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Abstract
Background Preterm birth has been associated with altered hypothalamic-pituitary-

adrenal (HPA-) axis activity as well as cardiometabolic diseases and neurodevelopmental impairments later in life. We assessed cortisol from term age to age 8 years in
children born preterm, to explore the development of HPA-axis activity in association
with intrauterine and early-postnatal growth until 6 months corrected age (CA).
Methods In 152 children born at a gestational age ≤ 32 weeks and/or with a birth
weight ≤ 1500 g, random serum cortisol was assessed at term age (n = 150), 3
months (n = 145) and 6 months CA (n = 144), and age 8 years (n = 59). Salivary
cortisol was assessed at age 8 years (n = 75): prior to bedtime, at awakening, 15 min
after awakening, and before lunch. Cortisol was analyzed in association with birth
weight-standard deviation score (SDS), being born small for gestational age (SGA),
and combinations of intrauterine and postnatal growth: appropriate for gestational
age (AGA) with or without growth restriction (AGA GR+ or AGA GR-) at 6 months
CA, and SGA with or without catch-up growth (SGA CUG+ or SGA CUG-) at 6
months CA. Cross-sectional associations at all time points were analyzed using
linear regression, and longitudinal associations were analyzed using generalized
estimating equations.
Results Longitudinally, birth weight-SDS was associated with cortisol (β [95% CI]):

lower cortisol over time was seen in infants with a birth weight ≤ -2 SDS (-50.69
[-94.27; -7.11], P = 0.02), infants born SGA (-29.70 [-60.58; 1.19], P = 0.06), AGA GR+
infants (-55.10 [-106.02; -4.17], P = 0.03) and SGA CUG- infants (-61.91 [-104.73;
-19.10], P = 0.01). In cross-sectional analyses at age 8 years, no associations were
found between either serum or salivary cortisol and birth weight-SDS, SGA-status,
or growth from birth to 6 months CA.
Conclusion In children born preterm, poor intrauterine and postnatal growth were

associated with lower cortisol in early infancy, but not at age 8 years. Even though
HPA-axis activity no longer differed between groups at age 8 years, or differences
could not be confirmed due to attrition, it is unknown whether the differences found
in early infancy could attribute to increased health risks later in life.
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Introduction
In infants born very preterm, i.e., born at a gestational age ≤ 32 weeks, the hypothalamicpituitary-adrenal (HPA-) axis is not yet fully maturated. Relative adrenal insufficiency is
common in this group during the first weeks of life and is characterized by relatively low
basal and stress-induced cortisol levels, and increased risks of hypotension, hypoglycemia
and bronchopulmonary dysplasia.1-4 This is partly attributable to the sudden disruption
of the maturation of the fetal HPA-axis, which in full-term pregnancies is stimulated in
the third trimester by an increase in the secretion of placental corticotropin-releasing
hormone (CRH) and alterations in the expression of 11β-hydroxysteroid dehydrogenase
type 2 (11β-HSD2) by the placenta.1 Conversely, there is some evidence suggesting that
HPA-axis activity is upregulated years after preterm birth,2 which might contribute to the
association between prematurity and long-term sequelae like cardiometabolic diseases
and neurodevelopmental impairments.
Little is known about the impact of intrauterine and early-postnatal growth patterns on these
associations in preterm infants. Intrauterine growth restriction is accompanied by a reduced
expression and activity of the placental barrier enzyme 11β-HSD2, which converts cortisol to
inert cortisone.5 The subsequent fetal overexposure to maternal cortisol has been suggested to
permanently alter HPA-axis settings,6 initially by suppressing the axis, followed by increased
activity later in life. This is strengthened by animal studies suggesting that the presence of
abundant glucocorticoids in-utero could result in a reduced expression of glucocorticoid
receptors in tissues, and thereby, a compensatory upregulation of HPA-axis activity.7-9
Moreover, animal studies suggest that fetal growth restriction as well as early-postnatal
growth restriction may predispose to cardiometabolic diseases later in life. Also, rapid
postnatal growth after being born with a low birth weight has been associated with
cardiometabolic disease risk, and alterations in HPA-axis functioning have been suggested
to explain these associations.9,10
In term-born subjects, there are few studies that have explored whether the HPA-axis could
explain part of the association between low birth weight and cardiometabolic disease.11,12
In preterm infants, rapid early-postnatal and childhood growth have been associated with
risks of cardiometabolic diseases,13,14 but their relation with HPA-axis activity throughout
the lifespan has never been described.
To study the development of HPA-axis activity after preterm birth in association with
intrauterine and early-postnatal growth, we assessed cortisol levels of infants who were
born very preterm and/or with a very low birth weight (≤ 1500 g), from term age until
the age of 8 years.
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methods
All subjects were originally included in a nutritional RCT (‘Study Towards the Effects of
Postdischarge nutrition’ (STEP-1)) that compared the effects of postdischarge formula, term
formula, and human milk on growth and body composition of very preterm (gestational
age ≤ 32 weeks) and/or very low birth weight (≤ 1500 g) infants, as described previously.15
Exclusion criteria were congenital malformations or other conditions known to affect
growth or body composition. At term age, infants fed formula were randomized to receive
either a protein- and mineral-enriched postdischarge formula or term formula between
term age and 6 months corrected age (CA). Corrected age is the age of the preterm-born
child calculated from the term date (i.e., 40 weeks gestation), and not from birth. This
correction is usually maintained until the CA of 24 months.
At the age of 8 years, parents from the STEP-1 study participants were asked to participate in
the follow-up study, STEP-2. Exclusion criteria were incomplete follow-up, severe physical
impairment or other conditions known to affect growth or body composition.

