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Abstract

The prevalence of preterm birth (PTB) is high worldwide, especially in developing countries like
Brazil. PTB is marked by a stressful environment in intra- as well as extrauterine life, which can
affect neurodevelopment and hormonal and physiological systems and lead to long-term
negative outcomes. Nevertheless, little is known about PTB and related outcomes later on in
childhood. Thus, the goals of the current study were threefold: (1) comparing cortisol and
alpha-amylase (sAA) profiles, including cortisol awakening response (CAR), between preterm
and full-term children; (2) evaluating whether preterm children are more responsive to acute
stress and (3) assessing their memory skills and emotional and behavioral profiles. Basal cortisol
and sAA profiles, including CAR of 30 preterm children, aged 6 to 10 years, were evaluated.
Further, we assessed memory functions using the Wide Range Assessment of Memory
and Learning, and we screened behavior/emotion using the Strengths and Difficulties
Questionnaire. The results of preterm children were compared to an age- and sex-matched
control group. One week later, participants were exposed to a standardized laboratory stressor
[Trier Social Stress Test for Children (TSST-C)], in which cortisol and sAA were measured at
baseline, 1, 10 and 25 min after stressor exposure. Preterm children had higher cortisol
concentrations at awakening, a flattened CAR and an exaggerated response to TSST-C
compared to full-term children. These alterations were more pronounced in girls. In addition,
preterm children were characterized by more emotional problems and poorer memory
performance. Our findings illustrate the long-lasting and in part sex-dependent effects of PTB
on the hypothalamic–pituitary–adrenal (HPA) axis, internalizing behavior and memory. The
findings are in line with the idea that early adversity alters the set-point of the HPA axis, thereby
creating a more vulnerable phenotype.
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Introduction

Every year, around 15 million babies are born prematurely

worldwide. With a prevalence rate of 9.2%, Brazil ranks

among the top 10 countries in highest numbers of preterm

births (PTB) (Blencowe et al., 2012). In spite of this, little

is known about the outcomes of prematurely born individuals

later on in childhood, especially when it comes to stress

vulnerability.

With a multifactorial etiology including infection, pre-

eclampsia and prenatal stress (McElrath et al., 2008; Wadhwa

et al., 2011), PTB can be considered as a developmental risk

factor. In addition to the intrauterine adversities and the

associated perinatal complications, being born early can lead

to extrauterine stress exposure. During neonatal care, most

preterm newborns are subjected to repeated skin-breaking

procedures, mechanical ventilation and limited contact to the

parents (Smith et al., 2011). Such early-life adversities can

shape the developing brain (Davis et al., 2011a) and the

developing stress system (Glover et al., 2010; Lupien et al.,

2009), and thus constitute risk factors for cognitive and

emotional disorders (Wolf, 2008).

Studies of hypothalamic–pituitary–adrenal (HPA) axis

function are scarce in preterm individuals and have often

focused on infants and adults rather than children. Relative

adrenal insufficiency has been described in preterm infants,

with a likely switch from HPA axis downregulation to an

upregulation at 8 months corrected age (Grunau et al., 2007).

Whether this HPA dysregulation is sustained later in child-

hood remains unclear (e.g. see Buske-Kirschbaum et al.,

2007), although there is some evidence for altered cortisol

reactivity in preterm adults (Wüst et al., 2005). Additionally,

the findings of a handful of studies that investigated cortisol

awakening response (CAR) in preterm individuals are mixed

(Buske-Kirschbaum et al., 2007; Gustafsson et al., 2010).

For the sympathetic nervous system (SNS), such studies are

rather scarce as well (Pyhälä et al., 2009).

Address for correspondence: Oliver T. Wolf, Department of Cognitive
Psychology, Ruhr-University Bochum, Universitätsstr. 150, D-44780
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Seeing that PTB involves potential risk factors for

cognition and behavior, what are the main domains affected

by it? Cognitive deficits in individuals born prematurely have

been reported during infancy (Grunau et al., 2009), childhood

(Cserjesi et al., 2012) and adulthood (Strang-Karlsson et al.,

2010), even in those without evident brain structure

abnormalities (Tanskanen et al., 2011). However, few studies

have analyzed the effects of PTB on different memory

domains (Luu et al., 2011), although stress effects have been

observed most prominently in the hippocampus and prefrontal

cortex (Lupien et al., 2009; Wolf, 2008). Findings regarding

working memory are somewhat conflicting (Jongbloed-

Pereboom et al., 2012). PTB has also been associated with

enhanced susceptibility to the development of psychiatric

disorders in adulthood (Nosarti et al., 2012).

Based on this, our objective was to investigate the long-

term consequences of PTB for stress physiology, emotional

well-being and memory performance in children. We wanted

to assess the two major stress systems during basal conditions

as well as in response to an acute stressor. In addition, a broad

cognitive test battery was applied which targeted memory

functions known to be influenced by stress hormones. To this

end, the present study (1) compared cortisol and alpha-

amylase (sAA) profiles between preterm and full-term

children; (2) evaluated whether preterm children are more

responsive to an acute stressor than their full-term peers and

(3) assessed their memory, behavior and emotion. We further

examined sex differences based on evidence derived from

laboratory animals that the female stress system is more

heavily influenced by early-life adversities (Glover & Hill,

2012). In humans, Sandman et al. (2013) surveyed evidence

that there is a sex-dependent viability–vulnerability tradeoff

during early development, with the female offspring being

more viable, but also more vulnerable. We hypothesized that

preterm children would show altered HPA axis functioning

and poorer hippocampus-dependent memory than their full-

term peers.

