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Abstract

Background Evidence suggests maternal birth experience impacts infant health. Alterations of the infant’s
hypothalamus-pituitary-adrenal (HPA) axis are discussed as one possible underlying mechanism. This study aimed to
investigate both objective and subjective birth experience as potential predictors of offspring’s hair glucocorticoid
concentrations (GCs) and infant development, respectively. Further, we examined the role of hair GCs for prospective
infant development in different domains.

Methods n=263 mothers participating in the prospective cohort study DREAM, s completed questionnaires about
their objective and subjective birth experience approximately eight weeks after birth. Additionally, hair samples from
n=286 infants were taken around ten days (neonatal hair GCs) and eight weeks after birth (infant hair GCs) and long-
term integrated hair cortisol and cortisone levels were measured in scalp-near 2-cm segments. Infant development
(communication, gross motor, fine motor, problem-solving, personal-social) was assessed 14 months after birth using
the Ages and Stages Questionnaire — 3 (ASQ-3).

Results No significant associations were found between objective or subjective birth experience and most domains
of infant development, except that a more negative objective birth experience predicted poorer fine motor skills.
Additionally, a more negative objective birth experience was linked to lower infant hair cortisone levels and a

higher cortisol/cortisone ratio, while a more negative subjective experience was associated with higher neonatal
hair cortisol. Lower neonatal hair cortisone showed a link to poorer personal-social development. However, after
correction for multiple testing, only the associations between a more negative objective birth experience and lower
hair cortisone and a higher cortisol/cortisone ratio at eight weeks remained significant.
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Conclusions Objective aspects of the birth experience may have a more enduring impact on infant hair GCs

than maternal subjective perceptions, particularly with higher birth complications being linked to lower infant
cortisone and a higher infant cortisol/cortisone ratio. Given that this ratio may indicate reduced enzymatic activity in
converting cortisol to its inactive form, results suggest that birth complications could affect the infant’s glucocorticoid
metabolism. No robust associations were found between birth experiences or hair GCs and infant development.
Further research in more diverse, at-risk populations is needed to clarify these complex relationships.
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Introduction

Giving birth is a significant event in life, involving both
physiological and psychological processes [1, 2] that
can influence the future health of the infant [3, 4]. Rec-
ognizing the complexity of the birth experience is cru-
cial to adopt a broader understanding of the concept,
encompassing objective factors like unexpected medical
interventions or prolonged labor, as well as the subjec-
tive perceptions of the birthing individual involved [5].
Studies indicate that a considerable number of women,
with a prevalence rate of 7-34%, report a negative subjec-
tive birth experience [6], which has been linked to vari-
ous maternal postpartum mental health issues such as
anxiety, depression, and post-traumatic stress symptoms
[7-10]. Furthermore, research has demonstrated that
negative objective and subjective birth experiences can
influence the quality of the mother-infant bond [6], which
in turn may impact children’s development [11, 12].
However, there is a paucity of studies investigating the
associations between objective and subjective birth expe-
riences and infant development. While some research
suggests that complications during birth, such as an
unplanned cesarean section, can have adverse effects on
infant development [13, 14 but see 15], research examin-
ing the association between birth experience and infant
health outcomes is rare and often limited to single obstet-
ric complications [16—18]. With the exception of Latva et
al. [19], who found an association of negative maternal
recollection of birth with more behavioral and emotional
symptoms in six-year-old preterm born children, there
exists a lack of prospective studies investigating how both
maternal objective and subjective experiences during
birth might affect infant development.

The prenatal and early postnatal phases are character-
ized by accelerated maturation of the endocrine, neural,
and immune systems, pivotal in influencing and sup-
porting infant growth and development [20]. In light
of this, policymakers are increasingly emphasizing the
significance of the “first 1000 days” and the age range
of “0-3” years as crucial opportunities to impact child
outcomes [21]. Therefore, early identification of risk fac-
tors during birth that may affect developmental progress
is essential for fostering early childhood development.
One underlying mechanism linking birth experience and
infant development may be an alteration of the infant’s

hypothalamic-pituitary-adrenal (HPA) axis. The activ-
ity of this primary stress regulatory system induces the
secretion of glucocorticoid hormones (e.g., cortisol and
cortisone), which in turn, affect various bodily func-
tions including immune processes and adaptation to
acute stress [22]. Previous evidence suggests an effect
of maternal objective birth experiences on the develop-
ment of her infant’s cortisol secretion. Specifically, results
of studies using umbilical cord blood or neonate saliva
to determine cortisol concentrations, indicate that com-
plications during birth seem to be potential stressors for
infants resulting in an altered endocrine stress response:
For example, previous studies investigating the effect
of mode of birth on infant cortisol levels have consis-
tently shown that, compared with vaginally born infants,
infants born by caesarean section (elective or emergency)
have lower serum and cord cortisol levels taken immedi-
ately after birth [23-25], as well as lower salivary cortisol
levels measured 6 months after birth [26], compared with
vaginally born infants. Other studies have found that the
highest cord blood cortisol levels are found in infants
born by instrumental vaginal birth [24, 27]. These find-
ings are in line with the hypothesis that non-instrumental
vaginal birth represents a type of healthy stress (eustress)
that plays a central role in the adaptation to the extra-
uterine environment due to physiological labour, which
leads to the activation of, among others, the endocrine
system [1, 2]. In contrast to the distress present during
instrumental vaginal birth or cesarean section, which are
associated with an altered stress response that may fall
outside the normal range and which have been suggested
to affect biobehavioral outcomes [28]. Additionally, the
duration of the second stage of labor has been shown
to be positively associated with umbilical cord cortisol
levels [27]. The stress of being born has been suggested
to modify the functioning of the offspring’s HPA axis,
which can affect physical and mental health in the long-
term [29, 30]. Koss and Gunnar [31] concluded in their
research review that the early postnatal period is a criti-
cal time period for shaping the child’s HPA axis, although
the direction in which infants’ cortisol secretion is modi-
fied by different early life stressors remains unclear.
Moreover, researchers have investigated potential asso-
ciations between dysregulations of the HPA axis and
infant development. However, findings are inconsistent:
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While some studies have found no significant links
between (cord) blood or infants’ salivary cortisol and
children’s motor and cognitive development [32, 33], oth-
ers have reported significant associations. For instance,
one study found that higher levels of evening infant sali-
vary cortisol were linked to better cognitive and psycho-
motor development at 14 months, but this association
was observed only in boys [34]. Another study reported
that elevated evening infant salivary cortisol levels at
14 months were associated with lower socioemotional
development in boys and with lower cognitive, gross
motor development as well as executive function in girls
at 4 years of age [35].