Data collection
For STEP-1, the following data were extracted from medical records: birth weight, birth
length, gestational age, and gender. The neonatal therapeutic intervention scoring system
(NTISS), an indicator for neonatal illness severity and mortality risk,16 was calculated, and
parents were asked to report their ethnicity, which was categorized as Caucasian or nonCaucasian. At term age, 3 months and 6 months CA, weight was measured with a digital
scale to the nearest 1.0 g, and length with a length board to the nearest 0.1 cm. Standard
deviation scores (SDS’s), which quantify the deviation from a reference population, were
calculated for all auxological parameters. At birth and at term age, this was done by the
use of neonatal anthropometric charts, adjusting for sex and gestational age.17 At 3 and
6 months CA, this was done by the use of postnatal growth curves, adjusting for sex and
CA.18 At term age, 3 months and 6 months CA, fasting venous blood samples were collected.
Mean fasting duration was recorded as the interval between blood sampling and the last
feed before blood sampling. Mean fasting duration was 3.4 ± 0.7 h at term age, 3.6 ± 0.7
h at 3 months CA, and 3.5 ± 0.7 h at 6 months CA.
We used the following definitions:19
1. Appropriate for gestational age (AGA): birth weight and birth length > -2 SDS.
2. Growth restriction (AGA GR+): weight and/or length ≤ -2 SDS at 6 months CA, after
being born AGA.
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3. Small for gestational age (SGA): birth weight and/or birth length ≤ -2 SDS.
4. Catch-up growth (SGA CUG+): weight and length > -2 SDS at 6 months CA, after
being born SGA.
For STEP-2, children aged 8 years visited the outpatient clinic in the morning. Venous
blood samples were obtained after an overnight fast and anthropometric measurements
were performed. Weight was measured to the nearest 0.05 kg with an electronic scale
(Seca) and standing height was measured to the nearest 0.1 cm using a digital stadiometer
(DGI 250D, De Grood Metaaltechniek, Nijmegen, The Netherlands) and expressed as SDS
based on Dutch reference data adjusted for sex and age.18 Salivary samples for cortisol
measurement were collected at 4 moments: prior to bedtime at the evening before the
study visit, immediately after awakening at the morning of the study visit, 15 min after
awakening, and before lunch during the study visit. Participants were instructed to refrain
from eating and drinking at least 30 min before sampling.
Parents were asked to report their education level, which was categorized as neither, one,
or both parent(s) having finished higher education.
The study protocols were approved by the ethics committee of VU University Medical
Center, Amsterdam. All parents of subjects gave written informed consent.

