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Introduction

This thesis is centered around the premise that occurrences early in life, or even ante-
natally, can have effects in the long-term. This hypothesis is called the Developmental
Origins of Health and Disease (DOHaD). An extensive body of evidence has already
shown that adverse events in early life can lead to an increased risk of, among others,
cardiovascular disease ' and psychopathology.’

Prematurely born infants form a special risk group. Their safe place in the womb is
traded for an incubator in the Neonatal Intensive Care Unit (NICU), where they can be
subjected to interventions such as ventilation assistance, routine controls, a myriad of
medications, surgeries, and other (painful) procedures. Their bodies are also still imma-
ture, which hampers their ability to digest milk, to breathe unassisted and to fight off
infections, all while being constantly exposed to external risks.

Globally, approximately 10.6% of births occurred prematurely, and 15.4% of those
were with a gestational age of <32 weeks.> With advancing medical developments in
the NICU, such as aggressive feeding strategies, antenatal glucocorticoids and improved
ventilation techniques, mortality has decreased significantly in preterm populations.*®
Therefore, focus is shifting towards improving long-term outcomes in these children.
Preterm infants have previously been shown to be at an increased risk for neurodevel-
opmental problems, cardiovascular diseases and deviating growth.”” It is important to
know which factors contribute to these adverse outcomes, and it is equally important to
study which interventions can improve or prevent the adverse consequences of preterm
birth. Treatment of preterm infants is likely to be most successful when normal physiol-
ogy is pursued, and a comprehensive understanding of these processes is therefore
crucial.

The work presented in this thesis aimed to elucidate both normal physiology, as
well as some of the factors contributing to or preventing adverse outcomes in preterm
infants, with a focus on early-life endocrine regulation.

PART 1“EARLY-LIFE GLUCOCORTICOID REGULATION”

A mal-adapted hypothalamus pituitary adrenal (HPA) axis has been implicated as one
of the underlying mechanisms behind the DOHaD hypothesis.'”"' However, not much
is known yet about normal fetal and neonatal HPA-axis development, and recognizing
aberrant developmental patterns is therefore difficult. In this part, we aimed to shed
more light on normal HPA-axis development and its influencing factors.
Glucocorticoids (GCs) can be measured in hair, which offers a retrospective view of
HPA-axis activity."”” We aimed to explore whether this medium provides a reliable insight
into fetal HPA-axis activity, and which factors are associated with neonatal hair GC levels

13



14 | Chapter 1

in Chapter 2. In Chapter 3, we analyzed the association between experienced maternal
distress pre- and perinatally and hair GC levels in the neonate and mother.

Exposure to aberrant maternal cortisol levels in utero has been associated with ad-
verse outcomes in the offspring.” After birth, infants are still exposed to small amounts
of maternal GCs through breastmilk. Several studies have found associations between
breastmilk GCs and outcomes in both animal and human studies.”**' However, our
research group recently reported that GCs in breastmilk follow the diurnal rhythm of
maternal HPA-axis activity,”” and this was not taken into consideration by previous stud-
ies. We have reviewed existing evidence concerning breastmilk GCs in Chapter 4. Next,
we have explored associations between breastmilk GC rhythmicity and (neurodevel-
opmental) outcomes in the offspring. We assessed the correlation between breastmilk
GCs and macronutrients in chapter 5, to determine whether associations between
breastmilk GCs and outcomes in offspring could actually be attributed to macronutrient
variations instead. Subsequently, we described GC rhythmicity in infants at age 1 month
and explored associations between this rhythm and breastmilk GC rhythmicity as well
as other possible rhythm-influencing factors (Chapter 6). Lastly, we researched the as-
sociations between breastmilk GC rhythmicity and infant body composition (Chapter 7)
and behavior and sleep (Chapter 8).

PART 2“GLUCOCORTICOID REGULATION AND SEX”

Sex differences in the production and metabolism of cortisol are present in adults, which
have been suggested to arise during puberty under the influence of sex steroids.”**
However, sex differences in mortality and short- and long-term morbidity are already
present in preterm populations. To explore whether these differences might be partly
caused by sex differences in cortisol levels, we performed a systematic review and meta-
analysis with regard to basal cortisol levels (Chapter 9) as well as a systematic review

concerning sex differences in HPA-axis reactivity (Chapter 10).

PART 3 “EARLY-LIFE THYROID REGULATION IN PRETERM INFANTS”

Maternal hypothyroxinaemia and congenital hypothyroidism have been associated with
adverse neurodevelopmental outcomes (in offspring).”>? Transient hypothyroxinaemia
of prematurity (THoP), a condition in which circulating T4 concentrations are low due
to immature endocrine systems as well as acute illnesses, has also been associated with
adverse neurodevelopmental outcomes in infancy and childhood.”®* However, it is
unclear whether these adverse outcomes persist into adolescence and adulthood. We
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therefore used the data of the Project On Preterm and Small-for-gestational-age (POPS)
cohort to assess whether THoP was associated with IQ and neuromotor outcomes
(Chapter 11) as well as behavioral outcomes (Chapter 12) at age 19.

PART 4“EARLY-LIFE GROWTH AND NEURODEVELOPMENT"”

Both infants who are born very preterm (VP, i.e., gestational age <32 weeks) and/or who
are born with a very low birth weight (VLBW, i.e., birth weight <1,500 grams) require
admission to a NICU. Many of these infants are both VP and VLBW, and results of studies
in one research population are therefore often applied to the other research population.
Nonetheless, previous studies have shown that short-term outcomes differ between
infants who are born VP versus those with VLBW.*' We explored whether long-term
outcomes were also different between these two entities. First, using the data of the
POPS cohort, we assessed differences in growth and final height between children who
were born VP and/or with a VLBW (Chapter 13). Next, we also analyzed differences in
1Q, neuromotor outcomes, behavior, and functional outcomes at age 19 years between
these populations (Chapter 14).

Lastly, we explored whether improved care has led to different growth patterns and
long-term growth and neurodevelopmental outcomes in two preterm cohorts, estab-
lished 20 years apart. We analyzed the occurrence of prenatal and postnatal growth
restriction, whether these growth patterns are associated with long-term growth and
neurodevelopmental outcomes, and whether these associations changed between
cohorts (Chapter 15).

15
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ABSTRACT

Background

Glucocorticoids (GCs) measured in neonatal hair might reflect intrauterine as well as
postpartum GC regulation. We aimed to identify factors associated with neonatal hair
GC levels in early life, and their correlation with maternal hair GCs.

Methods

In a single-center observational study, mother-infant pairs (n=108) admitted for
>72 hours at the maternity ward of a general hospital were included. At birth and an
outpatient visit (OPV, n=72, 44+11 days postpartum), maternal and neonatal hair was
analyzed for cortisol and cortisone levels by LC-MS/MS. Data were analyzed regarding:
1) neonatal GC levels postpartum and at the OPV, 2) associations of neonatal GC levels
with maternal GC levels, as well as 3) with other perinatal factors.

Results

1) Neonatal GC levels were >5 times higher than maternal levels, with a decrease of
+50% between birth and the OPV for cortisol. 2) Maternal and neonatal cortisol, but not
cortisone, levels were correlated both postpartum and at the OPV. 3) Gestational age
was associated with neonatal GCs postpartum (log-transformed B [95%Cl]: cortisol 0.07
[0.04-0.10]; cortisone 0.04 [0.01-0.06]) and at the OPV (cortisol 0.08 [0.04-0.12]; cortisone
0.00 [-0.04-0.04]), while weaker associations were found between neonatal GCs and
other perinatal and maternal factors.

Conclusions

Neonatal hair GCs mainly reflect the third trimester increase in cortisol, which might be
caused by the positive feedback loop, a placenta-driven phenomenon, represented by
the positive association with GA. Between birth and 1.5 months postpartum, neonatal
hair cortisol concentrations decrease sharply, but still appear to reflect both the intra-
and extrauterine period.



Interpretation of GC levels in neonatal hair

INTRODUCTION

Prenatal exposure to excessive glucocorticoids (GCs) has been associated with an in-
creased risk of cardiovascular diseases and depressive disorders."” This might be due to
permanent alterations in the settings of the fetal hypothalamic-pituitary-adrenal (HPA)
axis, which are protective in the short term, but might pose a risk in the long term.?

The development of the fetal HPA-axis is, among other factors, influenced by the pla-
cental transfer of maternal glucocorticoids (GCs) throughout pregnancy.* During early
gestation, maternal GCs are the main supply. By the second half of gestation, the fetal
adrenal starts producing its own steroids, predominantly sex steroids (which serve as a
substrate for the placental production of estriol) and precursor GCs, since the adreno-
cortical enzymes are not fully matured yet.’ Subsequently, during the last 6-8 weeks of
pregnancy, the more matured fetal adrenal produces increasing amounts of cortisol and
cortisone under the control of corticotropic-releasing hormone (CRH) production in the
placenta, which - in contrast to the negative feedback loop between cortisol and CRH
under non-pregnant conditions — establishes a positive feedback loop. This increase in
cortisol concentration promotes maturation of the fetal lungs as well as of other organs.”

Knowledge on the fetal HPA-axis development is mainly based on animal studies,*® as
it is difficult to measure fetal HPA-axis activity in humans. Up till now, amniotic fluid GC
levels and umbilical cord GC levels have been used to assess intra-uterine GC regulation.
Cortisol in amniotic fluid has previously been correlated to maternal cortisol levels °
and onset of labor."® However, the source of amniotic fluid cortisol remains uncertain,
although findings point toward fetal production.'"'? In addition, sampling of amniotic
fluid is a stressful occasion and only provides cross-sectional information. Alternatively,
umbilical cord blood can be drawn non-invasively, but GC levels are influenced by
delivery ”* and might not reflect normal intrauterine HPA-axis activity. GCs measured in
scalp hair might offer a solution, as it is used as a measure for HPA-axis activity over time
without the disturbing influence of the circadian rhythm. The hair GC concentrations
reflect the exposure in the time frame during which the hair grew."

Maternal hair GC levels seem to reflect HPA-axis activity during pregnancy.””"” Neo-
natal hair GC levels have also been associated with pre- and perinatal factors. A recent
study by Hoffman et al. (2017) '® has shown that gestational age as well as birth weight
had positive association with cortisol levels in neonatal hair. Neonatal hair GC levels
are significantly higher than maternal hair GC levels. This study suggests that features
of the fetal adrenal development are represented in neonatal hair GC levels, although
these findings are limited due to the fact that this has only been described in one study
population, cortisone levels were not taken into account, and the course followed by GC
levels in hair postpartum has not been studied.

23



24 | Chapter2

Therefore, we aimed to describe cortisol and cortisone concentrations in neonatal
hair, obtained directly postpartum, and their relation with maternal hair GC levels and
pre- and perinatal factors. Lastly, we explored the differences in hair GC concentrations
between birth and an outpatient visit (OPV) at approximately 6 weeks postpartum, as
well as which factors are of influence on this difference.

METHODS

Population
From February 2012 to August 2013, mother-infant pairs were included in the OLVG West
Hospital in Amsterdam, The Netherlands. Subjects were informed of the study before or
within 24 hours after delivery. The infant needed to be admitted to the hospital (mater-
nity ward or neonatal care unit) for at least 72 hours for a neonatal or maternal reason, as
this was an inclusion criterion for a simultaneous study.'® Subjects were excluded for the
following reasons: 1) insufficient knowledge of the Dutch or English language, 2) mental
retardation of one or both parents, 3) multiple pregnancy, 4) use of illicit drugs or regular
(>2 IU/week) alcohol use during the last trimester, 5) use of systemic corticosteroids
during pregnancy, 6) if participating in this study would interfere with regular care, or 7)
use of psychotropic medication.

The study was approved by the medical ethics committees of the OLVG west Hospital
and the VU University Medical Center in Amsterdam, the Netherlands. Written informed
consent was obtained from all participants.

Determinants

The mother filled in a questionnaire about demographic characteristics.
Information on perinatal characteristics and the reasons for admission to the hospital
were obtained from medical records.

Hair cortisol measurements

On the first day postpartum neonatal hair was cut from the posterior vertex of the scalp,
as close as possible to the scalp, as this region shows the least variance between differ-
ent strands." At the outpatient visit (OPV) around 6 weeks postpartum neonatal hair
was collected again. The total length of hair directly postpartum was analyzed, with the
assumption that it is an indication of GC concentrations during fetal life, while at the
OPV only the centimeter of hair closest to the scalp was analyzed, with the assumption
that it gives an indication of GC concentrations during the first weeks of life.”*?'

Maternal hair was also collected on the first day postpartum and at the OPV. Only the

centimeter closest to the scalp of maternal hair was analyzed. As, in adults, hair grows



approximately 1cm every mont

Interpretation of GC levels in neonatal hair

h,"?°?! the hair measurement postpartum is indicative

for the GC levels during the last month of pregnancy.

GC levels (cortisol and cortisone) were measured in hair as previously described.” In

short, in the presence of deuterium labeled GCs as internal standard, cortisol was ex-

tracted using LC-grade methanol at 25°C for 18 hours. These extracts were subsequently

centrifuged and cleaned using solid phase extraction. GC concentrations were quanti-

fied by liquid chromatography - tandem mass spectrometry LC-MS/MS (Waters XEVO-

TQ-S system, Waters Corporation, Milford, MA, USA). GC concentrations were reported as

pg per mg hair, and 1.25mg was required for a reliable measurement.

Statistics

Analyses were performed with regard to:

1.

2.

Concentrations of GCs in neonatal hair directly postpartum and at the OPV. GC levels
were expressed as median (range). Subsequently, GC levels were log-transformed
and paired t-tests were performed.

The relation between maternal and neonatal (log-transformed) hair GC levels

postpartum and at the OPV, was assessed using Pearson correlation coefficients and

linear regression.

Factors associated with neonatal hair GCs directly postpartum, were assessed using

linear regression. Additional analyses were performed to assess the effect of the

factors associated with GC levels directly postpartum on the course of GC levels

(expressed as delta cortisol and cortisone) and on the GC levels at the OPV, corrected

for age at the time of sampling. The following factors, based on literature,'”'® were

taken into consideration:

a. Perinatal: gestational age, birth weight (in kg and SD-score), sex, mode of de-
livery, perinatal infection, respiratory distress (meconium-containing amniotic
fluid, respiratory insufficiency, respiratory support, PPHN (persistent pulmonary
hypertension of the neonate)).

b. Maternal: age, ethnicity, maternal smoking, parity (primi- vs. multipara), hyper-
tensive disorders (pregnancy-induced hypertension, pre-existent hypertension,
pre-eclampsia/HELLP syndrome (Hemolysis, Elevated Liver enzymes and Low
Platelet count)).

Results with a P value <0.05 were considered to be statistically significant, although

borderline statistically significant results (0.10 > P > 0.05) when found for both cortisol

and cortisone were also further explored.
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RESULTS

Population

A total of 107 mother-infant pairs donated hair directly postpartum. At the OPV, 72

mother-infants pairs donated hair. The OPV took place at 44+11 days postpartum (range:

22-87 days). Perinatal and demographic characteristics are presented in Table 1.

Table 1: Baseline characteristics of the study population (n=107)

Mean+SD, median (range) or n (%)

Perinatal Gestational age 39.5 +1.8,39.5 (33.9-42.1)
Birth weight 3480 + 629, 3569 (1806-5290)
Male 61 (55.5)
Vaginal delivery 40 (32.5)
Perinatal infection 34 (30.9)
Respiratory problems 9(8.2)

Maternal Age 33.9+4.8,34(21-44)
Non-Dutch ethnicity 52(47.3)
Smoking 2(1.8)
Nulliparae 67 (54.5)
Hypertensive disorders 7 (6.4)

Concentration of GCs in neonatal hair

Results are displayed in Table 2 and Figure 1. Directly postpartum, the median concen-
tration of cortisol was 169 pg/mg (range: 51 — 1294), while the median concentration
of cortisone was 85 pg/mg (range: 23 — 597). Maternal GC levels were much lower than
neonatal levels, with median concentrations of 5 (range: 0 - 672) and 18 (2 - 87) pg/mg
respectively.

Table 2: Concentrations of neonatal and maternal hair glucocorticoid concentrations postpartum and at
the outpatient visit

Postpartum (median,range) Outpatient visit (median, range) P-value*

Infant Cortisol 169,51 -1294 71,2-479 <0.001
Cortisone 85,23 -597 91,30-346 0.99

Maternal Cortisol 5,0-672 4,1-79 0.001
Cortisone 18,2-87 18,8-43 0.75

Values expressed as median, range in pg/mg. * Analyzed with a paired t-test, performed with log-trans-
formed GC concentrations
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Figure 1: Neonatal hair cortisol (A) and cortisone (B) levels measured directly postpartum (@) and at the
OPV (@)

Course of GC levels postpartum

Between birth and the OPV, a steep decrease in cortisol concentrations in infant hair
was observed (Table 2 and Figure 1). Maternal hair cortisol levels showed a subtle de-
crease between birth and the OPV. In contrast, infant and maternal hair cortisone levels
remained stable, although a wide range of values was observed. At the OPV, both infant
cortisol and cortisone concentrations were still higher than the GC levels in maternal
hair. Age of the neonate at the OPV was negatively associated with hair cortisol, but not
with cortisone levels (log-transformed 8 [95%Cl]: cortisol -0.01 [-0.02 to -0.001], p=0.03;
cortisone: 0.00 [-0.01 to 0.01], p=0.70). Age of the neonate at the OPV was not associated
with delta cortisol or cortisone.
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Correlations with maternal hair GCs

Directly postpartum, maternal and neonatal hair cortisol were positively associated
(n=107, r=0.336, 3 0.23 (95%Cl: 0.11 - 0.36), p<0.001), while no correlations were found
between maternal and infant hair cortisone (p=0.66). At the OPV, the association be-

tween maternal and infant hair cortisol was stronger than directly postpartum (n=71,

r=0.457,30.41 (9

(p=0.12).

5%Cl: 0.22 - 0.60), p<0.001), and no correlation was found for cortisone

Table 3: Associations of neonatal hair glucocorticoid concentrations directly postpartum with perinatal
and maternal factors

B (95%Cl) P value
Perinatal factors Gestational age Cortisol 0.07 (0.04 -0.10) <0.001
Cortisone 0.04 (0.01 - 0.06) 0.004
Gestational age (only term pregnancies) Cortisol .11 (0.07 - 0.16) <0.001
Cortisone 0.04 (-0.001 - 0.08) 0.06
Birth weight (kg) Cortisol 0.09 (-0.003 - 0.17) 0.06
Cortisone  0.10(0.03-0.17) 0.008
Birth weight (SD) Cortisol 0.01 (-0.05 - 0.06) 0.79
Cortisone  0.03 (-0.02 - 0.07) 0.23
Male gender Cortisol 0.10(-0.02 - 0.21) 0.09
Cortisone  0.08 (-0.01-0.18) 0.07
Delivery via caesarian section Cortisol -0.14 (-0.26 - -0.03) 0.015
Cortisone -0.14 (-0.24 - -0.05) 0.003
Perinatal infection (=7 days antibiotics) Cortisol 0.17 (0.06 - 0.29) 0.003
Cortisone 0.22 (0.13-0.31) <0.001
Respiratory problems Cortisol -0.07 (-0.28 - 0.13) 047
Cortisone -0.06 (-0.22-0.11) 0.52
Maternal factors Age Cortisol -0.01 (-0.02-0.01) 0.31
Cortisone  0.00(-0.01-0.01) 0.82
Ethnicity Cortisol -0.04 (-0.15 - 0.08) 0.55
Cortisone  -0.09 (-0.16 - 0.01) 0.07
Maternal smoking Cortisol -0.09 (-0.18 -0.003)  0.06
Cortisone  -0.09 (-0.43 - 0.26) 0.62
Parity Cortisol -0.26 (-0.36 — -0.16) <0.001
Cortisone -0.07 (-0.17 - 0.02) 0.12
Hypertensive disorders Cortisol -0.02 (-0.25-0.21) 0.85
Cortisone -0.15(-0.33 - 0.04) 0.12

Values represent log-transformed 3

(95% confidence interval) as calculated with linear regression
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Factors associated with neonatal hair GCs

The effect of several perinatal and maternal factors on hair GC levels measured directly
postpartum were studied (Table 3). Gestational age was strongly associated with both
cortisol and cortisone levels, as illustrated in Figure 1, and this association remained
significant when only term-born infants (n=98) were studied. Additionally, there was
a positive association for both cortisol and cortisone levels with perinatal infection
(defined as the need for treatment with antibiotics for >7 days).: Birth weight was as-
sociated with both cortisol and cortisone when expressed in kg, but this association
was lost when birth weight was expressed as SD-score. Moreover, delivery via caesarian
section was associated with both lower cortisol and cortisone levels, while multiparity
was associated with lower cortisol levels.

Next, the effect of the (borderline) significant factors on the course of GC levels was
studied (Table 4). Gestational age was associated with a trend towards a steeper decrease
in cortisol and cortisone between birth and the OPV. Additionally, perinatal infection
was associated with a steeper decrease in cortisone, while delivery via caesarian section
was associated with a smaller decrease in cortisone.

Lastly, the effect of these factors on the GC levels at the OPV was analyzed (Table 4).
Gestational age was still positively associated with infant hair cortisol levels, but not
with cortisone. Additionally, males had higher cortisol levels in hair at the OPV, but no
association was found with cortisone. The other factors were not associated with OPV
hair GC levels.

Table 4: Associations of the course of neonatal hair glucocorticoid concentrations with perinatal and ma-
ternal factors

Effect on delta Effect on OPV values

B (95%Cl) P value B (95%Cl) P value
Perinatal Gestational age Cortisol -0.02 (-0.05 - 0.00) 0.08 0.08 (0.04-0.12) <0.001
factors Cortisone -0.006 (-0.013-0.001) 0.08  0.00 (-0.04-0.04) 0.87

Birth weight (inkg) Cortisol ~ -0.05(-0.12 - 0.02) 0.19 0.13(0.003 - 0.26) 0.05

Cortisone -0.02 (-0.03 - 0.01) 0.15 0.00(-0.12-0.12) 0.96

Male gender Cortisol  0.02(-0.07 - 0.11) 0.68 0.19(0.02-0.36) 0.03

Cortisone -0.01(-0.03-002) 046  0.00(-0.14-0.13) 0.99

Delivery via Cortisol  0.06 (-0.04 - 0.16) 024  -0.06(-0.25-0.13) 0.55

caesarian section  cqtisone 0,03 (0.01 - 0.05) 002  -0.08(-0.23-0.08) 0.33

Perinatal infection  Cortisol -0.06 (-0.15 - 0.04) 0.25 -0.04 (-0.22-0.14) 0.66

(27 days antibiotics) o isone -0.03 (0.05--0.004) 002  0.12(-0.03-027) 0.11

Maternal Cortisol ~ 0.07 (-0.02 - 0.16) 011  -0.11(-0.28-0.05) 0.18

Parity
factors Cortisone 0.01(-0.01-0.03) 0.32 0.01(-0.13-0.14) 0.91

Values represent log-transformed 3 (95% confidence interval) as calculated with linear regression. All as-
sociations were corrected for age at the OPV.
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DISCUSSION

In this study, we have described the levels of cortisol and cortisone in neonatal hair,
both directly postpartum, as well as at an outpatient visit at 44+11 days postpartum.
GC levels in neonatal hair directly postpartum seem to reflect intrauterine GC exposure,
they are much higher than maternal levels and appear to be influenced mainly by gesta-
tional age, possibly reflecting the normal prenatal increase in endogenous fetal cortisol.
After birth, cortisol levels decrease sharply, although at the OPV neonatal levels are still
much higher compared to maternal levels. This suggests that at that time point GC levels
represent both the intra- and extrauterine period, since GC levels in infants are not mark-
edly different from maternal cortisol levels.”””> Additionally, at birth, neonatal hair GC
levels are associated with other perinatal factors such as perinatal infection, although to
a lesser degree than gestational age.

In our study, we could confirm the association described by Hoffmann et al. ' be-
tween neonatal hair cortisol levels and both gestational age and birth weight directly
postpartum. However, we did not find an association with birth weight SDS. Since birth
weight and gestational age are correlated, the association with birth weight probably
reflects the effect of gestational age rather than of intrauterine growth. The association
with gestational age might be indicative of several mechanisms. First, adrenal matura-
tion occurs throughout pregnancy, resulting in increased cortisol production by the
fetal adrenal.” A higher concentration of GCs in hair might therefore reflect a longer
exposure to the maturing HPA-axis. However, since the association between gestational
age and neonatal hair GCs is also still present in term neonates, another mechanism
appears to be present as well. Induction of labor has been suggested to be partly due to
an increase in cortisol, which occurs in all species studied to date and which promotes
fetal organ maturation.”** This increase in cortisol is thought to be due to a positive
feedback loop established between placenta-derived CRH and cortisol originating from

the fetal adrenals,®*

which can only be broken by the severance of the umbilical cord.
Fetal distress may accelerate this feedback loop,® which might explain the increased hair
GC levels in neonates who are treated for a perinatal infection.

It is as of yet unknown whether neonatal hair GC levels fully result from fetal cortisol
production or whether the transplacental supply of cortisol might also contribute to
neonatal GC levels in hair. Previous research has suggested that cortisol is transferred via
the placenta to the fetus, although most cortisol is inactivated to cortisone by placental
11B-hydroxysteroid dehydrogenase type 2 (11BHSD2).® However, as maternal serum
cortisol levels are 10 times higher than fetal serum levels, even small amounts of cortisol
could account for about 40% of the variance in fetal concentrations.® In our study, we
found a positive correlation between maternal and neonatal hair cortisol levels, but not
with cortisone. The positive correlation between neonatal and maternal hair cortisol lev-
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els might therefore be a reflection of placental transfer. However, this does not explain
why the neonatal hair GC levels were much higher compared to maternal levels. We
speculate that this may be due to differences in hair growth and structure between the
fetus and its mother.

While it is feasible that cortisol in neonatal hair is derived from hair follicles, where it
is incorporated after diffusion from blood,' cortisol in amniotic fluid might contribute
to the GC concentrations measured in hair. Moreover, although hair growth in utero is
roughly known, the specifics are still unclear. The first stage of hair growth starts during
the 15™ week of gestation, and by week 18 to 20 the entire scalp is covered with hair
in the primary, anagen stage. Next, between week 24 and 28, the anagen hair converts
to telogen hair via a catagen phase.”® Hair growth, as well as the conversion to more
mature hair, is region-specific, and dependent on several biochemical and individual
variations.”*”® Whether hair in the anagen phase already contains GCs, or whether the
accumulation of GCs occurs at a later phase, is unknown. Therefore, although it is
thought that neonatal hair reflects at least the third trimester of pregnancy,” the true
time window which is represented by GCs measured in hair is not known. Since perinatal
infection and mode of delivery also appear to influence hair GC levels, it is likely that the
last stages of pregnancy have a significant contribution to GC levels measured in hair.
Future studies should include measurements of growth velocity of neonatal hair.

Our study showed significantly increased GC levels in neonatal hair compared to
maternal hair at the OPV (44+11 days postpartum), although a decrease between birth
and the OPV was observed in cortisol levels. This suggests that GC levels at the OPV
represent a combination of intra- and extrauterine influences, supported by our finding
that GC levels at the OPV are still associated with several perinatal factors. However, due
to the biochemical and individual variations in hair growth,”*?® and since hair was only
measured twice in this study, the contribution of intrauterine and extrauterine influ-
ences on hair GC levels at the OPV is unknown. We recommend to assess at which point
in time intra-uterine factors are no longer related to hair GC levels, since this might pro-
vide a clear view of early life influences on HPA-axis development. Since hair GC levels
appear to be moderately stable in the second half of the first year of life,” intrauterine
influences on hair GC levels most likely disappear within the first 6 months.

Our study has several strengths and limitations. First, GC analyses were performed
using LC-MS/MS which has high sensitivity. Hoffman et al. '® measured hair cortisol levels
with an immunoassay, which might explain the fact that they did not find an association
between maternal and neonatal hair cortisol levels, and reported maternal and neona-
tal cortisol levels much higher compared to our results, since immunoassay are more
sensitive to cross-reactivity than LC-MS/MS.***! Cross-reactivity is particularly important
to take into account when researching newborns, as they have high concentrations of
(precursors of) sex steroids and GCs,’ which are partly of maternal origin. Additionally,
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we measured cortisone as well as cortisol, which is valuable knowledge due to the con-
version of cortisol to cortisone by placental 11BHSD2.2 Our database also allowed us to
analyze a wide range of pre- and perinatal factors. One of the limitations of our study is
that the participants might not represent a normal population, since the participants in
our study had to be hospitalized >72 hours. Additionally, there might be selection bias at
the OPV measurements due to losses to follow-up, although the number of participants
was relatively high (67%). Lastly, there was discrepancy between mother and child in
the time frame that the hair measurements represented. In mothers, only the last centi-
meter of hair was analyzed. As adult hair grows with approximately 1cm per month,”**'
these analyses are representative of only the last month of pregnancy. Neonatal hair was
analyzed in its entirety, and is therefore representative of the intrauterine period during
which cortisol can be incorporated in hair. Correlations between GCs in maternal and
neonatal hair should therefore be interpreted in this context.

In conclusion, our findings suggest that infant hair GCs reflect the third trimester
increase in cortisol, which might be caused by the positive feedback loop, a placenta-
driven phenomenon, represented by a positive association with GA. Between birth and
1.5 months postpartum, cortisol concentrations decrease sharply. At this time point, GC
levels appear to reflect both the intra- and extrauterine period, since neonatal levels
are significantly higher than maternal GC levels. Perinatal complications and maternal
HPA-axis activity had minor influences on infant hair GCs.
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ABSTRACT

Background

Hair glucocorticoids (GCs) offer a retrospective view on chronic GC exposure. We as-
sessed whether maternal pre- and postnatal stress was associated with neonatal and
maternal hair GCs postpartum (pp).

Methods

On the first day pp 172 mother-infant pairs donated hair, of whom 67 had consulted
a center of expertise for psychiatric disorders during pregnancy. Maternal stress was
scored on the Hospital Anxiety and Depression Scale during the first/second (n = 46),
third trimester (n = 57), and pp (n = 172). Hair cortisol and cortisone levels were de-
termined by liquid chromatography-tandem mass spectrometry, and associations with
maternal hospital anxiety subscale (HAS) and hospital depression subscale (HDS) scores,
and antidepressant use were analyzed with linear regression.

Results

Neonatal hair GCs were negatively associated with elevated HAS-scores during the first/
second trimester, log 10 (B [95% Cl]) cortisol —0.19 (-0.39 to 0.02) p = 0.07, cortisone
—0.10 (-0.25 to 0.05) p = 0.17; third trimester, cortisol —0.17 (-0.33 to 0.00) p = 0.05,
cortisone —0.17 (-0.28 to —0.05) p = 0.01; and pp, cortisol —0.14 (-0.25 to —0.02) p = 0.02,
cortisone —0.07 (-0.16 to 0.02) p = 0.10. A similar pattern was observed for elevated
HDS-scores. Maternal hair GCs were positively associated with elevated HAS-scores pp
(cortisol 0.17 [0.01 to 0.32] p = 0.04, cortisone 0.18 [0.06 to 0.31] p = 0.01), but not pre-
natally or with elevated HDS-scores. Antidepressant use was associated with elevated
maternal hair GCs (p < 0.05), but not with neonatal hair GCs.

Conclusion

Exposure to excessive pre- and perinatal maternal stress was associated with a decrease
in neonatal hair GCs, while elevated stress-scores around birth were associated with
increased maternal hair GCs and elevated stress-scores earlier in gestation were not as-
sociated with maternal hair GCs pp. Further studies are needed to test associations with
infant neurodevelopment.
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INTRODUCTION

Anxiety or depressive disorders are associated with alterations in hypothalamic-pituitary-
adrenal (HPA) axis activity and reactivity, although the evidence is not unequivocal."
Anxiety and depressive disorders are common in pregnancy, with numbers ranging from
1in 10 to 1 in 5 pregnant women.*” Although many observational studies described
associations between prenatal exposure to maternal stress and neurodevelopmental
problems,®® caution must be exercised in the interpretation of some of these findings
due to the use of subjective measures of stress, while quantitative indices of HPA axis
activity are lacking."

As part of the physiological changes during pregnancy, both maternal and fetal
glucocorticoids (GCs) exert a positive feedback effect on the placenta by stimulating
the synthesis of placental corticotropin-releasing hormone (CRH). Due to this physi-
ological feed-forward response, maternal cortisol increases during gestation."" At the
same time, increasing estrogen levels augment the synthesis of corticosteroid-binding
globulin,™ resulting in only a modest increase in free cortisol.”” Moreover, placental
11B-hydroxysteroid dehydrogenase type 2 (113-HSD2) converts maternal cortisol to
inert cortisone. Accordingly, the fetus is partially protected from overexposure to mater-
nal cortisol." Lower placental 11B-HSD2 activity and, consequently, increased delivery
of maternal cortisol to the fetus has been associated with decreased fetal growth."”
Longer-term consequences of increased fetal exposure to maternal cortisol may include
increased HPA axis reactivity and susceptibility to neurodevelopmental problems.?

Hair cortisol and cortisone levels represent long-term GC exposure in adults and
children above the age of 4 years.'®'® Accordingly, GC levels in newborn hair might offer
a retrospective view on the GC regulation during the last part of pregnancy.'®*° Kapoor
et al. studied hair GC levels in the offspring of rhesus monkeys that were randomized
to receive exposure to a startle paradigm for 10 minutes per day, 5 days a week for
one-fifth the duration of pregnancy, and found decreased hair cortisol in the exposed
offspring, but no difference in hair cortisone.”’ In humans, cortisol in neonatal hair
obtained directly postpartum (pp) was higher with advancing gestational age and birth
weight.”” Unfortunately, in this study the impact of maternal stress was not studied. A
recent study in humans,” testing neonatal hair GC levels in association with maternal

[ 2 did. However,

hair GC levels and perceived stress, found similar results as Kapoor et a
hair cortisone levels were not taken into account, and hair cortisol levels were measured
with an immunoassay technique. Moreover, this study had only included physically and
mentally healthy mothers, presumably with low amounts of prenatal stress.

Therefore, in the present study we assessed whether pre- and perinatal exposure to
maternal stress is associated with neonatal hair cortisol and cortisone levels directly pp.

In addition, we tested associations between maternal stress and GCs in maternal hair
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obtained at the same time. To this end, we used data from a cohort in which women with
severe distress during pregnancy were overrepresented.

METHODS

Study design and participants

The present study was part of a prospective cohort study that aimed to explore biomark-
ers, including neonatal hair GCs and 5-hydroxyindoleacetic acid level in urine, for poor
neonatal adaptation after prenatal exposure to selective antidepressants (SADs) and
maternal stress.”*

A total of 172 mother-infant pairs were recruited at the maternity department, as well
as at the psychiatric-obstetric-pediatric (POP) clinic of the OLVG-West Hospital, Amster-
dam, The Netherlands, which offers consultation to women with psychiatric disorders
before, during, and after pregnancy on an outpatient basis. The reasons for which preg-
nant women sought advice at the POP clinic were (1) a history of psychiatric disease,
and/or (2) symptoms of distress, and/or (3) current or past use of antidepressants. Ap-
proximately one-third (n =65) of our sample consisted of women who visited the POP
clinic. The other part of the sample (n =107) consisted of mothers admitted pp to the
maternity ward for medical reasons in themselves and/or in their infants. Therefore, in
this cohort women who experienced severe distress during pregnancy were overrepre-
sented. Among participants, 66 (38%) used SADs, including selective serotonin reuptake
inhibitors (SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs), noradrenergic
or specific serotonin antidepressants (NaSSAs), or a combination of these. Sixty-four of
these women sought advise at the POP clinic.

Inclusion and exclusion criteria were similar for both groups. Inclusion criteria were:
an expected hospital stay of =72 hours after delivery, and willingness to donate hair
from themselves and their infants, and to complete the Hospital Anxiety and Depres-
sion Scale (HADS) questionnaire directly pp. Exclusion criteria were: use of psychotropic
medication other than SADs, use of systemic corticosteroids, non-pharmacologic drugs,
or alcohol, smoking during the third trimester of pregnancy, insufficient knowledge of
the Dutch or English language, mental impairment of one or both parents, and multiple
pregnancies. Parents were informed and written informed consent was obtained within
24 hours after delivery. The study was approved by the Medical Ethics Committees of the
OLVG-West Hospital and the VU University Medical Center.

Assessment of maternal stress

As part of standard care at the POP clinic, the HADS * was administered as an index
of stress experienced in the previous week. The HADS contains 14 items, namely 7 for
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anxiety and 7 for depression. From these items, Hospital Anxiety Subscale (HAS) and
Hospital Depression Subscale (HDS) scores are derived. A score =8 (out of 21 points
for each subscale separately) is considered the cut-off for relevant stress.”>” The retest
reliability of the HADS was found to correlate well with the previous 6 weeks.? Further-
more, among pregnant women, the anxiety subscales of the HADS and the Edinburgh
Postnatal Depression Scale showed strong correlation.”’

During the first or second trimester, and/or the third trimester, the HADS was admin-
istered only in the women who visited the POP clinic. Directly pp, that is, within 12 to 36
hours, the HADS was administered in all women. At the maternity ward, mothers were
asked whether they had used SADs at least during the last two weeks of pregnancy.

Hair glucocorticoid levels

Mother-infant pairs donated hair on the first day pp. A lock of hair was cut from the
posterior vertex as close as possible to the scalp. A minimum of 1.25 mg hair is needed
for a reliable measurement. Fetal hair growth velocity and the timing of transition from
lanugo via vellus into terminal hair strands varies significantly between infants.”® There-
fore, the total length of neonatal hair was analyzed. In mothers, the centimeter of hair
closest to the scalp was analyzed, representing the mean levels of cortisol and cortisone
during the last month of gestation, as adult hair grows approximately 1 (range: 0.6 —
1.4) cm per month.” There is evidence of 113-HSD2 expression in human eccrine sweat
glands and vascular endothelium,® raising the possibility of local conversion of blood-
borne cortisol to cortisone within skin and/or hair follicles. Therefore, it is unknown
which analyte is the best representative of serum cortisol. The sum of hair GCs might be
indicative of chronic circulating cortisol and was therefore calculated.

Hair cortisol and cortisone levels were measured as described previously by Noppe
et al.” In short, hair was washed with isopropanol, and hair GCs were extracted using
methanol and solid-phase extraction. Subsequently, cortisol and cortisone concentra-
tions were quantified by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) (Waters XEVO-TQ-S system, Waters Corporation, Milford, MA, USA) with positive
electrospray ionization, and reported in pg/mg hair. The Lower Limit of Quantitation
(LLoQ) of our assay is dependent on the amount of hair extracted. An intra-assay CV of
8.9% was measured at a hair cortisol concentration of 1.8 pg/mg. The intra-assay CV for
hair cortisone was 4.4% at a level of 12.5 pg/mg.

Data analysis

Maternal and neonatal characteristics were compared between the pairs whose moth-
ers visited the POP clinic and the pairs admitted for medical reasons, using independent
t-tests, Chi Square, or Fisher exact tests (Table 1).
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Table 1: Characteristics of mother-infant pairs

Total group POP mothers Other mothers
(n=172) (n=67) (n=105)
Males 92 (53%) 34 (51%) 58 (55%)
_ Gestational age  wks 394 +17 392 +16 395 +1.7
‘E Birth weight g 3,445.5 £582.6 33585 £5114 3500.2 £619.3
§ percentile 53.6 +26.4 493 +£24.0 563 +27.6
Hair cortisol pp  pg/mg hair 162.8 (102.8-232.2) 1553 (111.4-202.9) 171.3 (96.8-291.0)
Hair cortisone pp pg/mg hair 83.2 (63.1-109.8) 79.3 (63.9-105.1) 87.2 (61.4-128.9)
Primiparous 85 (49%) 29 (43%) 56 (53%)
Age yr 338 +4.7 33.7 £45 340 +£48
Ethnicity Dutch 97 (56%) 41 (61%) 56 (53%)
Caucasian, non-Dutch 16 (9%) 4 (6%) 12 (11%)
_ non- Caucasian 59 (35%) 22 (33%) 37 (35%)
E Antidepressants SSRI 45 (26%) 44 (66%) 1t (1%)
;3 SNRI 7 (4%) 7 (10%) -
NaSSA 9 (5%) 8 (12%) i (1%)
Combination* 5 (3%) 5 (8%) -t
HADS score pp  HAS score >8 30 (17%) 19 (28%) 117 (11%)
HDS score =8 19 (11%) 1 (16%) 8 (8%)
Hair cortisol pp  pg/mg hair 5.4 (3.6-10.6) 6.9 (44-12.0) 48" (3.4-9.9)
Hair cortisone pp pg/mg hair 19.5 (145-31.2) 217 (154-469) 182" (12.9-26.38)

Data are presented as mean + SD, median (interquartile range), or n (%). Abbreviations: pp = postpartum;
HADS = Hospital Anxiety and Depression Scale; HAS = Hospital Anxiety Scale; HDS = Hospital Depression
Scale; SSRI = selective serotonin reuptake inhibitors; SNRI = serotonin-norepinephrine reuptake inhibitors,
NaSSA = noradrenergic or specific serotonin antidepressants.

* These women were treated with a combination of SSRI with NaSSA (n =4), or NaSSA with SNRI (n =1)
Different from POP mothers, P < 0.05

Hair cortisol and cortisone levels were skewed to the right and therefore logarithmi-
cally transformed prior to analysis. Linear regression was used to assess associations
between HADS scores and hair GC levels. Associations with maternal stress were as-
sessed with hair GC level as dependent factor, and HAS or HDS score as continuous or
dichotomous (with a score of =8 points as cut-off for elevated stress) independent fac-
tor.”® Among infants whose mothers visited the POP clinic, the relative contributions of
pre- and perinatal stress exposure were tested by using combinations of (1) low prenatal
and low perinatal (reference), (2) low prenatal and high perinatal, (3) high prenatal and
low perinatal, and (4) high prenatal and high perinatal levels of stress exposure. Low
prenatal stress exposure was defined as low HAS and HDS scores in both the first/second
and the third trimester, while high prenatal stress exposure was defined as a score =8 on
one or both subscales in the first/second and/or the third trimester. Likewise, low peri-
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natal stress exposure was defined as low HAS and HDS scores pp, while high perinatal
stress exposure was defined as a score =8 on one or both subscales pp. Associations with
maternal SAD use were analyzed with hair GC level as dependent factor, and SAD use as
dichotomous independent factor.

Confounders were selected a priori, based on the literature.”’>**' Sex, birth weight
percentile, gestational age, and primiparity were added to the multivariable model, one
by one. Subsequently, based on statistical impact (i.e., a >10% change in beta) the final
model was created. When a confounder was found to have a statistical impact on more
than 50% of the associations being analyzed, we also explored the univariate association
with the outcome. In addition, similar to Kapoor et al.,”’ interaction between perinatal
stress (HADS scores pp) and sex on neonatal hair GC levels was tested.

RESULTS

The characteristics of participants are shown in Table 1. A total of 67 women visited the
POP clinic, of whom 98% reported SAD use, 28% had an elevated HAS score, and 16%
had an elevated HDS score. For mothers admitted pp for medical reasons in themselves
and/or in their infants (n =105), these numbers (2%, 11%, and 8%, respectively) were
similar to previously reported prevalence rates in the normal population.*”?? Sex distri-
bution, gestational age, birth weight, parity, maternal age, and ethnicity did not differ
between the groups. Neonatal hair cortisone levels were significantly lower in female
neonates (median [IQR]: 75.1 [59.8 — 99.7] pg/mg for females and 92.1 [65.4 — 129.2] pg/
mg for males, p=0.049). Neonatal hair cortisol levels did not differ significantly between
the sexes.

The characteristics of mother-infant pairs by time point are shown in Supplementary
Table 1. The great majority of women who visited the POP clinic during the first or sec-
ond, and/or the third trimester, used SADs: 44 out of 46 (96%) and 54 out of 57 (95%)
respectively. Those who visited the POP clinic during the first or second trimester, and/
or third trimester, more often used SADs during the entire pregnancy: 41 out of 46 (89%)
and 43 out of 57 (75%) respectively.

The association between maternal stress and neonatal hair GCs

HADS scores during pregnancy were only known for the mothers who visited the POP
clinic (n=65), namely, 46 during the first or second trimester, and 57 during the third
trimester. As part of the routine follow-up, 38 of them were seen on both occasions — 8
only during the first or second trimester, and 19 only during the third trimester (Supple-
mentary Figure 1).
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We were able to collect enough hair (median [IQR]: 5.1 [3.2 - 8.9 mg, while at least 1.25
mg is required) in 166 newborns (97%). In crude analyses, maternal anxiety and depres-
sion experienced during pregnancy or pp were negatively associated with the neonatal
hair cortisol level (Table 2). Similar, but weaker, associations were found for the neonatal
hair cortisone level. Associations with the sum of neonatal hair GCs resembled those
with neonatal hair cortisol alone (data not shown). Correction for sex, gestational age,
or birth weight percentile did not change these associations. Correction for primiparity
strengthened the associations with first or second trimester stress scores. Associations
with maternal stress during the third trimester or pp became non-significant or disap-
peared when parity was factored in (Table 2). When tested univariately, primiparity was
associated with higher neonatal hair cortisol and cortisone levels (log10-transformed 3
[95% Cl]: 0.24 [0.16; 0.32] p <0.001, and 0.10 [0.04; 0.17] p <0.001, respectively). There
was no evidence for interaction between dichotomous HADS, HAS, or HDS scores and
sex on neonatal hair GC levels.

Among the infants whose mothers visited the POP clinic, persistent exposure to
elevated maternal stress was associated with the largest decrease in neonatal hair GC
levels (Table 3).

Table 3: Maternal stress over time among the women who visited the POP clinic, in association with neo-
natal hair cortisol and cortisone levels.

Exposure category n Cortisol Cortisone
Beta (95% ClI) Beta  (95% Cl)
HAS Low prenatally & low perinatally 36 ref ref
High prenatally & low perinatally 1 -0.09 (-0.30;0.12) -0.14  (-0.29;0.02)
Low prenatally & high perinatally 6 -0.03 (-0.29; 0.23) 0.01 (-0.18; 0.20)
High prenatally & high perinatally 12 -0.19 (-0.39;0.01) -0.15  (-0.29;-0.01) *
HDS Low prenatally & low perinatally 50 ref ref
High prenatally & low perinatally 2 -0.09 (-0.36;0.19) -0.18  (-0.38;0.03)
Low prenatally & high perinatally 5 -0.13 (-0.55;0.29) -0.14  (-0.45;0.17)
High prenatally & high perinatally 8 -0.27 (-0.49;- 0.05) * -0.17  (-0.33;0.00) *

Data are presented as Log10-transformed B (95% Cl). Abbreviations: HAS = Hospital Anxiety Scale; HDS =
Hospital Depression Scale score * p <0.05

The association between maternal stress and maternal hair GCs

Maternal anxiety experienced directly pp, but not in gestation, was positively associ-
ated with maternal hair cortisol and cortisone levels pp (Table 4). Similar findings were
obtained with the sum of maternal hair GCs (data not shown). Correction for sex, ges-
tational age, birth weight percentile, or primiparity did not change these associations.
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The association between SAD use and neonatal and maternal hair
glucocorticoid levels
Sixty-six women (38%) used SADs. Forty-five women were on SSRIs, 7 on SNRIs, 9 on
NaSSAs, and 5 on a combination of these, including SSRIs with NaSSAs (in 4) and NaSSAs
with SNRIs (n=1).

The use of SADs was not associated with neonatal hair GC levels, but it was positively
associated with maternal hair cortisol and cortisone levels pp (log-10 transformed 3
[95% Cl]: 0.14 [0.02, 0.26] p =0.02, and 0.18 [0.09; 0.27] p <0.001 respectively).

DISCUSSION

In this study, maternal stress during pregnancy and pp was associated with decreased
neonatal hair GC levels, with the lowest values seen in the infants of mothers with per-
sistent stress. In addition, maternal distress pp, but not in gestation, was associated with
increased maternal hair GC levels pp. SAD use during pregnancy was unlikely to explain
these associations.

We recently published data suggesting that neonatal hair GC levels are influenced by
the third-trimester increase in HPA axis activity."” This phenomenon might offer an ex-
planation for the high neonatal hair GC levels observed in our study, although evidence
is lacking concerning which part of intrauterine GC regulation is reflected in neonatal
hair. It has been hypothesized that neonatal hair GC levels might reflect amniotic-fluid
GC levels.” However, this must be balanced against evidence from studies in adults sug-
gesting that hair GCs reflect the body’s HPA axis activity, with hair GCs being associated
with long-term integrated salivary cortisol.” It is conceivable that neonatal hair GCs
reflect a combination of maternal and fetal GCs, determined by placental factors like
the third-trimester increase in placental CRH and 113-HSD2 activity and fetal adrenal
maturation. The balance between cortisol and cortisone in hair may be different than in
blood, as 11B-HSD2 is widely expressed in epithelial tissues.*°

It is unclear why the HAS score, but not the HDS score pp, was positively associated
with maternal hair GCs pp. In general, in patients with psychiatric symptomatology anxi-
ety and depressive symptoms are highly overlapping. Findings from studies investigat-
ing associations between HADS scores and indices of HPA axis activity in matrices other
than hair, like saliva, are highly contradictory. One study found that the HAS score, but
not the HDS score, correlated positively with the cortisol awakening response among
patients with coronary artery disease.>* Another study among patients with coronary ar-
tery disease found that the HDS score correlated positively with salivary cortisol in men,
but not in women, while in women, but not in men, the HAS score correlated negatively
with salivary cortisol.® In patients with low back pain, HADS scores were unrelated to
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the diurnal cortisol rhythm measured in saliva,*® while in the normal population, HADS
scores were inversely associated with peak salivary cortisol during a psychological stress
protocol.”’

Previous studies have shown that maternal stress is associated with reduced placental
11B-HSD2 activity,*®*' thereby allowing a larger proportion of maternal cortisol to reach
the fetus. In contrast, we found that higher maternal stress scores were associated with
lower neonatal hair GCs levels, in spite of evidence of increased maternal HPA axis activ-
ity. There are several explanations possible for these discrepant findings. First, maternal
HPA axis activity may be lower in those pregnant women with chronic stress, so that,
despite reduced placental 11(3-HSD2 activity, a smaller amount of cortisol is able to cross
the placenta. Some studies have shown blunted HPA axis activity in chronic stress,* but it
is unclear whether their findings could be extrapolated to pregnancy, when HPA activity
is regulated to a large extent by placental CRH. However, the stressed women in our
cohort had elevated hair GC levels, representing increased HPA axis activity in the last
trimester. Second, the third-trimester surge in the production of GCs by the fetal adrenal
probably contributes much more to the fetal GC pool than maternal HPA axis activity,
at least in the last part of gestation. Still, the decrease in placental 113-HSD2 activity as
observed in chronic distress could contribute significantly to the fetal GC pool at earlier
stages of gestation, when placental 11B-HSD2 activity might be lower.* We speculate
that increased exposure to maternal cortisol earlier in gestation might lead to a long-
lasting suppression of fetal HPA axis activity. Analysis of the entire neonatal hair, which
we did in our study, probably reflects the endocrine milieu during the last trimester, as
it may take 20 weeks until the scalp is fully covered with anagen phase hair, turning into
the catagen phase between week 24 and 28.*

In rat pups, GC receptor density in the forebrain was found to develop in a sex-specific
manner, with females having more GC receptors than males.* It could therefore be hy-
pothesized that prenatal maternal stress might have sex-specific effects on neonatal HPA
axis activity. However, we as well as others did not find evidence for sex differences in, or
sex-specificity of the effects of prenatal maternal stress on, neonatal hair GC levels.?*?

Fetal exposure to maternal stress or to excessive maternal GCs has been associated
with neurodevelopmental problems as well as alterations in HPA axis settings.®® The
mechanisms behind these associations are not yet fully elucidated. Therefore, long-term
follow-up of our cohort is warranted to explore associations with HPA axis development,
including aspects like stress reactivity and development of diurnal rhythmicity, in addi-
tion to neurodevelopment.'?

The major strength of this study is the unique sample of women experiencing a wide
range of stress levels during pregnancy and pp, including an overrepresentation of
severely distressed women. In addition, to the best of our knowledge, this is the first
translational study that measured hair GC levels in both infants and their mothers who
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experienced a reliably quantified amount of stress during pregnancy and pp.* A limita-
tion of our study is that HADS scores during pregnancy were known only for the women
who sought consultation at the POP clinic. Other limitations are the lack of information
on neonatal hair growth (and, thereby, the lack of standardization on newborn hair
length), and the self-report of SAD use. In addition, the small sample size did not allow
us to test associations by type of SAD. Lastly, ideally other tests of HPA axis activity,
relating to HPA axis reactivity and rhythmicity, should have been included too.*

In conclusion, we found that maternal stress was associated with increased maternal
hair GC levels and decreased neonatal hair GC levels, with the lowest values seen in
children of mothers with persistent distress throughout pregnancy. It is suggested that
maternal stress during pregnancy increased intra-uterine GC exposure, thereby sup-
pressing fetal HPA axis activity.
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Supplementary Figure 1: Flowchart of pre- and postnatal assessments.
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Supplementary Table 1: Characteristics of mother-infant pairs by time point

Pairs with available Pairs with available Pairs with available
HADS datain 1-2"* HADS data in 3" HADS data pp

trimester trimester
N= 46 57 172
Gestationalage ~ wks 39.1 £15 393 £1.6 394 £17
'_.3 Birth weight g 3,328 £540 3,370 =497 3,446 +583
g percentile 487 +247 484 +236 536 +264
é’ Hair cortisol pp pg/mg hair 1563 (114.0-2229) 1543 (110.3-204.6) 162.8 (102.8-232.2)
Hair cortisone pp  pg/mg hair 847 (645-109.1) 79.7 (63.9-106.3) 83.2 (63.1-109.8)
Type of SAD SSRI 33 (72%) 37 (65%) 45 (26%)
SNRI 6 (13%) 5 (9%) 7 (4%)
NaSSA 2 (4%) 8 (14%) 9 (5%)
Combination* 3 (7%) 4 (7%) 5 (3%)
Timing of SAD Entire pregnancy 41 (89%) 43 (75%) 54 (31%)
_ e >3"trimester 2 (4%) 3 (5%) 3 (2%)
g <3“trimester 1 2%) 8 (14%) 9 (5%)
;z HADS scores 1°- HAS score >8 17 (37%) 15 (26%) 17 (10%)
2" trimester HDSscore=8 9 (20%) 8 (14%) 9 (5%)
HADS scores 3 HAS score >8 11 (24%) 23 (40%) 23 (13%)
trimester HDS score >8 7 (15%) 14 (25%) 14 (8%)
HADS scores pp HAS score =8 13 (28%) 17 (30%) 30 (17%)
HDS score >8 7 (15%) 9 (16%) 19 (11%)
Hair cortisol pp pg/mg hair 69  (3.9-13.9) 7.1 (46-13.9) 54 (3.6-10.6)
Hair cortisone pp  pg/mg hair 231 (169-62.1) 253 (175-548) 195 (145-312)

Data are expressed as mean * SD, median (interquartile range), or n (%). Abbreviations: pp = postpartum;
SAD = Selective antidepressant; HADS = Hospital Anxiety and Depression Scale; HAS = Hospital Anxiety
Scale; HDS = Hospital Depression Scale; SSRI = selective serotonin reuptake inhibitors; SNRI = serotonin-
norepinephrine reuptake inhibitors, NaSSA = noradrenergic or specific serotonin antidepressants.

*These subjects were treated with SSRI and NaSSA (n =4), or with NaSSA and SNRI (n =1).
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ABSTRACT

Vertical transmission of glucocorticoids via breast milk might pose a mechanism through
which lactating women could prepare their infants for the postnatal environment. The
primary source of breast-milk glucocorticoids is probably the systemic circulation.
Research from our group showed that milk cortisol and cortisone concentrations fol-
low the diurnal rhythm of maternal hypothalamus-pituitary-adrenal axis activity, with
a higher abundance of cortisone compared to cortisol. Measurement of breast-milk
glucocorticoid concentrations is challenging due to possible cross-reactivity with
progestagens and sex steroids, which are severely elevated during pregnancy and after
parturition. This requires precise methods that are not hindered by cross reactivity,
such as LC-MS/MS. There are some data suggesting that breast-milk glucocorticoids
could promote intestinal maturation, either locally or after absorption into the systemic
circulation. Breast-milk glucocorticoids might also have an effect on the intestinal micro-
biome, although this has not been studied thus far. Findings from studies investigating
the systemic effects of breast-milk glucocorticoids are difficult to interpret, since none
took the diurnal rhythm of glucocorticoids in breast milk into consideration, and various
analytical methods were used. Nevertheless, glucocorticoids in breast milk might offer a
novel potential pathway for signal transmission from mothers to their infants.
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INTRODUCTION

Numerous studies suggest that adversities occurring in early life could predispose to later
diseases such as cardiovascular diseases, type 2 diabetes mellitus and neuropsychiatric
diseases. The mechanisms that could explain these associations relate to the concept
of early-life programming, stating that insults early in life could persistently alter the
body’s structure and/or function. These alterations, although adaptive in nature, might
become deleterious with age.'

Glucocorticoids are known for their programming effects on metabolism and the
brain.” The fetal cortisol hypothesis postulates that a lower activity of the placental
barrier enzyme 11B-hydroxysteroid dehydrogenase (113-HSD) type 2 allows a larger
proportion of maternal cortisol to reach the fetus, leading to permanent alterations
in hypothalamus-pituitary-adrenal (HPA) axis settings, and, hence, predisposition to
cardiometabolic and neuropsychiatric diseases in offspring.?

Emerging data suggest that postnatal nutrition could play a role in early-life program-
ming.* Breast feeding has been associated with improved health outcomes, including
reduced risks of infections and obesity.*> Although glucocorticoids were recovered in
breast milk already in the early 1970s,° only few studies have addressed their effects in
offspring. The recent discovery of a diurnal rhythm in the secretion of glucocorticoids
into breast milk has opened new avenues for the study of the postnatal programming
effects of maternal glucocorticoids.

GLUCOCORTICOIDS, PREGNANCY AND THE MAMMARY GLAND

Cortisol is produced by the zona fasciculata of the adrenal cortex. Its synthesis is
regulated by adrenocorticotropin hormone (ACTH) from the anterior pituitary gland.
The release of ACTH, in turn, is under the control of corticotropin releasing hormone
(CRH) from the hypothalamus. When cortisol is present in adequate amounts, a negative
feedback system operates on the pituitary gland and hypothalamus. The hypothalamus
also receives input from multiple brain areas involved in the stress response. In healthy
individuals, the secretion of cortisol follows a diurnal rhythm, with a peak in the early
morning, followed by gradual decline over the day, and a nadir at midnight.

Pregnancy-induced changes in HPA axis activity

Maternal cortisol increases sharply in the last part of gestation due to an exponential
rise in the secretion of CRH from placental origin, which stimulates the release of ACTH
from the pituitary.” In contrast to the inhibitory effect of glucocorticoids on the secre-
tion of CRH by the hypothalamus, glucocorticoids stimulated the expression of the CRH
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gene in cultures of human placenta.? In the fetal compartment a similar rise in cortisol
occurs, which is necessary for the maturation of several organs, such as the lungs and
the liver.’ The cortisol rise has also been implicated to play a pivotal role in the onset of
parturition.’

Glucocorticoids as hormonal regulators of lactation

Glucocorticoids seem to be involved in the lobulo-alveolar development of the mam-
mary gland during the last stage of pregnancy.'® Although glucocorticoid receptors
were detectable in the lactating mouse mammary gland,"" the increase in circulating
glucocorticoids at parturition is probably not the primary trigger of lactogenesis ."”
The effects of glucocorticoids on lactogenesis are probably more permissive, by en-
hancing the effects of prolactin and spermidine on the synthesis of a-lactaloumin and
casein.”” However, in bovine mammary epithelium glucocorticoids were found to have
direct effects on the sodium transport.” Progesterone could antagonize the actions of
glucocorticoids at the level of the glucocorticoid receptor.” Therefore, the effects of
glucocorticoids on the mammary gland may become more evident after parturition,
when progesterone levels fall.

