed at 6, 12, and 24 months of corrected postnatal age. No difference was found
in neurodevelopment between two study groups. However, in subgroup analyses, treated
subjects who were born less than 27 weeks of gestation had an 18-point increment in
mean MDI (p=0.01). Among subjects born at or after 27 weeks, a 10-point decrease in
mean MDI was seen in the treatment group (p=0.03). These findings suggested that
thyroxine treatment affects newborns born before and after 27 weeks differently,
although non-pre-hypothesized interactions in a trial should be treated with caution,
infants below 27 weeks, i.e. extremely preterm infants, were indeed short of thyroxine.
Thyroxine treatment appeared to benefit this population and improve their
neurodevelopmental outcomes. Nonetheless, the sample size for the subgroup analysis in
infants <27 weeks was relatively small, 13 in the thyroxine group and 18 in the placebo
group. To confirm that thyroxine supplement is beneficial to extremely premature infants,
a larger RCT is needed.

From April 2005 to March 2007, we conducted a RCT of thyroxine supplement
among infants born between 24 and 28 completed weeks of gestational age. This study
aimed to find the optimal dosing schedule and route for thyroxine supplementation in

extremely premature infants. The methodology is described in detail in chapter 2. In
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stead of the treatment effects, this dissertation will focus on the epidemiology of the

thyroid hormone abnormalities in very premature infants.

SUMMARY OF CHAPTER ONE

In summary, compared to term infants, the thyroid hormone levels of preterm
infants are much lower and are positively correlated with gestational age. The postnatal
hormone surges are in general attenuated, characterized by being qualitatively similar to
term infants but quantitatively less in moderately preterm infants (28-36 wks), and being

broadly suppressed in extremely preterm infants (<28 wks). Independent of gestational

age, intrauterine growth restriction (-), histological chorioamnionitis (-), placenta
deficiency (-), and antenatal steroid use (+) were found possibly related to thyroid
hormone levels at birth, although the databases were modest for drawing conclusions.
Respiratory distress syndrome, sepsis, chronic lung disease, necrotizing enterocolitis, and
intraventricular hemorrhage were all found to be associated with low thyroid hormone
levels during the postnatal period, but the causal effect directions were uncertain.

Previous observational studies have suggested that neonatal transient
hypothyroxinemia of prematurity might impose greater risks of adverse
neurodevelopmental outcomes, such as delayed cognitive or motor development, school
failure, and cerebral palsy. Follow-up results from randomized clinical trials have
suggested that thyroxine supplement might improve neurodevelopmental outcomes in
preterm infants with neonatal transient hypothyroxinemia. As yet, however, the benefits
of such treatment in terms of the survival, respiratory maturation, and decreased

morbidities/illnesses remain uncertain.
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Table 1.1 Per ges of ient hypothyrc ia of prematurity.

Author, year |  Definition of THOP T;::i'n‘;' N G:;:j(‘:;’:)" P":f/:")"g‘
Diamond, 1979 | Serum T4 < 4.8 ug/dl Day 3-5 64 | <37 44
40 | 28-30 52
59 31-33 33
Hadeed, 1981 Cord T4 < 6.5 pg/dl Cord blood 92 | 3436 B
215 | 28-36 25)
Cord blood 18 11
[ Day 1 3 3
Day 2 39 5
Uhrmann, 1981 | Serum T4 < 3 ug/dl Day 3 31| 28-36 16
[ Day 7 50 18
[Day 14 46 1
Day 21 44 2
Romagnoli 36| =33 69.4
1982 & Serum T4 < 6 pg/dl Day 3-60 64 | 34-36 40.6
110 =37 17.2
Mercado, 1987 | Serum T4 < 5 pg/dl Week | 292 | - 6.5
Day 0 58
Day 1 67
Day 3 83
Mercado, 1988 | Serum T4 < 5.1 pg/di Vet o | 23.31 &
Week 4 49
Week 5 48
Week 6 36
<26 833
26-27 70.8
Den Ouden, Serum T4 < 4.7 ng/dl 28-29 44.1
1995 (3SD below meang) ek 717 3031 24.1
232 15.3
Total 32
Lucas, 1996 Serum T3 < 19.5 ng/dl Week | 280 | 30.2+0.2 218
23 40
24 31
Reuss, 1997 | Serum T4 <4 pg/dl Week 1 7 P2 £l
v 26 25
27 15
28 10.2
Serum T4 < 10th p of Week 1 91

Paul, 2000 babies screened on that da; 247 [ <1500 g
& TSH <25 ulU/ml Week 2-4 59
=27 16
Y Serum FT4 < 0.8 ng/dl 28-30 4
Rabin. 2004 | Tt level | DT | 1145 0
Total 79
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Figure 1.1 The metabolism of human iodothyronines.
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Figure 1.2 Cord serum FT4 levels by gestational age (plot based on data cited from
Williams et al. 2005 (63)). (1 ng/dl = 12.87 pmol/l)
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Figure 1.3 Cord serum T4 levels by gestational age (plot based on data cited from
Williams et al. 2005 (63)). (1 pg/dl = 12.87 nmol/l)
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Figure 1.4 Cord serum TSH levels by gestational age (plot based on data cited from
Williams et al. 2005 (63)).
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Chapter 2 Methodology

This chapter includes four major aspects of the Phase 1 Clinical Trial of Thyroid
Hormone in Extremely Premature Infants (THOP): 1) study design; 2) study population;
3) exposures of interest and outcomes of interest; 4) statistical analysis. In the last
section, two research questions of this dissertation are framed, followed by their
analytical samples statistical methods used.

2.1 Study Design (Table 2.1)

The Thyroid Hormone in Extremely Premature Infants study, a multi-center
randomized clinical trial, is designed to establish the optimal dosing schedule for very
preterm infants to increase plasma T4 and T3 levels to the normal range without
increasing risks of morbidity or mortality, and without suppressing TSH. This trial was
conducted at the neonatology intensive care units of three hospitals: Maria Fareri
Children’s Hospital at Westchester Medical Center, Valhalla, New York; Emma
Children’s Hospital, Amsterdam, Netherlands; and University Hospital La Paz, Madrid,
Spain. The data management team at Michigan State University, East Lansing, Michigan,
was responsible for data management and monitoring.

The THOP trial was designed to have six study arms. Four treatment groups
received 4 or 8 pg/kg/day of T4 by bolus or by continuous infusion in the 6 weeks of life,
and also received 1 pg/kg/day of T3 by continuous infusion in the first 2 weeks of life. A
fifth group received 30 pg/kg/day of potassium iodide (KI), in the form of SSKI drops,
via enteral route, for 6 weeks. The last group was a control group, subjects of which

received Dextrose 5% in Water (DSW) by continuous infusion for 6 weeks. Treatment
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was required to begin within 24 hours after birth. The six study treatment groups were
codedas 1,2, 3,4, 5, and 6. The contents of group 1-6 were only revealed to study
pharmacists and the data management team. Patients, clinicians, and study coordinators
were blinded to the treatment throughout the study period, except the group 6, which
revealed itself by the enteral route.

From April 2005 to March 2007, 168 preterm infants born between 24 and 28
completed weeks of gestational age were enrolled. The randomization procedure was
first stratified by study centers to ensure the enrollment ratio is 2:1:1 in New York,
Amsterdam, and Madrid respectively. Gestational age (below or above 26 weeks) and
gender (male or female) were also used in stratification to minimize imbalance in
gestational age and gender across six study groups at enrollment.

Subjects who expired or who withdrew from the THOP study prior to 7 days after
birth were considered as non-completers. As the study was designed to monitor hormone
changes over time (from birth to discharge), non-completers would not provide sufficient
information on hormone levels, we replaced them with the next eligible subject.
Information of non-completers was kept in the database for analysis. A note was
provided to identify the reason for not being able to complete the study treatment.

2.2 Inclusion and exclusion criteria (Table 2.2)

We screened all preterm infants who were born in or transferred to the three study
centers during the enrollment period and whose gestational age was between 24 and 28
completed weeks. Gestational age estimation was based on the last menstrual period and

was also confirmed by obstetric ultrasound scans.
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Infants born to women less than 18 years of age were excluded because of the
complexity of getting parental consent for an underaged mother. Infants with congenital
thyroid disease or major/lethal anomalies, such as trisomy 13 and 18, CNS structural
anomaly, and so on, were excluded. Infants born to mothers who had thyroid disease,
who planned to breastfeed meanwhile taking anti-thyroid medications/supplemental iodine in
therapeutic doses, or who had substance abuse history during the current pregnancy were all
excluded. We also avoided extremely sick infants, for instance, liver failure, sepsis, severe
cardiopulmonary disease, etc. Neonates who were enrolled in another clinical trial, or have no
parental consent or assent from treating neonatologist were also excluded.

2.3 Adverse events

As in all clinical trials, adverse events were closely monitored throughout the
study period and were generally reported within 24 to 48 hours of detection. In this trial,
we classified adverse events into two categories: 1) severe adverse events, which include
death and brain parenchymal lesion on ultrasound; 2) mild/moderate adverse events,
which include changes in thyroid gland function, pulmonary cardiovascular status,
metabolic status, gastrointestinal system status, central nervous system status, and skin
system status. Information of each adverse event was recorded in detail, including the
starting and ending time points, symptoms of the adverse event, concomitant medications
used for treating the adverse event, and the outcome of the adverse event. Whether and
when the study treatment was suspended, stopped, or restarted were also documented.

The attending neonatologist was responsible for filling the study adverse event
form online. An instant email notification was sent to three parties: the data management
team at MSU, which would update the mortality report if it was a death; the Data Safety

Monitoring Board (DSMB), formed by clinicians, statisticians, and project officers
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appointed by the funding agency of this study---the National Institute of Health to
oversee the THOP trial; and the Independent Medical Monitor (IMM), who, a
neonatologist in another institute blinded from study treatment, was responsible for
making an independent judegement of whether the adverse event was related to the study
treatment based on the information provided in the study adverse event form.

2.4 Study Population (Figure 2.1)

During the two-year enrollment period, 239 preterm infants born between 24 and
28 completed weeks of gestational age were screened. 188 (188/239, 78.7%) newborns
were eligible for enrollment. 168 (89.4%) neonates, born to 151 women, were consented
and randomized. A total of 32 study subjects expired before hospital discharge, among
which 7 expired before day 7 of life. Six subjects withdrew from the study, four of
whom withdrew before day.7 of life and 2 withdrew at day 12 and day 41 of life
respectively. The total number of non-completers is 11.

2.4.1 Early termination of group 2 (Table 2.3 and Figure 1)

As of July 21, 2006, 113 subjects were enrolled in the THOP trial. 19 subjects
expired, 4 of which died prior to day 7 of life. Table 2.3 lists the deaths and mortality
rates of each group at that time. At the time 20 subjects were enrolled in group 2. No
death occurred before 7 days of life and the mortality rate of this group was 30%, which
was higher than any other group, although not statistically significant. This high
mortality rate raised concern among the DSMB members, which believed that the group
2 dosing level put patients in this group at an unacceptable risk. On July 21, 2006, the
DSMB notified the THOP study team to stop recruiting study subjects into Group 2. The

decision was immediately carried out in three study sites. The randomization program
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was subsequently modified to adapt to the change and to maintain the balance across the
rest five study groups.
2.4.2 Unexpected dosing and coding errors in Madrid site (Table 2.4)

On October 24, 2006, a double dosing error was reported by the study PI from the
Madrid site. In the THOP trial, study drug was shipped directly from the pharmaceutical
company to each study site. The local pharmacist of each study site is responsible for
diluting the study drug into two different doses used in the THOP trial. In each package,
a standard manufacture dilution instruction was included, however it was different from
the THOP dilution protocol written in the manual of procedure. The hospital pharmacist
in Madrid site followed the manufacture dilution instruction instead of the study manual
of procedure, which omitted one dilution step and led to double dosing error in all
treatment groups. The same dilution procedure had been apialied in Madrid since the
beginning of the THOP trial in Madrid, until the error was detected.

While investigating the dosing error, a second error was found in Madrid.
Unbeknownst to the data center, the Madrid site, at the randomization stage, used a group
coding system different from the one assigned to all study sites. In itself, this violation
would not have violated the principles of randomization, since all groups were assigned
randomly from a central minimization/randomization program. However, part of the
study subjects enrolled in Madrid site were classified into wrong groups. Table 2.4
compared the difference of the group coding between Madrid site and the THOP study.

As a result of the double-dosing error, we lost all subjects in two 4 pg/kg/day T4
groups in Madrid and accidentally created two new groups, 16 pg/kg/day T4 by

continuous or bolus infusion.
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2.4.2.1 Impact of double dosing error and coding error in Madrid on study group
assignment (Table 2.5)

While one might have expected all six Madrid groups to differ from the protocol
because of the Madrid coding error, as seen in table 2.5, only three actually did. This is
because 1) group 6 was the KI group in all three sites, and 2) Madrid coded group 2 as B4
group and group 3 as C4 group, whereas they were supposed to be B8 and C8 groups
respectively. The double dosing error restored these two groups to their original
assignment.
2.4.2.2 Regrouping procedure

After the errors were identified, we regrouped the study participants in Madrid
and put the mis-grouped subjects into the correct dosing groups based on the true
treatment they received. The regrouping procedure followed the rules below:

Subjects assigned to group 1 in Madrid were regrouped to group 4 of THOP;
Subjects assigned to group 2 in Madrid remained in group 2 of THOP;
Subjects assigned to group 3 in Madrid remained in group 3 of THOP;
Subjects assigned to group 4 in Madrid were regrouped to group 7 of THOP;
Subjects assigned to group 5 in Madrid were regrouped to group 8 of THOP;
Subjects assigned to group 6 in Madrid remained in group 6 of THOP.