Laboratory parameters

6

Serum was stored at -80°C and thawed only once just before the analyses.
In STEP-1, total serum cortisol (nmol/L) was measured using 2 different methods as the
assay changed during the course of the study. In 90 infants, total serum cortisol at term age,
3 months and 6 months CA was measured using a competitive immunoassay (Advantage,
Nichols Institute Diagnostics, San Juan Capistrano, USA) with an intra-assay coefficient of
variation (CV) of 3%, 3% and 4% (at levels of 100, 500 and > 600 nmol/L, respectively), an
inter-assay CV of 8%, 7% and 6% (at levels of 140, 400 and 850 nmol/L, respectively), and
a lower limit of quantitation (LLOQ) of 30 nmol/L. In 62 infants, total serum cortisol at
term age, 3 months and 6 months CA age was measured using a competitive immunoassay
(DPC, Los Angeles, USA) with an inter-assay CV of 8%, 7% and 6% (at levels of 150, 400
and 900 nmol/L, respectively).
In STEP-2, total serum cortisol was measured using a competitive immunoassay (Luminescence Advia Centaur, Siemens Medical Solutions Diagnostics, USA) with an intra-assay
CV of 3% (at a level of 700 nmol/L), an inter-assay CV of 7%, 6% and 6% (at levels of 80,
300 and 1000 nmol/L, respectively), and a LLOQ of 30 nmol/L.
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Salivary samples were stored at -80°C and thawed just before analyses. Free cortisol in
saliva was measured using a competitive immunoassay (Luminescence Architect, Abbott
Laboratories, Diagnostics Division Abbott Park, Illinois, USA) with an intra-assay CV of
9% (at a level of 5 nmol/L), an inter-assay CV of 11% (at a level of 7 nmol/L), and a LLOQ
of 1 nmol/L.
All laboratory tests were performed by the Endocrine Laboratory of VU University Medical
Center, Amsterdam, The Netherlands.

Data analysis
To assess the effect of attrition at follow-up, baseline characteristics of participants,
nonparticipants and excluded subjects were compared using one-way ANOVA, Chisquare or Kruskal-Wallis tests, with STEP-2 participants as reference group (Table 6.1).
Since cortisol is associated with body mass index (BMI), we compared BMI at age 8 years
between the groups. No significant differences were found between SGA and AGA groups
(P = 0.560), and we therefore decided not to adjust our cross-sectional analyses at age 8
years for BMI.
Serum cortisol

To test whether groups differed at any of the time points, cross-sectional, univariable,
linear regression analyses were performed with either cortisol at term age, 3 months or 6
months CA, or 8 years as dependent factor.
Subsequently, generalized estimating equations (GEEs) were used for longitudinal
analysis of cortisol, i.e., the assessment of differences between groups, adjusted for intraindividual variation over time. We assumed that attrition at age 8 years resulted in ‘missings
completely at random’ and therefore used all available data of participants of the original
RCT (n = 152) without exclusion of dropouts, while accounting for ‘missings completely
at random’ by use of GEE. GEE is designed for the handling of missing data, provided that
missingness is completely at random.20,21 In addition, GEE adjusts for grouped samples,
collected from the same subject at different times, by using a correlation structure. For
our data analyses, we chose an exchangeable correlation structure, in which one average
within-subject correlation between samples over time is assumed. Stepwise GEEs were
performed with cortisol over time (at term age, 3 months CA, 6 months CA, and 8 years) as
dependent, continuous factor. First, the association between birth weight-SDS and cortisol
was investigated using univariable regression, with birth weight-SDS as independent,
continuous factor. Second, the association between birth weight ≤ -2 SDS and cortisol
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Table 6.1. Baseline characteristics of all subjects, and STEP-2 participants, STEP-2 nonparticipants and
excluded subjects

n

All
subjects

STEP-2
Participants

STEP-2
Nonparticipants

STEP-2
Excluded
subjects

152

79

52

21

P valuea

Perinatal characteristics
Male

78 (51)

40 (51)

26 (50)

12 (57)

NS

Gestational age

wks.
range

30 [30; 31]
25; 33

31 [29; 32]

30 [30; 31]

31 [30; 32]

NS

Birth weight

g
range
SDS
range

1339 ± 294 1314 ± 304 1350 ± 290 1404 ± 265
710; 2065
-0.3 ± 1.0
-0.4 ± 1.0
-0.3 ± 0.9
-0.2 ± 1.2
-2.8; 1.9