Determinants of breast-milk glucocorticoid concentrations

Owing to their lipophilic structure, glucocorticoids are able to cross mammary epithelia
through simple diffusion in the direction of their concentration gradient. The primary source
of breast-milk glucocorticoids is probably the systemic circulation. This assumption is based
on observations showing that breast-milk cortisol was strongly correlated with plasma cor-
tisol,”* with the concentration in breast milk being about 1-13% of the circulating level.”"”
Another possible source of breast-milk glucocorticoids is the skin, which was recently
shown to be capable of glucosteroidogenesis,'® although it is currently unclear whether
dermal glucocorticoids could penetrate the mammary gland in significant amounts.

The concentration of breast-milk cortisol was relatively high in the last part of gesta-
tion, compatible with the rise in plasma cortisol, followed by a >50% decline within 2
days after delivery.'® Mothers who delivered prematurely had lower levels of breast-milk
glucocorticoids,' either due to an earlier disruption of the positive feedback loop in the
secretion of placental CRH or immaturity of the mammary gland.

We studied lactating women who provided frequent sample collections over a 24-hr
period, when their children had reached the age of 1 month, and found that levels of
cortisol and cortisone in breast milk peaked at 7:00 am, mirroring those in saliva obtained
at the same time."” The early-morning peak was approximately five times as high as the
nadir. This typical diurnal rhythm was replicated by another group.”® We also found that
cortisone was much more abundant in breast milk than cortisol, despite the observation
that serum cortisone constitutes only a minor fraction of circulating glucocorticoids.
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These patterns could probably be attributed to a high expression of 113-HSD type 2 in
the mammary gland, analogous to the salivary gland.”

MEASUREMENT OF GLUCOCORTICOID CONCENTRATIONS IN BREAST MILK

Immunoassay versus LC-MS/MS

For the study of glucocorticoids in breast milk, reliable analytical methods are necessary.
Steroid hormones can be measured with immunoassays or chromatography, possibly
coupled to mass spectrometry. In general, immunoassays are prone to cross reactivity
with compounds that share the general structure with the hormone of interest, ne-
cessitating the use of more specific analytical methods.?* This is especially important
during pregnancy and after parturition, when concentrations of steroid hormones
like progestagens and sex steroids, as well as their precursors and metabolites, are
severely elevated. The most specific method today is chromatography coupled to mass
spectrometry, with liquid chromatography tandem mass spectrometry (LC-MS/MS)
being regarded as the method of choice. Furthermore, LC-MS/MS analysis carries the
advantage of multiple steroid hormone measurements during the same run, enabling
the simultaneous measurement of cortisol and cortisone.”

Binding to proteins
In serum or plasma, glucocorticoids are for >90% bound to corticosteroid binding globu-
lin (CBG) or albumin.?* However, albumin-bound and free fractions increase, whereas the

1. Steroids in breast

CBG-bound fraction decrease, at increasing levels of total cortiso
milk are also protein-bound, with CBG or a CBG-like protein having been identified in
human breast milk already in 1976.%° This protein was found to decline rapidly after par-
turition.” The presence of corticosteroid binding proteins in breast milk has implications
for the choice of the analytical method. Measurement of the total cortisol concentration
requires that cortisol is displaced from CBG and other corticosteroid binding proteins.
Many immunoassays suffer from ineffective displacement of cortisol from its binding
protein, leading to falsely lower cortisol concentrations in the presence of higher CBG
concentrations.” The improper release of a hormone from its binding protein has also
been identified in immunoassays for testosterone and 25-hydroxy-vitamin D3,%%
illustrating that this is a widespread analytical problem. Underestimation of the total
cortisol concentration is unlikely to occur with LC-MS/MS analysis, where the organic
solvents used allow a proper release of cortisol from its binding protein. Alternatively,
free glucocorticoid concentrations in breast milk could be measured, yet this requires

even more sophisticated methods, such as equilibrium dialysis or ultrafiltration, prior to
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LC-MS/MS analysis. Moreover, the very low concentrations might challenge the sensitiv-
ity of current LC-MS/MS analyzers.

Steroid conjugates

Many steroid hormones form conjugates with sulfate or glucuronic acid, which renders
them inactive. Ninety-five percent of steroids recovered from breast milk were conjugat-
ed, predominantly to sulfate.'” Steroid conjugates cannot be absorbed by the intestines,
which requires hydrolysis by sulfatases or glucuronidases.® In the human gut, these
enzymes are absent at birth and they increase with age due to bacterial colonization.*
Therefore, incubation of the breast milk with conjugate enzymes could yield much
higher levels that do not reflect the biologically available, clinically relevant fraction.

Comparisons between studies

In view of these analytical issues, comparing results of studies concerning breast-milk
glucocorticoids is difficult. In addition, differences in standardization between methods
used for steroid hormone analysis may contribute to these issues.>'** We have previously
reviewed human breast-milk cortisol concentrations as reported in the literature, and
found a wide range of concentrations, varying from 0 to 1,700 nmol/L.>* A large variety
of methods was used by these studies, the majority of which used immunoassays, some-
times preceded by a deconjugation step. However, the wide range of concentrations,
notably those reported by Groer et al,** could not wholly be explained by the variety in
methods.

Given all these uncertainties, it is highly important for future studies to carefully select
and validate the method that will be used so that proper conclusions are drawn. We
have developed and extensively validated an isotope-diluted LC/MS-MS method for
the measurement of total cortisol and cortisone in human breast milk without use of
enzymatic deconjugation.” Reference ranges of our assay are reported in Table 1.

Table 1: Reference ranges of breast-milk cortisol and cortisone measured with our LC-MS/MS assay.

Sampling time N Cortisol (nmol/L) Cortisone (nmollL)
(hrs)

0:00-6:00 46 3.3(1.4-6.8) 17.6 (10.8-23.6)
6:00-12:00 64 8.3(5.1-12.2) 29.6 (24.1-35.0)
12:00-18:00 63 2.8 (2.1-4.5) 18.9 (14.9-31.3)
18:00-24:00 64 1.1(0.8-1.9) 10.1(6.8-12.7)

Concentrations are reported as median (interquartile range).
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TARGETS OF GLUCOCORTICOIDS IN THE DEVELOPING GUT

Fate of breast-milk glucocorticoids in the neonatal gut

There is some evidence showing that breast-milk glucocorticoids are absorbed by the
developing gut into the systemic circulation. Experiments in rats showed that milk-
ingested labeled corticosterone - the principal glucocorticoid in rats — was able to cross
the pups’intestinal epithelial barrier and was, subsequently, detectable in their plasma
and brains.*> Additionally, corticosterone was detectable in the serum of adrenalecto-
mized pups fed with their own mother’s milk.** In humans, a 40% higher salivary cortisol
level was found among infants who were breastfed during one year in comparison with
infants who were formula-fed.”’” Moreover, another study found that salivary cortisol
concentration in infants correlated positively with the level in their mothers only in
those who were breast-fed.*®

Effects of breast-milk glucocorticoids on intestinal maturation

There is overwhelming evidence, mostly from studies in rats, indicating that glucocor-
ticoids are important for intestinal maturation. Rat pups can be compared to preterm
infants until postnatal day 20, at which stage their development resembles that of term
infants. Therefore, rat pups are ideal for the study of gut development. Glucocorticoids
administered systemically were found to increase the activities of lactase and sucrase,
and fucosylation, and to decrease sialylation,*® which are all indicative of intestinal matu-
ration. Other studies have assessed the effect of enterally supplemented glucocorticoids
on gut maturation. Yeh et al.*® studied the effect of enterally supplemented corticoste-
rone on the digestive capacity of the intestine of rats that were adrenalectomized at day
12. Adrenalectomized pups were fed with formula supplemented with either 0, 0.1, 0.5,
1.0, 5.0, 10.0 or 50.0 pg/ml corticosterone, or with their own mother’s milk. Intact pups,
serving as controls, were either mother-fed or fed with unsupplemented formula. They
found a dose-dependent increase in the activities of sucrase and maltase with increased
glucocorticoid supplementation. In comparison, mother-fed pups, both intact and
adrenalectomized, had maltase activity comparable to pups fed with formula supple-
mented with 0-0.5 pg/ml corticosterone, and undetectable sucrase activity, indicating
that the maturational effect of corticosterone might only occur when administered at
supraphysiological doses. However, systemic glucocorticoid levels were detectable in
mother-fed adrenalectomized pups and all of these pups survived, compared to only
11% of the adrenalectomized pups that did not receive corticosterone-supplemented
formula. It appeared, however, that when glucocorticoids were administered systemi-
cally, they were more effective in inducing maturation than enterally administered glu-
cocorticoids, and it was thus suggested that enteral glucocorticoids probably influence
gut maturation after absorption into the systemic circulation.*
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Teichberg et al.” studied the effect of supplementing formula with corticosterone in
early-weaned (i.e., postnatal day 17, whereas normal weaning occurs at age 21 days)
rats. They found that supplying formula with corticosterone at levels normally found in
the breast milk of dams (i.e., 0.26 pmol/L, by use of a local immunoassay) prevented the
delay in jejunal closure to macromolecule uptake usually seen with early weaning. These
pups were already relatively mature, and therefore these findings might be extrapolated
to term-born infants.* However, contrary to rats, normal gut development in humans
does not seem to rely on the uptake of macromolecules, and the amount of macromol-
ecule uptake appears to be lower in humans than in rats."

Studies in humans, or in ex-vivo human tissues, were all designed to investigate the
effects on the developing gut of glucocorticoid treatment given to mothers presenting

[.*2 studied human intestinal xeno-

with impending preterm delivery. Nanthakumar et a
grafts implanted in mice treated with a single injection of cortisone acetate. They found
an increase in lactase activity, as well as a decrease in the immune response to both
endogenous and exogenous inflammatory stimuli, in immature (20-week-old) intestine.
These results were not seen in more mature (30-week-old) intestine. They concluded
that glucocorticoids could accelerate intestinal maturation, but that this effect was

restricted to earlier pregnancy. Villa et al.”®

studied the effect of hydrocortisone on in
vitro cultured human intestine from 10 fetuses with gestational age 14-20 weeks and
from one term newborn. Hydrocortisone induced a 2-fold increase in lactase activity
after 5 days of culture, although it did not affect lactase mMRNA, suggestive of a possible
posttranscriptional effect on lactase activity.”

Only few in vivo studies have been conducted in humans, none of them studying the
effect of enteral glucocorticoids. Costalos et al.** addressed the effect of antenatal glu-
cocorticoids on the secretion of gastrointestinal peptides in preterm infants (gestational
age <34 weeks), both immediately after birth and after the initiation of enteral feed-
ing. They found higher gastrin levels from birth onwards in infants who had received
antenatal glucocorticoids (n=28), and higher motilin levels only after the initiation of
enteral feeding compared to infants who did not receive antenatal glucocorticoids
(n=17). Antenatal glucocorticoids did not influence vasointestinal peptide. Gastrin
promotes gastric secretion, while motilin accelerates gastric emptying, suggesting that
antenatal treatment with glucocorticoids might aid in improving digestion. Watkins et
al.”” studied 9 preterm infants (gestational age: 32-36 weeks), of whom four had received
dexamethasone (n=3) or phenobarbital (h=1) antenatally. In these infants, the bile salt
pool and production were markedly increased, approaching levels of full-term infants,
implying a more mature liver and possibly gastrointestinal tract.*

To summarize, glucocorticoids, whether administered enterally or systemically, seem
to have a trophic effect on the intestine in both animals and humans, although this
effect appears to be restricted to a limited time window. Whether cortisol in breast
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milk has trophic effects on the intestines of term-born human neonates has yet to be
determined.

Effects of breast-milk glucocorticoids on the gut microbiota

Glucocorticoids might play a role in the composition of the microbiome. Although no
studies have been conducted aimed at the development of the microbiome after the
enteral administration of glucocorticoids, several studies have researched the interac-
tion between HPA axis activity and the microbiome, which is part of the “gut-brain axis

46,47

hypothesis”.

Zijimans et al.*®

studied maternal prenatal stress, defined as elevated basal salivary
cortisol or as reported by mothers, and the development of the neonatal microbiome.
They found that increased maternal prenatal stress was associated with alterations in
the microbiome during the first 110 days after birth, with an increased abundance of
Proteobacteria such as Escherichia, and a lower abundance of lactic acid bacteria and
Actinobacteria. Moreover, this pattern was associated with an increase in maternally
reported gastrointestinal and allergic symptoms.* In animals, maternal separation early
in life has been shown to alter the diversity and composition of the microbiome,* while
treatment with Lactobacillus during separation appears to normalize basal corticoste-
rone levels in rats.”® Additionally, stress induced by maternal separation was associated
with increased bacterial translocation in 10-day-old rat pups.’’ The role of the micro-
biome on HPA axis activity has also been demonstrated in mice. Germ-free mice had
an elevated stress response, while mono-colonization with Bifidobacterium infantis was
associated with an attenuated stress response and mono-colonization with Escherichia
coli with an even stronger response to stressful insults,*® implicating an effect of the
microbiome on HPA axis activity.

Gut bacteria were found to have steroid-converting properties. Not only have they
been implicated to play a role in the metabolism of cortisol, they probably also metabo-
lize glucocorticoid precursors and metabolites.”* Some of these compounds enter the
enterohepatic circulation, but their biological effect is unknown.

Therefore, although the developmental timing for local, trophic effects of glucocorti-
coids on the intestine is probably before birth, the interaction between glucocorticoids
and the gut microbiome (i.e., the “gut-brain axis”) might be a possible mechanism
through which glucocorticoids in breast milk could exert systemic effects in the infant.
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Table 2: Summary of studies addressing the systemic effects of breast-milk glucocorticoids in offspring.

Study N Species Age at Timing of Outcomes Main results
breast-  breast-milk
milk sampling
sampling (hrs)
Primates
Sullivan 44  Rhesus 3-4mo. NR Behavioral observations ~ Mothers of males
etal. monkey over 25-hr period had higher cortisol
(2011) concentrations in milk than
did mothers of females, and
cortisol concentrations in
maternal milk were related
to a confident temperament
factor in sons, but not
daughters.
Hindeet 108 Rhesus 1mo.and 11.30-13.00 Behavioral observations Milk cortisol was positively
al. (2015) monkey 3.5 mo. after 3.5-4 over 25-hr period associated with a more
h of milk nervous, less confident
accumulation temperament in offspring,
albeit with few differences
between genders. Milk
cortisol was positively
associated with weight gain
in offspring.
Dettmer 34  Rhesus 7and21 13.45-14.00 Social behavior and Milk cortisol during the first
etal. monkey d, or 14 cognitive function month post-partum was
(2017) and 30d (inhibitory control, positively associated with
impulsivity) impulsivity on a cognitive
task, but not global social
behaviors, months later.
Rodents
Catalani  NR  Wistar NA NA Restraint stress, learning ~ CORT-exposed pups
etal. rats (m) test (conditioned exhibited a lower
(2000) avoidance learning), adrenocortical response
tests of anxiety (elevated  to stress, improvements
plus-maze test, dark-light in learning, reduced
test) and hippocampal fearfulness in anxiogenic
corticosteroid receptor situations and greater
expression numbers of hippocampal
corticosteroid receptors.
Catalani  NR  Wistar NA NA Restraint stress, learning ~ CORT-exposed pups
etal. rats (f) tests (Morris water exhibited a lower
(2002) maze, aquatic T maze, adrenocortical response

conditioned avoidance
learning), tests of anxiety
(elevated plus-maze test,
dark-light test, conditioned
suppression of drinking)
and hippocampal
corticosteroid receptor
expression

to stress, improvements

in learning and reduced
fearfulness in anxiogenic
situations. The numbers of
hippocampal corticosteroid
receptors was no different
from unexposed pups.
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Table 2: Summary of studies addressing the systemic effects of breast-milk glucocorticoids in offspring.
(continued)

Study N Species Age at Timing of Outcomes Main results
breast-  breast-milk
milk sampling
sampling (hrs)
Man
Hartetal. 32 - 7-11d Mid-morning  Neonatal Behavioral Milk cortisol was positively
(2004) Assessment Scale correlated with the
Autonomic Stability cluster.
Greyetal. 52 - 3 mo. NR Infant Behavioral Milk cortisol was positively
(2013) Questionnaire associated with negative
affectivity.
Hahn- 51 - 3 mo. 11.30-16.00 Length and weight until Milk cortisol was inversely
Holbrook age 2 associated with BMI gains in
etal. the first 2 years of life.
(2016)

Abbreviations: CORT = corticosterone; f = female; m = male; NA = not applicable; NR = not reported

SYSTEMIC EFFECTS OF BREAST-MILK GLUCOCORTICOIDS IN OFFSPRING

Surprisingly few studies have investigated associations between breast-milk glucocorti-
coids and systemic effect in offspring. Here, we review the evidence from studies in both
animals and man. The findings from these studies are summarized in Table 2.

Studies in primates

The few animal studies on this topic have nearly all been conducted in Rhesus ma-
caques. The choice for Rhesus monkeys was based on data showing marked variation
in behavior and temperament as well as HPA axis vulnerability to early-life experiences
in this species.*®

Sullivan et al.*® investigated 44 mothers and their offspring at 3-4 months of age.
Cortisol was measured in breast milk, and in the plasma of mothers and their infants.
Infant temperament was assessed during a 25-hr behavioral observation. Milk cortisol
was correlated with maternal plasma cortisol (r = 0.586, P = 0.017) as well as with protein
(r=0.441, P =0.003) and fat contents in milk (r = 0.398, P = 007). Milk cortisol was higher
in the mothers of males (p = 0.043). In males, milk cortisol was correlated with confident
behavior (r = 0.669, P = 0.002), but not with the other temperament factors vigilance,
gentleness or nervousness. In females, milk cortisol was not correlated with tempera-
ment.

Hinde et al.*®

assessed associations between milk cortisol, available milk energy (i.e.,
the product of milk yield and milk energy density), infant temperament and weight gain

in 108 mother-infant dyads. Breast milk was analyzed at 1 month and at 3.5 months
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post-partum. Milk cortisol was positively associated with milk fat (P = 0.038) and protein
contents (P = 0.0064). A higher milk yield was associated with a lower milk cortisol con-
centration (P = 0.0014), attributable to dilution. Lower-parity mothers produced milk
with a higher cortisol concentration. There were no effects of social ranking or age at
sampling on the milk cortisol concentration, and the effect of maternal body weight
was negligible. Milk cortisol, independent of available milk energy, predicted a more
nervous, less confident temperament, with few differences between genders. It was
positively associated with infant weight gain.

Dettmer et al.%°

investigated 34 mother-infant dyads from birth to 8 months of age.
Milk collections for determination of cortisol occurred twice in the first month post-
partum, and the mean concentration was calculated. At 8 months, social behavior and
cognitive function were measured. Mean milk cortisol was positively associated with

impulsivity on a cognitive task, and, in females only, with total frequency of play.

Studies in rodents

There are few data suggesting that adult offspring from rat mothers who had free access
to 200 pg/ml corticosterone hemisuccinate solution from day 1 post-partum until wean-
ing exhibited longer-term sequelae. These sequelae included a better performance
during learning tests, reduction of fearfulness in anxiogenic situations, lower stress-
induced corticosterone secretion, and, in males only, greater numbers of hippocampal
corticosteroid receptors, as compared to unexposed animals.®* Corticosterone was
not measured in milk during these experiments, although previous data showed subse-
quent elevations in maternal plasma and milk as well as in the gastric contents, plasma
and brains of offspring.*

Studies in man

Hart et al.”’ investigated associations between maternal mood, milk cortisol, and neona-
tal behavior in 32 mother-infant pairs. Maternal depressive symptoms were assessed at
7-11 days post-partum using the Beck Depression Inventory (BDI), the Profile of Mood
States (POMS) and the State Trait Anxiety Inventory (STAI). At the same time, neonatal
behavior was assessed using the Neonatal Behavioral Assessment Scale (NBAS). Milk
cortisol was correlated with the POMS Hostility scale (r = 0.35, P < 0.05), suggesting that
mothers’ greater hostility coincided with higher concentrations of milk cortisol, but not
with scores on the other POMS subscales, or on the BDI or the STAI. Milk cortisol was
correlated with the Autonomic Stability cluster of the NBAS (r = 0.40, P < 0.05). Due to
lack of follow-up data, the sustainability of these associations could not be tested.

Grey et al.* tested whether milk cortisol is associated with infant temperament in 52
mother-infant pairs. Milk cortisol and infant temperament, by maternal report of the
Infant Behavior Questionnaire (IBQ), were assessed when the infants had reached the
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age of 3 months. Analyses revealed a positive association between milk cortisol and the
negative affectivity dimension of the IBQ (r = 0.37, P < 0.01). No correlation was found
between milk cortisol and the surgency/extraversion or the orienting/regulation dimen-
sions of the IBQ. Again, the sustainability of observations was not tested. In the same

cohort, Hahn-Holbrook et al.®®

tested associations between milk cortisol and change in
body mass index (BMI) across time. They found that a higher milk cortisol was associated
with lower gains in BMI in the first 2 years of life (P = 0.046).

For several reasons, the findings obtained from these studies were highly contradic-
tory. All of them had measured cortisol (but not cortisone) by use of immunoassays,
which are prone to cross reactivity. Moreover, studies differed in sampling procedures.
None of them had obtained multiple samples across the day, and only one adjusted
the analyses for timing of sampling. However, we have previously argued that, in spite
of correction for time of collection, vertical transmission of glucocorticoids cannot be
determined from a single milk specimen.®® This reasoning is based on observations
showing that there was a large inter-individual variability in the diurnal rhythmicity of
salivary cortisol.*’Therefore, frequent sample collections over a 24-hr period are nec-
essary to obtain meaningful indices of glucocorticoid exposure, such as peak, nadir,
diurnal variability and area under the curve.

CONCLUSIONS AND FUTURE PROSPECTS

Given the methodological shortcomings of the studies conducted thus far, at present
there is no compelling evidence for persistent effects of breast-milk glucocorticoids in
offspring. Future studies should use sound methodologies to test associations between
breast-milk glucocorticoids and infant developmental pathways, including frequent
sampling and LC-MS/MS analysis with simultaneous measurement of cortisol and cor-
tisone.

Recent evidence from studies in adults suggests that flattening of HPA axis rhythmic-
ity predicts the onset of type 2 diabetes mellitus and cardiovascular mortality.®**° Such
patterns have previously been associated with major depressive disorder and other
psychopathologies, albeit not unequivocally.”®”" If associations between flattened HPA
axis rhythmicity in breast milk and adverse infant outcomes are demonstrated, lactating
women should be requested not to express their milk, or to give their infants expressed
milk that was obtained at the same time of the day. Such results could also have implica-
tions for donor milk banks, which provide donor human milk to vulnerable infants when
own mother’s milk is not available. In clinical practice, preterm infants are often fed with
pooled donor milk, which lacks a diurnal rhythm. Our group has recently demonstrated



70 | Chapter4

that pasteurization, necessary to secure the safety of donor milk, does not affect gluco-
corticoid contents in milk.”

Future studies should also explore the mechanisms, including possible sexually dimor-
phic effect as observed in animals, that could underpin associations between breast-milk
glucocorticoids and infant outcomes. Studies conducted to date have mainly focused
on the effects glucocorticoids might have on intestinal maturation. The effects on the
gut microbiota remain to be explored. Gut bacteria were found to be sensitive to disrup-
tions in circadian clock rhythms,”® but the role of disturbances in HPA axis rhythmicity
has never been studied. Furthermore, the steroid-converting properties of gut bacteria
require further study. The implication of microbial 11B-reductase activity, if present, is
that cortisol could be produced in the gut from inert cortisone. However, the net effect
will be unclear, as intestinal epithelia were found to express 113-HSD type 2, which
catalyzes the reverse reaction.”

In conclusion, breast-milk glucocorticoids follow the diurnal rhythm of maternal HPA
axis activity probably through simple diffusion from the systemic circulation. Breast-
milk glucocorticoids might have (direct or indirect) effects in infants, both locally (e.g.,
intestinal maturation, microbiome) and systemically (e.g., growth, body composition,
neurodevelopment). In order to investigate this, the diurnal rhythm of glucocorticoids
should be taken into account and the analytical methods should be chosen carefully.
Nevertheless, glucocorticoids in breast milk might offer a novel potential pathway for
signal transmission from mothers to their infants.
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ABSTRACT

Background

Glucocorticoids (GCs) in breastmilk follow the maternal hypothalamus-pituitary-adrenal
axis activity and may affect the offspring’s growth and neurodevelopment. There is some
evidence suggesting that macronutrients in breastmilk also fluctuate throughout the
day. We aimed to research whether GCs and macronutrients are correlated in multiple
breastmilk samples obtained over a 24-h period.

Methods

A total of 10 mothers provided 45 breastmilk samples collected over a 24-h period.
Cortisol and cortisone levels were determined by LC-MS/MS, and macronutrients were
measured with mid-infrared spectroscopy. Correlations between breastmilk GCs and
macronutrients were assessed with Pearson correlations and linear mixed models.

Results

No associations were found between breastmilk GCs and macronutrients (cortisol: 3-0.1
(95% confidence interval: -1.0 to 0.7), -4.9 (-12.9 to 3.1) for fat, protein, and carbohy-
drates, respectively; and -0.3 (-5.6 to 5.0) and cortisone: 0.0 (-2.5 to 2.5), -17.4 (-39.8 to
5.0), and -2.7 (-17.7 to 12.3)) for fat, protein, and carbohydrates, respectively. Adjusting
for the time of collection to account for GC rhythmicity did not change the results.

Conclusion

We found no associations between GCs and macronutrients in human breastmilk. The
excretion of GCs in breastmilk and the effects of breastmilk GCs on offspring are, there-
fore, likely independent of the excretion and effects of the macronutrients.



Association between breastmilk GCs and macronutrients

INTRODUCTION

It has been well established that breastmilk is the preferred nutrition for neonates. The
composition of breastmilk shows a wide variability between mothers."” Moreover, the
nutritional composition of milk changes throughout the lactation period,”* during the
day,*” and within the same feed,’’ to meet the requirements of the infant. In short,
protein concentrations decrease throughout the lactation period, while lactose and fat
remain mostly stable, although some variation in fat concentrations has been observed.”
Over the day, fat concentrations show a diurnal rhythm, with higher concentrations dur-
ing the day compared with the morning, evening and night. In contrast, protein and
lactose concentrations remain stable throughout the day. Additionally, during a feed, fat
concentrations increase depending on the degree of breast emptying,® while no effects
on lactose or protein >’ have been observed. The excretion of milk macronutrients is
a complex and active process, including transcellular transport as well as intracellular
synthesis.®

The beneficial effects of breastmilk result not only from the personalized nutritive com-
position but also from non-nutritive bioactive factors,” such as glucocorticoids (GCs). In
breastmilk, unlike serum, cortisone is much more abundant than cortisol, probably due
to the expression of 113-HSD type 2 in the mammary gland, analogous to the salivary
gland." Breast-milk GCs have been associated with growth and neurodevelopment in
both animal and human studies (as reviewed in '"). However, the results were contradic-
tory: both a more and less confident temperament was reported with higher cortisol
levels in rhesus macaques, while in rats, better stress resilience and less fearfulness was
found. In man, cortisol has been associated with autonomic stability as measured with
the Neonatal Behavioral Assessment Scale, and with the negative affectivity dimension
of the Infant Behavior Questionnaire. Additionally, in rhesus macaques, cortisol has
been associated with weight gain in offspring, while in man, an inverse correlation with
body mass index (BMI) was found.

Studies of the breastmilk of rhesus monkeys have found a positive correlation be-
tween GC levels and milk protein as well as fat concentrations.'>"* Additionally, although
GCs are lipophilic, 70-85% of the GCs measured in a single sample of cow’s milk were
shown to be associated with the skim fraction of the milk.'* Although associations with
nutritional content have not yet been studied in humans, these findings are confirmed
by our liquid chromatography-tandem mass spectrometry (LC-MS/MS) method for
breastmilk GC analyses, which showed that the removal of undesired lipids by hexane
washings did not influence the milk’s GC content."” This might be due to the binding of
GCs to proteins, such as corticosteroid binding globulin (CBG), CBG-like proteins,'® and
albumin.” The excretion of GCs in milk is currently not fully understood, although they
are possibly subject to passive diffusion, owing to their lipophilic structure."

79



80 | Chapter5

We have recently shown that the GCs cortisol and cortisone in breastmilk show a di-
urnal rhythm, which is correlated to the maternal hypothalamic-pituitary-adrenal (HPA)
axis activity,'® with high concentrations in the early morning which decline to a nadir
at night. These findings were replicated by another group.'” It is currently unknown
whether this diurnal rhythm exerts any effects on the offspring. Additionally, it is not
known whether this rhythm is correlated with milk macronutrients. If milk GCs appear
to be correlated with macronutrients, their effects on the offspring may be (partly or
wholly) explained by the nutritional composition of breastmilk. We therefore measured
GCs, as well as macronutrients, in samples obtained before every feed over a 24-hour
period, to determine whether GC concentrations are correlated with macronutrients. We
hypothesized that GC concentrations, due to protein binding, are correlated with milk
protein concentrations, but not with other macronutrients.

METHODS

Study population

The subjects in this study were a subset of mothers who participated in the Cortisol in
Mother’s Milk (CosMos) study, which included mother-infants pairs between March 2016
and July 2017 from both the Onze Lieve Vrouwe Gasthuis (OLVG) and the Amsterdam
University Medical Center, location VU University Medical Center (VUmc) in Amsterdam.
The primary aim of the study was to research the effect of breastmilk GC rhythmicity on
the infant’s own HPA-axis activity, behavior, and body composition. Women included at
the OLVG were monitored at the Psychiatric Obstetric Pediatric (POP) outpatient-clinic
due to previous or current psychopathologic complaints. We included these mothers to
obtain a diverse population, because psychopathology is often accompanied by changes
in HPA-axis activity.”®”' Mother-infant pairs were eligible for inclusion if the infant was
born at term age (37-42 weeks), with a normal birth weight (-2 to +2 SD score), and if
the mothers had the intention of exclusively breastfeeding the infants for =3 months.
Subjects were excluded from the study for the following reasons: major congenital
malformations, multiple pregnancy, pre-eclampsia, maternal alcohol consumption of
>7 International Unit (IU)/wk, and/or a fever (temperature >38.5°C) at T month postpar-
tum. Medication use other than “over the counter” drugs was also an exclusion criterion,
except for anti-depressant use in the mothers included at the OLVG. The approval of the
Medical Ethics Committee of the VUmc was obtained (protocol number 2015.524), and
written informed consent was obtained from all the participating mothers.



Association between breastmilk GCs and macronutrients

Milk sampling

At 1 month postpartum (£5 days), the mothers were asked to collect a milk sample be-
fore every feed during a 24-hour period. The milk was collected using a breast pump or
via manual expression. The mothers were asked to collect 1-2 mL of milk. Milk samples
were eligible for macronutrient analysis when the mothers collected >10 mL of milk for
several or all of the samplings. This resulted in 45 random samples, which were used for
this study.

The milk was stored in the mother’s freezer until transportation to the laboratory,
where it was stored at -20 °C. The samples were thawed twice — once for the GC analyses,
and once more for the macronutrient analyses — and were stored at -20 °C in between
analyses for several months.

At the same time, the participants were asked to fill in the Hospital Anxiety and De-
pression Scale (HADS), which is an index to measure clinically relevant anxiety and/or
depression symptoms in patients from non-psychiatric hospitals.”> A score of =8 on the
depression (HDS) or anxiety (HAS) subscale is indicative of an elevated psychological
stress level.

Laboratory

GC concentrations

The total cortisol and cortisone concentrations in the breastmilk were determined by
isotope dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS) as
previously published."” In short, the breastmilk samples were washed 3 times with 2 mL
of hexane to remove lipids after adding internal standards (13C3-labeled cortisol and
13C3-labeled cortisone). Then, samples were extracted and analyzed by XLC-MS/MS13,
a Symbiosis online SPE system (Spark Holland, Emmen, The Netherlands) coupled to a
Quattro Premier XE tandem mass spectrometer (Waters Corp., Milford, MA, USA). The
intra-assay coefficients of variation (CV%) were 4 and 5% for cortisol levels of 7 and 23
nmol/L and 5% for cortisone levels of 8 and 33 nmol/L for the LC-MS/MS measurements,
while the inter-assay CV% was <9% and the lower limit of quantitation was 0.5 nmol/L
for both cortisol and cortisone.

Macronutrient analysis

First, the milk samples were homogenized with an ultrasonic processor (VCX130, Sonics
& Materials Inc, Newtown, CT, USA; 98% amplitude for 7.0 s) after heating the sample to
40 °C. Next, the fat, protein, and carbohydrate concentrations (in g/100 mL), as well as
the total solids and energy, were analyzed simultaneously with a human milk analyzer
(MIRIS, Uppsala, Sweden) through the use of mid-infrared spectroscopy. After 10 samples,
the milk analyzer was recalibrated. The milk samples were analyzed in duplicate or, when
possible, triplicate (n=4) and were subsequently averaged. The protein concentrations
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were expressed as crude or true protein. Crude protein is based on the total amount
of nitrogen in the sample, which also includes non-protein nitrogen compounds (20-
25% of the total nitrogen in human milk). The true protein levels were calculated by the
software as 80% of the crude protein concentrations. For our analyses, the true protein
concentrations were used. The energy content (kcal/100 mL) was calculated with the
formula: 9.25 x fat + 4.40 x crude protein + 3.95 x carbohydrate.

Statistics

First, GC, fat, carbohydrate, and protein concentrations were plotted for subjects with >5
samples to visualize the data (n = 4).

Next, the correlations between the milk macronutrients and milk GCs were analyzed
with Pearson correlations. Additionally, to account for the repeated measurements
within each subject, linear mixed models were performed with cortisol or cortisone
concentration as the dependent variable and the macronutrient concentration (fat,
protein, or carbohydrates) or total energy as the fixed effect, with the subject added as
a random effect. The analyses were repeated while adjusting for the time of collection
as a fixed effect.

RESULTS

Study population

A random subset of 10 mothers collected a total of 45 samples with >10 mL of milk;
the sampling took place between 26 and 36 days postpartum. None of the mothers
used antidepressants, and only one mother had an elevated HAS score (11 points). The
mothers gave birth to 5 boys and 5 girls, with a gestational age between 37+1 and 41+2
weeks and a birth weight between 2726 and 4030 g. A total of 5 mothers delivered their
babies via caesarian section.

Individual plots

Figure 1 shows the individual plots for 4 mothers, who had >5 samples of >10 mL of
breastmilk. While in all the mothers a diurnal rhythm of cortisol and cortisone can be
seen, no rhythm appeared to be present for fat, carbohydrates, and protein.

Correlations

The cortisol and cortisone concentrations were highly correlated (Table 1; p<0.001),
while the GC concentrations were not correlated with fat, protein, or carbohydrate milk
contents of the milk or with the total solids or milk energy.
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Figure 1: Panels A-D represent the individual plots for milk cortisol (@), cortisone (H), fat (A), protein (V¥),
and carbohydrate (®) concentrations for four mothers.

Left y-axis: cortisol concentrations (nmol/L) and milk macronutrient concentrations (g/100 mL); right y-axis:
cortisone concentrations (nmol/L); x-axis: time of collection (hours); continuous lines: GC concentrations;
and dotted lines: macronutrient concentrations

Table 1: Correlations between milk glucocorticoids and macronutrients

Cortisol Cortisone Fat Protein Carbohydrates Total solids Energy
Cortisol 1
Cortisone 0.827 1
Fat -0.096 -0.050 1
Protein -0.071 -0.119 -0.455 1
Carbohydrates -0.016 -0.050 -0.639°  -0.090 1
Total solids -0.127 -0.088 -0.988°  -0404"  -0.564 1
Energy -0.109 -0.068 -0.998°  -0432°  -0615 0.995 1

Values represent Pearson’s r; * P-value <0.001

The fat concentrations, carbohydrate concentrations, total solids, and energy were
highly correlated. The protein levels were correlated with fat concentrations, total solids,
and energy, but not with the carbohydrate concentrations.
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Linear Mixed Models

No significant associations were found between the milk GC concentrations and the milk
macronutrients, total solids, or milk energy (Table 2). Adjusting for the time of collection
did not alter these results.

Using crude protein concentrations instead of true protein levels did not change the
results (data not shown).

Table 2: Associations between milk glucocorticoids and macronutrients

Cortisol Cortisone
Crude analyses Adjusted for time of Crude analyses Adjusted for time of
collection collection
3 (95% Cl) Pvalue f(95% Cl) Pvalue B (95% Cl) Pvalue B(95% Cl) Pvalue
Fat -0.3 0.54 -0.1 0.75 -0.4 0.75 0.0 0.998
(-1.3t00.7) (-1.0t0 0.7) (-3.2t02.3) (-2.5t02.5)
Protein -2.0 0.65 -4.9 0.22 -9.6 0.44 -17.4 0.13
(-11.0t0 6.9) (-12.9t0 3.1) (-34.6t0 15.4) (-39.8t05.0)
Carbohydrates -0.3 0.92 -0.3 0.90 -2.7 0.75 -2.7 0.72
(-6.3t05.7) (-5.6t0 5.0) (-19.4t0 14.1) (-17.7t012.3)
Total solids -0.5 0.41 -0.3 0.55 -1.0 0.57 -0.5 0.74
(-1.7t00.7) (-14t00.8) (-4.3t024) (-3.6t0 2.6)
Energy 0.0 0.48 0.0 0.66 -0.1 0.66 0.0 0.88
(-0.2t0 0.1) (-0.1t00.1) (-0.4t0 0.3) (-0.3t00.3)

Values represents 3 (95% Cl), analyzed with linear mixed models.
DISCUSSION

To the best of our knowledge, this study is the first to assess the correlations between
the diurnal pattern of cortisol and cortisone in breastmilk and the milk macronutrients
fat, protein and carbohydrates, as well as energy in humans. We did not find any correla-
tions between breastmilk GCs and macronutrients, even after taking the diurnal rhythm
of breastmilk GCs into account. The excretion of GCs in breastmilk and the effects of GCs
on offspring are, therefore, likely to be independent of macronutrients.

Previously, studies in rhesus macaques showed correlations between milk glu-
cocorticoids and both the fat and protein contents of milk '*"* This discrepancy with
our study might be due to several reasons. First, both Sullivan et al. "> and Hinde et
al. > emptied the mammary gland entirely, while for ethical reasons, the mothers in
our study collected only a small portion of milk before feeding their infants. Although
previous research has shown that GC concentrations are similar in fore- and hindmilk
> and that lactose and protein levels also do not change during a feeding,”’ fat levels
do increase during a feed.® Additionally, both studies only took one sample of milk per
subject, and only Hinde et al. (2015)"> minimized the time window of the sample col-
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lection (between 11:30-13:00, after 3.5-4 h of milk accumulation). This sampling period
most likely did not measure the peak cortisol levels, because cortisol concentrations in
rhesus macaques reach maximum levels around 8:00,* and the GC concentrations are,
therefore, likely to be less variable in those studies as compared with ours. However,
when we reanalyzed our data with only the samples collected after 11:30, we still found
no association between milk GCs and macronutrients [data not shown]. Schwalm et al.
(1978)" researched cow’s milk and concluded that no positive correlation was found
between milk glucocorticoids and fat, while there was also no correlation found with
milk protein. No previous study has researched the correlations between milk GCs and
macronutrients in human milk.

We did not find a correlation between GCs and milk protein, as hypothesized. Although
70-85% of GCs in cow’s milk are associated with the skim fraction of the milk,'* the con-
centration of GCs in milk is low. Moreover, only a small proportion of the protein fraction
in milk harbors CBG, CBG-like proteins, or albumin.'®* It is, therefore, still possible that
GCs are correlated with specific proteins, but not with the total protein concentration.
Nevertheless, CBG-binding activity in milk was also possibly found to exhibit a diurnal
rhythm,” with a peak in the evening, which did not coincide with the GC peak. This,
however, should not have hampered our GC measurements, as our laboratory method
assesses total GC concentrations.'" Lastly, it is unlikely that GCs could be correlated with
fat concentrations, because the removal of undesired lipids by hexane washings during
our LC-MS/MS method did not influence the breastmilk’s GC content,'® although the
free fraction of breastmilk GCs could hypothetically be correlated with the lipid fraction.

Our findings could have several implications. First, it appears that the excretion of
GCs in milk is not dependent on the macronutrients and vice versa. Indeed, due to the
lipophilic structure of GCs, they are probably subject to passive diffusion from the sys-
temic circulation into the breastmilk. This assumption was corroborated by our previous
research, showing that GCs in breastmilk closely follow the maternal HPA-axis activity."®
In contrast, the secretion of macronutrients into breastmilk is an active and complex
process, with both transcellular transport and intracellular synthesis. Proteins and lac-
tose are transported in secretory vehicles and secreted via exocytosis, while lipids are
released in milk fat globules.® The lack of association between breast-milk macronutri-
ents and GCs may suggest that the latter do not influence these transport mechanisms,
at least not acutely. Second, several studies have been published recently suggesting
that the GCs in breastmilk affect neurodevelopment and growth in humans.”’*° Because
milk GCs and macronutrients are not associated, it is unlikely that these effects could
have been falsely attributed to GCs. However, the underlying mechanism is not yet
understood fully, but might be due to a direct influence of breastmilk GCs on the infant’s
HPA-axis activity and development, or through an interaction with the gut microbiome
(i.e., the “gut-brain axis hypothesis”) .""*%*! Therefore, further research to assess these
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associations is still warranted, especially because these studies did not take the diurnal
rhythm of GCs in breastmilk into account.

Our study has several strengths and limitations. First, this is the first study to research
the correlation between GCs and macronutrients in human milk. Additionally, the diurnal
rhythm of GCs in breastmilk was taken into account by sampling multiple times over the
day, allowing for a more precise analysis of the correlation between breastmilk GCs and
macronutrients. However, our study also had limitations. Because mothers were asked
to collect milk prior to each feeding, only foremilk was collected. Preferably, a portion of
a completely pumped feed would be analyzed, which would also include the hindmilk.
Next, the CosMos study aimed to research the association between milk GCs and effects
on offspring. The current study used leftover samples from mothers who collected >10
mL of milk, rather than the requested 1-2 mL. The sample size of this study was therefore
limited. Moreover, the samples were thawed twice — once for the GC analyses and once
more for the macronutrient analyses — and were stored at -20 °C in between analyses
for several months. While GCs in milk are highly stable,”” macronutrients are probably
more vulnerable to degradation, with studies showing a decrease in fat concentrations
of up to 10%, while other macronutrients remained stable or showed minimal degrada-
tion (up to 2%); these effects were already observed after 2-7 days of freezing.?** It is
therefore possible that the macronutrient concentrations were initially different than
what was measured during the analyses. However, this would lead to a systematic error
rather than a random error, and it is therefore likely that the correlations would still be
absent even if the macronutrient analyses had been performed with fresh breastmilk.
The results of our study should, therefore, be interpreted with caution due to all of these
factors.

In conclusion, no associations between GCs and macronutrients in human milk were
found in this study. The excretion of GCs in breastmilk and the effects of breastmilk GCs
on the offspring are, therefore, likely independent of the excretion and effects of the
macronutrients.
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ABSTRACT

Context

The hypothalamus-pituitary-adrenal (HPA) axis displays a diurnal rhythm. However, little
is known about its development in early life.

Objective

To describe HPA-axis activity and study possible influencing factors in 1-month-old
infants.

Design

Observational.

Setting
Amsterdam UMC, location VUMC, and OLVG, Amsterdam.

Participants

Fifty-five mother-infant pairs.

Interventions

Collection of breastmilk and infants’saliva 1 month postpartum for analysis of glucocor-
ticoids (GCs; i.e., cortisol and cortisone) using LC-MS/MS.

Main outcome measure

GC rhythm in infants’ saliva, and associations with vulnerability for maternal psychologi-
cal distress (increased Hospital Anxiety and Depression Scale (HADS) score or consul-
tation at the Psychiatric Obstetric Pediatric (POP) clinic), season at sampling, sex and
breastmilk GC rhythmicity, analyzed with Sigmaplot and regression analyses.

Results

A significant biphasic GC rhythm was detected in infants, with peaks at 6:53+1:01
(mean+SEM) and 18:36+1:49 for cortisol, and at 8:50+1:11 and 19:57+1:13 for cortisone.
HADS-score, POP-consultation, season at sampling and sex were not associated with the
infants’ GC rhythm. Breastmilk cortisol maximum was positively associated with infants’
cortisol area-under-the-curve (AUC) increase and maximum. Higher breastmilk corti-
sone AUCincrease, AUCground and maximum were associated with an earlier maximum
in infants. Breastmilk and infant GC concentrations were associated between 6:00-9:00.
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Conclusions

A biphasic GC rhythm, peaking in the morning and evening, was seen in 1-month-old
infants at a group level. Breastmilk GC parameters might be associated with the infants’
GC rhythm, possibly caused by a signaling effect of breastmilk GCs, or as an associative
effect of increased mother-infant synchrony. These results contribute to an increased
understanding of early-life HPA-axis development.
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INTRODUCTION

In adults, the hypothalamus pituitary adrenal (HPA) axis displays a diurnal rhythm, peak-
ing in the morning and with a nadir at night. However, it is not exactly clear when this
adult-type rhythm is established in children, with studies reporting ages ranging from 2
weeks to 9 months in healthy infants."”

A rhythm in HPA-axis activity might already be present in the human fetus. Term
neonates born in the afternoon through elective caesarian section appeared to have
increased cortisol concentrations compared to neonates born during other times
throughout the day.'® Additionally, maternal estriol levels, partly reflecting dehydroan-
drostenedione (DHEAS) production by the fetal zone of the adrenal cortex, display a
24-hour rhythm during pregnancy inversely related to maternal cortisol levels."" Fur-
thermore, several studies have shown data suggesting that a diurnal glucocorticoid (GC)
rhythm is present from birth onward. Iwata et al. (2013) '* described a diurnal cortisol
rhythm peaking in the afternoon in newborns 2-11 days postpartum, while Spangler
(1991) & found a biphasic pattern in neonates 2-7 days postpartum.

Itis conceivable that an HPA-axis rhythm emerges prenatally, and continues to develop
into an adult-type rhythm after birth, with a shift from a peak in the afternoon towards a
morning peak. Currently, it is not clear which factors drive the development of an adult-
type diurnal rhythm of the HPA-axis. Diurnal rhythms in general are mostly regulated

131 and its

by the suprachiasmatic nuclei (SCN), located in the anterior hypothalamus,
entrainment is predominantly dependent on exogenous time cues."” Indeed, light-dark
cycles are an important regulator of SCN rhythmicity,'® and have also been shown to
influence infants’ activity levels.”” Moreover, maternal depressive disorders prior to or
during pregnancy were associated with sleeping problems in infants,'® while in adults
psychopathology has been linked to changes in HPA-axis activity.'”*® A twin study has
previously concluded that environmental factors outweigh the genetic contribution to
the development of an HPA-axis rhythm.” However, which exogenous factors influence
the development of an HPA-axis rhythm has not been studied yet.

Maternal activity has been associated with infant activity independent of exposure to
light,”" while formula milk with day/night nutrient levels in synchrony with the environ-
ment, appeared to affect sleep patterns in infants.”? Breastfeeding mothers have been
shown to exhibit more touching and gazing behavior towards their infants, suggestive
of more interactive behavior,”® and these associations appear to be partly influenced by
infant sex.”® Breastmilk as well as breastfeeding itself might therefore also act as a possi-
ble contributor to the development of an HPA-axis rhythm. Additionally, breastmilk itself
contains components which might aid in the development of an adult-type GC rhythm.
For example, melatonin exhibits a strong diurnal pattern in breastmilk.”® Similarly, our
research group has previously shown that a diurnal rhythm of cortisol and cortisone is
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present in breastmilk, mirroring maternal HPA-axis activity.” In rats GCs were able to
cross the intestinal epithelial barrier,”” and earlier research in humans has shown that se-
rum cortisol levels were 40% higher in infants who were breastfed.”® Moreover, cortisol
levels in maternal and infant saliva were significantly correlated in breastfed infants, but
not in formula-fed infants.” Accordingly, glucocorticoids in breastmilk might influence
the process of HPA-axis rhythm development.

We therefore performed an exploratory study, aimed at assessing how some
exogenous factors are associated with GC rhythmicity in infants, with a focus on the
association with GC rhythmicity in breastmilk. Mother with a medical history of psycho-
pathology were oversampled in an attempt to increase the range of maternal HPA-axis
activity, since depression and anxiety have previously been shown to impact the GC
circadian rhythm.'®?° GC levels in the infants and breastmilk were sampled at one month
postpartum, since HPA-axis development into an adult-type rhythm appears to still be in
progress at that time-point, while intra-uterine influences are likely to have disappeared.
Both cortisol and cortisone were determined, since cortisone levels are higher com-
pared to cortisol levels in both saliva and breastmilk, probably due to local conversion
by 11B-hydroxysteroid dehydrogenase type 2 (118-HSD2),*° and are therefore less likely
to have a concentration below the lower limit of detection. Moreover, cortisone seems
to be a more reliable biomarker compared to cortisol, at least in saliva and hair.>"** GCs
in breastmilk, season at time of sampling, maternal psychopathology and infant sex
were explored as possible influencing factors, with use of specialized rhythm analysis
software.

METHODS

Study population

Between March 2016 and July 2017, mother-infant pairs were included from the general
hospital OLVG as well as the academic Amsterdam UMC, location VUMC, both located in
Amsterdam, as part of the Cortisol in Mother’s Milk (CosMos) study. The primary aim of
the CosMos study was to research the associations between breastmilk GC rhythmicity
and the infant’s own HPA-axis activity, behavior, and body composition. Women in-
cluded at the OLVG were recruited at the Psychiatric Obstetric Pediatric (POP) outpatient
clinic where they were monitored because of an increased risk for psychopathologic
complaints. Inclusion criteria were: 1) born at term age (37-42 weeks), 2) normal birth
weight (-2 to +2 SD), and 3) the intention to exclusively breastfeed for > 3 months.
Mother-infant pairs were excluded due to 1) major congenital anomalies, 2) multiple
pregnancy, 3) pre-eclampsia or HELLP, 4) maternal alcohol consumption of >7 IU/week
and/or 5) a fever (temperature >38.5°C) at time of GC sampling. Additionally, mothers
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were also excluded if they used medication other than “over the counter” drugs, except
for anti-depressant use in the mother-infants pairs included at the OLVG.

Approval of the Medical Ethics Committee of the VUMC was obtained (protocol
number 2015.524), and written informed consent was obtained from all participating
mothers.

Data collection

Peripartum

Shortly afterinclusion, within the first week postpartum, mothers filled in a questionnaire
pertaining to their pregnancy and birth, as well as anthropometric and demographic
data.

One month postpartum

One month postpartum (5 days), mothers collected a portion of breastmilk (1-2 ml)
before every feeding moment during a 24-hour period, with the use of a breast pump or
via manual expression. In order to minimize intra-individual differences, we requested
mothers to use the same method for all their samples. Simultaneously, before feeding,
they also collected their infant'’s saliva, using a SalivaBio Infant’s Swab (exclusively from
Salimetrics, State College, PA).

Milk and saliva was stored in the mother’s freezer, and subsequently in the laboratory
at -20°C for less than 3 months prior to analysis.

At time of sampling, mothers were also asked to fill in the Hospital Anxiety and De-
pression Scale (HADS) questionnaire, which assessed self-reported levels of depression
and anxiety symptoms.**** It contains 14 questions, with seven questions concerning
depressive symptoms (hospital depressive subscale; HDS) and seven anxiety symptoms
(hospital anxiety subscale; HAS). Items are scored 0-3, and a score of =8 on one of the
two subscales (HDS/HAS) is indicative of clinically relevant depression and/or anxiety
symptoms.

Laboratory

Total cortisol and cortisone concentrations in breast milk were determined by isotope
dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS) as previously
published.®® In short, hexane washing was done thrice to remove lipids, after adding
internal standards (13C3-labeled cortisol and 13C3-labeled cortisone). Then, samples
were extracted using Isolute plates (Biotage, Uppsala, Sweden) and analyzed by LC-MS/
MS (Acquity with Quattro Premier XE, Milford MA, USA, Waters Corporation). The intra-
assay coefficients of variation (CV%) were 4 and 5% for cortisol levels of 7 and 23 nmol/L,
and 5% for cortisone levels of 8 and 33 nmol/L for LC-MS/MS measurements, while the
inter-assay CV% was <9% and the Lower Limit of Quantitation was 0.5 nmol/L for both
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cortisol and cortisone. Cortisol and cortisone concentrations in saliva were determined
with the same method as that for breast milk, but without the hexane-washing proce-
dure.

Statistics

Regression analyses

In total, 63 mother-infant pairs were included, of whom 55 pairs had valid GC levels for

both mother and infant. Due to extremely high GC levels, one infant was excluded for

cortisol analyses (n=54), and another infant was excluded for cortisone analyses (n=54).

GC levels were visualized by calculating mean (95% confidence interval (Cl)) in 2-hour
time windows. Additionally, linear mixed models (LMMs), which allow correcting for
intra-individual measurements, were used to determine the slope of the increasing (i.e.,
00:00-7:00) and decreasing (i.e., 7:01-23:59) part of the diurnal rhythm, in line with our
previous study.*

Next, linear regression analyses were performed, for which seven additional mother-
infant pairs were excluded because total sampling time was <8 hours and/or no samples
were collected between 5:00-10:00 (i.e., sample collection around the morning peak),
because this could interfere with the interpretation of the rhythm parameters. This
resulted in 47 included mother-infant pairs.

Infant saliva and breastmilk cortisol and cortisone data were converted into rhythm
parameters which, when taken into account together, will allow a full overview of HPA-
axis rhythmicity:*

1. Area Under the Curve (AUC) with respect to the ground (AUCg) as well as increase
(AUCi) were calculated by using the trapezoid rule as described by Pruessner et al.
(2003).*” AUC calculations were corrected for the total sampling time, since this dif-
fered between mothers. AUCg provides information on total GC exposure over the
sampling time, while the AUCi is a measure of GC variability.

2. The maximum concentration was determined and used as a proxy for peak concen-
trations.

3. The time at which maximum concentration was measured was used as a proxy for
time of peak.

Associations between infant saliva rhythm parameters and increased HDS/HAS score,
consultation at the POP outpatient clinic (as a proxy for vulnerability for maternal psy-
chological distress), season at time of sampling (divided into two 4-month windows:
21/4 to 21/8 (summer) and 21/10 to 21/2 (winter); used as a parameter for light-dark
exposure), and sex were analyzed. Season at time of sampling analyses were repeated
with time windows of 3 and 6 months, as well as by determining season at birth, divided
into 3-, 4- and 6-month windows.
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Additionally, the associations between breastmilk and infant saliva rhythm parameters
were determined.

Lastly, the associations between maternal and infant raw GC levels, split up in 3 hour
time intervals, were analyzed (n=54), by using LMMs.

Interactions with POP-clinic attendance were tested. No effect modification was found,
and the data were therefore not stratified. Instead, as sensitivity analyses, analyses as-
sessing the possible influencing factors were repeated while only including mothers
who did not attend the POP-clinic (n=40).

Sigmaplot analyses

Daily rhythmicity of cortisone and cortisol in the infants’ saliva were assessed using
Gaussian peak regression with Sigmaplot 14.0 software (Systat Software, San Jose, CA,
USA). The data were best fitted (i.e,, most optimal P value and adjusted R-squared, least
residuals and dependent on the least amount of variables) to the following regression
formula, after testing single, double and triple peak formulas (Supplementary Table 1):
y =al*exp(-.5%((x-x1)/b1)A2) + a2*exp(-.5*((x-x2)/b2)A2), where a1 and a2 represent the
estimates for the first and second peak heights respectively; b1 and b2 represent the
estimates for the full width at half maximum of the first and second peak respectively
(i.e. a measure of the broadness of the peak); x1 and x2 represents the estimates for the
location (i.e. the timing along the 24h cycle) of the first peak and second peak respec-
tively. Intra-individual values were taken into account and grouped together through
using the “shared parameters” function for the regressions.

GC rhythmicity was assessed separately for the following possible influencing factors:
HADS-score (HDS and/or HAS < or =8), POP-clinic consultation (yes/no), season at sam-
pling (21/4 to 21/8 and 21/10 to 21/2), sex (male/female), breastmilk AUCi (< or > p50),
breastmilk AUCg (< or > p50). Subsequently, T-tests were used to calculated P values for
differences in the timing of peaks (x1 and x2). The estimates a and b were not compared
since results were often found to be unreliable, in contrast to the x-estimate.

RESULTS

Population description

Table 1 shows the population characteristics. Increased HDS and/or HAS scores were
found in 10 mothers, half of whom were included at the Amsterdam UMC, location
VUMC. Fifteen mothers were included at the POP-clinic, of whom 33.3% had clinically
relevant depression (HDS) and/or anxiety (HAS) symptoms.
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Table 1: Perinatal and maternal characteristics of the study population (n=55)

n (%) or mean+SD

Gestational age (weeks) 39.7+1.3
Birth weight

- grams 3550+467
- SDS 0.2+0.9
Male sex 35(63.6)
HAS/HDS >8 10(18.2)

- Amsterdam UMC 5(12.5)

- OLVG hospitals, POP clinic 5(33.3)
Consulted POP outpatient clinic 15 (27.3)

Season of birth:

- between 4/21 and 8/21 17 (30.9)
- between 10/21 and 2/21 14 (25.5)
Infant GC rhythm

Regression analyses

Figures 1A and 1B show the infants’and breastmilk cortisol and cortisone levels over the
day. A clear diurnal rhythm can be distinguished for both infant salivary and breastmilk
GC levels. LMM analyses revealed that infant salivary as well as breastmilk GC levels sig-
nificantly increased between 00:00-7:00 and significantly decreased between 7:01-23:59
[all P values <0.003].

Sigmaplot analyses

A significant biphasic cortisol and cortisone rhythm could be detected in the infants’
saliva. The P values for overall fit as well as the placement of the peaks were P<0.0001
for both cortisol and cortisone. For cortisol, the first peak occurred at 6:53+1:01
(mean+SEM) and the second peak at 18:36%1:49. For cortisone, the first peak occurred
at 8:50+1:11 and the second peak at 19:57+1:13. Analyses at an individual level could
not be performed due to data constraints. It could therefore not be ruled out whether
results represent a true biphasic rhythm in infants, or two separate groups of infants
with a single morning or evening peak. Figure 1C and 1D show the cortisone rhythm for
two individual infants, one with an adult-type rhythm (1C), and the other with a clear
biphasic rhythm (1D).

Rhythm influencing factors

Regression analyses

Table 2 shows the associations between rhythm parameters and possible influencing
factors. Male sex was associated with a lower salivary cortisol AUCi and a lower salivary

29



100

Chapter 6

507

40

Cortisol (nmol/L)
Cortisone (nmol/L)

S N T S R S O T B
(S N Y R AR @’&:’v'&»‘yw
Time (in hrs) Time (in hrs)
40 40
I 304 J 30
° °
£ £
£ £
8 @
S 209 5 20
2 2
£ £
5 <]
3 o
10 10
0 T T T T T T T T 0
° & K K] o o L) © o K3 » K » B S ©
Time (in hrs) Time (in hrs)

Figure 1: Cortisol (A) and cortisone (B, C & D) rhythms at a group level (A & B) and for two individuals (C &
D), in infant’s saliva (@) and breastmilk (). The formula for cortisol (A) and cortisone (B) rhythms in infant’s
saliva as calculated by Sigmaplot is plotted as a continuous black line, the rhythm in breastmilk is plotted
as a dotted grey line.

maximum cortisol concentration. However, these associations were not present when
salivary cortisone rhythm parameters were analyzed. No associations were found
between rhythm parameters and other factors. Repeating season at time of sampling
analyses with the other time windows did not reveal any associations either [data not
shown].