Methods and materials

Participants

Thirty Brazilian preterm school-aged children (6–10 years

old), who were born between 26 and 36 weeks of gestation

with Apgar at 10 min �7, participated in this study. The

results of preterm participants were compared with an age-

and sex-matched control group, which was composed of 31

full-term children. The length of gestation of each participant

was confirmed by their medical records. Participants with any

acute, chronic medical problems, intake of medication or

immunization within 3 months prior to the study were

excluded. All children participated voluntarily, and written

informed consent was signed by one parent and by the

children. Each child received an attendance certificate and a

memory performance report. The study protocol was

approved by the local ethics committee.

Procedures

The procedures encompassed two different phases. The first

phase included: (1) acquisition of demographic and clinical

variables (day 1); (2) acquisition of saliva samples on two

consecutive days to determine HPA axis and SNS functioning

profiles (days 2 and 3); and finally (3) assessment of memory,

behavior and emotion of participants (day 4). In the second

phase, which was carried out 1 week later, the cortisol and

sAA response to a psychosocial stress paradigm was

investigated.

Demographic and clinical variables

The demographic variables were obtained with a semi-

structured interview with one of the parents. Socioeconomic

status was computed as mother’s and father’s education

separately (less than middle school graduate, middle school

graduate, some high school, high school graduate, some

college, college graduate and post-graduation) and type of

schools (public versus private). Additionally, each child was

weighed and measured to calculate the body mass index

(BMI) (Table 1).

Furthermore, the length of gestation, the causes for PTB as

well as prenatal and postnatal variables were taken from

participants’ medical records, except for stress during preg-

nancy (Tables 2 and 3). To screen prenatal stress, the mothers

were asked if they had experienced any adverse events during

pregnancy and, if so, to report them. The prenatal stress index

for each participant was obtained based on the stress scale

developed by Holmes & Rahe (1967), which attributes a

specific value to each stressor regarding its impact on life. In

accordance with this stress scale, death of a close family

member, for example, is scored as 63 points, while change in

living conditions is scored as 25 points. The use of tobacco,

alcohol and glucocorticoids during pregnancy were coded

dichotomously as ‘‘yes’’ or ‘‘no’’. Regarding their birth

weight, the participants were classified as small (SGA),

adequate (AGA) or large for gestational age (LGA).

Hospitalization time during the neonatal period was used as

a postnatal stress measure.

Table 1. Sociodemographic comparisons between full-term (n¼ 31) and
preterm children (n¼ 30).

Characteristics Full-term Preterm p

Age mean in years and
months (SD)

8:5 (1:3) 8:3 (1:2) 0.64

Range of years in years
and months

6:4–10:9 6:0–10:8

BMI mean in kg/m2 (SD) 16.96 (2.40) 16.69 (2.48) 0.66
Sex 0.52

Girls 16 13
Boys 15 17

Children’s education 2.74 (1.24) 2.60 (1.19) 0.65
Sort of school 0.93

Public school 22 21
Private school 9 9

Marital status of parents 0.64
Mother’s education 0.005

Until 9 years 2 9
Between 10 and 12 years 10 17
Superior to 12 years 19 4

Father’s education 0.002
Until 9 years 5 15
Between 10 and 12 years 6 11
Superior to 12 years 20 04
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Neuroendocrine profile

Cortisol and sAA profiles were evaluated over the course of

two consecutive days. On each day, saliva was sampled at the

families’ homes using Salivette sampling devices (Sarstedt,

Nümbrecht, Germany) at four time points: right after

awakening and 30 min post-awakening to determine the

CAR (Pruessner et al., 1997), in addition at 1600 h and

2100 h in order to characterize the circadian decline. With one

of the parents’ presence, the Salivette was placed into the

mouth of the children by a trained psychologist or by their

parent, who had specific training and received written

instructions for it. Participants were instructed to refrain

from brushing their teeth, eating and drinking (except water)

90 min before sampling, and to avoid vigorous physical

activity during those 2 days. The saliva samples were stored at

�80�C until analysis. Free cortisol levels in nmol/l were

measured using an immunoassay (IBL, Hamburg, Germany),

while a quantitative enzyme kinetic method described else-

where (Rohleder & Nater, 2009) was used to analyze sAA in

U/ml. Intra- and inter-assay coefficients of variation were

lower than 10% for both assays.

Psychosocial stress response assessment

Neuroendocrine responses (cortisol and sAA) to psychosocial

stress were evaluated using the Trier Social Stress Test for

Children (TSST-C; Buske-Kirschbaum et al., 1997). As

described elsewhere (Quesada et al., 2012), participants

were asked to create (5 min preparation time) and report

(5 min free speech) an exciting ending for a story whose

beginning had been presented to them. Afterwards they had to

perform a mental arithmetic task (5 min). The tasks had to be

performed in front of a camera and a committee composed of

two medical students who acted in a neutral and rather

reserved fashion. In the mental arithmetic task, children from

6 to 7 years old were instructed to serially subtract the number

3 from 758 as fast and as accurately as possible, while the

older ones subtracted the number 7 from 758. The observers

were blind for the prematurity status of the participants. The

TSST-C session was run between 1330 h and 1800 h to control

for possible circadian rhythm effects (Tzortzi et al., 2009).

Saliva was collected before the beginning of the stressor

(baseline), 1, 10, and 25 min post-TSST-C test.

Affective changes before and immediately after TSST-C

exposure were assessed with a visual rating scale known as

the Self-Assessment Manikin (SAM). Participants were asked

to choose one manikin out of each domain (happiness, arousal

and dominance) which resembled their current mood state.

