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A B S T R A C T

Background: Prenatal stress has been associated with adverse outcomes in offspring, including elevated risk of
psychopathology. Fetal programming of the hypothalamic-pituitary-adrenal (HPA) axis has been posited as a
biological mechanism underlying such consequences. The present study aimed to examine whether dysregula-
tion of the offspring HPA axis mediates the relationship between prenatal stress exposure and adolescent psy-
chopathology.
Methods: Five months after the Quebec ice storm of 1998, women who had been pregnant at the time of the
storm completed questionnaires about their objective hardship and subjective distress from the disaster. A total
of 45 of their children, exposed to the ice storm in utero, participated at 13 years of age. Adolescents completed
the Trier Social Stress Test while providing salivary samples to measure circulating cortisol levels. Maternal
report of adolescent behaviors was assessed with the Child Behavior Checklist.
Results: Results from the study found that greater objective hardship was associated with elevated offspring
cortisol reactivity at 13 years of age. Furthermore, greater subjective distress was associated with greater ex-
ternalizing behaviors. While lower cortisol reactivity predicted greater externalizing behaviors, it did not
mediate the association between maternal objective hardship or subjective distress and offspring externalizing or
internalizing behaviors.
Conclusions: Findings suggest that objective hardship in pregnancy has long-term implications for offspring HPA
axis functioning, which is also associated with externalizing behaviors. While dysregulation of the offspring HPA
axis did not mediate the association between prenatal stress and offspring psychopathological symptoms, further
research is warranted to investigate programming of alternative biological systems.

1. Introduction

The lasting consequences of prenatal maternal stress (PNMS) on
offspring development are well documented (for review see Graignic-
Philippe et al., 2014). Such consequences are hypothesized to be
symptomatic of fetal programming of the hypothalamic-pituitary-
adrenal (HPA) axis, resulting from changes to the intra-uterine en-
vironment. Evidence of elevated maternal glucocorticoid (GC) levels,
such as cortisol, and alterations in placental functioning, including
down-regulation of the placental enzyme 11β-HSD2, have been docu-
mented in times of heightened maternal stress and anxiety (O’Donnell
et al., 2012). These changes, resulting in elevated fetal cortisol levels,

potentially influence neuronal differentiation and function within the
brain during critical periods of development (Glover et al., 2010), in-
cluding development of the HPA axis. Evidence of PNMS-linked dys-
regulated HPA axis functioning has been reported at all stages of de-
velopment, including infancy, childhood, and adolescence (Glover
et al., 2010). In general, PNMS-exposed infants typically have lower
diurnal cortisol levels at awakening and bedtime (Yehuda et al., 2005)
and, conversely, increased reactive cortisol levels in response to stress-
provoking paradigms (Brennan et al., 2008; Grant et al., 2009). How-
ever, O’Connor et al. (2013) found elevated maternal prenatal cortisol
levels to predict higher offspring pre-stressor cortisol levels, as well as
blunted changes in cortisol in response to maternal-separation stress.
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Findings of dysregulated diurnal and reactive cortisol levels have been
found in children (O’Connor et al., 2005; Yong Ping et al., 2015),
adolescents (Huizink et al., 2008; O'Donnell et al., 2013; Van den Bergh
et al., 2008), and adults (Entringer et al., 2009).

The inconsistencies between study findings possibly stem from dif-
fering methodologies, including the conceptualization of prenatal stress
(Tarabulsy et al., 2014). Studies have operationalized PNMS to include
psychological reactions to daily hassles, acute stressors (e.g., disasters),
and life events, highlighting the complexities within the field. While
studies have predominately focused on the prenatal period, postnatal
maternal psychopathology has also been associated with elevated and
variable morning cortisol levels in offspring compared to controls, de-
monstrating the continued malleability of the neurobiological stress
response system throughout the lifespan (Halligan et al., 2004). This
concept has been substantiated by animal cross-fostering studies,
whereby PNMS-induced effects in offspring were reversed by increased
maternal behavior (Maccari et al., 1995).

Dysregulation of HPA functioning is of great interest, as it has been
found to underlie symptoms and disorders of psychopathology, espe-
cially those emerging during adolescence and early adulthood (for re-
view see Wingenfeld and Wolf, 2011). Specifically, depressed children
and adolescents have been found to have elevated cortisol levels across
the diurnal cycle and hyperactive cortisol responses to psychological
stressors (for meta-analysis see Lopez-Duran et al., 2009). Given that
PNMS influences HPA axis functioning and that altered HPA activity
underlies psychopathology, it is pertinent to examine whether HPA axis
functioning mediates the relationship between PNMS and psycho-
pathology during adolescence, a period marked by hormonal changes
and an increased incidence of psychopathology (Gunnar et al., 2009).
For example, Halligan et al. (2007) found that elevated morning cor-
tisol levels at 13 years of age mediated the association between ma-
ternal postnatal depression and depressive symptoms at 13 years of age.
Similarly, Van den Bergh and colleagues (2008) found that flattened
diurnal cortisol profiles in 14-15 year-old females mediated the re-
lationship between maternal anxiety in second trimester and con-
current depressive symptoms. Recently, elevated maternal cortisol le-
vels during pregnancy were found to be associated with greater
psychiatric symptoms in offspring at nine years of age, however, this
relationship was not influenced by child basal cortisol levels (Isaksson
et al., 2015). Collectively, these studies highlight the effects of early-life
adversity on mental health functioning in offspring via modifications of
fetal biological systems in utero. They also emphasize the need for
studies that address the limitations of their predecessors: disentangling
genetic transmission and environmental influences on offspring out-
comes and assessing the individual and additive effects of maternal
objective hardship and subjective distress to a well-defined naturally
occurring stressor. Natural disasters allow us to disentangle the ma-
ternal stress due to the objective hardship experienced, from a mother's
subjective distress. In a study of mothers who were exposed to the Iowa
floods in 2008, maternal objective hardship correlated with offspring
reactive cortisol levels, and maternal subjective distress (controlling for
objective hardship) was associated with reactive cortisol levels in girls
but not in boys (Yong Ping et al., 2015). Such findings suggest that
objective indices of the maternal stressor, and maternal subjective
distress or anxiety in response to that stressor, are independent pre-
dictors of HPA responses in the offspring in childhood.

