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Introduction: The amygdala is a brain structure involved in emotional regulation. Studies

have shown that larger amygdala volumes are associated with behavioral disorders.

Prenatal maternal depression is associated with structural changes in the amygdala,

which in turn, is predictive of an increase in behavioral problems. Girls may be particularly

vulnerable. However, it is not known whether disaster-related prenatal maternal stress

(PNMS), or which aspect of the maternal stress experience (i.e., objective hardship,

subjective distress, and cognitive appraisal), influences amygdala volumes. Nor is it

known whether amygdala volumes mediate the effect of PNMS on behavioral problems

in girls and boys.

Aims: To assess whether aspects of PNMS are associated with amygdala volume,

to determine whether timing of exposure moderates the effect, and to test whether

amygdala volume mediates the association between PNMS and internalizing and

externalizing problems in 11½ year old children exposed in utero, to varying levels of

disaster-related PNMS.

Methods: Bilateral amygdala volumes (AGV) and total brain volume (TBV) were

acquired using magnetic resonance imaging, from 35 boys and 33 girls whose

mothers were pregnant during the January 1998 Quebec Ice Storm. The mothers’

disaster-related stress was assessed in June 1998. Child internalizing and externalizing

problems were assessed at 11½ years using the Child Behavior Checklist (CBCL).

Hierarchical regression analyses and mediation analyses were conducted on boys and

girls separately, controlling for perinatal and postnatal factors.

Results: In boys, subjective distress was associated with larger right AGV/TBV when

mothers where exposed during late pregnancy, which in turn explained higher levels of

externalizing behavior. However, when adjusting for postnatal factors, the effect was no
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longer significant. In girls, later gestational exposure to the ice storm was associated with

larger AGV/TBV, but here, higher levels of objective PNMS were associated with more

externalizing problems, which was, in part, mediated by larger AGV/TBV. No effects were

detected on internalizing behaviors.

Conclusion: These results suggest that the effects of PNMS on amygdala development

and externalizing symptoms, as assessed in boys and girls in early adolescence, can

be influenced by the timing of the stress in pregnancy, and the particular aspect of the

mother’s stress experience.

Keywords: prenatal maternal stress, amygdala, internalizing, externalizing, adolescence

INTRODUCTION

There is strong evidence that prenatal maternal stress (PNMS)
or anxiety during pregnancy has profound and long-lasting
adverse consequences on offspring development (see Van den
Bergh et al., 2017 for a recent review). For example, pregnancy-
specific anxiety has been associated with increased adolescent
depression levels in the offspring (Van Lieshout and Boylan, 2010;
Van den Bergh et al., 2017) and an increase in externalizing
problems in toddlers (Wadhwa et al., 2001; Gutteling et al., 2005;
Chuang et al., 2011; Liu, 2011). As reviewed in Glover and Hill
(2012), prospective studies worldwide show that mothers who
are stressed, anxious, or depressed have children that are more
likely to have symptoms of anxiety, depression, and increased
stress reactivity. Some studies show that the associations
are particularly sensitive to prenatal maternal anxiety (e.g.,
O’Connor et al., 2002; Van den Bergh and Marcoen, 2004). Many
of those studies controlled for potential confounders associated
with anxiety, such as smoking, alcohol use, and household
income, and showed that the results persisted. Importantly, these
effects even persist after controlling for genetic factors using
prenatal cross-fostering studies (i.e., in-vitro fertilization) (Rice
et al., 2010). Finally, Buss et al. (2012) reported that higher
maternal cortisol levels during early pregnancy predicted more
internalizing problems in girls at age 7, but not in boys, which
was in part, mediated by amygdala volume (AGV).