Each domain is represented by five manikins, each one

expressing the following affective states: from a broadly

smiling (1 point) to a totally frowning manikin (5 points);

from a completely relaxed (1 point) to an anxious manikin (5

points); and finally from a controlling (1 point) to a controlled

manikin (5 points) (Bradley & Lang, 1994).

Behavioral/emotional profile and memory assessment

To screen the behavioral and emotional profiles of partici-

pants, at least one of the parents was asked to fill out the

Strengths and Difficulties Questionnaire (SDQ; Goodman,

1997), which provides five scales: emotional symptoms,

conduct problems, hyperactivity, peer problems and prosocial

behavior. Each scale is composed of five items, which are

rated on a 3-point scale (not true, somewhat true and certainly

true). While the sum of the first four scales provides a total

difficulties index, the prosocial scale is the only one that

evaluates strengths and competencies (Goodman, 1997).

Memory and learning skills were assessed by a trained

psychologist using all six core and 7 of the 11 optional

subtests of the Wide Range Assessment of Memory and

Learning, Second Edition (WRAML2) (Sheslow & Adams,

2003). The remaining subtests were excluded from the

protocol to avoid the test session being too long. The

WRAML2 provides three indexes: a Verbal Memory Index

(VbM), a Visual Memory Index (ViM) and an Attention/

Concentration Index (ACI), which when combined give an

overall General Memory Index (GM). Each index is the result

Table 3. Pre-natal and post-natal comparisons between full-term
(n¼ 31) and preterm children (n¼ 30).

Pre-natal variables Full-term Preterm p

Smoking in pregnancy 3 3 0.96

Alcohol in pregnancy 0 1 0.32

Glucocorticoid use

during pregnancy

1 7 0.02

Stressful event during

pregnancy

9 15 0.09

Holmes–Rahe stress

scale (SD)

11.03 (18.53) 21.17 (24.00) 0.07

Post-natal variables

Gestational age

(SD) (weeks)

39.23 (1.02) 32.23 (3.03) 50.001

Birth 0.064

Vaginal 13 11

Cesarean section 18 19

Birth size (SD) (cm) 48.82 (4.12) 40.15 (4.68) 50.001

Birth weight (SD) (g) 3304.26 (528.25) 1656.27 (722.45) 50.001

Classification of newborns 0.004

SGA 0 9

AGA 28 19

LGA 3 2

Hospitalization time

(SD) (days)

0.26 (0.81) 38.53 (33.39) 50.001

Kangoroo Mother Care 0 20 50.001

Classification of newborns was based on birth weight-for-gestational
age.

SGA small for gestational age, AGA appropriated for gestational age,
LGA large for gestational age.

Table 2. Total of preterm births (n¼ 30) split by related risk factors
followed by mood of delivery, according to medical records.

Risk factors for
preterm birth

Vaginal
delivery

C-section
delivery

Preterm births
total separated by
related risk factors

Cryptogenic 7 2 9
Multiple birth 0 1 1
Premature rupture of

the membranes
2 2 4

Pulmonary embolism 0 1 1
Hypertension 1 12 13
Infection or inflammation 1 1 2
Total 11 19 30

The third column shows the total of preterm births of our sample
separated by related risk factors. Part of them was vaginal delivery
(column 1) and the other part was C-section delivery (column 2).
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of performance in two subtests: Story Memory (SM) and

Verbal Learning (VL) for VbM; Design Memory (DM)

and Picture Memory (PM) for ViM; Finger Windows (FW)

and Number Letter (NL) for ACI. Besides these general

indexes, this study also assessed delayed memory recall (VL

recall and SM recall), delayed verbal (VbR; SM Recognition,

VL Recognition) and visual recognition (ViR; DM recogni-

tion and PM recognition) as well as working memory

[Symbolic Working Memory (WM)]. Recall and recognition

skills were assessed 30 min post-learning.

Participants’ performances were expressed in age-related

scaled scores (from 1 to 19) to allow comparisons among the

different tasks, except for delayed recall and WM subtests.

Raw scores were used for delayed recall performances (0–16

points for each trial in VL recall; 0–64 for the sum of two

stories scores in SM recall). This was done because scaled

scores are not available for each of the four learning trials

separately in the VL recall subtest and because of our interest

in the learning curves. The same decision was made for the

WM subtest, since scaled scores are available only for

individuals age 9 to adults. Since standards are not available

for Brazilian children, we used American norms.

Statistical analyses

The statistical analyses were performed using IBM SPSS

Statistics 20. The results of the 30 preterm children were

compared with those of 31 full-term children (control group).

Initially, one more preterm child was enrolled but she decided

not to attend the entire study. Nevertheless, we also ran the

same statistical analyses with only 30 rather than 31

participants from the control group (excluding the match for

the drop-out participant from the preterm group), and the

results were very similar (e.g. the reported significant results

remained significant). The results reported in this article refer

to the analyses regarding the total sample (30 preterm

children and 31 full-term children).

Demographic and clinical comparisons between preterm

and full-term children were performed using independent

sample t-tests for continuous variables and Pearson’s chi-

square test for categorical variables. Since mothers’ and

fathers’ education was significantly different between the

groups, these variables were included as covariates in all

statistical analyses. Behavioral and emotional differences

were analyzed with the Mann–Whitney U model, since the

Shapiro–Wilk test showed the data were skewed.