The present study aimed to examine the relationship between PNMS
and HPA axis functioning to a stress-provoking paradigm in adoles-
cents. An additional aim of the study was to assess the mediating role of
HPA activity on the association between disaster-related PNMS and
adolescent internalizing and externalizing symptoms. It was hypothe-
sized that in utero exposure to greater disaster-related PNMS would be
associated with greater dysregulation of the offspring’s HPA axis, which
would be predictive of greater internalizing and externalizing behaviors
at 13 years of age, possibly in a sex-specific manner. Sex is of particular
interest given that it has been found to influence prevalence rates of

depression (Gunnar et al., 2009) and the relationship between PNMS
and HPA functioning (Yong Ping et al., 2015). Furthermore, it was
hypothesized that timing of in utero stress exposure may affect the
findings, as second and third trimester exposure to PNMS have been
associated with dysregulated HPA activity in pre-adolescent and ado-
lescent individuals (O’Connor et al., 2005; O’Donnell et al., 2013). As
methodological constraints of past studies may have limited the ex-
animation of PNMS effects across all trimesters of pregnancy, this will
be an additional focus of the present study. Overall, the findings from
the present study will shed light on the HPA axis’ mechanistic role in
the transmission of PNMS to offspring and elucidate its use as a bio-
logical marker for psychopathology.

2. Methods and Materials

2.1. Recruitment and Protocol

The present study examined data from Project Ice Storm, a long-
itudinal, prospective study that recruited a cohort of women from
Quebec, Canada, exposed to a severe ice storm while pregnant or up to
3 months preconception. In January of 1998, five consecutive days of
freezing rain left millions of residents without power for up to 45 days
during the coldest months of the year. Considered one of the worst
Canadian natural disasters, the ice storm resulted in an economic loss of
$5 to $7 billion.

Women who were pregnant at the time of the ice storm or became
pregnant within three months of the storm were contacted and asked to
participate. All women who provided written informed consent were
asked to complete a recruitment questionnaire packet that assessed
their experience to the disaster, psychological symptoms, and demo-
graphic information. Subsequently, when their children turned 13 years
of age, mothers were re-contacted and asked to participate in the cur-
rent phase of testing, involving a three-hour laboratory assessment at
the Douglas Mental Health University Institute in Montreal, Canada. At
the assessment, adolescents were asked to participate in a psychosocial
stress-provoking paradigm and provide salivary cortisol samples. In
addition, adolescents provided physical measurements (e.g., pulse,
blood pressure, weight, and height), and both mother and adolescent
completed a variety of questionnaires. All phases of the study were
approved by the Ethics Board of the Douglas Mental Health University
Institute.

2.2. Participants

Sixty-six of a potential 91 families agreed to participate when the
adolescents were 13 years of age, with 61 adolescents completing the
stressor paradigm and providing saliva samples. Two mothers did not
provide questionnaire data on their children. Because analyses were
conducted only on adolescents exposed to the ice storm during the first,
second, or third trimester of pregnancy, data from 14 preconception-
exposed adolescents were excluded. Thus, the final sample consisted of
45 adolescents; see Table 1 for complete participant characteristics.

2.3. Stress Paradigm

The adolescents’ stress response was assessed using the Trier Social
Stress Test for children (TSST-C; Buske-Kirschbaum et al., 1997), a
widely used paradigm to invoke acute stress reactions in both healthy
and clinical adolescent populations (Buske-Kirschbaum et al., 1997;
Gordis et al., 2006; Stroud et al., 2009). The protocol commenced with
participants watching a film of neutral content for one hour alone in a
quiet room. Next, participants were given 10minutes to prepare the
ending of a provided story before reciting it in front of two judges. They
were informed that the task would be videotaped for comparison with
other performances. Following the story, participants were told that
they needed to serially subtract 7 from 1023 rapidly and without error.
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Throughout the protocol, judges were instructed to maintain a serious
expression, and to prompt participants whenever they faltered or made
a mistake. The tasks were followed by a 60-minute recovery period
during which the participant sat alone watching the remainder of the
film. Seven salivary cortisol samples were collected: prior to the start of
the film (buffer), 5 minutes prior to the TSST-C (pre-stressor), directly
following the TSST-C (post-stressor), and 15-, 30-, 45-, and 60-minutes
post-stressor. All participants were then debriefed.

2.4. Predictor Variables

2.4.1. Objective hardship
Maternal objective hardship was estimated based on responses to a

questionnaire tailored to target mothers’ experiences directly associated
with the ice storm that tapped into four categories of exposure: loss,
threat, change, and scope (Bromet and Dew, 1995). Scores for each
category ranged from 0 (no exposure) to 8 (high exposure). A total
score (Storm32) was computed by summing each category. Maternal
scores in the present sample ranged from 5 to 24, out of a possible 32
points.

2.4.2. Subjective distress
Maternal subjective response to the ice storm was assessed using a

validated French adaptation (Brunet et al., 2003) of the 22-item Impact
of Event Scale – Revised (IES-R; Weiss and Marmar, 1997), which
measured three categories of post-traumatic stress symptoms: intrusive
thoughts, avoidance, and hyperarousal. Mothers rated the severity of
each symptom during the preceding seven days using a 5-point Likert
scale ranging from 0 “Not at all” to 4 “Extremely”. Items were summed
to provide a total score, ranging from 0 to 40 points, out of a total 88
points. IES-R scores of 22 (Rash et al., 2008) or 33 (Creamer et al.,
2003) have been suggested for screening for possible PTSD. In the
present sample, IES-R scores (M=9.84, SD=10.48) of 22 or 33 and
higher were found in eight and one participant, respectively, indicating
that a fair number of our participants were significantly stressed by the
floods. Due to positive skewness, a natural log transformation was
conducted to normalize the data.

2.4.3. Timing of Exposure
The time at which the fetus was exposed to the ice storm in utero

was defined as the number of days between the estimated date of
conception and January 9, 1998, the date at which the ice storm
peaked. The greater the number of days, the later in pregnancy the fetus
was exposed to the disaster. Women’s date of conception was estimated
by subtracting 280 days (40 weeks) from women’s due date, which was
calculated using babies’ gestational age and date of delivery.

2.5. Outcome Variables

2.5.1. Cortisol
Passive-drool saliva samples were collected from participants to

assay for free cortisol levels via competitive enzyme-linked im-
munoassay (EIA) using Salimetrics kits (catalogue number 1-3002) at
the Douglas Mental Health University Institute. The inter- and intra-
assay coefficients of variation were 6.6% and 6.3%, respectively. In
total, six cortisol values belonging to four participants were missing due
to invalid assay results or failure to provide a sufficient amount of
saliva: buffer (n= 1), pre-stressor (n=1), 45-mins post-stressor
(n= 1), and 60-mins post-stressor (n= 3). Missing cortisol values were
imputed with regression analyses using participants’ available cortisol
levels as predictors. Area Under the Curve with respect to increase
(AUCi) and ground (AUCg) were computed using the cortisol values
collected from pre-stressor to 60-mins post-stressor and represent
change in cortisol secretion over time and total cortisol production,
respectively (Pruessner et al., 2003). Given that AUCi and AUCg likely
represent distinct physiological processes, they were both included in
this study as has been done by others (Khoury et al., 2015). AUC values
were standardized by dividing total cortisol output by the total amount
of time elapsed between the first and last saliva collection. Finally, pre-
stressor cortisol levels were also examined as an indicator of baseline
HPA axis functioning.