Two subjects were enrolled in Madrid after the dosing error was corrected. One
subject was randomized to group 6, and therefore remained in group 6 of THOP. The
other subject was randomized to Madrid group 3, which was group 1 of THOP after
regrouping.
2.4.2.3 Termination of enroliment and treatment in Madrid

On October 25, 2006, The DSMB decided to close Madrid site for both

enrollment and treatment. This decision turned the two last-enrolled subjects, who
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received correct treatment dose from the beginning, into non-completers by ending the
treatment before 7 days of life and also withdrew the study treatment from another one
subject, who had been enrolled for 12 days at that time.

2.4.2.4 Impact of the errors on study sample size

After regrouping based on the true treatment each subject received, Madrid had
subjects in groups 1, 2, 3, 4, and 6 of THOP. No subject in Madrid received 4 pg/kg/day
T4 treatment except the last enrolled subject, who was enrolled after the dosing error was
corrected.

The total loss of study sample size was 17, of which 15 received incorrect
treatment dose and 2 became non-completers by withdrawing from treatment prior to day
7 of life. The effective sample size of the THOP trial went down from 139 to 124. The
New York and Amsterdam sites continued enrollment until the end of the trial.

2.5 Collection of biological specimens
2.5.1 Blood specimens

A series of 2-milliliter (ml) neonatal blood sample were collected for every study
subject at enrollment (day 0), on day 3, 7, 14, 21, 42, 56, and at discharge. Serum Free
T4 (FT4), Total T4 (TT4), Total T3 (TT3), TSH, thyroid binding globulin (TBG), and
cortisol levels were measured in neonatal blood specimens. Neonatal serum hormone
results were available for 164 study subjects. Four subjects did not have hormone results
because of either early withdrawal from the study or insufficient specimen volume for
laboratory testing.

A 3-ml maternal venous blood was collected at enrollment. FT4, TT4, and TSH

were measured in maternal blood samples. Blood samples were not obtained for 25
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women because some mothers were discharged home early or project manager missed
maternal visits. Hormone testing results of one woman was excluded in the analysis
because her blood sample was taken 18 days after delivery, which was too far away from
delivery and may not reflect the thyroid function at delivery. Maternal serum hormone
results were available for 125 mothers.
2.5.2 Urine and breast milk specimens

A series of 2 to 5-ml urine samples were collected for each study subject at
enrollment (day 0), on day 7, 21, 42, 56, and at discharge. A single 2 to 5-ml urine
sample was taken from participating mothers at enrollment. A series of 2-ml breast milk
samples were collected from mothers whose breast milk was available on day 3, 7, 14, 21,
42, and 56. lodine levels were measured in all urine and breast-milk samples.
2.5.3 Storage, transportation, and assessment of biological specimens

All specimens were stored at -20 degrees Celsius (°C). Blood specimens were
transported in dry ice by over-night FedEx to the Quest Diagnostics, at Chantilly,
Virginia, where all hormone assessments were completed. Direct equilibrium dialysis
(DED) was used to assess serum FT4 levels and chemiimmunoluminescent assay was
used for other hormone assessments. In a situation when sample volume was insufficient
to complete the tests of all six biomarkers, we prioritized FT4 testing and then TSH, TT4,
TT3, TBG, and cortisol.

Urine and breast-milk specimens were transported in dry ice to the Molecular
Endocrinology Lab at the Institute of Biomedical Research “Alberto Sols”, Autonomous
University of Madrid, in Madrid, Spain. Ammonium Persulfate method and Chloric Acid

Digestion method were used for urine and breast milk iodine assessment respectively.
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2.6 Exposure of interest

We are interested in three groups of exposures in this clinical trial. First, intra-
uterine exposures. At enrollment, a concise questionnaire was used to collect maternal
information on health history/behavior (e.g. gravidity, parity, addiction, etc.) and current
pregnancy (e.g. preeclampsia, fever, HELLP syndrome, etc.). Medication prescribed to
mothers prior to delivery was also recorded (e.g. antibiotics, magnesium, steroids, etc.).
Second, effects of breast-feeding. lodine, immunoglobulins, and very low levels of
thyroid hormones would be transported to the neonates through breast-milk (1, 2). We
measured the iodine levels in breast-milk, maternal urine, and neonatal urine and adjusted
the iodine levels in thyroid hormone analysis. Third, neonatal exposures. Neonatal birth
characteristics, such as birthweight, gestational age, multiple birth status, and Apgar
score at 1 and 5 minutes, were collected at enrollment for each study subject. Daily
records (such as vital signs, blood gases, calorie intake, growth, respiratory support, etc.)
and illness episodes during neonatal period were also recorded in detail.
2.7 Outcomes of interest

As the ultimate goal of this study was to look for the optimal dosing schedule of
thyroid hormone treatment for very preterm infants to increase plasma T4 and T3 levels
to normal range, without increasing risks of morbidity or mortality, and without
suppressing TSH, the primary outcomes were the neonatal thyroid hormone levels (FT4,
TT4, TT3, and TSH) at different time points, death, severe morbidity such as brain lesion.

Most studies measured serum FT4 concentrations by analog immunoassay or FT4
index methods, both of which could be biased by the serum protein levels and/or protein-

bound T4 concentrations (3). Hence low FT4 values of preterm infants could be partially
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attributed to reduced T4 binding to proteins. DED method is by far the least biased
method by changes in serum proteins or protein binding of T4 and we believe it can most
accurately reflect the serum FT4 levels in extremely premature infants (4).

Each death was reported to the study PI, the data management team, the DSMB,
and the IMM within 24 hours of occurrence. The DSMB received appropriate mortality
analyses update from the data management team within 1-2 days.

Brain lesions (such as parenchymal lesion, hemorrhagic lesions, periventricular
leukomalacia (PVL), hydrocephalus, etc.) were diagnosed through cranial ultrasound
scans. All subjects received three cranial ultrasound scans at postnatal day 1-3, day 7-10,
and > 4 weeks. All scans were sent to one central ultrasound reader, who was blinded
from treatment assignment throughout the study period.

Secondary outcomes include neonatal morbidities, such as chronic lung disease,
necrotizing enterocolitis, retinopathy of prematurity, etc., which were recorded in the
study discharge/death form.

2.8 Statistical analysis

In this dissertation, two research questions will be studied. First, what are the
correlates of thyroid hormone levels at birth among extremely premature infants (< 28
wks)? Linear regression (with log-transformation) will be used for both unadjusted and
adjusted analyses.

Second, what are the correlates of postnatal thyroid hormone levels among

extremely premature infants (=< 28 wks)? Repeatedly measured neonatal thyroid

hormone levels will be treated as an outcome in a whole. Proc Mixed procedure will be

used for analysis to account the between and within subjects variations. Backward model
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selection approach will be applied. All analyses will be carried out using SAS software

9.1.3.
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Table 2.1 The six THOP arms.

Study arm Treatment Group abbreviation

1 Continuous Infusion T4(4pg/kg/d) x 42days + C4
Continuous Infusion T3 (1pg/kg/d) x 14days

2 Bolus Infusion T4 (8ug/kg/d) x 42 days + B8
Continuous Infusion T3 (lug/kg/d) x 14 days

3 Continuous Infusion T4 (8ug/kg/d) x 42 days + C8
Continuous Infusion T3(1pg/kg/d) x 14days

4 Placebo (D5W infusion) Placebo

5 Bolus Infusion T4 (4pg/kg/d) x 42 days + B4
Continuous Infusion T3 (1pg/kg/d) x 14 days

6 lIodine Supplementation alone (SSKI) (30ug/kg/d) x 42 days lIodine

Table 2.2 Inclusion and exclusion criteria of the THOP trial.

Inclusion criterion:

Infants born between 24 and 28 complete weeks of gestational age (GA, confirmed
by early obstetric ultrasound scan).

Exclusion criteria:

1. Mother of newborn is less than 18 years of age.
2. Maternal or congenital thyroid disease (e.g. propylthiouracil, PTU).
3. Women who plan to breast feed and who take anti-thyroid medications or
supplemental iodine in therapeutic doses.
4. Substance abuser (heroin, methadone, alcohol > 10z per day, or other).
5. Known disorders of fatty acid metabolism or inherited metabolic diseases.
6. Liver Failure (e.g. enzymes in the thousands).
7. Newborns with known major or lethal anomalies such as:
1) Known chromosomal anomalies Trisomy 13 & 18.
2) CNS structural anomaly (e.g. hydrocephalus, migration disorders, etc.).
3) Major congenital malformations requiring surgery.
4) Structural congenital heart disease (e.g. cyanotic heart defects).
5) Anomalies of the gastrointestinal tract (e.g. gastroschesis).
8. Newborn with arrhythmia.
9. Proven sepsis at birth (clinical signs, positive body fluid culture, and antibiotic
treatment > S contiguous days).
10. Death expected within 48 hours of birth due to severity of initial cardiopulmonary
disease.
11. A concurrent clinical trial with another randomized drug.
12. Other concern by treating physician that either mandates or prohibits study
treatment.
13. Absence of treating neonatal physician's assent.
14. Absence of parental written consent.
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Table 2.3 Deaths (total, < 7 days, and = 7 days) and mortality rates (total, < 7 days, and
=7 days) by group assignment in the THOP trial as of July 21, 2006.

Study group 1 2 3 4 5 6 p-value Total
Number of subjects 19 20 20 19 19 16 113
All deaths 2 6 2 4 2 3 3 19
(Mortality %) (10.5)  (30) (10) (L1) (105 (188 950 (1658)
Deaths < 7 days 1 0 2 1 0 0 4
(Mortality %) ! (5.3) 0) (10)  (5.3) 0) (0) (3.5
Deaths =7 days 1 6 0 3 2 3 3 15
(Mortality %) 66 30 (© @67 105 @88 %1 a3y

1 The total number of subjects enrolled in each group was used as the denominator;
2 The total number of subjects survived = 7 days in each group was used as the denominator.

3 p-value by exact analysis (Pearson test).

Table 2.4 The study group coding difference between Madrid site and the THOP trial.

Study Group THOPGmup com?&ladrid
1 C4 Placebo
2 B8 B4
3 C8 C4
4 Placebo C8
5 B4 B8
6 lodine lodine

Table 2.5 Impact of Madrid double dosing and coding error on treatment groups.

Madrid group Impact of Madrid Impact of Madrid double dosing error and

coding double dosing error coding error in comparison with the THOP
on the groups protocol grouping standard

1 | Placebo 1 | Placebo 4 | Placebo

2 | B4 2 | B8 2 | B8

3 |4 3 |C8 3 | C8

4 |C8 4 | Cl6 No corresponding group — named as group 7!

S | B8 5 | Bl6 No corresponding group — named as group 8

6 | lodine 6 | lodine 6 | lodine

1 Group 7: Continuous infusion T4 (16 pg/kg/d) x 42 days + continuous infusion T3 (1 pg/kg/d) x 14
days;
2 Group 8: Bolus infusion T4 (16 pg/kg/d) x 42 days + continuous infusion T3 (1 pg/kg/d) x 14 days;
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Figure 2.1 Flow chart of the THOP enrollment.

239 newborns between 24-28 wks screened

\>34 subjects were ineligible
y

A
205 newborns eligible for enrollment

\>37 subjects refused

168 newborns consented and enrolled

—»Born to 151 mothers

§7 subjects expired prior to 7 days of life (non-completers)

4 subjects withdrew consent prior to 7 days of life (non-completers)

| 1 T .

Placebo || lodine || B4 C4 BS cs |4 B16 i cie i _157 study

(n=27) || (n=24) || (n=24) || (n=24) || (n=20) || (n=25) | i (n=6) P (n=7) ; subjects
L 144 effective study subjects _l

born to 129 mothers Born to 141

mothers
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Chapter 3 Results: Population characteristics

This chapter describes the general characteristics of the THOP cohort.
Information covers: 1) attributes of 239 potential subjects screened for eligibility in the
two-year enrollment period; 2) maternal characteristics, such as demographic information
(e.g. maternal age, ethnicity) and health history during current pregnancy; and 3) neonatal
characteristics, such as demographic and birth attributes.

3.1 Recruitment (Table 3.1)

Among 239 potential subjects we screened, 168 (70%) were successfully enrolled
in this clinical trial. The major reasons for declining participation is that parents of 36
(15%) potential subjects were either not interested in research, afraid of research, too
stressed to decide, or wanted incentives to participate. 2 (0.9%) refused because of
religious beliefs.

33 potential subjects were ineligible for enrollment, among which 3 (1.3%) were
contacted after the study eligibility time frame (24 hours after birth), 10 (4.2%) were very
sick at birth and death was expected within 48 hours, 8 (3.3%) had mothers younger than
18 years old, and another 8 (3.3%) had mothers with diseases listed in the exclusion
criteria. Ineligible for enrollment due to other reasons, such as maternal addiction (1,
0.4%), mother too sick to approach (1, 0.4%), and iodine exposure prior to delivery (2,
0.9%) were all under 1%.