Breastmilk maximum cortisol levels were positively associated with salivary cortisol
AUCi and maximum levels in the infant (Table 3). Additionally, higher breastmilk corti-
sone AUCi, AUCg and maximum concentrations were associated with an earlier time of
salivary maximum cortisone in the infant. No other associations were found.

Table 4 shows the associations between raw data of breastmilk and infant salivary GC
concentrations, divided into 3-hour time intervals. A positive association was found for
both cortisol and cortisone between 6:00-9:00, while no associations were found in the
other time windows.

Repeated analyses with Ln-transformed GC levels found similar results [data not
shown].
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Table 4: Associations between breastmilk and infants’ saliva GC concentrations per 3-hour time interval

Biphasic GC rhythm: reflecting a developing HPA-axis

Cortisol Cortisone

Time interval (n) B (95%ClI) P B (95%Cl) P

0:00-3:00 (20/21) -0.1(-0.4t0 0.1) 0.35 -0.3(-0.9t00.2) 0.21
3:00-6:00 (23) 0.2 (-0.1t0 0.5) 0.23 0.3(-0.1t0 0.7) 0.14
6:00-9:00 (42) 0.2 (0.03t00.5) 0.03 0.7 (0.1t0 1.3) 0.03
9:00-12:00 (54/52) 0.0 (-0.3t00.3) 0.96 0.0 (-0.6 to 0.6) 0.94
12:00-15:00 (44) 0.1 (-0.04t00.3) 0.11 0.6 (-0.1to0 1.3) 0.09
15:00-18:00 (43) -0.1(-0.7 t0 0.5) 0.78 -0.1(-0.8t00.7) 0.88
18:00-21:00 (39) 0.1 (-0.7 to 1.0) 0.78 -0.2(-141t01.0) 0.69
21:00-24:00 (35) -0.3(-1.41t00.7) 0.51 -0.3(-1.6t0 1.0) 0.63

Values represent 3 (95% Cl) as analyzed with linear mixed models, while adjusting for intra-individual mea-
surements

When repeating the analyses while excluding the mother-infant pairs who attended
the POP-clinic (n=15), small changes were found: two associations became significant,
whereas three associations became non-significant (Supplementary Tables 2 and 3). Ad-
ditionally, the association between breastmilk and infant GC concentrations collected
between 6:00-9:00 also disappeared (Supplementary Table 4).

Sigmaplot analyses

Table 5 shows the mean differences in time of peak for the studied possible influencing
factors. Infants of mothers who attended the POP-clinic had a significantly earlier time
of the second salivary cortisol peak. Time of the first salivary cortisol peak was earlier in
infants with a breastmilk AUCi and AUCg >p50, and time of the second salivary cortisol

Table 5: Mean differences (in hours) in time of peak for possible influencing factors

Cortisol Cortisone

Influencing factors Peak 1 Peak 2 Peak 1 Peak 2

HADS-score 0:18+2:00 6:30+3:48 -0:54+6:06 0:36+6:36
POP-clinic consultation -1:36+1:12 -5:12+1:42" -1:42+2:12 -2:00+2:18
Season at sampling -2:06+1:24 -2:30+2:48 -1:54+4:12 -2:12+3:42
Sex -0:12+2:42 1:00+3:06 -1:54+3:12 -0:24+3:18
AUCi breastmilk -3:12+1:30° -3:12+3:18 -1:00+4:42 -0:18+5:18
AUCg breastmilk -2:24+0:54" -6:00+1:42"" -1:18+3:30 0:18+3:42

Values represent mean differences = SEM in hours as tested with t-tests

* Pvalue <0.05, ** P value <0.01, *** P value <0.001

HADS-score was dichotomized as <8 or >8 on the anxiety and/or depression subscore

Season at sampling was divided into 4-month windows: 21/4 to 21/8 (summer) and 21/10 to 21/2 (winter)
AUCi and AUCg of breastmilk were dichotomized as < and > p50
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peak was significantly earlier in infants with a breastmilk AUCg >p50. No differences
were found in the timing of the salivary cortisone peaks.

When repeating the analyses while excluding mother-infant pairs who attended the
POP-clinic (n=15), only one association became significant (Supplementary Table 5).
None of the other associations changed.

DISCUSSION

In this study, we have shown that full-term infants at a group level have a biphasic diur-
nal GC rhythm at the age of 1 month with peaks in the morning as well as in the evening.
Increased risk for maternal psychopathologic complaints (increased HADS-score or POP-
clinic consultation), season at sampling and sex were not associated with the infants’
cortisol and cortisone rhythm parameters. Maternal GCs in breastmilk might be associ-
ated with the infants’ GC rhythm, since a more variable breastmilk GC rhythm appears
to be associated with an earlier time of maximum in infants. However, the sample size
of the study was small and results were not consistent between cortisol and cortisone
parameters, and should therefore be interpreted with caution.

The most striking finding of our study is the double peak that was found in the infant

8,38,39

GC rhythm at a group level. A double peak has been described before, although
those peaks were not related to a specific time of day. Several explanations are possible
for the presence of this double peak rhythm. First, the double peak was seen at a group
level. Since analyses at the individual level could not be performed, it is possible that
the biphasic rhythm was caused by two or more separate groups of infants, with some
peaking in the morning, while others had a peak occurring in the evening. However, vi-
sualizing the data per mother-infant pair revealed that several infants appeared to have
a double peak, with examples shown in Figure 1C and 1D. Alternatively, a double peak
could be a part of the development towards an adult-type GC rhythm. Several stud-
ies have shown that an adrenal rhythm, with a peak in the afternoon/evening, might
be present in utero.'”'" After birth, under the influence of exogenous factors,”” an
adult-type adrenal rhythm develops. The fetal GC peak in the evening could therefore
slowly disappear, and a morning peak might take its place. During this development,
a transitional period might exist, in which the remnants of the fetal evening peak and
the beginnings of an adult-type morning peak are both present. However, to test this
hypothesis, longitudinal data are necessary.

Nevertheless, as far as we are aware, this is the first study to show the presence of a
double peak at the age of 1 month, although a biphasic rhythm has been reported at
a younger age.® lvars et al. (2015) have previously shown the presence of a significant
GC rhythm at this age,” but did not report a double peak. Other studies have reported a
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later establishment of a GC rhythm in infants."”***° These differences in outcomes could
be due to heterogeneity in statistical methods. Price et al. (1983) ® defined a circadian
rhythm as a higher value in the morning than in the evening, with a steady decline
throughout the day. Santiago et al. (1996) 7 and Antonini et al. (2000) *° considered a
circadian rhythm to be present when afternoon and evening values were 83.5% or less
of the morning concentration, whereas Ivars et al. (2015) 2 used a ratio of <0.8 between
morning and evening levels to determine the presence of a rhythm. De Weerth et al.
(2003) " used hierarchical linear modeling. All of these methods are based on the prem-
ise that arhythm is present when there is a linear decline in GC concentrations. However,
as we have shown, at a group level a second peak is present in the evening. Since this
peak is on average lower than the morning peak, it is possible that a circadian rhythm
is considered to be present according to these other methods, while the second peak is
overlooked.

The possible influencing factors considered in this study were not significantly associ-
ated with the salivary infant GC rhythm, although when analyzing only mother-infant
pairs who did not attend the POP-clinic, some effects of season of sampling were found
on the timing of the cortisol, but not cortisone, peak of the infants. However, several
associations were found between breastmilk and salivary infant GC parameters. The
cortisol maximum in breastmilk was associated with more salivary cortisol variability, a
higher maximum and earlier time of maximum in infants according to linear regression
analyses, and higher breastmilk cortisol variability and total exposure were associated
with earlier times of salivary cortisol peaks as analyzed by SigmaPlot. More cortisone
variability, total exposure and a higher maximum in breastmilk were associated with an
earlier salivary cortisone peak in the infants. Additionally, breastmilk and infant GC con-
centrations were correlated between 6:00-9:00 (i.e., during the morning peak). Whether
these findings are due to a true association is unclear, since findings were not consistent
between cortisol and cortisone parameters. Cortisol concentrations especially are dif-
ficult to interpret in the saliva samples of infants, since 26% of the valid measurements
were below the lower limit of detection (1 nmol/L). Cortisone levels were higher and did
not reach the lower limit of detection, probably due to local conversion by 113-HSD type
2.2° Additionally, cortisone is has been found to be more reliable than cortisol, at least
in saliva and hair.>"** The results which use cortisone parameters are therefore likely to
be more trustworthy. However, inert breastmilk cortisone would have to be converted
to active cortisol in the infant. We have previously speculated that the gut microbiota
might play a role in this.*’ Additionally, 11B-HSD1 is expressed in the human intestine,
liver and in the SCN.**** Even if only the analyses performed with cortisone parameters
are reliable, it would seem that a more variable cortisone rhythm with a high peak in
breastmilk could bring the time of the morning peak forward in infants, although these
associations were only found in regression analyses. In light of our previous hypothesis,
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this could mean that GCs in breastmilk might aid in the transition from a fetal to an
adult-type GC rhythm. The morning peak of GCs in breastmilk could have a role in this
transition, since breastmilk and infant salivary GC levels were significantly correlated
during this time-interval. The effects of breastmilk GCs could be caused by directly
influencing GC concentrations in infant serum, although this is less likely due to the low
absolute concentrations, or by acting as a signaling function in the infant’s intestines
(i.e., the “gut-brain axis hypothesis”).**® Alternatively, the associations might not be due
to causality, but because another factor influences the maternal and infant HPA-axis
in a similar fashion. Breastfeeding is associated with more responsive parenting ¥ and
increased maternal sensitivity * compared to formula feeding. Increased mother-infant
synchrony caused by breastfeeding might therefore be a factor itself in influencing both
maternal and infant GC rhythms.

This study has several strengths and limitations. First, our study’s design enabled us
to collect breastmilk and saliva samples at all hours of the day, with a total of 967 GC
samples from 55 mother-infant pairs. Detailed analyses of infant and breastmilk rhythm
could therefore be performed. Second, our analytical approach allowed for a detailed
overview of infant GC rhythmicity, revealing a double peak. Third, maternal distress was
measured at time of sampling and its associations with the infants’ HPA-axis activity
could therefore be taken into account. Our study also has its limitations. Due to col-
lection errors, quite some infant samples did not contain enough saliva for laboratory
analyses. This meant that several mother-infant pairs had to be excluded because no
valid samples were available around the time of the expected (maternal) peak (i.e.,
5:00-10:00) or because total sampling time was not sufficient (i.e., <8 hours). However,
these exclusion criteria attempted to reduce the chances of a bias, since GC levels of
the excluded mother-infants pairs were likely to have lower maximum concentrations
as well as AUC’s. Additionally, our sample size of 55 mother-infant pairs is quite limited,
and the number of subjects that attended the POP-clinic (n=15, 27.3%) and/or had an
increased HADS-score (n=10, 18.2%) was also small, although the incidence of increased
psychological distress in this study was comparable with the prevalence in the general
population.* The statistical power therefore might have been too low to detect certain
associations. It also required us to pool the available data, and individual as well as
adjusted analyses were therefore not possible. On the other hand, with the exception of
one study,” our sample size was bigger than other studies assessing HPA-axis develop-
ment in early-life in term infants.'**%%**° Moreover, although we studied several possible
influencing factors, we did not take all determinants into consideration. For instance, no
data was collected about timing of daytime naps, while sleep has previously been asso-
ciated with GC levels in infants."®***" In the previous studies, most of these associations
were found in older infants than the ones included in this study, but an effect cannot
be ruled out. However, daytime naps were associated with decreased cortisol levels im-
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mediately after the nap,’' and they are therefore unlikely to explain the biphasic rhythm
found in this study. Sleeping through the night was found to be associated with a more
pronounced circadian rhythm," but it has previously also been shown that the establish-
ment of a diurnal GC rhythm precedes a sleep-wake rhythm.? Additionally, the lack of a
formula-fed control group limited our possibilities with regard to testing the associa-
tions between breastfeeding and GC rhythmicity in the infants, and the effect of the act
of breastfeeding as a whole could therefore not be studied. Furthermore, the possibility
of a selection bias cannot be excluded, because stressed mothers with infants who slept
restlessly (indicative of a lack of rhythm) were probably less likely to participate, and it is
therefore likely that the study population does not reflect the general or the POP-clinic
population. However, we did not aim to find reference ranges, but designed this study to
analyze effects of inter-individual variation in breastmilk rhythmicity. We did not collect
data on mothers who were eligible for inclusion but opted out of participating, and a
selection bias could consequently not be tested. Additionally, mothers who attended
the POP-clinic might have had other reasons for not participating compared to mothers
who did not attend the POP-clinic, which could have further skewed results. Lastly, a
longitudinal study design would have enabled us a better understanding of HPA-axis
development and which factors are of influence. However, we aimed to make this study
as non-invasive as possible, and therefore decided to have mothers collect milk and
saliva samples during one day only.

In conclusion, a biphasic GC rhythm appears to be present at a group level at the
age of 1 month, with a peak in both the morning and the evening, which might be
part of the developmental process towards an adult-type GC rhythm. Increased risk for
maternal psychopathologic complaints (increased HADS-score or POP-clinic consulta-
tion), season at sampling and sex were not associated with infant GC rhythmicity in
this study. However, breastmilk GC parameters might be associated with the infants’ GC
rhythm, which might be due to a causal signaling effect of breastmilk GCs, or because
of an associative effect due to increased mother-infant synchrony. Although future
studies should further elucidate HPA-axis development in early life, preferably with a
longitudinal design and including a formula-fed control group, this exploratory study
contributes to an increased understanding of this process, especially with regard to the
role of breastmilk.
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Supplementary Table 1: Fit parameters of single, double and triple peak equations as tested with Sigma-
plot

Pvalue adjusted Residuals Number of Additional notes
R-squared (meansquares) parameters
_ Single 1 NA 18,0329 3
;% Double <0.0001 0,0652 16,1487 6
3 Triple  <0.0001 0,079 15,9099 9 1 non-significant parameter in model
gSingle 1 NA 409,5641 3
-g Double <0.0001 0,0978 322,2971 6
S Triple  <0.0001 0,096 322,9402 9 2 non-significant parameters in model

Supplementary Table 2: Associations between GC rhythm parameters in the infants’ saliva and possible
influencing factors for mother-infant pairs who did not attend the POP-clinic

AUCi AUCg Maximum Time of maximum
n B (95%Cl) P B(95%Cl) P B(95%Cl) P B(95%CI) P
Increased 36 1.3(-05t03.3) 0.16 1.1(-1.3t03.4) 037 79(1.2t0o145) 0.02 -2.2(84t03.7) 0.46
§ HADS-score
‘© Seasonat 25 -0.4(-20to1.2) 0.60 -0.6(-2.6t01.3) 0.51 -2.0(-7.9t03.9) 0.49 -4.7 (-9.4 t0-0.04) 0.05
S sampling
Malesex 37 -09(-2.2t00.2) 0.10 -0.9(-2.3t00.6) 0.24 -54(-9.6t0-1.3) 0.01 -0.6 (-44t03.1) 0.74

Increased 36 4.4(-3.3t012.0) 0.25 2.5(-8.0to 13.1) 0.63 8.8(-144t031.9) 045 -1.8(-74t03.9) 0.53
& HADS-score

]
.2 Seasonat 25 -6.2(-12.0t0-0.5) 0.04 -7.8(-15.8t0 0.3) 0.06 -14.1(-32.5t0 4.4) 0.13 -0.8 (-54t03.8) 0.72

b3
S sampling

Malesex 37 -1.2(-6.2t03.7) 0.62 -09(-7.8t05.9) 0.78 -4.1(-19.0t0 10.7) 0.58 1.3(-2.3t05.0) 0.46

Values represent 3 (95% Cl) as analyzed with linear regression
Increased HADS-score: >8 on the HDS and/or HAS subscore
Season at sampling was divided into 4-month windows: 21/4 to 21/8 (summer) and 21/10 to 21/2 (winter)
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Supplementary Table 3: Associations between GC rhythm parameters in the infants’saliva and breastmilk
for mother-infant pairs who did not attend the POP-clinic

Infants’saliva

AUCi AUCg Maximum Time of maximum

B (95%Cl) P B(95%Cl) P P B(95%Cl) P
AUCi 0.1(-0.1to0 0.4) 0.27 0.1(-0.2t004) 0.40 0.5(-0.5t0 1.4) 0.30 -04(-1.2t00.4) 0.36
E AUCg 0.1(-0.09t004) 0.21 0.1(-0.2t00.4) 034 0.5(-0.3t01.4) 0.23 -03(-1.1t004) 0.34
~ § Maximum 0.05(-0.02t0 0.11) 0.16 0.03 (-0.05 t0 0.1) 0.42 0.1 (-0.1to 0.4) 0.27 -0.1(-0.3t00.07) 0.18
E Time of maximum 0.03(-0.2t00.2) 0.80 0.2(-0.1t00.4) 0.24 -0.1(-0.9t00.7) 0.74 0.2(-04t00.9)  0.50
§ ° AUCi 0.5(-009to 1.1)  0.09 05(-04t01.4) 0.26 1.6(-0.2t03.5) 0.08 -0.4 (-0.9t0 0.04) 0.08
@ § AUCg 0.1(-0.3t00.6) 0.57 0.1(-0.5t00.8) 0.69 0.8(-0.5t02.2) 0.24 -03(-0.6t0-0.1) 0.04
g Maximum 0.1(-0.1t00.4) 0.30 -0.04 (-0.4t00.3) 0.83 0.3(-0.5t01.1) 0.42 -0.2(-0.4t0-0.02) 0.03

)

Time of maximum 0.2 (-1.0to 1.3) 0.77 1.1(-0.4t02.7)

0.14 1.3

2.1t04.7

0.44 0.3 (-0.5t0 1.1)

0.47

Values represent B (95% Cl) as analyzed with linear regression

AUCi: area under the curve increase, representing GC variability
AUCq: area under the curve ground, representing total GC exposure

Supplementary Table 4: Associations between breastmilk and infants’saliva GC concentrations per 3-hour

time interval for mother-infant pairs who did not attend the POP-clinic

Cortisol Cortisone

B (95%ClI) P B (95%CI) P
0:00-3:00 (n=18) -0.1(-0.4t0 0.1) 0.25 -0.3(-0.9t00.3) 0.33
3:00-6:00 (n=19) 0.0 (-0.4to 0.4) 0.98 0.2(-0.2t0 0.6) 0.30
6:00-9:00 (n=35/34) 0.2 (-0.07 to 0.4) 0.17 0.5(-0.2t0 1.2) 0.17
9:00-12:00 (n=38/37) 0.0 (-0.4t0 0.3) 0.88 0.1(-0.81t00.9) 0.88
12:00-15:00 (n=35/34) 0.2 (-0.04 t0 0.4) 0.12 0.8 (-0.04 to 1.6) 0.06
15:00-18:00 (n=29) -0.2(-0.9t0 0.6) 0.65 0.2(-0.7t0 1.2) 0.62
18:00-21:00 (n=29) 0.2(-0.7to 1.1) 0.59 -0.1(-14t01.2) 0.86
21:00-24:00 (n=30) -04(-1.5t00.8) 0.51 -04(-1.9t0 1.0) 0.56

Values represent 3 (95% Cl) as analyzed with linear mixed models, while adjusting for intra-individual mea-

surements
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Supplementary Table 5: Mean differences (in hours) in time of peak for possible influencing factors for
mother-infant pairs who did not attend the POP-clinic

Cortisol Cortisone

Peak 1 Peak 2 Peak 1 Peak 2
HADS-score -1:42+2:36 -8:06+4:08 -0:18+£9:42 -1:06+£10:42
Season at sampling -2:54+1:24" -3:06+1:48 -3:30+6:06 -3:24+4:42
Sex -0:06+2:42 0:30+3:57 -1:51£3:51 -0:27+3:54
AUCi breastmilk -3:00£1:24" Cannot be calculated -1:00+7:09 -1:51+7:15
AUCq breastmilk -2:51+1:09" -6:12+3:12 -1:15+4:54 -0:21+4:51

Values represent mean differences + SEM in hours as tested with t-tests

* Pvalue <0.05, ** P value <0.01, *** P value <0.001

HADS-score was dichotomized as <8 or =8 on the anxiety and/or depression subscore

Season at sampling was divided into 4-month windows: 21/4 to 21/8 (summer) and 21/10 to 21/2 (winter)
AUCi and AUCg of breastmilk were dichotomized as < and > p50
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ABSTRACT

Objective

Glucocorticoids (GCs) in breastmilk have previously been associated with infant body
growth and body composition. However, the diurnal rhythm of breastmilk GCs was not
taken into account, and we therefore aimed to assess the assocations between breast-
milk GC rhythmicity at age 1 month and growth and body composition at age 3 months.

Methods

At one month postpartum, breastmilk GCs were collected over a 24-h period and ana-
lyzed by LC-MS/MS. Body composition was measured using air-displacement plethys-
mography at age 3 months. Length and weight were collected at age 1, 2 and 3 month:s.

Results

39 healthy mother-infant pairs were included. No associations were found between
breastmilk GC rhythmicity (area-under-the-curve increase and ground, maximum and
delta) and infant growth trajectories or body composition (fat and fat free mass index,
fat%) at age 3 months.

Conclusions

This study did not find an association between breastmilk GC rhythmicity at T month
and infant’s growth or body composition at age 3 months. Therefore, this study suggests
that previous observations linking breastmilk cortisol to changes in infant weight might
be flawed by the lack of serial cortisol measurements and detailed information on body
composition.
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INTRODUCTION

Growing attention is focused on the etiology of obesity, and it has been hypothesized
that part of its origin can be traced back to events occurring in early life (i.e., the Devel-
opmental Origins of Health and Disease [DOHaD] hypothesis).'

Given its effects on fat disposition and metabolism, the hypothalamus-pituitary-
adrenal (HPA) axis has been implicated to play a role in the pathway leading to obesity.>?
Not only endogenous, but also maternal glucocorticoids (GCs) appear to be involved.
Evidence from animal experiments indicates that increased transplacental supply of
maternal GCs may be associated with a lower birth weight and cardiovascular correlates
such as hypertension and hyperglycemia.* In humans, fetal exposure to excess maternal
cortisol, e.g., due to maternal anxiety or depression, has been associated with a higher
risk of childhood adiposity.’

After birth, small amounts of maternal GCs appear to be transferred to the develop-
ing infant through breastmilk. Maternal GCs in breastmilk have been shown to cross
the intestinal barrier in animals,® and have been associated with growth and body
composition. Hinde et al. (2015)” found that cortisol in breastmilk of rhesus macaques
was positively associated with weight gain in offspring. In humans, Hahn-Holbrook et al.
(2016)® showed that cortisol in breastmilk at age 3 months was inversely associated with
body mass index (BMI) percentile gains in the first 2 years of life. Whether the findings
from these studies are contradictory is unclear, since length was not taken into account
by Hinde et al.” Moreover, the effect of GCs on growth might change between the ages
of 3 months and 2 years.

Our group has previously shown that GCs in breastmilk follow maternal HPA-axis
activity, with a peak in the morning and a nadir at night.” Although previous studies
have found associations between cortisol in breastmilk and growth of offspring, none
of them took GC rhythmicity into account. However, obesity has previously been associ-
ated with a flatter diurnal cortisol slope in adults,'® and there is also some evidence that
a blunted GC rhythm is associated with obesity in children.""> Both Hinde et al. (2015)’
and Hahn-Holbrook et al. (2016)® did not collect samples around peak GC levels, while
Hahn-Holbrook et al. (2016) also had a wide time window during which samples could
be collected (11:30-16:00).

We therefore aimed to assess the associations between breastmilk GC rhythmic-
ity and infant growth and body composition. We measured cortisol and cortisone in
breastmilk at age 1 month over a 24-hour period, measured body composition using
air-displacement plethysmography at age 3 months, and collected length and weight
data monthly up to that age. Due to associations found between a blunted endogenous
GC rhythm and obesity in both children and adults,'®'> we hypothesized that less GC
variability in breastmilk could be associated with a higher fat mass in the infants.

117



118

Chapter 7

METHODS

Population

Healthy mother-infant pairs were recruited at the maternity ward of the Amsterdam
UMC, location VUMC (a tertiary hospital) in the Netherlands between March 2016 and
July 2017. Subjects were eligible for inclusion when infants were born at term age (37-42
weeks) with a normal birth weight (-2 to +2 SDS), and when mothers had the intention to
breastfeed for a minimum of three months. Exclusion criteria were: 1) major congenital
anomalies, 2) multiple pregnancy, 3) pre-eclampsia or HELLP, 4) medication use other
than “over the counter” drugs, 5) maternal alcohol consumption of >7 IU/week and/or
6) a maternal temperature of >38.5°C at the time of sampling. Approval of the Medical
Ethics Committee of the VUMC was obtained (protocol number 2015.524), and written
informed consent was obtained from all participating mothers.

Data collection

Peripartum

Shortly after inclusion, within the first days postpartum, mothers filled in a questionnaire
pertaining to their pregnancy and birth, as well as maternal and infant anthropometric
and demographic data.

One month postpartum

At 30 days postpartum (£ 5 days), mothers collected a portion of breastmilk (1-2 mL)
prior to each feeding moment, over a 24h period (i.e., five to eight times). Although
only foremilk was collected through this method, previous research has shown that GC
concentrations are similar in fore- and hindmilk."”> Mothers could follow their own feed-
ing schedule and were therefore asked to report the exact time of sampling. Milk was
collected manually or with a breast pump; we requested that mothers used the same
method for all samples. Milk was stored in the mother’s freezer, and subsequently in the
laboratory at -20°C for less than 3 months prior to analysis.

At the time of sampling, maternal distress was quantified with the Hospital Anxiety
and Depression Scale (HADS)." This questionnaire contains 14 questions scored from
0-3, which assess self-reported levels of depression and anxiety symptoms. Seven ques-
tions concern depressive symptoms (HDS) and seven anxiety symptoms (HAS). A score of
>8 on a subscale is indicative of clinically relevant depression and/or anxiety symptoms.

Three months postpartum

At 3 months postpartum (+ 2 wks), body composition of the infants was assessed with
the Pea Pod, an air-displacement plethysmography (ADP) system (COSMED USA, Inc.,
Concord, CA, USA) " It is based on a bi-compartmental model, which uses pressure and
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volume changes in the chamber through which body density were determined. Age-
and sex-specific fat and fat free mass density values were subsequently used to calculate
fat mass (FM) and fat free mass (FFM). °

As part of the national standard care, weight and length at 1, 2 and 3 months of age
were measured by the staff of the child health clinic and were obtained through a ques-
tionnaire. Weight was measured fully undressed on a balance scale with an accuracy
of 1 gr. Length was measured in supine position to the nearest 0.1 cm. Additionally, all
mothers were asked if their infants were still breastfed for >80% at the age of 3 months.

Laboratory analysis

Cortisol and cortisone concentrations in breastmilk were determined by isotope dilu-
tion liquid chromatography-tandem mass spectrometry (LC-MS/MS), as previously
described.’ In short, internal standards (*C;-labeled cortisol and *Cs-labeled cortisone)
were added to 200 ul of the samples. Then, breastmilk was washed 3 times with 2 mL
hexane to remove lipids. Finally, samples were extracted and analyzed using Isolute
plates (Biotage, Uppsala, Sweden) and analyzed by LC-MS/MS (Acquity with Quattro
Premier XE, Milford MA, USA, Waters Corporation). The intra-assay coefficients of varia-
tion (CV%) were 4 and 5% for cortisol levels of 7 and 23 nmol/L, and 5% for cortisone
levels of 8 and 33 nmol/L for LC-MS/MS measurements. The inter-assay CV% was <9% for
both cortisol and cortisone. The Lower Limit of Quantitation (LLOQ) was 0.5 nmol/L for
both cortisol and cortisone. All samples were measured in duplo.

Statistics

First, data of GC concentrations in breastmilk were converted into the following rhythm

parameters, in order to provide a full overview of GC rhythmicity:

- The maximum GC concentration, as a proxy for peak concentrations

- The delta between maximum and minimum GC concentrations, as a measure of
rhythm variability

- Area Under the Curve (AUC) ground (g) and increase (i), using the trapezoid rule."”
Calculations were corrected for total sampling time, since this differed between
mothers. AUCg is a measure of total GC exposure, while AUCi provides information
on GC variability.

Mother-infant pairs were excluded from analyses when no valid GC data was available
around the time of the expected morning peak (5:00-10:00) and/or when total sample
collection was <8 hours.

Fat% was determined from FM and FFM values. Fat Mass Index (FMI) and Fat Free Mass
Index (FFMI) were calculated by dividing FM and FFM values (in kg) respectively, by
infant length squared (m?), since fat mass and fat free mass are known to change with
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length.'® Length and weight data were converted to SDS.'**° Body mass index (BMI) was
calculated for age 3 months only, and converted to SDS."

Linear regressions were used to assess the associations between GC rhythm pa-
rameters at age 1 month and length SDS, weight SDS, BMI SDS, FMI and FFMI at age
3 months. First, unadjusted regression analyses were performed. Next, the following
potential confounders were tested: sex, HADS-score (HAS and/or HDS >8), prepreg-
nancy BMI, ethnicity (Caucasian vs. non-Caucasian), socio-economic status, birth weight
SDS, gestational age, weight gain during pregnancy, parity (1 vs. >1), mode of delivery
(vaginal vs. caesarian section), and %breastmilk at age 3 months (< or >80%). Due to our
sample size, the three variables with the largest confounding effect (i.e., largest change
in B of the independent variable) were used for the multiple linear regression analyses.
Thus, weight gain during pregnancy, % breastmilk at age 3 months and ethnicity were
included in the final model assessing the association between GC rhythm parameters
and body composition outcomes. No effect modification was found for infant sex, and
analyses were therefore not stratified.

Lastly, length and weight SDS growth trajectories between age 1 to 3 months were
plotted against AUCi and AUCg values by using generalized estimating equations (GEEs),
and 95% confidence intervals were calculated according to the method described by
Figueiras et al. ' AUCi and AUCg outcomes for cortisol and cortisone were categorized
as <p25, p25-75 and =p75.

RESULTS

Population

Forty-four mother-infant pairs were included in the study. One mother-infant pair was
lost to follow-up, three mother-infant pairs returned the growth questionnaires but
did not consent to the Pea Pod measurement and one pair was excluded because no
samples were collected between 5:00-10:00 and/or because total sampling time was <8
hours. Therefore, a total of 42 mother-infant pairs were included in the growth trajec-
tory analyses, whereas 39 mother-infants pairs were included in the body composition
analyses at age 3 months. Of the included mother-infant pairs, 59.5% were mother-son
pairs. Table 1 shows the characteristics of the population. Supplementary Table 1 shows
the cortisol and cortisone concentrations in breastmilk in 4-hour intervals.

Linear regression analyses

No associations were found between the GC rhythm parameters (AUCi, AUCg, maximum
and delta) and body composition in the unadjusted analyses. Adjusting the analyses
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Table 1: Characteristics of the study population (n=42)

Gestational age wks 39.9+1.3
Birth weight grams 35611498
SDS 0.2+£1.0
Birth length* cm 52.0+2.6
SDS 1.0£1.6
Male sex 25(59.5)
Primiparity 23 (54.8)
Caesarian section 21(51.2)
HAS and/or HDS =8 at 1 month pp 6(14.6)
Prepregnancy maternal BMI kg/m’ 22.3%2.8
Weight gain during pregnancy kg 13.1+£3.2
Maternal age Yrs 36.0+4.7
Non-Caucasian ethnicity 8(20.0)
Socioeconomic status SDS 0.6+1.2
>80% breastfed at age 3 months 35(87.5)
Age at breastmilk sampling days 30.8+2.6
Age at Pea Pod measurement** days 90.5+7.0

Values represent mean+SD or n (%); pp= postpartum

HAS, Hospital Anxiety Score; HDS, Hospital Depression Score
*n=31

**n=39

for weight gain during pregnancy, % breastmilk at age 3 months, and ethnicity did not
change the results (Table 2).

Growth trajectories

Figure 1 shows the growth trajectories for length and weight SDS according to breastmilk
cortisone AUCi and AUCg outcomes. No differences were found between the categories
<p25, p25-75 and =p75. Results for breastmilk cortisol AUCi and AUCg were similar [data
not shown].

DISCUSSION

In this study, despite increased evidence for associations between blunted endogenous
GC rhythms and obesity in both children and adults,'®'* no associations were found
between GC rhythmicity in breastmilk sampled at 1 month and infant body composition
or growth at age 3 months. Therefore, our study could not confirm previous observa-
tions in animals and humans. Hinde et al. (2015)” measured cortisol in breastmilk of 108
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Figure 1: Growth trajectories between age 1 to 3 months for length and weight, according to breastmilk
cortisone AUC outcomes (n=42). Results for breastmilk cortisol AUCi and AUCg were similar [data not
shown]. A= length for AUCi, B= weight for AUCg, C= weight for AUCi, D= weight for AUCg; ¥ = AUCi or g
<p25, @ = AUCi or g = p25-75, A = AUCi or g >p75 ; AUCi or g, Area Under the Curve increase or ground

rhesus macaques at 1 month of age, and analyzed growth outcomes at 3.5 months of
age.They found that higher cortisol concentrations were associated with greater weight
gain over time. Hahn-Holbrook et al. (2016)® studied associations between breast-milk
cortisol and BMI gains up until the age of 2 in 51 mother-infant pairs. They found that
higher milk cortisol concentrations were associated with smaller BMI gains in offspring.

The different results between this study and previous studies could have several expla-
nations. First, cortisol sampling in the previous studies did not take the diurnal rhythm of
breastmilk GCs into account. Hinde et al.” sampled between 11:30-13:00, which did not
capture peak GC concentration, since in Rhesus macaques, similar to humans, this occurs
at around 8:00. Hahn-Holbrook et al.® collected a single breastmilk sample within a wide
time window (11:30-16:00), which also did not capture peak concentrations. Analyses
were corrected for time of collection, but it has previously been shown that correcting
for time of sampling cannot account for all the variability observed in cortisol levels.”*
Second, in our study GC concentrations were determined by LC-MS/MS, which has been
shown to be more sensitive and reliable than radioimmunoassay and chemiluminescent
immunoassay,” which were used by Hinde et al. and Hahn-Holbrook et al. respectively.
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Lastly, it has previously been shown that increases in fat mass specifically are associated
with mid-childhood overweight and obesity*’. Therefore, in this study, body composi-
tion was measured by ADP, which is able to differentiate between fat mass and fat free
mass. In contrast, weight gain and changes in BMI were used as outcomes measured
by Hinde et al.” and Hahn-Holbrook et al.,? respectively, both of which are less precise
methods to determine body composition. Our more detailed methods when measuring
GC concentrations in breastmilk as well as when determining body composition might
therefore have led to more accurate conclusions.

Alternatively, the absence of associations might be due to the small sample size in
this study, especially compared to Hinde et al.,” who included 108 mother-infant pairs,
resulting in more power to detect small differences. However, this should be balanced
against the use of of air-displacement plethysmography in this study, which is superior
to weight gain for the assessment of body composition. Additionally, our follow-up
until the age of 3 months was rather short. In contrast, follow-up took place up to 2
years of age in Hahn-Holbrook et al’s study.? It is therefore possible that effects of GCs
in breastmilk might only be noticeable at a later age. On the other hand, an increasing
number of nutritional, life-style and family factors determine body composition with
advancing age, and it is therefore progressively more difficult to determine to what
extent breastmilk cortisol explains BMI gains.

This study has several strengths and limitations. This was the first study to assess
the association between GC rhythmicity in breastmilk and body composition in the
offspring. Body composition and GC rhythmicity were analyzed in detail, respectively by
use of ADP and by measuring both cortisol and cortisone in breastmilk using samples
that were collected over a 24-hour period. Cortisone concentrations have been shown
to be more reliable than cortisol measurements, at least in saliva and hair.>*® This is
possibly due to the local conversion of cortisol by 11p-hydroxysteroid dehydrogenase
type 2, which leads to higher concentrations of cortisone.” However, this study also
has its limitations. The sample size of this study was relatively small, and it is therefore
possible that modest effects could not be detected. It was also not possible to correct for
all potential confounders. However, many confounders were considered, and the three
variables with the largest confounding effect were included in the final model, which
did not change the results compared to unadjusted analyses. It is therefore unlikely that
adjusting for more variables would have altered the results. Second, the follow-up in this
study was relatively short, and it is therefore possible that breastmilk GC rhythmicity has
an effect only noticeable at a later age. Additionally, a selection bias cannot be ruled out,
since we did not collect data on mothers who were eligible for inclusion but decided
against participation and since we included mother-infant pairs at a (tertiary) hospital.
The study population might therefore not reflect the general population; for example,
51% of the mothers have birth via Caesarian section, compared to approximately 17%
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in the general population.” Lastly, the interplay between GCs and infant body composi-
tion is complex, and could be moderated by, for example, exposure to GCs and other
conditions in utero, the number of feeds per day, and the extra-uterine environment of
the infants, including synchrony in mother-infant interactions as well as stressful events.
Unfortunately, we were not able to take these factors into account.

CONCLUSIONS

This study did not find an association between breastmilk GC rhythmicity at 1 month
and growth trajectories as well as body composition of the offspring at age 3 months.
Therefore, this study suggests that previous observations linking breastmilk cortisol to
changes in infant weight might be flawed by the lack of serial cortisol measurements
and detailed information on body composition.
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Supplementary Table 1: Cortisol and cortisone concentrations in breastmilk in 4-hour intervals.

Cortisol (nmol/L) Cortisone (nmol/L)
0:00-4:00 41455 15.1£11.8
4:00-8:00 11.6+8.7 29.7+12.8
8:00-12:00 8.2+6.5 27.9+8.6
12:00-16:00 44429 21.3+6.8
16:00-20:00 21+1.4 13.0£6.1
20:00-24:00 2.1+3.9 10.449.2

Values represent mean+SD
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ABSTRACT

Purpose

In previous studies, associations between breast-milk cortisol levels obtained on one
occasion and infant neurodevelopment were demonstrated. However, more recent evi-
dence indicates that breast-milk cortisol and cortisone concentrations follow a diurnal
rhythm, and therefore these levels fluctuate throughout the day. We studied associations
between breast-milk glucocorticoid (GC) rhythmicity and infant behavior and sleep.

Methods

We included 59 mothers, and their infants, of whom 17 had consulted an expert center
during pregnancy for an increased risk of psychological distress. At 1 month postpar-
tum, breast milk was sampled (on average 6 times) over a 24h period for assessment of
cortisol and cortisone using LC-MS/MS, and experienced maternal distress was assessed
using the Hospital Anxiety and Depression Scale questionnaire. At 3 months postpar-
tum, infant behavior was assessed using the Infant Behavior Questionnaire, and infant
sleep was quantified by questionnaire. Associations between breast-milk GC rhythmicity
(maximum, delta, and Area Under the Curve [AUC]) and infant behavior and sleep were
tested with linear regression analyses.

Results

No consistent associations between breast-milk GC rhythmicity or exposure and infant
behavior or sleep were found.

Conclusions

Breast-milk GC rhythmicity or exposure at 1 month postpartum was not associated with
infant behavior or sleep at the age of 3 months. Findings from previous studies link-
ing breast-milk cortisol to infant neurodevelopment might be biased by the lack of GC
measurements across the full diurnal cycle, and should therefore be interpreted with
caution.



Breastmilk GC rhythm and infant behavior
INTRODUCTION

Approximately 15% of pregnant women in Western countries are diagnosed with psy-
chiatric conditions.! Depressive and anxiety disorders are associated with alterations
in hypothalamic-pituitary-adrenal (HPA-) axis activity, such as a lower morning peak or

less diurnal variability in cortisol level.”?

Maternal glucocorticoids (GCs) that cross the
placenta may influence the fetal HPA-axis, possibly through alterations in the expression
of GC and mineralocorticoid receptors in the developing hippocampus and amygdala.*
In humans, fetal exposure to maternal depression or anxiety symptoms was associated
with a more fearful temperament and disorganized sleep in infancy, along with a flat-
tened cortisol rhythm.*” The results of these studies suggest that fetal GC exposure may
alter neurodevelopment and HPA-axis settings in later life.>"°

The development of an adult-type diurnal cortisol rhythm, characterized by cortisol
concentrations that are higher in the morning than in the evening, is thought to start
at approximately 1 month of age and continues to develop during the first year of life."
It has been hypothesized that the development of HPA-axis rhythmicity may serve as a
modulator for the development of behavioral rhythms, such as the sleep-wake cycle.'*"
Previous research has demonstrated that a diurnal GC rhythm develops before sleep
rhythmicity is established around the age of 2-4 months."*"® Multiple factors may be
involved in the development of HPA-axis rhythmicity, such as environmental time cues
(e.g., daylight) and maternal care.” In addition, it has been proposed that non-nutritive
bioactive compounds in breast milk might be involved in the development of sleep
regulation in infants.'

Animal studies have shown that GCs in breast milk are able to cross the intestinal
wall and to enter the circulation in offspring.”'® Among Rhesus monkeys, offspring
exposed to higher levels of breast-milk cortisol were found to exhibit a more nervous,
less confident behavior and impulsivity, albeit with few gender-specific differences.'®?'
In rats, exposure to physiological ranges of ingested GCs was associated with reduction
of fearfulness and stress-induced corticosterone secretion throughout the lifespan.” In
breastfed human infants, exposure to maternal cortisol has also been associated with
behavior.”** Two studies showed that higher breast-milk cortisol was associated with
negative affectivity among girls, but not among boys.”**® Another study showed that

higher plasma cortisol, which has strong correlation with breast-milk cortisol,?’

was
associated with increased infant fear behavior *°. However, none of these studies col-
lected samples multiple times during the day or around the morning peak of cortisol
secretion, in spite of evidence indicating that breast-milk GCs follow the diurnal rhythm
of maternal HPA-axis activity.”’ Some of these studies statistically adjusted for inter-
individual differences in collection time, which assumes that the cortisol slope barely

differs between subjects. However, it has been demonstrated that post-hoc statistical
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correction for time of sampling may not be able to provide an adequate representation
of an individual’s HPA-axis dynamics.”’*®

The aim of this study was to investigate associations between exposure to breast-milk
GCs over a 24-hr period at 1 month postpartum, and infant behavior and sleep at 3 months
postpartum. In this study, we oversampled mothers at risk of psychological distress during
and after pregnancy in an attempt to capture a wide range of maternal HPA-axis activity,

since depression and anxiety have previously been associated with GC rhythmicity.”

METHODS

Participants

From March 2016 to July 2017, mothers were approached within the first days after
delivery at the maternity wards of the Amsterdam University Medical Center, location
VUmc (Group 1, n=42), and the OLVG hospital (Group 2, n=17), The Netherlands. Moth-
ers included at the OLVG hospital had an increased risk of psychological distress and
therefore consulted the Psychiatric Obstetric Pediatric (POP) outpatient clinic during
pregnancy. Breastfeeding mothers of infants born after full-term gestation (37-42 weeks
of pregnancy) with a birth weight appropriate for gestational age (i.e., between -2 and
2 SD score) were eligible for inclusion. Exclusion criteria were preeclampsia/HELLP,
multiple pregnancy, consumption of >7 IU of alcohol per week, fever >38.5 °C at the
time of sampling, and major congenital anomalies. Additionally, mothers who used
drugs other than ‘over the counter’ drugs were excluded, with the exception of Selective
Antidepressants (SADs) use for mothers included at the OLVG. Approval of the Medi-
cal Ethics Committee of the Amsterdam University Medical Center, location VUmc was
obtained (protocol number 2015.524), and written informed consent was obtained from
all participating mothers.

Data collection

Infant and maternal characteristics

During the first days postpartum, maternal and infant characteristics were obtained by
questionnaire (Table 1). At the time of milk sample collection (1 month postpartum),
mothers were asked to fill in the Hospital Anxiety and Depression Scale (HADS) for
assessment of maternal psychological distress experienced during the past 2 weeks.”
The HADS contains 14 items, including seven items for depressive symptoms (Hospital
Depression Subscale [HDS]) and seven items for anxiety symptoms (Hospital Anxiety
Subscale [HAS]). Items are scored as 0-3, and a score =8 on either subscale indicates clini-
cally relevant depression and/or anxiety symptoms. Accordingly, we defined increased
maternal stress as HDS score and/or HAS score >8.
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Table 1: Maternal and infant characteristics of participants’

Maternal characteristics Group 1% (n=42) Group 2° (n=17)
Maternal age, yrs 33.6+47 31.6+4.7
Maternal BMI, kg/m? 223+28 229+22
Social Economic Status (SES)* 06+1.2 04+13
Caucasian ethnicity 34(81) 15 (88)
Primiparity 23 (55) 7 (41)
Selective antidepressant use 0 12(71)*
HAS/HDS score=8 1 mo. pp (h=58)° 6(15) 6(35)
Neonatal characteristics

Male gender 25 (60) 11 (65)
Birth weight (grams) 3389+ 39 3561 + 498
Gestational age (weeks) 39.1+1.1 399+ 1.3*
Vaginal birth (n=58)° 20 (49) 13(77)
>80% breast milk 3 mo. pp (n=58)° 37 (90) 14 (82)

' Values are presented as means + SD or frequencies (%).

? Mothers included at the maternity ward of the Amsterdam UMC.

* Mothers included at the Psychiatry Obstetric Pediatric (POP) expert center, OLVG hospital

* Z-score based on average income, % low income, % low-skilled and % unemployed civilians per postal
code area, based on data from the Dutch Social Cultural Project office [2014, The Netherlands]).

® Three participating mothers in group 1 did not provide these data

*p<.05

Breast-milk sample collection

At 3045 days postpartum, 1-2mL of breast milk was collected before every feed over a
24h-period, either manually or with a breast pump. Mothers were requested to report
the exact time of the sample collection, since they were breastfeeding their child on
demand. Mothers were asked to abstain from alcohol at least one day before and during
the sample collection. Following collection, samples were stored in plastic tubes at -20°C
until they were thawed for analysis.

Infant Behavior and Sleep

At 3 months (£2 wks) postpartum, mothers were asked to fill in the Infant Behavior
Questionnaire (IBQ) and a questionnaire for the quantification of infant sleep. The IBQ is
a validated instrument for the assessment of temperament in infants aged 3 months to
1 year.”®®' The original IBQ contains 94 items on six scales of temperament dimensions
(distress to limitations, approach to novel stimuli, soothability, duration of orienting,
smiling and laughter, and activity) that show considerable stability over time.** The IBQ
assesses behavior on a 7-point Likert scale, with answers ranging from ‘never’ to ‘always,
or ‘does not apply’ To minimize recall bias, the answers pertain to the infant’s behavior
over the past 1-2 weeks. The mean scoring represents the outcome for each dimension
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separately. The sleep questionnaire (see Supplementary File 1) included the total hours
of night-time and day-time sleep, the number of daytime naps, and the number of
nights with more than 6 hours of consecutive sleep during one week.

Determination of cortisol and cortisone levels in milk

An isotope dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS)
method was used to assess cortisol and cortisone concentrations in milk, as described
previously.® In short, milk samples were washed with hexane after adding internal
standards to the samples ("*C; labeled cortisol and cortisone). Samples were extracted
using Isolute plates (Biotage, Uppsala, Sweden) and analyzed by LC-MS/MS (Acquity
with Quattro Premier XE, Milford MA, USA, Waters Corporation). For cortisol, the intra-
assay coefficient of variation (CV) was 4 to 5%, and for cortisone it was 5% at different
levels. For both cortisol and cortisone, the inter-assay CV was <9%, and the Lower Limit
of Quantitation was 0.5 nmol/L.

Data analyses

Breast-milk GC parameters were recorded over a period of 24 hours, and were defined
as: maximum (i.e., the maximum measured concentration), delta (4, i.e., the difference
between the maximum and minimum measured concentrations), and Area Under the
Curve increase (AUCi) and ground (AUCg) per hour collection. AUCi/h was used as an
index for GC rhythmicity. AUCg/h was used to reflect total breast-milk GC exposure. Both
AUCi/h and AUCg/h were calculated using the trapezoid rule.** Participants who did not
provide morning samples (between 05:00-10:00 a.m.) or with <8 hours of total sample
collection time were excluded from the analyses.

Maternal and infant characteristics were compared between mothers who had no
increased risk of psychological distress (group 1) and those who had (group 2), using inde-
pendent samples T-tests and Chi-square tests (Table 1). Of all characteristics, only maternal
antidepressant use and gestational age were significantly different between the groups. Al-
though one-third of the mothers monitored at the POP outpatient clinic reported increased
psychological distress, no statistically significant differences were found between group 1
and group 2 with regard to HADS-score as well as breast-milk GC parameters. Therefore,
all mother-infant pairs were analyzed as one group, while considering gestational age and
maternal use of antidepressants as potential confounders. Subsequently, associations be-
tween breast-milk GC rhythmicity or total GC exposure, and IBQ scores or infant sleep were
tested using linear or logistic regression, as appropriate. Second, we performed multivariate
analyses correcting for a set of potential confounders based on previous literature (infant
gender, socio-economic status and maternal stress) or statistical impact (maternal use of
antidepressants and gestational age).”***® Results were presented as beta or Odds Ratio
(OR) [95% confident interval (Cl)]. A p-value <.05 was considered statistically significant.
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RESULTS

Figure 1 shows the stepwise inclusion procedure for the study. A total of 303 mothers
were approached, of whom 110 gave written informed consent. Of these, 59 completed
the study. Main reasons for drop-out were switching to formula feeding or withdrawal
of consent. Characteristics of the participating mothers and their infants are presented
in Table 1. Breast-milk GC parameters, IBQ scores and sleep outcomes are shown in Table
2. Mothers collected on average 6 (Range: 4 to 8) milk samples over a 24-hour period.

Breast-milk glucocorticoids and infant behavior
Tables 3 and 4 show the multivariate associations between breast-milk GC parameters
and infant behavior. An association between total breast-milk cortisol exposure and
more infant soothability was found (3= 0.15 [0.02 to 0.29], p<.05). Other breast-milk GC
parameters were not associated with infant behavior.

Approached (n=303) 1. Did not want to participate (n=106)

2. Lost to follow-up (n=38)

3. Did not meet inclusion criteria (n=49)
a) Switched to formula feeding (n=32)
b) Other reason (n=17)

A 4

Gave written informed
consent (n=110)

1. Withdrew consent (n=12)

2. Lost to follow-up (n=5)

3. Excluded (n=30)
a) Switched to formula feeding (n=18)
b) Other reason (n=12)

A 4

Completed sample
collection one month
postpartum (n=63)

1. Withdrew consent (n=1)
2. Lost to follow-up (n=2)

A 4

Completed assessment at
three months postpartum
(n=60)

1. No milk sample collected between 05:00-10:00
am and/or <8h of samole collection (n=1)

A 4

Included in final analyses
(n=59)

Figure 1: Flowchart of the inclusion of mother-infant pairs
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Table 2: Measurements by group'

Group 17 (n=42)

Group 2° (n=17)

Total (n=59)

Breast-milk GC levels

Cortisol maximum (nmol/L)
Average time of maximum

Acortisol (nmol/L)
AUCi/h of cortisol in 24h
AUCg/h of cortisol in 24h

Cortisone maximum (nmol/L)

Average time of maximum
Acortisone (nmol/L)
AUCi/h of cortisone in 24h
AUCg/h of cortisone in 24h

15.8+8.9[9.2t0 20.8]
8:15h

14.7 +£9.0[8.0 to 19.0]
4.1 +2.3[2.6105.0]
52+24[36t06.2]*

36.0£10.6 [27.7 to 42.7]
08:00h

28.9+10.1 [23.5 t0 35.6]
12.2+4.4[10.0to 14.9]
19.2+5.7[16.0to 21.8]

13.6 +8.2[8.8t0 16.7]
6:45h

12.5+8.3[8.310 16.0]
3.0£1.5[1.9t03.8]
37+£15[25t04.7]

33.8 £9.0 [26.6 to 40.2]
8:30h

27.8+8.7[22.81032.2]
10.8 +4.4[8.0 to 14.5]
16.8+4.5[13.2t0 19.8]

15.2+8.7[9.2t0 19.2]
7:45h

14.2 +8.8 [8.1 to 18.4]
3.7+22[22t04.7]
48+23[3.3t05.8]

35.3£10.1[27.4t0 42.3]
8:15h

28.6 +9.7 [23.3 10 34.2]
11.8+4.4[9.4t0 14.7]
18.5+5.4[14.8t021.1]

IBQ domain *

Activity 3.2+09 3.0+£07 3.1+£09
Distress to limitations 33+09 32+09 33+09
Approach to novel stimuli 20+1.0 21+0.7 2.0+0.9
Duration of orienting 36+1.2 40+09 37+1.2
Smiling and laughter 43+1.0 45+1.0 44+1.0
Soothability 50+1.2 49+1.1 50+ 1.1
Infant sleep parameters

Hours of night-time sleep 82+23 86+23 83+23
Hours of daytime sleep 43+19 45+1.6 44+18
Number of naps during 33+08 33+1.1 1.5+1.0
daytime (n=58)

Number of nights per week 4.1+3.0 44+27 42+29

with >6h sleep

Values are presented as means + SD and range. Maximum= maximum value during 24h period. A= Dif-

ference between maximum and minimum value during 24h period. AUCi/h= Area under the curve for
increase per hour collection. AUCg/h= Area under the curve with respect to ground per hour collection.
Groups were compared using the independent samples T-test.
% Mothers included at the maternity ward of the Amsterdam UMC.
* Mothers included at the Psychiatry Obstetric Pediatric (POP) expert center, OLVG hospital.
* IBQ= Infant Behavior Questionnaire.

*p<.05

Breast-milk glucocorticoids and infant sleep

Tables 3 and 4 show the multivariate associations between breast-milk GC parameters
and infant sleep. A positive association between breast-milk delta cortisone and infant
sleep at night-time was found (= 0.07 [0.01 to 0.20], p<.05). Other breast-milk GC pa-
rameters were not associated with infant sleep.
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Breastmilk GC rhythm and infant behavior
DISCUSSION

In this study, with few exceptions, no associations were found between breast-milk GC
rhythmicity and total exposure at 1 month postpartum and infant behavior or sleep at
age 3 months. Therefore, our study could not confirm previous observations in animals
and hUmanS.19'20'24'25

The results of our study differed from those of previous studies. Importantly, cortisol
sampling in the previous studies did not take the diurnal rhythm of breastmilk GCs into
account. Although some of these studies corrected analyses for time of collection,**%
it has previously been demonstrated that correcting for sampling time cannot account
for variability in cortisol levels over time.”’?* There is no doubt that sampling fluctuation
has a major impact on the interpretation of HPA-axis dynamics, which plausibly leads
to false conclusions when only cross-sectional breast-milk GC levels are studied; e.g., an
outcome might be associated with the height of the cortisol level, whereas it actually
reflects the time of sampling.”®

There is some evidence suggesting that breast-milk GCs influence infant neurodevel-
opment in a sex-specific manner. Among Rhesus monkeys, the associations between
higher milk cortisol levels and more nervous, less confident temperament in offspring
differed between males and females in such a way that male offspring appeared to be
more sensitive to cortisol increments over time and female offspring to the absolute
cortisol concentration.” In humans, milk cortisol was positively associated with negative
affectivity among girls, but not among boys.***® This might be attributed to differences
in the developmental timing of GC sensitivity between males and females. Indeed, stud-
ies in rodents showed that forebrain and hippocampal GC receptor expression patterns
developed in a sex-specific manner.?>***” Due to the small sample size in our study, we
were unable to perform sex-specific analyses.

This study has several strengths. It is the first to assess the association between GC
diurnal rhythmicity in breast milk and infant behavior and sleep. Moreover, measure-
ment of cortisone along with cortisol in breast milk carries the advantage of having
a more precise estimate of GC exposure. Epithelial tissues have been demonstrated
to harbor 118 HSD type 2, which converts cortisol into cortisone upon entrapment.®®
Consequently, cortisone may be a more accurate marker of the circulating cortisol level
than cortisol itself, at least in saliva and hair.*®** This is corroborated by observations
demonstrating that cortisone is less likely to have concentrations below the lower limit
of quantification at the nadir.® Moreover, the presence of 11B-reductase activity in in-
fants implies that cortisol can be regenerated from cortisone. Breast-milk cortisone may
thus become a part of the biologically available GC pool.***' Another strength is the use
of mass spectrometry for the measurements of cortisol and cortisone. LC-MS/MS is su-
perior to the immunoassays that were used by previous studies in terms of specificity.*
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However, this study also has its limitations. First, the sample size of our study, although

comparable to previous studies in this field,”?°

might have been too small to detect
subtle differences or to stratify for sex. However, this limitation must be balanced against
having multiple measurements across the diurnal cycle. Second, we cannot exclude
the possibility that distressed mothers were less likely to participate. Non-participants
did not sign informed consent, and non-response analyses could therefore not be
performed. This might offer an explanation for the observation that experienced ma-
ternal stress did not differ between the groups. Third, in view of the limited number of
participants, it was not possible to correct for all potential confounders, such as parental
temper and other environmental factors that might interfere with infant behavior or
sleep. Fourth, infant temperament and sleep were self-reported by the mothers, while
parenting behavior was not assessed. Even though behavior is still thought to be best
reported by the infant’s primary caregiver, distressed mothers may rate their infant’s
behavior as more difficult,”* To account for this phenomenon, all outcomes were cor-
rected for elevated HADS scores. "’

In conclusion, in our study breast-milk GC rhythmicity at 1 month postpartum was
not associated with infant behavior or sleep at 3 months postpartum. Therefore, this
study suggests that findings from previous studies linking breast-milk cortisol to infant
neurodevelopment might be biased by the lack of GC measurements across the full

diurnal cycle or the choice for less reliable immunoassay measurements.
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SUPPLEMENTARY FILE 1

Sleep questionnaire

Amount of sleep

These questions relate to how much sleep you and your child have had in the past week. We

will also ask some short questions about the quality of your own sleep. The questions have

to be answered differently than the previous questions of this questionnaire. This time the

questions are open. Your answers can therefore be a rough estimate.

In the past week...

1.0n average, how many hours did your child sleep at night?

2. On average, how often did your child wake at night?

3. How often did your child sleep more than 6 hours at night?

4. On average, how many naps did your child take during daytime?

5. 0n average, how many hours of sleep did your child get during daytime

... hour(s)

... time(s)

... time(s)

... nap(s)

... hour(s)
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ABSTRACT

Background

Gender-specific differences in HPA axis activity have been postulated to emerge during
puberty. We conducted a systematic review and meta-analysis to test the hypothesis
that gender-specific differences in HPA axis activity are already present in childhood.

Methods

From inception to January 2016, PubMed and Embase.com were searched for studies
that assessed non-stimulated cortisol in serum or saliva, or cortisol in 24h-urine in
healthy males and females aged <18yr. Studies were reported conform the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement. Stan-
dardized mean differences (95%Cls) were calculated and analyzed using fixed-effect
meta-analysis stratified for age: <8yr (prepubertal) and 8-18yr (peri-/postpubertal). For
comparison, we ran the same analyses using random-effects models.

Results

Two independent assessors selected 413 out of 6,158 records (7%) for full-text screen-
ing, of which 79 articles were included. Of these, 58 (with data on 16,551 subjects) were
included in the meta-analysis. Gender differences in cortisol metabolism differed per
age group. Boys aged <8yr had 0.18 (0.06 to 0.30) nmol/L higher serum and 0.21 (0.05
to 0.37) nmol/L higher salivary cortisol levels, while between 8-18yr, boys had 0.34 (0.28
to 0.40) nmol/L lower serum and 0.42 (0.38; 0.47) nmol/L lower salivary cortisol levels.
In 24h-urine, cortisol was consistently higher in boys, being 0.34 (0.05 to 0.64) and
0.32 (0.17 to 0.47) pug/24h higher in the <8yr and 8-18yr groups, respectively. However,
gender-differences in serum cortisol <8 yr and between 8-18 yr were absent when using
random-effects models.