2.5.2. Adolescent Internalizing and Externalizing Behaviors
Maternal-reported adolescent internalizing and externalizing beha-

viors were obtained using the Child Behavior Checklist 6-18 year ver-
sion (CBCL; Achenbach, 2001). The CBCL consisted of 112-items that
described various problem behaviors. Mothers were asked to rate each
statement on a 3-point Likert scale based on how often their child en-
gaged in the behavior over the past 12 months: 0 being “not applic-
able”, 1 “more or less or sometimes true”, and 2 “always or sometimes
true”. Using adolescents’ age and sex, raw parent-report scores were
converted to standardized scores. The Internalizing Problem scale was
computed by combining scores on the anxiety/depression, social
withdrawal, and somatic complaints subscales. The Externalizing Pro-
blem scale was computed by combining scores on the rule-breaking
behavior and aggressive behavior subscales.

2.6. Covariates

2.6.1. Maternal Characteristics
The numbers of women who reported daily smoking and/or weekly

alcohol consumption are presented in Table 2. Information on maternal
and paternal level of education and employment were also collected to
compute socioeconomic status based on the Hollingshead Index criteria
(Hollingshead, 1973). The women reported on other major life events
that they experienced during their pregnancies and up to six-months
postpartum using the Life Experiences Survey (LES; Sarason et al.,
1978). The modified LES assessed the presence and impact of various
stressful life events, including the death of a spouse or a promotion at
work.

2.6.2. Adolescent Characteristics
Pubertal development was assessed using the Puberty Development

Scale (PDS; Petersen et al., 1988) and the Tanner Sexual Maturity Scale

Table 1
Participant demographics. Data represent means for continuous variables and
frequencies for categorical variables (N= 45).

Variables

Maternal age at recruitment (years) 30.51 (Range 20.19-41.17; SD=4.43)
Adolescent age at testing (years) 13.65 (Range 13.42-14.09; SD=0.13)
Sex Males (n= 24); Females (n=21)
Trimester Exposed
First Trimester 15 (Male= 9; Female= 6)
Second Trimester 16 (Male= 9; Female= 7)
Third Trimester 14 (Male= 6; Female= 8)

Maternal education (years) 15.38 (Range 10-20; SD=2.41)
Marital status at recruitment
Married 24 (53.3%)
Common-law 21 (46.7%)

Income
$12,000-19,999 1 (2.2%)
$20,000-29,999 3 (6.7%)
$30,000-39,999 4 (8.9%)
$40,000-49,999 5 (11.1%)
$50,000 and over 32 (71.1%)

Parity*
First 15
Second 13
Third or more 7

Mode of delivery
Vaginal 40
Caesarian section 5

Note. *Data missing for 10 participants
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(SMS; Tanner, 1981). Body Mass Index was computed based on weight
and height measurements. Birth outcome data, including birth weight,
gestational age at birth, and mode of delivery were obtained from
participant’s hospital records. Finally, the time at which the pre-stressor
cortisol was sampled was recorded to control for the time of day of
testing.

2.7. Statistical Analyses

Descriptive statistics were computed for all variables. To determine
whether the TSST-C successfully elevated adolescent cortisol levels,
paired samples t-tests were conducted between pre-stressor and all
other values. Bivariate correlations were then conducted to assess the
relationship between all maternal and adolescent predictor, outcome,
and control variables.

Next, separate hierarchical multiple linear regression models were
conducted for AUCi, AUCg, and pre-stressor cortisol in which objective
hardship, subjective distress, timing of exposure, and sex were entered
in Steps 1 through 4, respectively. Covariates that significantly corre-
lated at p< .05 with the outcome variable were allowed to enter in the
next step(s), in a stepwise manner. Finally, objective hardship× timing
of exposure, objective hardship× child sex, subjective dis-
tress× timing of exposure, or subjective distress× child sex interac-
tion terms were entered into the model (separate model for each in-
teraction term). Non-significant covariates and interactions were
removed from the final model due to constraints of power.

Next, hierarchical multiple linear regressions were conducted se-
parately for adolescent internalizing and externalizing behaviors.
Similar to above, objective hardship and subjective distress were en-
tered into Step 1 and Step 2, respectively. AUCi, AUCg, or pre-stressor
cortisol were then entered in Step 3. Finally, covariates that

significantly correlated with the outcome variable were allowed to
enter in next step(s), in a stepwise manner.

To examine whether reactive (AUCi or AUCg) or baseline (pre-
stressor) cortisol levels mediated the relationship between objective
hardship or subjective distress and behavioral outcomes (internalizing
or externalizing behaviors) in the adolescents, the percentile-based
bootstrapping procedure was employed using 10000 resampling to test
the 12 different mediation analyses, controlling for covariates that were
included in the regression analyses. They were considered significant if
0 fell outside of the 95% confidence interval. The moderating effects of
offspring sex and timing of exposure on the mediation were tested only
if the interactions effects of PNMS by sex (or timing) on cortisol levels
were significant (p < 0.05) in hierarchical regression analyses.

All analyses were conducted with SPSS version 20.0. The PROCESS
macro (Hayes, 2013) was used to probe significant interactions and to
run the bootstrapping procedure for the mediation analyses.

3. Results

3.1. Descriptives

Descriptive statistics for all variables are presented in Table 2. On
average, pre-stressor cortisol levels were significantly lower than post-
stressor levels at all time-points (p< .001) except at 60-mins post-
stressor. Cortisol levels increased from pre-stressor to 15-mins post-
stressor, and then steadily declined until 60-mins post-stressor.

3.2. Correlations

Correlation coefficients between predictor, outcome, and potential
covariates are reported in Table 3. Higher levels of objective hardship
tended to be associated with higher AUCi (i.e., a greater cortisol in-
crease in response to the TSST-C; r = .269, p= .074) Mode of delivery
was associated with AUCi (r = -.314, p = .036), such that adolescents
born via Caesarean-section (C-section) secreted less cortisol with re-
spect to baseline during the TSST-C than those born vaginally. Pre-
stressor cortisol levels were correlated with sex (r= .298, p= .047),
such that females demonstrated higher cortisol levels than males prior
to the introduction of the TSST-C.