3.2 Comparison of consented and refused subjects (Table 3.2)
We compared study site, race, gender, birthweight, and gestational age of subjects

who were enrolled in the THOP study versus those who were not. Subjects of Hispanic
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origin were less like to be enrolled in the THOP study, with a relative risk of 0.4 (95% CI
0.17-0.83) compared to whites, 0.3 (95% CI 0.1-0.7) compared to blacks, and 0.2 (95%
C1 0.02-1.5) compared to other race category. Except for race, other factors did not seem
to influence parental decision making in trial participation.

3.3 Study cohort (Table 3.3-3.4)

During the two-year enroliment period, we recruited a total of 168 subjects. 77
(45.8%) were enrolled in New York, 52 (31%) in Amsterdam, and 39 (23.2%) in Madrid.
Parents of four subjects withdrew their consent within 7 days after birth and another two
withdrew after 7 days of life. Seven subjects (4.3%) expired prior to day 7 of life and 25
(15.9%) more died after 7 days. About 63% of the study population is white, 24% is
black, 9% is Hispanic, and other ethnicities account for about 4%.

Birthweight of all study subjects (n=168) ranged between 440 to 1550 grams with
a mean of 851 grams and a standard deviation of 190.7 (se=14.7). Gestational age ranged
between 24 to 27.9 completed weeks with a mean of 26.2 weeks and a standard deviation
of 1.1 (se=0.1).

Among the 168 enrolled subjects, we consider 144 of them as effective study
subjects, since 9 subjects either expired or withdrew from the study prior to day 7 of life
and 15 subjects received 16 pg/kg/day thyroxine due to an unexpected dilution error as
aforementioned in chapter 2. With the early termination of group 2 (Bolus 8 pg group) at
group size of 20, we enrolled 4 more subjects to complete the projected sample size of
144. These four subjects were randomized to the placebo group (n=3) and the continuous

8 ug group (n=1).
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3.4 Maternal characteristic of the THOP cohort

The 168 subjects were born to 151 women. Maternal information is complete for
150 women. 73 (48.3%) were enrolled from New York site, 42 (27.8%) were enrolled
from Amsterdam site, and 36 (23.8%) were enrolled from Madrid site. 62% of mothers
were white, 25% were black, and 8% were Hispanic.

During the current pregnancies of the 150 mothers, 4 (2.7%) had HELLP, 20
(13.4%) had preeclampsia, 16 (10.7%) had fever (> 100.4 F) during pregnancy, 40
(28.8%) had preterm premature rupture of membrane (ROM) for more than 24 hours
prior to onset of labor, and 69 (46%), 124 (82.7%), and 42 (28%) were treated with
antibiotics, antenatal steroids, and magnesium sulfate respectively prior to delivery.
These mothers had an average age of 29.5 years, ranging between 18 and 47 years old.

Except for HELLP syndrome, we found significant differences across three study
sites on all maternal characteristics we studied. This suggests that population or clinical
management difference may exist among three sites. NY tended to have younger
mothers than other sites (p=0.0034). Both black and Hispanic enrollees were mostly
recruited from New York site and the major race group in both Amsterdam and Madrid is
white.

NY also had the highest rates of preeclampsia, fever during pregnancy, and ROM
greater than 24 hours. The large difference in preeclampsia (PE) rates between NY and
Amsterdam in this study, although not significant, could have several explanations. First,
the urinary excretion of 300 mg of protein or higher in a 24-hour urine collection is
required for PE diagnosis in Amsterdam, but not in the US. Given the potential difficulty

of obtaining a 24-hour urine sample, this criterion may have restricted women from
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getting a preeclampsia diagnosis. On the other hand, less restrictive criteria may have led
to an overestimation of preeclampsia in NY. Second, the racial composition is quite
different. A large proportion of NY subjects were blacks and Hispanics, while
Amsterdam had very few blacks and no Hispanics, both of whom are known to have
higher risk of preeclampsia. Third, clinical practice in Amsterdam allows fetal demise,
which possibly could have caused fewer preeclamptic women to carry the fetus to
delivery. Potentially this difference in practice has introduced selection bias in our
sampling and an under-representation of preeclamptic pregnancy.

More than half the women in NY received antibiotics (68%) and magnesium
sulfate (56%) treatment prior to delivery, while only 20-30% of women received
antibiotics in the other two sites and magnesium sulfate treatment was rare in Amsterdam
(0%) and Madrid (5.6%). Both treatments are related to management of premature ROM,
preeclampsia, and preterm labor, therefore differences were partially related to the low
rates of preeclampsia in Amsterdam, and low rates of prolonged premature ROM in
Amsterdam and Madrid. In addition, clinical practice may have contributed to the
difference, for instance, Magnesium sulfate may not be a standard treatment for
preeclampsia and preterm labor in Amsterdam (need to clarify with Amsterdam).

3.5 Neonatal characteristic of the THOP cohort (Table 3.6)

Significant birthweight and gestational age differences existed across study sites.
The average birthweight of NY subjects was 150 grams less than that of Amsterdam
subjects. The mean gestational age was 3.5 days younger in NY and Madrid than in
Amsterdam. With bigger babies, Amsterdam also had the highest FGR level among three

sites.
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The characteristics of the 168 study subjects across three study sites are given in
table 3.6. No gender difference was found in the THOP study across three study sites.
The racial composition differed significantly by study site. Madrid had the highest
number of subjects in the whites group and NY had the highest number of subjects in
both black and Hispanic groups. The difference is not surprising as it reflects the racial
composition of the three cities where study sites are located.

In both Amsterdam and Madrid, more than 80% of the subjects had Apgar score
at 1 minute (APGARI1) higher than 3, but in NY only 65.7% did. The difference in
APGARU across study sites was significant, possibly because Amsterdam had bigger or
more mature babies who might perform well at birth. After resuscitation, Apgar score at
5 minute (APGARS) of all subjects in Amsterdam and Madrid went up to 4 and above,
while APGARS of five subjects in NY remained under 3. The Apgar score difference by
sites was no longer significant at five minutes.

Findings through comparisons among study sites suggest that there are differences
in both population and clinical practice across sites. We will adjust for the effect of study

sites in later analyses.
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Table 3.1 Reasons for declining or exclusion.

Number of potential subjects Percentage

Reasons for declining

Not interested, or afraid of research, or wants 36 15.1%
payment, or too stressed to decide
Religious beliefs 2 0.9%
Reasons for exclusion
Eligible time frame expired (< 24 hr after birth) 3 1.3%
Death expected within 48 hours 10 4.2%
Mother < 18 years old 8 3.3%
Maternal disease during pregnancy 8 3.3%
Maternal substance abuse 1 0.4%
Mother is too ill after delivery 1 0.4%
lodine exposure prior to delivery 2 0.9%
Total number of enrolled subjects 168 70%
Total number of screened subjects 239 100%
Table 3.2 Characteristics of included and excluded subjects.
Included (n=168) Excluded (n=71) p-value
N (%) N (%)

Study site

New York 77 (65.6) 42 (35.3) .

Amsterdam 52 (77.6) 15 (22.4) 0.1516

Madrid 39 (73.6) 14 (26.4)
Race/ethnicity

White 107 (71.3) 43 (28.7)

Black 40 (78.4) 11 (21.6) 1

Hispanic 15 (48.4) 16 (51.6) 0.0221

Other 6 (85.7) 1(14.3)
Gender

Male 93 (72.1) 36 (27.9) 1

Female 75 (68.2) 35 (31.8) 0.5096

Mean (Se) Mean (Se)

Birthweight (g) 852.2 (14.7) 853.9 (25.3) 0.9526 2
Gestational age (wk) 26.2 (0.1) 26 (0.1) 0.2708 2

1 P-value by Chi-square test;
2 P-value based on t-test.
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Table 3.3 Characteristics of the THOP cohort.

N (%)

Study site

New York 77 (45.8)

Amsterdam 52 (31)

Madrid 39 (23.2)
Withdrawal

Prior to 7 days ! 4(2.4)

After 7 days 2 2(1.2)

Total 6 (3.6)
Race/ethnicity

White 107 (63.7)

Black 40 (23.8)

Hispanic 15 (8.9)

Other 6 (3.6)
Gender

Male 93 (55.4)

Female 75 (44.6)
Birthweight (g)

Mean (se) 851 (14.7)

Median (range) 827 (440, 1550)
Gestational age (week)

Mean (se) 26.2 (0.1)

Median (range) 26.2 (24, 27.9)
Total 168

I The denominator is the number of subjects who did not withdraw within the first 7 days of life;

2 The denominator is the number of subjects who survived for the first 7 days of life;

Table 3.4 Treatment group assignment of the THOP cohort.

Treatment Number enrolled  Noncompleter ! effeNc‘:iI:/leb ::I‘:jfect
Study groups N (%) N (%)
Placebo 28 (18.3) 1 27 (18.7)
Iodine 26 (17.0) 2 24 (16.7)
Bolus 4 pg 25 (16.3) 1 24 (16.7)
Continuous 4 ug 27 (17.7) 3 24 (16.7)
Bolus 8 pg 20 (13.0) 0 20 (13.9)
Continuous 8 pug 27 (17.7) 2 25(17.3)
Total 153 9 144
Accidental groups
Bolus 16 pg 7 (46.7) 1 6 (46.2)
Continuous 16 pg 8 (53.3) 1 7 (53.8)
Total 15 2 13
Total 168 11 157

1 Noncompleter refers to subjects who expired or withdrew consent prior to day 7 of life.



Table 3.5 Maternal characteristics of the THOP cohort.

New York Amsterdam Madrid value Total
(n=72) (n=42) (n=36) P (n=150)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Maternal age (yr) 28 (5.9) 31.6 (4.9) 30.2.(5.9) (),00341 29.5(5.8)
N (%) N (%) N (%) N (%)

Maternal race

White 29 (39.7) 32(76.2) 33 (91.7) <(),0()012 94 (62.2)

Black 28 (38.4) 9(21.4) 1 (2.8) 38 (25.2)

Hispanic 11 (15.1) 0 (0 2 (5.6) 13 (8.6)

Other 5 (6.8) 1 (2.4) 0 (0 6(4)
HELLP 4 (5.6) 0 (0 0 (0 0.1606> 4(2.7)
Preeclampsia 14 (19.4) 1 (2.4) 5(14.3) 0,03553 20 (13.4)
Fever (2100.4 F) 2
during pregnancy 12 (16.7) 4 (9.5 0 (0 0.0303 16 (10.7)
Antibiotics 2
administration 49 (68.1) 13 (31) 7 (19.4) <0.0001 69 (46)
Antenatal steroids 3
administration 61 (84.7) 38 (90.5) 25 (69.4) 0.0409 124 (82.7)
Magnesium 3
administration 40 (55.6) 0 (0 2 (5.6) <0.0001 42 (28)
Rupture of 25 (40.3) 9(21.9) 6 (16.7) 0.0230° 40 (28.8)

membrane > 24 hr

1 P-value based on F-test;
2 P-value by exact analysis (Pearson test);
3 P-value by Chi-square test.
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Table 3.6 Neonatal characteristics of the THOP cohort.
New York Amsterdam Madrid Total
(n=77) (n=52) (n=39) pvalue 1 168)
N (%) N (%) N (%) N (%)
Gender (male) 35 (45.5) 34 (65.4) 24 (61.5) (),0557l 93 (55.4)
Race
White 30 (39) 41 (78.9) 36 (92.3) <« (),00012 107 (63.7)
Black 29 (37.7) 10 (19.3) 1(2.6) 40 (23.8)
Hispanic 13 (16.9) 0 (0%) 2(5.1) 15(8.9)
Other 5(6.5) 1 (1.9%) 0(0) 6 (3.6)
C-section 48 (63.2) 7 (13.5) 22(564) < 0,00011 77 (46.1)
Multiple birth
Singleton 66 (86.8) 32 (61.5) 32(82.1) <« 0,()0012 130 (77.8)
Twins 10 (13.2) 14 (26.9) 7(17.9) 31 (18.6)
Triplets 0(0) 6(11.5) 0(0) 6 (3.6)
Intrauterine growth
restriction g 13 (16.9) 3(5.8) 4(10.3) 0.1505 20(11.9)
Apgar score at 1 min
<3 25 (34.3) 9 (18.8) 6(16.7) < 0,00()1l 40 (25.5)
4-6 29 (39.7) 12 (25) 24 (66.6) 65(41.4)
Apgar score at S min
<3 5(6.7) 0(0) 00)  0.1362° 53)
4-6 13 (17.6) 9(17.3) 5(3.2) 27 (16.5)
Apgar score change from 1 min to 5§ min
<3to(4-6) 7 (9.6) 7 (4.6) 2(5.6) 0.00162 16 (10.2)
(4-6)to>7 23 (31.5) 10 (20.8) 21 (58.3) 54 (34.9)
<3to>7 13(17.8) 2(4.2) 4(11.1) 19 (12.1)
Mean (SD) Mean(SD) Mean (SD) Mean (SD)
Birthweight 796.9 (177.1) 948.4 (202.3) 830.9 (1514) < 0,0(.013 852 (190.8)
Gestational age 26 (1.1) 26.5 (0.8) 26 (1.2) 0,()3523 26.2 (1.1)
Fetal growth ratio 0.82 (0.2) 0.93 (0.2) 0.85(0.1) 0,00013 0.86 (0.2)

1 P-value by exact analysis (Pearson test);
2 P-value by Chi-square test;
3 P-value based on F-test.

80



Chapter 4 Correlates of thyroid hormone levels at birth among extremely

premature infants

Transient hypothyroxinemia of prematurity (THOP) is manifest by very low
levels of serum thyroxine (T4) and tri-iodothyronine (T3), but normal thyroid stimulating
hormone (TSH) levels from shortly after birth until up to 6 weeks after birth. The
disorder is seen with increasing frequency in infants born before 32 weeks of gestation,
and especially below 28 weeks (1-5). The major cause of THOP is thought to be the
immaturity of the thyroid gland and the hypothalamic-pituitary-thyroid axis in preterm
infants. Despite variations in study populations and THOP definitions, studies have
consistently shown clear decreases in THOP as gestational age increases.