Conclusions

Gender differences in cortisol metabolism are already present in childhood, with higher
salivary cortisol in boys aged <8yr compared to girls. This pattern was reversed after
age 8 yr. In contrast, the gender-specific difference in cortisol production as assessed
through 24h-urine did not change with age. Although differences were small, and analy-
ses of gender differences in serum cortisol were inconclusive, they might contribute to
gender-specific origins of health and disease.



Gender-specific HPA-axis activity in childhood
BACKGROUND

The hypothalamus-pituitary-adrenal (HPA ) and hypothalamus-pituitary-gonadal (HPG)
axes are closely connected. Animal studies demonstrated that CRH inhibits the HPG
axis at all levels, while testosterone inhibits the HPA axis at the hypothalamic level. Ad-
ditionally, estrogens stimulate the HPA axis at both the hypothalamic and adrenal levels.
Moreover, CRH levels were dependent on the phase of the menstrual cycle, with the
highest concentrations occurring during the follicular phase."?

Human studies suggested that estrogens decrease the hepatic A-ring reduction of
cortisol, albeit not in the short term” and increase the production of CBG, thereby af-
fecting the bioavailability of cortisol."** The latter being enhanced by the use of oral
contraceptives. Furthermore, HPA axis responses to acute psychological stress were
different depending on the phase of the menstrual cycle.”*

Due to an increase in sex steroid concentrations, gender differences in HPA axis
activity have been postulated to emerge during puberty.*” However, more recent
evidence suggests that gender differences in HPA axis activity are already present early
in life."®° Putative mediators of these prepubertal gender differences are the postnatal
reproductive hormone surge, also known as mini-puberty,’® and sex-specific effects of
styles in parental care, such as psychosocial stress reactivity to maternal over-controlling
behavior.' However, physiological gender differences in cortisol concentrations during
childhood have not been studied yet.

Therefore, the question was raised whether gender differences in unstimulated HPA
axis activity emerge during puberty or whether they are already present earlier in life.
Accordingly, we conducted a systematic review and meta-analysis with the hypothesis
that gender-specific differences in unstimulated HPA axis activity are present in early life
and are subsequently influenced by puberty.

METHODS

Search strategy

From inception up to 14 January 2016, PubMed and Embase.com were searched (by
BvdV and JCFK) for studies that reported non-stimulated cortisol in serum or saliva,
or cortisol in 24h-urine for healthy boys and girls aged <18 yr separately. Appendix
1 presents the full search strategy, which was based on the following index terms or
free-text words: ‘cortisol’ or ‘glucocorticoid’ and ‘sex difference’ or ‘sexual characteristics,
and ‘child’ or ‘adolescent’ Studies in children with (psycho)pathology, on synthetic glu-
cocorticoids, or with risk for abnormal HPA axis activity (e.g., a history of maltreatment)
were excluded. An English language restriction was applied for abstracts of published
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articles. No restrictions for year of publication or study design, apart from reviews and
case reports, were applied. The review protocol was based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) statement.

Data collection

Two independent assessors (BvdV and JJH) screened 6,158 titles and abstracts without
consideration of outcomes. Studies were not assessed blindly. Disagreement between
assessors was discussed until consensus was reached. When gender differences were
analyzed without reporting on cortisol levels for boys and girls separately or when
data were only presented in graphs, authors were requested for additional quantitative
data. Data were stratified into two age groups: <8 yr (prepubertal) and between 8-18 yr
(peri-/postpubertal). Ideally, stratification would have been based on pubertal staging
according to Tanner. Unfortunately, only a minority of the included studies reported on
the subjects’ Tanner stages. Because pubertal onset before age 8 years is considered
to be pathologic,'” we chose 8 yr as cut off for stratification. When articles reported
on serial cortisol measurements, we included only data on the youngest assessment
age. When cortisol levels were reported prepubertally as well as peri-/postpubertally
within the same individual, we included one sampling moment for each stratified group.
When articles reported on the same study population, we included the article with the
lowest bias risk. When articles reported on dynamic tests of HPA axis activity, we only
included baseline cortisol. We only included the control subjects of case-control studies.
If known, we excluded female subjects on oral contraceptives. When gender differences
were described but not quantified, the articles were included in the descriptive analysis
rather than the meta-analysis.

Meta-analysis

When necessary, we converted serum and salivary cortisol levels into nmol/L, and
24h-urine cortisol levels into pg/24h. When means + SDs were not reported, the SD was
calculated based on the following assumptions: the 95% Cl is 3.92 SDs wide (2 x 1.96);
the inter-quartile range is 1.35 SDs wide; the range is 4 SDs wide; the SD is the SE mul-
tiplied by the square root of the sample size.”” To assess parametricity, we assumed that
a normal distribution extends no more than 2 SDs from the mean,' i.e., when normally
distributed, the mean minus 2 SDs should be >0 nmol/L. Data analyses were performed
using Review Manager (RevMan) version 5.3.5, 2014. For each study, the standardized
mean gender difference (95% Cl) in cortisol concentration was calculated by combining
the SD with the sample size. Subsequently, fixed-effect meta-analyses were performed
first, which assumes that the effect estimate of the group differences was fixed across
studies. Second, the results of these analyses were compared with random-effects meta-
analysis, which weigh studies of variable sample sizes more equally. We reported any
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source of bias from each included article conform the PRISMA statement and assessed
selection, performance, detection and other biases. (Figure 1, Appendix 2) Bias was as-
sessed as low, unclear or high. A sensitivity analysis was done by excluding studies that
had > 1 high bias risks. Heterogeneity of the data was assessed by the I statistic, with
significance defined as I> >50%. Publication bias was assessed through funnel plots.

setection vias [
performance bias MMM I

Detection bias

Other hias

EI% 25% EEI% ?5% 1EIEI%

. Lo risk of bias |:| Unclear risk of biag . High risk of bias

Figure 1: Risk of bias graph presenting a summary of the judgements of the assessors concerning risk of
bias across all studies included in the meta-analysis. Bias risk is presented as percentage of total studies (n
=58).

RESULTS

Figure 2 shows the flowchart of the descriptive analysis and meta-analysis. Of the 6,158
titles and abstracts, 414 (7%) were eligible for full-text screening, from which 79 articles
(19%) were included. Thirty-one authors of articles with insufficient quantitative data
were contacted, of whom 12 responded: six provided the necessary quantitative data,
five did not have access to the raw data anymore and one was not willing to participate.
Two articles reported the cortisol production rate assessed through 24h-serum sam-
pling, which hampered inclusion in the meta-analysis. The authors of 27 articles that
only provided gender-specific data in figures were contacted, but could not be reached.
Subsequently, these articles were excluded. Finally, 21 articles were included only in the
descriptive analysis, and 58 articles (with data on 16,551 subjects) had sufficient data for
inclusion in the meta-analysis.

Description of included studies

Studies were conducted in Europe (n = 36), North-America (n = 37), Asia (n = 3), South-
America (n = 2) or Africa (n = 1), and were published between 1973 and 2016. Sample
sizes ranged from 11 to 2,824 subjects, with seven studies having a sample size >500
subjects. Study designs were as follows: randomized placebo-controlled (n = 2), pro-
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6,923 records identified through 3 additional articles identified
database searching through other sources
¥ ¥

6,158 records, after removal of duplicates

5,744 records were not
g eligible for inclusion

A

414 full-text articles 308 full-text articles were
assessed for eligibility not eligible for inclusion
106 full-text articles were 27 full-text articles
eligible for inclusion excluded due to lack of data

!

l 79 studies were included |

} |

21 studies in descriptive analysis

| 58 studies in meta-analysis

Figure 2: This flowchart presents the different phases of the systematic review and meta-analysis, conform
the PRISMA-statement. (www.prisma-statement.org)

spective observational (n = 29), non-randomized intervention, i.e., stress tests (n = 15),
cross-sectional (n = 16), longitudinal (n = 11) and case-control (n = 6). All studies that
assessed serum or salivary cortisol used immunoassays, except for one that used high-
performance liquid chromatography (HPLC). Studies that assessed 24h-urine cortisol
used immunoassays (n = 4), gas chromatography-mass spectrometry (n = 3), HPLC (n =
1), and liquid chromatography-UV detection (n = 1). Twenty-two studies (28%) did not
collect morning samples, of which 11 did not report the time of collection and 11 de-
scribed specifically that samples were collected in the afternoon. Online Supplementary
File 1 presents the data extracted from the articles included in the meta-analysis. Three
out of 21 studies (14%) included in the descriptive analysis had no high bias risk (Table
1), while 16 out of 58 studies (28%) included in the meta-analysis had no high bias risk
(Figure 1).

Gender-specific differences

Descriptive analysis

Table 1 summarizes the data on the 21 studies included in the descriptive analysis. The
majority (90%) of these studies reported no significant gender differences in cortisol
levels. Before age 8 yr, one study " found significantly lower salivary cortisol levels for
boys at awakening. Between ages 8-18 yr, one study ® found significantly lower morning
salivary cortisol levels in boys.
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Test for overall effect: Z =2.79 (P = 0.005)

Female Male

Chapter 9
A
Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed,95%CI IV, Fixed,95%CI
0 yr (Davis 1995) 30.1 36.4 18 295 328 18  6.1% 0.02 [-0.64, 0.67] B
3 yr (Gunnar 2010) 4.03 4.58 37 3.89 3.01 54 14.9% 0.04 [-0.38, 0.46] -
3.3 yrs (De Bruijn 2009) 2.82 1.86 19 245 1.82 27 7.5% 0.20 [-0.39, 0.79] -
4 yr (Pérez-Edgar 2008) 119 47 51 108 5 60 18.6% 0.22[-0.15, 0.60] T
4.1yr (Mills 2008) 3.03 276 115 276 276 85 33.1% 0.10[-0.18, 0.38] -
4.3 yr (Tout 1998) 579 2.48 38 441 138 37 12.0% 0.68[0.21, 1.14] -
4yr (Gunnar 2010) 292 1.35 11 447 488 13 3.9% -0.40 [-1.22,0.41] -1
7.3yr (Térnhage 2002) 105 52 19 52 1.88 11 4.0% 1.19[0.38, 2.00] -
Total (95%Cl) 308 305 100.0% 0.21 [0.05, 0.37] &
Heterogeneity: Chi? = 13.34, df = 7 (P = 0.06); I = 48% 2 1 i 2
Test for overall effect: Z = 2.53 (P = 0.01) h Female Male
B
Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed,95%CI IV, Fixed, 95%CI
8yr (Jones 2006) 958 151 68 1059 149 72  1.6% -0.67 [-1.01, -0.33] —
8 yr (Azurmendi 2016) 8 414 49 635 359 41  1.0% 0.42[-0.00, 0.84] —
8yr (Martikainen 2013) 6.8 1.7 126 8 1.7 132 2.9% -0.70 [-0.96, -0.45] -
8.4 yr (Michels 2012) 12.66 6.12 183 13.84 896 202 4.6% -0.15[-0.35, 0.05] ]
9 yr (Alghadir 2009) active 013 0026 25 0.16 0017 12 03% -1.25 [-2.00, -0.50]
9yr (Alghadir 2009) sedentary 0.18 0.014 12 0.2 0.028 16 0.3% -0.84 [-1.62, -0.05]
9.2 yr (Cicchetti 2001) 864 516 124 952 521 80 23% -0.17 [-0.45, 0.11] -
9.4 yr (Turan 2015) 52 32 79 56 108 74 1.8% -0.05 [-0.37, 0.27] -
9.9 yr (Osika 2007) 5.34 21 34 55 333 50 1.0% -0.05[-0.49, 0.38] -1
10yr (Térnhage 2002) 11 4.08 28 8.9 13.03 31 0.7% 0.21[-0.30, 0.72] 1T
10.410.4yr (Cieslak 2003) 3 0.5 29 3 0.3 32 0.7% 0.00 [-0.50, 0.50] -1
11.1£0.55yr (Dietrich 2013) 1.2 47 818 119 473 786 19.0% -0.15[-0.25, -0.05] =
11.90.6yr (Chen 2014) 469 552 213 552 524 212 5.0% -0.15[-0.34, 0.04] -
11.9 yr (Portnoy 2015) 4.06 3.72 224 579 2218 214 5.2% -0.11[-0.30, 0.08] I
12 yr (Tzortzi 2009) 9.05 3.63 11 1024 486 10 0.2% -0.27 [-1.13, 0.59] - 1
12.7 + 2.9yr (Allen 2009) 017 0.18 119 0.13 0.09 116 2.8% 0.28 [0.02, 0.54] [
12.7 yr (Yu 2009) 6.22 0.92 10 4.83 204 10 0.2% 0.84 [-0.08, 1.76]
13.4 yr (Mrug 2016) 343 283 40 231 25 39 09% 0.42[-0.03, 0.86] —
14.0+0.5yr (Belva 2013) 246 106 115 292 132 108 2.6% -0.38 [-0.65, -0.12] -
14.9yr (Alghadir 2009) active 0.22 0.015 20 0.24 0.034 30 0.5% -0.70 [-1.29, -0.12] -
14.9 yr (Alghadir 2009) sedentary 0.16 0.018 25 0.17 0.014 10 0.3% -0.57 [-1.32, 0.17] - I
14 -16yr (Fransson 2014) 6.6 2 43 109 2 89 0.9% -2.14[-2.59,-1.69] —
15.3 + 1.1yr (Covelli 2012) 27 1" 49 25 112 57 1.2% 0.18[-0.20, 0.56] T
15.5 yr (West 2010) 1064 1.02 1418 1167 1.02 1406 29.8% -1.01[-1.09, -0.93] L
16 +1yr (Georgopoulos 2011) 91 83 35 116 83 29 07% -0.30 [-0.79, 0.20] —
16.1 +1.0yr (Daughters 2013) 322 213 59 23 138 73 15% 0.52[0.17, 0.87] —
16.6 + 0,5yr (Reynolds 2013) 2593 141 573 295 19 362 10.5% -0.22[-0.35, -0.09] -
17.9 yr (Minckley 2012) 10.47 6.29 14 842 284 14 0.3% 0.41[-0.34, 1.16] -1
18 yr (Colomina 1997) 137 77 37 134 76 36 09% 0.04 [-0.42, 0.50] -
Total (95% CI) 4580 4343 100.0% -0.42 [-0.47, -0.38] |
Heterogeneity: Chi2 = 481.05, df = 28 (P < 0.00001); I = 94% 2 1 1
Test for overall effect: Z = 19.37 (P < 0.00001) Female Male
C
Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Fixed,95% CI IV, Fixed, 95%CI
0 yr (Elmlinger 2002) 253 957 42 271 97.4 44 7.7% -0.18 [-0.61, 0.24] ™
0 yr (Forest 1978) 312 168 15 448 187 3 0.9% -0.76 [-2.03, 0.51]
0 yr (Tennes 1973) 4359 3136 23 389.8 2276 17  35% 0.16 [-0.47, 0.79] -
0 yrs (Garagorri 2008) 249.41 99.32 80 280.31 124.16 58 12.0% -0.28 [-0.62, 0.06] ]
0-2 yr (Bailey 2013) 159.8 1353 261 190.2 186.2 208 41.6% -0.19 [-0.37, -0.01] =
0.4 yr (Lashansky 1991) 342 146 13 353 196 8 1.8% -0.06 [-0.94, 0.82] —
2-8 yr (Bailey 2013) 1344 756 110 129.9 71.5 86 17.4% 0.06 [-0.22, 0.34] T
3 yr (Lashansky 1991) 337 160 14 281 113 8 1.8% 0.37 [-0.51, 1.25] N
4-10 yr (Tsvetkova 1977) 518.69 193.1 9 51042 157.3 8 1.5% 0.04 [-0.91, 1.00] I
6.8 yr (Soriano-Rodriguez 2010) 4414 138 106 408.3 138 117 11.6% 2.39[2.05, 2.74] -
Total (95%Cl) 673 557 100.0% 0.17 [0.05, 0.29] *
Heterogeneity: Chi? = 186.39, df = 9 (P < 0.00001); I2 = 95% 2 1 5 1
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D
Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95%CI IV, Fixed, 95%Cl
8 yr (Apter 1979) 240 80.3 7 2262 109.5 7 0.4% 0.13[-0.91, 1.18]
8yr (Lashansky 1991) 254 86 8 229 94 7 0.4% 0.26 [-0.76, 1.28]
8yr (Ong 2004) 210 58 423 215 69 347 22.4% -0.08 [-0.22, 0.06] -
9 yr (llias 2009) 112.97  49.14 5 153.26 131.05 6 0.3% -0.36 [-1.56, 0.84] —
6-15 yr (Ross 1986) 74.5 35.9 23 80 441 24 1.4% -0.13[-0.71, 0.44] 1
10yr (Stroud 2011) 164.4 5.9 39 1465 5.99 30 0.9% 2.98[2.28, 3.68]
11-14 (Tsvetkova 1977) 42489 1711 7 4083 160 7 0.4% 0.09 [-0.95, 1.14] I A
11y (Elmlinger 2002) 341 113.5 22 364 117.3 23 1.3% -0.20 [-0.78, 0.39] 1
12.5 yr (Susman 1991) 364.7 1495 56 3443 1487 52 3.2% 0.14 [-0.24, 0.51] T
13 yr (Hackney 2003) 397.3 126.9 62 4663 162.8 63 3.6% -0.47[-0.82, -0.11] —
13yr (Lashansky 1991) 223 74 10 229 94 11 06% -0.07 [-0.92, 0.79] —
14.6 yr (Ghaziuddin 2003) 1,757.5 1,191.9 12 19147 1,658.2 9 0.6% -0.11[-0.97, 0.76] —
14.7 yr (Huybrechts 2014) 299.5 1.6 297 305.6 1.7 426 7.8% -3.67[-3.91,-3.43] ¢
15 yr (Syme 2008) 546.3  140.7 77 7146 306.24 82 4.4% -0.70[-1.02, -0.38] I
15.5yr (Lashansky 1991) 262 80 13 279 77 8 06% -0.21[-1.09, 0.68] —
16.6 + 0,5yr (Reynolds 2013) 551 154 653 590.98 202.79 401 29.1% -0.23 [-0.35, -0.10] =
17 yr (Stupnicki 1995) 347 130 14 397 125 15 0.8% -0.38 [-1.12, 0.35] —
8-18yr (Bailey 2013) 218.3 989 370 2157 1107 369 21.7% 0.02[-0.12, 0.17] *
Total (95%Cl) 2098 1887 100.0% -0.39 [-0.46, -0.32] ]
Heterogeneity: Chi? = 876.34, df = 17 (P < 0.00001); I = 98% 5 1 1 2
Test for overall effect: Z = 11.36 (P < 0.00001) Female Male

E

Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95%CI IV, Fixed, 95%CI
3yr (Lundberg 1981) 3.35 1.12 4 246 044 9 52% 1.19[-0.11, 2.49] T
4.5yr (Lundberg 1983) 85 18 8 119 55 3  43% -1.02 [-2.45, 0.41] _
3-4 yr (Wudy 2007) 20.5 6.63 25 212 649 25 28.6% -0.11[-0.66, 0.45] —a
5-6 yr (Wudy 2007) 30.5 10.2 25 254 752 25 27.4% 0.56 [-0.01, 1.13] .
5-10 yr (Nakamura 1984) 148 3.6 7 998 32 8 6.6% 1.34[0.18, 2.50] e
7-8 yr (Wudy 2007) 36.9 129 25 319 109 25 28.0% 0.41[-0.15, 0.97] T
Total (95% Cl) 94 95 100.0% 0.34 [0.05, 0.64] L 2
Heterogeneity: Chiz = 11.11, df = 5 (P = 0.05); I = 55% 2 1 0 1 2
Test for overall effect: Z = 2.28 (P = 0.02) Female Male

F

Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
8yr (Honour 2007) 2,826.86 774.81 244 2557.71 65556 188 57.7% 0.37 [0.18, 0.56] =
9-10 yr (Wudy 2007) 35.5 9.26 25 34.9 12.5 25 6.9% 0.05[-0.50, 0.61] -
4-15yr (Canalis 1982) 15.2 6.3 14 13 5.6 15 3.9% 0.36 [-0.38, 1.09] -
11-12 yr (Wudy 2007) 54.1 13.8 25 43.6 12.2 25 6.4% 0.79[0.22, 1.37] -
13 +3yr (Vaindirlis 2000) 94 32 12 69 33 10 28% 0.74[-0.13, 1.61] —
13-14 yr (Wudy 2007) 53.2 214 25 49.5 16.1 25 6.9% 0.20 [-0.36, 0.75] -
14-19yr (Nakamura 1984) 40.9 23 6 333 3.1 7 1.7% 0.45 [-0.66, 1.56] ]
15-16 yr (Wudy 2007) 68.5 21 25 65.1 22 25 6.9% 0.16 [-0.40, 0.71] -1
17-18 yr (Wudy 2007) 75 253 25 81.1 323 25 6.9% -0.21[-0.76, 0.35] -1
Total (95% Cl) 401 345 100.0% 0.32 [0.17, 0.47] *
Heterogeneity: Chi? = 8.67, df = 8 (P = 0.37); 12 = 8% 2 1 1 2

Test for overall effect: Z = 4.31 (P < 0.0001)

Figure 3: Forest plots of gender differences per subgroup (Fixed effect analyses)
A Salivary cortisol (nmol/L) <8 yr of age B Salivary cortisol (nmol/L) 8-18 yr of age C Serum cortisol (nmol/L)
<8 yr of age D Serum cortisol (nmol/L) 8-18 yr of age E 24h-urine cortisol (ug/24h) <8 yr of age F 24h-urine

cortisol (ug/24h) 8-18 yr of age

Female Male
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Meta-analysis

Nine articles (16%) did not report mean and SD values, which were therefore calculated.
Figure 3 shows the results of the fixed-effect meta-analysis. Compared to girls, boys <8
yrhad 0.21 (0.05 to 0.37) nmol/L (P=10.01, I> = 48%) higher salivary and 0.18 (0.06 to 0.30)
nmol/L (P < 0.01, I> = 94%) higher serum cortisol levels. Between ages 8-18 yr, boys had
0.42 (0.38t0 0.47) nmol/L (P < 0.01, I> = 94%) lower salivary and 0.34 (0.28 to 0.40) nmol/L
(P <0.01, > = 97%) lower serum cortisol levels. In contrast, free cortisol in 24h-urine was
0.34 (0.05 to 0.64) pg/24h (P = 0.02, I> = 55%) higher in boys aged <8 yr and 0.32 (0.17
to 0.47) ug/24h (P < 0.01, I* = 8%) higher in boys between ages 8-18 yr. The sensitivity
analyses did not significantly change the results, although it decreased the heterogene-
ity: boys <8 yr had 0.40 (0.11 to 0.69) nmol/L (P < 0.01, I* = 55%) higher salivary, 0.45 (0.30
t0 0.61) nmol/L (P < 0.01, I = 94%) higher serum and 0.28 (-0.04 to 0.61) pg/24h (P = 0.08,
I> = 33%) higher 24h-urine cortisol; boys 8-18 yr had 0.20 (0.13 to 0.26) nmol/L (P < 0.01,
I> = 47%) lower salivary, 0.10 (0.02 to 0.18) nmol/L (P = 0.01, I = 33%) lower serum and
0.24 (0.02 to 0.47) ug/24h (P = 0.04, I> = 24%) higher 24h-urine cortisol.

Appendix 3 shows the results of the random-effects meta-analyses. When analyzed by
the random-effects method, the effect estimates of serum cortisol <8 yr and between
8-18 yr became non-significant (P = 0.46 and P = 0.62, respectively). This also applied to
salivary cortisol <8 yr (P = 0.06) and urinary cortisol <8yr (P = 0.12), although trends in
the same direction were observed.

Funnel plots showed no evidence of publication bias. (Appendix 4)

DISCUSSION

The results from this meta-analysis suggest that gender-specific differences in HPA axis
activity are already present early in life. They also support previous observations which
show that cortisol metabolism diverges between genders at pubertal age. Before age
8 yr, cortisol in both serum and saliva was higher in boys compared to girls, at least in
fixed-effect meta-analysis. These patterns were reversed after age 8 yr. In contrast, gen-
der differences in 24h-urine cortisol remained consistent with age, with higher cortisol
levels in urine for boys before and after age 8 yr.

Total serum cortisol and free salivary cortisol reflect the balance between cortisol
production and degradation, i.e., the bioavailability. Our meta-analysis suggests that
puberty induces gender-specific changes in the bioavailability of cortisol, as reflected
by similar changes in both total serum and free salivary cortisol levels, at least in
fixed-effect models. Even though associations were absent for total serum cortisol in
random-effects models, the change in free salivary cortisol could not be explained by
an estrogen-induced increase in the production of CBG.* Moreover, the gender differ-
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ence in cortisol in 24hr-urine (i.e.,, non-metabolized, free cortisol, representing cortisol
production rate) remained consistent with age. Consequently, sex-hormone dependent
effects on the hepatic metabolism of cortisol are more likely to explain our observations.
Cortisol is metabolized reversibly by 11BHSD type 2, and irreversibly by a- and B-ring
reductases, and CYP3A. Animal studies showed a lower bioavailability of glucocorticoids

in females due to decreased 11BHSD type 1'®"®

and relatively increased 113HSD type 2
activity,'® as compared to males. In addition, previous observations in humans suggest
that estrogens could alter hepatic cortisol metabolism through increased CYP3A activ-
ityl19,20

11BHSD isozymes is debated in humans.>*"* Since analyses of gender-specific differ-

and decreased A-ring reduction.*”' In contrast, sex-specificity in the activities of

ences in total serum cortisol were inconclusive in random-effects models (Appendix 3)
and only one of the included studied had assessed CBG levels next to cortisol, we cannot
exclude a gender-specific influence of CBG “ on the serum cortisol level.

The HPA axis set point can be modified through an altered balance between miner-
alocorticoid and glucocorticoid receptor expression.”? Animal studies have suggested
that patterns in receptor expression develop in a gender-specific manner from birth
onwards.”* In humans, behavioral patterns that impact a child’s stress vulnerability
have been associated with gender-specific changes in cortisol levels from age 1.5 yr
onwards.""” Therefore, even in our sample of normal children, gender-specific effects of
stress exposure could be an explanation for our results.’

Even subtle disturbances in HPA axis activity have been associated with cardiovascular
disease and its risk factors.”*® Cardiovascular disease susceptibility is gender-specific,”*
which has been suggested to be due to gender differences in HPA axis activity, stress
vulnerability and responsivity.**** Early in life, developmental plasticity offers the child
the capacity to change his HPA axis set point based on stress experiences.”* This ability
offers opportunities to withstand early-life challenges, but it has also been suggested to
affect disease risk later in life. Accordingly, although the gender differences found in our
study were small, these patterns might contribute to gender-specific origins of health
and disease.’

The major strength of this study is our systematic approach and the effort to contact
all authors of eligible publications, enabling us to include the data on 16,551 healthy
children. Moreover, articles with a lack of quantitative data were included in our descrip-
tive analysis with the aim to be as complete as possible. The large sample size enabled us
to perform a sensitivity analysis, which decreased the heterogeneity between studies.
Furthermore, we accounted for this heterogeneity by calculating standardized mean
differences, based on the intervention effects relative to the variability observed.” Ad-
ditionally, we chose fixed-effect meta-analysis, because the studies with a large sample
size were most likely conducted with greater methodological accuracy.” Fixed-effect
meta-analysis has the advantage of increasing the impact of large studies on the effect
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estimate. For comparison, results of random-effects meta-analyses, which put more
weight on studies with small sample sizes, were also included. (Appendix 3).

A limitation of this study is that only a subset of studies (16%) considered gender
differences as the primary outcome. In addition, in 22 studies (28%) samples were not
collected specifically during mornings. Both could have led to a selection or perfor-
mance bias, which we accounted for in our sensitivity analysis. Furthermore, 21 articles
with data on 3,985 subjects could not be included in the meta-analysis due to lack of
gender-stratified quantitative data, while most of these articles reported no significant
gender differences. However, funnel plots of the articles included in the meta-analysis
were not suggestive of publication bias. Instead, the plots seem to indicate that most
articles reported on the nonexistence of gender differences, which might be a result of
the common idea that gender differences are nonexistent at this early age. Nonetheless,
our meta-analysis shows that significant gender differences are already present early in
life. Another limitation is that almost all studies that reported on salivary or serum cor-
tisol used immunoassays. Due to its superior specificity, liquid chromatography-tandem
mass spectrometry is the method of choice for steroid hormone analysis.> Furthermore,
we stratified studies based on the mean age or age range of the study group. Since
study samples differed in age range, we have probably included some subjects < 8 yr
of age in the 8-18 yr groups, and vice versa. An overview of the age ranges of studies
included in the meta-analysis is presented in Appendix 5. Moreover, only a minority of
the included studies assessed Tanner pubertal staging. Therefore, we were unable to
address the question at which maturational stage the direction of the gender-specific
dimorphism in cortisol changes.

CONCLUSIONS

In conclusion, gender differences in HPA axis activity are present early in life, with higher
salivary cortisol concentrations in boys. A gender-specific evolution of cortisol metabo-
lism is suggested to be induced by puberty, resulting in lower bioavailability of cortisol
in boys. Although results from random-effects analyses were inconclusive for serum
cortisol, the gender difference in cortisol production seems to be consistent between
genders with age. Future research should take gender differences in HPA axis activity
into account, regardless of age. Whether gender differences in stress-induced cortisol
levels also exist is unknown and remains to be explored.
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APPENDIX 1

Appendix 1A: Search strategy for PubMed (14 January 2016)

Search Query Records (n)
#1 “Hydrocortisone”[Mesh] OR “Glucocorticoids”[Mesh] OR “11-beta-Hydroxysteroid 250,920

Dehydrogenases”[Mesh] OR “Tetrahydrocortisone”[Mesh] OR “Tetrahydrocortisol”[Mesh]
OR cortisol*[tiab] OR hydrocortison*[tiab] OR epicortisol*[tiab] OR cortifair*[tiab] OR
cortril*[tiab] OR glucocorticoid*[tiab] OR beta hydroxysteroid dehydrogenase*[tiab]

OR 11 oxoreductase*[tiab] OR 11 oxidoreductase*[tiab] OR 11 hydroxysteroid
dehydrogenase*[tiab] OR 11b hydroxysteroid dehydrogenase*[tiab] OR

11 reductase*[tiab] OR 11beta hydroxysteroid dehydrogenase*[tiab] OR
tetrahydrocortiso*[tiab] OR “hsd11b2"[tiab] OR “11bhsd2"[tiab] OR “11betahsd2"[tiab]
OR 11beta hsd*[tiab] OR hydroxycortisol*[tiab] OR “Circadian Rhythm"[Mesh] OR “twenty
four hour”[tiab] OR circadian*[tiab] OR diurnal*[tiab] OR nyctohemeral*[tiab]

#2 child*[tw] OR schoolchild*[tw] OR infan*[tw] OR adolescen*[tw] OR pediatri*[tw] OR 3,664,351
paediatr*[tw] OR neonat*[tw] OR boy[tw] OR boys[tw] OR boyhood[tw] OR girl[tw] OR
girls[tw] OR girlhood[tw] OR youth[tw] OR youths[tw] OR baby[tw] OR babies[tw] OR
toddler*[tw] OR “Mental Disorders Diagnosed in Childhood”[MeSH] OR teen[tw] OR
teens[tw] OR teenager*[tw] OR newborn*[tw] OR postneonat*[tw] OR postnat*[tw]
OR perinat*[tw] OR puberty[tw] OR preschool*[tw] OR suckling*[tw] OR picu[tw] OR
nicu[tw] OR “Arthritis, Juvenile”[Mesh] OR “Myoclonic Epilepsy, Juvenile”[Mesh] OR
“Leukemia, Myelomonocytic, Juvenile"[Mesh] OR “Xanthogranuloma, Juvenile”[Mesh]
OR“Juvenile Delinquency”[Mesh] OR “Corneal Dystrophy, Juvenile Epithelial of
Meesmann”[Mesh]

#3  “Sex Characteristics”[Mesh] OR “Sex Factors"[Mesh] OR sex characteristic*[tiab] OR 451,894
sex difference*[tiab] OR sex dimorphism*[tiab] OR sexual dimorphism*[tiab] OR
sexual difference*[tiab] OR sexual characteristic*[tiab] OR sex factor*[tiab] OR sexual
factor*[tiab] OR sexual dimorphi*[tiab] OR sex influenc*[tiab] OR sexual influenc*[tiab]
OR gender*[tiab]

#4  (#1 AND #2 AND #3) 2,643

Abbreviations: Mesh = Medical subject headings; tiab = words in title OR abstract; tw = words in title, ab-
stract, MeSH and other content related fields
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Appendix 1B: Search strategy for Embase.com (14 January 2016)

Search Query Records (n)

#1 ‘hydrocortisone’/exp OR‘glucocorticoid’/de OR'11beta hydroxysteroid dehydrogenase’/ 235,221
exp OR ‘tetrahydrocortisone’/exp OR ‘tetrahydrocortisol’/exp OR cortisol*:ab,ti
OR hydrocortison*:ab,ti OR epicortisol*:ab,ti OR cortifair*:ab,ti OR cortril*:ab,ti
OR glucocorticoid*:ab,ti OR (‘beta hydroxysteroid’ NEAR/3 dehydrogenase*):ab;ti
OR (11 NEXT/1 oxoreductase*):ab,ti OR (11 NEXT/1 oxidoreductase*):ab,ti OR (‘11
hydroxysteroid’ NEXT/1 dehydrogenase*):ab,ti OR (‘'11b hydroxysteroid’ NEXT/1
dehydrogenase*):ab,ti OR (11 NEXT/1 reductase*):ab,ti OR ('11beta hydroxysteroid’
NEXT/1 dehydrogenase*):ab,ti OR tetrahydrocortiso*:ab,ti OR 'hsd11b2":ab,ti
OR’11bhsd2":ab,ti OR'11betahsd2":ab,ti OR (11beta NEXT/1 hsd*):ab,ti OR
hydroxycortisol*:ab,ti OR (‘trier social stress’ NEXT/1 test*):ab,ti OR tsst:ab,ti OR (stress
NEAR/3 hormone*):ab,ti OR (stress NEAR/3 marker*):ab,ti

#2  adolescen*:ab,ti OR‘adolescence’/exp OR‘adolescent coping orientation for problem 4,477,134
experiences’/exp OR‘adolescent development’/exp OR ‘adolescent disease’/exp OR
‘adolescent health’/exp OR‘adolescent parent’/exp OR ‘adolescent pregnancy’/exp
OR‘adolescent smoking'/exp OR ‘adolescent’/exp OR ‘adolescent-family inventory of
life events and changes'/exp OR babies:ab,ti OR baby:ab,ti OR ‘birth weight’/exp OR
boy:ab,ti OR boyhood:ab,ti OR boys:ab,ti OR ‘brazelton neonatal behavioral assessment
scale’/exp OR ‘child abuse’/exp OR ‘child advocacy'/exp OR ‘child behavior checklist’/
exp OR‘child behavior'/exp OR ‘child care’/exp OR ‘child death’/exp OR ‘child health
care’/exp OR ‘child health’/exp OR ‘child nutrition’/exp OR ‘child parent relation’/exp
OR ‘child psychology’/exp OR ‘child restraint system’/exp OR ‘child safety’/exp OR ‘child
welfare’/exp OR child*:ab,ti OR ‘child’/exp OR ‘childhood disease’/exp OR ‘childhood
mortality’/exp OR ‘childhood'/exp OR girl:ab,ti OR girlhood:ab,ti OR girls:ab,ti ORhigh
risk infant’/exp OR infan*:ab,ti OR ‘infant disease’/exp OR ‘infant mortality’/exp OR
‘infant nutrition’/exp OR ‘infant welfare’/exp OR ‘infanticide’/exp OR ‘infantile diarrhea’/
exp OR‘infantile hypotonia’/exp OR ‘juvenile delinquency’/exp OR neonat*:ab,ti OR
‘neonatal weight loss’/exp OR ‘newborn disease’/exp OR ‘newborn morbidity’/exp
OR’newborn period’/exp OR newborn*:ab,ti OR ‘newborn’/exp OR nicu:ab,ti OR ‘only
child’/exp OR paediatr*:ab,ti OR pediatri*:de,ab,ti OR ‘pediatric advanced life support’/
exp OR‘pediatric anesthesia’/exp OR ‘pediatric cardiology'/exp OR ‘pediatric hospital’/
exp OR’pediatric intensive care nursing’/exp OR ‘pediatric nurse practitioner’/exp OR
‘pediatric nursing’/exp OR ‘pediatric rehabilitation’/exp OR ‘pediatric surgery’/exp OR
‘newborn hypoxia’/exp OR ‘pediatric ward'/exp OR ‘pediatrics’/exp OR perinat*:ab,ti OR
‘perinatal development’/exp OR ‘perinatal period’/exp OR ‘persistent hyperinsulinemic
hypoglycemia of infancy’/exp OR picu:ab,ti OR postnat*:ab,ti OR ‘postnatal care’/exp
OR‘postnatal development’/exp OR‘postnatal growth’/exp OR postneonat*:ab,ti OR
preschool*:ab,ti OR puberty:ab,ti OR runaway behavior'/exp OR ‘school child":ab,ti
OR schoolchild*:ab,ti OR ‘severe myoclonic epilepsy in infancy’/exp OR suckling*:ab;ti
OR teen:ab,ti OR teenager*:ab,ti OR teens:ab,ti OR toddler*:ab,ti OR ‘transient
hypogammaglobulinemia of infancy’/exp OR youth:ab,ti OR youths:ab,ti

#3  ‘sexdifference’/exp OR‘sex ratio’/exp OR (‘boy’/exp AND ‘girl’/exp) OR (sex NEAR/3 1,014,014
characteristic*):ab,ti OR (sex NEAR/3 difference*):ab,ti OR (sex NEAR/3 dimorphism*):ab,ti
OR (sexual NEAR/3 dimorphism*):ab,ti OR (sexual NEAR/3 difference*):ab,ti OR (sexual
NEAR/3 characteristic*):ab,ti OR (sex NEAR/3 factor*):ab,ti OR (sexual NEAR/3 factor*):ab,ti
OR (sexual NEAR/3 dimorphi*):ab,ti OR (sex NEAR/3 influenc*):ab,ti OR (sexual NEAR/3
influenc*):ab,ti OR gender*:ab,ti OR (boy*:ab,ti AND girl*:ab,ti) OR sex:ab,ti

#4  (#1 AND #2 AND #3) 4,280

/exp = EMtree keyword with explosion; /de = EMtree keyword without explosion; :ab,ti = words in title
or abstract; NEXT/x = words in that order next to each other, x places apart; NEAR/x = words near to each
other, x places apart
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APPENDIX 2

Risk of bias of studies included in the meta-analysis (See for argumentation Online Supplementary
File 2)

Risk of selection bias included: participants’age range, and sex-specific differences in participation or base-
line characteristics. Risk of performance bias included: time of sample collection, protocol transparency,
and sex-specific differences in protocol compliance. Risk of detection bias included: sex-specific differences
in assay methods. Non-parametric distribution of the data was recorded as a risk of other biases. Bias could
be assessed as low (i.e., unlikely to alter the results), unclear (i.e., raises doubt about results) or high (i.e.,
weakens confidence in results). Colored squares indicate: B = Low risk © = Unclear risk, B = High risk of
bias.

Selection bias
Performance bias
Detection bias

Other bias

Bailey 2013

Elmlinger 2002

Forest 1978

Garagorri 2008
Lashansky 1991
Soriano-Rodriguez 2010
Tennes 1973

Tsvetkova 1977

A. Serum <8 yr

Selection bias
Performance bias
Detection bias

Other bias

Apter 1979
Bailey 2013
Elmlinger 2002
Ghaziuddin 2003
Hackney 200
Huybrechts 2014
Ilias 2009
Lashansky 1991
Ong 2004
Reynolds 2013
Ross 1986
Stroud 2011
Stupnicki 1995
Susman 1991
Syme 2008
Tsvetkova 1977

B. Serum 8-18 yr
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De Bruijn 2009
Gunnar 2010
Mills 2008
PRrez-Edgar 2008
T@rnhage 2002
Tout 1998
C. Saliva <8 yr

Detection bias

Selection bias
Performance bias

Other bias

Alghadir 2009
Allen 2009
Azurmendi 2016
Belva 2013
Chen 2014
Cicchetti 2001
Cieslak 2003
Colomina 1997
Covelli 2012
Daughters 2013
Dietrich 2013
Fransson 2014
Georgopoulos 2011
Jones 2006
Martikainen 2013
Michels 2012
Minckley 2012
Mrug 2016
Osika 2007
Portnoy
Reynolds 2013
Tornhage 2002
Turan 2015
Tzortzi 2009
West 2010

Yu 2009

D. Saliva 8-18 yr
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Selection bias
Performance bias
Detection bias

Other bias

Lundberg 1981
Lundberg 1983
Nakamura 1984
Wudy 2007

?
?

E. Urine <8 yr

Selection bias
Performance bias
Detection bias

Other bias

Canalis 1982
Honour 2007
Nakamura 1984
Vaindirlis 2000
Wudy 2007

F. Urine 8-18 yr
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APPENDIX 3

Forest plots of gender differences per subgroup (Random effect analyses)

Male Female Std. Mean Difference Std. Mean Difference
Study orSubgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
0 yr (Davis 1995) 30.1 36.4 18 295 328 18 9.2% 0.02 [-0.64, 0.67] -1
3 yr (Gunnar 2010) 4.03 4.58 37 3.89 3.01 54 15.4% 0.04 [-0.38, 0.46] -
3.3 yrs (De Bruijn 2009) 282 1.86 19 245 1.82 27 10.6% 0.20 [-0.39, 0.79] -
4 yr (Pérez-Edgar 2008) 119 47 51 108 5 60 16.9% 0.22[-0.15, 0.60] A
4.1yr (Mills 2008) 3.03 276 115 276 2.76 85 20.6% 0.10 [-0.18, 0.38] N
4.3 yr (Tout 1998) 579 248 38 441 138 37 13.8% 0.68 [0.21, 1.14] e
4yr (Gunnar 2010) 292 1.35 11 447 488 13 6.7% -0.40 [-1.22, 0.41] -1
7.3yr (Térhage 2002) 105 52 19 52 188 11  6.8% 1.19 [0.38, 2.00] —
Total (95% Cl) 308 305 100.0% 0.23 [-0.01, 0.48] &

Heterogeneity: Tau? = 0.05; Chi? = 13.34, df = 7 (P = 0.06); I> = 48% T T r !

Test for overall effect: Z = 1.90 (P = 0.06) 2 —F1emale OMa\e ! 2

A. Serum <8 yr

Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV,Random, 95%CI IV,Random, 95% CI
8yr (Jones 2006) 9.58 1.51 68 1059 149 72 37% -0.67 [-1.01,-0.33] -
8 yr (Azurmendi 2016) 8 414 49 635 3.59 41 3.5% 0.42[-0.00, 0.84] —
8yr (Martikainen 2013) 6.8 17 126 8 1.7 132 3.9% -0.70 [-0.96, -0.45] -
8.4 yr (Michels 2012) 1266 6.12 183 13.84 896 202 4.0% -0.15 [-0.35, 0.05] -
9 yr (Alghadir 2009) active 0.13 0.026 25 0.16 0.017 12 2.6% -1.25[-2.00, -0.50]
9yr (Alghadir 2009) sedentary 0.18 0.014 12 0.2 0.028 16 2.5% -0.84 [-1.62, -0.05]
9.2 yr (Cicchetti 2001) 864 516 124 952 521 80 3.8% -0.17 [-0.45, 0.11] -
9.4 yr (Turan 2015) 52 32 79 56 108 74 38% -0.05[-0.37, 0.27] —
9.9 yr (Osika 2007) 5.34 21 34 55 333 50 3.5% -0.05[-0.49, 0.38] I
10yr (Térnhage 2002) 11 4.08 28 8.9 13.03 31 3.3% 0.21[-0.30, 0.72] T
10.4+0.4yr (Cieslak 2003) 3 05 29 3 03 32 33% 0.00 [-0.50, 0.50] -1
11.1£0.55yr (Dietrich 2013) 1.2 47 818 119 473 786 4.1% -0.15[-0.25, -0.05] -
11.9£0.6yr (Chen 2014) 469 552 213 552 524 212 4.0% -0.15[-0.34, 0.04] |
11.9 yr (Portnoy 2015) 4.06 372 224 579 2218 214 4.0% -0.11[-0.30, 0.08] 1
12 yr (Tzortzi 2009) 9.05 3.63 11 1024 4.86 10 2.4% -0.27 [-1.13, 0.59] L
12.7 + 2.9yr (Allen 2009) 0.17 0.18 119 0.13 0.09 116 3.9% 0.28[0.02, 0.54] _'_
12.7 yr (Yu 2009) 6.22 092 10 483 2.04 10 2.2% 0.84 [-0.08, 1.76] T
13.4 yr (Mrug 2016) 343 283 40 231 25 39 35% 0.42[-0.03, 0.86] |
14.0+0.5yr (Belva 2013) 246 106 115 292 132 108 3.9% -0.38 [-0.65, -0.12] -
14.9yr (Alghadir 2009) active 0.22 0.015 20 0.24 0.034 30 3.1% -0.70 [-1.29, -0.12] -
14.9 yr (Alghadir 2009) sedentary ~ 0.16 0.018 25 0.7 0.014 10  2.6% -0.57 [1.32,0.17] —
14 -16yr (Fransson 2014) 6.6 2 43 109 2 89 34%  -214[-259,-169] ——
15.3 + 1.1yr (Covelli 2012) 27 " 49 25 112 57 3.6% 0.18 [-0.20, 0.56] T
15.5 yr (West 2010) 10.64 1.02 1418 1167 1.02 1406 4.1% -1.01[-1.09, -0.93] -
16 +1yr (Georgopoulos 2011) 91 83 35 116 83 29 33% -0.30 [-0.79, 0.20] — T
16.1 £1.0yr (Daughters 2013) 322 213 59 23 138 73 3.7% 0.52[0.17, 0.87] -
16.6 + 0,5yr (Reynolds 2013) 2593 141 573 295 19 362 4.1% -0.22 [-0.35, -0.09] -
17.9 yr (Minckley 2012) 1047 6.29 14 842 284 14 2.6% 0.41[-0.34, 1.16] N
18 yr (Colomina 1997) 137 77 37 134 76 36 34% 0.04 [-0.42, 0.50] -1
Total (95% Cl) 4580 4343 100.0% -0.23 [-0.43, -0.03] L 2
Heterogeneity: Tau? = 0.25; Chi? = 481.05, df = 28 (P < 0.00001); I = 94% t t } t

-2 -1 1 2

Test for overall effect: Z = 2.23 (P = 0.03) Female Male

B. Serum 8-18 yr
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Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV,Random,95%Cl IV, Random, 95%CI
1-7d (Elmlinger 2002) 524 190.82 28 569 18444 17  7.2% -0.23[-0.84, 0.37] —
8-15d (Elmlinger 2002) 311 99.75 20 342 119.39 20 71% -0.28 [-0.90, 0.35] -
0 yr (Forest 1978) 312 168 15 448 187 3 5.0% -0.76 [-2.03, 0.51] - 1
0 yr (Tennes 1973) 4359 313.6 23 389.8 2276 17 71% 0.16 [-0.47,0.79] I
0 yrs (Garagorri 2008) 24941  99.32 80 280.31 124.16 58 7.8% -0.28 [-0.62, 0.06] ]
0.4 yr (Lashansky 1991) 342 146 13 353 196 420 7.3% -0.06 [-0.61, 0.50] I
0-2 yr (Bailey 2013) 159.8 1353 261 190.2 186.2 208 8.1% -0.19[-0.37, -0.01] ™
16d-3y (Elmlinger 2002) 253 9566 42 271 9744 44 T7% -0.18 [-0.61, 0.24] i
3 yr (Lashansky 1991) 337 160 14 281 113 8 6.3% 0.37 [-0.51, 1.25] I
4-10 yr (Tsvetkova 1977) 518.69 193.1 9 51042 157.3 8 6.1% 0.04 [-0.91, 1.00] - 1
4-6y (Elmlinger 2002) 253 143.88 28 218 117.86 23 7.3% 0.26 [-0.29, 0.81] T
6.8 yr (Soriano-Rodriguez 2010) 441.4 13.8 106 408.3 138 117 7.8% 2.39[2.05,2.74]
7-8y (Elmlinger 2002) 400 14158 26 204 12347 24 7.2% 0.780.21, 1.36] —
2-8 yr (Bailey 2013) 13441 7557 110 12991 7148 86 7.9% 0.06 [-0.22, 0.34] -
Total (95% Cl) 775 1053 100.0% 0.17 [-0.28, 0.63] ?
Heterogeneity: Tau? = 0.67; Chi? = 194.87, df = 13 (P < 0.00001); I = 93% 2 1 s 1
Test for overall effect: Z = 0.75 (P = 0.46) Eemale Male
C. Saliva <8 yr
Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV,Random,95%CI v, ,95%Cl
8 yr (Apter 1979) 240  80.3 7 2262 1095 7 36% 0.13[-0.91, 1.18] —
8yr (Lashansky 1991) 254 86 8 229 94 7 37% 0.26 [-0.76, 1.28] —
8yr (Ong 2004) 210 58 423 215 69 347 45% -0.08 [-0.22, 0.06] -
9 yr (llias 2009) 11297  49.14 5 153.26 131.05 6 3.4% -0.36 [-1.56, 0.84] - 1
9-10y (Elmlinger 2002) 317 165.82 31 328 153.32 40 4.3% -0.07 [-0.54, 0.40] /1
6-15 yr (Ross 1986) 745 359 23 80 441 24 42% -0.13[-0.71, 0.44] —T
10yr (Stroud 2011) 164.4 59 39 1465 5.99 30 4.1% 2.98[2.28, 3.68]
11-14 (Tsvetkova 1977) 42489 1711 7 4083 160 7 3.6% 0.09[-0.95, 1.14] N
11y (Elmlinger 2002) 341 113.5 22 364 117.3 23 4.2% -0.20 [-0.78, 0.39] -1
12y (Elmlinger 2002) 386 114.29 22 388 117.35 23 4.2% -0.02 [-0.60, 0.57] -1
12.5 yr (Susman 1991) 364.7 1495 56 3443 1487 52 4.4% 0.14 [-0.24, 0.51] T
13y (Elmlinger 2002) 430 131.12 21 442 103.32 25 4.2% -0.10 [-0.68, 0.48] -1
13 yr (Hackney 2003) 397.3 1269 62 4663 162.8 63 4.4% -0.47 [-0.82,-0.11] I
13yr (Lashansky 1991) 223 74 10 229 9 11 39% -0.07 [-0.92, 0.79] —_—r
14y (Elmlinger 2002) 440 109.18 32 466 131.63 30 4.3% -0.21[-0.71, 0.29] I
14.6 yr (Ghaziuddin 2003) 1,757.5 1,191.9 12 1,914.7 1,658.2 9 3.9% -0.11[-0.97, 0.76] S
14.7 yr (Huybrechts 2014) 299.5 16 297 305.6 1.7 426 4.5% -3.67[-3.91,-3.43] ¢
15 yr (Syme 2008) 546.3 1407 77 7146 30624 82 45% -0.70 [-1.02, -0.38] —
15.5yr (Lashansky 1991) 262 80 13 279 7 8 3.9% -0.21[-1.09, 0.68] - 1
16y (Elmlinger 2002) 444 111.99 31 388 116.58 40 4.3% 0.48[0.01, 0.96] _'_
16.6 + 0,5yr (Reynolds 2013) 551 154 653 590.98 202.79 401 4.6% -0.23 [-0.35, -0.10] -
17 yr (Stupnicki 1995) 347 130 14 397 125 15 4.1% -0.38[-1.12,0.35] [
8-18yr (Bailey 2013) 218.3 989 370 2157 110.7 369 4.5% 0.02[-0.12,0.17] T
17-19y (Elmlinger 2002) 465 124.74 30 403 103.57 42 4.3% 0.54[0.07, 1.02] -
Total (95% Cl) 2265 2087 100.0% -0.11 [-0.56, 0.33] *
Heterogeneity: Tau? = 1.12; Chi? = 906.47, df = 23 (P < 0.00001); I> = 97% 2 1 5 1
Test for overall effect: Z = 0.50 (P = 0.62) Female Male
D. Saliva 8-18 yr
Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV,Random, 95%CI IV, Random, 95% CI
3yr (Lundberg 1981) 3.35 1.12 4 246 044 9 9.9% 1.19[-0.11, 2.49] T
4.5yr (Lundberg 1983) 85 1.8 8 119 55 3 8.6% -1.02[-2.45,0.41]
3-4 yr (Wudy 2007) 205 663 25 212 649 25 234% -0.11 [-0.66, 0.45] —r—
5-6 yr (Wudy 2007) 30.5 10.2 25 254 752 25 23.1% 0.56 [-0.01, 1.13] =
5-10 yr (Nakamura 1984) 148 36 7 998 32 8 11.6% 1.34[0.18, 2.50] e E—
7-8 yr (Wudy 2007) 36.9 129 25 319 109 25 23.3% 0.411[-0.15,0.97] T
Total (95% Cl) 94 95 100.0% 0.39 [-0.10, 0.87] -
Heterogeneity: Tau? = 0.18; Chi? = 11.11, df = 5 (P = 0.05); I = 55% '2 '1 0 1'

Test for overall effect: Z = 1.55 (P = 0.12)

E. Urine <8 yr

Female Male
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Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, 95%Cl v, 95%Cl
8yr (Honour 2007) 2,826.86 774.81 244 2,557.71 655.56 188 47.0% 0.37[0.18, 0.56] =
9-10 yr (Wudy 2007) 35.5 9.26 25 34.9 12.5 25 8.6% 0.05[-0.50, 0.61] -
4-15yr (Canalis 1982) 15.2 6.3 14 13 5.6 15 5.0% 0.36 [-0.38, 1.09] -
11-12 yr (Wudy 2007) 541 138 25 436 122 25 79% 0.79[0.22, 1.37] I
13 #3yr (Vaindirlis 2000) 94 32 12 69 33 10  3.6% 0.74 [-0.13, 1.61] B —
13-14 yr (Wudy 2007) 532 214 25 495 151 25  85% 0.20 [-0.36, 0.75] i
14-19yr (Nakamura 1984) 40.9 23 6 33.3 3.1 7 23% 0.45[-0.66, 1.56] —
15-16 yr (Wudy 2007) 68.5 24 25 65.1 22 25 8.5% 0.15[-0.41, 0.70] -1
17-18 yr (Wudy 2007) 75 253 25 81.1 323 25 8.5% -0.21[-0.76, 0.35] -1
Total (95% Cl) 401 345 100.0% 0.31[0.14, 0.48] <

Heterogeneity: Tau? = 0.01; Chi* = 8.71, df = 8 (P = 0.37); I’ = 8% T T t 1

Test for overall effect: Z = 3.59 (P = 0.0003) 2 e e

S}
N

F. Urine 8-18 yr
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APPENDIX 4

Funnel plots

o]
=
o
-+
o .-
-2
im.\dH |||||||||||| o
Tl @]
el Q © 8] +o
Tl Q
— AR
S B
=
@
w
ol
\ . L . .
I t i t t
= — ™~ ™ -+ wy
= = = = =

A. Serum <8yr

SMD

.. SE(SND)

031

s

B. Serum 8-18 yr



179

Gender-specific HPA-axis activity in childhood

]
=
o
L
LA Su|
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
-
- —+
- -
-
-
-
-
L
-
o
- Q
-
-
Bl G T
-
.r....o Q +=
~. o}
o =0
Q e
-
-
it
T
-r.-
-
~. Q
s
s -
- ]
-
-
-
Ta
-
-
-
-
-
N
T
-
-
-
“
-
S
)
—
[
=
o
=
L
Lix}
! J J } J
t t t 1 t
= ™~ =+ ] o —
= = = (=1

C. Saliva <8 yr

SMD

=]

1 BE(EMD)

0.2

0.4

naT
1

D. Saliva 8-18 yr



Chapter 9

180

[}
=
ol
.
-
-
-
-
- ek
-
-
-
-
-
-
-
-
-
-
-
o
-0
- Q
- +—
-
-
-
-
-
- o
-
-
\\\
o [ e it
-
T
-
-
s
- 4=
-
-0
-
e
-
-
-
e
T
-
-
-
-
e
~Q +
-
-
-
-
N
S
-
-
-
-
-
S
)
—
[m]
=
o
=
L
[dn]
L ! ! I !
t t t t t
(= o~ -+ w o —
= = = =

E. Urine <8 yr

]

. BE(SNID)

02+

04T

0.6+

08T
1

F. Urine 8-18 yr



APPENDIX 5.

Gender-specific HPA-axis activity in childhood

Overview of age ranges of studies included in meta-analysis

Study Mean age + SD* Study Mean age + SD*
Davis 1995 2 days Mrug 2016 13.36 £ 0.95 yr
Forest 1978 115.3 £120.1 days Vaindirlis 2000 13yr+35yr
Tennes 1973 3 days Hackney 2003 13.4+09yr
Garagorri 2008 3 days Belva 2013 girls 14.0 £ 0.5 yr, boys 14.0 £ 0.4 yr
De Bruijn 2009 38.61 + 9.4 months Ghaziuddin 2003 146+ 1.5yr
Lundberg 1981 3yr Huybrechts 2014 147 +£1.2yr
Gunnar 2010 3.81+£0.23yr Fransson 2014 ranges 14-16 yr
Mills 2008 4.14+0.24 yr Nakamura 1984 5-10yrand 14-19yr
Tout 1998 mean 4.3 yr Covelli 2012 153+ 1.1yr
Lundberg 1983 boys mean 52.3 months, West 2010 154+ 04 yr

girls 54.9 months
Soriano-Rodriguez 2010 6.8 £0.19 yr Syme 2008 boys 14.4 + 1.7 yr, girls 14.4 + 1.9 yr
Michels 2012 boys 8.44 £ 1.18 yr, Daughters 2013 16.1yr+1.0yr

girls 839+ 1.20yr
Apter 1979 range 7.5 -8.5yr Reynolds 2013 16.6 yr £ 0.5 yr
Azurmendi 2016 8yr Georgopoulos 2011 boys 15.3 £ 2.0 yr, girls 16.0 + 1.4 yr
Honour 2007 range 8.2 -84 yr Minckley 2012 17.86 + (S.E.M.) 0.096 yr
Jones 2006 range 7-9yr Stupnicki 1995 boys 17.3 £ 0.8 yr, girls 16.4 + 0.6 yr
Martikainen 2013 boys 8.2+ 0.3 yr, Colomina 1997 range 17.5-18.5yr

girls 8.1 £0.3 yr
Ong 2004 82+0.1yr Elmlinger 2002 ranges 16 days -3 yr, 11 yr
Cicchetti 2001 9.24+2.33yr Tsvetkova 1977 ranges 4-10 yrand 11-14 yr
Turan 2015 9.38+£0.62yr Lashansky 1991 Boys0.42+0.24,3.2+16,74+ 138,
Osika 2007 9.9+0.6 yr 13.1+£1.2,152+1.4yr
llias 2009 boys 9.5+ 1.9yr, Girls 0.42+£0.2,25+1.5,93+£22,125
Cieslak 2003 girls 9.1 £1.3yr +0.9,159+0.7 yr

104+ 0.4 yr
Stroud 2011 10517 yr Bailey 2013 0.41+0.37,5.29+1.74,13.48 £3.03 yr
Dietrich 2013 11.1yr+0.55yr Wudy 2007 ranges 3-4, 5-6, 7-8,9-10, 11-12, 13-14,
Chen 2014 11.87 £0.60 yr 15-16,17-18 yr
Portnoy 2015 11.92+£0.59 yr Alghadir 2009 boys 9.3+ 1.5and 149+ 3.7 yr

Susman 1991

Allen 2009
Yu 2009

Ross 1986
Canalis 1982

mean boys 12.72 yr,
girls 11.99 yr
12.7yr+29yr

126 +1.8yr

range 6-15 yr
range 4-15 yr

Tornhage 2002

Tzortzi 2009

girls 8.96 £ 1.8 and 14.82 £ 4.6 yr

median girls 7.4 and 10.3 yr,
boys 7.1 and 10.2 yr

ranges boys 10 yr and 3 months - 13
yr and 7 months, girls 10 yr and 3
months — 13 yr and 3 months

*Unless otherwise indicated
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ONLINE SUPPLEMENTARY FILES

1. Extracted data of studies included in the meta-analysis (https://doi.org/10.6084/
m9.figshare.11013239.v1)

2. Risk of bias of studies included in the meta-analysis (https://doi.org/10.6084/
m9.figshare.11014217.v1)
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ABSTRACT

Background

In adults, hypothalamus-pituitary—adrenal (HPA) axis activity shows sexual dimorphism,
and this is thought to be a mechanism underlying sex-specific disease incidence.
Evidence is scarce on whether these sex differences are also present in childhood. In a
meta-analysis, we recently found that basal (non-stimulated) cortisol in saliva and free
cortisol in 24-h urine follow sex-specific patterns. We explored whether these findings
could be extended with sex differences in HPA axis reactivity.