With respect to adolescent behaviors, higher externalizing scores
were associated with lower AUCi values (r = -.302, p = .044) and
moderately higher subjective distress (r= .279, p= .063). Lower ge-
stational age at birth (r = -.421, p = .004) and C-section delivery (r =
.491, p = .001) were also associated with higher externalizing scores.

3.3. Hierarchical Regression Models

3.3.1. Area Under the Curve increase
Results of the hierarchical multiple regression are presented in

Table 4. Objective hardship was moderately related to AUCi (p = .074)
and accounted for 7.2% of the variance in Step 1. Subjective distress,
timing of exposure, and offspring sex were not significantly associated
with AUCi, accounting for an additional 6.0% of the total variance.
Mode of delivery accounted for an additional 14.6% of the variance (p
= .008). The inclusion of mode of delivery resulted in the effect of
objective PNMS becoming significant (p = .010). Neither sex nor
timing interactions with either PNMS variable were significant (see
Supplementary Table 1 for all interaction term regression coefficients).
The final model accounted for 27.8% of the variance of AUCi.

3.3.2. Area Under the Curve ground
Results of the hierarchical multiple regression are presented in

Table 4. Objective hardship and subjective distress did not significantly
predict AUCg, accounting for 4.1% of the variance. Similarly, timing of
exposure and offspring sex were unrelated to the outcome, accounting
for an additional 10.1% of the variance. The addition of sex did result in

Table 2
Predictor, outcome, and covariate variable descriptive statistics.

Variables Mean Standard Deviation Range

Stress Measures
Objective hardship 11.18 4.43 5.00-24.00
Subjective distress 1.79 1.21 0-3.71
Timing of exposure (days) 142.51 82.01 1-274

Maternal Measures
Smoking (count)

0 41
1-10 1
11-20 3

Alcohol consumption (count)
0 35
]0,1] 8
]1-2] 2

Socioeconomic status 26.49 11.17 11-65
Life experiences survey 5.87 3.67 2-17

Adolescent Measures
Buffer cortisol (μg/dL) 0.11 0.06 0.02-0.29
Pre-stressor cortisol (μg/dL) 0.08 0.05 0.02-0.22
Post-stressor cortisol (μg/dL) 0.13 0.09 0.03-0.42
15-mins post-stressor (μg/dL) 0.17 0.11 0.03-0.54
30-mins post-stressor (μg/dL) 0.12 0.06 0.02-0.32
45-mins post-stressor (μg/dL) 0.10 0.05 0.03-0.24
60-mins post-stressor (μg/dL) 0.08 0.05 0.01-0.20
AUC ground (μg/dL) 0.12 0.06 0.03-0.33
AUC increase (μg/dL) 0.04 0.05 −0.10-0.15
Adolescent internalizing 52.20 11.16 33-76
Adolescent externalizing 45.76 9.07 34-66
Puberty development scale* 2.73 0.53 1.80-3.50
Tanner sexual maturity scale* 3.56 0.67 3-5
Body Mass Index (13 years) 21.78 5.54 15.96-41.51
Birth weight 3327.06 573.49 1655-4320
Gestational age at birth 39.29 2.05 32.29-41.29

Note. N=45. AUC=Area Under the Curve. Socioeconomic status (SES) –
higher score indicates higher SES. Timing of exposure in utero - higher days
indicates exposure later in pregnancy. *Data missing for 2 participants.
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the effect of objective PNMS becoming marginally significant (p =
.058). Neither offspring sex nor timing interactions with either PNMS
variable were significant. The final model accounted for 14.2% of the
variance of AUCg.

3.3.3. Pre-Stressor Cortisol
Results of the hierarchical multiple regression are presented in

Table 4. Objective hardship and subjective distress did not significantly
predict pre-stressor cortisol levels, accounting for 3.7% of variance.
While timing of exposure was not a significant predictor, offspring sex
was marginally significant (p= .062), accounting for an additional
8.1% of the variance. With respect to interactions, timing of exposure
significantly interacted with objective hardship to predict pre-stressor
cortisol levels, accounting for 9.5% (p= .036; see Fig. 1). Specifically,
higher objective distress predicted elevated pre-stressor cortisol levels
for offspring exposed to the ice storm during the third trimester com-
pared to the first trimester of pregnancy. Probing the interaction, the
effect of objective hardship on pre-stressor cortisol levels became
marginally significant when exposure occurred after approximately the
209th day of pregnancy, that is, during the seventh month of gestation.
Similarly, sex moderately interacted with objective hardship and ac-
counted for 7.1% of the variance (p= .071; see Fig. 2). Specifically, at
high levels of objective hardship, females had significantly elevated
pre-stressor cortisol levels compared to males. Conversely, neither off-
spring sex nor timing interacted with subjective distress to predict pre-
stressor cortisol levels. Final models with the timing of exposure and sex
interactions accounted for 21.3% and 19.0% of the variance of pre-
stressor cortisol, respectively.

3.3.4. Adolescent Externalizing Behaviors
Results of the hierarchical multiple regressions are presented in

Table 5. Controlling for objective hardship, subjective distress predicted
externalizing behaviors, and accounted for 9.9% of the variance (p =
.036). AUCi explained an additional 9.3% of the variance (p = .034).
Gestational age at birth explained an additional 11.8% of the variance
(p= .012). Finally, mode of delivery accounted for an additional 20.8%
of the variance (p = .001). Given that the addition of mode of delivery
resulted in gestational age becoming non-significant, gestational age
was trimmed from the final model. After controlling for mode of de-
livery, subjective distress remained significant (p = .006) and objective
hardship became marginally significant (p = .064). Overall, the final

model including objective hardship, subjective distress, and mode of
delivery accounted for 41.3% of the variance of adolescent ex-
ternalizing behaviors.

The hierarchical multiple regression was repeated using AUCg as a
predictor variable (Table 5). As before, controlling for objective hard-
ship, subjective distress predicted externalizing behaviors, and ac-
counted for 9.9% of the variance (p = .036). AUCg did not significantly
account for any additional variance. As before, mode of delivery ac-
counted for an additional 26.9% of the variance. The overall model,
including mode of delivery, explained 41.9% of the variance.

The same analyses were repeated using pre-stressor cortisol levels as
a predictor variable (Table 5). Pre-stressor cortisol level was found to be
a non-significant predictor accounting for 0.7% of the variance. The
overall model explained 40.6% of the variance.