Many studies have suggested that hypothyroxinemia during the neonatal period in
premature infants may be associated with neurodevelopmental disabilities (1, 6-9).

Preventing and treating THOP in extremely premature newborns (< 28 wks) has the

potential to decrease the risk of adverse neurodevelopmental outcomes. It seems
reasonable to suppose that premature infants vary in their thyroid hormone levels at birth,
but little is known about the correlates of such variation. In this chapter, we use data
from the Phase 1 Study of Thyroid Hormone in Extremely Premature Infants to
investigate associations between prenatal exposures and newborn thyroid hormone levels
at birth (baseline). The examination of correlates of thyroid hormones can lead to a better

understanding of THOP.
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4.1 Analytical sample (Figure 4.1)

To reduce the effect of the correlation between infants born to the same mother,
we only included the first born of any multiple birth set if more than one infant in this set
was enrolled. Among the 168 enrolled subjects, 131 were singleton and 37 were multiple
births. The multiple births included 13 pairs of twins (the second-born excluded), five
single twin enrolled from five different twin pairs (zero excluded), and two births from
two triplet sets (four excluded). After the exclusion of 17 multiple births, seven more
subjects were removed from this analysis because no baseline thyroid hormone levels
were available. The final analytical sample thus excluded 24 of the 168 enrolled subjects,
leaving 144 infants born between 24 and 28 completed weeks of gestational age.
Neonatal baseline FT4 levels were available for 144 subjects, TT4 levels were available
for 128 subjects, and TSH levels were available for 135 subjects. Missing data were due
to insufficient sample volume, because of which multiple hormone testing could not be
completed.

4.2 Exposures and outcomes
4.2.1 Maternal exposures

Four types of maternal information were obtained from maternal interview,
medical records abstraction, and laboratory tests: 1) maternal demographic information
(race, age); 2) previous pregnancy history (gravida, parity); 3) current pregnancy and
delivery history (route of delivery, preeclampsia, prolonged premature rupture of
membrane, and antenatal antibiotic/steroids/magnesium use prior to delivery); and 4)

maternal thyroid function tests (FT4, TSH, and TT4).
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Maternal venous blood (3 ml) was collected at enrollment for thyroid function
tests. Among 144 mothers, blood samples were not obtained for 22 women due to early
discharge. FT4, TT4, and TSH were measured in maternal blood samples. Three women
were missing TT4 and two were missing TSH results. The time of collection varied
from 0-18 days after delivery. Half of the specimens (52%) were drawn within 24 hours
after delivery, 31% were drawn within 3 days of delivery, and 16% within a week. Test
results for one woman whose blood sample was taken 18 days after delivery were
excluded from the analysis, because such a sample may not reflect thyroid function at
delivery.

4.2.2 Neonatal exposures

Neonatal birth characteristics consisted of exposures with two different attributes:
1) fixed exposures, e.g. birthweight (BW), gestational age (GA), gender, race, fetal
growth ratio (FGR), intrauterine growth restriction (IUGR), multiple birth status, and
Apgar score at 1 minute (APGARI1) and 5 minute (APGARS); and 2) changing exposures,
e.g. the change of Apgar score from | minute to 5 minute.

FGR was defined as the ratio of birthweight to the median birthweight of 'infants
of the same gestational week. IUGR was defined as birthweight below 10th percentile of
the same gestational week. Both FGR and IUGR were generated using an external
gestational-age and plurality-specific birthweight standard, derived by Alexander et al.
from the 1991-1995 US Natality Data (10).

At 1 minute and 5 minutes after birth, neonatal Apgar scores were evaluated for
each subject on a 0 to 10 scale, with 0 being the worst and 10 being the best. We divided

Apgar scores into three groups: <3, 4 - 6, and > 7. To understand how neonates changed
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from 1 minute to 5 minute, we created a new variable, Apgar score change from 1’ to 5°,
based on Apgar scores at these two time points. Subjects were categorized into four
groups: from <3 to 4 -6, from <3 to> 7, from 4 - 6 to > 7, and no change.

4.2.3 Log transformation of thyroid hormone levels

Thyroid hormone levels of subjects at birth serve as the only outcome variable in
this analysis. We tested the normality of the distribution of both neonatal and maternal
FT4, TT4, and TSH levels. Results suggested that all five hormones followed the
lognormal distribution. Therefore, a logarithmic transformation (base e) was applied to
all hormone results and the report below is based on log-transformed hormone values.
4.3 Model selection approach

Unadjusted analyses were carried out to study the associations between each
maternal/neonatal exposure and neonatal FT4/TT4 levels, as continuous variables.
Linear regression was used to test relationships involving continuous exposures. One-
way ANOVA was used to test associations involving categorical exposures. Unadjusted
associations between maternal/neonatal exposures and baseline FT4/TT4 levels are
reported first, before adjusted associations. .

Multivariable model selection involved four major steps. First, we included all
variables that were related to the neonatal baseline thyroid hormone levels in unadjusted
analyses at a significance level of 0.1. Second, we eliminated variables with adjusted p-
values less than 0.05 from the full model, one at a time, beginning with the least
significant variable. Third, we added each one of the remaining variables, which were
excluded at the first step and dropped at the second step, back to the model one at a time

starting with the most significant variable in univariable analyses. If any variable showed
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a significant association with the outcomes after adjusting for other variables, it would be
added into the model and the third step would be repeated one more time with the new
model. Finally, when every variable that was significantly (¢=0.05) related to the
outcomes was included, we increased the significance level to 0.1 and included any
variable that was biologically meaningful but not statistically significant (a=0.05).
4.4 Results
4.4.1 Neonatal and maternal characteristics (Table 4.1)

Birthweight of the 144 subjects ranged from 440 to 1550 grams with a mean of
855 grams and a standard deviation of 198.3 grams. Gestational ages ranged from 24 to
27.9 completed weeks with a mean of 26.2 weeks and a standard deviation of 1.1 weeks.
Fetal growth ratio varied from 0.43 to 1.33 with a mean of 0.86 and a standard deviation
of 0.2. FGR was defined as the ratio of birthweight to the median birthweight of infants
of the same gestational week and was generated using an external gestational-age and
plurality-specific birthweight standard, derived by Alexander et al. from the 1991-1995
US Natality Data (10).

55% of the enrolled subjects were male. The majority of this population was
White (62.5%). 45.8% of subjects were born by C-section, 14% were one of a multiple-
birth set, and 13% had intrauterine growth restriction. About 27% of subjects had Apgar
scores at 1 minute below 4 points. At five minutes, only 3% remained under 4. Apgar
scores from 1 minute to 5 minutes were improved in 57% of the subjects. The rest
remained in the same Apgar score range (e.g., 0-3, 4-6, 7-10). About 12% of subjects
had the most improvement, changing from less than 4 points at 1 minute to greater than 7

points at 5 minutes.
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The 144 subjects were born to 144 mothers, whose age ranged from 18 to 47
years with a mean of 29.5 years and a standard deviation of 5.8. 14% of mothers had
preeclampsia and 10% reported fever during the pregnancy. Prior to delivery, 46%, 83%,
and 30% of mothers were treated with antibiotics, antenatal steroids and magnesium
sulfate, respectively. About 30% of women had rupture of membranes for longer than 24
hours (ROM > 24 hours) prior to onset of labor.

4.4.2 Neonatal and maternal hormone levels (Table 4.2 - 4.5)

Neonatal and maternal serum FT4 levels were similar and both averaged around
1.5 pg/dl. The mean maternal TT4 level was close to two times higher than that of
neonates, while the mean maternal TSH level was only half the neonatal level.

We studied hormone levels across the three study sites. Results in NY and
Amsterdam were comparable. Madrid had the lowest neonatal but the highest maternal
thyroid hormone levels, with significant differences in neonatal FT4 and maternal FT4
and TT4. Lower iodine levels in Spain may explain the low neonatal thyroid hormone
levels, but do not explain the higher maternal thyroid hormone levels. Study site will be
included in the multivariable analyses to account for site differences.

Both neonatal and maternal thyroid hormone levels were right-skewed and
followed lognormal distribution. We reported thyroid hormone using the original scales
in Table 4.2-4.5, and log transformed hormone levels were used in linear regression

analyses (Table 4.6-4.9).
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4.4.3 Unadjusted association between neonatal exposures and neonatal baseline

thyroid hormone levels (Table 4.6)

Baseline FT4: Gestational age was significantly correlated with neonatal baseline
FT4 levels (p< 0.0001), but birthweight was not. FGR was inversely associated with FT4
(p=0.0117). Subjects enrolled in the NY site had the highest FT4 values and subjects
from Madrid the lowest. Female subjects tended to have higher baseline FT4 levels than
males. Black infants had the highest baseline hormone levels, while Hispanics had the
lowest (p=0.032). Multiple birth status also was related to neonatal baseline FT4 levels,
but at the border of significance (p=0.0649). In subgroup analysis, singleton births had
significantly higher baseline thyroid hormone levels than did twin births (p=0.0432).
APGARI was directly, but not significantly associated with FT4 (p=0.0804), but
APGARS was not. With respect to Apgar score change from 1 to 5 minutes, stable
subjects whose Apgar scores remained in the same category had the highest FT4 levels
(p=0.0810). The lowest FT4 levels were seen in subjects who had the most dramatic

Apgar score improvement, i.e., from < 3to = 7.

Baseline TT4: Compared to neonatal baseline FT4, fewer variables were
correlated with baseline TT4 levels. Birthweight and gestational age were both
significantly related to TT4 levels at birth. APGAR1 (p=0.0098) and Apgar score change
from 1 minute to 5 minute (p=0.0445) were significantly related to TT4 levels in the
same fashion as to FT4 levels. Interestingly, IUGR, a widely accepted risk factor for low

thyroid hormone levels in neonates (5, 11-13), was not related to either FT4 or TT4 levels.
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4.4.4 Unadjusted association between maternal exposures and neonatal baseline

thyroid hormone levels (Table 4.7)

Log-transformed maternal TT4 levels were inversely correlated with neonatal
baseline FT4 levels (p=0.0218). No other maternal exposures were related to neonatal
baseline FT4 levels at significance level of 0.1.

However, several maternal exposures were significantly correlated with neonatal
baseline TT4 levels in unadjusted analyses. Infants born to women who received
antibiotics (p=0.0648), antenatal steroids (p=0.0112), and magnesium sulfate (p=0.0809)
treatment prior to delivery had higher baseline TT4 levels. Women who had ROM > 24
hours (p=0.0005) prior to onset of labor also had higher TT4 levels at birth.

4.4.5 Correlates of neonatal FT4 level at birth (Table 4.8, Figure 4.2-4.3)

Previously, we found that subjects enrolled in the three centers had different
attributes reflecting variations in population and clinical management across centers. We
therefore studied the association between study sites and neonatal baseline thyroid
hormone levels. No significant results were found. We also adjusted for study centers in
the final linear regression model and center was insignificant (p>0.1). As study center
has no effect on the outcomes of interest, we did not include center in the final model.

Gestational age, fetal growth ratio, race, multiple birth status, and intrauterine
growth restriction were significantly correlated with neonatal baseline FT4 levels.
Newborn baseline FT4 levels rose as gestational age increased. Every one week increase
in gestational age increased FT4 by 17% (p < 0.0001). FGR was found inversely
correlated with baseline FT4 levels. Every 10% increase in fetal growth ratio resulted in

a 6% reduction in baseline FT4 levels. IUGR was not significantly related to neonatal

88



FT4 level in the unadjusted model, but became marginally significant after adjusting for
gestational age and other factors. Subjects with growth restriction had an 18% reduction
in FT4 level compared to subjects without.

On average, FT4 levels of Blacks were 14% higher than Whites (p=0.0570) and
30% higher than Hispanics (p=0.0016, data not shown). Subjects born as one of a
multiple-birth set had on average a 14% reduction in FT4 levels compared to singleton
births (p=0.0642).

It is interesting to see that although both FGR and IUGR represent fetal growth,
they were related with FT4 levels in different directions. To further understand why FGR
was negatively, while IUGR was positively, correlated with FT4 levels, we plotted log-
transformed FT4 levels over FGR values by IUGR status. Figure 4.2-4.3 suggests that
for subjects who had IUGR, there was no linear relationship between FGR and neonatal
baseline FT4 levels (regression p=0.7684, r2=0.0056); for subjects who did not have
IUGR, the higher the FGR, or birthweight, the lower the FT4 levels (regression p=0.0034,
r2=0.0069).

4.4.6 Correlates of neonatal TT4 level at birth (Table 4.9)

As with baseline FT4 levels, gestational age remained directly significantly
correlated with neonatal TT4 levels at birth adjusted for other factors. For every one
week increase in gestational age, TT4 increased about 16%.