NS

Birth length

cm
SDS
range

38 ± 3.0
-0.9 ± 1.2
-3.9; 2.0
35 (23)

17 (22)

cm
SDS

27.7 ± 1.9
-0.2 ± 1.1

27.6 ± 1.9
-0.2 ± 1.1

21.4 ± 7.6

21.9 ± 7.8

SGA
Birth head circumference
NTISS

38 ± 3.1
-0.8 ± 1.3

38 ± 3.0
-1.1 ± 1.1

NS

38 ± 2.9
1.0 ± 1.3

NS
NS

13 (28)

5 (24)

NS

27.7 ± 1.9
-0.3 ± 1.0

28.0 ± 1.8
-0.21 ± 1.3

NS
NS

21.4 ± 7.1

19.8 ± 8.0

NS

Weight 6 months CA

kg
SDS

7.3 ± 1.1
-0.4 ± 1.2

7.2 ± 1.0
-0.5 ± 1.2

7.4 ± 1.0
-0.3 ± 1.2

7.6 ± 1.4
-0.3 ± 1.7

NS
NS

Length 6 months CA

cm
SDS

66.4 ± 2.9
-0.3 ± 1.1

66.4 ± 2.8
-0.4 ± 1.1

66.5 ± 2.9
-0.3 ± 1.1

66.4 ± 3.4
-0.5 ± 1.4

NS
NS

77 (52)
32 (22)
39 (26)

41 (53)
15 (19)
22 (28)

23 (45)
13 (26)
15 (29)

13 (62)
4 (21)
2 (11)

NS

43 (28)

17 (22)

13 (25)

13 (62)

< 0.01

Demographics
Parents who finished higher
education
≥ 1 parent non-Caucasian

neither
one
both

Data are expressed as mean ± SD, median [IQR], or n (%). Abbreviations: CA, corrected age; NS, nonsignificant; NTISS, neonatal therapeutic intervention scoring system; SDS, standard deviation score; SGA,
small for gestational age (birth weight and/or birth length ≤ -2 SDS).
a
STEP-2 participants, STEP-2 nonparticipants and excluded subjects were compared using one-way
ANOVA, Chi-square or Kruskal-Wallis tests, as appropriate.

was investigated, with birth weight-SDS as independent, dichotomous factor. Third,
the association between SGA-status and cortisol was investigated, with SGA-status as
independent, dichotomous factor. Fourth, infants were classified into 4 groups according
to birth weight-SDS and growth from birth to 6 months CA (see also Methods section):
AGA GR- (1), AGA GR+ (2), SGA CUG- (3) and SGA CUG+ (4). Subsequently, the
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influence of growth pattern on cortisol was investigated, with the groups as independent,
categorical factor and AGA GR- as reference category. Fifth, in order to test the stability
of our data, all analyses were repeated, adjusted for perinatal or other characteristics that
were significantly different between AGA and SGA subjects, one by one (Table 6.2).

Table 6.2. Perinatal and study characteristics that could potentially confound the research question

n
PIH/Preeclampsia/HELLP
Antenatal glucocorticoid treatment
Male
Gestational age (wks.)
STEP-1 human milk group
NTISS score
Caucasian ethnicity
Time of collection serum samples (24h)b

AGA

SGA

P valuea

109
36 (33)
57 (52)
49 (45)
30 [29; 31]
37 (34)
21.4 ± 7.8
78 (72)
13:27 ± 2:05

35
21 (60)
24 (69)
25 (71)
31 [30; 32]
11 (31)
21.6 ± 6.9
24 (69)
13:29 ± 2:09

< 0.01
< 0.01
< 0.01
< 0.01
NS
NS
NS
NS

Data are expressed as mean ± SD, median [IQR], or n (%). Abbreviations: AGA, appropriate for gestational
age (birth weight and birth length > -2 SDS); HELLP, Hemolysis Elevated Liver enzymes and Low Platelets;
NS, non-significant; NTISS, neonatal therapeutic intervention scoring system; PIH, pregnancy induced
hypertension; SGA, small for gestational age (birth weight and/or birth length ≤ -2 SDS).
a
Groups were compared using independent t-test, Fisher’s exact test, or Mann-Whitney U test as appropriate.
b
Mean time of collection of all sampling moments: term age, 3 months or 6 months corrected age and age
8 years.