For cortisol and sAA profile analyses, the mean of the two

consecutive days was calculated at each of the four sampling

points ((d1 + d2)/2). One full-term child had awakening

cortisol (mean) larger than 3SD units above the mean, and

this value was corrected to the control group mean plus 2SD.

Differences in neuroendocrine profile (cortisol and sAA),

including CAR, between preterm and full-term children as

well as their physiological (cortisol and sAA) stress reaction

were tested by separate analyses of covariance (ANCOVA)

with the repeated measurement factor time and the between-

subjects factors group and sex. Affective responses to TSST-C

were analyzed using one-ANCOVA for repeated measures

(before and after TSST-C) with between-subjects group and

sex. Additionally, three separate ANOVAs for repeated

measures were performed only for the preterm group to

investigate the influence of prenatal glucocorticoids treatment

on HPA profile and HPA response to TSST-C later in life.

Since some cortisol and sAA data were skewed (p50.05),

these analyses were performed using log-transformed cortisol

[(log(cort + 1)] and sAA [(log(sAA + 1)] values. Degrees of

freedom were corrected using Greenhouse–Geisser estimates

when the sphericity assumption had been violated.

Based on the structure of WRAML2, the performances of

preterm and full-term children were compared following three

steps. First, differences in overall indexes scores (VbM, ViM,

ACI, GM, VbR and ViR) were evaluated using a multivariate

analysis of covariance (MANCOVA) followed by

Bonferroni’s adjustment (p50.008). Second, three separate

MANCOVAs with group as independent variable and the two

related subtests as dependent variables were conducted for

assessing PTB influence on the core subtests performance.

Since only a single working memory subtest was applied, its

analysis was performed using an ANCOVA. Third, group

differences in recall performances were tested by two separate

ANCOVAs, one for each subtest (SM and VL), with the

repeated measurement factor trials (learning trials versus

delayed recall) and the between-subjects factors group and

sex. The same statistical analyses were run for verbal (SM

recognition and VL recognition) and visual recognition (DM

recognition and PM recognition). To protect against an

inflated Type I error rate, Bonferroni’s adjustment was also

performed for subtest performances (p50.004).

The influence of PTB-related factors on memory perform-

ance, emotional/behavioral profile and affective/cortisol

response to TSST-C was explored using linear regression

analyses. PTB diagnosis (0 versus 1) was forced in as the first

step, and the selected PTB-associated factors, i.e., birth weight,

Holmes–Rahe index (prenatal stress marker) and hospitaliza-

tion time (early postnatal stress marker) were entered in a

stepwise fashion with a probability of F set to 0.05. The

mentioned variables were selected because intrauterine growth

restriction and early-life stress (ELS) are a potential risk for

emotional, cognitive and stress system development.

Results

Sociodemographic and clinical variables

Preterm and full-term children did not differ in any of the

demographic variables except their parents’ education

(Table 1). In clinical variables, most preterm participants

were born to mothers with gestational hypertension (Table 2).

Most of the deliveries were cesarean sections for both groups

(preterm and full-term children). As expected, preterm

children showed lower birth size and birth weight, besides

a longer hospitalization time. Significant differences were

also observed in prenatal glucocorticoid treatment for

preterm labor, but not in smoking or alcohol use during

pregnancy. Additionally, a trend for higher prenatal stress

exposure in preterm children compared to their full-term

peers was found (Table 3).

Neuroendocrine profile

The cortisol concentrations on awakening of two children

(one preterm and one full-term) as well as on 30 min after

392 A. A. Quesada et al. Stress, 2014; 17(5): 389–399
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awakening of one child (preterm) could not be assessed

because of insufficient amounts of saliva. Thus, these children

were excluded from the day cortisol profile analyses.

Cortisol awakening response (CAR)

A 2 group� 2 sex� 2 times (awakening, +30 min) ANCOVA

for repeated measures revealed a significant time

(F(1,52)¼ 8.32, p¼ 0.006) effect and a PTB � time interaction

(F(1,52)¼ 5.29; p¼ 0.026) (Figure 1A). Trends for a main

effect of sex (F(1,52)¼ 3.77; p¼ 0.057) and for a PTB� sex

interaction (F(1,52)¼ 3.43; p¼ 0.070) were observed. Based

on the cited trends and previous reports of sex differences

(Jones et al., 2006), post-hoc analyses were conducted using

group and sex as between-subjects factors. A post-hoc

Bonferroni-adjusted univariate analysis showed that preterm

children had higher cortisol concentrations right at awakening

compared to their full-term peers (F(1,52)¼ 6.66; p¼ 0.013).

Additionally, differences in awakening cortisol concentrations

were more pronounced in girls, with preterm girls displaying

higher cortisol immediately at awakening than full-term girls

(F(1,52)¼ 4.43; p¼ 0.040) as depicted in Figure 1(B). In

contrast, neither a main effect of PTB (p¼ 0.71) or sex

(p¼ 0.23) nor a PTB� sex interaction (p¼ 0.22) were

observed at 30 min after waking up. Likewise, no main

glucocorticoids treatment effect (p40.55) or glucocorticoids

treatment� time interaction (p40.34) were found between

preterm treated (GC) and non-treated with glucocorticoids

(GC) prenatally.

The CAR was computed as the difference between the log

of cortisol mean at 30 min after waking up and the log of

cortisol mean at awakening (log C+30 mean� log Cawakening

mean). ANCOVA with group and sex as between-subjects

factors and father’s and mother’s education as covariates

revealed a significant preterm effect (F(1,52)¼ 5.29;

p¼ 0.026). Bonferroni-adjusted pairwise comparison

revealed a smaller CAR in preterm children (mean:

6.53 ± 1.39 nmol/l; mean ± SEM) compared to full-term chil-

dren (SEM; mean: 10.09 ± 1.33 SEM). No differences in CAR

(p40.34) were observed between the GC and the non-GC

preterm groups.