Neonatal baseline TT4 levels were associated with antenatal steroid use,
magnesium use prior to delivery, and ROM > 24 hours prior to onset of labor with
adjusting for gestational age. Infants born to women with prolonged ROM had a 32%

increase in TT4 levels (p < 0.0001). Infants who received antenatal steroids treatment
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had a 22% increase in TT4 levels (p=0.0272). Infants born to women who received
magnesium sulfate prior to delivery had an average increase of 14% in TT4 levels
(p=0.0266). Although both antenatal steroid use (p=0.006) and rupture of membrane for
greater than 24 hours (p=0.034) are significantly correlated with magnesium sulfate use
prior to delivery, these three factors remain significant in the model after adjusting for
each other, which suggests that these three factors were all independently related to
neonatal baseline TT4 levels.
4.5 Discussion

In the literature, correlates of neonatal FT4 at birth have seldom been studied,
mainly because most studies used thyroid hormone levels obtained from various local
newborn screening programs, which normally do not test FT4 values. In our study, we
had the opportunity to study both neonatal FT4 and TT4 levels at birth. Our results
suggest that neonatal baseline FT4 and TT4 levels were associated with distinct groups of
factors: 1) FT4 levels were associated with fixed attributes, such as fetal growth ratio,
multiple birth status, race, and IUGR; 2) TT4 levels were associated with pregnancy
conditions, such as antenatal steroids/magnesium use and ROM > 24 hours prior to onset
of labor.

Gestational age was positively associated with both baseline FT4 and TT4 levels
adjusting for other factors. This finding is consistent with previous reports that have

shown this association not only in serum samples at birth, but also in cord blood (13-18).
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4.5.1 Correlates of neonatal baseline FT4 in premature infants between 24-28
weeks of gestational age (Figure 4.4-4.5)

An interesting discovery is the inverse relationship between fetal growth ratio and
neonatal baseline FT4 levels. FGR is an index representing intrauterine growth by
comparing birthweight with the gestational week specific median birthweight. A slight
decreasing trend in FT4 levels over FGR is shown in figure 4.4. Infants with lower
FGR’s have higher FT4 levels, and vice versa.

More interestingly, both FGR and IUGR represent fetal growth, one would
assume these two variables should relate to baseline FT4 levels similarly. However, in
this analysis, presence of IUGR, defined as the lowest 10th percentile of birthweight for
gestational age, had an opposite effect. In them, FT4 levels were lower rather than higher.

To further explore the opposite association between FGR and IUGR in relation to
baseline FT4 levels, we plotted log FT4 levels over FGR within IUGR stratum (figure
4.2-4.3) and found a significant inverse relationship between log FT4 levels and FGR
only among infants who did not have IUGR (p=0.0034). Figure 4.5 (mean of log-
transformed FT4 by every 10th percentile of FGR) revealed a quadratic shape between
FT4 levels and FGR percentiles. FT4 levels were low in the lowest 10th percentile,
gradually increased in the second 10th percentile, then decreased until the highest
percentile. This illustrates the opposite direction of effect of FGR on FT4 within IUGR
and within non-IUGR babies. In effect, infants with the lowest and highest FGR had low
FT4 levels, while infants in the middle had higher FT4 levels.

Few studies have examined race and multiple birth status in relation to thyroid

hormone levels at birth. In our study, race (p=0.0167) and multiple birth status
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(p=0.0642, marginally significant) were both correlated with baseline FT4 levels after
adjusting for gestational age and other factors. Black infants had the highest FT4 levels
at birth compared to Whites (p=0.0570) and Hispanics (p=0.0016, not shown in Table).
Singleton births had higher FT4 levels than multiple births. The mean FT4 level
difference between singletons and twin births was especially significant (p=0.0489, not
shown in Table). To our best knowledge, no one has ever reported any significant
associations between race/ethnicity and multiple birth status in relation to baseline
thyroid hormone levels. We do not know whether our findings are a true reflection of
biological relationships or were due to chance because we do not have a large sample in
testing FT4 level differences across race/ethnicity group (power = 71%) or multiple birth
status (power = 56%). Future research with a larger sample size stratified by social
demographic factors and race profile /multiple birth status is needed.
4.5.2 Correlates of neonatal baseline TT4 in premature infants between 24-28

weeks of gestational age

Martin et al. reported that newborns with a complete dose of antenatal steroid
treatment had a mean increase of 0.81 pg/dl in serum TT4 levels (19). Our results
support this finding. Infants who received antenatal steroid treatment prior to delivery
had a 22% increase in neonatal TT4 levels. Both results, although not comparable,
agreed on the directionality of the association between antenatal steroids and newborn
baseline TT4 levels.

We also found that ROM > 24 hours prior to onset of labor was related to higher
(32%) TT4 levels. Magnesium use prior to delivery, although marginally significant, was

also associated with higher TT4 levels. Although a significant correlation existed
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between ROM > 24 hours and magnesium use, both factors remained significant after
adjusting for each other and additional variables, which suggests that their effects on
neonatal baseline TT4 levels were independent.

Other factors, such as gender, route of delivery, Apgar score at 1 minute, and
antenatal antibiotic use, have been reported in the literature to be associated with neonatal
FT4 and TT4 levels. In our unadjusted analyses, we found FT4 levels, at the significance
level of 0.1, were associated with gender and Apgar score at 1 minute, and TT4 levels
were associated with Apgar score at 1 minute and antibiotic use prior to delivery. All
these associations disappeared after adjusting for gestational age and other factors.

4.5.3 Relationship between neonatal baseline thyroid hormone levels and maternal

thyroid hormone levels (Figure 4.6 - 4.8)

Hume et al. reported an overall lack of association between neonatal cord and
maternal thyroid hormone levels (16). We looked at the relationship between neonatal
baseline and maternal thyroid hormone levels. Maternal TT4 and neonatal FT4 levels
were correlated, but the significance disappeared after adjusting for other factors. No
associations in FT4 or TT4 levels were observed between maternal and neonatal serum
samples within different gestational week groups (figure 4.6-4.8).

Murphy et al. found a strong relationship between maternal and neonatal TSH
levels (18). Significant associations between maternal and neonatal TSH within each

gestational week group were also seen in our study (figure 4.8).
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4.6 Strength and limitation (Table 4.10)

Our study collected information on 168 neonates born between 24 and 28
completed weeks of gestational age and is the largest study for this unique premature
population. We also are the first group to study a broad range of prenatal exposures and
baseline thyroid hormone levels at birth.

Unlike most previous studies, we measured serum FT4 levels by the direct
equilibrium dialysis (DED) method. Studies have shown that analog immunoassay or
FT4 index methods, commonly used by earlier studies, could be biased by the
concentrations of serum proteins and protein-bound T4 (3, 20). The DED method can
maximally remove bias from serum protein levels, thus provides us the most accurate
FT4 levels.

Baseline FT4 levels were measured between birth and 24 hours of life. One may
question whether the time of collection matters in this population. The literature has
shown that in term infants, thyroid hormone surges soon after birth. TSH surges within
half an hour after birth and decreases soon after its maximum level. Serum T4 and T3
levels increase quickly following TSH surge and peak at 24 hours of life. Various time
points of sample collection may result in capturing FT4 and TT4 levels in different stages
of the increasing phase, which may not reflect the baseline thyroid hormone levels of the
study subjects.

Several studies have shown that among extremely premature infants, the
hypothalamic-pituitary-thyroid system may not respond to the extra-uterine environment
in the same way or at the same level of magnitude as in the term or moderately preterm

infant. Hormone surges were found to be attenuated, and some even disappeared, due to
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immaturity of the thyroid gland and the hypothalamic-pituitary-thyroid system. To test
whether time of sample collection affected our results, we calculated the mean and
standard deviation of neonatal FT4 and TT4 levels on day 0 for all study participants and
on other days among the subjects who did not receive thyroid hormone treatment (Table
4.10). We found that FT4 levels hardly changed between day 0 and day 3, which
suggested that time of collection on da& 0 would not affect the associations we observed.
TT4 levels began to decline for about 10-20% by day 3, which implied that most of the
relationships we found in the current analyses would be at most mildly affected by time
of collection.
4.7 Conclusion

In conclusion, we found that except for gestational age, different groups of factors
were associated with baseline FT4 and TT4 levels among premature infants born between
24-28 weeks of gestational age. Baseline FT4 levels were associated with fixed attributes,
such as race, fetal growth ratio, intrauterine growth restriction, and multiple birth status;
while baseline TT4 levels were associated with conditions such as antenatal steroids and
magnesium treatment, and ROM > 24 hours prior to onset of labor.

Neonatal baseline FT4/TT4 levels were not related to maternal FT4/TT4 levels,

however, TSH levels of neonates and mothers were positively correlated with each other.
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Figure 4.1 Flow chart of analytical sample selection.
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Figure 4.2 Correlation between log-transformed FT4 and FGR in infants with [UGR.
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Figure 4.3 Correlation between log-transformed FT4 and FGR in infants without IUGR.
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Figure 4.4 Log-transformed FT4 distribution over FGR.
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Figure 4.5 Mean FT4 (log-transformed) by FGR 10th percentile.
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Figure 4.6 Correlation between maternal and neonatal FT4 (log-transformed) by
gestational week among 144 subjects.
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Figure 4.6 Correlation between maternal and neonatal FT4 (log-transformed) by
gestational week among 144 subjects. (cont’d)
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Figure 4.6 Correlation between maternal and neonatal FT4 (log-transformed) by
gestational week among 144 subjects. (cont’d)

GA (week) B coefficient P-value
24-25 -0.1365 0.5321
25-26 0.0528 0.7212
26-27 -0.0118 0.9025
27-28 0.1698 0.3032
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Figure 4.7 Correlation between maternal and neonatal TT4 (log-transformed) by
gestational week among 144 subjects.
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Figure 4.7 Correlation between maternal and neonatal TT4 (log-transformed) by
gestational week among 144 subjects. (cont’d)
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Figure 4.7 Correlation between maternal and neonatal TT4 (log-transformed) by

gestational week among 144 subjects. (cont’d)

GA (week) p coefficient P-value
24-25 -0.3051 0.0697
25-26 -0.1601 0.4757
26-27 0.2113 0.0538
27-28 -0.0029 0.9817
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Figure 4.8 Correlation between maternal and neonatal TSH (log-transformed) by
gestational week among 144 subjects.
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Figure 4.8 Correlation between maternal and neonatal TSH (log-transformed) by
gestational week among 144 subjects. (cont’d)
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Figure 4.8 Correlation between maternal and neonatal TSH (log-transformed) by
gestational week among 144 subjects. (cont’d)

GA (week) B coefficient P-value
24-25 0.2591 0.3767
25-26 -0.1410 0.8089
26-27 0.0551 0.7522
27-28 -0.0670 0.8232
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Table 4.1 Neonatal and maternal characteristics of enrolled subjects.

Neonatal characteristics =144
Birthweight (g) Mean (SD) 855(198.3)
Median (Range) 830 (440, 1550)
Gestational age (wk) Mean (SD) 26.2 (1.1)
Median (Range) 26.3 (24, 27.9)
Fetal growth ratio Mean (SD) 0.86 (0.2)
Median (Range) 0.87 (0.43, 1.33)
N (%)
Gender Male 79 (54.9)
Race White 90 (62.5)
Black 35(24.3)
Hispanic 13(9)
Multiple birth (twins and triplets) 20(13.9)
C-section 66 (45.8)
Intrauterine growth restriction (IUGR) 18 (12.5)
Apgar score at 1 min <3 36 (26.5)
4-6 56 (41.2)
7-10 44 (32.3)
Apgar score at S min <3 4(2.8)
4-6 26 (18.3)
7-10 112 (78.9)
Apgar score change from 1 minto Smin  <3to(4-6) 16 (11.8)
4-6)to>7 46 (33.8)
<3to>7 16 (11.8)
Maternal characteristics N=144
Maternal age (yr) Mean (SD) 29.5(5.8)
Median (range) 29 (18,47)
N (%)
HELLP syndrome 4(2.8)
Preeclampsia 20 (14)
Fever during pregnancy 15(10.4)
Antibiotics administration 66 (45.8)
Antenatal steroids administration 119 (82.6)
Magnesium administration 42 (29.2)
ROM > 24 hr 40 (30.1)
Table 4.2 Neonatal and maternal thyroid hormone levels at birth.
Hormone N Mean (SD) Median Range Percentile
10° 25" 75" 90"
Neonatal
FT4 (pg/dl) 144 1.5 (0.6) 1.3 (0.5,3.5) 0.8 1.1 1.7 24
TT4 (ng/dl) 128 6.8 (2.7) 6.5 (2.5174) 39 4.7 82 106
TSH (mlU/ml) 135 52(3.8) 43 0,22.8) 1.5 2.7 6.7 10.6
Maternal
FT4 (ug/dl) 122 1.4 (0.8) 1.3 (0.2,8.5) 0.8 1.0 1.7 2.1
TT4 (ng/dl) 119  11.5(2.5) 11.6 (23,176) 8.1 10.1 134 144
TSH (mIU/ml) 120 2.3(1.6) 1.9 0.1,74) 07 1.1 3.1 4.9
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Table 4.3 Neonatal thyroid hormone levels at birth by study site.