Salivary cortisol at age 8 years

Data were examined for outliers. Levels at awakening that were 10 times higher than 15
min after awakening, and levels in the evening that were 10 times higher than the cohort
mean, were excluded.
The cortisol awakening response (CAR) was calculated as the difference between levels at
awakening and 15 min after awakening. We calculated the area under the curve increase
(AUCi; with reference to the lowest individual cortisol level) of all samples according to the
formula by Pruessner,22 and a time-weighted AUCi (divided by the total time of collection,
AUCi/h). Analyses of salivary cortisol parameters in association with birth weight-SDS,
SGA-status and growth from birth to 6 months CA were performed with univariable linear
regression analysis.
Statistical significance was defined as a P value of < 0.05. Statistical analyses were performed
with IBM SPSS Statistics version 22.

114

Early-life growth and cortisol, from infancy to 8 years

Results
One hundred and fifty-two subjects were included in STEP-1. Over time, 13 children were
lost to follow-up, 21 children were excluded, and 39 children refused to participate in STEP2, resulting in 79 subjects that could be included at age 8 years in STEP-2 (Figure 6.1). No
differences were found in baseline characteristics of STEP-2 participants vs. nonparticipants
and excluded subjects (P > 0.3), except for parental ethnicity which was more often “nonCaucasian” in the excluded group compared to participants and nonparticipants (Table 6.1).
AGA and SGA subjects differed in gestational age, sex distribution, preeclampsia/Hemolysis
Elevated Liver enzymes and Low Platelets (HELLP) syndrome and exposure to antenatal
glucocorticoid treatment (Table 6.2). We considered these variables as possible confounders
and therefore tested their influence on the longitudinal analyses.

Cross sectional analyses
Birth weight-SDS was positively associated with cortisol at 3 months and 6 months CA, β
[95% CI]: 32.78 [8.74; 56.81], P = 0.01 and 20.90 [-0.35; 42.14], P = 0.05 respectively, and
birth weight ≤ -2 SDS was associated with lower cortisol compared to birth weight > -2
SDS at 6 months CA (-91.60 [-172.86; -10.35], P = 0.03).
At 3 months CA, a non-significant association between cortisol and SGA-status was found
(-49.83 [-105.85; 6.19], P = 0.08) (Figure 6.2A and Table 6.3).
At term age, cortisol was lower in SGA CUG- compared to AGA GR- infants (-115.69
[-212.06; -19.31], P = 0.02). At 3 months CA, a non-significant association between cortisol
and SGA CUG+ compared to AGA GR- was found (-62.40 [-133.03; 8.23], P = 0.08), and
at 6 months CA, a non-significant association between cortisol and SGA CUG- compared
to AGA GR- was found (-64.08 [-134.65; 6.49], P = 0.08) (Figure 6.2B and Table 6.3).

Longitudinal analyses (GEE)
The results of the longitudinal analyses are presented in Table 6.4.
A birth weight < 0 SDS was associated with lower cortisol as compared to a birth weight
≥ 0 SDS (-17.33 [-30.96; -3.69], P = 0.01). A birth weight ≤ -2 SDS was associated with a
lower cortisol over time, compared to a birth weight > -2 SDS (-50.69 [-94.27; -7.11], P =
0.02). Being born SGA was associated with lower cortisol over time, as compared to being
born AGA (-29.70 [-60.58; 1.19], P = 0.05).
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24 mo CA

-

serum and saliva

8 years

12 mo CA

-

STEP-2

52

6 mo CA

serum

33

49

50

44

52

3 mo CA

serum

21

42

44

44

48

54

Term formula (TF)

Term age

Enriched formula
(PDF)

Randomization
(n = 102)

serum

STEP-1

Cortisol
measurements

Original cohort

25

48

49

50

50

50

Human milk (HM)

No
randomization
(n = 50)

n = 152
Gestational age ≤ 32 weeks and/or
birth weight ≤ 1500 g

Nonparticipants n = 52
(PDF n = 15, TF n = 21, HM n = 16)
39 refusal
4 moved abroad
9 could not be contacted

Exclusions n = 21
(PDF n = 6, TF n = 6, HM n = 9)
14 incomplete follow-up until 24 mo CA
7 medical reason