Afternoon/evening cortisol

A 2 group� 2 sex� 2 time (1600 h, 2100 h) ANCOVA

revealed a significant time effect (F(1,52)¼ 40.70, p50.001)

and a PTB� time (F(1,52)¼ 4.78; p¼ 0.033) interaction.

However, post-hoc Bonferroni-adjusted univariate analyses

Figure 1. (A) Salivary cortisol profile of preterm and full-term children. (B) Salivary cortisol profile of preterm and full-term children split by sex. (C)
Salivary alpha-amylase (sAA) profile of preterm and full-term children. Statistical analyses were performed using log-transformed data (log +1). The
graphs show the estimated marginal means (raw scores adjusted for covariates) of cortisol concentrations as well as sAA concentrations measured on
two consecutive days. Error bars represent standard error of mean (SEM). For cortisol, a significant preterm birth by time interaction and a trend of
preterm birth by sex interaction were observed in the conducted analyses. Post-hoc analyses (Bonferroni adjusted for multiple comparisons) revealed
that preterm children differed from their full-term peers at awakening cortisol concentrations, with preterm girls displaying significant larger cortisol at
awakening than full-term girls. Additionally, preterm children showed an attenuated CAR (see ‘‘Results’’ section for additional information). No sex-
differences were found in CAR. *p50.05 (post-hoc Bonferroni-adjusted univariate tests).
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failed to show group differences in the afternoon (p¼ 0.27)

or in the evening (p¼ 0.082) (Figure 1A). Descriptively,

preterm children displayed lower cortisol concentrations in

the afternoon (mean: 3.05 ± 0.21 SEM) and higher cortisol

concentrations in the evening (mean: 1.22 ± 0.09 SEM) than

full-term children (mean afternoon: 3.44 ± 0.20 SEM; mean

evening: 0.98 ± 0.09 SEM). No main prenatal glucocorticoids

treatment effect was found between GC and non-GC preterm

groups (p40.83).

Alpha-amylase (sAA) profile

Three preterm and three control children were excluded from

this analysis due to insufficient saliva. ANCOVA revealed

only a non-significant trend of time (p¼ 0.076) (Figure 1C).

Neither a main effect of PTB nor a PTB� time interaction

was observed (p40.10).

Psychosocial stress test (TSST-C)

Affective response to TSST-C

Here, two full-term children and one preterm were excluded

from analyses, because they left the psychosocial stress test in

the preparation phase. Another preterm child failed to show

up at the TSST-C appointments. Significant stress-induced

changes over time in valence (F(1,51)¼ 4.13, p¼ 0.047) and

arousal (F(1,51)¼ 5.56, p¼ 0.022) were found, but not in

dominance (p¼ 0.94). Importantly, preterm and full-term

children did not differ in their affective response to the

stressor (p40.17, data not shown).

Neuroendocrine response to TSST-C

One more participant was excluded from this analysis due to

an insufficient amount of saliva at time point C+10. A 2

group� 2 sex� 4 time ANCOVA for repeated measures with

mother’s and father’s education as covariates showed signifi-

cant stress-induced changes over time (F(1.41,70.41)¼ 3.59,

p¼ 0.048), a main PTB effect (F(1,50)¼ 8.86, p¼ 0.004), a

PTB� time interaction (F(1.41,70.41)¼ 3.73, p¼ 0.043) and a

trend of a PTB� sex� time interaction (F(1.41,70.41)¼ 3.15,

p¼ 0.066). Preterm children had higher cortisol concentra-

tions after TSST-C, i.e. at the +1 (p¼ 0.008), +10 (p¼ 0.018)

and +25 sampling (p¼ 0.009), but not at baseline (p¼ 0.194),

as depicted in Figure 2(A). Comparing cortisol increase (log

cortisol+10�minus log cortisolbaseline) by using a Bonferroni-

adjusted univariate analysis, preterm girls showed a higher

increment than preterm boys (p¼ 0.03) (Figure 2B).

Contrary to the cortisol response, no significant effects or

interactions were noted for sAA (p40.05) (Figure 2C).

Additionally, for preterm children only, neither a main

prenatal glucocorticoids treatment effect (p40.82) nor a

Figure 2. (A) Salivary cortisol in response to the Trier Social Stress Test for Children (TSST-C) for preterm and full-term children. (B) TSST-C results
from preterm and full-term children split by sex. (C) sAA response to the TSST-C. Statistical analyses were performed using log-transformed data (log
+1). The graphs show the estimated marginal means (adjusted raw data for covariates). Error bars represent standard error of mean (SEM). Stress-
induced cortisol changes over time, and a significant main preterm birth effect was found using Bonferroni adjusted analyses. Furthermore, such effect
was more pronounced in girls, with preterm girls showing significant larger cortisol response to TSST-C than full-term girls. (A) *p50.05, **p50.01
between preterm and full-term children and (B) *p50.05, **p50.01 (post-hoc Bonferroni-adjusted univariate tests) between preterm girls and full-
term girls.
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prenatal glucocorticoids treatment� time interaction was

found (p40.67) in cortisol response to TSST-C.