Mean Percentile

Hormone/Site N (SD) Median Range lOth 25(]. 75th 90“. p-value
FT4 (pg/dl)
New York 70 1.6 (0.7) 14 (05,35 08 10 20 26
Amsterdam 40 1.5(0.5) 1.3 (08,28 1.0 1.1 1.8 22 0.0206
Madrid 34 1.2(0.3) 1.3 (06,19 08 10 14 1.6
TT4 (ng/dl)
New York 69 7.1(@3.1) 6.6 (25,174) 39 46 83 123
Amsterdam 34 6.7(2.2) 6.5 (34,120) 42 48 84 10.1 0.2804
Madrid 25 6.0(2.1) 6.0 (26,106) 33 44 74 8.7
TSH (mIU/ml)
New York 67 5.6(3.9) 48 (02,175 14 28 72 118
Amsterdam 38 49(@4.1) 3.7 (0.8,228) 1.8 23 58 106 0.3711
Madrid 30 45129 43 0,145 13 25 58 176

Table 4.4 Maternal thyroid hormone levels by study site.

H /Sitt. N Mean (S¢) Median R Percentile I
ormone/Site ean (Se) edian ange lOth 25"‘ 75th 90". p-value
FT4 (pg/dl)
New York 63 1.2(0.5) 1.2 (02,23) 08 09 15 20
Amsterdam 32 1.5(1.3) 1.3 (02,85 0.8 . 1.6 2.0 0.0043
Madrid 27 1.9(0.5) 1.9 (09,29 10 15 21 27
TT4 (ng/dl)

New York 61 11.1(2.5) 11.0 (23,155) 81 98 129 14.0
Amsterdam 33 11.2(2.5) 1.5 (5.7,152) 7.1 102 126 14.1 0.0026

Madrid 25 13.0(2.0) 127 (9.1,17.6) 106 11.5 14.1 155

TSH (mIU/ml)
New York 61 22(1.6) 1.8 (0.1,66) 06 1.0 25 44
Amsterdam 33 23(14) 22 (02,59) 08 1.1 32 4.0 04977
Madrid 26 2.6(1.9) 19 (02,74 1.1 13 34 56

Table 4.5 P-values of pair-wise comparison between sites on thyroid hormone levels.

Comparison Neonatal Maternal
FT4 TT4 TSH FT4 TT4 TSH
NY vs. Amsterdam 0.4342 0.5794 0.3348 0.1245 0.8079 0.6039
NY vs. Madrid 0.0055 0.1120 0.1978 0.0011 0.0009 0.2421

Amsterdam vs. Madrid  0.0651  0.3309  0.7199  0.1006  0.0049  0.5355
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Table 4.6 Unadjusted associations between neonatal exposures and baseline serum Free
T4 and Total T4 levels (log-transformed).

Log FT4 (n=144) P value Log TT4 (n=128) P value
Fixed attributes
B (se) P value B (se) P value
Birthweight (100 g) 0.01 (0.02) 0.4156 0.04 (0.02) 0.0237
Gestational age (wk) 0.14 (0.03) <0.0001 0.12 (0.03) 0.0001
Fetal growth ratio -0.51(0.2) 0.0117 -0.08 (0.2) 0.7206
mean (se) mean (se)
Study site
New York 0.36 (0.05) 0.055S 1.87 (0.05) 0.3240
Amsterdam 0.35 (0.05) 1.86 (0.06)
Madrid 0.17 (0.05) 1.74 (0.08)
Gender
Male 0.26 (0.04) 0.0783 1.79 (0.05) 0.1527
Female 0.37 (0.05) 1.89 (0.05)
Race
White 0.29 (0.03) 0.0320 1.77 (0.04) 0.1042
Black 0.44 (0.07) 1.92 (0.07)
Hispanic 0.08 (0.14) 1.93 (0.14)
Other 0.26 (0.27) 2.04 (0.17)
Multiple birth
Singleton 0.33 (0.04) 0.0649 1.86 (0.04) 0.2372
Twins or triplets 0.16 (0.07) 1.74 (0.08)
Route of delivery
Cesarean section 0.36 (0.04) 0.1677 1.83 (0.05) 0.8084
Vaginal delivery 0.27 (0.05) 1.85 (0.05)
Intrauterine growth restriction
Yes 0.35(0.11) 0.6461 1.84 (0.09) 0.9477
No 0.30 (0.03) 1.84 (0.04)
Changing attributes
Apgar score at 1’
<3 0.21 (0.06) 0.0804 1.71 (0.05) 0.0098
4-6 0.30 (0.05) 1.82 (0.06)
>17 0.41 (0.06) 1.98 (0.06)
Apgar score at 5’
<3 0.36 (0.17) 0.9418 1.82 (0.10) 0.2824
4-6 0.29 (0.09) 1.74 (0.06)
>17 0.32 (0.03) 1.87 (0.04)
Apgar score change from 1 min to S min
<3 to 4-6 0.22 (0.11) 0.0810 1.68 (0.08) 0.0445
<3 to=>7 0.17 (0.09) 1.70 (0.08)
4-6 to =27 0.28 (0.05) 1.81 (0.07)
No change 0.41 (0.06) 1.94 (0.05)
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Table 4.7 Unadjusted associations between maternal exposures and baseline serum Free

T4 and Total T4 levels (log-transformed).

Log FT4 (n=144) P value Log TT4 (n=128) P value
mean (se) mean (se)

Primigravida

Yes 0.36 (0.06) 1.89 (0.06)

No 0.29 (0.04) 0.3216 1.81 (0.04) 0.2893
Preeclampsia

Yes 0.42 (0.08) 1.91 (0.60)

No 0.29 (0.04) 0.1797 1.83 (0.04) 0.4170
Fever

Yes 0.36 (0.11) 1.99 (0.11)

No 0.30 (0.03) 0.6037 1.82 (0.04) 0.1160
Antibiotics use during pregnancy

Yes 0.29 (0.05) 1.90 (0.05)

No 0.33 (0.04) 0.5038 1.78 (0.04) 0.0648
Antenatal steroids use

Yes 0.31 (0.03) 0.8763 1.88 (0.04) 0.0112

No 0.30 (0.09) 1.64 (0.08)
Magnesium use

Yes 0.33 (0.07) 1.93 (0.06)

No 0.30 (0.04) 0.7579 1.80 (0.04) 0.0809
Rupture of membrane > 24 hr

Yes 0.32 (0.07) 2.03 (0.07)

No 0.29 (0.04) 0.6812 1.76 (0.04) 0.0005

B (se) B (se)

Maternal age (yr) 2e-3 (6e-3) 0.7259 Se-3(6e-3) 0.4197
Maternal gravida 0.01 (0.01) 0.4784 -5e-3(0.02) 0.7472
Maternal log Free T4 -2.4e-4 (0.07) 0.9974 0.01 (0.07) 0.9036
Maternal log Total T4 -0.31 (0.13) 0.0207 0.11 (0.13) 0.4065
Maternal log TSH -0.02 (0.05) 0.5832 0.06 (0.05) 0.1827
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Table 4.8 Adjusted association between maternal/neonatal exposures and baseline
serum Free T4 levels (log-transformed).

Estimate % of SE  tVal 2 Overall
(n=144)l change alue  p-value p-value3
Intercept -3.57 - 073 -4.91 <.0001 <.0001
Gestational age (wk) 0.16 17% 1 0.03 5.89 <.0001 <.0001
Fetal growth ratio -0.063 6% | 0.023 -2.76 0.0067 0.0067
Race/ethnicity
Black 4 0.13 14% 1 0.07 192 0.0570
Hispanic -0.23 20% | 0.10 -2.28 0.0240 0.0167
Other 0.04 4%1 0.14 0.27 0.7851
White ref - - - -
Multiple birth
Multxple birth -0.15 14% ] 0.08 -1.87 0.0642 0.0642
Singleton ref - - - -
Intrauterine growth restriction
- 0, -
Yes 0.20 18% ] 0.11 1.88 0.0627 0.0627
No ref - - - -

1 Adjusted for everything else in the table.

2 P-value by Wald-test.
3 P-value by F-test.

4 The % of change in comparison of Black vs. Hispanic is 30% (p=0.0016).

Table 4.9 Adjusted association between maternal/neonatal exposures and baseline
serum total T4 levels (log-transformed).

Estimate % of SE ¢ Val 2 Overall
(n=144)' _ change aue pvalue o alue’
Intercept -2.17 - 0.77 -2.81 0.0058 0.0058
Gestational age (wk) 0.15 16% 1 0.03 5.16 <.0001 <.0001
Antenatal steroids
Yes 0.20 22% 1 0.09 2.24 0.0272
No ref . ; . ) 0.0272
ROM > 24 hours
Yes 0.28 32% 1 0.07 4.22 <.0001
No ref . ) _ ) <.0001
Magnesium sulfate
0,
Yes 0.13 14% 1 0.07 1.88 0.0625 0.0625
No ref - - - -

1 Adjusted for everything else in the table.

2 P-value by Wald-test.
3 P-value by F-test.
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Table 4.10 Possible variations of FT4 and TT4 introduced by various time of collection.

FT4 TT4

Postnatalday N Mean (SD) N Mean (SD)

Complete cohort 0 160 1.45(0.59) 144 6.63 (2.72)
0 50  1.51(0.64) 47  6.42(2.80)

3 51 1.64(0.96) 41 532243

7 ST 1.84(1.34) 45 4.44(1.90)

Placebo + lodine group 14 49 1.52(0.81) 44 445(2.16)
21 48 1.50(0.77) 42 529242

42 48 1.78 (0.96) 46 6.98 (2.35)

56 43 1.64 (0.96) 39 7.26 (2.13)

0 25 1.45(0.5) 25 6.52(2.59)

3 27 135044 22 51221

7 27  1.70 (1.20) 23 4.77 (2.00)

Placebo group only 14 27  1.46(0.99) 26 432(1.97)
21 24 1.48(0.73) 21 54439

42 26 1.43(0.88) 25 6.49(1.56)

56 25 147(0.59) 22 6.89(2.27)
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Chapter S Correlates of postnatal thyroid hormone levels among extremely

premature infants born between 24-28 weeks of gestational age

Studies have shown that differences in postnatal thyroid hormone levels exist
between extremely preterm infants (< 28 completed weeks of gestational age) and both
term and moderately preterm infants (29-36 completed weeks of gestational age). At
birth, the TSH levels of term infants peak within 30 minutes, followed by a sharp
decrease (1-3). Serum T4 and T3 levels increase quickly following the TSH surge and
peak at 24 hours after delivery. The thyroid hormone surges of moderately preterm
infants are similar to term infants, but on a much smaller scale (1, 4). For extremely
preterm infants, however, the thyroid hormone surges have been found greatly attenuated,
or even absent (5, 6).

It is not well known, however, among extremely preterm infants, whether prenatal
and postnatal exposures are associated with the postnatal thyroid hormone levels.

Though previous findings have suggested that postnatal thyroid hormone levels are
associated with gestational age, postnatal age, respiratory distress syndrome, and sepsis,
they have not taken into account the correlation among hormone measurements within
each subject in their analyses (7-10). In addition, very little is known about the
association between necrotizing enterocolitis (NEC) and decreased postnatal thyroid
hormone levels.

In this chapter, we use data collected from the Phase 1 Study of Thyroid Hormone
in Extremely Premature Infants 1) to observe the postnatal thyroid hormone level changes

over time in premature infants born between 24 and 28 weeks of gestational weeks; and 2)

118



to study the correlates of thyroid hormone levels of premature infants during the neonatal
period, adjusting for correlation among hormone measurements within each subject. The
results of this analysis may help identify infants at risk for THOP and possibly reduce the
risk of adverse neurodevelopmental outcomes through timely supplementary treatment.
S.1 Analytical sample (Figure 5.1)

Among the 168 study subjects, we excluded 121 participants in this analysis for
the following reasons: 1) received thyroxine supplementary treatment (i.e. subjects in the
four thyroxine supplementary treatment groups), 2) expired or withdrew from the study
prior to day 7 of life, 3) were not the firstborn of any multiple birth set if more than one
infant in this set was enrolled, and 4) data were missing on postnatal thyroid hormone
results, maternal history, obstetric information, or postnatal exposures.

Among the 54 study subjects who did not receive thyroxine treatment, 28 were
randomized to the placebo group and 26 to the potassium iodine (KI) group. One subject
in the placebo group was excluded from the analysis because of death before 7 days of
life. Two subjects in the KI group were excluded because parents withdrew consent
before 7 days of life. Among the remaining 51 subjects, 40 were singletons and 11 were
multiple births. The multiple births included one pair of twins (the second-born
excluded), 4 single twin enrolled from four different twin pairs (zero excluded), and five
births from two triplet sets (three excluded). We excluded a total of seven infants from
multiple births. The final analytical sample included 47 subjects.

5.2 Exposures
The findings from chapter 4 suggest that baseline FT4 levels were associated with

gestational age, race, fetal growth ratio, intrauterine growth restriction, and multiple birth
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status. Baseline TT4 levels also were associated with antenatal steroid and magnesium
treatment, and rupture of membrane for greater than 24 hours (ROM > 24 hours) prior to
the onset of labor.

In this analysis, we would like to explore whether these factors will continue to
have similar associations with postnatal thyroid hormone levels over time. In addition,
previous studies have shown that postnatal illnesses, such as respiratory distress
syndrome, chronic lung disease, and sepsis, are associated with low serum thyroxine
levels in preterm infants. Hence, we will study these factors as well in relation to
postnatal thyroid hormone levels.