3.3.5. Adolescent Internalizing Behaviors
None of the PNMS predictor variables, AUCi, AUCg, or pre-stressor

cortisol, or covariates were significantly related to the offspring’s in-
ternalizing scores. The final models accounted for 7.5%, 7.4%, and
11.9% of the variance and are presented in Table 5.

3.4. Mediation Analyses

Mediation analyses found no significant effect of objective or sub-
jective PNMS on adolescent internalizing or externalizing behavior
through either AUCi, AUCg, or pre-stressor cortisol levels (see supple-
mental Table 2). Only those interactions that were significant in the
hierarchical regression analyses were tested through moderated med-
iation analyses (see section 3.3.3). Neither sex nor timing significantly
moderated the mediation from objective PNMS to adolescent inter-
nalizing or externalizing behaviors through pre-stressor cortisol levels.

4. Discussion

The purpose of the present study was, first, to determine whether in
utero exposure to prenatal maternal stress influences HPA axis func-
tioning in response to a psychosocial stressor in adolescents. The second
aim was to test whether the magnitude of HPA responsivity mediated
the relationship between prenatal stress and adolescent psycho-
pathology, assessed via maternal-reported internalizing and ex-
ternalizing behaviors. To our knowledge, this is the first study to

Table 3
Pearson correlation coefficients between maternal and adolescent predictor, outcome, and covariate variables.

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1. Internalizing
2. Externalizing .54**
3. Objective .16 -.12
4. Subjective .23 .28† .23
5. AUCincrease -.03 -.30* .27† .13
6. AUCground .11 -.24 .19 -.03 .68**
7. Pre-stressor .18 .03 -.06 -.19 -.24 .55**
8. Timing -.00 .09 -.19 .15 .19 .16 -.01
9. SES -.13 .17 -.10 .14 -.08 .03 .14 .14
10. LES .28† .10 .30* .35* .22 .17 -.03 .25 -.12
11. Smoking -.12 -.04 -.11 -.05 -.24 -.07 .18 -.06 .12 -.04
12. Alcohol -.20 .15 -.09 -.06 -.03 -.22 -.26† -.10 .04 -.26 .16
13. Delivery .20 .49** .18 -.01 -.31* -.07 .26† -.00 .27† .05 -.10 .18
14. Sex .21 .14 -.24 -.09 -.02 .21 .30* .15 .07 -.14 -.22 -.02 .09
15. Gestation -.15 -.42** .08 .01 .27† .13 -.13 .09 .04 .19 -.16 -.42** -.40** -.06
16. Weight -.14 -.27† .03 .11 .10 .04 -.06 .12 .16 .09 -.11 -.28† -.27† -.01 .77**
17. PDS .10 .14 .00 -.01 -.09 .00 .11 .17 .00 -.04 -.16 .06 -.07 .49** -.02 .17
18. Tanner .11 .13 .14 .04 -.04 -.12 -.11 -.01 -.01 .09 -.16 .19 .03 -.01 .03 .23 .53**
19. BMI -.16 .17 .32* .30* -.06 -.11 -.08 -.23 -.04 .33* -.07 -.02 .06 -.25† .10 .09 .07 .22
20. Time of sampling -.08 .03 .12 .08 .21 .15 -.05 .28† .17 .14 .01 .23 .12 .12 -.03 -.18 -.10 -.23 -.07

Note. AUC=Area Under the Curve. SES= socioeconomic status. LES= Life Events Survey. Sex: 1=boy; 2=girl. Delivery: 1=Caesarian section; 0=vaginal.
PDS=Puberty development scale. BMI= body mass index. † p < .1; * p < .05; ** p < .01.
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examine whether disaster-related PNMS functions to elevate risk for
psychopathology in offspring via alterations to the HPA axis, as has
been previously suggested (Beijers et al., 2014; O’Donnell et al., 2012)
in non-disaster exposed cohorts. The Quebec ice storm was a natural
disaster that functioned as a discrete, “independent stressor”, primarily
affecting individuals located in a specific geographical location, irre-
spective of psychosocial risk factors and sociodemographic variables.

Thus, this natural experimental design allowed for the examination of
prenatal stress and its associated effects on offspring outcomes, while
simultaneously controlling for various confounding variables (Barker
et al., 2011).

On average, adolescents in our study experienced an increase in
salivary cortisol levels in response to the TSST-C, with levels reaching
maximum values 15minutes after the end of the stressor. Our findings

Table 4
Results of hierarchical multiple regressions of Area Under the Curve increase, Area Under the Curve ground, and Pre-Stressor Cortisol.

Predictor Variables β B SE R R2 ΔR2 F ΔF

Area Under the Curve increase
Step 1 0.269 0.072 0.072 3.352† 3.352†
Objective hardship 0.269† 0.003† 0.002

Step 2 0.278 0.077 0.005 1.763 0.233
Objective hardship 0.252 0.003 0.002
Subjective distress 0.073 0.003 0.006

Step 3 0.364 0.132 0.055 2.083 2.591
Objective hardship 0.311* 0.004* 0.002
Subjective distress 0.024 0.001 0.006
Timing 0.244 0.000 0.000

Step 4 0.364 0.133 0.000 1.529 0.018
Objective hardship 0.315† 0.004† 0.002
Subjective distress 0.025 0.001 0.007
Timing 0.241 0.000 0.000
Sex 0.021 0.002 0.015

Step 5 0.528 0.278 0.146 3.010* 7.880**
Objective hardship 0.406* 0.005* 0.002
Subjective distress 0.004 0.000 0.006
Timing 0.253† 0.000† 0.000
Sex 0.076 0.008 0.014
Mode of delivery −0.393** −0.063** 0.022

Area Under the Curve ground
Step 1 0.187 0.035 0.035 1.553 1.553
Objective hardship 0.187 0.002 0.002

Step 2 0.202 0.041 0.006 0.891 0.256
Objective hardship 0.205 0.003 0.002
Subjective distress −0.079 −0.004 0.008

Step 3 0.295 0.087 0.047 1.307 2.094
Objective hardship 0.259 0.003 0.002
Subjective distress −0.124 −0.006 0.008
Timing 0.225 0.000 0.000

Step 4 0.376 0.142 0.054 1.651 2.536
Objective hardship 0.308† 0.004† 0.002
Subjective distress −0.109 −0.005 0.008
Timing 0.196 0.000 0.000
Sex 0.242 0.028 0.018

Pre-Stressor Cortisol
Step 1 0.059 0.004 0.004 0.152 0.152
Objective hardship −0.059 −0.001 0.002

Step 2 0.191 0.037 0.033 0.798 1.443
Objective hardship −0.017 0.000 0.002
Subjective distress −0.187 −0.007 0.006