Behavioral profile (SDQ)

Most questionnaires were filled out by mothers for both

groups. For preterm children, 93.3% of questionnaires were

filled out only by mothers and 6.7% by fathers (alongside

mothers). For full-term children, 83.9% of questionnaires

were filled out only by mothers and 16.1% by fathers

(alongside mothers or themselves). Chi-square test revealed

that the number of questionnaires filled out by mothers and/or

fathers did not differ between the two groups (p¼ 0.25).

Furthermore, a t-test with emotional problems as the

dependent variable and who filled out the questionnaires as

the group variable showed no impact of who filled out the

questionnaires on emotional problems (t¼ 0.48; p¼ 0.63).

In the SDQ, Mann–Whitney U test revealed that preterm

(median¼ 5.0) and full-term children (median¼ 4.0) differed

in emotional symptoms (z¼�2.1; p¼ 0.037), which were

higher in preterm children.

Cognitive profile (WRAML2 performance)

On the Wide Range Assessment of Memory and Learning

performance (WRAML2), post-hoc Bonferroni-corrected

analyses revealed that the preterm children showed lower

general memory (p¼ 0.006) and visual memory indexes

(p¼ 0.003) than full-term children, but they did not differ in

the other two summary indexes, i.e. attention/concentration

and delayed verbal and visual recognition (p40.21).

Nevertheless, note the trend (p¼ 0.066) in the verbal

memory index. For the subtests, significant differences were

observed in the Story Memory and Picture Memory subtests

and a trend emerged in the Design Memory subtest, with

lower performance in preterm children (Table 4).

In the delayed retrieval tasks, main PTB effects were found

in both recall subtests, i.e. Verbal Learning (F(1,55)¼ 5.27;

p¼ 0.025) and Story Memory (F(1,55)¼ 8.98; p¼ 0.004), but

not in recognition (p40.15). A post-hoc Bonferroni-corrected

univariate test showed that the preterm children recalled fewer

words 30 min post-learning (mean: 6.90 ± 0.43 SEM) than

control participants (mean: 9.26 ± 0.46 SEM) (p¼ 0.005), as

shown in Figure 3. They also recalled fewer details of

episodes from the two stories in the delayed Story Memory

recall subtest (p¼ 0.043) (Table 4). No PTB� sex interaction

was found (p40.18). Mothers’ education influence was

observed only in the Number Letter subtest performance

(F(1,57)¼ 6.90, p¼ 0.011), with higher scores shown by

children whose mothers’ education was higher. WRAML2

performance with Bonferroni-adjusted p values is depicted

in Table 4.

Table 4. WRAML2 performance and group comparisons.

Domains Preterm 95%CI Control 95%CI p

Verbal memory 93.83 ± 15.66 (87.99–99.68) 106.74 ± 15.97 (100.88–112.70) 0.066
Story memory 8.27 ± 2.48 (7.34–9.19) 10.81 ± 2.61 (9.85–11.76) 0.008
Verbal learning 9.70 ± 3.53 (8.38–11.02) 11.77 ± 3.67 (10.43–13.12) 0.281

Visual memory 94.40 ± 12.42 (89.76–99.04) 107.55 ± 10.39 (103.74–111.36) 0.003
Picture memory 9.10 ± 2.65 (8.11–10.09) 10.90 ± 1.88 (10.21–11.60) 0.007
Design memory 9.03 ± 2.96 (7.93–10.14) 11.61 ± 2.63 (10.65–12.58) 0.060

Attention 91.00 ± 13.00 (86.14–95.86) 100.71 ± 11.00 (96.67–104.75) 0.215
Finger windows 9.43 ± 2.67 (8.43–10.43) 11.29 ± 2.77 (10.27–12.31) 0.106
Number letter 7.57 ± 2.31 (6.70–8.43) 8.97 ± 2.21 (8.16–9.78) 0.925

General memory 90.53 ± 14.30 (85.19–95.87) 106.65 ± 12.10 (102.20–111.09) 0.006
Verbal recognition 104.30 ± 16.62 (98.09–110.51) 104.87 ± 14.35 (99.61–110.14) 0.483

Story memory 10.00 ± 3.096 (8.84–11.16) 10.55 ± 2.827 (9.51–11.59) 0.793
Verbal learning 11.40 ± 3.02 (10.27–12.53) 11.13 ± 3.08 (10.00–12.26) 0.413

Visual recognition 93.33 ± 12.45 (88.68–97.99) 96.39 ± 13.13 (91.57–101.20) 0.715
Picture memory 8.43 ± 2.60 (7.46–9.40) 8.26 ± 2.56 (7.32–9.20) 0.315
Design memory 9.57 ± 2.39 (8.67–10.46) 10.71 ± 2.77 (9.69–11.73) 0.664

Delayed recall
Story memory recalla 16.67 ± 7.51 (13.86–19.47) 23.13 ± 9.63 (19.60–26.66) 0.043
Verbal learning recalla 6.90 ± 2.35 (6.02–7.78) 9.26 ± 2.57 (8.32–10.20) 0.005

Working memorya 10.10 ± 3.94a (8.63–11.57) 12.58 ± 4.07a (11.09–14.07) 0.181

Attention and memory performance (mean ± SD). Performance is expressed in scaled scores (American norms).
aWorking memory, delayed story memory recall and delayed verbal learning recall performances were expressed in

raw scores. To protect against an inflated Type I error rate, Bonferroni’s adjustment was also performed for subtest
performances (p50.004).