Three types of exposure variables were studied: 1) prenatal and birth exposures
(e.g., antenatal medication, gestational age, fetal growth ratio); 2) postnatal
characteristics during hospitalization (e.g., death, postnatal age, length of hospital stay,
duration of ventilator/oxygen use, chronic lung disease, NEC, receiving antibiotic
treatment for greater than 5 consecutive days (antibiotic > 5 days)); and 3) neonatal
thyroid hormone levels at birth. Most exposures were fixed attributes (e.g., gestational
age, fetal growth ratio). NEC and antibiotic > 5 days were time dependent variables and
were both binary exposures, which were absent at birth and became present when the
disease occurred.

Prenatal and birth information were collected at birth through maternal interview.
Neonatal baseline thyroid hormone levels were tested within 24 hours after birth but
before the study treatment was administered. Postnatal information was collected on a

daily basis and summarized and recorded in discharge/death form at discharge or death.
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5.3 Outcome

Postnatal thyroid hormone levels collected on day 3, 7, 14, 21, 42, and 56 were
the outcome variables in this analysis. We tested the normality of neonatal FT4, TT4,
and TSH distributions and found that all hormones followed the lognormal distribution.
Therefore, a log transformation was applied to all hormone results and the report below is
based on log transformed hormone values.

Missing postnatal thyroid hormone results. Because blood specimens were
collected for each study subject on postnatal day 3, 7, 14, 21, 42, and 56, the 47 subjects
in our study would potentially have a total of 282 measurements in hormone levels.
However, results of 12 subjects were partially incomplete because of death (11 samples
of 5 subjects) and missing records (7 samples of 7 subjects). Most samples (85%, n=224)
had all three hormone results (FT4, TT4, and TSH) available, 11% (n=30) of the samples
had two test results available, and 4% (n=10) had only one test result available for
analysis. Missing data were due to insufficient sample volume, because of which
multiple hormone testing could not be completed. Missingness was considered as
random.

5.4 Statistical analyses

As the outcome variables of this analysis are a series of repeated hormone levels
on different postnatal days, we used analysis for repeated measurements to study the
associations between exposures and outcomes. A repeated measurement analysis allows
us to account for the correlation among hormone levels collected at different time points
within each study subject. The Mixed procedure in SAS software (ver. 9.1.3) was used in

all analyses.

121



5.5 Results
5.5.1 Prenatal and birth infant characteristics of 47 enrolled subjects (Table 5.1)

Birthweight of the 47 subjects ranged from 440 to 1325 grams (mean + standard
deviation (SD): 864 g £194). Gestational age ranged from 24 to 27.9 completed weeks
(mean £ SD: 26.2 weeks + 1.2). Fetal growth ratio varied from 0.51 to 1.24 (mean + SD:
0.87 £ 0.15). More than half (60%) of the analytical sample was male. The majority of
the population was White (62%). 15% of the subjects were one of a multiple-birth set,
36% were born through C-section, and 9% had intrauterine growth restriction. About
25% of subjects had an Apgar score at 1 minute below 4 points. By five minutes, the
Apgar scores of most infants (56%) had improved and only 2% remained under 4. About
16% of the subjects had a large improvement in Apgar scores, changing from less than 4
points at 1 minute to greater than 7 points at 5 minutes.
5.5.2 Maternal characteristics of 47 enrolled subjects (Table 5.1)

The 47 subjects were born to 47 mothers, whose ages ranged from 19 to 40 years
(mean + SD: 29.5 years + 5.7). During this current pregnancy, 89% of the mothers
received antenatal steroid and 26% received magnesium treatment prior to delivery.
About 24% of women had ROM > 24 hours prior to onset of labor. Both neonatal and
maternal characteristics of the 47 study subjects were similar to those attributes in the 144
subjects studied in previous chapter.
5.5.3 Postnatal characteristics of 47 study subjects (Table 5.2)

The 47 subjects were followed until discharge or death. The weight at the end of
follow-up ranged from 750 to 6335 grams (mean + SD: 2797g +1045). On average,

subjects stayed in the neonatal intensive care unit for 92 days before discharge or death.

122



Except for one outlier case hospitalized for 343 days, most subjects (72%) stayed in the
hospital for under 100 days and 26% stayed for more than 100 and less than 200 days.
Duration of ventilator use varied from 0 to 300 days (mean + SD: 28 d + 53). About 30%
of the subjects were on a ventilator for less than 28 days and only three (7%) were on a
ventilator for above 60 days. The outlier case mentioned above was on a ventilator for
300 days. Compared to ventilator use, subjects were on CPAP for a shorter time. The
mean duration on CPAP was 21 days, varying from 0 to 100 days.

During the study treatment (up to 42 days postnatal) and follow-up period (up to
discharge or death), eight (17%) subjects expired, 35 (75%) were still on oxygen
supplement past postnatal age 28 days, 17 (36%) were still oxygen dependent at postnatal
age 36 weeks, 22 (47%) received one or more antibiotic treatments for five or more
consecutive days, and three (6%) developed NEC.

5.5.4 Neonatal baseline thyroid hormone levels of 47 study subjects (Table 5.3-5.4)

Average baseline FT4, TT4, and TSH levels of the 47 subjects were similar to
those of the 144 subjects discussed in chapter 4, except that no hormone level differences
existed across three study centers. Hormone levels also were compared between placebo
and KI groups. The FT4 levels of the KI group tended to be slightly higher and TSH
levels slightly lower than that of placebo group, but no significant difference was found
in any of the three hormones between two study groups. In the adjusted analysis, we
included baseline thyroid hormone levels to test any association between baseline and

postnatal thyroid hormone levels.
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5.5.5 Postnatal thyroid hormone levels of 47 study subjects (Figure 5.2-5.7)

In general, mean FT4 levels of the 47 study subjects appeared reasonably stable
over the first 56 days of life. The mean FT4 levels increased approximately 0.5 ng/dl
over the first week, decreased back to the baseline level, and then remained flat.
Compared to the placebo group, subjects of the KI group had slightly higher FT4 levels at
all time points except on day 21. The FT4 level differences between two groups were not
statistically significant.

Mean TT4 levels of the 47 subjects decreased about 2 pg/dl in the first week,
stayed at the lowest level (4 pg/dl) until the end of the second week (day 7-14), and
gradually rose after the end of the second week (day 14). The mean TT4 level at
postnatal day 56 was slightly above the baseline level. Similar to FT4, TT4 levels of the
KI group were slightly higher than those of the placebo group except on day 7. The TT4
level differences between two groups were not statistically significant either.

Mean TSH levels of the 47 subjects initially decreased about 3.5 mU/L in the first
three days, then increased until around day 21, but still below the baseline mean value,
and plateaued thereafter. TSH levels of the KI group were lower than that of the placebo
group at most time points except on day 14 and 21. No significant differences between
TSH levels of two groups were detected. Regardless of the lack of a statistically
significant difference between the placebo and KI group for each hormone studied, we
included treatment assignment in the adjusted analysis.

5.5.6 Correlates of postnatal FT4 levels in 47 study subjects (Table 5.5)
We studied the correlates of postnatal FT4 levels with adjustment for correlation

among measurements within each subject and other factors. Although the mean FT4
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level on day 56 was higher than those on other days (n.s.), the mean FT4 levels had little
variation over postnatal growth. We also observed that the FT4 levels of the KI group
were slightly higher than that of the placebo group at most of the time points, however,
the difference was not statistically significant. Among the rest of the variables we tested,
no variable was correlated with FT4 levels over 56-day postnatal period.

5.5.7 Correlates of postnatal TT4 levels in 47 study subjects (Table 5.6)

TT4 levels were positively and significantly associated with postnatal age. Figure
5.4 showed that the TT4 levels decreased in the first week and increased steadily since
the end of the second week. The TT4 difference between the two study groups also was
tested but no significant association was found.

Among the prenatal exposures we studied, gestational age remained positively
and significantly correlated with TT4 levels over time after adjusting for correlation
among hormone levels within each study subject and other factors. This association was
not seen in FT4 levels. Baseline TT4 levels were not found to be associated with
postnatal TT4 levels.

Among the postnatal exposures, duration of ventilator use was negatively and
significantly correlated with TT4 levels. On average, every 10 days of ventilator use was
associated with a 5.6% decrease in TT4 levels (p <0.0001). No association was found
for either CPAP use or oxygen use. NEC also was significantly associated with TT4
levels. Subjects who developed NEC had a 53% reduction in TT4 levels (p=0.0167). No

other postnatal exposure variables were significantly associated with postnatal TT4 levels.
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5.6 Discussion

It has consistently been reported that thyroid hormone surges in extremely
premature infants (< 28 weeks of gestation) are greatly attenuated, or even absent (2, 5).
In our study, no postnatal thyroid hormone surge was observed in either FT4 or TT4.
However, we only have data at birth and day 3 of life. Due to the limited time points of
sample collection, it is possible that we missed the known 24-hour thyroid hormone surge
seen in term infants.

In a thyroxine supplement trial conducted in Amsterdam, Van Wassenaer et al.
found that the mean plasma FT4 concentrations of 100 preterm infants (25-30 wk) in
their placebo arm increased slightly (about 0.4 ng/dl) from birth on day 1 followed by a
nadir on day 7, and then increased again (6). Our results differed from their findings in
FT4 changing pattern. We found the mean FT4 level on day 7 was not the lowest, but in
fact the highest among FT4 measurements.

We further explored the hormone changes over time by three study sites (Figure
5.8-5.9). We found that the FT4 levels of the 12 Amsterdam subjects followed a pattern
similar to that described by Van Wassenaer’s group. On the other hand, the mean FT4
levels of subjects from both New York (n=25) and Madrid (n=10) were highest on day 7;
New York was lowest on day 21, and Madrid lowest on day 14. The variation by site
could be due to population differences, or due to a slight difference in gestational age
between the 12 Amsterdam subjects and those of New York and Madrid (25-28 vs. 24-28
weeks of GA). This also could explain why our finding among Amsterdam subjects is
consistent with that of Van Wassenaer and colleagues. We next examined the FT4 levels

over time by treatment group in the Amsterdam subjects and found no effect of treatment.
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This was expected given that our Amsterdam FT4 trend was similar to the placebo group
studied by Van Wassenaer et al. Due to the differences by site, our data suggest that for
infants under 28 weeks of gestation, there is hardly any pattern in FT4 changes in the
early neonatal period, but modest variation exists during the first three weeks of life.

In chapter 4, baseline FT4 levels of preterm infants were found to be associated
with a group of attributes (e.g., gestational age, race, fetal growth ratio), but postnatal
FT4 levels were not associated with any of these factors. In addition, postnatal exposures
(e.g., ventilator or oxygen use, postnatal illnesses) did not seem to affect serum FT4
levels either. Postnatal FT4 has been rarely studied and we do not have a clear
understanding of the role of FT4 in postnatal life. As thyroid hormone levels could be
affected by many factors, this lack of association may be due to the limited variables we
examined in this analysis. It also is possible that since the times of sample collection
were fixed, while the measurement of exposures was not, we may have missed the
etiologically relevant time window for certain exposures studied (11).

After a decrease in the first week of neonatal life, TT4 tended to rise gradually
with increasing postnatal age. We hypothesize that this increase was related to the
increasing production of both thyroxine and serum thyroid binding globulin (TBG)
concentrations in preterm infants. Each TBG molecule has one iodothyronine binding
site, hence, the T4 binding capacity of TBG in normal human serum is equivalent to its
blood concentration (12). If our hypothesis is correct, we would expect increasing
production of TBG as neonates grow. If the increasing rate of TT4 and TBG were equal,
we would observe flat TT4/TBG ratio over time; however if TT4 production was greater

than that of TBG, we would see increasing TT4/TBG over time. In Figure 5.10, the mean
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TBG level of the 47 subjects increased steadily from 15 to 21 pg/ml. The TT4/TBG ratio,
which paralleled the change of TT4, increased as well after an initial decrease. These
findings suggest a decrease in thyroxine synthesis in the first week of life, but not in TBG
synthesis. In addition, both TT4 and TBG production increased in postnatal life and the
increase of TT4 was greater than that of TBG.

In our study, TT4 levels were negatively associated with duration of ventilator use.
Ventilator use reflects pulmonary function. In the literature, respiratory distress
syndrome (RDS) has repeatedly and consistently been reported to be associated with low
TT4 levels in preterm infants. Impaired lung function has been seen to be the most
common condition in preterm infants with hypothyroxinemia. Many groups have
reported that significant reductions in serum T4 levels were found in preterm infants who
had RDS or who subsequently developed RDS (8-10). In our analysis, we used duration
of ventilator use, duration of CPAP use, and oxygen dependence at 36 weeks postnatal to
reflect neonatal lung function. After adjustment, a 5.6% reduction in TT4 levels was
associated with each 10-day increase of ventilator use.

We have three possible mechanisms to explain the relationship between impaired
lung function and neonatal hypothyroxinemia. During early fetal life, thyroxine has been
known to be a key factor to fetal growth. Intrauterine thyroid hormone deficiency may
lead to a shortage of cortisol, a key stimulator of pulmonary surfactant synthesis. Lack of
cortisol would delay lung maturation (7), produce surfactant deficiency, and impose a
greater risk of having lung problems in premature infants (10). Although intrauterine
thyroxine deficiency could impede fetal lung development, one thing to keep in mind is

that the condition itself is very likely a result of poor pregnancy conditions but not a
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cause. Second, prematurity could lead to both lung underdevelopment and
hypothyroxinemia. Third, thyroid hormone-dependent pulmonary maturation could be
hindered directly by postnatal hypothyroxinemia. The severity of pulmonary illness
could be worsened and its duration prolonged (9). Unfortunately, given the restriction of
the data, the time order of the relationship between impaired lung function and
hypothyroxinemia cannot be resolved.