Methods

From inception to January 2016, PubMed and EMBASE.com were searched for studies
that assessed HPA axis reactivity in healthy girls and boys aged <18 years. Articles were
systematically assessed and reported in the categories: (1) diurnal rhythm, (2) cortisol
awakening response (CAR), (3) protocolled social stress tests similar or equal to the Trier
Social Stress Test for children (TSST-C), (4) pharmacological (ACTH and CRH) stress tests,
and (5) miscellaneous stress tests.

Results

Two independent assessors selected 109 out of 6158 records for full-text screening, of
which 81 studies (with a total of 14,591 subjects) were included. Studies showed that
girls had a tendency towards a more variable diurnal rhythm (12 out of 29 studies), a
higher CAR (8 out of 18 studies), and a stronger cortisol response to social stress tests (9
out of 21 studies). We found no evidence for sex differences in cortisol response after a
pharmacological challenge or to miscellaneous stress tests.

Discussion

Sex differences in HPA axis reactivity appear to be present in childhood, although evi-
dence is not unequivocal. For a better evaluation of sex differences in HPA axis reactivity,
standardization of protocols and reports of stress tests is warranted.



Gender-specific HPA-axis reactivity in childhood
BACKGROUND

Marked gender differences exist in the incidence of several diseases. While men are
more prone to obesity, cardiovascular disease, and infectious diseases, women are
more susceptible to anxiety, depression, and autoimmune diseases. Sex-specific risks
for chronic, non-communicable diseases are thought to result from a combination of
genotype, phenotype, and environmental influences during life. Whereas adjustment
to environmental challenges is healthy in the short term, developmental plasticity can
cause sex-specific adverse effects in the long term.’

One of the possible explanations for this sexual dimorphism in disease is a sex-specific
reactivity of the hypothalamus-pituitary-adrenal (HPA) axis. HPA-axis functioning can
be distinguished by on the one hand the maintenance of homeostasis by controlling
basal activity as well as the sensitivity to stressors and, on the other hand, coping with,
adapting to, and recovery from reactions to stressors. These processes are controlled by
mineralocorticoid and glucocorticoid receptors (MRs and GRs). MRs are mainly involved
with basal HPA-axis activity, whereas GRs predominantly regulate HPA-axis reactivity.” In
animals, receptor expression patterns appear to develop in a sex-specific manner, with
sex differences already present at birth.? In humans, sexually dimorphic HPA-axis reactiv-
ity has also been reported in adulthood: men showed a greater cortisol response to acute
real-life or controlled laboratory psychological stress compared to women.* Additionally,
cortisol responses increased with age in both men and women, but the effect was three-
fold stronger in women compared to men, which could possibly be attributed to meno-
pause.’ These patterns closely resemble those of cardiovascular disease mortality and
morbidity.® While the setting of HPA-axis functioning results from the balance between
MR and GR expression,” interactions with the hypothalamus-pituitary-gonadal (HPG)
axis are thought to mediate sex-specific stress reactions as well as pathophysiology.’

It has previously been hypothesized that disease susceptibility can originate in child-
hood, possibly through permanent alterations in HPA-axis activity to environmental chal-
lenges.' We recently showed that basal HPA-axis activity, represented by non-stimulated
cortisol concentrations in saliva and free cortisol in 24-h urine, show sexual dimorphism,
with a sex-specific change induced by puberty.® In addition, gender differences in the

reactivity of the HPA-axis have also been described in children,**'

although evidence is
scarce and not systematically reviewed. Therefore, we aimed to examine whether sex-
specific differences in HPA-axis reactivity are present in childhood.

To study this sex-specific reactivity of the HPA-axis, we performed a systematic review
of the literature. The reactivity of the HPA-axis was defined as the response to either
exogenous (e.g., pharmacological, physical, or social) or endogenous (e.g., cortisol
awakening response (CAR)) stimuli. In addition, we included diurnal rhythm as a marker

of the responsiveness of the HPA-axis, although it functions differently from reactions of
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the HPA-axis to stressors. We hypothesized that sex-specific HPA-axis reactivity is already
present early in life.

METHODS

Search strategy

PubMed and Embase.com were searched from inception up to January 14, 2016 for
studies addressing HPA-axis reactivity in serum or saliva in boys and girls aged <18 years
by reports of either absolute cortisol values, slopes, AUCs, and/or through visualization
of the data in figures. The full search strategy is detailed in Appendix 1 and was based
on the index terms or free-text words ‘cortisol’ or ‘glucocorticoid;, and ‘sex difference’ or
‘sexual characteristics, and ‘child’ or ‘adolescent’. We excluded studies on children with
(psycho)pathology, on synthetic glucocorticoids or with a risk of abnormal HPA axis
reactivity (e.g., maltreatment). We did not impose restrictions on the year of publica-
tion or study design, apart from reviews and case reports, but we did apply an English
language restriction. The review protocol was based on the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) statement.

Data collection

Two independent assessors (BvdV and JJH) screened 6,158 titles and abstracts for as-
sessment of sex-specific HPA-axis reactivity. Studies were not assessed blindly. Disagree-
ment between assessors was discussed until consensus was reached. One hundred nine
were eligible for full-text screening, of which 81 studies were included in the systematic
review.

Figure 1 shows the flowchart of the search. When reports of results were unclear,
the authors were contacted (n=4); two authors responded. One author did not reply
and one replied but could not provide sufficient data, resulting in exclusion of these
studies. Additionally, articles were excluded when 1) no statistical analysis of reactivity
was performed (n=9), 2) pharmacological stress tests did not use corticotropin releasing
hormone (CRH) and/or ACTH (n=2), 3) HPA-axis reactivity was presented stratified by
gender, without analyzing gender differences (n=6), 4) gender was analyzed only as a
confounder or effect modifier (n=3), 5) analyses of sex differences were performed with
cases and controls combined (n=2) or 5) cortisol reactivity was defined as the variability
of cortisol concentrations over several days to months (n=3). Several articles reported
on the same cohort. Provided that extra information was presented, all articles were
included in the review. Two articles were excluded as no new information was provided
compared to other articles describing the same cohort. With respect to case-control
studies, we included only the control group.
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6,923 records identified 3 additional articles identified
through database searching through other sources
v v

6,158 records, after removal of duplicates

v

\4

5,744 records were not eligible for
inclusion based on title/abstract

414 full-text articles
assessed for eligibility

305 full-text articles were not
eligible for inclusion

v

109 full-text articles were

eligible for inclusion

A 4

81 studies included in
systematic review

28 full-text articles excluded due to:

1. No analysis sex-specific reactivity

2. Gender only analyzed as effect
modifier or confounder or was only

stratified for.

3. No use of CRH and/or ACTH in
pharmacological stress tests

4. Only variability of cortisol over

several days to months assessed

5. Articles reported on the same
cohort, without providing extra
information

6. Cases and controls analyzed
combined

Figure 1: This flowchart presents the different phases of the systematic review, conform the PRISMA-state-

ment. (www.prisma-statement.org)

Data analysis

HPA axis reactivity was classified as follows: 1) diurnal rhythm, 2) CAR, 3) protocolled
social stress tests similar or equal to the Trier Social Stress Test for children (TSST-C), 4)
pharmacological (ACTH and/or CRH) tests, or 5) miscellaneous stress tests. One assessor
(JJH) assessed all the articles and sorted them according to the categories above. Data
were extracted from the articles and systematically summarized. If more than one type
of reactivity was assessed within one article, the data were included in all applicable

categories.

RESULTS

A short overview of all articles is presented in Tables 1 through 5. For a more in-depth
summary of the articles, see Online Supplementary File 1. Data on 14,591 subjects were

included in this review, with an age range of 31 hours to 18 years.
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Table 1: Summary of articles describing sex differences in diurnal rhythmicity

Author (year) Sample size Age

Sampling points

Medium Results

Adam (2010)

Bae (2015)

Barbosa
(2012)

Bartels (2003)

Carrion
(2002)

Doom (2013)

Fransson
(2014)

Garcia (1990)

Haen (1984)

Jones (2006)

Kelly (2008)

Kjolhede
(2014)

Knutsson
(1997)

Kuhlman
(2015)

Lumeng
(2014)

Martikainen
(2013)

230

138
(70 controls)

145

360

31

110

157

76

(21 controls)

64

140

2995

342

235

121

252

17.04+0.36 yrs

10.7+1.7 yrs

8-10yr group:
9.0+0.8 yrs;

11-14yr group:

11.9+1.0yrs
12 yrs

Mean: 10.9 yrs

9.42+0.88 yrs

14-16 yrs

11.2+£0.37 yrs

1mo.to 15yrs

7-9yrs

15.4£0.32 yrs

9.5£1.9yrs

2.2-18.5yrs

12.8+2.3 yrs

3-4yrs

8.1+0.3 yrs

6x/day on 3 days

3x/day on 3 days

2x

4x/day on 2 days

4x/day on 3 days

3x/day on 5 days
4x (including CAR)
3-hourly during 24
hours

6 hourly (4x)

5x

2x, 30min apart in
the morning

3x/day on 4 days

7X

4x/day on 2 days

3x/day on 3 days

7X

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Blood

Blood

Saliva

Saliva

Saliva

Blood

Saliva

Saliva

Saliva

Lower diurnal cortisol curves
in boys

Higher levels at awakening,
30 minutes after awakening
and higher total daily output
in girls; levels in the evening
and diurnal slope: no sex
differences

No sex differences, higher
diurnal decline in children
aged 11-14 yrs old

No sex differences; pubertal
status not assessed

No sex differences; pubertal
status not associated with
reactivity

No sex differences; pubertal
status not assessed

Steeper decline in girls

No sex differences; pubertal
status not assessed

No sex differences; pubertal
status not assessed

No sex differences; pubertal
status not assessed

Steeper decline in girls

No sex differences; pubertal
status not assessed

No sex differences, except
for higher values in girls at
pubertal stage 2

No impact of sex on cortisol
at awakening or linear
decline, but boys showed less
deceleration of the diurnal
decline between dinner and
bed-time.

No sex differences; pubertal
status not assessed

Higher morning cortisol in
girls, no sex difference in
nadir
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Table 1: Summary of articles describing sex differences in diurnal rhythmicity (continued)

Author (year) Sample size Age Sampling points Medium Results

Matchock 120 Boys: 9,11 or 6x (including CAR) Saliva Cortisol peak occurred later

(2007) 13 yrs; in boys than girls during later
girls: 8,10 or puberty. Higher morning
12yrs cortisol in boys at pubertal

stage 2. AUCg: no effect of
sex, but significant pubertal
stage effect

Michels 385 5-10yrs 4x (including CAR) Saliva No sex differences except

(2012) somewhat steeper decline in
girls (p=0.30)

Morin-Major 88 14.5£1.8 yrs 4x/day on 2 days Saliva Higher AUC in girls

(2016)

Netherton 129 12.8+£0.19yrs  2x/day on 4 days Saliva Mid-post pubertal girls higher

(2004) morning cortisol than boys.

No sex differences in variance
across the four days

Osika (2007) 84 9.940.55 yrs 5x (including CAR) Saliva No sex differences; pubertal
status not assessed

Rosmalen 1768 11.08+0.55yrs  3x (including CAR) Saliva Higher morning cortisol levels

(2005) in girls, no sex differences

in evening cortisol, already
present in pre-pubertal
children. Age or pubertal
status not associated with
cortisol levels.

Ruttle (2013) 346 11,13 and 3x/day on 3 days Saliva Steeper slope in girls at ages
15 yrs 11 and 13, and in longitudinal
analyses; higher cortisol levels
in girls throughout the day

atage 15
Shirtcliff 357 9,11,13 and 3x/day on 3 days Saliva Steeper slopes, more
(2012) 15 yrs curvature in girls.
Advancement through

puberty: rhythm becomes
flatter, especially in girls

Susman 111 Boys: 9,11 or 6x (including CAR) Saliva No sex differences; pubertal
(2007) 13 yrs; girls: 8, status not associated with
100r12yrs reactivity
Tzortzi (2009) 21 10-14 yrs 20x (including CAR)  Saliva No sex differences; pubertal
status not assessed
Vaillancourt 154 1474£9.07 mo.  2x/day on 3 days Saliva Higher morning levels in
(2008) girls on Saturday, multilevel

regression: consistently
higher production in girls

Vanaelst 355 5-10yrs 4x/day on 2 days Saliva No sex differences; pubertal
(2013) (including CAR) status not assessed
Williams 27 9.13+1.41yrs  3x/day on 2 days Saliva Boys exhibited flatter slopes

(2013) (including CAR) than girls
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Table 2: Summary of articles describing sex differences in cortisol awakening response (CAR)

Author (year) Sample size Age

Sampling points

Medium Results

Adam (2010) 230
Bae (2015) 138
(70 controls)
Bouma 644
(2009)

Bright (2014) 47

Dietrich 1604
(2013)

Fransson 157
(2014)

Hatzinger 102
(2007)

Jones (2006) 140
Kuhlman 121
(2015)

Martikainen 252
(2013)

Michels 385
(2012)
Morin-Major 88
(2016)

Osika (2007) 84

Pruessner 42
(1997)

Susman 111

(2007)

Tzortzi (2009) 21

Vanaelst 355
(2013)

Williams 27
(2013)

17.04 +£0.36 yrs

10.7+1.7 yrs

16.13+£0.59 yrs

12-24 months

11.1£0.55 yrs

14-16 yrs

4.91+0.44 yrs

7-9 yrs

12.8£2.3yrs

8.1£0.3 yrs

5-10yrs

14.5+1.8 yrs

9.9+0.55 yrs

11.16£1.99 yrs

Boys:9, 11 or
13 yrs; girls: 8,
100r12yrs

10-14 yrs

5-10yrs

9.13£1.41 yrs

0 and 40 min after
awakening

0 and 30 min after
awakening

0 and 30 min after
awakening

0 and 30 min after
awakening
0 and 30 min after
awakening

0,30 and 60 min
after awakening
0, 10,20 and 30 min
after awakening

0 and 30 min after
awakening

0 and 45 min after
awakening

0, 15 and 30 min
after awakening
0,30 and 60 min
after awakening

0 and 30 min after
awakening

0and 15 min after
awakening

On 3 days: 0,10, 20
and 30 min after
awakening

0,20 and 40 min
after awakening

From waking: every
20 min until 3 hours
after awakening
0,30 and 60 min
after awakening

0 and 30 min after
awakening

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

No sex differences; pubertal
status not assessed

Higher levels in girls at
awakening and 30 min after
awakening, no sex differences
in awakening response

Higher basal levels in girls,
no difference in awakening
responses

No sex differences; pubertal
status not assessed

AUCg and absolute cortisol
values higher in girls, AUCi no
sex differences

Higher CARin girls

Higher CAR in girls

CAR present in boys, not girls

No sex differences; pubertal
status not assessed

Higher AUCg in girls, same
increase and AUCi

No sex differences; pubertal
status not assessed

Correlated to sex, higher CAR
in girls

No sex differences; pubertal
status not assessed

Marginal differences: higher
in girls

No sex differences; pubertal
status not associated with
reactivity

No sex differences; pubertal
status not assessed

No sex differences; pubertal
status not assessed

No sex differences; pubertal
status not assessed
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Table 3: Summary of articles describing sex differences in protocolled social stress test similar or equal to
the TSST-C

Author (year) Sample size Age Sampling points Medium Results
Bae (2015) 169 10.8+1.8 yrs 8x (3 before, 5 after)  Saliva No sex differences; pubertal
(81 controls) status not associated with
reactivity
Bouma 644 16.13+0.59 yrs  5x (2 before, 3 after)  Saliva Cortisol responses were
(2009) (Groningen Social stronger in boys
Stress test)
Bouma 553 16.07£0.90 yrs  4x (1 before, 3 after)  Saliva Boys had higher cortisol
(2011) (Groningen Social levels on sample 2
Stress Test)
De Veld 158 10.61+£0.52 yrs  7x (2 before, 5 after) ~ Saliva Cortisol response stronger
(2012) in girls
Dockray 111 Boys: 9, 11 or 5x, 2 before, 3 after ~ Saliva No sex differences; age but
(2009) 13 yrs; girls: 8, not pubertal stage associated
100r12yrs with reactivity in girls, no
associations in boys.
Evans (2013) 707 13.77+£3.56 yrs  After each period/ Saliva In children (7-12): lower
task, at the middle cortisol reactivity in boys
of the documentary experiencing less emotional
and at the end of it warmth
(in fig. 2: 6 samples, Adolescents (13-20): no sex
2 before, 4 during/ differences
after) (Social stress
tests based on TSST)
Gunnar 82 4 ages groups:  10x, 3 before, 7 after  Saliva No sex differences, except
(2009) 9(9.79+0.16), higher cortisol reactivity in
1 girlsatage 13

(11.57+0.15),
13 (13.55+0.46)
15 (15.55+0.47)

Hostinar 191 144+1.93yrs  6x (2 before, 4 after)  Saliva No sex differences; higher

(2014) (TSST for groups) intercepts and greater
anticipatory responses with
increasing age, pubertal
status not assessed

Hostinar 81 (40 Children: 4x (1 before, 3 after)  Saliva Stronger response in
(2015) children, 41 9.97+0.52 yrs, 9-10 year old girls, no
adolescents) adolescents: sex differences among
16.05+0.39 yrs adolescents
Ji (2016) 135 Boys: 9,11 or 5x (2 before, 3 after)  Saliva At wave 3 (each waves
13 yrs; girls: 8, separated by 6 months): girls
100r12yrs stronger reaction to stressor,

no sex differences in recovery

Jones (2006) 140 7-9 yrs 7x (3 before, 4 after)  Saliva Anticipatory rise in both,
further increment in girls

Kudielka 31 12.1£0.3 yrs 5x, 1 before, 4 after  Saliva No sex differences; pubertal
(2004) status not assessed
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Table 3: Summary of articles describing sex differences in protocolled social stress test similar or equal to
the TSST-C (continued)

Author (year) Samplesize Age

Sampling points

Medium Results

Lu (2014)

Martikainen
(2013)

Martin (2011)

Mrug (2016)

Peckins
(2012)

Portnoy
(2015)

Raikkonen
(2010)

Strahler
(2010)

Trickett
(2014)

87

252

40

84

124

446

292

62

303
maltreated,
151 control

12.7+£0.3 yrs

8.1£0.3 yrs

16-18 yrs

13.36+0.95 yrs

10.49+1.68 yrs;
boys: 9,11 or
13 yrs; girls: 8,
100r12yrs

11.92+0.59 yrs

8.1£0.3 yrs

6-10yrs

Maltreated:
10.84+1.16 yrs;
comparison:
11.11£1.15yrs

9x, not specified
when

7x (2 before, 5 after)
7x (1 before, 6 after)

3x, 1 before, 2 after

5x, 2 before, 3 after

4x, 1 before, 3 after

7x (2 before, 5 after)

4x, 1 before, 3 after

6x (2 before, 4 after)

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

Saliva

More negative logAUCi in
girls (less increase)

Higher peak, AUCg and AUCi
in girls

No sex differences; pubertal
status not assessed

Higher post-test cortisol and
AUCi in girls

No sex differences; pubertal
status not associated with
reactivity

No sex differences in
AUCg; pubertal status not
associated with reactivity

Boys lower than girls

No sex differences; pubertal
status not assessed

Cortisol response blunted in
girls compared to boys
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Table 4: Summary of articles describing sex differences in pharmacological stress tests

Sampling Results

medium

Author Sample size Age Study protocol Sampling
(year) points
Dahl (1992) 25 10.3+1.6  CRHchallenge: 9x,3

yrs Tug/kgivin the before, 6

late afternoon  after

Dorn (1996) 20 control 15.1£1.0 CRHchallenge: 12x,6

subjects yrs Tug/kgivin the before, 6
evening after
Forest 20 infants, Infants: ACTH test: 2x, 1
(1978) 35 5-365 500pg/m’imat  before, 1
prepubertal  days, 8:00and 20:00  after
children children:  on 3 days)
1-12.6 yrs
Lashansky 102 2 months ACTH test: 2x, 1
(1991) -17yrs  0.25mgivin before, 1

the morning after

Ross (1986) 21 6-15yrs ~ CRHchallenge: 7x,2
1ug/kgivinthe before, 5
evening after

Stroud 68 11.6+1.9 CRHchallenge: 9-10x,3

(2011) yrs Tug/kgivin the before,

late afternoon  6-7 after

Tsvetkova 31 4-14yrs  ACTH test: 2x, 1
(1977) 0.5mgiminthe before, 1
morning after

Blood

Blood

Blood

Blood

Blood

Blood

Blood

Greater peak in boys

No sex differences; groups
matched for pubertal status,
effect not analyzed

No sex differences; pubertal
status not assessed

No sex differences; decrease
in stimulated cortisol

levels with puberty, more
pronounced in boys

No sex differences; pubertal
status not associated with
reactivity

Sex by Tanner differences:
girls increases and boys
decreases in cortisol with
pubertal maturation, girls
decreases and boys stable in
reactivity. Boys larger peak
change.

No sex differences; pubertal
status not assessed
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Diurnal rhythm

Twenty-nine studies (with the data of 8,971 subjects) described diurnal rhythmicity and/
or decline of cortisol throughout the day in children, of which 15 studies reported no
significant sex differences.'™ Fourteen studies reported significant sex differences, of
which 12 reported higher cortisol levels and/or a steeper decline over the day in girls.
Both Adam et al. * (n=230, age: 17.04+0.36 years) and Williams et al. ¥ (n=27, age:
9.13£1.41 years) reported a steeper diurnal cortisol curve in girls. Morin-Major et al. *®
(n=88, age: 14.5+1.8 years) found a higher area under the curve as measured from the
ground (AUCg) in girls. Martikainen et al. > (n=252, age: 8.1+0.3 years) reported a higher
cortisol level at awakening in girls, while there was no difference between sexes at nadir,
suggesting a steeper cortisol decline over the day in girls compared to boys. This was
also found by Rosmalen et al. *° (n=1768, age: 11.08+0.55 years) , who found this to be
already present pre-pubertally, while age and pubertal status were not associated with
diurnal rhythm. Fransson et al. *' (n=157, age: 14-16 years) found a higher cortisol level
at awakening and a steeper diurnal decline in girls. Kelly et al. ** (n=2,995, age: 15.4+0.3
years) found a greater decrease in cortisol concentration in girls as compared to boys
between +/- 9 a.m. and 9:30 a.m. Ruttle et al. * (n=346, age: 11, 13 and 15 years) and
Shirtcliff et al. ** (n=357, age: 9, 11, 13 and 15 years) examined the same cohort. Ruttle et
al. found a significantly steeper diurnal decline in girls aged 11 and 13 years. At age 15,
gender differences in cortisol slope had disappeared, although girls had higher cortisol
levels throughout the day. Shirtcliff et al. found similar differences, with higher cortisol
and steeper slopes, as well as more curvature, in girls. Moreover, the circadian rhythm
became flatter with advancing puberty, particularly among girls. Vaillancourt et al. *
(n=154, age: 147+9.1 months) examined morning and evening cortisol levels on Mon-
day, Thursday and Saturday. They only found a higher cortisol concentration in girls on
Saturday morning. Moreover, after modeling the circadian pattern, they found that girls
consistently had higher cortisol levels than boys throughout the day. Bae et al ** (n=138,
age: 10.7+1.7 years) found higher cortisol levels in girls at awakening and 30 min after
awakening, as well as a higher total daily output. However, no sex differences were found
with regard to diurnal slope or evening levels. Netherton et al. *” (n=129, age: 12.8+0.19
years) found higher morning cortisol levels in mid- to post-pubertal girls compared to
boys, but no sex differences were found in evening cortisol levels. In pre- to early- puber-
tal children, no sex differences were found in either morning or evening cortisol levels.
Contrastingly, Kuhiman etal.*® (n=121, age: 12.8+2.3 years) reported no sex differences in
cortisol levels at awakening or in linear decline, although girls showed more deceleration
of the diurnal decline between dinner and bedtime than boys. Matchock et al. ** (n=120,
age: boys: 9, 11 or 13 years; girls: 8, 10 or 12 years) found an earlier cortisol peak in the
morning in girls, and at pubertal stage 2 a lower morning cortisol levels in girls. However,
although a pubertal stage effect was found, there were no sex differences in the AUCg.
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CAR
Eighteen studies (with the data of 3,549 subjects) described the CAR in children. Nine

15-18,21,26,27,38,40

studies did not find differences between boys and girls, although four of

these '*'®

studied the CAR as part of the diurnal rhythm, and did not perform separate
analyses for the CAR, with therefore limited data available on the CAR. Additionally,
Michels et al. '® (n=385, age: 5-10 years) and Vanaelst et al. >' (n=355, age: 5-10 years)
reported on the same cohort, and Osika et al. ™* (n=84, age: 9.9+0.55 years) only took
samples between 0 and 15 minutes after awakening. Nine studies found significant dif-
ferences in CAR between sexes, of which eight found a higher CAR in girls. Martikainen
et al. ? (n=252, age: 8.1+0.3 years) found a higher peak after awakening in girls, as well
as a higher AUCg. However, the awakening response (i.e., the peak value after awaken-
ing minus the value immediately after awakening) as well as the AUC increase (AUCi)
were not significantly different between the sexes. This was also found by Bouma et al.
*1 (n=644, age: 16.1£0.6 years) and Dietrich et al. ** (n=1604, age: 11.1£0.6 years), who
reported on the same cohort (albeit at different ages) and found higher morning cortisol
concentrations in girls, but a similar response to awakening in boys and girls, manifest-
ing as a higher AUCg in girls but a similar AUCi between sexes. Additionally, Bae et al. *
(n=138, 10.7£1.7 years) found higher cortisol levels in girls at awakening and 30 minutes
after awakening, although they did not find sex differences in the AUCg. Fransson et
al. >' (n=157, age: 14-16 years) and Hatzinger et al. ® (n=102, age: 4.9+0.4 years) both
found a higher CAR in girls, and Pruessner et al. ** (n=42, age: 11.2+2.0 years) showed a
tendency towards larger increases in girls compared to boys. Morin-Major et al. *® (n=88,
age: 14.5+1.8 years) found a correlation between the CAR and sex, with a higher CAR in
girls. Contrastingly, Jones et al. " (n=140, age: 7-9 years) found the CAR to be absent in
girls, but present in boys.

Protocolled social stress tests similar or equal to the TSST-C

Twenty-one studies (with the data of 3,500 subjects) examined responses to standardized
social stress tests. Eighteen used the TSST-C (validated in children aged =7 years), while
three used other laboratory-based social stress tests that closely resemble the TSST-C
#1434, the Groningen Social Stress Test (GSST) which consisted of a 6-minute speech,
a brief interlude and a subtracting task, and a psychosocial stress test which consisted
of a mental arithmetic task, a public speaking task and a computer mathematics task.
Eight studies, of which two studied the same cohort, did not find sex differences,****
while 13 did find sex differences. Ji et al. >* (n=135, age: boys: 9, 11 or 13 years; girls: 8,
10 or 12 years) reported on the same cohort as Dockray et al. *® and Peckins et al.*°, who
did not find sex differences. However, Ji et al. found that at wave 3, where each wave is
separated by six months, girls had a stronger cortisol response to the stressor, although

they did not find sex differences with regard to cortisol recovery. Raikkonen et al. >
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(n=292, age: 8.1+0.3 years) and Martikainen et al. * (n=252, age: 8.1+0.3 years) reported
on the same cohort, and found a higher peak after stress and higher AUCs (both ground
and increase) in girls, while no pre-test differences were found. De Veld *° (n=158, age:
10.61+0.52 years) found a stronger cortisol response in girls. Jones et al. '* (n=140, age:
7-9 years) found an anticipatory rise in cortisol in both sexes, but only an additional
increase after the TSST-C in girls. Evans et al. * (n=707, age: 13.8+3.6 years) found that
girls aged <12 years displayed higher cortisol reactivity to the psychological stress test,
while sex differences were not present in subjects aged 13-20 years. A similar result was
found by Hostinar et al. *” (n=81, age: 9.97+0.52 (children) and 16.05+0.39 (adolescents)
years), who found a stronger cortisol response in girls at ages 9 to 10, and no sex differ-
ences among the adolescents. Gunnar et al. *® (n=82, age: 9, 11, 13 and 15 years) found
a significantly higher AUCi in girls in response to the TSST-C at age 13, while no sex
differences were found at ages 9, 11 and 15 years. Mrug et al. *° (n=84, age: 13.4+1.0
years) found a higher cortisol 55 min post-test as well as a greater AUCi in girls. On the
other hand, Lu et al. ° (n=87, age: 12.7+0.3 years) found a significantly more negative
logAUCi in girls, indicative of a smaller increase in cortisol in girls compared to boys after
the TSST-C, and Trickett et al. ®' (n=151 controls, age 11.11%1.15 years) found a blunted
cortisol response in girls compared to boys. Additionally, Bouma et al. *' (n=644, age
16.1+0.6 years), who used the GSST, found lower cortisol responses in girls compared to
boys, which was further specified in a study published by Bouma et al. in 2011 *® (n=553,
age: 16.07+0.90 years), who found lower cortisol levels in girls on the first sample after
completing the GSST.

Pharmacological stress tests

Seven studies (with the data of 322 subjects) investigated cortisol responses to pharma-
cological ACTH or CRH. Five studies (3 with ACTH, 2 with CRH) did not find significant

6266 and 2 studies found a smaller cortisol increase in girls. Stroud et al. *’

sex differences
(n=68, age: 11.9+1.9 years), who performed a CRH challenge with 1ug/kg human CRH,
found a smaller increase from baseline in girls compared to boys for all Tanner pubertal
stages. Additionally, sex-specific pubertal changes were observed, with a baseline corti-
sol that increased in girls and decreased in boys with advancing puberty. Moreover, girls
showed decreases in reactivity/recovery rates (in pg/dL/min), as well as increases in total
cortisol response (AUCQ) and time to peak cortisol levels with pubertal maturation. Boys,
on the other hand, showed little change in reactivity/recovery rates and no changes
across puberty for the other parameters. Dahl et al. ®® (n=25, age: 10.3£1.6 years) also
performed a 1pg/kg human CRH challenge, and found a smaller increase in cortisol

concentration in girls compared to boys.
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Miscellaneous stress tests

Twenty-five studies (with the data of 3,004 subjects) performed a wide range of other
stress tests.
Three studies were performed in infants aged <1 year (with the data of 285 sub-

871 of which two found a lower cortisol reactivity in girls: Davis and Emory % (n=36,

jects),
age: 31.0+8.1 h), who used the Neonatal Behavior Assessment Scale, and Eiden et al. ”°
(n=217, age: 9 months), who used the Laboratory Temperament Assessment Battery.
Eight studies (with the data of 1,472 subjects) were performed in children aged 1-7
years, of which six ”*”” found no sex differences. Hatzinger et al. ** (n=102, age: 4.9+0.4
years) used the MacArthur Story Stem Battery and found a higher reactivity in girls. Mills

etal.”®(

n=214, age: 4.1+0.2 years) used easy and difficult matching tasks with standard-
ized failure and success. They found decreases in cortisol concentrations in both sexes
up to 15 min post-stressor but only further decreases in boys.

Fourteen studies (with the data of 1,247 subjects) assessed stress in children aged >7
years using miscellaneous protocols. Four studies performed psychological stress tests:
one found no sex differences ’°, while three found lower reactivity in girls. Zijlmans et al.
® (n=52, age: 12.5+1.2 years) used a computerized testing paradigm, the social evalu-
ative stress test (SEST), containing elements of social evaluation, unpredictability and
uncontrollability. A lower reactivity was found in girls. Daughters et al. ®' (n=132, age:
16.1+1.0 years) used the Behavioral Indicator of Resiliency to Distress (BIRD) and found
no cortisol increase and slower cortisol decrease in girls, while there were no sex differ-
ences in AUCg. Minkley and Kirchner ® (n=93, age: 17.9+0.1 years) used two knowledge
tests aimed at testing “reproduction of knowledge” or “transfer and problem-solving”.
A lower reactivity was found in girls, although this was not statistically significant. Ten
other studies assessed cortisol reactivity to physical stressors, of which seven did not

8838 of which two reported on the same cohort.***® Chiodo et

find sex differences,
al® (n=16, age: boys: 140 years, girls: 131 years) used a Tackwondo competitions as
stressor, and found lower overall values in girls, although they did exhibit a higher peak
compared to boys. Stupnicki et al. ° (n=29, age: 16-17 years) used physical exercise and
found a cortisol increase after physical exercise in girls, compared to a decrease in boys.
Frias et al. °' (n=48, age: 13-17 years) assessed cortisol reactivity after acute alcohol in-
toxication (AAl). Both boys and girls showed an increase in cortisol concentrations after
AAl compared to controls, but this increase was more pronounced in girls, although this

was not statistically tested.
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DISCUSSION

In this systematic review, we found that sex differences in HPA-axis reactivity are sug-
gested to be present in childhood. In general, with regard to diurnal rhythm, the CAR
and social stress tests, around 50% of the studies, notably the larger ones, found sex
differences, of which approximately 80% found a more variable diurnal rhythm, a higher
CAR, and/or a stronger cortisol response to social stress tests in girls, suggestive of a
more variable HPA-axis. We found no evidence for a sex difference in cortisol response
after a pharmacological challenge, with only two out of 7 studies reporting a higher
cortisol response in boys. Findings from studies addressing sex differences in cortisol
response after miscellaneous (social or physical) stress tests were inconsistent, due to
different types of stressors applied.

In total, 12 out of 29 studies found a more variable diurnal rhythm in girls, while 2
found this in boys and 15 did not find sex differences. A higher CAR in girls was found
in 8 out of 18 studies, although 1 study found a higher CAR in boys and 9 studies found
no sex differences. Girls had a stronger cortisol response to social stress tests in 9 out
of 21 studies, whereas boys had a stronger response in 4 studies and no sex differences
were found in 8 studies. Therefore, although results are suggestive of a more responsive
HPA-axis in girls during childhood, these results must be interpreted with caution as the
evidence is not unequivocal. However, the sample sizes of the studies that found sex
differences were on average larger, while the studies that did not find sex differences
more often had a sample size <100.

Our results differed considerably with findings from studies in adults. Notably, psycho-
logical stress studies in adults either found no gender difference or a more pronounced
cortisol response in men.* This difference might be explained by gonadal hormones,
more specifically estrogens. In childhood, as we have shown in this review, cortisol re-
activity appears to be more pronounced in females. However, other research has shown
that in adults, females were found to exhibit attenuated cortisol responses to stress,
and males displayed a higher cortisol reactivity.* Consequently, it could be hypothesized
that post-menopausal women once again show a stronger cortisol response to stress
compared to men of the same age. Otte et al. >, who performed a meta-analysis to evalu-
ate and quantify age-related changes in cortisol response, found a three-fold higher
increase in cortisol reactivity with aging in women compared to men. However, studies
examining cortisol reactivity in elderly subjects are inconclusive with regard to gender
differences.””*

According to the Developmental Origins of Health and Disease (DOHaD) hypothesis,
disease susceptibility arises early in development' and might be mediated by HPA-axis
(re)activity. Dysfunctional (hypo- or hyperreactive) HPA-axis responses have previously
been associated with cardiovascular disease risk.”® In addition, more subtle differences
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in early HPA-axis settings can also contribute to sex-specific disease risks throughout
life.'**

Sex differences in HPA-axis reactivity might be due to interactions between the HPA-
and HPG-axes, and several mechanisms have been proposed. Estradiol has been shown
to enhance, while testosterone inhibited CRH gene transcription in the hypothalamus.’
In addition, estradiol has been found to sensitize the pituitary, thereby increasing the
ACTH response, while progesterone seemed to oppose this effect.” Moreover, estrogen
receptors (ERs) are widely expressed throughout the brain, especially in the limbic
system. Although not unequivocal, the distribution of the ER subtypes a and 3, which
have opposing actions on the HPA-axis,” is probably sex-dependent.”” In rats, gender
differences in the expression of ERs were already present early in life.'” It is possible that
sex differences in the balance and distribution of ERa and ERP in the brain are already
present before puberty as a result of priming ' or genetics, which subsequently change
after the onset of puberty. In addition, the sensitivity of the adrenal cortex to ACTH is
suggested to be increased in young women,’” while estrogens were found to increase
the production of corticosteroid-binding globulin (CBG),”" decrease glucocorticoid
receptor (GR) expression and activation,” and lower hepatic clearance of cortisol by in-
hibition of A-ring reduction .'” In contrast, testosterone was found to inhibit the release
of ACTH, while progesterone possibly acts as a glucocorticoid antagonist.>*'* However,
estrogens seem to have different effects in (postmenopausal) women and men,'*'%
and ACTH responses to a TSST after 2 weeks of DHEA or placebo treatment was found
to be equal for women treated with DHEA to those of men, but increased compared
to women taking placebos.” These HPA-/HPG-axes interactions might explain why the
sex differences in HPA-axis reactivity that we found in children are not corroborated by
studies in adults. Moreover, some of the included studies in this review took pubertal

13,24,30,33,34,36,37,39,45,48,50-52,64,65,67,83,94 Alt h oug h d |ffe rent (SeX‘S pec |ﬁC) ef'

status into account,
fects of pubertal status on cortisol reactivity were found, HPA-/HPG-axes interactions
might nevertheless play a role in the possible sex-specific changes in HPA-axis reactiv-
ity throughout puberty. Furthermore, levels of estradiol and progesterone are highly
variable in post-menarcheal girls and, there, HPA-HPG-axes interactions might even
fluctuate across the menstrual cycle.

The different natures and effects of the applied stressors are something to take into
account when assessing HPA-axis reactivity. Different types of stressors activate dif-
ferent levels along the HPA-axis: standard ACTH tests stimulate the adrenals directly,
while psychological tests are indirect stimuli of the adrenal cortex through activation
of the limbic system. Moreover, the diurnal rhythm and CAR are largely controlled by
the suprachiasmatic nucleus, which influences CRH release from the paraventricular
nucleus.'” Additionally, males seem to have a “fight or flight” reaction, with a stronger
response when confronted with an achievement challenge (in which you can succeed
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or fail at a task), while women show a“tend or befriend” response, and therefore seem to
be more sensitive to stress tests that incorporate social rejection or peer pressure.®"'%1%
This might be due to the previously mentioned HPA-/HPG-axes interactions, as well as
possible sexually dimorphic site-specific GR and MR expression patterns in the brain.>'"
Consequently, when designing a study, it is important to realize what type of stress and
which level of the HPA-axis is aimed to be tested. Subsequently, the effect of gender
on that specific type of stressor should be taken into account. We recommend using
standardized protocols, since gender-specific effects on HPA-axis reactivity have been
best described with regard to standardized stress protocols.

Additionally, comparing the results of the studies included in our systematic review
was hampered by the fact that data were collected and presented in numerous ways. For
the same reason, it was impossible to perform a meta-analysis. Moreover, only limited
information was often provided, and it is therefore possible that (subtle) sex differences
were not found. This was the case for all categories of HPA-axis reactivity discussed in
this review. In order to draw more precise conclusions concerning gender differences in
HPA-axis reactivity in childhood, we wish to argue using standardized protocols, as well
asastandardized presentation of results for future studies on HPA-axis reactivity. Seeman
and Robbins """ have defined stress resiliency as “the overall pattern of HPA response to
challenge”, which includes the rate of initial response, the magnitude of the response,
and the rate of recovery of the HPA-axis. In order to be able to draw conclusions on all
of these aspects, and to enable unbiased, quantitative comparisons, reporting data on
HPA-axis reactivity should take all of these aspects into account. This can be done by
both reporting absolute cortisol values (e.g., minimum and maximum cortisol levels) as
well as derived variables (e.g., time to peak/recovery, delta cortisol, ascending/descend-
ing slopes and areas under the curve), preferably analyzing sex differences for all these
parameters. This will allow a full appreciation and overview of the course followed by
cortisol from pre- to post-stressor.

Our review has several strengths and limitations. Our strengths lie in the systematic
and extensive search performed, which has resulted in the inclusion of 81 studies. Our
review is limited not only by the previously mentioned concerns, but also by the broad
range in ages as well as the lack of (reliable) establishment of pubertal stage in the major-
ity of the included articles. Although several studies mention an effect of age or pubertal

13,22,24,30,33,34,36,37,39,45,48,50-52,54,57,58,64,65,67,83,94 ﬁ nd | ngs are Conﬂict'

status on cortisol reactivity,
ing between the articles. Moreover, we ourselves were unable to draw any conclusions
with regard to age or pubertal status, due to the heterogeneous ways of analyzing these
effects as well as limited power within studies. Moreover, pubertal status was often
assessed through self-report, which has poor reliability.''> However, it is possible that
the effect of age and/or pubertal status can partly explain our unequivocal conclusions

regarding sex differences, as was previously suggested by Jessop and Turner-Cobb."
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Aside from standardizing the collection and presentation of data, we therefore urge to
also always take age and pubertal status into account. This is in line with a recent study
in adults, which showed that adjusting for sex hormones significantly alters sex-specific
cortisol profiles.'”

In conclusion, we found that gender differences in HPA-axis reactivity appear to be
present in childhood, suggestive of priming of the HPA-axis during early development,
although the evidence is not unequivocal. Overall, girls appear to have a more variable
diurnal rhythm, a higher CAR, and a higher cortisol response to social stress tests. These
differences are not in line with studies in adults, which might be due to changes in
gonadal hormones during puberty impacting on HPA axis reactivity. We found various
gender differences depending on the type of stressor applied, which stresses the im-
portance of taking the nature of the stressor into account when designing a new study.
Moreover, standardization of protocols and reports of results is warranted.
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APPENDIX 1

Appendix 1A: Search strategy for PubMed (14 January 2016)

Search

Query Records (n)*

#1

#2

#3

#4

“Hydrocortisone”[Mesh] OR “Glucocorticoids"[Mesh] OR“11-beta- 250,920
Hydroxysteroid Dehydrogenases’[Mesh] OR “Tetrahydrocortisone”[Mesh]

OR “Tetrahydrocortisol"[Mesh] OR cortisol*[tiab] OR hydrocortison*[tiab] OR
epicortisol*[tiab] OR cortifair*[tiab] OR cortril*[tiab] OR glucocorticoid*[tiab]
OR beta hydroxysteroid dehydrogenase*[tiab] OR 11 oxoreductase*[tiab]

OR 11 oxidoreductase*[tiab] OR 11 hydroxysteroid dehydrogenase*|tiab]

OR 11b hydroxysteroid dehydrogenase*[tiab] OR 11 reductase*[tiab] OR
11beta hydroxysteroid dehydrogenase*[tiab] OR tetrahydrocortiso*[tiab] OR
“hsd11b2"[tiab] OR“11bhsd2"[tiab] OR“11betahsd2"[tiab] OR 11beta hsd*[tiab]
OR hydroxycortisol*[tiab] OR “Circadian Rhythm”"[Mesh] OR “twenty four
hour”[tiab] OR circadian*[tiab] OR diurnal*[tiab] OR nyctohemeral*[tiab]

child*[tw] OR schoolchild*[tw] OR infan*[tw] OR adolescen*[tw] OR 3,664,351
pediatri*[tw] OR paediatr*[tw] OR neonat*[tw] OR boy[tw] OR boys[tw]

OR boyhood[tw] OR girl[tw] OR girls[tw] OR girlhood[tw] OR youth[tw] OR
youths[tw] OR baby[tw] OR babies[tw] OR toddler*[tw] OR “Mental Disorders
Diagnosed in Childhood”[MeSH] OR teen[tw] OR teens[tw] OR teenager*[tw]
OR newborn*[tw] OR postneonat*[tw] OR postnat*[tw] OR perinat*[tw] OR
puberty[tw] OR preschool*[tw] OR suckling*[tw] OR picu[tw] OR nicu[tw]

OR "Arthritis, Juvenile”[Mesh] OR “Myoclonic Epilepsy, Juvenile"[Mesh]

OR “Leukemia, Myelomonocytic, Juvenile”[Mesh] OR “Xanthogranuloma,
Juvenile”[Mesh] OR “Juvenile Delinquency”[Mesh] OR “Corneal Dystrophy,
Juvenile Epithelial of Meesmann”[Mesh]

“Sex Characteristics"[Mesh] OR “Sex Factors”"[Mesh] OR sex characteristic*[tiab] 451,894
OR sex difference*[tiab] OR sex dimorphism*[tiab] OR sexual dimorphism*[tiab]

OR sexual difference*[tiab] OR sexual characteristic*[tiab] OR sex factor*[tiab] OR

sexual factor*[tiab] OR sexual dimorphi*[tiab] OR sex influenc*[tiab] OR sexual

influenc*[tiab] OR gender*[tiab]

(#1 AND #2 AND #3) 2,643

Mesh = Medical subject headings; tiab = words in title OR abstract; tw = words in title, abstract, MeSH and
other content related fields
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Appendix 1B: Search strategy for Embase.com (14 January 2016)

Search Query Records (n)*

#1 ‘hydrocortisone’/exp OR‘glucocorticoid’/de OR‘11beta hydroxysteroid 235,221
dehydrogenase’/exp OR ‘tetrahydrocortisone’/exp OR ‘tetrahydrocortisol’/exp
OR cortisol*:ab,ti OR hydrocortison*:ab,ti OR epicortisol*:ab,ti OR cortifair*:ab,ti
OR cortril*:ab,ti OR glucocorticoid*:ab,ti OR (‘beta hydroxysteroid' NEAR/3
dehydrogenase*):ab,ti OR (11 NEXT/1 oxoreductase*):ab,ti OR (11 NEXT/1
oxidoreductase*):ab,ti OR (‘11 hydroxysteroid’ NEXT/1 dehydrogenase*):ab,ti OR (‘11b
hydroxysteroid’ NEXT/1 dehydrogenase*):ab,ti OR (11 NEXT/1 reductase*):ab,ti OR
(‘11beta hydroxysteroid’ NEXT/1 dehydrogenase*):ab,ti OR tetrahydrocortiso*:ab,ti OR
'hsd11b2":ab,ti OR"11bhsd2":ab,ti OR‘11betahsd2"ab,ti OR (11beta NEXT/1 hsd*):ab,ti
OR hydroxycortisol*:ab,ti OR (‘trier social stress’ NEXT/1 test*):ab,ti OR tsst:ab,ti OR
(stress NEAR/3 hormone*):ab,ti OR (stress NEAR/3 marker*):ab;ti

#2  adolescen*:ab,ti OR‘adolescence’/exp OR ‘adolescent coping orientation for problem 4,477,134
experiences’/exp OR‘adolescent development’/exp OR ‘adolescent disease’/exp OR
‘adolescent health’/exp OR‘adolescent parent’/exp OR ‘adolescent pregnancy’/exp
OR ‘adolescent smoking'/exp OR ‘adolescent’/exp OR ‘adolescent-family inventory of
life events and changes'/exp OR babies:ab,ti OR baby:ab,ti OR ‘birth weight'/exp OR
boy:ab,ti OR boyhood:ab,ti OR boys:ab,ti OR ‘brazelton neonatal behavioral assessment
scale’/exp OR ‘child abuse’/exp OR ‘child advocacy’/exp OR ‘child behavior checklist’/
exp OR‘child behavior'/exp OR ‘child care’/exp OR ‘child death’/exp OR‘child health
care’/exp OR ‘child health’/exp OR ‘child nutrition’/exp OR ‘child parent relation’/exp
OR ‘child psychology’/exp OR ‘child restraint system’/exp OR ‘child safety’/exp OR ‘child
welfare’/exp OR child*:ab,ti OR ‘child’/exp OR ‘childhood disease’/exp OR ‘childhood
mortality’/exp OR ‘childhood'/exp OR girl:ab,ti OR girlhood:ab,ti OR girls:ab,ti OR 'high
risk infant’/exp OR infan*:ab,ti OR ‘infant disease’/exp OR ‘infant mortality’/exp OR
‘infant nutrition’/exp OR ‘infant welfare’/exp OR ‘infanticide’/exp OR ‘infantile diarrhea’/
exp OR'infantile hypotonia’/exp OR‘juvenile delinquency’/exp OR neonat*:ab,ti OR
‘neonatal weight loss'/exp OR‘newborn disease’/exp OR ‘newborn morbidity’/exp
OR'newborn period’/exp OR newborn*:ab,ti OR ‘newborn’/exp OR nicu:ab,ti OR ‘only
child’/exp OR paediatr*:ab,ti OR pediatri*:de,ab,ti OR ‘pediatric advanced life support’/
exp OR‘pediatric anesthesia’/exp OR ‘pediatric cardiology’/exp OR ‘pediatric hospital’/
exp OR’pediatric intensive care nursing’/exp OR ‘pediatric nurse practitioner’/exp OR
‘pediatric nursing’/exp OR ‘pediatric rehabilitation’/exp OR ‘pediatric surgery’/exp OR
‘newborn hypoxia'’/exp OR ‘pediatric ward'/exp OR ‘pediatrics’/exp OR perinat*:ab,ti OR
‘perinatal development’/exp OR ‘perinatal period’/exp OR ‘persistent hyperinsulinemic
hypoglycemia of infancy’/exp OR picu:ab,ti OR postnat*:ab,ti OR ‘postnatal care’/exp
OR ‘postnatal development’/exp OR ‘postnatal growth’/exp OR postneonat*:ab,ti OR
preschool*:ab,ti OR puberty:ab,ti OR ‘runaway behavior'/exp OR‘school child"ab,ti
OR schoolchild*:ab,ti OR ‘severe myoclonic epilepsy in infancy’/exp OR suckling*:ab;ti
OR teen:ab,ti OR teenager*:ab,ti OR teens:ab,ti OR toddler*:ab,ti OR ‘transient
hypogammaglobulinemia of infancy’/exp OR youth:ab,ti OR youths:ab,ti

#3  ‘sexdifference’/exp OR'sex ratio’/exp OR (‘boy’/exp AND ‘girl’/exp) OR (sex 1,014,014
NEAR/3 characteristic*):ab,ti OR (sex NEAR/3 difference*):ab,ti OR (sex NEAR/3
dimorphism*):ab,ti OR (sexual NEAR/3 dimorphism*):ab,ti OR (sexual NEAR/3
difference*):ab,ti OR (sexual NEAR/3 characteristic*):ab,ti OR (sex NEAR/3 factor*):ab,ti
OR (sexual NEAR/3 factor*):ab,ti OR (sexual NEAR/3 dimorphi*):ab,ti OR (sex NEAR/3
influenc*):ab,ti OR (sexual NEAR/3 influenc*):ab,ti OR gender*:ab,ti OR (boy*:ab,ti AND
girl*:ab,ti) OR sex:ab,ti

#4  (#1 AND #2 AND #3) 4,280

/exp = EMtree keyword with explosion; /de = EMtree keyword without explosion; :ab,ti = words in title
or abstract; NEXT/x = words in that order next to each other, x places apart; NEAR/x = words near to each
other, x places apart
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ONLINE SUPPLEMENTARY FILE

1. Extracted data of the studies included in the systematic review (https://doi.
org/10.6084/m9.figshare.11014775.v1)
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ABSTRACT

Context

Transient hypothyroxinemia of prematurity (THoP) has been associated with neuro-
developmental impairment in infancy and childhood. It is not known whether these
relations persist into adulthood.

Objective
The objective was to examine whether there is an effect of THoP on intelligence quotient
(IQ) score and motor functioning at a young adult age.

Design

This study was part of the 19-year follow-up of the Project On Preterm and Small-for-
gestational-age birth (POPS) cohort, which included infants born very preterm (ie, <32
wk) and/or with a very low birth weight (ie, <1500 g).

Setting

This was a multicenter study.

Patients
There were 398 19-year-old participants of the POPS cohort, of whom 120 had THoP.

Exposure

T4 concentrations were obtained through the national neonatal screening program for
congenital hypothyroidism. THoP was defined as a total T4 concentration < —3 SD of the
daily mean (approximately 60 nmol/L).

Main Outcome Measures

Main outcome measures were IQ and motor functioning, measured with the digital
Multicultural Capacities Test-Intermediate Level and a revised version of Touwen’s ex-
amination of minor neurological dysfunction, respectively.

Results

THoP was not associated with 1Q score (mean difference, 0 [95% confidence interval,
—3.8 to 3.8] points) or motor function (mean difference, 0.6 [95% confidence interval,
—1.3 to 2.5] points) after adjustment for demographic and perinatal characteristics.

Conclusions

No associations between THoP and neurodevelopmental outcome atage 19 years were found.



Hypothyroxinemia of prematurity and neurodevelopment
INTRODUCTION

Preterm infants often develop transient hypothyroxinemia of prematurity (THoP). This is
characterized by a temporary reduction in thyroxine (T4) that may last for 6-8 weeks,'?
whereas TSH remains low to normal.® After the severance of the umbilical cord, the
transplacental supply of maternal T4 stops immediately.* Other mechanisms contrib-
uting to THoP are hypothalamus-pituitary-thyroid axis immaturity, reduced thyroidal
iodine reserves, and acute illnesses.>>® Continuing debate exists about whether THoP is
harmful for the developing brain.

THoP has been associated with delayed nerve conduction velocity,’ later achievement
of developmental milestones,'® lower scores in cognitive tests,'' and increased risks of
school failure'? and cerebral palsy.”® However, there are currently no evidence-based
guidelines on the screening for THoP. Moreover, the few trials that have addressed neu-
rodevelopmental outcome after levothyroxine supplementation in preterm newborns
were negative.'*'® Nevertheless, a post hoc analysis suggested that the effects of this
therapy were dependent on the degree of prematurity.”” More specifically, it was found
that infants of 25-26 weeks’ gestation had a higher score on the Mental Developmental
Index of the Bayley Scales of Infant Development at 2 years of age if treated with levo-
thyroxine when compared with untreated controls. By contrast, treated infants of 27-29
weeks' gestation scored, on average, 10 points lower than untreated infants. Similar
gestational age-dependent effects were observed for motor functioning, "> and all of
the associations found at 2 years were reported to persist at ages 5.7 and 10 years."”'®

It is not known whether the neurodevelopmental effects of THoP persist into adult-
hood. We therefore studied the effects of a low T4 concentration, obtained during a
T4-based neonatal screening program for congenital hypothyroidism, on intelligence
quotient (IQ) and neuromotor function at 19 years of age in a large cohort of very
preterm (<32 weeks’ gestation) and/or very low birth weight (<1,500 g) infants in The
Netherlands. Based on previous observations in this cohort,'” we expected to find worse
neurodevelopmental outcomes after THoP.

METHODS

Population

The Project On Preterm and Small-for-gestational-age infants (POPS) cohort comprised
94% of the infants born alive in The Netherlands in 1983 with a gestational age <32
weeks and/or a birth weight <1,500 g."” The original cohort consisted of 1,338 infants, of
whom 959 (72%) survived to age 19 years.
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From April 1983 onward, neonatal screening results for congenital hypothyroidism
were prospectively collected.” In addition, the screening results of 54 subjects born
before April 1983 could also be retrieved. T4 was therefore known for 745 of the sur-
viving subjects (78%). In line with previous analyses in the POPS cohort, we excluded
the data of subjects whose T4 concentrations were measured before postnatal day 5 or
after day 17 (n=66).'""'* Subjects were also excluded if they received thyroid hormone
supplementation during their stay in the hospital (n=5), as were subjects with severe
congenital malformations, such as Down’s syndrome, central nervous system defects
or inborn errors of metabolism (n=10), severe sensory handicap (n=8), and congenital
hypothyroidism (n=1). This left 655 eligible subjects for our study, of whom 398 (61%)
underwent a neurological examination and/or IQ testing at one of the 10 participat-
ing centers. For the analyses of neuromotor function, we also excluded subjects taking
drugs with a high risk of extrapyramidal side effects (n=2). The flowchart of the study
sample is shown in Figure 1.

The study was approved by the medical ethics committees of the participating cen-
ters, and written informed consent was obtained from all participants.

Laboratory investigations

T4 concentrations from filter paper eluates were determined in duplicate by radioim-
munoassay.”’ Five accredited laboratories processed an average of 125 samples per day;
they were all under permanent quality control.”’ Samples were not analyzed continu-
ously. T4 levels in the eluates were expressed as standard deviations (SD) from the mean,
which was calculated on a daily basis.” The intra-assay and interassay coefficients of
variation in the eluates were 8 and 10%, respectively. Sampling time of day was not taken
into account. Consistent with previous analyses in this cohort, hypothyroxinemia was
defined as a T4 concentration of >3 SD below the daily reference mean (approximately
60 nmol/L)."”” TSH was measured only in infants with the lowest 20% T4 values. These
values were not used because they do not aid in the identification of infants with THoP."

Intelligence quotient

Intellectual functioning was assessed with the use of the computerized version of the
Multicultural Capacity Test (MCT)-Intermediate Level.” In all, this test provides an over-
view of a person’s capacities and skills: i.e., verbal and numerical intelligence, spatial
visualization, speech fluency, memory, reasoning, and speed of perception. The MCT
is validated for individuals aged =16 years from different backgrounds, whose level of
education ranges from 5 years of secondary school to university level. In the Dutch norm
population, the MCT reports an 1Q score of 100+15.
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1338 included

379 died

959 alive at age 19

214 no known T4 values

745 with known T4 values

66 measured too
early/late

679 measured
between day 5-17

5 received temporary thyroid
hormone replacement

674 subjects with
correct T4 values

Congenital malformations: 10

Severe sensory handicap: 8

Congenital hypothyroidism: 1

655 subjects eligible

257 non-responders*

Additionally excluded for neuromotor
examination analysis: medication with high
risk of extrapyramidal side effects: 2

398 subjects after exclusion
-1Q: 380
- Neuromotor: 391

Figure 1: Flowchart of the inclusion of POPS subjects at age 19 years.
* Included in this number are subjects who only returned the (parental) questionnaires
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Neuromotor performance

Neuromotor function assessment was based on a revised version of Touwen'’s examina-
tion of minor neurological dysfunction.*** This examination focuses on five subcatego-
ries of function: hand function, quality of walking, coordination, posture, and passive
muscle tone. The test comprises 34 items, each of which is scored on a 3-point scale. Two
points are assigned for optimal performance, 1 point for slightly reduced performance,
and 0 points for poor performance. The maximum total score is 68.

Statistical analysis

All outcomes showed fairly normal distributions. Linear regression analysis was used to
study the effects of hypothyroxinemia and of T4 standard deviation score (SDS) across
the entire range on continuous outcomes. Logistic regression analysis was used to study
the effects of neonatal thyroid function parameters on the odds of having an 1Q <85
points. Analyses were repeated after adjustment for the demographic characteristics
gender, socioeconomic status (SES), ethnicity, and parity. Next, perinatal characteristics,
including gestational age, being born small-for-gestational-age (SGA), and neonatal
illnesses like infant respiratory distress syndrome, intraventricular hemorrhage, and
sepsis, were added as covariates to the model. A P value of <0.05 was considered statisti-
cally significant.