Figure 3. Delayed recall on verbal learning subtest: preterm versus full-
term children (n¼ 61) performance. The graphs show raw data.
**p50.01 (post-hoc Bonferroni-adjusted univariate tests) between
preterm and full-term children.
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Influence of PTB-related factors on memory
performance, emotional/behavioral profile,
affective and cortisol response to TSST-C

The influence of birth weight, prenatal stress (Holmes–Rahe

index) and hospitalization time on emotional problems,

memory performance (general memory and delayed recall)

and affective/cortisol response to TSST-C was explored using

regression analyses. In the analysis of general memory as the

dependent variable, only birth weight emerged as a predictor,

significantly adding to the variance explained by PTB

(DR2¼ 0.07, p¼ 0.013, b¼ 0.45). For delayed recall per-

formance, emotional problems and affective/cortisol response

to TSST-C as separate dependent variables, the selected

factors did not add beyond diagnosis (preterm birth versus

birth at term).

Regarding our interest in the association between birth

weight as well as length of gestation and the observed

emotional, memory and cortisol response to TSST-C (AUCi)

outcomes in preterm children, Pearson correlations were

performed within the preterm group only (n¼ 30). Birth

weight was associated positively with the general memory

index (r¼ 0.36; p¼ 0.048), but no significant correlations

were observed for length of gestation. In addition, higher

cortisol response to TSST-C was shown by preterm children

classified as small for gestational age (r¼�0.42; p¼ 0.025).

It is also worth noting the positive correlation between the

prenatal stress marker (r¼ 0.47; p¼ 0.009) and emotional

symptoms, and the negative association between length of

gestation and hospitalization time (r¼�0.68; p50.001).

Furthermore, in accordance with exploratory analyses

(ANCOVA), no effects of different etiologies leading to

premature delivery were observed on the general memory

(p¼ 0.36) index or on emotional problems (p¼ 0.57).

Discussion

The present study demonstrates HPA alterations, increased

emotional problems and poorer memory in preterm individ-

uals tested later on in childhood. There were some sex-

specific differences, with preterm girls showing higher

cortisol concentrations right at awakening and a higher

cortisol response to TSST-C than preterm boys. In addition to

poorer general memory, preterm children also showed lower

scores in visual memory and delayed verbal recall tasks. No

significant performance differences were found in attention,

working memory or delayed recognition.

Preterm children had higher cortisol concentrations right at

awakening followed by flattened CAR. In line with our

findings, higher cortisol concentrations right at awakening

were also reported in 8- to 14-year-old preterm children

(Buske-Kirschbaum et al., 2007) and in 7- to 9-year-old term

girls with lower birth weight (Jones et al., 2006). Different

from our findings and consistent with the scarce studies

investigating CAR in preterm or/and low birth weight

children (Gustafsson et al., 2010; Jones et al., 2006), Buske-

Kirschbaum et al. (2007) failed to find a significant PTB

influence on the CAR.

Nevertheless, attenuated CAR later in life has

been observed in individuals exposed to early trauma

(Mangold et al., 2010) or with an anxious attachment style

(Oskis et al., 2011), stressors also related to PTB. Finally,

similar CAR alterations, i.e. higher cortisol concentrations at

awakening and reduced CAR were found recently in pregnant

women who delivered an infant prematurely (Entringer et al.,

2011) and in 9- to 18-year-old girls with an anxious

attachment style (Oskis et al., 2011). The similarities of

CAR profile between our participants and those from the

cited studies suggest that at least part of the HPA

dysregulation observed in preterm individuals might be a

programming effect of adverse events experienced prenatally

or during the Neonatal Intensive Care Unit (NICU) stay.

Nevertheless, it has to be emphasized that other factors

related to PTB might also explain the HPA alterations

observed in the current study.

Even though preterm and full-term children did not differ

in their affective response to the TSST-C, a stronger cortisol

increase was observed in preterm children. Our findings are in

line with previous studies, which have observed exaggerated

HPA responses to psychosocial stress in low birth weight

phenotype in 7- to 9-year-old boys (Jones et al., 2006) and

young adults (Wüst et al., 2005). Additionally, an exaggerated

response to TSST-C has been associated with prenatal stress

(Entringer et al., 2009). In contrast, Buske-Kirschbaum et al.

(2007) failed to find differences in stress reactivity in 8- to

14-year-old preterm children.

Although findings suggest that elevated prenatal exposure

to synthetic glucocorticoids is associated with a larger cortisol

response to a stressor even in full-term infants (Davis et al.,

2011b), no differences were observed on cortisol measures

between preterm children who were exposed prenatally to

glucocorticoids and those who were not. However, it is

important to emphasize that only eight children in our sample

were exposed to glucocorticoids during prenatal time. Our

study is therefore underpowered to address this issue.

With respect to SNS, some previous evidence of elevated

SNS activity in response to TSST-C has been observed in

former preterm adults (Pyhälä et al., 2009). However, in the

present study, preterm and full-term participants did not differ

in sAA response to TSST-C. Taken together, these findings

suggest that preterm individuals are more sensitive to acute

stressors throughout adulthood. This might put them at an

increased risk of developing psychopathologies.

Increased emotional problems in preterm participants were

another important finding, corroborating most previous

studies (Arpi & Ferrari, 2013). It is worth emphasizing that,

within preterm group analyses, a higher prenatal stress marker

index (Holmes–Rahe) was associated with more pronounced

emotional symptoms in childhood. Amygdala and prefrontal

cortex dysfunctions due to early-life adversities exposure

are potential neural correlates of these emotional problems

(Buss et al., 2010, 2012).

Further, in line with some previous studies, preterm

children had deficits in general and visual memory (Baron

et al., 2012) and in delayed memory recall (Rose et al., 2005).