Inconsistent findings may be partly due to the fact that
traditional cortisol methods in saliva, blood, or urine
assess rather the short-term hormone secretion, which is
heavily influenced by factors like ultradian and circadian
rhythms or acute stress and are thought to offer limited
insight into overall long-term systemic cortisol exposure
[36-38]. In contrast, the analysis of hair glucocorticoid
concentrations (GCs) has been proposed as a valid and
reliable method for the assessment of cumulative gluco-
corticoid levels integrated over periods of several months
[37], which should not be affected by situational variabil-
ity (e.g., due to acute stress, diurnal rhythmicity; [37]).
Until now, only a limited number of studies has examined
the potential association between hair cortisol and infant
development. One study demonstrated that elevated hair
cortisol measured ten days after birth was predictive of
impaired motor development at six months [39]. Another
study found higher hair cortisol to be cross-sectionally
associated with socio-emotional difficulties at one year
[40].

Nevertheless, recent studies have challenged the the-
ory that hair GCs accurately reflect a historical record of
cumulative glucocorticoid levels over an extended time
period. Instead, they propose an updated model of hair
GCs as a marker sensitive to recent and ongoing physi-
ological stress [41]. For example, in a study involving rats
without adrenal glucocorticoid production, Colding-
Jorgensen [42] demonstrated that corticosterone levels
in hair rose within three hours of receiving corticoste-
rone injections. The peak concentrations were observed
on the seventh day of treatment, and a swift decline in
concentrations post-treatment by day 26 implies that
GCs detected in hair are not fixed but rather undergo dif-
fusion in and out of the hair. In line with these findings,
preliminary studies investigating the perinatal determi-
nants of neonatal hair GCs measured in the first days
after birth found that they were associated with prenatal
exposures (e.g., maternal depressive symptoms, maternal
GCs; [43, 44]), but also with birth-related characteristics
(e.g., gestational age, presence of labor, birth weight) and
postnatal exposures (e.g., neonatal sepsis; [44, 45]). Taken
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together, more research, also in humans, is needed to
finalize an updated model of exactly what hair GC levels
reflect. Based on the presented findings, we expected that
while neonatal hair GCs may reflect long-term gluco-
corticoid exposure reaching into the intrauterine period,
they are also significantly impacted by acute birth-related
stressors, thus reflecting stress both within the intrauter-
ine and extrauterine period.

The availability of glucocorticoids at the cellular level is
regulated by tissue-specific metabolic enzymes, particu-
larly 11p-hydroxysteroid dehydrogenases (11B-HSDs).
Among these, 11B-HSD2 plays a crucial role as a potent
dehydrogenase, efficiently converting cortisol into its
inactive form, cortisone [46]. This conversion highlights
the importance of both hair cortisol and hair cortisone as
reliable biomarkers of systemic glucocorticoid levels [47,
48]. Additionally, the hair cortisol/cortisone ratio serves
as an indirect measure of 113-HSD2 enzymatic activity,
providing insight into the balance between active and
inactive glucocorticoids [49]. These biomarkers reflect
long-term hypothalamic-pituitary-adrenal (HPA) axis
activity and may be associated with birth-related vari-
ables and infant outcomes, as birth-related stress can
influence the infant’s HPA axis function [3], potentially
affecting long-term stress regulation and developmental
outcomes [50, 51]. Therefore, evaluating hair cortisol,
hair cortisone, and the hair cortisol/cortisone ratio may
enhance our understanding of the associations between
maternal subjective and objective birth experiences and
offspring glucocorticoid secretion and metabolism, ulti-
mately impacting infant development.

Therefore, the present prospective study aimed to
expand the existing knowledge on associations of
maternal objective and subjective birth experience with
infant long-term HPA axis function and infant devel-
opment. Given that maternal obstetric complications
can adversely affect infant wellbeing and development
[14], we hypothesized that negative objective birth
experience was associated with adverse infant develop-
ment measured in five domains (communication, gross
motor, fine motor, problem-solving, personal-social)
14 months after birth. Initial studies suggest a predic-
tive role of subjective birth experience for infant health
[19]. Therefore, we expected an increase in explained
variance by including subjective birth experience (H1).
Secondly, previous studies have demonstrated that stress-
ful birth experiences can affect the cortisol secretion of
the infant's HPA axis [3]. Therefore, we hypothesized
that the objective birth experience would be associated
with offspring hair GCs, measured approximately ten
days after birth representing long-term integrated bio-
markers partly also affected by acute birth-related stress
(H2) and eight weeks after the anticipated birth date as
biomarkers of retrospective GCs (H4; [42, 52]). Given
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the complexity of the birth experience, we expected an
increase in explained variance by including subjective
birth experience. Due to heterogeneous prior results, no
direction in which glucocorticoid secretion was modified
by such early life stress was postulated [30, 53]. Third, the
regulation of the infant’s HPA axis seems to be related
to various later health problems [50, 51]. Accordingly,
we hypothesized that hair GCs were associated with
infant development measured in five domains 14 months
after birth (H3, H5). Again, due to the inconsistencies
reported in previous studies, no direction was postulated.
Finally, if birth experience was associated with hair cor-
tisol, hair cortisone, or the hair cortisol/cortisone ratio,
and the respective hair CG was shown to significantly
prospectively predict infant development, then we con-
ducted exploratory analyses to investigate whether the
respective hair GCs mediated the association between
birth experience and infant development.

The inconsistent previous evidence regarding the role
of birth-related factors, GCs, and infant development
may also be due to the fact that earlier studies have not
systematically controlled for the influence of hair-related
factors (e.g., natural hair color, storage time) on GCs.
Furthermore, maternal prenatal depression has been
shown to be associated with infant development [54, 55]
Therefore in the present study, we controlled for both
potential hair GCs confounders and maternal prenatal
depressive symptoms to more clearly elucidate the rela-
tionship between birth experience, hair GCs, and infant
development.