Analyses were repeated after including only the subjects who participated in the
POPS follow-up at age 5 (n=377 for 1Q, n=387 for neuromotor functioning).'’ Addition-
ally, analyses were repeated after stratification of gestational age into <and > 29 weeks.
This cut-off point was based on studies showing gestational age-dependent effects of
levothyroxine treatment in preterm newborns.*

Our sample size enabled us to detect a difference of 5.0 IQ points, assuming an SD
value of 15 points,”® and a difference of 3.1 points on the neuromotor examination, as-
suming an SD of 9.5 points,” with a power of 80% and a significance level of 0.05.

RESULTS

Table 1 shows the general and perinatal characteristics of responders and nonresponders.
Nonresponse was associated with male gender, non-Caucasian ethnicity, lower SES, and
younger maternal age at birth. It was unrelated to the perinatal characteristics, the T4
concentration, or the proportion that exibited THoP. Hypothyroxinemia was associated
with a lower gestational age and birth weight and the presence of neonatal morbidities.
However, hypothyroxinemic infants were less often born SGA.
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The hypothyroxinemic group had an IQ score of 100.8+14.9 points and a neuromotor
score of 58.4+8.4 points. These scores were not different from those of the non-hypothy-
roxinemic group, which were 100.7+15.4 and 58.5+7.6 points, respectively. Fifty-three
subjects had an 1Q score <85 points.

Table 2 presents the associations between neonatal thyroid function parameters and
continuous outcomes at age 19 years. No associations with total scores or subscores
were found. Furthermore, neonatal thyroid function parameters were not associated
with the odds of having an IQ <85 points (data not shown).

Analyses when including only the subjects who participated in the POPS follow-up
at age 5 did not change our results (data not shown). Moreover, stratified analyses pro-
vided no evidence for gestational age-dependent effects of neonatal thyroid function
parameters on outcomes (data not shown).

DISCUSSION

The main finding from our study is that previous observations linking THoP to neurode-
velopmental outcome in infancy and childhood were not confirmed in young adulthood.
A limitation of our study is that only total T4 concentrations obtained during a single
measurement were available for analysis. It is therefore possible that several partici-
pants in our study were misclassified as being hypothyroxinemic, because local tissue
concentrations of unbound T4 can still be adequate despite a low circulating total T4
level.” Moreover, the reported SDS were based on the Dutch norm population. Although
these scores do not reflect normality for prematurity, it was still possible to differentiate
between lower and higher concentrations of T4. However, samples were not analyzed
continuously, with means being calculated on a daily basis, which could lead to day-
to-day fluctuation in the absolute level of total T4. However, laboratories were under
permanent quality control,”’ and therefore these fluctuations were probably minimal.
Another limitation of our study is the loss to follow-up that is almost inevitable in life-
course studies. Nonresponse was associated with male gender, nonwhite ethnicity, and
lower parental socioeconomic class, but not with any of the perinatal characteristics.
Moreover, both total T4 levels (-2.4 SD vs. -2.4 SD, P=0.75) and the proportion of children
with THoP (26.1 vs. 28.0%; P=.60) did not differ between responders and nonresponders.
Furthermore, our results did not change after statistical adjustment for many of the
differing factors, as well as after analyzing the data while only including those subjects
who participated at age 5. Therefore, we believe that response bias is unlikely to explain
our associations. Hypothyroxinemic and non-hypothyroxinemic groups differed signifi-
cantly in many perinatal characteristics, with hypothyroxinemia being associated with
a greater proportion of neonatal morbidities. An explanation for these associations is
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nonthyroidal illness.””? Statistical adjustments for many of these factors did not change
our results.

A recent meta-analysis showed that a birth weight <2,500 g was associated with a
4.98-point reduction in 1Q at adolescence or young adulthood after taking publication
bias into account.” This difference became smaller with increasing age. Among the
studies included in the meta-analysis were several that had included only subjects born
very preterm, and their results were similar. Another meta-analysis demonstrated that
very preterm birth was associated with motor impairment in childhood.” Our data sug-
gest that these relations cannot be explained by THoP.

A possible explanation for the lack of association in our study is that the total T4 con-
centration does not always reflect the availability of free T4 in tissues. However, previous
analyses in the POPS cohort showed that a total T4 concentration <-3 SD was associated
with adverse outcomes in childhood.'®" Alternatively, it could be possible that neurode-
velopmental impairment after THoP improves with age, although our results should be
interpreted carefully due to losses to follow-up. Therefore, replication of our findings in
an independent sample is warranted, preferably in a prospectively designed study with
serial measurements of free T4.?

It has been demonstrated in a placebo-controlled randomized trial that treatment with
levothyroxine (at a dose of 8 ug/kg/d during the first 6 postnatal weeks) of infants born
<30 weeks gestation does not improve long-term neurodevelopmental outcome.’>""'®
However, it was suggested from a small subgroup analysis that treatment could be
beneficial for infants in the extremely preterm range. Our study showed no evidence for
a gestational age-dependent effects of THoP on IQ or neuromotor function at 19 years
of age.

In a recent study among infants born <28 weeks gestation, three different doses of
levothyroxine (of 4, 8, and 16 pg/kg/d for 6 wk), either continuous or as bolus, as well as
iodide, were compared to placebo.'® The groups on levothyroxine also received triiodo-
thyronine (T3) continuously, at a dose of 1 pug/kg/d, during the first 14 days. Although
mental and motor performance at age 3 years did not differ between treated and un-
treated children, or between the treatment arms, it was concluded that “further trials are
warranted.” Our findings, showing that the neurodevelopmental sequelae of THoP could
not be extrapolated to young adult age, question whether new trials are necessary.

In conclusion, we did not find an association between THoP and neurodevelopmental
outcome in young adulthood.
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ABSTRACT

Introduction

Preterm newborns are at risk of developing transient hypothyroxinemia of prematurity
(THoP), which has been associated with subsequent neurodevelopmental impairments.
Behavioral outcomes at adult age after THoP have never been reported.

Aim
To examine whether there is an association between THoP and problem behavior at
young adult age.

Methods

This study was part of the follow-up of 19-year-old subjects born very preterm (i.e., <32
weeks) and/or with a very low birth weight (i.e.,<1500g) from the Project On Preterm
and Small-for-gestational-age infants (POPS) cohort. We included 468 subjects of the
POPS cohort; of whom 123 had THoP. Thyroxine (T4) concentrations were obtained
through the national neonatal screening program for congenital hypothyroidism. THoP
was defined as a T4 concentration <-3 SD (approximately 60nmol/L). At age 19, behavior
was assessed using the Young Adult Self Report and the Young Adult Behavioral Check-
list for parents.

Results

THoP was associated with a 1.8 (95% confidence interval (Cl): 1.01-3.4) -fold increased
odds of self-reported Internalizing behavior, as well as with a 1.9 (95% Cl: 1.1-3.1) -fold
increased odds of parent-reported Total problem behavior. These relations persisted af-
ter correction for demographic and perinatal variables. Similar associations were absent
for the other self-reported and parent-reported syndrome and problem scales.

Conclusions

THoP was associated with more internalizing and total problem behavior at age 19.
While our observations warrant more awareness of problem behavior in preterm infants,
at present, it is unclear whether these associations are causal and screening for THoP
does not seem necessary.
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INTRODUCTION

Thyroid hormones are crucial for the developing brain, where they help to control cell
migration, proliferation and differentiation.' According to the construct of Zoeller and
Rovet (2004) ' in the first half of pregnancy, thyroid hormones play a role in the develop-
ment of visual attention and processing, and of fine motor skills. During the second half
of pregnancy, thyroid hormones are proposed to be involved in the development of
memory, visuospatial skills, and fine and gross motor skills ' Because the fetal thyroid
starts to become functional from the 12™ week of gestation,? adequate maternal-fetal
transfer of thyroxine (T4) in the first trimester is essential for early brain development.
However, maternal T4 remains a major fraction of fetal serum T4 after the onset of fetal
thyroid hormone production, and continues to play a role in fetal neurodevelopment
until birth?

Small reductions in the early supply of thyroid hormones might lead to permanent
alterations in behavioral patterns. In animals, disruptions in the transplacental supply
of thyroid hormones resulted in morphological changes in the cerebral cortex and hip-
pocampus of the pups.*’ In humans, functional changes in these structures have been
proposed to underlie attention deficit/hyperactivity disorder (ADHD).*’ Indeed, small
reductions in the maternal thyroid function during early pregnancy were associated with
ADHD symptoms in 8-year-old offspring.®® Similarly, the risk of developing attention prob-
lems was also increased in subjects with early-treated congenital hypothyroidism (CHT)."

Preterm birth has been associated with attention problems and internalizing behavior.
These patterns have been reported to persist into adulthood." Nowadays, of all live-
born children, 11.1 (range: 5-18) % are born <37 week of gestation, and 1.7% are born
<32 weeks of gestation.'

After preterm birth, a transient reduction in the thyroid hormone level, known as
transient hypothyroxinemia of prematurity (THoP), has been estimated to occur in ap-
proximately 20% of infants, although it is even more common with increasing degrees
of prematurity.”'* It can be attributed to the sudden disruption of the transplacental
T4 supply.”" Additionally, hypothalamus-pituitary-thyroid axis immaturity, reduced
thyroidal iodine reserves, acute ilinesses, and treatment with dopamine also contribute
to the development of THoP.">'®?' T4 concentrations are therefore lower in extremely
preterm infants than in fetuses of the same post-conceptional age” THoP usually re-
stores spontaneously within 6 to 8 weeks.”” There is conflicting evidence with regard
to the effects of THoP on long-term neurodevelopmental outcomes. Although THoP
was associated with adverse neurodevelopment in infancy and childhood,"*** the
only study that had provided follow-up into adulthood was negative.”® Whether THoP
is associated with problem behavior, in particular attention problems, has not been
addressed to date.
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Therefore, we aimed to investigate whether there is an association between THoP and
problem behavior at young adult age. Here, we provide a prospective follow-up of a
well-described cohort of males and females born very preterm (i.e., <32 weeks) and/
or with a very low birth weight (i.e., <1,500 g) in whom behavioral outcomes were as-
sessed at age 19 years and whose T4 levels were determined during a T4-based national
screening program for CHT. Based on previous studies that addressed the effects of early

8-10

disruptions in the supply of thyroid hormones,®"” we expected to find more problem

behavior in subjects with THoP, especially attention problems.

METHODS

Study population
The Project On Preterm and Small-for-gestational-age infants (POPS) cohort is a nation-
wide birth cohort study, which comprised 94% (n=1,338) of infants who were born alive
in the Netherlands in January-December 1983 with a gestational age of less than 32
weeks and/or with a birth weight below 1,500 grams.” In 1983, 101 out of 115 level 1 to
level 3 hospitals throughout the Netherlands collected data. At age 1 year, 975 subjects
(73%) were still alive, and they were followed up throughout childhood. At age 19 years,
another follow-up was scheduled; 959 subjects (72%) were still alive at that point. Of
these, 745 subjects had known neonatal T4 concentrations. In keeping with previous
analyses in the POPS cohort with regard to THoP****> we excluded subjects whose T4
concentrations were measured before postnatal day 5 or after day 17 (n=66) or who
received thyroid hormone supplementation during their hospital stay (n=5). We also ex-
cluded subjects with severe congenital malformations, such as Down syndrome, central
nervous system defects or inborn errors of metabolism (n=10), severe sensory handicaps
(n=8) and congenital hypothyroidism (n=1). 655 subjects were therefore eligible for our
study. Figure 1 shows the flowchart of our study sample.

lodine intake of the infants and/or their mothers was not measured in our cohort.
However, iodine supplementation guidelines were intensified in The Netherlands in
1982, and iodine status was subsequently considered sufficient in a survey among
school children in the 1990s.”®

The study was approved by the medical ethical committees of the participating cen-
ters, and written informed consent was obtained from all participants.

Laboratory analysis

T4 was measured in the context of the neonatal screening for CHT. From April 1983 on-
ward, results were prospectively collected,” although the T4 values of 54 subjects born
before April 1983 could be acquired retrospectively. T4 concentrations from filter paper



Hypothyroxinemia of prematurity and behavior

eluates were measured in duplicate by radioimmunoassay * in the five laboratories con-
nected to the national screening program. These laboratories were under permanent
quality control.*® T4 levels in the eluates were expressed as standard deviations from
the mean, which was calculated on a daily basis.*' In our sample, T4 SDS was normally
distributed. The intra-assay and inter-assay coefficients of variation in the eluates were 8
and 10%, respectively. In line with previous analyses in this cohort,”** THoP was defined
as a T4 concentration of <-3SD (approximately 60 nmol/L).”

1338 infants with a GA < 32 and/or
BW <1500 grams included

379 subjects died
- Aged <1 year: 363 —
- Aged >1 year: 16

959 subjects alive at 19 years

214 subjects no known
neonatal T4 values

745 subjects with known
neonatal T4 values

66 subjects had measurement of
T4 <5 or >17 days after birth

679 subjects with T4 measured
between day 5-17 after birth

5 received temporary thyroid
hormone replacement

674 subjects without thyroid
hormone replacement

Congenital malformations: 10

Severe sensory handicap: 8

Congenital hypothyroidism: 1

655 eligible subjects

187 non-responders*

468 subjects after exclusion
- YASR: 454
- YABCL: 405

Figure 1: Flowchart of the inclusion of POPS subjects at age 19
*included in this number: subjects who were followed up but did not return the YASR or YABCL
YASR, Young Adult Self Report; YABCL, Young Adult Behavior Checklist
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In a number of subjects re-tests were performed in order to ascertain the transient
nature of hypothyroxinemia. Whether and when re-tests were done was at the discre-
tion of the treating clinician, and T4 was analyzed in the same manner as the initial T4
measurements.

Study procedure

Behavior at age 19 was studied using the Young Adult Self Report (YASR) and/or the
Young Adult Behavior Checklist (YABCL). The YASR was used to assess problem behavior
from the perspective of the adolescent, while the YABCL assessed problem behavior
from the parent’s or caregiver’s perspective. Both questionnaires were developed by
Achenbach and provide a standardized description of behavior, feelings, thoughts and
competences in people aged 18 to 30 years.>* The YASR and YABCL contain 130 and 109
items, respectively. Each item is scored according to a 3-step scale, where 0 ="“not true”,
1 = “somewhat or sometimes true’, and 2 = “very often or often true” The questions
pertain to the preceding 6 months. From these items, 8 syndrome scales are derived:
Anxious/Depressed, Withdrawn, Somatic complaints, Thought problems, Attention
problems, Intrusive behavior, Aggressive behavior, and Delinquent behavior. Although
the syndrome scale Attention problems assesses some aspects of ADHD, confirmation of
ADHD diagnoses in childhood and/or young adulthood was not known for our cohort.
Subsequently, three problem scales are calculated: the problem scale ‘Internalizing
behavior’ is the sum of the syndrome scales Anxious/Depressed and Withdrawn, the
problem scale ‘Externalizing behavior’ is the sum of the syndrome scales Aggressive
behavior, Delinquent behavior and Intrusive behavior, and the Total problems scale is
the sum of all individual items. For each syndrome and problem scale a clinical cut-off,
as well as a borderline clinical cut-off has been determined on the basis of a non-referred
population.” For this study, we used the borderline clinical cut-off, since we aimed at
exploring associations even in the subclinical range. For the syndrome scales, the 95th
percentile is considered the borderline clinical cut-off point. For the problem scales, the
83rd percentile is considered as the borderline clinical cut-off point. These cut-off points
are gender-specific.

Statistical analysis

Multivariate logistic regression was used to study the effect of THoP on behavioral
outcomes. Behavioral outcomes were dichotomized according to the borderline clinical
cut-off point. The model was first adjusted for the demographic characteristics gender,
socio economic status (SES), ethnicity and parity. Analyses were repeated after also
adjusting for the perinatal characteristics gestational age (GA) and being born small-
for-gestational-age (SGA), and for neonatal illnesses, such as infant respiratory distress
syndrome (diagnosed clinically and/or radiographically), intraventricular hemorrhage
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(diagnosed clinically and/or ultrasonographically) and sepsis (diagnosed hematologi-
cally and/or through blood culture). Next, analyses were repeated with T4 as a continu-
ous variable, and after stratifying the data according to gestational age into < and > 29
weeks. We based this cut-off point on a randomized placebo-controlled trial, showing
gestational age-dependent effects of early levothyroxine treatment on behavior.* A P
value of <0.05 was considered statistically significant.

Our study was not designed specifically to address the effect of THoP on behavioral
outcomes. Our sample size enabled us to detect a difference of 1.3 points on the at-
tention scale of both the YASR and YABCL, assuming a maximum SD of 4 points, with a
power of 80% and a significance level of 0.05.

RESULTS

Descriptives

Of the 655 eligible subjects, 468 subjects and/or their parents (71.5%) filled in the YASR
and/or the YABCL. Non-responders were more likely to be male and to have a non-
Caucasian ethnicity, a lower SES and a younger maternal age at birth than responders
(Table 1). Non-response was unrelated to perinatal characteristics, the T4 concentration
(-2.4 SD vs. -2.4 SD, P=1.00), or the proportion of subjects with THoP (26.3 % vs. 28.3%,
P=0.59).

Among the 468 participants, 391 returned both the YASR and the YABCL, 14 returned
the YASR only, and 63 returned the YABCL only. Of these, 123 developed THoP, which was
diagnosed in 67% of the infants with a GA <28 weeks, in 27% of the infants with a GA
28-31 weeks, and in 12% of the infants with a GA =32 weeks. Table 1 details the baseline
characteristics of subjects with and without THoP.

Re-testing was performed in 427 of 468 subjects. None of the re-tested subjects had
a T4 concentration <-3SD after 53 days postpartum, which is consistent with the known
duration of THoP.*

YASR

Table 2 presents the self-reported behavioral outcomes at age 19. THoP was associated
with a higher odds of Internalizing behavior. This relation persisted after correction for
demographic and perinatal characteristics. Hypothyroxinemic subjects showed a non-
significant tendency towards more Withdrawn behavior and Total problem behavior;
these associations only became significant after adjustment for confounders. There were
no associations between THoP and other self-reported syndrome or problem scales.
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Table 1: General and perinatal characteristics

Subjects with  Subjects Pvalue* Non- P value®

THoP without THoP responders

(n=123, 26.3%) (n=345,73.7%) (n=187)

General
Male sex (%) 64 (52.0) 154 (44.6) 0.158 115(61.5) 0.001
White (%) 102 (85.0) 316 (91.9) 0.030 142 (75.9) <0.001
Low socio-economic status (%) 45 (36.9) 123 (36.0) 0.856 108 (60.7) <0.001
First child (%) 64 (52.9) 197 (57.1) 0.422 97 (51.9) 0.337
Perinatal

Maternal age (years) 26.7+5.0 27.4+6.1 0.279 26.1+4.9 0.021
Gestational age (weeks) 29.4+2.1 31.4+2.4 <0.001 31.0£2.7 0.549
Birth weight (grams) 1,191+254 1,306+257 <0.001 1,279+251 0.876
SGA birth (%) 30 (24.6) 148 (42.9) <0.001 76 (40.6) 0.549
Apgar score >7 after 5 min (%) 93 (75.6) 298 (86.4) 0.010 157 (84.0) 0.987
Part of multiple pregnancy (%) 33(26.8) 78 (22.6) 0.345 37(19.8) 0.277
Respiratory distress syndrome (%) 73 (59.3) 122 (35.4) <0.001 67 (35.8) 0.168
Intraventricular hemorrhage (%) 45 (36.6) 42(12.2) <0.001 30(16.0) 0.442
Sepsis (%) 54 (43.9) 88 (25.6) <0.001 69 (36.9) 0.109
Necrotizing enterocolitis (%) 7 (5.7) 19 (5.5) 0.939 8(4.3) 0.506
Total T4 (SD) -3.5+0.4 -1.9+0.7 <0.001 -24+1.0 0.995

Values represent mean=SD or n (%). Continuous variables were compared with the unpaired t test. Dichoto-
mous variables were compared with the Chi square test.

*P value when comparing subjects with and without THoP

* pvalue when comparing responders (subjects with and without THoP combined) and non-responders

YABCL

Table 3 displays the parent-reported behavioral outcomes at age 19. THoP was associ-
ated with a higher score for Total problem behavior (29.0+22.6 vs. 23.3+20.6; p=0.023).
Moreover, THoP was associated with a higher odds of Total problem behavior, which
remained significant after adjusting for all potential confounders. THoP also increased
the odds of Thought problems and Internalizing problem behavior. However, these as-
sociations lost significance after adjustment for demographic and perinatal variables.
There were no associations between THoP and other parent-reported syndrome or
problem scales.

When analyzing T4 SDS as a continuous variable, no association was found with any
of the self- or parent-reported syndrome or problem scales (Supplementary Table 1).
Stratification by gestational age did not change our results (data not shown).

Correlations between self- and parent reported behaviors ranged between 0.40 and
0.61 (all P values <0.001).
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Table 2: Risk of problem behavior according to the Young Adult Self Report (YASR) after THOP.

Subjects Subjects OR (95% CI)

with without

THoP THoP

N=118 n=336 Unadjusted Pvalue Adjusted (1) Pvalue Adjusted (2) Pvalue
Syndrome scales
Anxious/depressed 7.6%7.1 6.3+6.2 2.5(0.95-6.4) 0.064 29(1.1-7.6) 0.034* 2.3(0.7-7.1) 0.150
Withdrawn 29+29 26+24 1.7(09-35) 0.112 2.0(1.02-4.1) 0.045* 2.4(1.1-5.2) 0.031*
Somatic complaints 37437 33436 1.1(0.5-26) 0806 0.9(04-24) 0.907 1.5(0.5-4.0) 0.459
Thought problems 0.5+1.3 03+09 1.3(0.6-3.1) 0.528 1.5(0.6-3.7) 0.332 1.7(0.6-4.7) 0.283
Attention problems 27+25 27+22 1.4(06-33) 0455 1.7(0.7-4.1) 0.261 1.6(0.6-4.4) 0.371
Intrusive behavior 2,121 1.7£19 1.9(0.3-11.7) 0476 1.9(0.3-12.2) 0.511 5.7(0.7-47.4) 0.107
Aggressive behavior 27+27 2529 05(0.1-24) 0402 0.6(0.1-29) 0.544 0.9(0.2-5.7) 0.950
Delinquent behavior 1.0+£1.6 1.1+1.7 0.3(0.0-2.3) 0.234 0.3(0.0-2.8) 0315 0.3(0.0-3.3) 0.355
Problem scales
Internalizing behavior  10.5+9.5 8.9+8.0 1.8(1.01-3.4) 0.045* 2.0(1.1-3.7) 0.032* 2.4(1.2-5.0) 0.016*
Externalizing behavior 5.8+52 54452 05(0.2-1.3) 0.134 0.6(0.2-1.5) 0.253 0.8(0.3-2.4) 0.687
Total problem behavior 34.8+25.4 30.9+23.0 1.7 (0.9-3.1) 0.082 1.8(0.98-3.5) 0.058 2.4(1.2-5.0) 0.016*

Values represent mean=SD or OR (95% Cl).

Adjusted (1): gender, SES, ethnicity and parity
Adjusted (2): adjusted (1) + gestational age, SGA-status and neonatal illnesses (IRDS, IVH and sepsis)

*P<0.05

Table 3: Risk of problem behavior according to the Young Adult Behavioral Checklist (YABCL) after THoP.

Subjects Subjects

OR (95% CI)

with without

THoP THoP

n=107 n=298 Unadjusted Pvalue Adjusted (1) Pvalue Adjusted (2) Pvalue
Syndrome scales
Anxious/depressed 59+54  5.0+4.9 1.3(0.6-2.7) 0517 1.3(0.6-2.8) 0.508 1.4(0.6-3.4) 0.441
Withdrawn 2.1+£23 1.6+1.8 1.4(0.7-3.00 0381 1.4(0.7-3.0) 0378 1.5(0.6-3.5) 0.391
Somatic complaints 24+25 22+26 0.7 (0.3-1.8) 0.506 0.8(0.3-1.9) 0.807 0.9(0.3-2.5) 0.858
Thought problems 09+1.7 0.6x£1.4 2.1(1.01-4.2) 0.048* 2.1(0.97-4.4) 0.059 1.8(0.7-4.2) 0.200
Attention problems 53443 4.4+40 1.5(0.7-3.1) 0.297 1.7(0.8-3.5) 0.192 1.8(0.8-44) 0.177
Intrusive behavior 22+2.0 1.8+23 0.4(0.1-1.9) 0.267 0.4(0.1-2.0) 0.278 0.9(0.2-4.7) 0.927
Aggressive behavior 4.2+5.1 3.5+4.6 1.5(0.6-3.7) 0.435 1.5(0.6-3.9) 0.409 1.9(0.6-5.6) 0.241
Delinquent behavior  0.9+1.4 0.8+1.6 0.6(0.1-49) 0.603 0.6(0.1-5.0) 0.602 1.0(0.1-12.0) 0.988
Problem scales
Internalizing behavior 8.0+6.6  6.6+6.1 1.7 (1.03-2.7) 0.039* 1.6 (0.97-2.6) 0.068 1.7 (0.96-3.0) 0.068
Externalizing behavior 7.3+7.0 6.2+7.5 1.4(0.8-2.5) 0.281 1.5(0.8-2.7) 0.208 1.8(0.9-3.6) 0.110
Total problem behavior 29.0+22.6 23.3+20.6* 1.9 (1.1-3.1) 0.018* 1.8(1.1-3.1) 0.025* 2.4(1.3-4.5) 0.005*

Values represent mean=SD or OR (95% Cl).

Adjusted (1): gender, SES, ethnicity and parity
Adjusted (2): adjusted (1) + gestational age, SGA-status and neonatal ilinesses (IRDS, IVH and sepsis)

*P<0.05
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DISCUSSION

We found that THoP was associated with increased odds of internalizing and total prob-
lem behavior at age 19 years. THoP was not associated with attention problems.

A recent meta-analysis found that internalizing behavior and attention problems were
more common after preterm birth." In several cohorts of preterm infants, including the
POPS cohort, these behavioral patterns were demonstrated to persist into young adult-
hood.**** Whether THoP has an influence on adult behavior has not been addressed to
date, with the exception of our study. However, there are some data available regarding
behavior after subtle impairments in the early supply of thyroid hormones. The Genera-
tion R study, which follows a community-based sample of mothers and their children,
found that hypothyroxinemia in women early in gestation was associated with an
increased risk for ADHD symptoms in their 8-year-old children.® Another study found
higher rates of ADHD in children born to mothers with higher TSH levels early in their
pregnancies.’

We found that THoP was associated with increases in internalizing and total problem
behavior at age 19. However, we did not find evidence for an effect of THoP on atten-
tion problems. Since thyroid hormones appear to influence different domains of brain
development at different stages during gestation,’ it is possible that the developmental
window in which a transient decrease in the T4 supply could have an influence on at-
tention might be earlier than in (the period equivalent to) the third trimester of preg-

836 although children with treated CHT were also at risk of attention problems.'

nancy,
An alternative explanation is that the causes of attention problems after preterm birth
are complex.”’” Therefore, in our sample, a possible effect of THoP on attention problems
might go unnoticed.

A randomized placebo-controlled trial in infants born before 30 weeks of gestation
showed no effect of treatment with levothyroxine (at a dose of 8 mcg/kg/d during the
first 6 postnatal weeks) on behavior at the ages of 5.7 and 10 years.”*** However, in
post hoc analyses benefit was evident only among children of 25-26 weeks' gestation
at age 5.7, but not at age 10. In our study, we did not find evidence for gestational age-
dependency of our associations.

Currently, the POPS cohort is the only preterm population that has been followed
up into young adulthood with regard to THoP as far as we are aware. It was previously
shown that THoP is not associated with IQ or neuromotor development at age 19.
Presently, preterm infants are not routinely screened for THoP, and our results do not
indicate this practice should be altered. On the other hand, behavioral problems were
more prevalent in subjects with THoP. While the causality of these associations is still
unclear, more awareness of problem behavior in preterm infants is warranted, especially
since the risk of behavioral problems is already increased in these populations.
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Our study has several strengths and limitations. The major strength of our study is the
long follow-up period, which extends into adulthood. Thus far, the long-term effects of
THoP have been studied up until childhood."?** Another strength of our study is the use
of both the YASR and the YABCL, enabling us to study both the adolescent’s and parent’s,
or caregiver’s, perspective. Both yielded similar results. Moreover, 80% of the subjects
in our cohort were still living with their parents, and previous research has shown that
parents of children who were born preterm provide highly valid data,* suggesting a
reliable parental evaluation in our sample.

Our study has several weaknesses. First, only total T4 concentrations, obtained during
a single measurement, were available for analysis. It is possible that several participants
in our study were misclassified as hypothyroxinemic, since the systemic total T4 level
does not always parallel the tissue free T4 concentration.”® Moreover, the reported stan-
dard deviation scores were based on the Dutch norm population. Despite this limitation,
it was still possible to differentiate between lower and higher concentrations of T4.
Second, thyroid function tests were not part of the assessment at age 19 years. Recent
evidence in this research field indicates that school performance is influenced for an
important part by the current thyroid hormone status.® However, in a small subset of
the POPS cohort, thyroid function tests in young adulthood were not different com-
pared to age-matched controls born at term.*' Third, the losses to follow-up throughout
the years might have introduced bias. However, the numbers lost to follow-up were
acceptably low for our study. While non-response was associated with male gender,
non-white ethnicity and lower socio-economic status, it was not associated with any of
the perinatal characteristics.*” Moreover, we found no differences between responders
and non-responders with regard to both total T4 levels and the proportion of subjects
with THoP. Furthermore, our results did not change after statistical adjustment for many
of the differing factors, and we therefore believe that response bias is unlikely to explain
our associations. Additionally, subjects with and without THoP differed significantly in
many perinatal characteristics. Adjusting for many of these factors in our analyses did
not change our results. This makes bias less likely, but the possibility cannot be excluded
completely.

Although the sudden disruption of the maternal thyroid supply is considered an
important factor in the development of THoP, it is unknown whether higher maternal
T4 levels prior to preterm delivery protect against it. In term-born infants, maternal TSH
and FT4 at the end of the first trimester were positively correlated to cord blood TSH
and FT4.® The correlation with thyroid function in the first days of life was not studied.
However, these findings cannot simply be extrapolated to preterm infants, whose thy-
roid function is also determined by factors related to illness, treatment and immaturity.
Future research should elucidate this.
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CONCLUSION

We found that THoP was associated with increases in internalizing and total problem
behavior at age 19. While our observations warrant more awareness of problem be-
havior during the follow-up of preterm infants, at present, it is unclear whether these
associations are causal. Therefore, combined with recent findings reporting on the lack
of association between THoP and neurodevelopment outcomes once adulthood is
reached,” at present, there is no indication to screen preterm infants for THoP.
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Supplementary Table 1: Risk of problem behavior across the entire range of T4 SDS

Unadjusted Pvalue Adjusted(1) Pvalue Adjusted(2) P value
YASR
Syndrome scales
Anxious 0.7(04-1.1) 0.140 0.6(04-1.1) 0.077 0.7(04-14) 0.356
Withdrawn 1.0(0.7-14) 1.000 09(0.7-13) 0.732 09(0.6-1.4) 0.680
Somatic complaints 1.3(0.8-19) 0269 13(09-2.0) 0.165 1.2(0.7-1.9) 0.488
Thought problems 1.1(0.7-1.7) 0.664 1.0(0.7-1.6) 0.881 1.0(06-1.7) 0.967
Attention problems 09(06-14) 0.572 0.8(0.5-13) 0.433 0.9(0.5-1.5) 0.590
Intrusive behavior 0.8(03-2.1) 0669 08(03-22) 0689 04(0.1-1.5) 0.169
Aggressive behavior 1.7 (0.96-3.0) 0.068 1.8(0.95-3.3) 0.070 1.6(0.7-3.3) 0.231
Delinquent behavior 1.6(09-29) 0.138 1.3(0.7-26) 0442 1.3(0.6-3.1) 0.508
Problem scales
Internal problems 09(06-1.2) 0310 0.8(0.6-1.1) 0.240 0.7(0.5-1.1) 0.180
External problems 1.2(09-1.8) 0.263 1.1(0.8-1.6) 0.584 0.8(0.5-1.4) 0.485
Total problems 0.8(0.6-1.1) 0234 08(06-1.1) 0175 0.7(0.5-1.01) 0.056
YABCL
Syndrome scales
Anxious 09(06-1.2) 0428 09(0.6-1.2) 0.409 0.8(0.5-1.3) 0.318
Withdrawn 09(06-1.3) 0431 09(06-1.3) 0456 09(0.5-1.3) 0495
Somatic complaints 1.1(0.7-1.6) 0.673 1.0(0.7-1.5) 0.827 1.0(0.6-1.6) 0.968
Thought problems 0.8(0.6-1.2) 0.249 0.8(0.5-1.2) 0.241 09(0.6-14) 0579
Attention problems 0.8(0.6-1.2) 0.262 0.8(0.5-1.1) 0.148 0.7(04-1.1) 0.113
Intrusive behavior 1.2(0.7-2.0) 0572 1.1(0.7-2.00 0617 0.7(04-14) 0.371
Aggressive behavior 09(06-14) 0.595 09(0.5-1.4) 0.565 0.8(0.4-1.4) 0.381
Delinquent behavior 1.2(0.5-2.8) 0.635 1.2(0.5-2.8) 0.643 1.2(04-4.1) 0.760
Problem scales
Internal problems 0.8(0.7-1.04) 0.105 08(06-1.1) 0.125 0.8(0.6-1.1) 0.110
External problems 09(0.7-1.2) 0.563 09(0.7-1.2) 0462 08(0.6-1.2) 0.241
Total problems 0.8(06-1.1) 0.150 08(06-1.1) 0.164 0.7(0.5-0.9) 0.038*

Values represent OR (95% Cl).

Adjusted (1): gender, SES, ethnicity and parity
Adjusted (2): adjusted (1) + gestational age, SGA-status and neonatal ilinesses (IRDS, IVH and sepsis)

*P<0.05
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ABSTRACT

Background

Both very preterm (VP; i.e., gestational age <32 weeks) and very low birth weight (VLBW;
i.e., birth weight <1,500 g) are used as inclusion criteria by studies on preterm birth. We
aimed to quantify the impact of these entities on postnatal growth until final height.

Methods

Subjects born VP and/or with VLBW from the Project On Preterm and Small-for-gesta-
tional-age infants cohort were classified as follows: (1) VP+/VLBW+ (n=495), (2) VP+/
VLBW- (n=207), or (3) VP-/VLBW+ (n=296) infants. Anthropometric data were collected
atbirth, 3,6, 12, and 24 months’corrected age, and at 5 and 19 years. At 19 years, 590/998
(59%) of the subjects enrolled in 1983 were followed up.

Results

Birth size was smallest in the VP-/VLBW+ group compared with the VP+/VLBW+ and
VP+/VLBW- groups. During childhood, length, weight, and head circumference SD
scores increased in the VP-/VLBW+ group, whereas SD scores in the VP+/VLBW+ and
VP+/VLBW- groups either remained stable or decreased. Despite catch-up growth, VP-/
VLBW+ infants remained the shortest and lightest at age 19.

Conclusion

Classification on the basis of VP and VLBW impacts growth, causing different growth
patterns for infants born VP+/VLBW+, VP+/VLBW-, or VP-/VLBW+. For future studies, we
recommend, at least for industrialized countries, including preterm infants based on
gestational age.
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INTRODUCTION

Infants born very preterm (i.e., VP; <32 weeks of gestation) and/or with very low birth
weight (i.e., VLBW; <1,500 grams) require admission to a Neonatal Intensive Care Unit
(NICU). Early postnatal growth in such infants is often characterized by extrauterine
growth retardation (EUGR),' caused by a combination of factors, including acute ill-
nesses, glucocorticoid therapy and feeding difficulties. Although the majority of these
infants exhibit late postnatal catch-up growth, they often remain short and thin during
childhood and adolescence.” Moreover, postnatal growth in VP and/or VLBW infants
has been associated with a variety of short- and long-term outcomes, such as cognitive
functioning,** motor performance,* and body composition.’

However, most of the evidence on the long-term consequences of preterm birth on
growth comes from studies in infants with VLBW,*"" which can be attributed to prema-
turity, intrauterine growth retardation (IUGR), or both. Before the 1980s, prematurity was
often based on birth weight in lieu of reliable ways to estimate gestational age. After the
widespread application of ultrasound as a tool to accurately measure pregnancy dura-
tion,'? the majority of studies on preterm infants still used birth weight as an estimate of
the degree of prematurity.®"

Although it is reasonable to assume that being born VP or with VLBW has different im-
pacts on outcomes, surprisingly, this has been quantified only once before.” In compar-
ing VLBW with VP infants, VLBW was associated with an overrepresentation of SGA births
and with lower numbers experiencing neonatal morbidities. However, this study did not
provide long-term follow-up and, therefore, it is not known whether the differences
between these groups could be extended with growth after hospital discharge. Find-
ings from studies in cohorts of infants born either VP or with VLBW that have provided
follow-up until adulthood are incomparable because of the different standards of care at
the time of birth.*”#' The past 30 years were characterized by major changes including
widespread use of antenatal glucocorticoid therapy, introduction of synthetic surfactant
and more aggressive feeding policies. Such changes have resulted in improved chances
for survival. Therefore, caution must be exercised in the comparison of populations born
either VP or with VLBW from different birth eras. Consequently, the long-term impact of
being born VP or with VLBW can only be studied within the same birth cohort.

Therefore, in this study, we aimed to quantify the impact of being born VP and/or
with a VLBW on growth until adulthood. For this purpose, we used the data of the Dutch
Project On Preterm and Small-for-gestational-age infants (POPS) cohort, which is, to our
knowledge, the only study to date that followed up children born both VP and/or with a
VLBW into young adulthood.
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METHODS

Study population

The POPS cohort comprised 94% (n=1,334) of the infants born alive in the Netherlands
in 1983 with a gestational age <32 weeks (VP) and/or with a birth weight <1,500 grams
(VLBW). Gestational age was based on last menstrual period, pregnancy testing, and/or
ultrasound. Subjects were excluded if they died during their hospital stay (n=340). Thus,
998 subjects were included in this study. The inclusion criteria enabled us to compare
groups of: (1) VP+/ VLBW+ infants (n=495), (2) VP+/VLBW- infants (n=207), and (3) VP-/
VLBW+ infants (n=296) (Figure 1). Approval of the medical ethical committees of all
participating centers was obtained.

25007

20004

1300

Birth weight (grams)

1000

500

Gestational age (weeks)

Figure 1: Distribution of our study population, with the three different groups (i.e., VP+/VLBW+, VP+/VLBW-
and VP-/VLBW+) indicated

Growth assessment

Subjects underwent growth assessment at birth, at 3, 6, 12 and 24 months of corrected
age, and again at the chronological ages of 5 and 19 years, when all participants had
reached final height. Follow-up was done by trained research nurses and/or physicians
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according to standardized procedures. At ages 3 months to 2 years, anthropometric data
were collected at outpatient clinics. At age 5, research staff made house visits, whereas
at age 19 follow-up took place at 1 of the 10 involved research centers. Until the age of 2,
length was measured in supine position to the nearest 1 cm. From age 5 onward, stand-
ing height was measured to the nearest 1 mm. Weight was measured to the nearest 5
grams at birth, and during the follow-up visits to the nearest 0.1 kg on a balance scale.
Head circumference (HC) was measured to the nearest 1 cm up to the age of 5.
Standard deviation scores (SDSs) for length/height, weight, and HC were calculated.'*®
Subjects with a birth weight and/or length of less than -2 SD were classified as SGA. Body
mass index (BMI) was calculated as (weight (kg) / (length (m))?) and converted to SDS."”

Statistical analysis

SDS of length/height, weight, BMI, and HC were compared between groups using a
generalized estimating equation (GEE). The different measurement points were used as
an interaction term with the different groups. A P value of <0.05 was considered as a sig-
nificant difference, and 95% confidence intervals (95% Cls) were calculated as described
by Figueiras, et al."®

RESULTS

Perinatal characteristics of participants were significantly different between the VP+/
VLBW+, VP+/VLBW- and VP-/VLBW+ groups (Table 1). In general, the VP-/VLBW+ group
showed significantly less neonatal morbidity and had a better Apgar score after 5 min-
utes, whereas they were significantly more often SGA and born to mothers with (pre-
existent) hypertension and/or who smoked during pregnancy. The VP+/VLBW+ group
had significantly more neonatal morbidity, a longer hospital stay, and more days on
ventilation compared with the other two groups. The VP+/VLBW- group had the shortest
hospital stay. However, ethnicity, marital status, and socio-economic status (SES) were
not significantly different between the three groups, and target height SD and maternal
height also did not differ between the three groups.

The response rate was different for the several follow-up visits (Figure 2). At age 19,
59% of the infants included for this study were followed up; for the other visits, the re-
sponse rate was adequate. At age 19, responders were significantly different compared
with the non-responders with regard to gender distribution, target height, pre-existent
hypertension, ethnicity, and SES, whereas all other perinatal characteristics as well as
the distribution of the subjects between the three groups did not differ (Table 2).
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Table 1: Perinatal characteristics of the surviving subjects in the three groups

VP+/VLBW+ VP+/VLBW- VP-/VLBW+ Overall

n=495 n=207 n=296 P value
Male 250 (50.5) 134 (64.7) 139 (47.0) <0.001%
Birth weight (grams) 1,173£214 1,705+178 1,276+178 <0.001%%
Gestational age (weeks) 29.3+1.6 30.8+0.9 34117 <0.001%™
PROM 115(23.2) 56 (27.1) 12(4.1) <0.001™
Born via caesarian section 194 (39.2) 52(25.1) 223(75.3) <0.001%™
Apgar score >7 after 5 minutes 384 (77.6) 175 (84.5) 264 (89.2) <0.001*"
Duration of hospital stay (d) 79+32 50+20 62+33 <0.001*"™
Days of ventilation (d) 7.5+11.0 3.245.1 1.4+7.5 <0.001*™
IRDS 254 (51.3) 99 (47.8) 36(12.2) <0.001™
Sepsis 196 (39.8) 60 (29.0) 77 (26.0) <0.001*
IVH 129 (26.1) 28(13.5) 18 (6.1) <0.001%%
NEC 31(6.3) 9(4.3) 17 (5.7) 0.608
SGA-status 48(9.7) 2(1.0) 235 (79.4) <0.001%%
Target height (SD)° -0.1+0.8 0.0£0.8 -0.1£0.9 0.203
Maternal height (cm) 166+6.1 167+6.5 166+7.0 0.306
Pre-existent hypertension 16 (3.2) 3(1.5) 25 (8.6) <0.001™
Hypertension during pregnancy 104 (21.0) 11 (5.3) 152(51.4) <0.001*™
Smoking during pregnancy 145 (29.3) 55 (26.6) 112(37.8) 0.023™
Caucasian maternal ethnicity 417 (84.4) 177 (87.2) 252 (85.7) 0.628
Married (parents) 438 (88.8) 192 (92.8) 249 (84.1) 0.114
Low parental SES 214 (45.1) 75(37.9) 123 (42.4) 0.228

Values represent mean=SD or n (%). Continuous variables were compared with the one-way ANOVA test
when comparing the three groups, and the independent t-test when comparing two groups. Dichotomous
variables were compared with the Chi square test.

* P value <0.05 for VP+/VLBW+ vs. VP+/VLBW-

" Pvalue <0.05 for VP+/VLBW+ vs. VP-/VLBW+

¥ P value <0.05 for VP+VLBW- vs. VP-/VLBW+

VP: very preterm; VLBW: very low birth weight; PROM: premature rupture of membranes; IRDS: infants re-
spiratory distress syndrome; IVH: intraventricular hemorrhage; NEC: necrotizing enterocolitis; SGA: small-
for-gestational-age

° Girls: target height = [(height father in cm + height mother in cm - 13) / 2] + 4.5; boys: target height =
[(height father in cm + height motherincm + 13) / 2] + 4.5

Length/height was significantly different between groups at all ages, except between
the VP-/VLBW+ and VP+/VLBW+ group at age 5 (Figure 3A). The VP+/VLBW- group was
the tallest at all ages, whereas the VP-/VLBW+ group remained the shortest.

Weight was significantly different between groups at all ages (Figure 3B), except for
age 19 between the VP-/VLBW+ and the VP+/VLBW+ groups. Once again, the VP+/
VLBW- group consistently had the highest weight, whereas the VP-/VLBW+ group had
the lowest.
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1338 subjects

340 deceased m

998 survived hospital stay

Length:
- birth: 773 (77%)

- 3 months: 855 (86%)
- 6 months: 830 (83%)
- 12 months: 864 (87%)
- 24 months: 832 (83%)
- 5 years: 926 (93%)

- 19 years: 587 (59%)

Weight:
- birth: 998 (100%)

- 3 months: 896 (90%)
- 6 months: 862 (86%)
- 12 months: 887 (89%)
- 24 months: 847 (85%)
- 5 years: 925 (93%)

- 19 years: 590 (59%)

BMI:
3 months: 851 (85%)
6 months: 827 (83%)
12 months: 861 (86%)

- 24 months: 831 (83%)

- 5 years: 924 (93%)

- 19 years: 587 (59%)

HC:
- birth: 848 (85%)
- 3 months: 835 (84%)
- 6 months: 811 (81%)
- 12 months: 815 (82%)
- 24 months: 746 (75%)
- 5 years: 923 (92%)

Figure 2: Follow-up response for the different growth parameters at all follow-up visits
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Figure 3: Growth for length/height (A), weight (B), BMI (C) and head circumference (D), expressed as SD

scores, for all three groups

Squares=VP+/VLBW+, triangles=VP+/VLBW-, circles=VP-/VLBW+; the error bars represent 95%Cl’s.
* Pvalue <0.05 between all three group, analyzed per measurement point
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Table 2: Perinatal characteristics of the responders vs. non-responders at age 19

Responders at age 19 Non-responders at age 19 P value

n=590 n=408
Male 265 (44.9) 258 (63.2) <0.001
Birth weight (grams) 1301+299 1331+261 0.095
Gestational age (weeks) 31.0+£2.5 31.2+2.6 0.265
PROM 105 (17.8) 78(19.1) 0.596
Born via caesarian section 289 (49.0) 180 (44.1) 0.130
Apgar score >7 after 5 minutes 492 (83.4) 331(81.1) 0.618
Duration of hospital stay (d) 67.3+30.3 69.9+35.4 0.464
Days of ventilation (d) 4.8+9.5 47+9.4 0.840
IRDS 232(39.3) 157 (38.5) 0.789
Sepsis 193 (32.8) 140 (34.4) 0.592
IVH 95(16.1) 80(19.6) 0.152
NEC 36 (6.1) 21 (5.1) 0.523
SGA-status 170 (28.8) 115 (28.3) 0.848
Target height (SD)* 0.0+£0.8 -0.2+0.9 0.001
Maternal height (cm) 167+6.3 165+6.6) 0.006
Pre-existent hypertension 33(5.6) 11(2.7) 0.030
Hypertension during pregnancy 168 (28.5) 99 (24.3) 0.140
Smoking during pregnancy 178 (30.2) 134 (32.8) 0.644
Caucasian maternal ethnicity 519 (88.9) 327 (80.3) <0.001
Married (parents) 529 (89.7) 350 (86.2) 0.324
Low parental SES 208 (35.5) 204 (54.1) <0.001
VP/VLBW status 302(51.2) 193 (47.3) 0.392
- VP+/VLBW+ 115(19.5) 92 (22.5)
- VP+/VLBW- 173(29.3) 123 (30.1)

- VP-/VLBW+

Values represent mean=SD or n (%). Continuous variables were compared with the one-way ANOVA test
when comparing the three groups, and the independent t-test when comparing two groups. Dichotomous
variables were compared with the Chi square test.

* Pvalue <0.05 for VP+/VLBW+ vs. VP+/VLBW-

¥ P value <0.05 for VP+/VLBW+ vs. VP-/VLBW+

* Pvalue <0.05 for VP+VLBW- vs. VP-/VLBW+

VP: very preterm; VLBW: very low birth weight; PROM: premature rupture of membranes; IRDS: infants re-
spiratory distress syndrome; IVH: intraventricular hemorrhage; NEC: necrotizing enterocolitis; SGA: small-
for-gestational-age

° Girls: target height = [(height father in cm + height mother in cm - 13) / 2] + 4.5; boys: target height =
[(height father in cm + height motherincm +13) /2] + 4.5



Growth in VP and/or VLBW infants | 261

Table 3: Changes in SD scores within the groups for length/height, weight, BMI, and HC over time
VP+/VLBW+ VP+/VLBW- VP-/VLBW+
B (95% CI) Pvalue f(95% Cl) Pvalue f(95% Cl) P value

Length/height
Birth - 19 years -0.5(-0.7to-0.4) <0.001 -0.6(-0.8to-0.4) <0.001 1.4(1.2to1.6) <0.001
Birth - 3 months -1.1(-1.3t0-1.0) <0.001 -0.6(-0.8t0o-0.4) <0.001 0.4(0.2t00.6) <0.001
3months-1year 0.5(0.4t00.6) <0.001 0.1(-0.1t00.3) 0.20 0.9 (0.8t0 1.0) <0.001

1 year - 5 years 0.0 (-0.1t0 0.1) 0.43 -0.1(-0.3t00.0) 0.09 0.3 (0.2t0 0.4) <0.001

S5years-19years  0.0(-0.1t00.1) 0.57 0.0 (-0.1t0 0.1) 0.97 -0.2(-0.3t0-0.1)  0.005
Weight

Birth - 19 years -0.3(-0.4to-0.1)  0.001 -0.7(-0.9t0-0.5) <0.001 1.9(1.6to2.1) <0.001

Birth - 3 months -1.0(-1.1t0-09) <0.001 -0.6(-0.7t0-0.4) <0.001 0.7 (0.5t00.9) <0.001

3months-1year 0.1(0.0to00.2) 0.04 -0.3(-0.5t0-0.1) <0.001 0.4(0.2t00.5) <0.001

1 year - 5 years 0.0 (-0.1t0 0.1) 0.59 -0.1(-0.3t00.0)  0.05 0.2(0.1t00.3) 0.001

5years-19years 0.6 (0.5t00.7) <0.001 0.4(0.2t00.5) <0.001 0.6 (0.4t00.8) <0.001
BMI

3months-19years 0.6 (0.3to 1.0) <0.001  0.0(-0.3t00.2) 0.72 0.8(0.6to 1.0) <0.001

3months-1year -0.1(-03t00.2) 0.52 -04(-06t0-0.2) <0.001 -0.2(-03t00.0) 0.06

1 year - 5 years 0.0 (-0.1t0 0.1) 0.43 -0.1(-0.3t00.0) 0.10 0.0 (-0.1t00.2) 0.78

5years-19years 0.8 (0.6t00.9) <0.001 0.5(0.3t00.7) <0.001 0.9(0.8to1.1) <0.001
HC

Birth - 5 years 0.0(-0.2t00.1) 0.66 0.0(-0.2t00.2) 0.99 1.4(1.2to 1.5) <0.001

Birth - 3 months 0.2(0.0t00.3) 0.02 0.3(0.1t00.5) <0.001 1.2(1.1to1.4) <0.001

3months-1year -03(-04t0-0.2) <0.001 -0.4(-05t0-0.3) <0.0017 0.0(-0.1t00.0) 0.32

1 year - 5 years 0.1(0.0t00.2) 0.04 0.1(0.0t00.2) 0.16 0.2(0.1t00.3) <0.001

Values represent beta (95%Cl), as compared with the GEE
VP: very preterm; VLBW: very low birth weight; BMI: body mass index; HC: head circumference

BMI in the VP+/VLBW- group was significantly higher at all ages compared with the
VP+/VLBW+ and VP-/VLBW+ groups, except for age 19 (Figure 3C). The BMl in the VP+/
VLBW+ and VP-/VLBW+ groups was significantly different at ages 1, 2 and 5.

HC was significantly different between groups at all ages (Figure 3D). The VP+/VLBW-
group consistently had the largest HC, whereas the VP-/VLBW+ group had the smallest.

Table 3 shows the changes in SDS within the groups over time. Between birth and
age 19, length/height SDS significantly increased in the VP-/VLBW+ group, while the
VP+/VLBW+ and VP+/VLBW- groups showed a decrease in length/height SDS. A similar
pattern was observed for weight SDS between birth and age 19. The greatest changes
in SDS took place between birth and 3 months of corrected age, and between ages 5
and 19. BMI did not change in the VP+/VLBW- group between 3 months and age 19,
but there was a significant increase in SDS in the VP+/VLBW+ and VP-/VLBW+ groups
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between ages 5 and 19. Between birth and age 5, HC SDS increased significantly in the
VP-/VLBW+ group, whereas there was no change in SDS in the VP+/VLBW+ and the VP+/
VLBW- groups. The greatest SDS change took place between birth and 3 months.

DISCUSSION

In this study, we found significantly different growth patterns for length/height, weight,
BMI, and HC between VP+/VLBW+, VP+/VLBW- and VP-/VLBW+ infants. This indicates
that the terms VP and VLBW describe two different entities, which impact differently on
growth.

We observed that VP-/VLBW+ infants were severely growth restricted at birth, as
evidenced by an SGA rate of 79.4%, and exhibited rapid catch-up growth postnatally.
However, they remained shorter and lighter, and with a smaller HC, as compared with
the other two groups. In contrast, the VP+/VLBW+ and VP+/VLBW- groups showed sharp
decreases in length/height SDS and weight SDS between birth and 3 months, which
could most likely be attributed to the greater percentage of children with neonatal ill-
nesses or to inadequate nutritional support for their degree of illness, although this was
not measured in our study.' In a recent systematic review, poor early postnatal growth
after preterm birth was associated with adverse neurodevelopment.”® Conversely, yet
another study found that rapid early postnatal growth in subjects born SGA was as-
sociated with cardiometabolic disease propensity.’ HC SDS did not change for both
groups. Nevertheless, despite this parallelism in growth patterns, the VP+/VLBW+ group
remained below the means of the norm population for length/height, weight and HC. In
contrast, the length/height, weight and HC of the VP+/VLBW- group remained close to
the population reference mean.

At age 19 years, all three groups had a BMI that was comparable to the norm popula-
tion, with significant increases in BMI SDS for the VP+/VLBW+ and VP-/VLBW+ groups
between ages 5 and 19. This pattern has previously been associated with an increased
risk of coronary events later in life.”?

A previous study found significantly different early neonatal outcomes between VP
and VLBW infants." This was replicated in our study, in which we observed a greater per-
centage of neonatal morbidities in the VP+/VLBW+ and VP+/VLBW- groups. VP-/VLBW+
infants, in turn, were more often born SGA. In addition, they were more often born to
mothers who had (pre-existent) hypertension or who smoked during pregnancy, which
are known risk factors for IUGR *. This suggests that short-term outcomes are signifi-
cantly different depending on the classification that is used. Our current findings indi-
cate that the differences between these groups could be extended with growth up until
adulthood, with the VP-/VLBW+ group, and to a lesser extent the VP+/VLBW+ group,
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showing a growth pattern that has previously been associated with cardiometabolic
disease.”!

Because of the different neonatal outcomes and growth patterns found in our study
between children born VP and/or with a VLBW, we argue that these terms cannot be
used interchangeably. Therefore, findings from studies in children born with VLBW can-
not be automatically extrapolated to children born VP, and vice versa.

For future studies on preterm infants, we suggest that researchers strive to use the
same inclusion criteria, enabling comparisons between different cohorts. Notably, it
is desirable to use inclusion criteria that result in representative samples of preterm
infants. The definition of prematurity is based on pregnancy duration and not on birth
weight, and with current technologies, pregnancy dating can be determined very ac-
curately, especially in the first trimester.”** Therefore, we would strongly recommend
that, at least for industrialized countries, the inclusion of preterm subjects is based on
gestational age rather than on birth weight.

Our study has several strengths and limitations. The major strengths of our study are
its large sample size, long-term follow-up and completeness of data, including growth
parameters.

Our study also has some limitations. First, the follow-up rate between ages 5 and 19
dropped substantially. A non-response analysis (Table 2) showed that non-response
was associated with male gender, non-Caucasian ethnicity and a lower SES. However,
aside from gender, these factors were not significantly different between the three study
groups. Moreover, responders had a 0.2 SD higher target height SDS and their moth-
ers were more often hypertensive compared with non-responders. However, perinatal
characteristics, including SGA status, did not differ between response groups. Moreover,
the distribution of subjects among the three study groups was not different between
responders and non-responders. Therefore, although small differences were present, we
think that our results at age 19 are not subject to attrition bias. Second, subjects in this
cohort were born in 1983. Therefore, our data are not representative for the current gen-
eration of preterm infants,” as neonatal care has advanced significantly in the past three
decades. However, preterm infants still show EUGR despite improved neonatal care,”
and VP and/or VLBW subjects can therefore still be expected to have different growth
patterns. Nevertheless, these growth patterns will presumably be more favorable than
the growth patterns observed in this study. As IUGR pregnancies are nowadays strictly
monitored and labor is induced if necessary®, infants will be less likely severely growth
restricted at birth, leading to lower numbers being VLBW but not VP. Moreover, because
of improved nutritional strategies, which include earlier introduction and rapid increases
in protein intake **%, as well as an increased awareness of the benefits of human breast
milk *°, VP+/VLBW+ and VP+/VLBW- infants will likely show a smaller decrease in SDS,
whereas VP-/VBW+ infants will show improved catch-up growth. Third, although post-
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natal growth charts have been designed specifically for preterm infants, we did not use
these reference data, as they apply to the current generation of NICU-treated infants.
Instead, we have used reference charts that are applicable to Dutch children born in the
1980s.'%"7 Although these charts were not designed specifically for preterm infants, they
do allow comparison between the study groups. Finally, the observed growth patterns,
especially those of the VP-/VLBW+ group, could also be partly ascribed to regression to
the mean. However, this phenomenon is difficult to quantify and to separate from catch-
up growth. Nonetheless, despite possible regression to the mean, the three groups still
show significantly different growth at age 19.

In conclusion, infants born VP+/VLBW+, VP+/VLBW- or VP-/VLBW+ appear to have
significantly different growth patterns, and, therefore, the terms VP and VLBW cannot be
used interchangeably. Because pregnancy dating can be reliably assessed nowadays, we
recommend, at least for industrialized countries, to use gestational age instead of birth
weight as the inclusion criterion for future studies in preterm infants.
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ABSTRACT

Background

Birth weight (BW) is often used as a proxy for gestational age (GA) in studies on preterm
birth. Recent findings indicate that, in addition to perinatal outcomes, subjects born
very preterm (VP; GA <32 weeks) differ from those with very-low-birth-weight (VLBW;
BW <1,500 g) in postnatal growth up until final height.

Objective
To study whether neurodevelopmental and functional outcomes at age 19 are different
between VP and/or VLBW subjects.

Methods

705 19-year-old subjects from the Project On Preterm and Small-for-gestational-age in-
fants cohort were classified as (1) VP+/VLBW+ (n=354), (2) VP+/VLBW- (n=144) or (3) VP-/
VLBW+ (n=207), and compared with regard to intelligence quotient (IQ) assessed with
the Multicultural Capacity Test-Intermediate Level; neuromotor function using Touwen's
examination of mild neurologic dysfunction; hearing loss; self- and parent reported
behavioral and emotional functioning; educational achievement and occupation; and
self-assessed health using the Health Utilities Index and the London Handicap Scale.

Results

VP+/VLBW- infants on average had 3.8 points higher IQ scores (95% confidence interval
(C): 0.5-7.1), a trend towards higher educational achievement, 3.3 dB better hearing
(95%Cl: 1.2-5.4), and less anxious behavior, attention problems and internalizing behav-
ior compared to VP+/VLBW+ subjects. VP-/VLBW+ infants reported 1.8 increased odds
(95%Cl: 1.2-2.6) of poor health compared to VP+/VLBW+ subjects.