The amygdala is an important limbic structure involved in
processing of biologically relevant stimuli, emotional learning
and memory (Davis and Whalen, 2001; Quirk and Beer, 2006),
and is vulnerable to prenatal factors. Exposure to maternal
depression has been shown to influence AGV and functionality.
For example, chronic maternal depression is associated with
increased AGV in 10 year old boys and girls (Lupien et al., 2011),
and with deficits in amygdala connectivity and functionality at
age 4½ years albeit only in girls (Soe et al., 2018). Prenatal
exposure to maternal depression is associated with altered right
amygdala microstructure at birth (Rifkin-Graboi et al., 2013),
with AGV in childhood as well as with structural changes in the
amygdala in the neonatal period and childhood (Rifkin-Graboi
et al., 2013; Favaro et al., 2015; Posner et al., 2016; Scheinost
et al., 2016; Wen et al., 2017). In a study considering maternal
cortisol levels from saliva samples acquired at pregnancy weeks
15, 19, 25, 31, and 37, Buss et al. (2012) reported that exposure

to higher levels of cortisol during earlier gestation was associated
with larger right AGV in girls but not boys. Together these results
suggest that the amygdalae of girls are particularly susceptible
to the effects of maternal depression and pregnancy related
cortisol levels.

Structural properties of the amygdala are also associated with
psychopathology and subclinical psychopathological symptoms.
For example, AGV is associated with psychiatric problems
including depression (MacMillan et al., 2003; Rosso et al., 2005),
anxiety disorders (De Bellis et al., 2000; Milham et al., 2005;
Schienle et al., 2011), and aggression (Gopal et al., 2013), as
well as sub-clinical symptoms of internalizing (e.g., anxiety and
depression) (Spampinato et al., 2009) and externalizing (e.g.,
aggressive) behaviors (Matthies et al., 2012; Pardini et al., 2014;
Thijssen et al., 2015).

The associations between perinatal stressors and/or naturally
occurring maternal cortisol levels during pregnancy and AGV
can explain psychopathological outcomes in the offspring.
Interestingly, rodent studies suggest that PNMS may influence
offspring development and subsequent behavioral outcomes by
altering amygdala maturation as measured by AGV (Salm et al.,
2004; Kraszpulski et al., 2009). Likewise, Buss et al. (2012)
demonstrated that AGV mediated the relationship between
maternal cortisol levels in early pregnancy and affective problems
in 7 year-old girls, such that larger right AGV was associated
with more affective problems. This finding is important as it
shows that natural variations in cortisol during pregnancy can
explain variation in AGV and in turn explain psychopathological
symptoms, and highlights sex-specific effects as well as potential
hemispheric lateralization.

While these findings link perinatal maternal depression and
prenatal maternal cortisol to structural changes in the amygdala,
and subsequent psychopathological symptoms in exposed
offspring, these studies have their limitations. The use ofmaternal
psychopathology as the stressor is confounded by potential
genetic transmission from mother to child. Moreover, while
the Buss et al. (2012) findings posit a potential mechanism—
in utero exposure to heightened levels of maternal cortisol
via the placenta (Cottrell and Seckl, 2009; Harris and Seckl,
2011)—maternal “stress” levels were not measured. Finally,
although several studies suggest that the timing of a stressor
in utero moderates the effects of maternal stress on childhood
neurodevelopmental outcomes (Kinney et al., 2008; Cao et al.,
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2014; Moss et al., 2018), studies of maternal depression in
pregnancy cannot usually identify a specific onset date. As such,
the temporal link between exposure to perinatal stressors, AGV,
and childhood psychopathology symptoms with a sensitivity to
timing of exposure, remains unclear.

This gap can be addressed in our PNMS study of children
exposed to a natural disaster just prior to, and during gestation:
Project Ice Storm. In January 1998, a series of ice storms
resulted in electrical power failures for more than 3 million
individuals for periods varying from 6 h, to more than five
weeks, during the coldest months of the year. Mothers of
the youth in our prospective, longitudinal study were at
various stages of pregnancy and were quasi-randomly exposed
to varying degrees of storm-related hardship. The ice storm
serves as a “natural experiment,” affecting women regardless of
their personal characteristics while allowing for the women’s
disaster experience to be divided into various components (i.e.,
objective hardship exposure, cognitive appraisal of the event,
and subjective distress from the event). As well, because the ice
storm had a sudden onset, the timing of the onset of maternal
stress can be assessed with great accuracy. Among the findings
from Project Ice Storm, we have shown that increased objective
hardship predicts delayed cognitive and language development in
childhood (King and Laplante, 2005; Laplante et al., 2008), while
both the women’s objective hardship and subjective distress levels
predict internalizing and externalizing problems in the children
throughout childhood (King et al., 2012).