Methods
Study design and participants
The current study is part of the prospective, multi-
method “Dresden Study on Parenting, Work, and Mental
Health” (DREAM) investigating the effects of work, role
distribution, perinatal factors, and stress factors on long-
term family mental health and intra-family relationships.
The study currently includes measurements at seven time
points from pregnancy to early childhood (T1 DREAM
— T7 DREAM). The endocrine sub-study DREAM;;air
aims to investigate links between perinatal psychologi-
cal stress, long-term steroid and endocannabinoid levels,
and families’ mental and somatic health from pregnancy
to 4.5 years after birth. General inclusion criteria for the
main DREAM study were a current pregnancy, being res-
ident in or around Dresden (Germany), and having suf-
ficient German language skills. For DREAMy, ,r, general
exclusion criteria for offspring comprised having a severe
disease which may potentially affect HPA axis activity
(e.g., cerebral hemorrhage). For further details about the
DREAM and DREAMy, ,r study, see Kress et al. [56].

For the present investigation, questionnaire data were
derived from (expectant) mothers at T1 DREAM (during
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pregnancy), T2 DREAM (eight weeks after the antici-
pated birth date), and T3 DREAM (14 months after the
actual birth date). Additionally, infant hair samples from
T1 DREAMairpapy (assessed approximately ten days
after birth) and T2 DREAM 1z papy (assessed approxi-
mately eight weeks after the anticipated birth date) were
used to answer the research questions. The T2 data col-
lection was scheduled eight weeks after the anticipated
birth date provided in the T1 DREAM questionnaire.
As the participants were not contacted between the
first and second measurement time points, the actual
birth date was not known until T2 DREAM, and subse-
quent questionnaires were adjusted accordingly. Specific
exclusion criteria for the current study included mul-
tiple or preterm births, maternal use of glucocorticoids
or psychotropic drugs during pregnancy, and regular
smoking or alcohol consumption during pregnancy. We
excluded hair samples at either T1 DREAMyr.gapy OF
T2 DREAMyarpapy if laboratory analyses were not
possible or if hair samples were not provided within a
defined time frame (i.e., within 21 days after birth for
T1 DREAMa1rpagy OF wWithin 7—14 weeks after birth
for T2 DREAMys1r.papy)- FOr some research questions,
infants had to be temporarily excluded if their mothers
did not provide information on birth experience or infant
development data (for further details, see Fig. 1).

We conducted attrition analyses regarding the main
study variables and sociodemographic characteristics
using ¢-tests and Fischer’s exact/chi-square test to assess
whether completers (i.e., mother-infant dyads who com-
pleted T1 DREAM sy T2 DREAM; xmpapy T2
DREAM, and T3 DREAM; n=161) differed from non-
completers (i.e., participants who did not complete T3
DREAM; n=15). Non-completers differed regarding
country of birth, such that they were more likely than
completers to report a country of birth other than Ger-
many (X? (1, N=175)="7.77, p=.005). Further, non-com-
pleters reported having a more positive objective birth
experience than completers (£(174) = -3.13, p=.001). For
all other study variables, there were no significant differ-
ences between completers and non-completers.

Measurements

Objective birth experience was assessed at T2 DREAM
using information from maternity records and self-
administered questions [57]. Based on Garthus-Niegel et
al. [9] and Jaramillo et al. [58], an index was calculated
by summing the number of maternal complications
and infant birth complications. The following compli-
cations were included: (1) No progress in the 2nd stage
of labour, (2) active phase of labour lasted more than
12 h, (3) extensive blood loss, (4) vaginal, (5) labial, (6)
perineal tear (3rd or 4th degree), (7) premature placen-
tal abruption, (8) difficulties with the placental abruption,
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(A) Eligible sample of infants with hair samples at TI DREAMy,g pypy or T2 DREAMy g

BABY
N=307

l

Exclusion criteria for present research question
n=21(6.8%)

(a) Twins and multiples
n=_8(38.1%)
(b) Preterm birth
n=4(19.0%)
(c) Glucocorticoid intake during pregnancy
n=>5(23.8%)
(d) Psychotropic drugs during pregnancy
n=2(0.7%)
(e) Smoking during pregnancy
n="2(0.7%)

I

—

(B) Usable sample of infants
=286 (93.2% of A)

]

l

Temporarily excluded at TI DREAMyar papy
n=76(26.6%)

(a) Hair sample not provided

(b) Laboratory analyses were not possible
n=13
(c) Did not collect hair samples within 21 days after

(a) Did not provide SIL (in time) at T2 DREAM
n=23(58%)

P — (b) Did not provide ASQ (in time) at T3 DREAM

n=35(14.2%)

Temporarily excluded at T2 DREAMize pasy
n=46 (16.1%)

(a) Hair sample not provided
n=21
(b) Laboratory analyses were not possible
n=18

childbirth

(b) Did not collect hair samples within 7-14 weeks
after childbirth

n=18
(d) Hair length >2cm
n=1

(C) Birth & infant development data available (H1)
n=228 (83.9% of B)

n=s5s
(c) Hair length >2cm
n=2

{

(D) Usable hair samples at TI DREAMyarR papy
n=210(73.4% of B)

—

Did not provide SIL (in time) at T2 DREAM
n=20(9.5%)

]

Did not provide ASQ (in time) at T3 DREAM
n=29(13.8%)

(E) Usable hair samples at T2 DREAMyar apy
n=240 (83.9% of B)

—

(a) Did not provide usable hair samples
at TI DREAMyzam pasy
n=64(26.7.8%)
(b) Did not provide SIL (in time) at T2 DREAM
n=14(5.8%)

—

Did not provide ASQ (in time) at T3 DREAM
n=34(14.2%)

(F) Usable T1 hair samples &
SIL data available (H2)
n=190 (90.5% of D)

(G) Usable T1 hair samples &
ASQ data available (H3)
n=181(86.2% of D)

(H) Usable hair samples &
SIL data available (H4)
n=162(67.5% of E)

(T) Usable T2 hair samples
& ASQ data available (HS)
n=206 (85.8% of E)

Fig. 1 Flowchart of retention rate and exclusion criteria Note: Data used in this study were collected until January 31st, 2023 (data collection still ongoing,
ninth version of the quality-assured dataset). SIL=Salmon’s Item List. ASQ-3=Ages and Stages Questionnaire —3

(9) breech or (10) transverse presentation, 11) patho-
logical heart sounds, 12) nuchal cord, 13) umbilical cord
prolapse, 14) green amniotic fluid, 15) low Apgar score
at 5 min (<7). Furthermore, in light of previous find-
ings investigating offspring cortisol levels, 16) vaginal or
instrumental vaginal birth (as opposed to caesarean sec-
tion) was incorporated into the index as a factor that is
perceived to be more stressful for the infant [44]. Scores
could range from O to 16, with higher scores indicating a
more negative objective birth experience.