Simpson et al. classified preterm infants by severity level of postnatal illnesses
(prematurity, chronic lung disease, severe respiratory disease, cerebral pathology, patent
ductus arteriosus, and NEC) and found a statistically significant reduction in postnatal
TT4 levels among newborns with maximal intensive care (13). In our study, subjects
with NEC had a 52% reduction in TT4, compared to those without. Although our
findings are similar to Simpson’s, results are not directly comparable because Simpson et
al. analyzed the effect of postnatal illnesses as a group, while we specifically looked at
NEC. Our results were limited because the power to detect the association between NEC
and TT4 levels was restricted by our study objectives, which aimed to establish the
optimal dosing schedule for very preterm infants. Only three out of 47 subjects
developed NEC during the 56-day follow-up period. Such a small sample size can only
suggest a possible association between NEC and reduced postnatal TT4 levels. Future
study with larger sample size is needed to confirm this finding.

5.7 Strengths and limitations

The present analyses have several strengths that must be considered. Studies have

measured postnatal thyroid hormone levels longitudinally, however, unlike our study,

very few have accounted for the correlation among measurements within each subject in
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their analyses of hormone trends. Even fewer studies have examined the correlates of
postnatal thyroid hormone levels using analysis for repeated measurements. In an
improvement over previous studies, we assessed the serum FT4 concentrations using the
Direct Equilibrium Dialysis method, which maximally avoided possible biases from
changes in serum proteins or protein binding of T4, and accurately reflected the serum
FT4 levels in extremely premature infants. An additional advantage of our analyses is
that we had very few subjects with missing outcome data and all missingness was random,
and hence should not bias our results. Finally, the trends of postnatal thyroid hormone
observed in this study can be generalized to extremely premature infants.

We analyzed data from this clinical trial as a prospective cohort study. Restricted
by the original study design, we can only examine hormone results on 47 subjects from
the two non-treatment groups. This limited the power to detect associations between
exposures of interest and postnatal thyroid hormones levels in our study. Further, even if
power had been sufficient for our analyses, it is possible that we may have missed the
etiologically relevant time window for certain exposures studied. In addition, as expected,
we had some lost to follow-up due to deaths (5, 10.6%), however, the number was
minimal and is unlikely to affect our results.

5.8 Conclusion

In summary, among preterm infants born between 24 and 28 weeks of gestational
age: 1) a postnatal FT4 surge did not exist in this study population and hardly any pattern
in FT4 levels variations over time was present; 2) a postnatal TT4 surge was not observed
and TT4 levels remained lowest in the first week before increasing; 3) postnatal thyroid

hormone levels increased over postnatal age and only the elevation in serum TT4 levels
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was statistically significant; 4) potassium iodine treatment did not affect postnatal thyroid
hormone levels compared to placebo; 5) postnatal FT4 levels were not clearly affected by
any prenatal or postnatal exposures examined; and 6) postnatal TT4 levels were
significantly associated with gestational age, postnatal age, duration of ventilator use, and
NEC diagnosis.

Due to the limited knowledge in this field, though this study contributes to the
understanding of postnatal thyroid hormone level changes and correlates, prospective
cohort studies with larger sample sizes are needed to more rigorously evaluate these

associations.
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Figure5.1 Flow chart of analytical sample selection.
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Figure 5.2 Mean structure of FT4 levels over postnatal age in 47 study subjects.
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Figure 5.3 Mean structure of FT4 levels over postnatal age in 47 study subjects by
treatment groups.
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Figure 5.4 Mean structure of TT4 levels over postnatal age in 47 study subjects.

TT4 (mcg/dl)

181
171
161
151
14
13
12
11
10

9.
8

O =2 N W & O o N

oL

T T M T T T T T T T T

Y 5 10 15 20 25 30 35 40 45 50 55 60

Postnatal age (day)

135



Figure 5.5 Mean structure of TT4 levels over postnatal age in 47 study subjects by
treatment groups.
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Figure 5.6 Mean structure of TSH levels over postnatal age in 47 study subjects.
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Figure 5.7 Mean structure of TSH levels over postnatal age in 47 study subjects by
treatment groups.
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Figure 5.8 Mean structure of FT4 levels over postnatal age in 12 study subjects enrolled
from Amsterdam site.
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Figure 5.9 Mean structure of FT4 levels over postnatal age in 12 study subjects enrolled
from Amsterdam site by treatment groups.
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Figure 5.10 Mean structure of TT4/TBG and TBG levels over postnatal age in 47 study
subjects.
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Table 5.1 Neonatal and maternal characteristics of 47 study subjects.

Neonatal characteristics N=47
Birthweight Mean (SD) 864 (194)
Median (Range) 860 (440, 1325)
Gestational age Mean (SD) 26.2 (1.2)
Median (Range) 26.4 (24,27.9)
Fetal growth ratio Mean (SD) 0.87 (0.15)
Median (Range) 0.87 (0.51, 1.24)

N (%)
Gender Male 28 (60)
Race White 29 (62)
Black 13 (28)
Hispanic 409
Multiple birth (twins and triplets) 7(15)
C-section 17 (36)
Intrauterine growth restriction (IUGR) 49
Apgar score at 1 min <3 11(25)
4-6 17 (39)
Apgar score at 5 min <3 1(2)
4-6 5(11)
Apgar score change from 1 minto Smin <3to (4 -6) 3(7)
4-6)to>7 15 (34)
<3to>7 7 (16)

Maternal characteristics N=47
Maternal age (yr) Mean (SD) 29.5(5.7)
Median (range) 29 (19, 40)

N (%)
Antenatal steroids administration 42 (89)
Magnesium administration 12 (26)
ROM > 24 hr 11 (24)

Table 5.2 Postnatal characteristics of 47 study subjects.

Postnatal characteristics N=47
Discharge weight (gram) Mean (SD) 2797 (1045)
Median (range) 2614 (750, 6335)
Duration of hospital stay (day) Mean (SD) 92 (53)
Median (range) 85 (15, 343)
Duration of ventilator use (day) Mean (SD) 28 (53)
Median (range) 9 (0, 300)
Duration of CPAP use (day) Mean (SD) 21 (19)
Median (range) 19 (0, 100)

N (%)
Death 8(17)
Oxygen dependent > 28 days 35(75)
Oxygen dependent at postnatal 36 weeks 17 (36)
Necrotizing enterocolitis 3(6)
Germinal matrix/intraventricular hemorrhage 15 (33)
White matter damage 5(1D)
Treating with antibiotics > 5 consecutive days 22 (47)
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Table 5.3 Neonatal baseline thyroid hormone levels by study centers.

H /Sit NM SD) Medi R Fercentile 1
ormone/Site ean (SD) edian ange lOth 25;1. 75t|| 9011. p-value
Baseline FT4 (pg/dl)
New York 24 1.6(0.8) 14 (0.7,35 07 1.0 19 24
Amsterdam 12 1.5(0.6) 1.4 (1.0,2.8) 1.1 1.1 19 23 0.7390
Madrid 9 1.4(04) 1.3 (08,19) 08 1.1 1.6 1.9
Total 45 1.5(0.6) 1.4 (0.7,3.5) 08 1.1 1.8 24
Baseline TT4 (ng/dl)
New York 24 6.5(3.2) 59 (3.1,174) 35 43 72 9.l
Amsterdam 10 6.4 (2.5) 5.8 (34,102) 38 43 84 102 09474
Madrid 8 68(2.5) 73 (35,109) 35 45 84 109
Total 42 6.5(2.9) 59 (3.1,174) 35 43 75 10.1
Baseline TSH (mIU/ml)
New York 23 6.1 (4.5) 45 (1.3,17.1) 14 25 103 118
Amsterdam 12 4.1(2.8) 38 (08,1200 18 25 4.7 54 03544
Madrid 8 5527 56 (13,104) 13 4.0 6.6 104
Total 43 54(3.8) 44 (08,17.1) 14 28 7.1 115
Table 5.4 Neonatal baseline thyroid hormone levels by treatment groups.
Percentile
Sﬂ::lr;lg(:'.:;/p N Mean (SD) Median Range 10"' 25"' 75". 90‘1. p-value
Baseline FT4 (pg/dl)
Placebo 23 1.4(0.5) 1.3 (0.7,28 10 10 16 19 0.166
Kl 22 1.7(0.8) 1.6 (07,35 08 1.1 20 24 ’
Total 45 1.5(0.6) 1.4 (0.7,35) 08 1.1 1.8 24
Baseline TT4 (ng/dl)
Placebo 23 6.5(2.6) 59 (3.1,13.0)0 35 43 7.5 102 0.976
KI 19 6.5(.2) 59 (34,174) 35 43 80 9.1 ’
Total 42 6.5(2.9) 59 (3.1,174) 35 43 75 10.1
Baseline TSH (mIU/ml)
Placebo 23 6.0(3.3) 54 (13,136) 22 39 7.1 118 0.303
Kl 20 4.8 (4.3) 3.1 (08,17.1) 13 22 58 112 )
Total 43 54 (3.8 44 (0.8,17.1) 14 28 7.1 115
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Table 5.5 Correlates of postnatal FT4 levels in 47 preterm infants born between 24 and

28 completed weeks of gestational age.

Estimate (n=47) SE t Value p-value Overall p-value
Intercept 2.22 1.57 1.41 0.1665 0.1665
Postnatal age (day) .
Day 3 -0.14 0.12 -1.14 0.2540
Day 7 -0.06 0.12 -0.48 0.6285
Day 14 -0.08 0.12 -0.65 0.5196
Day 21 -0.15 0.12 -1.17 0.2430 0.8500
Day 42 -0.07 0.12 -0.55 0.5828
Day 56 ref - - -
Study group
Potassium iodine 0.03 0.11 0.31 0.7564 0.7564
Placebo ref - - -
Prenatal exposures
Gestational age (wk) -0.04 0.06 -0.63 0.5295 0.5295
Fetal growth ratio -0.60 0.41 -1.48 0.1411 0.1411
Race
Black -0.24 0.13 -1.82 0.0710 0.2190
Hispanic 0.20 0.19 1.02 0.3089
Other -0.19 0.37 -0.52 0.6021
White ref - - -
Baseline thyroid hormone levels
Log (Baseline FT) 0.22 0.17 1.35 0.1775 0.1775
Postnatal exposures
Duration of hospital stay (day) 2.2e-3 24e-3 0.90 0.3670 0.3670
Duration of ventilator use (day) -2.2e-3 2.0e-3 -1.11 0.2679 0.2679
Duration of CPAP use (day) -33e3 42e3 -0.78 0.4339 0.4339
Oxygen dependent at postnatal 36 weeks
Yes 0.01 0.14 0.10 0.9237 0.9237
No ref - - -
Receiving antibiotic treatment > 5 consecutive day
Yes 0.12 0.12 1.02 0.3075 0.3075
No ref - - -
Necrotizing enterocolitis
Yes 0.32 0.31 1.04 0.2995 0.2995
No ref - - -

* adjusted for the rest of the variables.
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Table 5.6 Correlates of postnatal TT4 levels in 47 preterm infants born between 24 and

28 completed weeks of gestational age.

Estimate (n=47) SE t value p-value Overall p-value

Intercept -2.29 1.10 -2.08 0.0467 0.0467
Postnatal age (day) .

Day 3 -0.45 0.10 -4.62 <0.0001

Day 7 -0.62 0.09 -6.75 <0.0001

Day 14 -0.55 0.10 -5.74 <0.0001

Day 21 040 010 417 <0.0001 <0.0001

Day 42 -0.07 0.09 -0.82 0.4126

Day 56 Ref - - -
Study group

Potassium iodine 0.04 0.08 0.49 0.6243

Placebo Ref - - - 0.6243
Prenatal exposures
Gestational age (wk) 0.14 0.04 322 0.0016 0.0016
Antenatal steroids use prior to delivery

Yes -0.01 0.13 -0.08 0.9336

No Ref i ] i 0.9336
Magnesium sulfate use prior to delivery

Yes 0.06 0.09 0.66 0.5111 05111

No Ref - - - )
Rupture of membranes > 24 hours prior to delivery

Yes 0.11 0.10 1.09 0.2778

No Ref _ ; ] 0.2778
Baseline thyroid hormone levels
Log (Baseline TT,) 0.07 0.13 0.55 0.5854 0.5854
Postnatal exposures
Duration of hospital stay (day) 0.8 e-3 1.7 e-3 0.49 0.6253 0.6253
Duration of ventilator use (day) -5.8e-3 1.4e-3 -4.18 <0.0001 < 0.0001
Duration of CPAP use (day) 1.3e-3 33e3 0.41 0.6860 0.6860
Oxygen dependent at postnatal 36 weeks

Yes 0.11 0.10 1.05 0.2956

No Ref A _ A 0.2956
Receiving antibiotic treatment > 5 consecutive day

Yes 0.06 0.10 0.57 0.5680

No Ref A } i 0.5680
Necrotizing enterocolitis

Yes -0.76 0.30 -2.55 0.0117

No Ref ] i ) 0.0117

* adjusted for the rest of the variables.
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