PDF/TF/HM: 2/2/1 unknown reason

PDF: 2 unknown reason
HM: 1 renal insufficiency

PDF: 2 withdrawal consent
TF: 2 withdrawal consent,
1 renal insufficiency,
1 feeding protocol deviation

Lost to follow-up/
discontinued intervention (n)

Figure 6.1. Flowchart
of STEP-1 and -2.
HM, human milk; PDF,
postdischarge formula;
TF, term formula.
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Figure 6.2. Serum cortisol (means): SGA vs. AGA infants (A), growth birth – 6 months corrected age (AGA GR-, AGA GR+, SGA CUG-, and SGA CUG+) (B).
AGA GR+/GR-, appropriate for gestational age with or without growth restriction at 6 months corrected age; SGA CUG+/CUG-, small for gestational age with or without
catch-up growth at 6 months corrected age.
a
SGA vs. AGA P = 0.08; b SGA CUG- vs. AGA GR- P = 0.02; c SGA CUG+ vs. AGA GR- P = 0.08; d SGA CUG- vs. AGA GR- P = 0.08. All P values represent unadjusted cross-sectional
analyses.
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118
108
35

AGA
SGA

AGA GRAGA GR+
SGA CUGSGA CUG+

SGA

Early postnatal growth

372.0 ± 179.1
296.0 ± 117.6
256.3 ± 157.3b
384.2 ± 148.2

367.3 ± 175.6
339.0 ± 166.2

367.3 ± 175.4

Term age

95
8
14
19

103
34

145

n

343.6 ± 146.2
268.5 ± 73.8
313.4 ± 110.5
281.2 ± 159.8d

95
8
14
20

326.5 ± 129.5
268.7 ± 64.3
262.4 ± 119.8c
311.2 ± 119.8

323.0 ± 126.1
291.1 ± 120.5

103
34

337.7 ± 143.1
287.9 ± 143.6

319.8 ± 127.1

144

6 months CA

a

n

328.1 ± 148.9

3 months CA

38
5
6
8

43
14

59

n

229.2 ± 106.8
267.6 ± 177.1
236.7 ± 84.8
286.6 ± 138.8

233.7 ± 114.8
265.2 ± 117.5

241.2 ± 113.5

8 years

AGA, appropriate for gestational age (birth weight and birth length > -2 SDS); CA, corrected age; CUG, catch-up growth; GR, growth restriction; SGA, small for gestational
age (birth weight and/or birth length ≤ -2 SDS).
a
SGA vs. AGA P = 0.08, b SGA CUG- vs. AGA GR- P = 0.02, c SGA CUG- vs. AGA GR- P = 0.08, d SGA CUG+ vs. AGA GR- P = 0.08.
All P values represent unadjusted cross-sectional analyses.

95
8
14
20

150

Birth weight-SDS, continuous

n

Table 6.3. Serum cortisol (nmol/L), mean ± SD at every sampling moment
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Table 6.4. Longitudinal associations between birth weight-SDS, SGA-status, growth from birth to 6
months corrected age, and serum cortisol

Birth weight-SDS,
continuous
Birth weight-SDS,
dichotomous
SGA
Early postnatal growth

β (95% CI)

P value

152

17.33 (3.69; 30.96)

0.01

≤ -2 SDS

vs. > -2 SDS

11 vs. 141

-50.69 (-94.27; -7.11)

0.02

SGA
AGA GR+
SGA CUGSGA CUG+

vs. AGA
vs. AGA GRvs. AGA GRvs. AGA GR-

35 vs. 109
8 vs. 96
14 vs. 96
20 vs. 96

-29.70 (-60.58; 1.19)
-55.10 (-106.02; -4.17)
-61.91 (-104.73; -19.10)
-13.26 (-49.62; 23.10)

0.06
0.03
0.01
0.48

Abbreviations: AGA, appropriate for gestational age (birth weight and birth length > -2 SDS); CI, confidence
interval; CUG, catch-up growth; GR, growth restriction; SDS, standard deviation score; SGA, small for
gestational age (birth weight and/or birth length ≤ -2 SDS).
All P values represent unadjusted longitudinal analyses.