Subjective birth experience was assessed at T2 DREAM
using the German version of Salmon’s Item List by Stadl-
mayr et al. (SIL; [59]). The SIL is a validated 20-item ques-
tionnaire that comprises the factors fulfilment, physical
discomfort, emotional distress, and negative emotional
experience. Participants were asked to rate how they felt
during birth on a numeric scale (1 to 7) that captures
antagonistic dimensions (e.g., disappointed — not disap-
pointed). A total score ranging between 0 and 120 was
generated, with lower scores indicating a more negative
subjective birth experience. In the current sample, inter-
nal consistency was excellent (Cronbach’s o =0.92).

Infant development was measured at T3 based on
maternal report with the Ages and Stages Questionnaire
— 3 (ASQ-3; 36). The ASQ is an age-graded, developmen-
tal screening instrument consisting of 30 items with six

items in the five domains communication (ASQ.,m)
gross motor (ASQg,), fine motor (ASQg,,), problem-
solving (ASQpoblem)» and personal-social (ASQsonal)-
For the purpose of the DREAM study, the English ver-
sion was translated into German and back-translated by
a native speaker and adapted where necessary [60]. Par-
ents are asked to mark yes, sometimes, or not yet accord-
ing to their observation of the child’s behavior. Every yes
answer is scored with 10 points, sometimes with 5 points,
and not yet with 0 points, resulting in sum scores rang-
ing from 0 to 60 for each domain. Squires et al. defined
cut-off points for each domain (for 14 months version:
ASQeomm® 1745 ASQgo55t 25.8, ASQgpe: 23.06, ASQ,robiem:
22.56, ASQersonarr 23.18; [60]). Scores below the cut-
offs suggest age-based development and more inten-
sive follow-up assessments are recommended. In the
current sample, internal consistency of the ASQ scales
varied greatly between scales: Cronbach’s o, =0.54,
Ogross = 0.86, Algpe = 0.51, Cyygpiem = 0-54; Opersonal = 0.46.
Infant hair GCs (i.e., hair cortisol, hair cortisone) were
assessed in scalp-near hair strands at T1 DREAM;,x
(approximately ten days after birth) and T2 DREAM-
Har (approximately eight weeks after the anticipated
birth date). Based on the assumption that hair grows at
a rate of approximately 1 cm per month [61], it can be
inferred that segments of hair measuring <2 c¢m in length
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represent the integrated and cumulative cortisol levels
over a maximum of the last two months. Hair samples
were stored dry, dark, and at room temperature in alumi-
num foil before being sent in five batches to the biochem-
ical laboratory at the Institute of Biological Psychology at
the Faculty of Psychology of the Technische Universitat
Dresden (Prof. Clemens Kirschbaum). The analysis of
hair GCs was conducted in accordance with a validated
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) protocol [62].

Potential confounding variables that might influence
hair GCs were considered: sex, gestational age, birth
weight, and parity as assessed at T1 DREAM [63]; hair-
related characteristics (e.g., frequency of washing, time-
point of hair sampling) and antibiotic intake [36] as
assessed by an in-house hair protocol [64] in DREAM-
Har at the time of hair sampling, as well as organiza-
tional factors (e.g., storage time of hair samples, batch
effects). COVID-19 pandemic exposure was considered
as a potential confounder to account for possible effects
on hair GCs [65] and infant development [66, 67]. Par-
ticipants were grouped into two categories with respect
to the date of hair sampling and the date of assessment of
infant development at T3 DREAM, respectively.

Further, for hair GCs at T1 DREAMy,r, maternal
hair GCs measured during pregnancy were regarded as
potential confounding variables, as previous research
suggests that neonatal hair cortisol may be associated
with maternal hair cortisol during pregnancy [52] Hair
samples from pregnant participants (T1 DREAMyaR)
were collected 4+2 weeks before the anticipated birth
date. The hair strands were taken from the posterior
vertex of the head, in close proximity to the scalp. The
same storage and analysis protocol as for infants’ hair
samples was followed for the maternal hair samples (i.e.,
hair strands were stored in a dry and dark place at room
temperature in aluminum foil, then sent to the Institute
of Biological Psychology at the Technische Universitit
Dresden for analysis using a validated liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) protocol
[62].

Prenatal depressive symptoms were evaluated using the
Edinburgh Postnatal Depression Scale (EPDS; [68-70]).
This questionnaire consists of ten items, where respon-
dents rate their symptoms during the past week on a
scale from O to 3, yielding a total score ranging from 0 to
30. Higher scores indicate more severe symptoms. Previ-
ous research has highlighted the significance of depres-
sion during pregnancy for infant development [54, 55],
so depressive symptoms assessed at T1 DREAM during
pregnancy were accounted for as a potential influenc-
ing factor in analyses concerning infant development.
The EPDS scores showed strong internal consistency
(a=0.84).
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Statistical analyses

All analyses were conducted using IBM SPSS Statis-
tics 29. If items from psychometric scales were missing,
they were replaced by the participant’s own mean score,
calculated from their completed items, provided that
at least 80% of the items were completed. For hair GCs
data, non-detectable values were replaced by the lowest
detectable value divided by two and if hair cortisol and
hair cortisone lacked normality, data were log trans-
formed to minimize biased results [71, 72]. Then, the hair
cortisol/cortisone ratio was calculated by logarithmiz-
ing the quotient of hair cortisol and hair cortisone. For
all hair GCs, outliers (i.e. values outside 3 SD+mean)
were replaced by the lowest or highest concentration that
could be reliably detected in the sample (i.e. values within
mean * 3 SD; [73]).