Step 3 0.192 0.037 0.000 0.525 0.015
Objective hardship −0.012 0.000 0.002
Subjective distress −0.191 −0.007 0.006
Timing 0.019 1.063E-5 0.000

Step 4 0.344 0.118 0.081 1.339 3.681
Objective hardship 0.048 0.000 0.002
Subjective distress −0.172 −0.006 0.006
Timing −0.015 −8.391E-6 0.000
Sex 0.296† 0.026† 0.014

Step 5.1 0.461 0.213 0.095 2.109† 4.695
Objective hardship −0.005 0.003
Subjective distress −0.006 0.006
Timing −0.001* 0.000
Sex 0.025† 0.013
Objective X Time 4.112E-5* 0.000

Step 5.2 0.435 0.190 0.071 1.825 3.440
Objective hardship −0.008 0.005
Subjective distress −0.005 0.006
Timing −2.286E-5 0.000
Sex −0.036 −0.036
Objective X Sex 0.006† 0.003

Note. Sex: 1=boy; 2=girl. Mode of delivery: 1=Caesarian section; 0=vaginal. † p < .1; * p < .05; ** p < .01.
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Fig. 1. Adolescent pre-stressor cortisol (μg/dL) at low (16th percentile) and high (84th percentile) objective hardship levels for individuals exposed to the ice storm
during the first (48th day) and third (241st day) trimesters of pregnancy. A significant interaction found higher objective hardship to moderately predict (p= 0.064)
elevated pre-stressor cortisol levels for those individuals exposed during the third trimester of pregnancy.
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Fig. 2. Adolescent pre-stressor cortisol levels (μg/dL) at varying objective hardship levels for males and females. Sex moderately influenced the association between
objective hardship and pre-stressor cortisol levels such that females exposed to higher levels of hardship presented with generally higher pre-stressor cortisol levels
than males. The region of significance was identified by probing the interaction (dotted vertical line; objective hardship=11.05).
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Table 5
Results of hierarchical multiple regression of adolescent externalizing and internalizing problem scores.

Predictor Variables β B SE R R2 ΔR2 F ΔF

Externalizing Problem Scores
AUCi

Step 1 0.117 0.014 0.014 0.593 0.593
Objective hardship −0.117 −0.239 0.310

Step 2 0.335 0.112 0.099 2.659† 4.676*
Objective hardship −0.190 −0.390 0.306
Subjective distress 0.323* 2.430* 1.124

Step 3 0.453 0.206 0.093 3.538* 4.811*
Objective hardship −0.110 −0.226 0.302
Subjective distress 0.346* 2.606* 1.079
AUCi −0.318* −56.565* 25.788

Step 4 0.643 0.413 0.208 7.045** 14.160**
Objective hardship −0.256† −0.524† 0.275
Subjective distress 0.359** 2.703** 0.939
AUCi −0.123 −21.926 24.252
Mode of Delivery 0.501** 14.311** 3.803

AUCg
Step 1 0.117 0.014 0.014 0.593 0.593
Objective hardship −0.117 −0.239 0.310

Step 2 0.335 0.112 0.099 2.659† 4.676*
Objective hardship −0.190 −0.390 0.306
Subjective distress 0.323* 2.430* 1.124

Step 3 0.388 0.151 0.038 2.422† 1.841
Objective hardship −0.150 −0.307 0.309
Subjective distress 0.307* 2.312* 1.116
AUCg −0.199 −30.575 22.531

Step 4 0.648 0.419 0.269 7.225** 18.527**
Objective hardship −0.264* −0.541* 0.264
Subjective distress 0.341** 2.565** 0.936
AUCg −0.138 −21.213 18.983
Mode of Delivery 0.531** 15.165** 3.523

Pre-Stressor Cortisol
Step 1 0.117 0.014 0.014 0.593 0.593
Objective hardship −0.117 −0.239 0.310

Step 2 0.335 0.112 0.099 2.659† 4.676*
Objective hardship −0.190 −0.390 0.306
Subjective distress 0.323* 2.430* 1.124

Step 3 0.345 0.119 0.007 1.849 0.316
Objective hardship −0.189 −0.387 0.308
Subjective distress 0.339* 2.548* 1.152
Pre-stress cortisol 0.084 16.962 30.173

Step 4 0.637 0.406 0.286 6.825** 19.279**
Objective hardship −0.300* −0.615* 0.262
Subjective distress 0.341* 2.563* 0.958
Pre-stress cortisol −0.070 −14.068 26.070
Mode of Delivery 0.566** 16.155** 3.679

Internalizing Problem Scores
AUCi

Step 1 0.158 0.025 0.025 1.107 1.107
Objective hardship 0.158 0.399 0.379

Step 2 0.256 0.066 0.040 1.473 1.817
Objective hardship 0.111 0.280 0.386
Subjective distress 0.207 1.912 1.419

Step 3 0.273 0.074 0.009 1.098 0.393
Objective hardship 0.136 0.342 0.402
Subjective distress 0.214 1.979 1.433
AUCi −0.098 −21.466 34.245

AUCg
Step 1 0.158 0.025 0.025 1.107 1.107
Objective hardship 0.158 0.399 0.379

Step 2 0.256 0.066 0.040 1.473 1.817
Objective hardship 0.111 0.280 0.386
Subjective distress 0.207 1.912 1.419

Step 3 0.273 0.075 0.009 1.102 0.404
Objective hardship 0.091 0.230 0.397
Subjective distress 0.214 1.983 1.433
AUCg 0.097 18.380 28.931

Pre-Stressor Cortisol
Step 1 0.158 0.025 0.025 1.107 1.107
Objective hardship 0.158 0.399 0.379

Step 2 0.256 0.066 0.040 1.473 1.817
Objective hardship 0.111 0.280 0.386
Subjective distress 0.207 1.912 1.419

Step 3 0.344 0.119 0.053 1.837 2.464

(continued on next page)
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contribute to the existing body of literature that supports the efficacy of
the TSST-C to activate an HPA axis response in diverse populations
(Kudielka et al., 2007).

The present study found that maternal objective hardship was as-
sociated with greater cortisol responsivity in adolescents. In other
words, women who experienced greater exposure to the ice storm in
terms of threat, loss, scope (duration), and change had children who, as
adolescents, released higher levels of cortisol while stressed than ado-
lescents of mothers who experienced lower levels of hardship, a finding
supported elsewhere (Brennan et al., 2008; Davis et al., 2011; Entringer
et al., 2009; Grant et al., 2009; Gutteling et al., 2004, 2005; Huizink
et al., 2008; O’Connor et al., 2005; Tollenaar et al., 2011). Our results,
coupled with previous findings, suggest that the link between objective
measures of PNMS and cortisol is fairly robust: increased maternal
stress is associated with increased offspring reactive cortisol levels.