Hippocampal atrophy or dysfunctions are possible neural

correlates of recall deficits (McClelland et al., 2011). No

impairments were observed in the recognition domain, which

is less reliant on the hippocampus and more perirhinal-cortex

dependent (Ford et al., 2010). Thus, the impairments observed

in recall, but not in recognition, suggest that the hippocampus
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is more sensitive to prematurity and its associated factors than

other medial temporal lobe regions such as the perirhinal

cortex. In contrast to some previous studies (Aarnoudse-

Moens et al., 2012; Luu et al., 2011), preterm and full-term

children did not differ significantly in verbal working memory

performance. However, the findings in this field are somewhat

mixed (De Kieviet et al., 2012; Sansavini et al., 2007). Thus,

our data suggest that unlike the hippocampus, the effects of

PTB and related factors on the prefrontal cortex are not

evident in childhood. It might be that incubated effects

emerge once the prefrontal cortex undergoes major develop-

ment during adolescence (Lupien et al., 2009). Interestingly,

we found in a previous study (Quesada et al., 2012) that acute

stress impaired memory retrieval (thought to rely on the

hippocampus), but had no effect on working memory (thought

to rely on the PFC). Taken together, our results as well as

previous work from other labs might suggest that the

hippocampus is more sensitive to acute and chronic stress

during childhood, relative to the PFC.

In light of the existing literature, the observed negative

outcomes in preterm children might be a result of an

immature brain being overexposed to intrauterine and

extrauterine adversities. Malnutrition, hypertension, prenatal

stress, use of synthetic glucocorticoids in pregnancy, peri-

natal complications, short length of gestation, low birth

weight, the exposure to several stressors in NICU and other

PTB-related factors can shape the development of the brain

(hippocampus, amygdala and prefrontal cortex) and stress

system development. Supporting this programming model,

fetal exposure to stress has been associated with reduced

hippocampal volumes (Sandman et al., 2011), and elevated

exposure to stressors in the NICU has been linked to

structural alterations and dysfunctions of the temporal lobes

(Smith et al., 2011). Moreover, a compelling body of

research has shown associations between chronically altered

cortisol and memory impairments (Wolf, 2009). The influ-

ence of early adversities exposure on the methylation of the

glucocorticoids receptor gene in the hippocampus (Meaney,

2010) is one plausible mechanism to explain these

programming effects.

In line with this and with the findings of Raz et al. (2012),

in the present study, birth weight had a strong influence on

memory performance, significantly adding to the variance

explained by PTB diagnosis. In contrast, prenatal stress and

hospitalization time were not predictors for the observed

negative outcomes. However, within the preterm group

analyses, the prenatal stress marker was associated with

emotional symptoms.

In exploratory analyses about the underlying conditions

leading to PTB, we did not observe differential effects of

them on memory, emotional problems and the stress system.

In line with our findings, pregnancy-induced hypertension,

which was one of the main causes of PTB in our study, was

not associated with childhood development (Love et al.,

2012). In contrast, Many et al. (2003) found IQ differences

between children born from mothers with preeclampsia and

without preeclampsia, although no differences were found in a

neurological exam. Seeing that our sample might be too small

to detect the influence of PTB causes on offspring’s

outcomes, larger studies are warranted.

Supporting our findings about sex differences in preterm

children, animal and human studies suggest that females

exposed to prenatal adversity or glucocorticoid therapy are

more responsive to stressors later in life than males

(Alexander et al., 2012; Glover & Hill, 2012). A recent

study reported a link between higher maternal cortisol

concentration in earlier gestation and larger right amygdala

volume and affective problems in girls, but not in boys (Buss

et al., 2012). Evidence suggests that 11b-hydroxysteroid

dehydrogenase type 2 enzyme activity, a protecting barrier for

the fetus from elevated maternal cortisol, is more affected by

stress in the female than in the male fetus (Clifton, 2005),

which might explain why girls appear to be more susceptible

to early-life adversities than boys. Our findings are in line

with recent evidence indicating that girls are more prone to

become anxious and fearful in response to elevated maternal

cortisol concentrations [reviewed by Sandman et al. (2013)].

The strength of our study was the broad approach,

investigating simultaneously the long-term consequences of

PTB on the HPA axis and SNS functioning, different memory

domains and internalizing/externalizing behavior. However,

some limitations of our study need to be addressed as well.

First, the retrospective nature of our study and the overlapping

variables do not allow us to establish causal effects. The main

causes for the later outcomes found in the preterm participants

should be investigated in future longitudinal studies. Second,

the preterm and full-term groups were not homogeneous in

terms of father’s and mother’s education. To control for this

limitation, these variables were included as covariates in the

statistical analyses. Third, prenatal stress was based on

retrospective maternal self-report, which could compromise

the data accuracy. Fourth, we did not obtain any measure on

maternal psychological function, neither prenatally nor at the

time of our study. Fifth, the investigation of mother–offspring

interaction would have also been informative. Last but not

least a neuroimaging component would have been informative

to investigate hippocampal integrity.

In sum, our results illustrate the long-term consequences of

PTB on HPA axis functioning, internalizing behavior and

memory later on in childhood. The HPA alterations were

sexually dimorphic with girls showing more pronounced

alterations than boys. Regarding memory functions, delayed

recall and visual memory were the domains most affected.

Such findings suggest that preterm individuals are a more

vulnerable phenotype, being at an increased risk for cognitive

impairments and psychiatric disorders throughout life. They

also open windows for investigating the main causes of the

observed outcomes.
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