We conducted descriptive analyses for sociodemo-
graphic characteristics and primary variables (i.e., objec-
tive and subjective birth experience, hair GCs, and infant
development). Then, Spearman correlations were com-
puted to gain information about the associations between
all primary variables. Next, analyses were conducted to
examine which confounders should be included in the
main analyses: (1) Not all variables were normally distrib-
uted. Therefore, Spearman correlations were performed
for T1 hair GCs and T2 hair GCs (i.e. hair cortisol, hair
cortisone, hair cortisol/cortisone ratio) and potential
confounders mentioned above. (2) To investigate whether
batch effects and COVID-19 pandemic exposure were
associated with T1 hair GCs and T2 hair GCs, we con-
ducted hierarchical regression models with batch effects
as dummy variables in Model 1 and COVID-19 pan-
demic exposure in Model 2. (3) The correlation between
COVID-19 pandemic exposure and infant development,
as well as (4) prenatal depressive symptoms and infant
development was examined using Spearman rank cor-
relation analysis. Variables that were significantly asso-
ciated with hair cortisol, hair cortisone, hair cortisol/
cortisone ratio, or infant development were implemented
as confounders in main analyses with the respective vari-
able as outcome (for full results of analyses including
confounders, please refer to Additional files 1 and 2).

To investigate our research questions, (hierarchical)
multiple regression analyses with 95% bias-corrected
and accelerated (BCa) bootstrap confidence intervals
with N=2,000 bootstrap resampling procedures were
conducted. For variable entry, the inclusion method
was chosen. To test the first hypothesis, the effect of
objective (Model 1) and then subjective birth experi-
ence (Model 2) on infant development was investigated
respectively for each ASQ domain (ASQqmm, ASQgress,
ASQgne, ASQproblem, ASQpersonal)- Then, after controlling
for relevant confounders, the predictive value of objec-
tive (Model 1) and subjective birth experience (Model
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2) for neonatal T1 DREAMy,,r hair GCs (i.e., hair cor-
tisol, hair cortisone, hair cortisol/cortisone ratio) as
dependent variable was tested. Third, the respective T1
DREAM;y g hair GCs were investigated as predictors
for infant development in each of the five ASQ domains.
The above-mentioned analyses were also conducted for
T2 DREAMy g hair GCs measured eight weeks after
the anticipated birth date. For the domain ASQpersonal,
maternal prenatal depressive symptoms were included in
Model 1, as they were a significant confounder.

Table 1 Sample characteristics of mothers and infants (n @ =

263)

Variables n (%) or Mean+SD
(range)

Mother

Sociodemographic characteristics

Age in years (M, SD, range) b 2997+3.77 (18-42)

In a romantic relationship (n, %) ® 253 (984)
Primiparous (n, %) ° 219 (83.3)
University degree (n, %) © 172 (65.4)

Psychophysiological variables
Index objective birth experience (M, SD, range) ¢ 2.15+1.17 (0-7)

Subjective birth experience (SIL; M, SD, range) ¢ 77.97 +21.64
(20-120)

Prenatal depressive symptoms (EPDS; M, SD, 5.46+4.05 (0-19)

range) °

Infant

Sociodemographic characteristics

Sex ©
Female (n, %) 143 (55.9)
Male (n, %) 113 (44.1)

Gestational age at birth (weeks; M, SD, range) ©
Birth weight (g; M, SD, range) ©

Infant development (ASQ)°

Communication (M, SD, range)

Gross motor (M, SD, range)

Fine motor (M, SD, range)

Problem-solving (M, SD, range)

Personal-social (M, SD, range)

Raw hair glucocorticoid concentrations
Hair cortisol (T1; pg/mg; M, SD, range) ©

Hair cortisol (T2; pg/mg; M, SD, range) f

Hair cortisone (T1; pg/mg; M, SD, range) ©

Hair cortisone (T2; pg/mg; M, SD, range) f

Hair cortisol/cortisone ratio (T1; pg/mg; M, SD,
range) €

Hair cortisol/cortisone ratio (T2; pg/mg; M, SD,
range)f

40.46+1.05 (38-42)

3401.67 +468.28
(1140-4890)

44.19+10.86 (12-60)

1
45.75+17.22 (0-60)
43.31£11.32(5-60)
46.24+11.01 (0-60)
46.09+11.14 (15-60)

387.84+215.12
(3.26-1042.88)
146.04+108.01
(23.99-618.63)
176.79+101.74
(39.49-574.11)
178.86+143.21
(20.82-1146.27)
2.54+1.49(0.08-7.16)
1.324+1.32(0.12-8.88)

Note. EPDS=Edinburgh Postnatal Depression Scale; SIL=Salmon’s Item
List; ASQ-3=Ages and Stages Questionnaire — 3; Hair cortisol=hair cortisol
concentrations; Hair cortisone=hair cortisone concentrations

2 Total n varies slightly due to missing values. ® T1 DREAM (M =26.78 pregnancy
week, SD=5.63). < T2 DREAM (M = 8.29 weeks after birth date, SD=1.47). ¢ T3
DREAM (M=13.67 months after birth, SD=0.47). ® T1 DREAM,; g (M=10.30 days
after birth, SD=4.08). f T2 DREAM, s (M =8.38 weeks after birth date, SD=1.20)
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If the results of the regression analyses indicated a
potential mediating role of hair GCs in a specific domain,
this was examined in detail with help of the SPSS mod-
elling tool PROCESS [74], which uses ordinary least
squares regression to compute unstandardized path coef-
ficients of the total, direct, and indirect effect in a media-
tion model. Because regression analyses are sensitive to
outliers, we identified multivariate outliers for hierar-
chical regressions using Mahalanobis distance [75] and
excluded n =5 outliers from our analyses to ensure more
precise estimates. Therefore, results in the manuscript
will be presented and discussed without the inclusion
of the outliers (see characteristics of multivariate outli-
ers in Additional files 3; see different results for analyses
including multivariate outliers in Additional files 4). To
address multiple testing, we applied the Sidak correc-
tion, which adjusts the significance threshold to control
the familywise error rate. Specifically, we corrected for
m=15 comparisons, based on the highest number of
tests conducted for a hypothesis (i.e., H3 and H5 involv-
ing three glucocorticoids and five ASQ domains). Using
the Sidék correction formula, 1-(1-a)*(1/m), we set the
adjusted significance threshold at a p-value of 0.003.
Therefore, any p-value below 0.003 was considered statis-
tically significant.

Results

Sample characteristics and baseline associations

The characteristics of the sample are shown in Table 1.
Most of the mothers in this study were primiparous
and were characterized by a rather high level of educa-
tion. In terms of their objective birth experience, only
4.9% (n=13) of mothers reported no birth complica-
tions. Approximately one quarter (n =68, 25.9%) reported
having one complication, while 34.2% (n=90) had two.
Approximately one in five participants experienced three
birth complications (n=59, 22.4%), 10.3% (n=27) expe-
rienced four birth complications, and 2.3% of mothers
reported more than five birth complications (n=6).