This result did not extend to maternal subjective distress, suggesting
that objective changes to one’s daily life that are associated with ex-
posure to a disaster may result in greater changes to the in utero en-
vironment than those associated with disaster-related distress and, in
turn, influence development of the fetus. The different results asso-
ciated with objective and subjective aspects of prenatal maternal stress
add to a host of other previous Project Ice Storm results that highlight
the importance of teasing apart their effects. For example, while ob-
jective hardship is highly associated with DNA methylation in these
same children at age 13, subjective distress is not (Cao-Lei et al., 2014);
we found similar associations with these children’s cytokine levels
(Veru et al., 2015), insulin secretion (Dancause et al., 2013), and BMI
(Dancause et al., 2012). It is difficult to speculate as to why these two
variables have different associations with child outcomes. Objective
exposure could be a proxy variable for some related, unmeasured ex-
posure variable from the time of the ice storm that we did not assess
and that might have fetal programming effects, such as exposure to the
cold. As well, it should be recognized that the subjective distress
measure is from a scale of PTSD symptoms which was administered 5-6
months after the disaster. Although it is normal for a person to have
PTSD symptoms in the immediate aftermath of a trauma, only a specific
profile of person still experiences those symptoms 5-6 months later;
these mothers may well have a history of blunted cortisol themselves.
Thus, one must consider the exact meaning of the IES-R scores as those
of extended, persistent symptoms rather than reflective of their re-
sponse at the time of the event. In summary, we cannot say for certain
why objective exposure and persistent PTSD symptoms often have
different associations with child outcomes.

Next, the relationship between adolescent HPA axis responsivity to
a psychosocial stressor and severity of behavioral problems was ex-
amined. Results showed that adolescents who released lower levels of
cortisol while stressed had greater externalizing behaviors. Despite a
positive association between objective PNMS and AUCi, and a negative
association between AUCi and externalizing behaviors, functioning of
the HPA axis was not found to mediate the association between ob-
jective PNMS and symptoms of behavioral problems in the adolescents,
as originally hypothesized.

Considering both parts of the non-significant mediation model, it is
worth noting that elevated activity of the HPA axis may have func-
tioned to protect offspring exposed to elevated maternal objective
hardship, subsequently contributing to lower externalizing behaviors in

adolescence. It has been hypothesized that underactivity of the stress
response system may lead to physiological hypo-arousal, predisposing
individuals to actively seek out stimulation and increase risk-taking
behaviors, in turn increasing their risk for externalizing disorders, such
as attention-deficit hyperactivity, conduct, and oppositional defiant
disorders (van Goozen et al., 2007). As such, in the face of an adverse
early environment, as was the case in the present study, elevated off-
spring HPA axis functioning may have operated to counter the mani-
festation of later behavioral problems in adolescence.

The present study also demonstrated that elevated maternal sub-
jective distress levels were directly associated with greater ex-
ternalizing behaviors in adolescents, but only once objective hardship
levels were controlled for. These results are in accordance with past
studies that have found an association between elevated maternal an-
xiety and childhood emotional problems and externalizing behaviors,
including hyperactivity and conduct problems (Isaksson et al., 2015;
O’Connor et al., 2003; Van den Bergh and Marcoen, 2004). Maternal
anxiety has also been associated with elevated internalizing symptoms
in 7-8 year old children (Barker et al., 2011), however this was not the
case in the present study. In contrast, internalizing behaviors as mea-
sured by maternal report on the CBCL, were not predicted by maternal
objective hardship or subjective distress in our current analyses at 13 ½
years of age. This was interesting given that we found consistent as-
sociations with objective hardship and subjective distress at earlier ages
in this cohort (King et al., 2012), but suggests that the direct associa-
tions diminish with increasing age. The value of our natural disaster
study is in its ability to disentangle the effects of what happened to the
women objectively from their subjective distress. Our findings suggest
that it is the maternal subjective distress associated with the natural
disaster that is a more important factor than the objective hardship
experienced, in predicting childhood externalizing behaviors. Thus,
future studies should examine whether maternal psychological support
systems can offset the effects of maternal subjective distress levels in
response to a natural disaster during pregnancy on child externalizing
behaviors.

We found that the association between PNMS and adolescent HPA
axis responsivity was not moderated by either sex or timing of ex-
posure, in contrast to other studies (Glover and Hill, 2012; Yong Ping
et al., 2015). Nevertheless, a moderately significant main effect of
timing of exposure was found on adolescent cortisol reactivity, such
that exposure to the ice storm later in pregnancy was associated with
greater cortisol secretion in response to the TSST-C, suggesting that
mid- to late-pregnancy may represent a sensitive period for fetal de-
velopment of the stress response system (Van den Bergh et al., 2008;
Yehuda et al., 2005).

Conversely, with respect to baseline HPA axis functioning, timing of
exposure was found to significantly influence the association between
maternal objective hardship and pre-stressor cortisol levels.
Specifically, pre-stressor cortisol levels increased with increasing ma-
ternal objective hardship in offspring exposed to the ice storm later in
pregnancy. These results suggest that late pregnancy may represent a
period of vulnerability for HPA axis functioning at both baseline and in
response to a psychosocial stressor. Given that pregnant women de-
monstrate a 3-fold increase in circulating cortisol by their third trime-
ster (Jung et al., 2011), it is possible that PNMS-induced cortisol se-
cretion that occurs later in pregnancy overwhelms an already saturated

Table 5 (continued)

Predictor Variables β B SE R R2 ΔR2 F ΔF

Objective hardship 0.115 0.290 0.380
Subjective distress 0.250 2.318 1.418
Pre-stress cortisol 0.235 58.292 37.135

Note. AUCi=Area under the curve increase; AUCg=Area under the curve ground. Mode of delivery: 1=Caesarian section; 0=vaginal. † p < .1; * p < .05; **
p < .01.

E. Yong Ping, et al. Psychoneuroendocrinology 117 (2020) 104697

9



in utero environment, leading to long-term consequences on the de-
velopment of the fetal HPA axis. In addition, we also found a moder-
ately significant main effect of sex, such that females tended to have
higher pre-stressor cortisol levels than males. Furthermore, sex mod-
erately interacted with objective hardship to predict baseline cortisol,
such that females whose mothers reported higher levels of objective
distress were found to express higher pre-stressor cortisol levels com-
pared to males. Similar results of elevated pre-stressor cortisol levels in
females have been reported elsewhere (O’Connor et al., 2013).