At 6 months CA, AGA GR+ and SGA CUG - infants had lower cortisol over time compared
to AGA GR- infants (-55.10 [-106.02; -4.17], P = 0.03, and -61.91 [-104.73; -19.10], P =
0.01, respectively). No differences in cortisol over time were found between SGA CUG+
and AGA GR- infants.
After adjustment for confounders, similar results were found, with the exception of pregnancy induced hypertensive diseases, which resulted in a loss of significance (data not
shown). After exclusion of visually impaired STEP-1 subjects (n = 2), similar results were
found (data not shown).

Salivary cortisol
Table 6.5 shows salivary cortisol data at age 8 years; mean per sampling moment, CAR,
AUCi, AUCi/h, and maximum level. Two outliers with levels at awakening that were 10
times higher than 15 min after awakening, or levels in the evening that were 10 times
higher than the cohort mean, were excluded from the analysis. Linear regression analyses
showed no association between birth weight SDS, SGA-status or growth from birth to 6
months CA, and either of the salivary cortisol parameters (data not shown).
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120
57
15

AGA
SGA

AGA GRAGA GR+
SGA CUGSGA CUG+

SGA

Early postnatal growth

1.0 ± 0.2
1.0 ± 0.0
1.0 ± 0.0
1.0 ± 0.0

1.0 ± 0.2
1.0 ± 0.0

1.0 ± 0.1

Bedtime

5.0 ± 3.1
4.1 ± 1.9
3.9 ± 1.5
4.9 ± 2.5

4.9 ± 3.0
4.6 ± 2.2

4.9 ± 2.9

Awakening

6.4 ± 3.5
7.9 ± 2.7
6.0 ± 1.7
6.0 ± 3.0

6.6 ± 3.4
6.0 ± 2.6

6.5 ± 3.2

+ 15 min

2.3 ± 2.0
2.3 ±1.5
2.1 ± 1.0
2.1 ± 1.2

2.3 ± 1.9
2.1 ± 1.1

2.3 ± 1.8

Lunch

1.4 ± 2.7
3.8 ± 3.7
2.0 ± 2.0
0.9 ± 2.7

1.7 ± 2.9
1.3 ± 2.4

1.5 ± 2.8

CAR

38.5 ± 25.4
41.6 ± 6.5
30.2 ± 11.4
37.5 ± 18.7

38.8 ± 24.2
34.7 ± 16.1

38.2 ± 22.6

AUCi

3.4 ± 1.6
2.6 ± 0.3
1.1 ± 0.8
2.4 ± 1.2

2.5 ± 1.5
2.2 ± 1.1

2.5 ± 1.5

AUCi/h

7.0 ± 3.4
8.1 ± 2.5
6.0 ± 1.7
6.6 ± 2.9

7.1 ± 3.3
6.3 ± 2.4

6.9 ± 3.1

Max.

Data are expressed as mean ± SD. Abbreviations: AGA, appropriate for gestational age (birth weight and birth length > -2 SDS); AUCi (/h), area under the curve with
respect to the increase (per hour); CAR, cortisol awakening response; CUG, catch-up growth; GR, growth restriction; max, maximal salivary cortisol level of the 4 sampling
moments; SGA, small for gestational age (birth weight and/or birth length ≤ -2 SDS).
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n