Birth was considered a positive event by 69.2% (1n=175)
of participants. The prevalence of negative subjective
birth experiences was 30.8% (n=78). Regarding infant
characteristics, three children (1.2%) had scores below
the cut-off on the ASQ_,,m Score, 42 children (16.7%)
on the ASQg,,, scale, 10 children (4.0%) on the ASQg,,
scale, six (2.4%) on the ASQ scale, and nine (3.6%)
on the ASQ, ¢ sonar SCale.

Intercorrelations for the primary study variables are
shown in Table 2. Subjective and objective birth expe-
rience were significantly correlated (r=-.28, p<.001),
indicating that more birth complications were associ-
ated with lower SIL scores (i.e. a more negative subjective
birth experience). A more negative objective birth expe-
rience was also associated with poorer ASQg,. (r=-.14,

problem
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p=.032), as well as with higher T1 hair cortisol, T2 hair
cortisol ('s>0.18, p’s=0.006), and the T2 hair cortisol/
cortisone ratio (r=.25, p=.002). However, most associa-
tions did not survive Sidak correction. On the other hand,
a more negative subjective birth experience was not asso-
ciated with any ASQ scale (r's<0.02, p’s <0.987), but was
related to higher T1 hair cortisol, T1 hair cortisone, and
T2 hair cortisol (rs >|-0.16|, p’s<0.029), although not
below the threshold defined for the Sidédk correction.
Regarding hair GCs and infant development, a significant
association was found between higher scores on ASQyg,.
and higher T1 hair cortisone levels (r=.17, p=.026), as
well as a lower T2 hair cortisol/cortisone ratio (r=-.14,
p=.048). However, neither finding survived correction
with a significant p-value of <0.003.

Regression analyses

Objective and subjective birth experience as predictors of
infant development 14 months after birth

Hierarchical regression analyses examining the predic-
tive value of objective and subjective birth experience
on infant development revealed that the standard-
ized coefficients of objective birth experience and
subjective birth experience failed to reach statistical
significance for ASQcomm, ASQgros ASQproblemy and
ASQpersonal @8 Outcome variables (B <|0.08], p’s>0.248;
adj. R% <0.00). Only analyses with ASQy;,, as outcome
variable showed that a negative objective birth experi-
ence (i.e., higher number of birth complications) was
related to poorer ASQg,. 14 months after birth (B =
-0.13, p=.045; F(1,225)=3.80, p=.053, adj. R?=0.01;
Model 1), however this association did not remain sig-
nificant after Siddk correction. The inclusion of sub-
jective birth experience did not significantly increase
the variance explained (AR?=0.00; Model 2) and the
predictor itself failed significance (f = - 0.03, p =.666).

Objective and subjective birth experience as predictors of
neonatal and infant hair GCs

Using hierarchical regressions, we investigated the pre-
dictive value of objective and subjective birth experi-
ence on neonatal T1 hair GCs assessed approximately
ten days after birth after controlling for relevant con-
founders. Results are shown in Table 3. First, analyses
predicting T1 hair cortisol showed that after control-
ling for parity, gestational age, timepoint of hair sam-
pling, batch effects, and maternal hair cortisol during
pregnancy (F(5,171)=8.89, p<.001, adj. R?=0.18;
Model 1), a more negative objective birth experience
predicted higher neonatal cortisol levels (p=0.15,
p=.026; AF(1,170) = 4.57, p =.034, AR?" 0.02; Model 2).
The standardized coefficient of objective birth expe-
rience lost significance when subjective birth experi-
ence was included, but the latter variable predicted
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higher neonatal cortisol levels (B = -0.16, p=.042;
AF(1,169) = 5.10, p =.025, AR*= 0.02; Model 3), suggest-
ing that a more negative subjective birth experience
was associated with higher neonatal cortisol levels.
Nevertheless, these findings did not withstand the
Sidak correction, with a significant p-value of 0.003.
Second, analyses predicting T hair cortisone showed
that after controlling for gestational age and timepoint
of hair sampling (F(2,175) = 4.81, p=.009, adj. R* = 0.04;
Model 1), neither objective birth experience (f=0.09
p=.169; AR?= 0.01; Model 2) nor subjective birth expe-
rience significantly predicted neonatal hair cortisone
(B = -0.14, p=.069; AR?= 0.02; Model 3). Third, anal-
yses with the T1 hair cortisol/cortisone ratio as the
outcome showed that after controlling for gestational
age, timepoint of hair sampling, and batch effects
(F(3,183)=5.32, p=.002, adj. R*=0.06; Model 1), the
standardized coefficients of objective and subjective
birth experience failed to reach statistical significance
(B <|0.06], p’s>0.308) and failed to explain additional
variance (AR*" 0.00).

We then conducted hierarchical regressions to
investigate the predictive value of both objective and
subjective birth experiences on infant T2 hair GCs,
measured eight weeks after the anticipated birth date,
while controlling for relevant confounders. The results
are presented in Table 4. After controlling for T1 hair
cortisol, parity, and gestational age in analyses pre-
dicting T2 hair cortisol (F(3,154)=12.24, p<.001, adj.
R?=0.18; Model 1), neither objective nor subjective
birth experience were significant predictors (p <|0.14],
P’s>0.082) or contributed to an increase in explained
variance (AR?<0.02) in T2 hair cortisol. Moreover,
after controlling for T1 hair cortisone, gestational
age, natural hair color, and hair washing frequency
(F(4,135)=11.98, p<.001, adj. R?=0.24; Model 1), a
more negative objective birth experience, was found
to be a significant predictor of lower T2 hair cortisone
(B = -0.26, p<.001; AF(1,134)=12.65, p<.001, AR*"
0.06; Model 2), but subjective birth experience was
not a significant predictor (B = -0.07, p=.386; AR*
0.00; Model 3). Similarly, analyses predicting T2 hair
cortisol/cortisone ratio showed that after controlling
for T1 hair cortisol/cortisone ratio, natural hair color,
and hair washing frequency, (F(3,136) =15.51, p<.001,
adj. R?=0.32; Model 1), a more negative objective birth
experience predicted a higher T2 hair cortisol/corti-
sone ratio (p=29, p<.001; AF(1,135)=16.72, p<.001,
AR?® 0.08; Model 2). Subjective birth experience was
not a significant predictor (B = -0.03, p=.680; AR*
0.00; Model 3). Main results of statistically significant
analyses with objective birth experience as predictor of
infant hair GCs are graphically depicted in Fig. 2.
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Neonatal and infant hair GCs as predictors of infant
development 14 months after birth