While results from the study did not provide direct support for the
fetal programming hypothesis involving the HPA axis, they do suggest
that maternal objective hardship and subjective distress may impact
adolescent behavioral functioning through different pathways.
Specifically, the pathway from maternal subjective distress to adoles-
cent externalizing behaviors may be genetic, with higher levels of dis-
tress in the mother predicting greater externalizing behaviors in the
child. Conversely, it is possible that the pathway from maternal ob-
jective hardship (which does not have a heritable component) to ado-
lescent externalizing behaviors may be indirect (e.g., via extended cold
exposure), as both HPA axis hyper- and hypo-reactivity were associated
with elevated objective hardship and externalizing behaviors, respec-
tively. Continued exploration of these two independent pathways of
maternal subjective and objective stress on developmental outcomes is
needed.

The results from the present study did not support the fetal pro-
gramming hypothesis, whereby PNMS influences development of the
fetal HPA axis, in turn predisposing adolescents to elevated psycho-
pathology. A lack of support for the fetal programming hypothesis is in
contrast to findings by Van den Bergh et al. (2008), in which dysre-
gulation of the HPA axis was found to mediate the relationship between
maternal anxiety early in pregnancy and depressive symptoms in post-
pubertal female adolescents. It is important to note that adolescence is
associated with significant changes to the HPA axis, including in-
creasing basal and reactive cortisol levels (Gunnar et al., 2009). Such
developmentally-induced biological changes may have made it difficult
to capture the long-lasting effects of PNMS on HPA axis functioning in
our study. While the present study did not support the HPA axis as the
mechanism mediating the association between prenatal stress and
greater offspring psychopathological symptoms, the relationship be-
tween maternal subjective distress and adolescent externalizing beha-
viors posits the occurrence of in utero programming, with the specific
physiological mechanism remaining unknown.

In the present study, delivery by C-section was a significant pre-
dictor of dampened HPA axis responsivity and greater externalizing
behaviors in the adolescents. With respect to the latter finding, our
results replicate earlier reports of elevated emotional and behavioral
problems in infants born via C-section (Sirvinskiene et al., 2016). In
addition, mode of delivery was an important covariate which, when
controlled for, resulted in timing of exposure significantly predicting
HPA axis responsivity. Past research has found an effect of delivery
complications (e.g., use of forceps, bleeding during delivery, abnormal
fetal heart rate at delivery) on infant cortisol levels (Brennan et al.,
2008). Moreover, elective C-section has been associated with less pro-
nounced stress responses in infants compared to those born via assisted
deliveries (Taylor et al., 2000). Overall, maternal stress associated with
delivery complications may contribute to dysregulation of the fetal HPA
axis (Glover et al., 2010). The ‘hygiene hypothesis’ has been put forth to
explain these findings, positing that overly clean environments con-
tribute to greater psychological and physical pathology (Neu and
Rushing, 2011). In instances of C-sections, the lack of contact between
the fetus and maternal vaginal flora may negatively impact functioning
of the offspring immune system, rendering them susceptible to later
pathology. Restrictions of sample size prohibited us from examining
these associations in greater depth, but our findings suggest that further
research is warranted.

There were a number of limitations to the present study. First, due

to the longitudinal design of the study, participant attrition influenced
the final sample size of this project. Our relatively small sample size
resulted in reduced statistical power, which may have affected the
outcome of our analyses and resulted in marginal or non-significant
findings. Nevertheless, our sample size followed recent recommenda-
tions of having at least two subjects per variable in order to make
adequate estimations in our regression analyses (Austin and Steyerberg,
2015). Due to the sample size, it is important that results be interpreted
with caution. Second, participants were recruited from a non-clinical,
community sample that consisted primarily of Caucasian participants
from two-parent households. Furthermore, our Ice Storm sample is not
representative of the general population of the Montérégie sector of
Quebec: in essence, the mothers in our sample are generally more af-
fluent and educated than the typical family of this region. As such, the
demographic profile of the present sample likely contributed to the
relatively low levels of adolescent behavioral problems reported in this
paper. The effect of PNMS on adolescent behaviors in the present
sample suggests that further investigation utilizing high-risk samples, at
an already elevated risk for behavioral problems and with limited ac-
cess to resources, is warranted. Third, adolescent behaviors may have
been affected by reporter bias as they were measured via maternal re-
port. Specifically, mothers with elevated anxiety or depression may
have been more likely to rate their child’s behavior negatively. Despite
this limitation, past studies have found maternal-report of adolescent
problems to be predictive of later clinical psychopathology (Hofstra
et al., 2000). Fourth, the present study lacked a control group of off-
spring born of similar demographics and not exposed to a natural dis-
aster in utero, such as offspring born prior to the ice storm. Such a
limitation stemmed from methodological constraints of the study at its
conception and should be incorporated into future disaster-related
studies. Fifth, while pre-stressor cortisol levels were used as an index of
baseline HPA axis functioning, results must be interpreted with caution,
as the laboratory assessment may have inherently activated a stress
response in participants at baseline due to the novel surroundings. Fi-
nally, both cortisol responsivity to the TSST-C and symptoms of psy-
chopathology were assessed at the same age, making it difficult to de-
termine the direction of causality between these two variables.

Regardless of these limitations, the present study possessed a
number of strengths including its longitudinal design that allowed for
prospective hypothesis testing of PNMS on later child development.
While a significant mediation involving the HPA axis was not sup-
ported, the association between subjective PNMS and offspring ex-
ternalizing behaviors supports the intergenerational transmission of
prenatal stress to offspring (Bowers and Yehuda, 2016). Further re-
search is now needed to examine additional physiological mechanisms
that may underlie this transmission, including maternal immune func-
tion, catecholamines, and vaginal microbiota, as well as the complex
interactions among biological systems (Beijers et al., 2014; Markham
and Koenig, 2011; Quas et al., 2014). Based on the findings of the
present study, it is also recommended that future studies examine the
moderating effects of mode of delivery on offspring outcomes, poten-
tially via disrupted transmission of maternal microbiome during C-
section delivery.

5. Conclusions

Overall, the present study uncovered meaningful associations be-
tween PNMS and offspring physiological and psychological outcomes,
including HPA axis responsivity and externalizing behaviors at 13 years
of age, respectively. Despite the study’s inability to support the fetal
programming hypothesis through dysregulation of the HPA axis, find-
ings from the study did support the in utero environment as being
susceptible to prenatal insults, which can result in long-term develop-
mental consequences for offspring. At this time, further research is
needed to investigate additional physiological mechanisms that may
predispose offspring of prenatally stressed mothers to long-term
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consequences, including elevated psychopathology.
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