Table 6.5. Salivary cortisol (nmol/L), mean at every sampling moment and CAR, AUCi and maximal level.
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Discussion
We showed that differences in growth between birth and 6 months CA are related to the
pattern of serum cortisol decline during infancy. In our longitudinal analyses, the growthrestricted groups (i.e., low birth weight, SGA, AGA with GR and SGA without CUG) all had
a lower cortisol over time, compared to non-growth-restricted infants (AGA infants without
GR). These differences were not explained by gestational age, antenatal glucocorticoid
treatment or sex. Not surprisingly, statistical correction for pregnancy induced hypertensive
disorders reduced the strength of our associations.23,24 In cross-sectional analyses at age 8
years, the differences between the growth-restricted and non-growth-restricted groups were
no longer present. In addition, salivary cortisol at age 8 years was not different between
these groups at any sampling moment throughout the day.
In the first weeks of life, the HPA-axis of preterm newborns is still immature. Among
the impairments are insensitivity of the pituitary gland to synthetic CRH, decreased
11β-hydroxylase activity in the adrenal cortex, and a cortisol-cortisone shuttle favoring
cortisone.2 In animal studies, adverse events occurring in early life have been associated
with permanent alterations in HPA-axis activity.7 In line with our results, in previous
studies among infants of whom the majority were born at term, a blunted cortisol response
to painful procedures was found in those born SGA.25,26 In contrast, from childhood
onwards, lower birth weight has been associated with increases in glucocorticoid metabolite
excretion,27 basal cortisol28 and the cortisol response to psychosocial stresss.29 Preterm
infants were found to exhibit altered responses to different kinds of stressors, as compared
to their term counterparts.30,31 Furthermore, prematurity has been associated with a lower
cortisol response, in spite of a higher pretest cortisol level, during a psychosocial stress
test.30,32,33 These findings suggest that the HPA-axis is hypoactive after being born SGA
and/or preterm, and becomes hyperactive with age, although not indisputable. Similar
shifts were observed in extremely preterm infants (gestational age < 29 wks) compared
to very preterm (gestational age 29−32 wks) and term infants.34 Our study suggests that
these longitudinal patterns in HPA-axis activity of preterm infants are augmented by poor
intrauterine and early-postnatal growth, although our follow-up might have been too short
to demonstrate a subsequent increase in HPA-axis activity.
We found no differences in salivary cortisol parameters at age 8 years, which included
diurnal rhythmicity and CAR, between growth-restricted and non-growth-restricted
subjects. At school age, a lower CAR has been described in preterm-born children compared
to term-born control subjects.35 Studies regarding the diurnal rhythm linked preterm birth
with cortisol levels that were either higher at bedtime36 or throughout the day37. Since we
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did not include a term control group, the results of these studies cannot be compared to
ours. Moreover, we collected only 2 salivary samples post-awakening, and may therefore
have missed the peak cortisol concentration. In addition, a single collection day may not
be sufficient to demonstrate differences at age 8 years.38
It is increasingly recognized that preterm birth constitutes a major risk factor for cardio
metabolic disease.39 However, in studies providing long-term follow-up of preterm
populations, no differences in insulin resistance or blood pressure were demonstrated
between subjects with and without intrauterine growth restriction.40,41 Possibly, the subjects
within these cohorts were too young to demonstrate such differences. This may also partly
explain the lack of association in our sample at age 8 years. Life-long follow-up of preterm
populations is warranted, since it is conceivable that alterations in HPA-axis activity in
preterm infants during early life are involved in pathways leading to cardiometabolic
disease and neurodevelopmental impairments.

Strengths and limitations
The main strength of this study is the use of a well-described birth cohort, in which extensive information on early growth was available. In addition, serial measurement of serum
cortisol in early infancy as well as in childhood, and measurement of salivary cortisol at
age 8 years were performed.
There are several limitations. First, this study was a post hoc analysis of a nutritional
RCT, in which a term born control group was not included. Second, attrition at age 8
years limited our sample size. We therefore carefully assessed the possibility of attrition
bias by comparing participants with nonparticipants and excluded subjects. Since there
were no differences, analyzing with GEE gave us the opportunity to use all available data
in longitudinal analyses, while accounting for missing data.20 With this approach, we
followed the suggested reporting requirements for addressing attrition as described by
Fewtrell.21 Third, subgroup analyses were performed in relatively few subjects. Fourth, the
exact timing of cortisol sampling was not the same for all subjects and the early morning
would have had our preference. Since this was not possible, we assessed fasting blood
levels at term age, 3 and 6 months CA, as a second best option.42 However, since there
was no difference in mean sampling time between AGA and SGA subjects we considered
this to have no influence on our results. In addition, despite our effort to standardize our
salivary cortisol collection protocol by giving clear instructions and reporting time of
sampling, it was not optimal, and the LLOQ limited the sensitivity of values in the lower
ranges (i.e., ≤ 1 nmol/L). Considering the recently published guidelines of Stalder et al.,
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the small number of samples to determine the CAR, as well as a single day of collection,
may have influenced our results.38

Conclusion
In children born preterm, poor intrauterine and postnatal growth were associated with
lower cortisol during early infancy, irrespective of gestational age. However, at age 8 years
these differences were no longer present or could not be confirmed due to attrition. It
is unknown whether alterations in HPA-axis activity in early infancy could attribute to
increased health risks later in life.
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