We also investigated the predictive value of neona-
tal and infant hair GCs for infant development in five
domains (ASQcomm, Angross, ASQﬁne, Astroblem,
ASQpersona) at 14 months. None of the T1 nor T2 hair
GCs significantly predicted infant development mea-
sured with the five ASQ scales (8 <|-0.08|, p’s >226; adj.
R?s<0.00), with the exception of T1 hair cortisone pre-
dicting ASQ,ersonar- SPecifically, after controlling for pre-
natal maternal depressive symptoms (F(1,175)=1.63,
p=203; adj. R?=0.00; Model 1), lower neonatal hair
cortisone predicted lower ASQ ¢ sona (8 =. 13, p=.044;
AF(1,174) =3.48, p=.064; AR* 0.02; Model 2), however
the finding did not survive Sidék correction.

Discussion

The present study prospectively examined whether both
objective and subjective birth experiences could pre-
dict neonatal and infant hair GCs (i.e., hair cortisol, hair
cortisone, and hair cortisol/cortisone ratio) and infant
development, while accounting for relevant confound-
ers. Further, we investigated the role of hair GCs in pre-
dicting infant development across different domains.
Initial analyses suggested that a more negative objective
and subjective birth experience measured approximately
eight weeks after the anticipated birth date did not sig-
nificantly predict infant development at 14 months, with
one exception: a more negative objective birth experience
was linked to poorer fine motor development. Further, a
more negative objective birth experience predicted lower
infant hair cortisone, and a higher infant hair cortisol/
cortisone ratio measured eight weeks after the antici-
pated birth date. A more negative subjective birth expe-
rience was found to significantly predict higher neonatal
hair cortisol. When examining hair glucocorticoids as
predictors, most associations were not significant, except
that lower neonatal hair cortisone was linked to poorer
personal-social development. However, given the mul-
tiple comparisons conducted, we applied a correction for
multiple testing to reduce the risk of false positives. After
this correction, most observed effects were no longer sta-
tistically significant (adjusted p>.003). The only associa-
tions in regression analyses that survived correction were
between a more negative objective birth experience and
both lower infant hair cortisone levels and a higher hair
cortisol/cortisone ratio, measured eight weeks after the
expected birth date. Thus, while the findings will be care-
fully discussed, they should be interpreted with caution.

Birth experience and infant development

Contrary to our initial hypotheses, there were no sta-
tistically significant associations found between either
the objective or subjective birth experiences and infant
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development at 14 months in the domains of communi-
cation, gross motor, problem-solving, nor personal-social
development. Unlike prior studies that focused on indi-
vidual birth complications’ predictive effects on infant
health, we utilized a cumulative index combining various
objective birth complications, aligning with recommen-
dations from several researcher groups [4, 76]. We only
found a small negative effect of objective birth experi-
ence on fine motor development at 14 months. Although
results did not survive correction for multiple testing,
they are consistent with previous evidence focusing on
individual birth complications and infant development,
showing that breech presentation, or a low Apgar score
[17, 18] increase the risk for poor psychomotor devel-
opment and neurodevelopmental delay [77]. Given that
fine motor skills have been linked to other key aspects of
learning and development, including executive functions,
adequate functioning in life and school performance [78,
79], it may be beneficial to proactively support the devel-
opment of fine motor skills in infants who experience
mild birth complications, even when the effects on motor
outcomes are subtle and not consistently detected. Fur-
ther, (the lack of) significant results with the ASQ scales
as outcome variable should be interpreted with caution
due the low reliability observed in our study. The inter-
nal consistency examined by the authors of the ASQ-3,
based on completion by 18,000 respondents, ranged from
0.60 to 0.87 for the 14-month ASQ interval [60], com-
pared with 0.46 to 0.86 in our sample. It is possible that
there was limited variability in infant development scores
in our relatively healthy sample. Although in terms of the
subjective birth experience, our findings parallel those of
Latva et al. who similarly found no association between
negative maternal recollections of birth and behavioral
and emotional symptoms in six-year-old term children
[19], the association between a more negative objective
and subjective birth experience child development (espe-
cially fine motor development) need to be investigated in
more diverse and affected samples before firm conclu-
sions can be drawn.

Birth experience and neonatal and infant long-term hair
GGCs

Given new studies challenging the notion that hair GCs
are an accurate marker for cumulative glucocorticoid lev-
els [41, 42] and preliminary studies showing that neona-
tal hair GCs collected within the first few days after birth
may be influenced by short-term birth-related stress in
addition to intrauterine cortisol regulation [44, 45], we
hypothesized that birth experience would be predic-
tive of neonatal hair GCs assessed approximately ten
days after birth. Overall, most initial analyses indicated
no association between a negative birth experience and
hair GCs, with the exception of cortisol. Specifically,
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Fig. 2 Scatterplots of statistically significant relationships between objective birth experience and infant hair GCs. Note: A) Scatterplot of the relation-
ship between maternal objective birth experience and infant hair cortisone with a linear trendline (n=160). C) Scatterplot of the relationship between
maternal objective birth experience and infant hair cortisol/cortisone ratio with a linear trendline (n=160)

correlation analyses showed that a more negative objec-
tive birth experience was linked to higher neonatal hair
cortisol, consistent with previous studies (e.g., [24, 27]).
However, this association did not hold in multiple regres-
sion analyses. In the final hierarchical regression model,
the predictive value of objective birth experience was
no longer significant after accounting for other relevant
predictors and subjective birth experience. This shift
in significance underscores the complex interplay and
shared variance between objective and subjective birth
experiences. Specifically, a more negative subjective birth
experience emerged as a significant predictor of higher
neonatal hair cortisol levels. Although correlation analy-
ses were also significant, the predictive value of subjec-
tive birth experience did not survive Sidak correction for
multiple comparisons in the regression analysis (thresh-
old p<.003). Given the significant correlations between
objective and subjective birth experience and neona-
tal cortisol (although not robust after correction), these