Conclusions

At age 19 years, subjects born VP+/VLBW+, VP+/VLBW- or VP-/VLBW+ have different
neurodevelopmental and functional outcomes, although effect sizes are small. Hence,
the terms VP and VLBW are not interchangeable. We recommend, at least for industrial-
ized countries, to base inclusion for future studies in preterm populations on GA instead
of BW.
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INTRODUCTION

Being born very preterm (VP; i.e., gestational age <32 weeks) and/or with a very low
birth weight (VLBW; i.e., birth weight <1,500 grams) requires admission to a neonatal in-
tensive care unit (NICU). Both entities have previously been associated with neurodevel-
opmental and functional problems in adolescence.'” Despite their close resemblance,
in contrast to VP birth, VLBW can be attributed to prematurity, intrauterine growth
restriction (IUGR), or both.

Results of studies in infants with VLBW are often extrapolated to preterm populations,
and vice versa. However, previous research has shown that short-term outcomes are
significantly different between children born VP and/or with VLBW, with more neonatal
morbidities in VP infants, and more small-for-gestational-age (SGA) births among those
with VLBW.'® Moreover, long-term outcomes also appear to differ, as we recently found
that VP and VLBW subjects have significantly different growth patterns and final height."
Subjects born VP without VLBW attained a height close to the population reference
mean, whereas those with VLBW remained approximately 1 SD shorter despite initial
catch-up growth. Whether such differences between VP and VLBW subjects also trans-
late into different long-term neurodevelopmental and functional outcomes is unknown.

In the past three decades, NICU care has improved dramatically and survival rates
of infants born VP and/or with VLBW have increased substantially.”> Among the im-
provements are the widespread application of antenatal glucocorticoid therapy, the
introduction of synthetic surfactant and a tendency towards more aggressive feeding
strategies, although regional differences in the treatment of VP and VLBW infants do
exist.” Therefore, the entities VP and VLBW can only be compared between populations
that have received the same care.

We aimed to compare neurodevelopmental and functional outcomesin adolescence be-
tween subjects born VP and/or with VLBW, using the data from the Project on Preterm and
Small-for-gestational-age infants (POPS) cohort. This cohort project is, to our knowledge,
the only one which studied subjects born both VP and/or with VLBW into adolescence.

METHODS

Population

The POPS cohort included 94% (n=1,338) of the infants born alive in 1983 in The Nether-
lands who were VP and/or had a VLBW. We could therefore distinguish between: 1) VP+/
VLBWH+, 2) VP+/VLBW-, and 3) VP-/VLBW+ infants. Subjects were followed up throughout
childhood until the age of 19 years, when the data for this study were collected. Ethical
approval of all participating centers was obtained.
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Neurodevelopmental outcomes

Cognitive functioning

Cognitive functioning was quantified with the intelligence quotient (IQ) as measured
with the Multicultural Capacity Test (MCT)-intermediate level." The MCT has been
validated for individuals aged >16 years from different ethnic backgrounds with an
education ranging from five years of secondary school to university level. It assesses
verbal and numerical intelligence, spatial visualization, speech fluency, memory, reason-
ing, and speed of perception. Four subscales (linguistic capacity, mathematical capacity,
logical reasoning, and spatial visualization) and a total score can be derived. Normative
scores were expressed on a scale with a mean of 100 and a standard deviation (SD) of 15,
based on the Dutch norm population.

Neuromotor function

Neuromotor function was assessed with the revised version of Touwen’s examination of
minor neurologic dysfunction.'®'® It examines 5 subcategories (hand function, quality
of walking, coordination, posture, and passive muscle tone), and comprises 34 items,
which are scored on a 3-point scale where 2="optimal performance’, 1="slightly reduced
performance” and 0="poor performance”. Total scores range between 0 and 68.

Hearing

Hearing was assessed with pure-tone audiometry with a hand-held audiometer for each
ear separately. Auditory sensitivity was determined as the mean of the threshold levels
at 500, 1,000, 2,000 and 4,000 Hz. Hearing loss in the best and worst ear was recorded.

Behavioral and emotional functioning

Behavior was studied with the self-reported Young Adult Self Report (YASR), and the
parent/caretaker-reported Young Adult Behavior Checklist (YABCL). Both questionnaires
were developed by Achenbach, and provide standardized scores on behavior, feelings,
thoughts and competences in people aged 18 to 30 years.'” The YASR contains 130 items,
and the YABCL contains 109 items. Informants are required to rate items pertaining to
the past six months, scored as 0 = “not true’, 1 = “sometimes true’, and 2 = “very often
or often true”. Eight syndrome scales can be derived: Anxious/Depressed, Withdrawn,
Somatic complaints, Thought problems, Attention problems, Intrusive behavior, Aggres-
sive behavior and Delinquent behavior. In addition, 3 problem scales can be calculated.
“Internalizing behavior” is the sum of the syndrome scales Anxious/Depressed and
Withdrawn. Aggressive behavior, Delinquent behavior and Intrusive behavior comprise
the problem scale “Externalizing behavior”; and the “Total problems scale” is the sum of
all individual items.
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Functional outcomes

Educational achievement

A self-report was used to assess past and current education. Responses were coded
according to the highest level of education achieved or currently enrolled, using a
revised version of The Netherlands Central Bureau of Statistics (CBS) classification:'® no/
primary education or special education (level 0), preparatory vocational education (level
1), intermediate vocational education or higher general secondary education (level 2),
and higher vocational education, pre-university secondary education or university (level
3). For some participants, responses allowed multiple codings for current education. In
such cases, best and worst case coding was used, coded by two assessors. Consensus
about discrepancies was reached through discussion. Both worst- and best-case clas-
sifications were analyzed.

Occupation
Participants also provided details on their current occupation through self-report.
Participation was coded as follows: no job or education (severe problem); part-time job
<16 hours/week with no education, or part-time education without a job (moderate
problem); part-time job 16-32 hours/week, or part-time education with a job <16 hours/
week (mild problem); and full-time education, full-time job >32 hours/week, or part-
time education with a job 16-31 hours/week (no problem).

Seventeen subjects did not correctly fill in the questionnaire, and their data were
therefore excluded.

Health status

The Health Utilities Index Mark 3 (HUI3) was used to determine health status and health-
related quality of life. The HUI3 consists of 8 attributes, focusing on functional capacity:
vision, hearing, speech, ambulation, dexterity, emotion, cognition, and pain. All attri-
butes have 5 or 6 levels,'” which were dichotomized as: levels 1 and 2 = “no problem’,
and level 3 and higher = “moderate to severe problem”* Subsequently, dichotomized
attributes were combined as: 0 attributes affected (no problem), 1-2 attributes affected
(mild problem), 3-4 attributes affected (moderate problem), or =5 attributes affected

(severe problem).

Perceived health

The London Handicap Scale (LHS) was used to measure perceived health. It measures
disadvantages for six dimensions on a 6-point hierarchical scale: mobility, physical in-
dependence (self-care), occupation (daily activities), social integration, orientation, and
economic self-sufficiency.” Coding of responses on the LHS was identical to the method
used for the HUI3.
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Statistics

Differences in functional outcomes, activities and participation across the three groups
were analyzed by multivariate linear or ordinal regression, depending on the measure-
ment level of the outcome variable. Results were expressed as 3 (95% confidence interval
(CI)) for linear regression, or odds ratio (OR) (95%Cl) for ordinal regression. Next, analyses
were adjusted for: 1) gender, socio-economic status and ethnicity (model 1); and 2)
model 1 plus neonatal morbidities (infants respiratory distress syndrome, intraventricu-
lar hemorrhage, and sepsis) (model 2). These confounders were selected based on the
literature or on differences in baseline characteristics between the 3 groups (Table 1).

For measures yielding multiple outcomes (MCT, Touwen’s examination of minor neu-
rologic dysfunction, YASR, and YABCL), a was adjusted to 0.01 to reduce the risk for type
1 errors. For the other outcomes, a P-value of <0.05 was considered significant.

For all analyses, the VP+/VLBW+ group was used as the reference group.

Table 1: Perinatal characteristics of the three groups and the nonresponders

VP+/ VP+/ VP-/ Overall Nonresponders P value
VLBW+ VLBW- VLBW+ P value n=254
n=354 n=144 n=207

Male 154 (43.5) 85(59.0) 89(43.0) 0.003*° 169 (66.5) <0.001
Birth weight (grams) 11614211 17214196 1275+175 <0.001°°° 1327+256 0.387
Gestational age (weeks) 29.3+1.5 30.7+£1.0 34.0+1.6 <0.001*"¢ 312427 0.352
PROM 82(23.2) 37(257) 8(3.9) <0.001°¢  47(18.5) 0.862
Born via caesarian section 146 (41.2) 39(27.1) 164(79.2) <0.001*°< 107 (42.1) 0.044
Apgar score >7 after 5 minutes 279 (78.8) 125(86.8) 185 (89.4) 0.003*° 209 (82.3) 0.896
Duration of hospital stay (days) 79+31 48+15 59+25 <0.001*"¢  67+30 0.996
Days of ventilation (days) 7.3+10.0 2.8+4.5 1.7+£8.9 <0.001*°  4.8+10.3 0.887
IRDS 181(51.1) 66(45.8) 29(14.0) <0.001°¢ 97 (38.2) 0.788
Sepsis 141 (40.1) 35(24.3) 50(24.2) <0.001** 95 (37.4) 0.129
IVH 91(25.7) 22(153) 13(6.3) <0.001**¢ 39 (15.4) 0.362
NEC 24 (6.8) 8(5.6) 11(5.3) 0.747 12(4.7) 0.419
Small-for-gestational-age 36(10.2) 2(1.4) 159 (76.8)  <0.001**¢ 75 (29.5) 0.631

Values represent mean=SD or n (%). Continuous variables were compared with the one-way ANOVA test
when comparing the three groups, and the independent t-test when comparing two groups. Dichotomous
variables were compared with the Chi square test.

? P value <0.05 for VP+/VLBW+ vs. VP+/VLBW-

® P value <0.05 for VP+/VLBW-+ vs. VP-/VLBW+

¢ P value <0.05 for VP+VLBW- vs. VP-/VLBW+

VP: very preterm; VLBW: very low birth weight; PROM: premature rupture of membranes; IRDS: infants re-
spiratory distress syndrome; IVH: intraventricular hemorrhage; NEC: necrotizing enterocolitis; SGA: small-
for-gestational-age
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RESULTS

Perinatal characteristics

Atthe age 19 years, 959 of the 1,338 sub- 1'?:33';??5
. . ,
ject were alive, and 705 of them (73.5%) 75 dcensd:
had been successfully followed up. Of -363<1year '€—
-1621
the deceased, 96% had died within the 22year !

959 subjects

first year (Figure 1). The characteristics T I—

of responders and nonresponders did

. . . 254 -

not significantly differ, except for there respo:zr;rs <
being more males and slightly fewer v
Caesarian births among the latter (Table 705 subjects

L. . . with follow-up
1). The distribution of the subjects across
the 3 groups was also not significantly
different with regard to responders and ‘ 354 VP+/VLBW+ ‘144 VP+/VLBW—‘ ‘ 207 VP-/VLBW+
nonresponders (P=0.93). Figure 1: Flowchart of the follow-up response of

Perinatal characteristics significantly ~ POPS subjects at the age of 19 years.
differed in the 3 groups (Table 1). In
general, infants in the VP-/VLBW+ group had fewer neonatal morbidities than the other
2 groups but were more often SGA. The VP+/VLBW+ group had the highest prevalence
of neonatal morbidity, along with a longer hospital stay and more days on ventilation.
The VP+/VLBW- group had the shortest hospital stay and the least SGA births.

Neurodevelopmental outcomes
Cognitive functioning
A trend towards a higher Total IQ in the VP+/VLBW- group versus the VP+/VLBW+ group
was observed (0.05>P>0.01) (Table 2). No associations or trends were present in models
1and 2.

The subscore Mathematical Capacity was significantly higher in the VP+/VLBW- group.
This association became nonsignificant (P>0.01) in models 1 and 2.

Neuromotor function

Total neuromotor score was comparable in the 3 groups (Table 2). However, a trend
(0.05>P>0.01) towards a higher Passive muscle tone subscore in the VP+/VLBW- group
compared to the VP+/VLBW+ group was present, persisting in both models.



276 | Chapter 14

Table 2: Differences in neurodevelopment, activities and participation between subjects born VP+/VLBW+,
VP+/VLBW- and VP-/VLBW+

Crude regression

VP+/VLBW- vs.
VP+/VLBW+ VP+/VLBW- VP-/VLBW+ VP+/VLBW+
Education® n=347 n=138 n=203
Level 0 39(11.2) 14 (10.1) 21(10.3) 1.3(0.9t0 1.9)
Level 1 54(15.6) 1(15.2) 27(13.3)
Level 2 159 (45.8) 52(37.7) 102 (50.2)
Level 3 95 (27.4) 51(37.0) 53 (26.1)
Occupation® n=339 n=131 n=201
.§ Severe problem 24(7.1) 10 (7.6) 15(7.5) 1.0 (0.6 t0 1.8)
.§- Moderate problem 15 (4.4) 7(5.3) 9(4.5)
E Mild problem 13(3.8) 2(1.5) 15(7.5)
S Noproblem 287 (84.7) 112(85.5) 162 (80.6)
§ HUFP n=319 n=132 n=192
:é Moderate problem 7(2.2) 3(23) 3(1.6) 1.0 (0.6 to 1.6)
;Ca' Mild problem 82(25.7) 34(25.8) 76 (39.6)
No problem 230(72.1) 95 (72.0) 113 (58.9)
LHS® n=314 n=134 n=181
Severe problem 0(0.0) 2(1.5) 0(0.0) 0.9(0.5t01.7)
Moderate problem 6(1.9) 3(22) 5(2.8)
Mild problem 31(9.9) 9(6.7) 25(13.8)
No problem 277 (88.2) 120 (89.6) 151 (83.4)
1Q total® 99.9+15.8 103.7£13.6 98.6+14.3 3.8(0.5t07.1)*
Linguistic capacity z score -0.15+£0.75 0.02+0.61 -0.13+£0.72 0.17 (0.00 to 0.34)
Mathematical capacity z score 0.11+0.98 0.40+0.91 -0.02+0.90 0.29 (0.07 to 0.50)**
Logical reasoning z score 0.09+0.87 0.27+0.72 0.01+0.84 0.19 (-0.01 to 0.38)
] Spatial visualization z score 0.17+0.87 0.38+0.77 0.17+0.81 0.21 (0.02 to 0.40)*
E Neuromotor total® 58.4+7.6 59.5+7.1 58.3+8.4 1.1 (-0.6 to 2.7)
% Hand function 54+1.0 5.5+0.9 5.4+0.9 0.04 (-0.17 to 0.24)
§ Walking 7.5+1.3 7.5+£1.1 7.5+1.2 0.07 (-0.19to0 0.33)
g Coordination 28.4+4.5 29.0+4.2 28.5+4.8 0.60 (-0.39 to 1.58)
é’ Passive muscle tone 6.1+1.6 6.5+1.5 5.9+1.8 0.42 (0.06 to 0.77)*
Posture 11.1+1.2 11.1£1.0 11.0+£1.4 0.09 (-0.18 to 0.35)
Hearing®
Loss in best ear 6.9+7.8 4.7+5.3 5.9+5.6 -2.2(-3.7 t0 -0.8)**
Loss in worst ear 11.7+10.7 8.5+7.6 11.0+9.6 -3.3(-5.4to-1.2)**

? Values represent n (%) or OR (95%Cl), analyzed with ordinal regression with the VP+/VLBW+ group as the
reference.

® Values represent mean=SD or B (95% Cl), analyzed with linear regression with the VP+/VLBW+ group as
the reference.

¢ Analyses adjusted for gender, socio-economic status and ethnicity

4 Analyses adjusted for model 1 plus neonatal morbidity (IRDS, ICH and sepsis)

* Pvalue <0.05; ** P value <0.01
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Crude regression

Model 1¢

Model 2¢

VP-/VLBW+ vs.VP+/  VP+/VLBW-vs.VP+/  VP-/VLBW+ vs.VP+/

VLBW+

VLBW+

VLBW+

VP+/VLBW-vs.VP+/  VP-/VLBW+ vs.VP+/

VLBW+

VLBW+

1.0(0.8to0 1.4)

0.8(0.5t01.2)

1.8(1.2t0 2.6)**

1.5(0.9102.5)

1.4 (0.9 to 2.0)

1.0(0.6 to 1.8)

1.0(0.6 to 1.5)

0.9(0.5t0 1.8)

1.0(0.7t0 1.3)

0.7(0.5t0 1.2)

1.8(1.2t0 2.6)**

1.5(0.9t0 2.6)

1.3(0.9102.0)

1.0(0.5t01.7)

1.0(06t0 1.6

1.0 (0.5 t0 2.0)

1.0(0.7 to 1.4)

0.7 (0.4 to 1.1)

1.7 (1.2 t0 2.6)**

1.8(1.01t0 3.2)*

-1.2(-4.11t0 1.6)

0.02(-0.13t0 0.18)
-0.13 (-0.32 t0 0.06)
-0.08 (-0.25 t0 0.10)
0.00 (-0.16 t0 0.17)
-0.1(-1.6t0 1.3)

-0.04 (-0.21t0 0.14)
0.02 (-0.22 t0 0.23)
0.12(-0.74 t0 0.97)
-0.16 (-0.47 t0 0.15)
-0.10 (-0.34t0 0.13)

-1.1(-2.3100.2)
-0.7 (-2.6t0 1.1)

3.0(-0.2t06.3)

0.14 (-0.03 to 0.30)
0.25(0.03 to 0.47)*
0.14 (-0.05 to 0.33)
0.15 (-0.04 t0 0.33)
1.2(-0.5t02.9)

0.05 (-0.15 t0 0.26)
0.08 (-0.19 to 0.35)
0.64 (-0.36 to 1.65)
0.47 (0.10 to 0.83)*
0.06 (-0.22 to 0.34)

-2.1(-3.5t0-0.6)**
-3.2(-5.4 to -1.0)**

-1.2(-4.0to 1.6)
0.02 (-0.13t0 0.16)
-0.14 (-0.33 t0 0.05)
-0.09 (-0.26 to 0.08)
-0.01(-0.17 t0 0.15)
-0.2(-1.7t0 1.2)
-0.05 (-0.22 t0 0.13)
0.00 (-0.22 t0 0.23)
0.04 (-0.82 t0 0.90)
-0.18 (-0.49 to 0.14)
-0.12 (-0.36 t0 0.12)

-1.0(-2.3t00.3)
-0.7 (-2.6 t0 1.2)

2.6 (-0.7 t0 5.8)

0.13 (-0.04 to 0.29)
0.21(-0.01 to 0.43)
0.10 (-0.10 to 0.29)
0.14 (-0.05 to 0.32)
0.6 (-1.1to0 2.4)

0.01(-0.20 to 0.22)
0.03 (-0.25 to 0.30)
0.35(-0.66 to 1.36)
0.38(0.01 to 0.75)*
-0.03 (-0.31 t0 0.25)

-1.9(-3.4 to -0.4)*
-2.9(-5.1t0-0.7)**

-1.9(-49101.2)
-0.02 (-0.18 t0 0.13)
-0.20 (-0.40 to 0.00)*
-0.16 (-0.34 t0 0.02)
-0.01 (-0.19t0 0.16)
-1.1(2.7t0 0.4)
-0.12 (-0.30 t0 0.07)
-0.09 (-0.34 t0 0.16)
-0.41 (-1.33 t0 0.50)
-0.32 (-0.66 t0 0.01)
-0.24 (-0.49t0 0.01)

-0.9(-231t00.5)
-0.6 (-2.6 to 1.4)
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Hearing loss

Hearing loss was significantly less for both the worst and best ear in the VP+/VLBW-
group, in the crude and adjusted analyses (Table 2). No differences were found between
the VP+/VLBW+ and VP-/VLBW+ groups.

Behavioral and emotional functioning

In the VP+/VLBW- group, the adolescents themselves and their parents reported lower
scores on the Anxious/Depressed syndrome scale, as well as on the Internalizing behavior
problem scale compared to the VP+/VLBW+ group (Table 3). The parents also reported
fewer Attention problems. A trend (0.05>P>0.01) towards fewer self-reported Attention
problems as well as Total Problem behavior was present in the VP+/VLBW- group. Most
of these associations and trends were still present in both models. Adolescents in the
VP-/VLBW+ group showed a trend towards a higher score on the Withdrawn behavior
syndrome scale, both in the crude and adjusted analysis.

Functional outcomes

Educational achievement

No differences were found in worst-case coding education in the 3 groups (Table 2).
However, a trend towards higher educational achievement in the VP+/VLBW- group
than in the VP+/VLBW+ group appeared to be present. Repeated analyses for best-case
coding found similar results (data not shown).

Occupation
No differences were found between the 3 groups (Table 2). Most subjects did not experi-
ence a problem with regard to occupation.

Health status
The VP-/VLBW+ group had higher odds of reporting a lower health status than the VP+/
VLBW+ group did (Table 2). This association remained significant in both models.

Perceived health

No significant differences were found in the perceived health of the 3 groups (Table
2), although there was a nonsignificant tendency towards a higher odds of reporting a
worse perceived health in the VP-/VLBW+ group (Table 2).
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DISCUSSION

In our study, we found that the long-term outcomes of VP+/VLBW- subjects were more
favorable than those of VP+/VLBW+ subjects. On average, the subjects in the VP+/VLBW-
group had a trend towards a higher IQ score, as well as less hearing loss and less self- and
parent-reported behavioral problems. Additionally, a trend towards higher educational
achievement was found in this group. Compared to the VP+/VLBW+ group, the VP-/
VLBW+ group reported worse self-perceived health. None of the observed differences
were reflected in participants’ occupational achievement.

Some associations became nonsignificant after correction for demographic and/
or perinatal morbidity variables. Indeed, these factors have previously been identified
as predictors for poor outcomes in preterm infants.”’** On the other hand, other as-
sociations remained significant after correction for these variables. However, it is unclear
whether the loss of statistical significance for some associations was due to (appropri-
ate) correction for confounding variables or (inappropriate) correction for intermediate
variables in the causal pathway. Nevertheless, neurodevelopmental and functional
outcomes still appeared significantly different in infants born VP+/VLBW+, VP+/VLBW-
and VP-/VLBW+ after analyses were adjusted for demographic and neonatal morbidity.

Our findings confirm that the entities VP and VLBW are not interchangeable. Previ-
ous research has shown that these two entities are associated with different short-term
outcomes,'® with a higher proportion of neonatal morbidities in the VP+/VLBW+ and
VP+/VLBW- groups, but more SGA births in the VP-/VLBW+ group. Moreover, we have
recently shown that different growth patterns up until final height are also present, with
the best growth in VP+/VLBW- infants, while subjects in the VP-/VLBW+ group remained
the shortest and lightest."" In this study, we also found differences in neurodevelop-
mental and functional outcomes between the terms VP and VLBW, contributing to the
evidence that these two entities are indeed not the same.

The differences found in our study were statistically significant, but the effect sizes
were modest, and the differences in the three groups are also likely smaller than if the
groups had been compared to a VP-/VLBW- control group. The clinical implications
therefore remain to be determined. Our findings mostly have implications for (clinical)
research. For future studies on preterm infants, we recommend using the same inclusion
criteria, thereby enabling comparisons between cohorts. Previously, recommendations
have been made to base epidemiologic studies on preterm infants on GA rather than on
BW 8, However, as far as we are aware, these studies only researched short-term (in-
hospital) outcomes. The results of our study on long-term neurodevelopmental differ-
ences, as well as our previous study on long-term growth outcomes, have added to the
available evidence, showing that the differences between VP and VLBW subjects remain
present into adolescence ''. Therefore, since prematurity is defined by GA and since
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pregnancy duration can be measured accurately with current technology,”**°

we concur
with the previous recommendations that GA should be used as an inclusion criterion
instead of BW, at least in industrialized countries. Simultaneously, we also recommend
adjusting for BW SD scores when analyzing (long-term) outcomes, since BW is also a
strong determinant of long-term neurodevelopmental outcomes.**'*?

The results of studies on VLBW infants cannot automatically be applied to a VP popula-
tion, and vice versa; this should be taken into account when interpreting the results of
a study on VP or VLBW infants. Nevertheless, the effect sizes found in our study were
small, and VP and VLBW populations often do overlap with regard to clinical care. The
substantial established body of literature, on both VP and VLBW subjects, therefore re-
mains extremely valuable. However, especially as infants with increasingly younger GA
are now being treated, we recommend that future studies select preterm populations
primarily based on GA.

Our study has several strengths and limitations. Its major strengths are its large
sample size, long-term follow-up, the analytical approach that adjusted for multiple
potential confounders, and the use of a broad range of neurodevelopmental and func-
tional outcomes. It also has its limitations. Although we found several differences in
neurodevelopmental and functional outcomes in the 3 groups, the mechanism behind
these differences cannot be elucidated with the available data, since the etiology of
these outcomes is most likely complex and multifactorial. Additionally, since 1983,
improvements in neonatal care have been made, while infants with an increasingly
younger GA are being treated, and intrauterine growth is better monitored. A VP and/
or VLBW cohort is therefore likely to have a different composition nowadays, and the
results of this study, as well as the etiology behind these results, can therefore not neces-
sarily be applied to the current generation of preterm infants. However, while mortality
has decreased, morbidity has increased,'” which could entail a higher risk for adverse
neurodevelopmental and functional outcomes. Moreover, using either VP or VLBW as
an inclusion criterion will most likely still lead to different outcomes. Additionally, we
performed multiple statistical tests, and so it is possible that some of the associations
were due to chance, even after adjusting the a to 0.01 for measures that yielded multiple
outcomes. Our results should therefore be interpreted with caution. Lastly, the gender
distribution differed between responders and nonresponders. However, since none of
the other characteristics, as well as the distribution of subjects across groups, were dif-
ferent, it is unlikely that our results were subject to attrition bias, although this cannot
be ruled out.

In conclusion, subjects born VP+/VLBW+, VP+/VLBW- and VP-/VLBW+ had significantly
different neurodevelopmental and functional outcomes, although effect sizes were
small. Moreover, previous research has shown that the terms VP and VLBW also lead

10,11

to different short- and long-term outcomes, indicating that these entities are not
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the same. We recommend, at least in industrialized countries, that inclusion for future
studies in preterm populations be based on GA instead of BW.
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ABSTRACT

Background

Increasing numbers of preterm-born children survive nowadays, and improving long-
term health and neurodevelopment is becoming more important. Early-life growth has
been linked to neurodevelopmental outcomes. We aimed to study whether this associa-
tion has changed with time.

Methods

We studied two cohorts of preterm-born children (gestational age <32 weeks and/or
birth weight <15009g) from 1983 (n=708) and 2003-2006 (n=138), respectively. We
distinguished four early-life growth patterns at 3 months corrected age: appropriate
for gestational age (AGA) with or without growth restriction (AGA GR+/AGA GR-), and
small for gestational age (SGA) with or without catch-up growth (SGA CUG+/SGA CUG-).
Intelligence quotient (IQ), neuromotor function, and behavior were assessed at ages 19
and 8 years, respectively, for the cohorts.

Results
In the 2003-2006 cohort, less children had early-life GR. In both cohorts, SGA CUG-
subjects had unfavorable growth trajectories and neurodevelopmental outcomes (IQ
B -6.5, 95% confidence interval (Cl) -9.8; -3.2, P <0.001; neuromotor score 3 -1.9%, 95%
Cl-3.2;-0.6, P=0.005), while SGA CUG+ subjects were comparable to adequately grown
subjects.

Conclusion

Although the incidence of adverse growth patterns decreased between the cohorts,
possibly indicating improvements in care over time, the impact of these growth patterns
on neurodevelopmental outcomes was not significantly different. Achieving adequate
early-life growth may be crucial for improving neurodevelopmental outcomes, espe-
cially for preterms born SGA.



Early-life growth and neurodevelopment
INTRODUCTION

Neonatology is a rapidly evolving discipline. Throughout the years many advances have
been made in both prenatal and neonatal care, including the widespread use of ante-
natal glucocorticoids, the introduction of synthetic surfactant, and feeding strategies
aimed at the early introduction of (par)enteral feeding with high protein contents."” As
a consequence, increasing numbers of extremely-preterm (<28 weeks gestation) and
extremely low birth weight (<1,0009) infants survive, and this may in part explain why
only a modest decrease in neonatal morbidities such as sepsis and retinopathy was
observed.”?

Furthermore, a large proportion of preterm infants experiences intrauterine growth
restriction (IUGR) and is, as a consequence, usually born small-for-gestational-age (SGA).
Preterm SGA-infants typically remain smaller and lighter throughout childhood, and
have poorer long-term neurodevelopmental outcomes than their appropriate-for-ges-
tational-age (AGA) counterparts.”® In the early postnatal period, extra-uterine growth
restriction (EUGR) may occur, resulting in 30-95% of very low birth weight (VLBW,; birth
weight <1,500 grams) infants being growth restricted around term age or at discharge
from the hospital.”® Although IUGR and EUGR are considered two separate entities,
both have been associated with impairments in growth and neurodevelopment.**'
After a period of growth restriction (GR), either prenatal or postnatal, most infants show
catch-up growth (CUG) in weight and length during infancy and early childhood,® and
this has been associated with favorable neurodevelopmental outcomes as compared to
GR without CUG."" Considering the above, it is important to take both prenatal growth
(represented as SGA or AGA at birth) and postnatal growth (either steady growth, GR or
CUG) into account when assessing long-term outcomes.

We aimed to study whether 1) the incidence of GR and 2) its association with childhood
growth and neurodevelopmental outcomes have changed over time, by using the data
of preterm-born children from two cohorts recruited 20 years apart, namely in 1983 and
2003-2006. We hypothesized that early-life GR occurs less frequent in the more recent
cohort, but that growth-restricted subjects without CUG are still at a disadvantage with
regard to neurodevelopmental outcomes.

METHODS

Population

Project on Preterm and Small-for-gestational-age infants

The Project On Preterm and Small-for-gestational-age infants (POPS), a nationwide
cohort, consisted of almost all (94%; n=1,338) of the children born alive in 1983 in The
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Netherlands who were born either very preterm (VP; gestational age <32 weeks) and/or
with a VLBW,'? of whom 998 survived after discharge. Infants were recruited at 101 out of
115 level 1 to level 3 hospitals in The Netherlands, and no exclusion criteria were applied
to the cohort. Follow-up was scheduled regularly. At age 19 years, the 959 surviving
subjects were approached for follow-up, of whom 705 participated.

Study Towards the Effects of Postdischarge nutrition
For the nutritional randomized controlled trial (RCT) called ‘Study Towards the Effects
of Postdischarge nutrition’ (STEP), 152 infants born VP and/or with a VLBW between
2003 and 2006 in VU University Medical Center Amsterdam were included at birth. The
Neonatal Therapeutic Intervention Scoring System (NTISS) was used as an indicator of
neonatal illness severity and mortality risk. At term age, subjects were randomized to
receive either a protein- and mineral-enriched post discharge formula or a standard
term formula until 6 months corrected age (CA); a control group of infants fed human
milk was also included. For the follow-up study at age 8 years (STEP-2), 21 subjects were
excluded and 52 declined to participate or could not be traced, resulting in 79 partici-
pants.”® At age 8 years there were no differences between the feeding groups in growth
and body composition,' or neurodevelopmental outcomes (unpublished data).
Approval of the medical ethical committees of all participating centers was obtained,
as well as written informed consent of (parents of) participants.

Growth parameters

Length/height, weight, and head circumference (HC) were measured using standard
methods at birth, 3, 6, 12, and 24 months CA and at chronological age 5 and 19 years in
the POPS cohort, and at birth, term age, 3, 6, 12, and 24 months CA and at chronological

14,15

age 8 years in the STEP cohort.

Growth data and definitions
Body mass index (BMI) was calculated as (weight (kg) / [length (m)]?) from 3 months CA
onwards. Subsequently, standard deviation scores (SDS) for length/height, weight, HC,
and BMI were calculated.'®'” Using a national growth chart '’ from 3 months CA onwards
was deemed most feasible for various reasons: 1) the Dutch population is much taller
than other populations, 2) the period of reference data collection was best fitting for
both cohorts, and 3) consistency in reporting growth data of both cohorts throughout
publications. Early-life growth was defined based on the difference in weight and length
SDS between birth and 3 months CA, as a proxy for term age.

To define early-life growth patterns (from birth to 3 months CA), we used the following
definitions:"
1. AGA: birth weight and birth length >-2 SDS
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2. AGA with or without GR (AGA GR+/AGA GR-): weight and/or length <—2 SDS or >-2
SDS, respectively, at 3 months CA after being born AGA

3. SGA: birth weight and/or birth length <—2 SDS (as recommended by the Interna-
tional SGA Advisory Board in 2003)

4. SGA with or without CUG (SGA CUG+/SGA CUG-): weight and length >—2 SDS or -2
SDS, respectively, at 3 months CA after being born SGA

The proportion of infants with a weight and/or length at birth of >2 SDS (2.2% for POPS
and 0.7% for STEP) was considered negligible and therefore those infants were classified
as AGA.

Growth trajectories were defined as length/height, weight, HC, and BMI SDS over time
(from birth until age 19 or 8 years for POPS and STEP cohorts, respectively).

Neurodevelopment

Cognitive functioning
In the POPS cohort, intelligence quotient (IQ) was measured with the Multicultural
Capacity Test (MCT)-intermediate level at age 19 years.'® The MCT has been validated
for individuals from different ethnic backgrounds aged =16 years, with an educational
level ranging from 5 years of secondary school to university level. It assesses verbal and
numerical intelligence, spatial visualization, speech fluency, memory, reasoning, and
speed of perception.

In the STEP cohort, cognitive functioning was assessed by a child psychologist and
a trained research assistant at age 8 years. Estimated Full Scale Intelligence Quotient
(eFSIQ) was assessed using a four-subtest short form of the most recent Dutch version
of the Wechsler Intelligence Scales for Children—third version (WISC-III)." eFSIQ as mea-
sured by this short form has a high reliability (r = .93) and correlates strongly with FSIQ
(r=.92)%

The total score of both tests was expressed on a scale with a mean of 100 and an SD
of 15.

Neuromotor functioning

Neuromotor functioning was assessed with the revised version of Touwen’s examination
of minor neurologic dysfunction in both the POPS and STEP cohort.”' It examines six
subscales: hand function, diadochokinesis, coordination, quality of walking, posture,
and passive muscle tone. Each subscale, as well as the total score, was expressed as a
percentage of the maximum score.
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Behavior

In the POPS cohort, parental/caregiver ratings of behavioral problems were assessed
using the Young Adult Behavior Checklist (YABCL) as developed by Achenbach, which
provides standardized scores on behavior, feelings, and thoughts in people aged 18 to
30 years.” Three problem scales were derived from eight syndrome scales: “Internalizing
problems” (sum of syndrome scales anxious/depressed and withdrawn behavior), “exter-
nalizing problems” (sum of syndrome scales aggressive behavior, delinquent behavior
and intrusive behavior) and “total problems” (sum of all syndrome scales).

In the STEP cohort parental/caregiver ratings of behavioral problems were assessed
using the Child Behavior Checklist (CBCL) as developed by Achenbach, which provides
standardized scores on behavior and competences for children aged 6 to 18 years.”
Three problem scales were derived from eight syndrome scales: “internalizing problems”
(sum of syndrome scales anxious/depressed, withdrawn/depressed, and somatic com-
plaints), “externalizing problems” (sum of syndrome scales rule-breaking behavior and
aggressive behavior) and “total problems” (sum of all syndrome scales). Scores on the
CBCL were standardized using T-scores with a mean of 50 and an SD of 10, where higher
scores indicate higher ratings of behavioral problems.

Additionally, since deficits in attention are a known problem in preterm populations,*
the syndrome scale “attention problems” was analyzed separately in both cohorts.

To combine behavior data from both cohorts, scores were dichotomized (‘normal’ vs.
‘(sub)clinical’) based on the borderline clinical cut-off points. For the problem scales this
cut-off was the 83" percentile for the YABCL and a T-score =60 on the CBCL, and for the
syndrome scales the 95" percentile for the YABCL and a T-score =65 on the CBCL.

Statistical analyses

Normally distributed variables were reported as mean = SD and skewed variables as
median (interquartile range). Subjects were compared by early-life growth pattern using
analysis of variance, x2/Fisher’s exact, or Kruskal-Wallis as appropriate.

Growth trajectories of length/height, weight, HC, and BMI SDS from birth until 24
months CA were visualized for comparisons of the cohorts as well as the four early-life
growth patterns within each cohort. The figures were constructed using longitudinal
analyses (i.e., generalized estimating equations (GEEs)), where the different measure-
ment points were used as an interaction term with the four growth pattern groups. The
method described by Figueiras et al. was used to calculate 95% confidence intervals
(95% Cls) for every parameter at each time point.”

We also used GEEs to assess mean differences over time in length/height, weight,
HC, and BMI SDS between cohorts and between early-life growth patterns within each
cohort. GEE accounts for missing data, provided that these data are ‘missing completely
at random), therefore we included available growth data on all subjects in these analy-
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ses. Furthermore, GEE adjusts for grouped samples, collected from the same subject at
different times, by using a correlation structure. We used an exchangeable correlation
structure, in which one average within-subject correlation between samples over
time is assumed. GEEs were performed with growth parameters (expressed as SDS) as
continuous, dependent variables, and early-life growth pattern or cohort as categori-
cal, independent variable. Results are presented as B (with 95% Cl), which expresses
the mean difference between the groups over time, taking into account the repeated
measurements within subjects.

To assess the associations between early-life growth pattern and neurodevelopmental
outcomes, we combined the data of the POPS and STEP cohort, and performed linear
regression analyses. Interaction between cohort and early-life growth patterns was as-
sessed by adding interaction terms (cohort x early-life growth pattern) to the regression
analyses. Next, the analyses were adjusted for cohort. Since differences in various peri-
natal and demographic characteristics were found between the POPS and STEP cohorts
(Supplementary Table 1), analyses were subsequently also adjusted for the following
potential confounders: sex, GA, antenatal corticosteroids, the presence of >1 comorbidi-
ties, and maternal education. Comorbidities (sepsis [diagnosed hematologically and/
or through blood culture], intraventricular hemorrhage (diagnosed clinically and/or
radiographically) and necrotizing enterocolitis (stage | or higher), and infant respiratory
distress syndrome (diagnosed clinically and/or radiographically) for the POPS cohort)
were tallied and dichotomized as 0 or =1 comorbidities. The AGA GR— group was the
reference group in all analyses.

We compared the POPS and STEP cohorts on neurodevelopmental outcomes us-
ing linear and logistic regression analyses. Analyses were adjusted for cohort and
subsequently for birth weight SDS in addition to the previously mentioned potential
confounders.

Statistical analyses were performed with IBM SPSS Statistics version 22, and P < 0.05
was considered significant.

RESULTS

Population characteristics

In the POPS cohort, 21 children died between 3 months CA and age 19 years. There were
no significant differences in mortality between the early-life growth pattern groups (P
= 0.102). In the STEP cohort, none of the participants died between 3 months CA and
age 8 years.

Early-life growth pattern classification was known for 708 of the 998 (71%) POPS
subjects, and 138 of the 152 (91%) STEP subjects.
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Early-life growth pattern and neurodevelopmental outcomes were known for 509 out
of 705 (72%) participating POPS subjects at age 19 years, of whom 254 were AGA GR—,
84 AGA GR+, 117 SGA CUG—, and 54 SGA CUG+. At age 8 years, early life growth pattern
and neurodevelopmental outcomes were known for 76 of 79 (96%) STEP subjects, of
whom 54 were AGA GR—, 5 AGA GR+, 9 SGA CUG—, and 8 SGA CUG+ (Supplementary
Figure 1).

Baseline characteristics according to early-life growth pattern for both cohorts are
shown in Tables 1a and 1b. Baseline characteristics were comparable between par-
ticipants and nonparticipants at follow-up of both the POPS and STEP cohort, with the
exception of a lower target height SDS in the nonparticipant group of both cohorts
(P<0.001 and 0.048 for POPS and STEP, respectively), and more males (69.1% vs. 45.6%)
as well as less mothers with higher education (i.e., higher vocational education or uni-
versity, 10.3% vs. 28.2%) in the non-participant group of the POPS cohort.

Growth

Differences in early-life growth patterns between POPS and STEP

POPS subjects were more often born SGA compared to STEP subjects (35.2% vs. 24.6%)
and these SGA subjects less often showed CUG (30.1% vs. 55.9%, P = 0.003). In addition,
GR was seen more frequent in POPS subjects compared to STEP subjects (24.8% vs. 5.8%,
P <0.001).

Growth trajectories

POPS cohort

Figures 1a-d show length/height, weight, HC, and BMI SDS over time, according to early-
life growth pattern group. Using GEE analyses, growth trajectories from birth to age 19
years were significantly different between all growth patterns (Table 2), except for the
BMI SDS trajectory between the SGA CUG— and AGA GR+ groups (P = 0.757).

STEP cohort

Figures 1e-h show length/height, weight, HC, and BMI SDS over time, according to
early-life growth pattern group. Using GEE analyses, the AGA GR— and SGA CUG+ groups
showed similar growth trajectories from birth to age 8 years for weight, HC and BMI (P =
0.093, P =0.639, and P = 0.914, respectively), but not for length/height (P = 0.028). The
SGA CUG- and AGA GR+ groups were significantly different from the AGA GR— group for
all growth parameters (Table 2). SGA CUG— and AGA GR+ groups were comparable for all
growth parameters (all P > 0.05).
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Table 1a: Baseline characteristics of the POPS cohort (1983) according to early-life growth pattern

AGA GR- AGA GR+ SGA CUG- SGA CUG+ P

n (%) 345 (49) 114 (16) 174 (25) 75(11)

Male gender 172 (50) 70 (61) 94 (54) 30 (40) 0.026
Gestational age, weeks 30.2+1.6 295+19 33.9+24 340+1.7 <0.001
Birth weight, grams 1423 + 265 1216 + 267 1140 + 242 1309+ 158 <0.001
SDS 0.0+0.9 -04+08 -32+1.0 -26+09 <0.001
Smoking during pregnancy 119 (35) 35(31) 64 (37) 29(39) 0.767
PROM 85 (25) 26 (23) 3(2) 5(7) <0.001
Antenatal corticosteroids 68(19.7) 14(12.3) 5(2.9) 5(6.7) <0.001
Born via caesarian section 121 (35) 42 (37) 144 (83) 54(72) <0.001
Apgar score >7 after 5 min 290 (84) 78 (68) 156 (90) 68 (91) <0.001
Length of hospital stay, days 59.7+20.8 87.5+423 76.1 +36.1 524+124 <0.001
Days of ventilation 3.6+6.6 74+9.1 22+96 04+15 <0.001
IRDS 158 (46) 72 (63) 22(13) 9(12) <0.001
Sepsis 93 (27) 40 (35) 53(31) 18 (24) 0.285
IVH 46 (13) 31(27) 17 (10) 5(7) <0.001
NEC 11(3) 8(7) 16 (9) 5(7) 0.036
Target height, SD 0.0+0.8 -0.2+£09 -03+0.38 -0.1+£0.8 0.002
Maternal higher education 78 (22.6) 25(21.9) 32(18.4) 16 (21.3) 0.707

Table 1b: Baseline characteristics of the STEP cohort (2003-2005) according to early-life growth pattern

AGA GR- AGA GR+ SGA CUG- SGA CUG+ P
n (%) 98 (71) 6 (4) 15(11) 19 (14)
Male gender 42 (43) 5(83) 11(73) 14 (74) 0.007
Gestational age, weeks 301 +14 289+1.9 308+ 1.1 313+1.1 <0.001
Birth weight, grams SDS 1414 £ 271 931211 996 + 208 1272 £ 222 <0.001

0.0+0.7 -1.2+04 -1.9+0.6 -1.2+0.6 <0.001
Smoking during pregnancy 12(12) 2(33) 3(20) 4(21) 0.263
PROM 14 (14) 1(17) - 2(11) 0.441
Antenatal corticosteroids 50 (51) 5(83) 10 (67) 13 (68) 0.221
Born via caesarian section 49 (50) 5(83) 15 (100) 15(79) <0.001
Apgar score >7 after 5 min 71(72) 6 (100) 13(87) 14 (74) 0.429
Length of hospital stay, days 48.5+14.0 59.5+18.8 58.1+12.0 413+134 0.002
Days of ventilation 8[2-18] 20 [10-30] 19 [6-25] 4[0-10] 0.012*
NTISS 214+77 26.7 £ 8.1 25155 187+£7.0 0.032
IVH 12(12) - 3(20) 3(16) 0.649
Target height, SD -0.2+0.6 -0.7+0.7 -05+0.7 -0.2+0.9 0.211
Maternal higher education 40 (40.8) 1(16.7) 6 (40.0) 6(31.6) 0.616

Values represent mean =+ SD, n (%) or median [IQR]. Continuous variables were compared with the one-way
ANOVA test, dichotomous variables were compared with the Chi square/Fisher’s exact test. ® Kruskal-Wallis Test.
Abbreviations: AGA, appropriate for gestational age; CUG, catch-up growth; GR, growth restriction; IVH, in-
traventricular hemorrhage; IRDS, infant respiratory distress syndrome; NEC, necrotizing enterocolitis; NTISS,
neonatal therapeutic intervention scoring system; PROM, premature rupture of membranes; SDS, standard
deviation score; SGA, small for gestational age
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Figure 1: Growth trajectories of a/e) length/height, b/f) weight, c/g) head circumference, and d/h) BMI ac-
cording to early-life growth pattern for the POPS cohort (a-d) and STEP cohort (e-h). AGA, appropriate for
gestational age; CUG, catch-up growth; GR, growth restriction; SGA, small for gestational age; SDS, standard
deviation score. Dotted line = reference population mean.
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Growth pattern and neurodevelopmental outcomes; POPS and STEP combined

No interaction was found between early-life growth pattern and cohort, and analyses
were therefore not stratified (all interaction terms P > 0.1, data not shown).

Table 3 shows the associations between growth pattern and neurodevelopmental out-
comes. Total IQ was lower in the SGA CUG- group as compared to the AGA GR— group.
Scores on total neuromotor behavior as well as all subscales, with the exception of hand
function, were lower in the SGA CUG— group compared to the AGA GR— group. The AGA
GR+ group scored lower on the subscales diadochokinesis and coordination, while the
SGA CUG+ scored lower on passive muscle tone. The odds for (sub)clinical behavioral
problems were not significantly different between all four early-life growth patterns.

Most of these findings persisted in the SGA CUG— group after adjusting for cohort,
while the associations in the AGA GR+ and SGA CUG+ groups disappeared.

Adjustment for potential confounders changed some of the associations as compared
to the crude analyses: the AGA GR+ group no longer scored lower on the neuromotor
subscales diadochokinesis and coordination (data not shown). The SGA CUG- group
no longer scored lower on diadochokinesis, coordination, and walking. However, the
association of the SGA CUG— group with a lower 1Q became stronger (from 3 —6.5, 95%
Cl -9.8; —3.2 to 3 —8.2, 95% Cl —11.9; —4.4), and the association with a higher odds for
(sub)clinical attention problems became significant (from odds ratio (OR) 1.5,95% CI 0.7;
3.3to OR3.095% ClI 1.2;7.9).

POPS vs. STEP

Growth during the first two years of life

Plotting the POPS and STEP growth trajectories showed significant differences for
length/height, weight, HC, and BMI, with higher SDS for all growth parameters in the
STEP cohort (Figure 2). These results were confirmed by GEE analyses of all growth tra-
jectories (Table 2). At 24 months CA, SDS for weight and length/height were significantly
higher in the STEP cohort compared to the POPS cohort, while there were no differences
in HC and BMI SDS (data not shown).

Neurodevelopmental outcomes

Total IQ was not significantly different between the two cohorts. Neuromotor scores
were significantly higher in the STEP cohort, with the exception of the subscales hand
function and walking (Table 4).

For behavior, the percentages of (sub)clinical behavioral problems per cohort (POPS/
STEP) were as follows: total problem 25%/20%, internalizing 28%/22%, externalizing
14%/17%, and attention 9%/13%. The odds for (sub)clinical behavioral problems were
not significantly different in the STEP vs. POPS cohort (Table 4).

Adjustment for potential confounders did not change these results (data not shown).
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Figure 2: Growth trajectories of a) length/height, b) weight, ¢) head circumference, and d) BMI until 2 years
corrected age, compared between the POPS and STEP cohorts. SDS, standard deviation score. Dotted line
= reference population mean.

DISCUSSION

In this historical comparison of two well-described cohorts of preterm infants, we found
a decrease in prenatal and postnatal GR in the more recent cohort. This could possibly
be attributed to improvements in both prenatal and postnatal care over time. However,
the adverse impact of early-life GR on childhood growth and neurodevelopment was
not significantly different between the cohorts.

In line with other studies,?*?

we found that early-life GR was associated with unfa-
vorable outcomes in both cohorts. More specifically, we found that children born SGA
without subsequent CUG had the greatest risk of unfavorable long-term neurodevelop-
mental outcomes, and that appropriate prenatal and postnatal growth were associated
with favorable neurodevelopmental outcomes. Furthermore, we found similar IQ and
behavioral problems in both cohorts, and better neuromotor outcomes in our more

recent cohort.
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Table 4: Comparison of neurodevelopmental outcomes between the POPS and STEP cohort

Cohort POPS (ref) STEP
(n=509) (n=76)
Mean (95% Cl) B(95%ChH* P
Total IQ 100.2 (99.0; 101.5) 0.3(-3.4;,4.1) 0.873

Neuromotor function, %

- Total score 92.7 (92.2;93.2) 3.4(2.1;4.7) <0.001
- Hand function 93.8(96.2;97.3) -3.1(-4.6;-1.6) <0.001
- Diadochokinesis 87.5 (86.6; 88.3) 7.9(5.4;10.3) <0.001
- Coordination 91.8(91.2;92.4) 3.6(1.9;5.3) <0.001
- Walking 96.1 (95.5; 96.8) 1.3(-0.7;3.3) 0.188
- Posture 93.1(92.4;93.9) 6.1(4.2;8.0) <0.001
- Passive muscle tone 87.2 (86.3;88.1) 9.8 (7.1;12.5) <0.001
Behavior - dichotomized STEP vs. POPS (ref) P
(normal/(sub)clinical) ® OR (95% CI) ©

- Total problem 0.8 (0.4;1.5) 0.446
- Externalizing 1.2(0.6;2.5) 0.545
- Internalizing 0.7 (0.4;1.3) 0.285
- Attention 1.5(0.7;3.3) 0.327

Abbreviations: Cl, confidence interval; OR, odds ratio; ref, reference group
2 unadjusted linear regression analyses, ® Behavioral scores were dichotomized using the ‘borderline clinical
cut-off points; © unadjusted logistic regression analyses

As far as we know, no other study has assessed whether the association between
early-life growth pattern and (neurodevelopmental) outcomes were different between
cohorts recruited 20 years apart, as a proxy for changes in time. Between 1983 and 2003
perinatal care has changed dramatically. With respect to antenatal care, advances in ul-
trasound evaluation of fetal growth improved the possibility to identify severe IUGR and
this identification may support the choice to actively induce (preterm) labor to prevent
an infant from being born severely SGA.”® In addition, the use of antenatal glucocorti-
coids for the induction of fetal lung maturation has become common practice, and this
has been associated with a protective effect against neurodevelopmental impairment.”
With respect to postnatal care for preterm infants, tremendous progress has been made
by the use of surfactant and less invasive ventilation as well as by optimizing early nutri-
tion.

Nevertheless, severe GR in the early postnatal period has been and still is a major con-
cern in the care for preterm infants.®**' A significant part of this GR may be contributed
to cumulative nutritional deficiencies acquired in the first postnatal weeks, as Embleton
et al. showed that recommended daily nutritional intakes were rarely achieved.” This
could at least in part be prevented by ensuring adequate protein and energy intake
according to current guidelines, as soon as possible after birth.' A positive effect of



302

Chapter 15

providing adequate early nutritional care on later neurodevelopmental outcomes has
been suggested.’’

However, during the last two decades, the improvements in neonatal care and nutri-
tion have not led to a clear decrease in short-term and long-term morbidities.>** This
may in part be attributed to the survival of children born at a lower gestational age,
who generally have a more complicated neonatal course. When comparing the two
cohorts, we found a decrease in the percentage of children with early-life GR. We might
have expected this improvement in early-life growth to be accompanied by equally
improved neurodevelopmental outcomes; however, only a modest advantage for the
recent cohort in some of the neurodevelopmental outcomes was observed. This may be
partly explained by the smaller sample size and the lower gestational age of the more
recent cohort, or because the mean scores on neurodevelopmental outcomes in the
1983 cohort were already within the reference range. The small benefits on neuromotor
functioning might partly be attributed to improvements in perinatal care and the selec-
tion of healthier preterm infants for the STEP RCT.

In the more recent cohort, unfavorable early-life growth patterns were still related to
unfavorable neurodevelopmental outcomes, and therefore achieving adequate early-
life growth by further optimizing early nutrition and minimizing disease burden appears
to be essential to improve outcomes of preterm-born infants.** Although acknowledg-
ing the importance of CUG for childhood growth and neurodevelopmental outcomes, it
is important to recognize the possible downside of (excessive) CUG in weight, that is, the
association with an increased risk of cardiometabolic diseases at later age.* In addition
to adequate early-life growth, interventions such as increasing parent-infant interaction,
sensory stimulation, and physiotherapy during and after the neonatal intensive care
unit (NICU)-period, could positively influence both motor and cognitive development as
well, although long-term effects have to be established.***

Theassociation between adverse early-life growth and unfavorable neurodevelopmen-
tal outcomes might either be causal or might be explained by perinatal characteristics
clustering with prenatal and postnatal GR. For example, in our study, subjects with poor
early-life growth had a lower birth weight and their length of hospital stay and total days
of ventilation were longer, so they already seemed to be at a disadvantage compared to
the subjects with appropriate early-life growth. Clustering is particularly evident in case
of bronchopulmonary dysplasia, which, besides being a risk factor for postnatal GR, has
been strongly associated with poor academic achievement.*® Furthermore, the effect of
severity of illness on later outcomes may be mediated by the early nutritional manage-
ment.** The association between early-life growth and neurodevelopment might at least
partly be explained by disease severity, which could actually be the underlying cause for
both the adverse early-life growth and the unfavorable neurodevelopmental outcomes.
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Strengths and limitations

Our study has several strengths and limitations. The major strength of our study is that
we had the unique opportunity to compare extensive data from two cohorts with a
long-term follow-up. Our study has several limitations, which could offer an alternative
explanation for the results of our study. A selection bias might be present due to the
original RCT design of the STEP cohort compared to the observational design of the
POPS cohort, as well as due to recruiting from a single center vs. multiple centers. The
change in the incidence of adverse early-life growth patterns could also be attributed
to these factors. Additionally, the sample size of the STEP cohort at follow-up was very
small, with <10 subjects for three out of four early-life growth pattern groups, and the
power to detect changes in neurodevelopmental outcomes between the two cohorts
might therefore be too limited. Moreover, comparing IQ measured at age 8 and 19 years
may ignore the possibility of changes in neurodevelopmental outcomes over time
within a preterm-born population. Current literature is inconclusive as to how cognitive
performance develops from school age onwards in a preterm population, with studies
showing stable,” improved,*' and worsened * results within the same cohort. It has also
been suggested that executive functioning and academic performance have worsened
with time when comparing sequential cohorts.”® Furthermore, although predischarge
and postdischarge growth appears to impact neurodevelopment differently,* the lack
of anthropometric data at term age for the POPS cohort forced us to use the CA of 3
months to define early-life growth patterns. Methodologically our study was limited as
well: both the age at testing and the instruments used to assess neurodevelopment
differed between our cohorts. However, the tests were both conceptually and method-
ologically similar enough for a pooled data analysis using standardized scores (i.e., by us-
ing predefined cut-offs instead of raw scores). The use of parental reports on behavioral
problems might lead to an overestimation of behavioral problems, although parents of
preterm subjects appear to appraise their child’s health quite accurately.” We decided
to use the parental report because almost 82% of the POPS subjects were still living at
home at the time of follow-up, suggestive of a reliable parental report. Moreover, parent
reports were available for both cohorts, enabling comparison. Lastly, we acknowledge
that, as with any historical cohort, generalizability to current NICU populations may be
hampered because of ongoing changes in perinatal care policies.

CONCLUSION

The incidence of adverse early-life growth patterns is significantly lower in our cohort
from 2003 compared to our cohort from 1983, possibly indicating improvements in care
over time. However, the impact of adverse early-life growth on neurodevelopment was
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not significantly different between the cohorts. Children born SGA without CUG remain
vulnerable and should be followed closely with regard to the timely detection of neuro-
developmental problems during childhood. Children born SGA with CUG had outcomes
similar to adequately grown children. Ongoing attention for adequate early-life growth
is needed, and interventions to support neurodevelopment, specifically in infants with
early-life GR, should be considered.
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Supplementary Figure 1: Flowchart of subjects included in the different analyses for both cohorts.
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Supplementary Table 1: Baseline characteristics of participants in the STEP vs. POPS follow-up

STEP POPS P
n 63 509
Male sex 29 (46.0) 232 (45.6) 0.946
Gestational age, weeks 301 +1.7 313+26 <0.001
Birth weight, grams 1292 £310 1302 + 282 0.797
SDS -04+1.0 -1.1+1.6 <0.001
Smoking during pregnancy 6(9.5) 165 (32.4) <0.001
PROM 5(7.9) 88(17.3) 0.058
Antenatal corticosteroids 37(58.7) 66 (13.0) <0.001
Born via caesarian section 41 (65.1) 267 (52.5) 0.058
Apgar score >7 after 5 min 47 (74.6) 435 (85.5) <0.001
Length of hospital stay, days 51.1+16.1 65.7 £25.7 <0.001
Days of ventilation 10[2-22] 0[0-5] <0.001
>1 comorbidity 33(524) 293 (57.7) 0.423
Target height, SD 0.5+0.7 -0.0+0.8 <0.001
Early-life growth pattern
AGA GR- 44 (69.8) 254 (49.9) 0.010
AGA GR+ 3(4.8) 84 (16.5)
SGA CUG- 9(14.3) 117 (23.0)
SGA CUG+ 7(11.1) 54 (10.6)
Maternal higher education 26 (41.3) 136 (28.7) 0.041

Values represent n (%) or mean + sd. Continuous variables were compared with the independent samples
t-test and dichotomous variables with the Chi square test.
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GENERAL DISCUSSION

In this chapter, the main findings of this thesis are summarized, some strengths and
limitations are reflected on, and implications for future research are discussed.

METHODOLOGICAL CONSIDERATIONS

Composition of study population

In order to measure the correct determinants, composing an appropriate study popula-
tion is crucial. When studying preterm infants, many inclusion criteria have previously
been used, ranging from a gestational age (GA) of <37 weeks to <28 weeks. Addition-
ally, infants have also been included based on birth weight (BW), from <2,500 grams to
<1,000 grams. In chapters 13 and 14 we have compared the differences in outcomes
when infants were included based on being born very preterm (VP; i.e., GA<32 weeks)
and/or with a very low birth weight (VLBW; i.e.,, BW<1,500 grams) by using a cohort
which was established in 1983, the Project On Preterm and Small-for-gestational-age
infants (POPS cohort). Not surprisingly, VP infants significantly differed from VLBW
infants in growth pattern, final height and neurodevelopmental outcomes. For future
studies it is desirable to use inclusion criteria that result in representative samples of
preterm infants. Since the definition of prematurity is based on pregnancy duration and
not because of a low birth weight, we recommend that future studies in preterm infants
should include subjects based on gestational age rather than birth weight, at least in
countries where gestational age can be reliably assessed in utero. This is in line with
previous recommendations which were based on short-term outcomes.'™ In addition,
the inclusion criteria of the study population should be taken into account when inter-
preting results from previous studies, since results in populations included based on BW
cannot necessarily be applied to preterm populations, and vice versa. In meta-analyses
it is especially important to include a uniform group of infants, as only in this way valid
conclusions can be reached.

Influence of sex on (endocrine) outcomes

Aside from including the appropriate study population, statistical analyses should also
be performed correctly, including adjustment for potential confounders and/or effect
modifiers. With regard to hypothalamus-pituitary-adrenal (HPA) axis activity, it was
previously thought that sex differences arose during puberty, under the influence of sex
hormones.>® However, as shown in chapters 9 and 10, basal HPA-axis activity as well
as HPA-axis reactivity already appear to be different between sexes in early childhood.
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Consequently, it isimportant to take sex into account when analyzing HPA-axis (re)activ-
ity, regardless of age.

Standardization of protocols

Lastly, comparing sex differences in HPA-axis reactivity in chapter 10 was hampered
by the lack of standardization, both with regard to the testing protocol as well as when
presenting results. We recommend that future studies assessing HPA-axis reactivity take
the following considerations into account: 1) the type of stress that is to be assessed and
which level of the HPA-axis is to be tested, 2) whether a standardized stress protocol is
available for the desired type of stress to be tested, and 3) the use of a standardized pre-
sentation of results, by reporting both absolute glucocorticoid (GC) concentrations as
well as derived variables, which will allow for a full overview of HPA-axis reactivity. This
would enable comparisons between studies, which consequently will lead to improved
conclusions with regard to stress reactivity in general and sex differences in HPA-axis
reactivity specifically.

EARLY-LIFE CORTISOL REGULATION

Intra-uterine glucocorticoid regulation

By using GC concentrations measured in hair cut directly postpartum, we attempted to
describe intra-uterine GC regulation in chapters 2 and 3.

In chapter 2, neonatal hair GCs were found to be >5 times higher compared to
maternal GC levels directly postpartum, with a sharp decrease within +6 weeks after
birth. However, GC concentrations remained significantly higher than maternal GC
levels, and it therefore appears that hair GC levels in the infant reflect both the intra- and
extrauterine period at that age. Additionally, a strong positive association was found
between neonatal hair GC concentrations and gestational age. Weaker, but nonetheless
significant, associations were found with other perinatal factors, such as birth weight
(but only in kgs, not when expressed as SDS), perinatal infection, and delivery via cae-
sarian section. The association with gestational age is thought to reflect the positive
feedback loop, a placenta-driven phenomenon, which causes an increase in GCs at the
end of the third trimester.” This positive feedback loop might be a part of the mechanism
behind the induction of labor, and appears to promote fetal organ maturation.®’

Next, the associations between maternal distress during pregnancy and neonatal hair
GC levels were assessed in chapter 3. Elevated stress scores pre- and perinatally were
associated with decreased neonatal hair GC levels, with the largest decrease seen in
infants who were exposed to persistent maternal stress. In contrast, maternal hair GCs
were found to be increased when mothers experienced excessive anxiety symptoms
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around birth. We speculate that exposure to increased maternal stress and/or maternal
GCs in utero is associated with suppression of fetal HPA-axis activity. This in turn might
underlie the associations between fetal exposure to maternal stress and/or excessive
maternal GCs in utero and neurodevelopmental problems as well as altered HPA-axis
settings in the offspring.'® Lastly, maternal use of selective antidepressants did not af-
fect neonatal hair GC levels, and antidepressants are therefore unlikely to explain the
associations between maternal stress and neonatal hair GC levels.

Extra-uterine glucocorticoid regulation

After birth, infants are still exposed to small amounts of maternal GCs through breast-
milk. Previously, our group has shown that breastmilk GCs follow the maternal HPA-axis
activity, but the effect of this diurnal rhythm on the infant is unknown. In chapter 4 we
have summarized the existing knowledge on the effects of breastmilk GCs on offspring.
Both in vitro and in vivo studies have shown that breastmilk GCs could promote intesti-
nal maturation. Additionally, systemic effects have also been found, and breastmilk GCs
might also affect the intestinal microbiome. However, both the laboratory analysis of
GCs, as well as the sample collection in most studies leave a lot to be desired. Many stud-
ies use immunoassays, which show cross-reactivity with other hormones,"' and none of
the studies took the diurnal rhythm of breastmilk GCs into account.

We therefore conducted the Cortisol in Mother’s Milk (CosMos) study, of which the
results are presented in chapters 5 to 8. In order to ascertain that any associations
found between breastmilk GCs and outcomes in the offspring were not due to other
components in breastmilk, the association between breastmilk GC levels and macronu-
trient concentrations was studied in chapter 5. No association between breastmilk GCs
and macronutrients were found, probably due to differences in excretion mechanisms:
whereas breastmilk GCs are presumably excreted into breastmilk via passive diffusion,'
macronutrients are subject to active secretion.”?

Next, the effect of the diurnal rhythm of breastmilk GCs was assessed. In chapter 6, the
diurnal rhythm of GCs in infants’saliva was determined, and several possible influencing
factors were analyzed. At the age of one month, infants displayed a diurnal GC rhythm
at a group level, which was strikingly found to be biphasic, possibly reflecting HPA-axis
development. In utero, fetuses appear to already display a diurnal HPA-axis activity, but
with a peak in the afternoon.'* Our results might reflect the transitional period between
fetal-type and adult-type HPA-axis activity. Of the studied influences, only breastmilk
GC exposure and variability were weakly associated with the time of peak in the infants.
These associations might be due to a signaling effect of breastmilk GCs, or due to the
increased mother-infant synchrony seen in breastfed compared to formula-fed infants.
Lastly, the associations between breastmilk GC rhythmicity and the infants’ behavior,
sleep and body composition were assessed in chapters 7 and 8. No associations were
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found, although some results seemed to suggest that outcomes with regard to infant
behavior and sleep could be modified by infant sex and/or experienced maternal stress.
The lack of associations might be due to methodological shortcomings, such as a small
sample size and a short follow-up, but it could also mean that breastmilk GC rhythmicity
does not significantly influence the infants.

Sex differences in basal cortisol concentrations and HPA-axis reactivity in children
aged 0-18 years were assessed in chapters 9 and 10. The meta-analysis performed in
chapter 9 showed that basal cortisol levels were already different between boys and
girls prepubertally, with higher serum, saliva and urine cortisol levels in boys <8 years.
During and after puberty, cortisol levels also showed sex differences, but now cortisol
levels in serum and saliva were found to be lower in boys compared to girls >8 years,
while urine cortisol levels remained higher in boys. However, the sex differences in
serum cortisol levels were not very robust. In chapter 10, sex differences in HPA-axis
reactivity were analyzed in a systematic review. Due to the heterogeneity of methods
and presentation of results of all the included studies, age-stratified analyses could
not be performed. Additionally, due to this methodological heterogeneity, although it
appeared that girls had a more variable diurnal rhythm, a higher cortisol awakening
response and a stronger response to social stress tests than boys, definitive conclusions
could not be drawn. However, although the sex differences found in these studies were
of a small magnitude and not very conclusive, they might contribute to the sex-specific
origins of health and disease in the long-term.

NEURODEVELOPMENTAL OUTCOMES IN PRETERMS

Preterm thyroid regulation

Due to the immature hypothalamus-pituitary-thyroid (HPT) axis after preterm birth,
preterm infants are at a risk of developing transient hypothyroxinaemia of prematurity
(THoP). THoP is characterized by low T4 but normal TSH levels, and has previously been
associated with adverse neurodevelopmental outcomes in childhood.””'® We used the
POPS cohort to assess the effects of THoP on neurodevelopment at age 19 years in
chapters 11 and 12. No associations were found between THoP and IQ or neuromotor
development. THoP was associated with more internalizing and total problem behavior.
However, it is unclear whether these associations are due to causality, especially since
problem behavior has a multifactorial etiology. Since no effects were found on IQ and
neuromotor development, and only small effects were found on behavior, our results
do not support screening preterm infants for THoP. As a recent review stresses,' it is im-
portant to distinguish THoP from congenital hypothyroidism, so repeated screening for
this purpose seems necessary. Recent findings also point towards a role of the placenta
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in the availability of thyroid hormones in preterm infants,”“ suggesting that thyroid

regulation is complex, especially in preterm infants.

Intra- and extrauterine growth

Significant medical advances have been made with regard to the treatment of preterm
infants in the past decades. This has shifted attention towards long-term outcomes in
these infants, especially since only a modest decrease in morbidity has been observed,
despite decreasing mortality. Growth has previously been shown to be a significant
contributor to neurodevelopmental outcomes.”>* In chapter 15, growth patterns and
the impact of these growth patterns on neurodevelopment are compared between
cohorts 20 years apart. While the occurrence of adverse growth patterns (i.e., small-for-
gestational-age (SGA) without catch-up growth or appropriate-for-gestational-age with
postnatal growth retardation) has decreased, which might be a reflection of improved
care over time, the associations between adverse growth and neurodevelopmental
outcomes did not significantly differ. Therefore, it is important to remain focused on
achieving optimal growth in preterm infants.

This conclusion is strengthened by the results of chapters 13 and 14, in which the
effects of being born VP and/or with a VLBW were compared. While these studies were
not strictly performed to assess the effect of intra-uterine growth, the presence of
SGA infants was highest in the VP-/VLBW+ group, and lowest in the VP+/VLBW- group.
Concomitantly, growth trajectories and final height, as well as neurodevelopmental and
functional outcomes were worst in the VP-/VLBW+ group, and best in VP+/VLBW- infants.
Whether growth directly impacts neurodevelopment, or whether a common denomina-
tor is associated with both worse growth and worse neurodevelopmental outcomes is
unclear. Additionally, the POPS cohort, in which these analyses were performed, was
established in 1983. It is therefore likely that the distribution of infants between the
VP and/or VLBW groups has changed. Moreover, due to improved care, which has
resulted in better growth as seen in chapter 15, the magnitude of associations might
have changed. However, the results of chapters 13 and 14 do support the notion that
continued attention should be paid to growth, both in utero and after birth.

STRENGTHS AND LIMITATIONS

One of the strengths of this thesis is the use of novel laboratory techniques to measure
GCs. Our group previously developed an LC-MS/MS method to measure GCs in breast-
milk, which enabled us to assess the associations between the GC diurnal rhythm in milk
and (neurodevelopmental) outcomes in offspring. We also used GCs measured in hair
for some of our analyses, which offers a retrospective view of HPA-axis activity,”® thereby
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enabling us to assess intra-uterine HPA-axis regulation. Additionally, a wide variety of
statistical methods were used, among them the use of specialized rhythm software, as
well as the comparison of two cohorts. Lastly, several of these studies were performed
using the POPS cohort, which encompasses 94% of the children born VP and/or VLBW
in 1983. It is therefore a large and comprehensive cohort, with a long follow-up period.

This thesis also has its limitations. All of these studies are observational, and it is there-
fore not possible to assess the causality of any associations found. Observational studies
are also subject to several sources of bias and uncontrollable confounding factors. For
instance, in this thesis, research was hampered by inclusion of a selected population
(Chapters 2, 3, 5-8 and 15), losses to follow-up (Chapters 3, 11-15), unstandardized
timing of collection of samples (Chapters 5-9), use of non-specific laboratory methods
(chapters 9 and 10), selection by survival (Chapters 11 and 12), and lack of standard-
ized protocols and data presentation (Chapter 10). Additionally, the studies which used
the POPS cohort (Chapters 11-14) might not be externally valid, since this cohort was
established in 1983, and the associations found could be subject to changes in time. The
most obvious change between the POPS cohort and the current NICU population, is the
distribution of infants among the three VP and/or VLBW groups, as studied in chapters
13 and 14. Due to increased surveillance during pregnancy, severe growth retardation is
less common, and it is therefore likely that the number of children born VP-/VLBW+ has
decreased in comparison with the VP+ groups.

Lastly, newly gained knowledge cannot retroactively be applied to past research. The
effect of THoP on neurodevelopment and behavior was therefore studied in the entire
POPS cohort (chapters 11 and 12), rather than only the VP infants, as recommended in
chapter 13 and 14. However, stratified analyses according to gestational age (< and >
29 weeks) were performed, which did not change the results.

FUTURE PERSPECTIVES AND IMPLICATIONS

Future research

As was seen in several of the chapters in this thesis, research in children and in general
would benefit from an increase in standardization. When studying preterm infants it
is best to include infants based on gestational age rather than birth weight, at least in
countries where gestational age can be reliably assessed in utero. Simultaneously, the
application of results to clinical practice should be limited to the researched population
in the study, and not extrapolated to infants with different characteristics. Moreover,
systematic reviews and meta-analyses should only use studies with uniform inclusion
criteria, as only then valid conclusions can be drawn. Methodology, especially for stress
tests, should also be standardized as best as possible, which will facilitate the comparison
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of results between studies. Lastly, correcting for sex is recommended when analyzing
results of studies into HPA axis activity.

Glucocorticoid regulation

Although this thesis has already shed some light on intra-uterine HPA-axis activity, fu-
ture research should further elucidate this. Additionally, HPA-axis development in early
life should be further investigated through a longitudinal study. This way, the origins of
the biphasic diurnal rhythm found in this thesis can be further researched, while other
aspects of HPA-axis development, such as the possible influence of breastmilk GCs, can
also be studied in more detail.

Knowledge of physiological HPA-axis development and activity in healthy newborns
enables the subsequent study of pathological HPA-axis development and activity. In pre-
term infants, HPA-axis activity is often inadequate, manifested as adrenal insufficiently.”’
Future research should investigate HPA-axis development in preterm infants, as well as
the associations between HPA-axis activity and clinical correlates including refractive
hypotension and bronchopulmonary dysplasia (BPD). Additionally, prematurity has
been associated with an upregulated HPA-axis in childhood,?® and it should be further
investigated whether this is associated with early-life HPA-axis activity.

Neurodevelopment in preterms

Neurodevelopment in preterm infants is a difficult and multifactorial issue. This thesis
once again confirms the importance of adequate growth, both in utero as well as after
birth, on neurodevelopmental outcomes. It is therefore important to pay continued
attention to promoting healthy growth in preterm infants. THoP does not appear to
influence neurodevelopment at a later age, although selection by survival cannot be
ruled out, since T4 concentrations were significantly lower in the deceased group. Ad-
ditionally, it is well known that thyroid hormones are crucial for the developing brain,”
and the etiology of THoP appears to be more complex than previously thought.”**' It is
therefore recommendable to further study the effect of THoP on neurodevelopment in
a more recent cohort, in which the prevalence of morbidity and mortality is different
compared to the POPS cohort. However, the influence of hormones might not be notice-
able due to the bigger influences of general preterm illnesses. For example, a recent
study showed that BPD explained 65% of the variance in intelligence.’® The prevention
of BPD is therefore of paramount importance. The HPA-axis has been implicated as a
contributor to the development and/or prevention of BPD, and should therefore also
be studied.
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CONCLUSIONS

In this thesis, we have explored HPA-axis activity and development. We found that hair
GCs reflect intra-uterine HPA-axis activity and were greatly affected by gestational age,
while maternal distress during pregnancy also has its influences. After birth, HPA-axis
activity in 1-month-old infants showed a biphasic diurnal rhythm, possibly reflecting
HPA-axis development. Breastmilk GC rhythmicity might influence the infant’s HPA-axis
activity at age 1 month, but it was not associated with other neurodevelopmental and
growth outcomes in the infants at age 3 months. Neurodevelopment at age 19 was
associated with intra- and extra-uterine growth, but not with thyroid functioning in
preterm infants. Lastly, in order to improve research and the comparison of studies, we
concluded that methodological standardization with regard to inclusion criteria as well
as testing protocols should be encouraged. These new insights form a foundation and a
framework for future studies, particularly with regard to HPA-axis functioning in preterm
infants and its effects on long-term neurodevelopmental outcomes.
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BACKGROUND

This thesis is centered around the hypothesis that events in early-life can affect health
and disease at an older age.

Infants who are born preterm (with a gestational age of less than 37 weeks), form an
interesting group within this hypothesis. Where normally they would still be safe in the
womb, they are suddenly exposed to disturbances, like medications, procedural pain
related to operations and blood draws, and infections. Meanwhile, they have trouble
breathing unassisted and their organs are still immature.

In 2017, 11.978 children were born prematurely in the Netherlands, of which 2.274
were very preterm (gestational age <32 weeks). Due to improved care, an increasing
number of preterm born infants survive, and focus is therefore shifting towards the
long-term effects of prematurity; previous studies have shown that children who were
born preterm are at an increased risk for neurodevelopmental problems, cardiovascular
diseases and deviating growth. It is important to research which factors contribute to
this increased risk, and it is equally important to study the factors that can improve or
prevent the adverse consequences of preterm birth. Treatment of preterm infants is
likely to be most successful when normal physiology is pursued, and a comprehensive
understanding of these processes is therefore crucial.

The work presented in this thesis aimed to elucidate both normal physiology, as
well as some of the factors contributing to or preventing adverse outcomes in preterm
infants, with a focus on early-life endocrine regulation.

SUMMARY OF THE RESULTS

Part 1: Early-life glucocorticoid regulation

In chapter 2 we explored cortisol and cortisone (glucocorticoids; GCs) concentrations
measured in hair of neonates. We found that with an increasing gestational age, con-
centrations of GCs increased as well. This is in line with the hypothesis that a spike in
GC concentrations might be a part of the mechanism behind the induction of labor. In
chapter 3 we researched the association between hair GC concentrations and experi-
enced maternal distress during pregnancy. The infants’ hair contained lower GC concen-
trations when their mothers experienced elevated levels of distress during pregnancy,
while the mothers themselves had higher hair GC concentrations. The results of these
two studies suggest that GC levels measured in hair could aid in the understanding of
glucocorticoid regulation in utero.

Infants are exposed to maternal GCs in the womb, but after birth they can still be
exposed to small amounts of maternal GCs through breastmilk. In chapter 4 we have
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reviewed all the available research on the effects of breastmilk GCs on the offspring thus
far. However, we concluded that most studies were not performed optimally. Our re-
search group has previously shown that breastmilk GCs follow the maternal GC rhythm
that is present in blood: GC concentrations are high in the (early) morning, and are low
during the evening and night. None of the studies assessing the effects of breastmilk
GCs on offspring took this rhythm into account. Moreover, laboratory analyses to mea-
sure GC levels were not optimal either. We therefore recommended that future research
should take breastmilk GC rhythmicity into account and determine GC levels with a
sensitive method.

We performed research ourselves with regard to the effect of breastmilk rhythmicity
on the offspring. First, we assessed whether there was an association between milk mac-
ronutrients (carbohydrates, protein and fat) and GCs in breastmilk in chapter 5, which
we did not find. Next, in chapter 6, we studied the association between GC rhythmicity
in breastmilk and in the infants’ saliva at the age of T month. There are some indications
that such an association is present, and that breastmilk GC rhythmicity could play a role
in the development of a GC rhythm in infants, but the associations are quite weak. We
did find that on a group level the infants displayed a different GC rhythm compared to
the rhythm seen in adults: the GC rhythm in infants appeared to be biphasic, with a peak
in both the morning and evening. This rhythm might be a reflection of the develop-
ment towards an adult-like glucocorticoid regulation out of fetal-type glucocorticoid
regulation. Subsequently, in chapters 7 and 8, we studied the associations between
breastmilk GC rhythmicity and body composition, behavior and sleep of the infants at
the age of 3 months. We did not find any associations, which might indicate that GCs in
breastmilk do not significantly influence outcomes in the infants. The lack of associa-
tions might also be explained by the small sample size and relatively short follow-up
period of our study.

Part 2: Glucocorticoid regulation and sex

It is known that sex differences in glucocorticoid regulation are present in adults. How-
ever, sex differences in (clinical) outcomes are already present in preterm born infants;
for example, mortality risk is higher in boys compared to girls. In chapters 9 and 10
we assessed whether sex differences with regard to basal GC concentrations as well
as after stress tests are already present during childhood. To do this, we reviewed the
existing literature systematically, and we also performed a meta-analysis. We discovered
that sex differences are already present during childhood, both with regard to basal GC
concentrations as well as after stress tests. These differences appeared to change under
the influence of puberty, at least for the basal GC concentrations. The presence of sex
differences in glucocorticoid regulation might partly explain the observed differences
in (clinical) outcomes seen after preterm birth. It could also be a part of the mechanism
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behind the different disease risk profiles between adult men and women. However,
comparing the study results — especially with regard to GC concentrations after stress
tests — was hampered by the many different protocols which were used, as well as the
lack of a uniform presentation of the data. We have therefore recommended to use stan-
dardized stress tests as well as a standardized presentation of results for future studies
on (sex differences in) glucocorticoid regulation.

Part 3: Early-life thyroid regulation in preterm infants

The organs of preterm born infants are stillimmature. This is also the case for the thyroid
gland: it is possible that a temporary dip in thyroid hormone concentrations occurs in
preterm born infants. Thyroid hormones are important for the development of the brain;
children with congenital hypothyroidism or infants whose mothers had low thyroid hor-
mone concentrations during pregnancy are at an increased risk for neurodevelopmental
delays. Previous studies have shown that the temporary dip in thyroid hormones is also
associated with adverse neurodevelopmental outcomes in childhood. In chapters 11
and 12 we studied whether these associations are still present at the age of 19 years. No
differences were found in IQ and motor performance between preterm-born children
who did and did not have a temporary dip in thyroid hormones. Some differences in
behavioral outcomes were found: adolescents were more likely to have internalizing be-
havior when a dip in thyroid hormones had occurred. However, we did not consider this
to be clinically significant enough to recommend standard screening for the temporary
thyroid hormone dip in preterm infants.

Part 4: Early-life growth and neurodevelopment

Infants can be admitted to the neonatal intensive care unit (NICU) for a multitude of
reasons: for example, they were born prematurely, or their birth weight was too low.
Many studies on prematurity include study subjects based on gestational age. However,
some studies (also) include infants based on birth weight. Two often-used terms in stud-
ies concerning prematurity are Very Preterm (VP; gestational age <32 weeks) and Very
Low Birth Weight (VLBW; birth weight <1500 grams). It is already known from previous
research that the short-term outcomes are different between these two terms. We have
studied whether these two terms also lead to different long-term outcomes in chapters
13 and 14. We discovered that infants born VP had a different growth pattern and final
height compared to infants born with a VLBW. Additionally, these infants also differed
with regard to neurodevelopmental outcomes: they had a different 1Q-score as well as
different behavioral outcomes, although no differences were found regarding education
level and occupation. We have therefore recommended that future studies in preterm
infants should include subjects based on gestational age rather than birth weight, at
least in countries where gestational age can be reliably assessed in utero. This way, a
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representative study population can be created and the true impact of preterm birth
can be studied.

In the past decades, treatment strategies in the NICU have been improved significant-
ly. We studied whether this has also led to different growth and neurodevelopmental
outcomes in chapter 15. We found that an adverse growth pattern (appropriate-for-
gestational-age with postnatal growth retardation, or small-for-gestational-age without
catch-up growth) occurred less frequently in a cohort established in 2003 compared to a
cohort established in 1983. However, the associations between adverse growth patterns
and neurodevelopmental outcomes did not change in those 20 years. Therefore, it is
important to remain focused on achieving optimal growth in preterm infants.

CONCLUSION

In this thesis, we explored glucocorticoid regulation and its development. We found that
GCs measured in hair of neonates reflects glucocorticoid regulation in utero. Hair GC
levels are mostly affected by gestational age, while maternal distress during pregnancy
also has its influences. After birth, GC levels in 1-month-old infants showed a biphasic
diurnal rhythm, possibly reflecting the development of an adult-like glucocorticoid
regulation. Breastmilk GC rhythmicity might influence the infant’s glucocorticoid regu-
lation at age 1 month, but it was not associated with other neurodevelopmental and
growth outcomes in the infants at age 3 months. Neurodevelopment at age 19 was
associated with intra- and extra-uterine growth, but not with thyroid functioning in
preterm infants. Lastly, in order to improve research and the comparison of studies, we
concluded that methodological standardization with regard to inclusion criteria as well
as testing protocols should be encouraged.

These new insights form a foundation and a framework for future studies, particularly
with regard to glucocorticoid regulation in preterm infants and its effects on long-term
neurodevelopmental outcomes.
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ACHTERGROND

Dit proefschrift is gebaseerd rond de hypothese dat gebeurtenissen vroeg in het leven
effecten kunnen hebben op de gezondheid (en het risico op aandoeningen) op latere
leeftijd.

Te vroeg geboren kinderen (prematuren, geboren met een zwangerschap van minder
dan 37 weken) vormen binnen deze hypothese een interessante groep. Daar waar zij
namelijk normaal gesproken nog veilig in de baarmoeder zouden zitten, worden ze nu
blootgesteld aan medicatie, operaties, injecties en infecties, terwijl ze moeite hebben
met zelfstandig ademhalen en al hun organen nog onrijp zijn.

In Nederland werden er in 2017 11.978 kinderen te vroeg geboren, waarvan er 2.274
extreem prematuur (zwangerschapsduur <32 weken) geboren werden. Dankzij een ver-
beterde zorg overleven er steeds meer kinderen hun vroeggeboorte, en er is daardoor
steeds meer aandacht voor de langetermijneffecten van vroeggeboorte; het is bekend
dat kinderen die prematuur geboren werden een hogere kans hebben op gedrags- en
groeiproblemen, en een hoger risico hebben op hart- en vaatzieken. Het is belangrijk om
uit te zoeken welke factoren rondom vroeggeboorte bijdragen aan dit verhoogde risico,
en het is evengoed belangrijk welke factoren hiertegen beschermen. De uitkomsten op
lange termijn bij prematuren zijn waarschijnlijk het optimaalst op het moment dat de
normale omstandigheden (fysiologie) zoveel als mogelijk kunnen worden nagebootst,
en het is daarom belangrijk om de normale fysiologie goed te begrijpen.

In dit proefschrift hebben we een deel van deze fysiologie bij pasgeborenen on-
derzocht, samen met andere factoren die kunnen bijdragen aan of helpen met het
voorkomen van de nadelige gevolgen van prematuriteit, waarbij de focus lag op de
hormoonhuishouding (endocriene regulatie) in het vroege leven.

SAMENVATTING VAN DE RESULTATEN

Deel 1: Stresshormoonhuishouding in het vroege leven

In hoofdstuk 2 hebben we gekeken naar de hoeveelheid stresshormonen cortisol en
cortison gemeten in haar van pasgeboren baby’s. We vonden dat naarmate de zwan-
gerschapsduur langer is, de hoeveelheid stresshormoon in het haar van baby’s ook
toeneemt. Dit past bij een hypothese dat stijgende stresshormoonconcentraties bij de
baby de bevalling in gang kan zetten. In hoofdstuk 3 hebben we gekeken naar het
verband tussen stresshormoon gemeten in haar en ervaren stress van de moeder tijdens
de zwangerschap. Bij baby’s zaten er minder stresshormonen in de haren als de moeder
een verhoogde hoeveelheid stress had ervaren tijdens de zwangerschap, terwijl bij
moeders de stresshormoonconcentratie juist hoger was. De resultaten van deze twee
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onderzoeken suggereren dat stresshormoon gemeten in haar bij pasgeboren baby’s
kunnen helpen bij het vormen van een beeld van de stresshormoonhuishouding tijdens
de zwangerschap.

Baby’s worden tijdens de zwangerschap blootgesteld aan stresshormonen van moe-
der, maar ook na de bevalling kunnen ze in aanraking komen met de stresshormonen
van moeder door middel van borstvoeding. In hoofdstuk 4 hebben we alle tot nog toe
bekende onderzoeken naar het effect van stresshormoon in borstvoeding op het kind
samengevat. We kwamen echter ook tot de conclusie dat de meeste van deze onderzoe-
ken niet optimaal zijn uitgevoerd. Onze onderzoeksgroep heeft eerder aangetoond dat
de stresshormonen in moedermelk het ritme volgen dat stresshormonen ook hebben in
bloed: een hoge concentratie in de (vroege) ochtend, en lage concentraties in de avond
en nacht. Geen enkele van de studies die zijn gedaan naar de effecten van borstvoeding
op de nakomelingen hield rekening met dit ritme. Daarnaast zijn de stresshormonen
niet op de meest optimale manier bepaald. We hebben er dan ook voor gepleit om in
vervolgonderzoeken rekening te houden met het ritme van stresshormonen in borst-
voeding, en om de stresshormonen met een sensitieve meetmethode te bepalen.

Wij hebben zelf een onderzoek gedaan naar het effect van het ritme van stresshormo-
nen in borstvoeding op kinderen. We hebben eerst gekeken of er een verband bestaat
tussen voedingsbestanddelen (koolhydraten, eiwit en vet) en stresshormonen in melk
in hoofdstuk 5, welke we niet gevonden hebben. Daarna hebben we in hoofdstuk 6
gekeken naar de relatie tussen het ritme van stresshormonen in borstvoeding en in het
speeksel van kinderen op de leeftijd van 1 maand. Er zijn enkele aanwijzingen dat er een
verband bestaat, en dat stresshormonen in moedermelk dus mogelijk een rol spelen in
de ontwikkeling van het ritme in kinderen, maar heel sterk zijn deze verbanden niet. We
vonden wel dat er op groepsniveau in de kinderen een ander ritme aanwezig is dan bij
volwassenen. Er werd namelijk niet alleen een piek in de ochtend gezien, maar ook in
de avond. Dit ritme is mogelijk een uiting van de ontwikkeling van een volwassen stres-
shormoonritme vanuit een foetaal stresshormoonritme. In hoofdstuk 7 en 8 hebben
we vervolgens gekeken naar het verband tussen het ritme van stresshormoon in moe-
dermelk en de lichaamssamenstelling, gedrag en slaap van de kinderen op de leeftijd
van 3 maanden. Wij vonden geen relaties, wat erop kan wijzen dat stresshormonen in
moedermelk geen significante invloed uitoefenen op kinderen. Het kan ook liggen aan
het feit dat we weinig moeder-kindparen in ons onderzoek hadden en we de uitkomst-
maten (lichaamssamenstelling, gedrag en slaap) op vrij jonge leeftijd hebben bepaald.

Deel 2: Stresshormoonhuishouding en sekse

Het is bekend dat de stresshormoonhuishouding verschilt tussen volwassen mannen
en vrouwen. Echter, bij te vroeg geboren kinderen zijn er ook al verschillen in uitkom-
sten tussen jongens en meisjes; jongens hebben bijvoorbeeld een grotere kans op
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overlijden. In hoofdstuk 9 en 10 hebben we gekeken naar sekseverschillen in stres-
shormoonconcentraties zonder stimulatie en bij stresstesten. Dit hebben wij gedaan
door een overzicht te maken van de tot nog toe bekende literatuur (een systematisch
review) en door met al die data nieuwe analyses te doen (een meta-analyse). We vonden
dat er op de kinderleeftijd al verschillen zijn in zowel ongestimuleerde stresshormoon-
concentraties als in concentraties tijdens en na stresstesten. Deze verschillen lijken — in
ieder geval voor de ongestimuleerde concentraties — onder invloed van de puberteit te
veranderen. De aanwezigheid van deze verschillen zou een deel van de sekseverschillen
in uitkomsten bij vroeggeboorte kunnen verklaren. Het is ook bekend dat mannen en
vrouwen een ander risicoprofiel hebben voor bepaalde aandoeningen, en de aanwezig-
heid van sekseverschillen in stresshormoonhuishouding kan ook daar een (deel van
een) verklaring voor zijn. Echter, het vergelijken van de studies, met name wat betreft de
stresshormoonconcentraties tijdens en na stresstesten, werd bemoeilijkt door het feit
dat er veel verschillende protocollen werden gehanteerd en ook de rapportage van de
resultaten niet uniform was. We hebben er dan ook voor gepleit dat het belangrijk is om
de stressprotocollen en rapportage van resultaten te standaardiseren.

Deel 3: Schildklierhormoonhuishouding in het vroege leven bij te vroeg
geboren kinderen

Bij te vroeg geboren kinderen zijn hun organen nog onrijp. Zo ook hun schildklier:
bij te vroeg geboren kinderen kan het voorkomen dat er een tijdelijke dip is in de
concentratie van schildklierhormonen. Schildklierhormonen zijn belangrijk voor de
hersenontwikkeling, zoals is gebleken bij kinderen die geen schildklierhormoon kunnen
aanmaken, of wiens moeders tijdens de zwangerschap een lage concentratie schild-
klierhormoon hebben. Het is uit eerdere onderzoeken bekend dat de tijdelijke dip in
schildklierhormoon bij te vroeg geboren kinderen op de kinderleeftijd kan leiden tot
problemen in de ontwikkeling. Wij hebben in hoofdstuk 11 en 12 onderzocht of deze
ontwikkelingsproblemen ook nog aanwezig zijn op 19-jarige leeftijd. Er werden geen
verschillen gevonden wat betreft IQ en motorische ontwikkeling. Er werden wel wat
meer gedragsproblemen gevonden: als er een dip in schildklierhormoon had plaatsge-
vonden, dan hadden deze kinderen een grotere kans om zich wat meer teruggetrokken
(internaliserend) te gedragen. Wij vonden dit echter geen reden om te pleiten voor
screening op deze tijdelijke dip bij te vroeg geboren kinderen.

Deel 4: Groei in het vroege leven en (neurologische) ontwikkeling

Kinderen kunnen om verschillende redenen worden opgenomen op de neonatale
intensive-careafdeling: ze zijn bijvoorbeeld te vroeg geboren, of hun geboortegewicht
is te laag. Veel onderzoeken naar vroeggeboorte bekijken of kinderen geschikt zijn om
mee te doen aan de studie op basis van zwangerschapsduur. Echter, sommige studies
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laten kinderen ook meedoen op basis van geboortegewicht. Twee veelgebruikte termen
bij studies naar te vroeg geboren kinderen zijn zeer prematuur (zwangerschapsduur
< 32 weken) en zeer laag geboortegewicht (geboortegewicht < 1500 gram). Het is al
bekend dat de uitkomsten op vroege termijn verschillen tussen deze twee termen. Wij
hebben in hoofdstuk 13 en 14 onderzocht of deze twee termen ook leiden tot ver-
schillende uitkomsten op lange termijn. We vonden dat kinderen die zeer prematuur
waren verschilden qua groeipatroon en uiteindelijke lengte met kinderen die geboren
waren met een zeer laag geboortegewicht. Daarnaast werden er verschillen gevonden
in de neurologische ontwikkeling: 1Q en gedrag verschilden tussen deze twee termen,
alhoewel er geen verschil werd gevonden qua opleidingsniveau en maatschappelijk
functioneren. Wij hebben er dan ook voor gepleit om in de toekomst onderzoeken naar
vroeggeboorten alleen te doen in kinderen die zijn geselecteerd op basis van zwan-
gerschapsduur en niet op geboortegewicht. Op deze manier kan de echte impact van
vroeggeboorte veel beter onderzocht worden.

Gelukkig is de zorg op de neonatale intensive-careafdelingen enorm verbeterd.
Of dit ook gevolgen heeft gehad voor de groei van kinderen en hun neurologische
ontwikkeling hebben we onderzocht in hoofdstuk 15. We vonden dat ongunstige
groeipatronen (normaal geboortegewicht met groeivertraging na de geboorte, of een
laag geboortegewicht zonder groeiversnelling) minder vaak voorkomen in een groep
te vroeg geboren kinderen uit 2003 in vergelijking met te vroeg geboren kinderen in
1983. Echter, het verband tussen deze groeipatronen en neurologische uitkomsten was
niet veranderd in die 20 jaar. Het is dus erg belangrijk om gunstige groeipatronen na te
streven bij te vroeg geboren kinderen.

CONCLUSIE

In dit proefschrift hebben we gekeken naar stresshormoonhuishouding. We conclu-
deerden dat stresshormoon gemeten in haar een goed beeld geeft van de stresshor-
moonhuishouding van het kind tijdens de zwangerschap. Op dat moment wordt de
stresshormoonconcentratie met name beinvlioed door de zwangerschapsduur, terwijl
stress van de moeder tijdens de zwangerschap ook kan worden teruggezien. Na de
geboorte hebben kinderen van 1 maand oud een stresshormoonritme met 2 pieken,
wat mogelijk een uiting is van de ontwikkeling van een volwassen stresshormoonritme
vanuit een foetaal stresshormoonritme. Er is mogelijk een relatie tussen het ritme van
stresshormonen in moedermelk en het ritme van stresshormonen in het kind, maar het
stresshormoonritme in moedermelk leek geen verband te hebben met groei en gedrag
van de kinderen op de leeftijd van 3 maanden. De neurologische ontwikkeling van te
vroeg geboren kinderen op 19-jarige leeftijd had een verband met groei in het vroege
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leven (zowel tijdens de zwangerschap als de periode erna), maar er was geen verband
met de schildklierhormoonhuishouding vlak na de geboorte. Tenslotte hebben we aan-
geraden om onderzoeksmethoden (zoals de selectie van proefpersonen en protocollen
van uit te voeren testen) te standaardiseren.

De resultaten in dit proefschrift vormen de basis voor toekomstige studies, met name
wat betreft (de uitkomsten op lange termijn van) stresshormoonhuishouding bij te
vroeg geboren kinderen.

34






Appendices
List of co-authors
Abbreviations

List of publications
Curriculum vitae
Dankwoord







List of co-authors

LIST OF CO-AUTHORS

van den Akker, Erica L.T.

Department of Pediatric Endocrinology, Erasmus MC Sophia Children’s Hospital, Rot-
terdam, the Netherlands

Broring, Tinka
Department of Medical Psychology, Amsterdam UMC, location VUMC, Amsterdam, The
Netherlands

Dijkstra, Lisette R.

Department of Pediatric Endocrinology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

Dolman, Koert M.

Department of Psychiatry Obstetrics and Pediatrics (POP), OLVG, Amsterdam, The Neth-
erlands

van Dommelen, Paula
TNO Child Health, Leiden, The Netherlands

Finken, Martijn J.J.

Department of Pediatric Endocrinology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

de Goede, Paul

Laboratory of Endocrinology, Amsterdam UMC, Amsterdam Gastroenterology & Me-
tabolism, Amsterdam, The Netherlands

Netherlands Institute for Neuroscience (NIN), Royal Dutch Academy of Arts and Sciences
(KNAW), Amsterdam, Netherlands

van Goudoever, Johannes B.

Department of Pediatrics, Amsterdam UMC, location VUMC, Amsterdam, The Nether-
lands

Heijboer, Annemieke C.

Department of Clinical Chemistry, Endocrine Laboratory, Amsterdam UMC, Amsterdam,
the Netherlands

345



346

Chapter 16

Honig, Adriaan
Department of Psychiatry Obstetrics and Pediatrics (POP), OLVG, Amsterdam, The Neth-
erlands

Israéls, Joél
Department of Pediatrics, Amsterdam UMC, location VUMC, Amsterdam, The Nether-
lands

Kalsbeek, Andries

Laboratory of Endocrinology, Amsterdam UMC, Amsterdam Gastroenterology & Me-
tabolism, Amsterdam, The Netherlands

Netherlands Institute for Neuroscience (NIN), Royal Dutch Academy of Arts and Sciences
(KNAW), Amsterdam, Netherlands

Ket, Johannes C.F.
Medical Library, Vrije Universiteit, Amsterdam, The Netherlands

Kieviet, Noera
Department of Psychiatry Obstetrics and Pediatrics (POP), OLVG, Amsterdam, The Neth-
erlands

Kouwenhoven, Stefanie M.P.

Department of Pediatrics/Neonatology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

Lafeber, Harrie N.

Department of Pediatrics/Neonatology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

van de Lagemaat, Monique

Department of Pediatrics/Neonatology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

Oosterlaan, Jaap

VU University Amsterdam, Department of Clinical Neuropsychology, Amsterdam, The
Netherlands.

van der Pal, Sylvia M.
TNO Child Health, Leiden, The Netherlands



List of co-authors | 347

de Rijke, Yolanda B.

Department of Clinical Chemistry, Erasmus MC University Medical Center, Rotterdam,
The Netherlands.

van Rossum, Elisabeth F.C.

Department of Internal Medicine, Division of Endocrinology, Erasmus MC University
Medical Center, Rotterdam, the Netherlands.

Rotteveel, Joost

Department of Pediatric Endocrinology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

Ruys, Charlotte A.

Department of Pediatrics/Neonatology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

Schaéfer, Nina

Department of Pediatric Endocrinology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

van Schie, Petra E.M.

Department of Rehabilitation Medicine, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

Toorop, Alyssa A.

Department of Pediatric Endocrinology, Amsterdam UMC, location VUMC, Amsterdam,
The Netherlands

Verkerk, Paul H.
TNO Child Health, Leiden, The Netherlands

van der Voorn, Bibian

Department of Paediatric Endocrinology, Obesity Center CGG, Sophia Children’s Hospi-
tal, Rotterdam, The Netherlands






Abbreviations | 349

ABBREVIATIONS

11B-HSD1/2 11B-hydroxysteroid dehydrogenase type 1/2
95% Cl 95% confidence interval

ACTH adrenocorticotropin hormone

ADHD attention deficit/hyperactivity disorder
ADP air-displacement plethysmography

AGA appropriate-for-gestational-age

AUC /g Area Under the Curve increase/ground
BMI body mass index

BW birth weight

CA corrected age

CAR cortisol awakening response

CBCL Child Behavior Checklist

CBG corticosteroid binding globulin

CBS The Netherlands Central Bureau of Statistics
CHT congenital hypothyroidism

CRH corticotropin-releasing hormone

CUG catch-up growth

cv coefficients of variation

CosMos Cortisol in Mother’s Milk

DHEAS dehydroandrostenedione

DOHaD Developmental Origins of Health and Disease
eFSIQ estimated Full Scale Intelligence Quotient
ER estrogen receptor

EUGR extrauterine growth restriction

FFM fat free mass

FFEMI fat free mass index

FM fat mass

FMI fat mass index

GA gestational age

GC glucocorticoid

GEE Generalized Estimating Equation

GR glucocorticoid receptor

GR growth restriction

HADS Hospital Anxiety and Depression Scale
HAS Hospital Anxiety Subscale

HC head circumference

HDS Hospital Depression Subscale



350 | Chapter 16

HELLP Hemolysis, Elevated Liver enzymes and Low Platelet count
HPA hypothalamus-pituitary-adrenal

HPG hypothalamus-pituitary-gonadal

HPLC high-performance liquid chromatography

HPT hypothalamus-pituitary-thyroid

HUI3 Health Utilities Index Mark 3

IBQ Infant Behavior Questionnaire

1Q intelligence quotient

IQR interquartile range

IUGR intrauterine growth restriction

LC-MS/MS liquid chromatography — tandem mass spectrometry
LHS London Handicap Scale

LLoQ Lower Limit of Quantification

LMM Linear Mixed Model

MC mineralocorticoid

MCT(-IL) Multicultural Capacity Test(-Intermediate Level)

MR mineralocorticoid receptor

NaSSAs noradrenergic or specific serotonin antidepressants
NICU neonatal intensive care unit

NTISS Neonatal Therapeutic Intervention Scoring System
OPV outpatient visit

OR odds ratio

POP psychiatric obstetric pediatric

POPS Project On Preterm and Small-for-gestational-age infants
pp postpartum

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analysis
RCT randomized controlled trial

SADs selective antidepressants

SCN suprachiasmatic nuclei

SD(S) standard deviation (score)

SEM standard error of the mean

SES socio-economic status

SGA small-for-gestational-age

SNRIs serotonin-norepinephrine reuptake inhibitors

SSRIs selective serotonin reuptake inhibitors

STEP Study Towards the Effects of Postdischarge nutrition’
T4 thyroxine

TSH thyroid stimulating hormone

TSST(-c) Trier Social Stress Test (for children)



THoP
VLWB
VP
YABCL
YASR

transient hypothyroxinemia of prematurity
very low birth weight

very preterm

Young Adult Behavior Checklist

Young Adult Self Report

Abbreviations

351






List of publications

LIST OF PUBLICATIONS

Long-term neurodevelopmental and functional outcomes of infants born very
preterm versus with a very low birth weight. Hollanders JJ, Schaéfer N, van der
Pal SM, Oosterlaan J, Rotteveel J, Finken MJJ; Dutch POPS-19 Collaborative Study Group.
Neonatology. 2019;115(4):310-319.

Early-life growth of preterm infants and its impact on neurodevelopment. Ruys
CA, Hollanders JJ, Broring T, van Schie PEM, van der Pal SM, van de Lagemaat M, Lafeber
HN, Rotteveel J, Finken MJJ. Pediatr Res. 2019 Feb;85(3):283-292.

The association between breastmilk glucocorticoid concentrations and macronu-
trient contents throughout the day. Hollanders JJ, Kouwenhoven SMP, van der Voorn B,
van Goudoever JB, Rotteveel J, Finken MJJ. Nutrients. 2019 Jan 24;11(2).

Maternal stress during pregnancy is associated with decreased cortisol and corti-
sone levels in neonatal hair. van der Voorn B, Hollanders JJ, Kieviet N, Dolman KM, de
Rijke YB, van Rossum EFC, Rotteveel J, Honig A, Finken MJJ. Horm Res Paediatr. 2018 Dec
12:1-9.

Interpretation of glucocorticoids in neonatal hair: a reflection of intrauterine
glucocorticoid regulation? Hollanders JJ, van der Voorn B, Kieviet N, Dolman KM, de
Rijke YB, van den Akker ELT, Rotteveel J, Honig A, Finken MJJ. Endocr Connect. 2017
Nov;6(8):692-699.

Nutritional programming by glucocorticoids in breast milk: Targets, mechanisms
and possible implications. Hollanders JJ, Heijboer AC, van der Voorn B, Rotteveel J,
Finken MJJ. Best Pract Res Clin Endocrinol Metab. 2017 Aug;31(4):397-408.

Growth pattern and final height of very preterm vs. very low birth weight in-
fants. Hollanders JJ, van der Pal SM, van Dommelen P, Rotteveel J, Finken MJJ. Pediatr Res.
2017 Aug;82(2):317-323.

Is HPA axis reactivity in childhood gender-specific? A systematic review. Hollanders
JJ, van der Voorn B, Rotteveel J, Finken MJJ. Biol Sex Differ. 2017 Jul 11;8(1):23.

Gender-specific differences in hypothalamus-pituitary-adrenal axis activity during
childhood: a systematic review and meta-analysis. van der Voorn B, Hollanders JJ, Ket
JCF, Rotteveel J, Finken MJJ. Biol Sex Differ. 2017 Jan 19;8:3.

353



354

Chapter 16

Transient hypothyroxinemia of prematurity and problem behavior in young adult-
hood. Hollanders JJ, van der Pal SM, Verkerk PH, Rotteveel J, Finken MJ; Dutch POPS-
19 Collaborative Study Group. Psychoneuroendocrinology. 2016 Oct;72:40-6.

No association between transient hypothyroxinemia of prematurity and neurode-
velopmental outcome in young adulthood. Hollanders JJ, Israéls J, van der Pal SM,
Verkerk PH, Rotteveel J, Finken MJ; Dutch POPS-19 Collaborative Study Group. J Clin
Endocrinol Metab. 2015 Dec;100(12):4648-53.

Not in this thesis

Programming of the hypothalamus-pituitary-adrenal axis by very preterm
birth. Finken MJJ, van der Voorn B, Hollanders JJ, Ruys CA, de Waard M, van Goudoever
JB, Rotteveel J. Ann Nutr Metab. 2017;70(3):170-174.

Cortisol in human milk: The good, the bad, or the ugly? Finken MJJ, van der Voorn
B, Hollanders JJ, Dijkstra LR, Toorop AA, Rotteveel J. Obesity (Silver Spring). 2017
Jul;25(7):1153.



Curriculum vitae

CURRICULUM VITAE

Jonneke Hollanders was born on 7 October 1988 in Delft, The Netherlands. She attended
secondary school at the Vincent van Gogh school in Assen from 2001 to 2005, after which
she moved to Houston, USA. There she obtained her high school and (bilingual) Interna-
tional Baccalaureate diplomas at the Awty International School. In 2007, she returned to
the Netherlands, where she started medical school at the VU University in Amsterdam.
She completed both her bachelor and master degree with honors (cum laude). During
her internships, she became particularly interested in pediatrics. She therefore did
her final clinical internship and her research internship within this field. She also did a
tropical pediatric internship in the St. Francis Referral Hospital in Ifakara, Tanzania. After
finishing her studies in 2014, she worked as a pediatric resident not in training (ANIOS) at
the Medisch Centrum Haaglanden (currently Haaglanden Medisch Centrum) for a year.
After this, she had the opportunity to start as a PhD candidate in pediatric endocrinol-
ogy at the VU University Medical Center (currently Amsterdam UMC, location VUMC)
under the supervision of Prof. Dr. Hans van Goudoever, dr. Martijn Finken en dr. Joost
Rotteveel. She worked on her thesis from 2015 to 2019, during which period she gave
several poster and oral presentations at both national and international conferences,
for some of which she received awards and/or travel grants. She also helped organize
the “Amsterdam Kindersymposium” in 2017, together with 8 other PhD students. She
started her training to become a child healthcare doctor (jeugdarts) in September 2019.
She lives in Leiden with her husband and daughter.

355






Dankwoord

DANKWOORD

Hier is ‘ie dan! Heel wat passie, liefde en domweg jaren van hard werken zijn er gestopt
in dit proefschrift. Het voelt heel fijn om deze eindstreep gehaald te hebben! Dat was
natuurlijk niet mogelijk zonder alle steun die ik van heel veel mensen gehad heb. (Mocht
ik iemand vergeten zijn, mijn oprechte excuses; ik wijd het aan de euforie van dit mo-
ment!)

Mijn promotor, prof.dr. Hans van Goudoever. Hans, dank voor je steun in de afgelopen
jaren en de vrijheid die ik van je kreeg om mijn boekje tot dit resultaat te kunnen bren-
gen.

Mijn copromotoren, Martijn Finken en Joost Rotteveel. Martijn, jouw wetenschappe-
lijk inzichten, passie voor het onderzoek en het vak, en alle tijd die je in mij en dit boekje
gestoken hebt: dank je wel daarvoor! Joost, enorm bedankt voor alle fijne gesprekken
die we gehad hebben en jouw relativeringsvermogen. Jullie waren een fijn team om
mee samen te werken!

Dank ook aan de leescommissie voor hun tijd om dit boekje te lezen en te beoordelen:
prof.dr. de Groot, prof.dr. Gemke, prof.dr. Oosterlaan, prof.dr. van Rossum, prof.dr. van
Trotsenburg, prof.dr. van Kaam, en prof.dr. de Vries. Het merendeel van hen zit ook in de
oppositie, bedankt voor het nogmaals vrijmaken van jullie tijd.

Bibian, endo-maatje, zonder jou zou mijn boekje een stuk dunner zijn. Dank je wel
voor het toevertrouwen van CosMos3 aan mij; ik hoop dat het resultaat iets is waar ook
jij trots op bent. Dank je wel voor je luisterende oor, je wetenschappelijke inzichten, de
gezellige congressen, en je vriendschap.

Ik zou dit boekje niet kunnen hebben geschreven zonder alle co-auteurs. Ten eerste
mijn (ex-)kamergenootjes Charlotte en Stefanie. Dank jullie wel voor het fijne samen-
werken! Ook aan mijn mede-promovendi en collega’s Noera, Paul en Joél, super bedankt
voor jullie bijdrages aan dit boekje! Prof. Oosterlaan, prof. van Rossum, prof. Honig en
prof. Kalsbeek: dank voor jullie wijze inzichten en expertise. Dr. de Rijke en dr. van den
Akker, bedankt voor het meedenken met en meeschrijven aan de haarcortisol stuk-
ken. Dr. Dolman, dank voor het meedenken en praktisch ondersteunen van CosMos3,
alsmede voor het brainstormen over en meeschrijven aan de haarcortisol stukken. Alle
POPS-artikelen zouden niet zo mooi geworden zijn zonder hulp vanuit TNO. Als eerste
natuurlijk Sylvia van der Pal: vanaf mijn wetenschappelijke stage al betrokken bij mijn
onderzoek. Dank voor de fijne inzichten en de tijd die je voor mijn stukken maakte,
ondanks het feit dat je die tijd niet echt had. Verder natuurlijk ook nog dank aan dr.
Verkerk en dr. van Dommelen voor hun inzichten. Het POPS-STEP stuk had niet kunnen
worden geschreven zonder de inzichten en bijdrages van Monique van de Lagemaat,
Tinka Broring en Petra van Schie, dank jullie wel!

357



358

Chapter 16

Voor CosMos heb ik heel wat uren doorgebracht in het endo-lab. Dank aan alle me-
dewerkers daar voor de warme ontvangst, de interesse in ons onderzoek en alle hulp. In
het bijzonder wil ik Anneke Frans, Frans Martens en Annemieke Heijboer bedanken voor
hun hulp en het meedenken met de analyses. Ook wil ik Annemieke bedanken voor haar
bijdrages aan meerdere van mijn manuscripten, en in het bijzonder het moedermelk
review.

Ook al is het werk dat ik heb verricht aan de GBA analyses niet in dit proefschrift ver-
schenen, alsnog wil ik het metabool lab bedanken voor hun behulpzaamheid, geduld
en bijdrages aan het werk dat ik bij hen gedaan heb. Met name aan Warsha en Gajja een
dikke dank je wel, voor alle tijd en alle hulp die ik gekregen heb van jullie.

Met plezier naar werk gaan, daar zijn ook je collega’s heel belangrijk voor. Het grootste
gedeelte van mijn promotieonderzoek heb ik doorgebracht op PK4X, en mijn collega’s
daar wil ik bedanken voor alle gezellige lunches, verjaardagen, het sparren en de gezel-
ligheid. In het bijzonder wil ik Sandra, Lucie, Dominique, Anne, Laura, Fatma, Stijn, Sop-
hie, Francis, Marloes, Katie, Diane, en Eline H. bedanken. Uiteraard ook een hele dikke
knuffel aan iedereen op kamer 33; we hebben samen heel wat ups en downs beleefd:
Dana, Kim, Lindsay, Marita, Charlotte en Stefanie. Mirjam, we hebben heel wat uren weg
gekletst; jouw aanwezigheid was een geweldige steun voor me.

Kamer 9D36 was mijn laatste toevluchtsoord op de VU, en ik wil graag mijn kamerge-
nootjes heel erg bedanken voor de enorm fijne tijd en de gigantische goede afsluiting
van mijn promotietraject. Sofia en Thomas: dank je wel voor de gezelligheid, succes met
alle poepjes! Michelle, we zijn maar kort collega’s geweest, maar het was in die tijd wel
heel leuk. Succes met PredictBPD, ik blijf graag op de hoogte! Britt, we hebben heel
wat afgekletst. Het was heerlijk om jou als directe collega te hebben, om te sparren
en te klagen en te lachen. 't Gaat helemaal goedkomen met jou! Dank je wel voor alle
gezelligheid en het luisterende oor, en natuurlijk heel veel succes met alles!

Dan, dank je wel aan Nina en Daisy, de studenten die mijn onderzoek ondersteund
hebben. En natuurlijk de honors program studenten: Alyssa en Lisette. Wat was het leuk
om jullie te zien groeien in jullie wetenschappelijke rol. Het was enorm fijn samenwer-
ken met jullie, met een heel mooi resultaat!

Eva en Bert, dank jullie wel voor de prachtige omslag, en het fijne samenwerken. Hij is
precies zoals ik had gehoopt dat ‘ie zou zijn!

Het organiseren van het AKS was een welkome afwisseling van het onderzoek doen.
Dank jullie wel voor de fijne tijd: Bart, Annemarie, Kim, Mirjam, Lindsay, llse, Bas, en Irene.

Dank ook aan GGD Hollands Midden en TNO voor jullie warme welkom. Jullie interesse
in mijn promotie wordt erg gewaardeerd!

Lieve paranimfen, dank jullie wel dat jullie me willen begeleiden tijdens dit (belang-
rijke) staartje van mijn promotie. Jojanneke, studiemaatje van het eerste uur! Zo zie
je maar dat eerste indrukken absoluut niet hoeven te kloppen. We bewandelen hele
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andere, maar toch best op elkaar lijkende wegen, en het is geweldig om jou er in deze
rol bij te hebben. Elise, jij snapt me helemaal! Wat heerlijk om een vriendin te hebben
die niet alleen over heel veel dingen hetzelfde denkt, maar ook heel veel hetzelfde doet.
Onze levens hebben heel wat jaren eng veel op elkaar geleken, en ik ben heel blij dat jij
nu net als ik iets doet waar je helemaal je ei in kwijt kan!

Ik heb echt een heleboel fijne vrienden om me heen, die me gedurende deze jaren
enorm veel ontspanning en afleiding hebben gegeven. Lieve Mirella, jij bent en blijft de
beste! Vriendschap is zeker niet onvoorwaardelijk, maar stiekem ben je zo langzamer-
hand gewoon m’'n zus(je). Heel fijn om jou in mijn leven te hebben. Alle lieve mensen
in Gent, en in het bijzonder Kate, Dennis, Teresa, en Nicolas: dank jullie wel! De Rode
Dobbelsteners, en met name Anne, Mathijs, Inge, Abel, Maaike, Aldo, en Daniél: dank
jullie wel voor de heerlijke ontspannen avonden, weekends en zelfs vakanties. Mijn
lieve vriendinnetjes van BWFNL, en Tia natuurlijk ook: best wishes and DFTBA! En dan
natuurlijk nog alle andere vrienden die mijn leven opfleuren, onder andere Joost, Lara,
Anja, en nog een hoop anderen: dank jullie wel!

Bas, Betty, en Hanneke, ook jullie moeten natuurlijk bedankt worden, want zonder
jullie zou ik niet staan waar ik nu sta. Dank jullie wel voor alle lieve en goede zorgen toen
ik jullie weekenddochter mocht zijn. Griekse salades, roeren in potten, films, spelletjes
en gewoon het feit dat ik bij jullie terecht kon: jullie waren echt mijn thuisbasis tijdens
mijn studie. En natuurlijk, ook bedankt aan mijn weekendbroertjes en -zusjes: Helen,
Luka, Siebe, Annemarije en Daan!

Oma Zwaan en oma Hollanders, dank voor jullie eeuwige geloof in mij!

Lieve schoonfamilie: ik heb toch maar geluk met jullie! Dank voor de eeuwige gast-
vrijheid, de vakanties, de lol en de steun van de afgelopen jaren. Lieve Nadine, zo fijn
dat ik altijd even met je kan sparren! Chris, jouw interesse in alles wat ik en wij doen
is geweldig. Sanne en Kristof, dank voor alle gezellige dagen samen! Femke en Dieter,
gesprekken met jullie zijn altijd of gezellig, of inzichtgevend, of inspirerend, dank jullie
wel. En last but not least, Suus en Nand, jullie zijn de geweldigste neefjes die ik me kan
wensen!

Lieve Elsje: dank je wel voor je eeuwige luisterende oor. We zijn nogal verschillend, jij
en ik, maar ik ben zo blij dat jij er altijd voor me bent. Hopelijk vice versa ook. En ik ben
zo trots op jou en waar je nu staat! Thijs, lief broertje, ik denk dat je zo langzamerhand
doorhebt hoe het is om een PhD te doen. Onthoud maar: promoveren is wél leuk! Dank
je wel voor je steun tijdens het werken aan de mijne.

Lieve papa en mama. Er is niet iets wat ik kan opschrijven dat alles kan verwoorden
wat ik tegen jullie zou willen zeggen. Dank jullie wel voor het altijd prikkelen, voor het
altijd aanwakkeren van de nieuwsgierigheid, voor alle kansen die jullie me hebben
gegeven en voor het steunen van mijn keuzes. Zonder jullie had ik hier niet gestaan. Ik
hou van jullie!
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Chapter 16

En als laatste, lieve lieve lieve Bouke en Liene. Er zijn maar een paar constanten in deze
wereld; voor mij zijn jullie er daar een van. Thuis komen is en blijft een feestje. Lieve
Bouke, dank je wel voor alle steun de afgelopen jaren; jij hebt me overeind gehouden,
en zonder jou had ik het echt niet tot hier kunnen brengen! Lieve Liene, jij plaatst alles
in perspectief. Blijf net zo ondeugend, lief, aandachtig en nieuwsgierig als dat je nu bent,
dan komt sowieso alles goed. Ik hou hou hou hou HOU van jullie!