findings suggest the need for further investigation to
better understand the relative contributions of objective
and subjective birth experiences to neonatal stress mark-
ers. Further, we suggest that future studies consider these
birth-related aspects when investigating the effects of
prenatal stress on intrauterine glucocorticoid regulation.
We then tested the hypothesis that maternal birth
experience would prospectively also predict infant hair
GCs measured eight weeks after the anticipated birth
date after controlling for relevant confounders, including
neonatal hair GCs. Contrary to our hypothesis, we did
not find significant associations between a more nega-
tive objective birth experience and infant hair cortisol
as compared to previous research showing correlations
between single birth complications (e.g., neonatal sep-
sis) and hair cortisol [44]. However, we did find a sig-
nificant association between a more negative objective
birth experience and lower infant hair cortisone as well as
higher infant hair cortisol/cortisone ratio, indicating that
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a higher number of birth complications was linked to
reduced cortisone levels and a higher cortisol/cortisone
ratio. This pattern of findings of GCs and their ratio in
neonatal hair has been also reported in other studies [44,
45]. Previous research has shown that the hair cortisol/
cortisone ratio can be used as an indirect marker of enzy-
matic activity of 113-HSD2 [49]. This enzyme oxidizes
cortisol into inactive cortisone and is therefore relevant
for rendering the mineralocorticoid receptor-hormone
complex inactive. Currently, there is limited research on
the role of the cortisol/cortisone ratio in infant health,
with existing studies primarily focusing on physiologi-
cal outcomes. For instance, De Jong et al. observed a
significantly higher cortisol/cortisone ratio in very low
birthweight infants during the first two years compared
to full-term children [80]. Wirix et al. reported that an
elevated ratio was linked to an increased risk of hyper-
tension in overweight children [81]. Modifications in the
rate of conversion of cortisol to cortisone can result in an
altered equilibrium, leading to an increased availability of
cortisol and a decrease in the absolute concentrations of
cortisone [82]. This could potentially explain the correla-
tion between a higher number of birth complications and
lower hair cortisone levels. Nevertheless, further investi-
gation is necessary to elucidate these findings.

Neonatal and infant long-term integrated GCs and infant
development

Analyses investigating the predictive role of neonatal
and infant hair GCs on infant development at 14 months
revealed no significant associations between neonatal or
infant hair GCs and any developmental ASQ domains,
with the exception of lower neonatal hair cortisone
predicting lower personal-social development. Find-
ings should be interpreted cautiously, since they did not
survive Sidak correction, however, they align with prior
research highlighting the critical role of disruptions in
glucocorticoid metabolism [83] that could later impact
the developing brain, potentially leading to enduring
effects on behaviour and cognitive function [84]. Lower
levels of cortisone signify diminished concentrations of
the inactive form of cortisol. Maintaining a healthy bal-
ance in cortisol and cortisone levels appears crucial for
optimal development, as the effective availability of GCs
in cell cytoplasm centres on the equilibrium between the
active and inactive forms of these hormones [85].

Strengths and limitations

This investigation is one of the first studies consider-
ing both objective as well as subjective birth experience
and offspring hair GCs to predict infant development.
Prospective-longitudinal data from the cohort study
DREAM was used, which is a major strength of this
investigation. Therefore, it was possible to measure
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predictor and outcome variables at different time points
and examine longitudinal associations starting from birth
until 14 months after birth. Additionally, the study stands
out in the research field of birth experiences and infant
outcomes by evaluating a robust glucocorticoid index
through simultaneous examination of hair cortisol, hair
cortisone, and the hair cortisol/cortisone ratio. Also, we
considered several potential confounders that could have
influenced hair GCs and infant development, including
maternal hair GCs, and maternal depressive symptoms.

However, the study has some limitations. Firstly, the
sample used was a community sample consisting of
infants born to highly educated parents mostly born in
Germany, most of whom were expecting their first child.
Most of the infants in this study had relatively high scores
on the developmental scales, well above the clinically rel-
evant cut-offs, indicating a relatively healthy sample of
infants. Further, it is a limitation that the German version
of the ASQ-3 we used has not been validated yet. Also,
unlike the original version of the ASQ-3, our instruc-
tions did not include a directive for parents to actively
assess their child’s ability to perform the tasks outlined
in the questionnaire items. This modification was imple-
mented for the purpose of our study, to enable parents
to fill out our questionnaires without the child neces-
sarily being around. However, we acknowledge that this
departure from the standard protocol may have led to a
more subjective perception of the child’s competencies
provided by parents and affected the psychometric char-
acteristics of the scale and emphasize the need for cau-
tious interpretation of findings derived from scales with
low reliability (i.e., the association between objective
birth experience and fine motor, as well as neonatal hair
cortisone with personal-social development).The study’s
design included a 14-month gap between birth and the
assessment of children’s development, which raises the
possibility that other risk factors may have influenced the
child’s development during the first year of life. Adverse
birth experiences can lead to impaired mother-infant
bonding [10, 86, 87] or parental mental health problems
[5, 10], both of which are known to affect infant devel-
opment in the postnatal period [30]. It is of the utmost
importance to identify any additional risk factors and to
gain an understanding of their associations with both
subjective and objective aspects of the birth experience,
in order to clarify the links with infant development.

Conclusion

In this prospective study, a more negative objective and
subjective birth experience did not predict infant devel-
opment across communication, gross motor, problem-
solving, and personal-social skills, with the exception
that a more negative objective birth experience was
linked to poorer fine motor development. Additionally,
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we found that a more negative subjective birth experi-
ence was associated with higher neonatal hair cortisol
levels measured around ten days after birth, while a more
negative objective birth experience was linked to lower
hair cortisone levels and a higher hair cortisol/cortisone
ratio at eight weeks postpartum. Although most asso-
ciations between hair glucocorticoids (GCs) and infant
development were not robust, there was a link between
lower neonatal hair cortisone and poorer personal-social
development. However, after correction for multiple test-
ing, only the associations between a more negative objec-
tive birth experience and both lower hair cortisone and
a higher cortisol/cortisone ratio at eight weeks remained
significant.

Taken together, these findings suggest that objective
aspects of the birth experience may have a more endur-
ing impact on infant stress markers, while the role of hair
GCs in predicting infant development remains inconclu-
sive. Further research is needed to clarify these complex
relationships.
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