The goals of the present study were to test whether varying
aspects of the PNMS experience affect AGV in 11½ year-old
youth using a prospective longitudinal design, and whether AGV
mediates the association between varying aspects of the PNMS
experience and child internalizing and externalizing problems.
We also hypothesized that the timing of the prenatal maternal
stressor would moderate those associations.

MATERIALS AND METHODS

Participants
This study was carried out in accordance with the
recommendations of The Code of Ethics of the World
Medical Association, and approved by the Douglas Mental
Health University Institute Research Ethics Board. All subjects
gave written informed consent or written informed assent for
participants under the age of 18 years, in accordance with the
Declaration of Helsinki.

The initial Project Ice Storm cohort consisted of 178 children
whose mothers were pregnant during the 1998 Quebec ice storm
or became pregnant within 3 months of the ice storm and who
responded to the questionnaire “reaction to the storm” sent on
June 1, 1998. At 11½ years, 100 families were approached about
participating in a standardized assessment and a structural brain
magnetic resonance imaging (MRI) study. Of those, 90 children
(male= 47; female= 43) underwent the cognitive and behavioral
assessment, and 71 agreed to undergo the MRI protocol (male
= 35; female = 36). Two children (both female) refused to
undergo the scanning upon seeing the scanner. The scan of one
girl was unusable because of excessive movement. An additional

five participants (male = 4; female = 1) who were born preterm
(before 37 weeks) with a low birth weight were excluded from the
analyses as these birth outcomes have been shown to affect brain
structure and integrity (Buss et al., 2007). The mother of one
male participant did not complete the behavioral questionnaire
(CBCL), leaving a total of 62 (30 male, 32 female) participants
with valid behavioral data, and a 63 participants (31 males, 32
females) with valid MRI data.

There were 2 left-handed boys, and 3 left-handed girls. Thirty-
three percent (21/63) of the participants were exposed to the
storm prior to conception (boys: 11/31; girls: 10/32), 22.2%
(14/63) during the first trimester (boys: 7/31; girls: 7/32), 23.8%
(15/63) during the second trimester (boys: 8/31; girls: 7/32) and
20.6% (13/63) during the third trimester (boys: 5/31; girls: 8/32).

Instruments
Predictor Variables: Prenatal Maternal Stress (PNMS)
Objective hardship was assessed in June 1998 using Storm32
(Laplante et al., 2007), which assesses the mothers’ responses
to questions associated with four categories of exposure that
were often used in other disaster studies: threat, loss, scope and
change (Bromet and Dew, 1995). Scores for each category ranged
from 0 to 8. A total score (max 32) was obtained by summing
the categories.

Mothers’ subjective distress was assessed in June 1998, using
a validated French version (Brunet et al., 2003) of the 22-item
Impact of Event Scale-Revised (IES-R; (Weiss and Marmar,
1997). This scale describes symptoms from three categories
relevant to post-traumatic stress disorder (PTSD): hyper-arousal,
avoidance, and intrusive thoughts or images. Thus, this scale
reflects enduring PTSD symptoms in response to the ice storm
crisis, which had begun 5 months earlier.

Mothers’ cognitive appraisal of the ice storm crisis was
assessed in the June 1998 questionnaire using the following
question: “Overall, what were the consequences of the ice storm
on you and your family?” Response options were on a 5-point
Likert scale: “Very negative” (1), “Negative” (2), “Neutral” (3),
“Positive” (4), and “Very positive” (5). This item was recoded
into “negative” (0) or “neutral/positive” (1). We opted to treat
cognitive appraisal as binary for two reasons. First, very few
mothers reported that the crisis was either “very negative”
(2) or “very positive” (1). Second, we wanted to isolate the
“negative” appraisal from “neutral” and “positive” appraisals,
because we believe negative cognitive appraisal is one of the
components of the maternal stress experience that can influence
child development.

Timing of in utero ice storm exposure was determined as
the number of days between estimated date of conception and
January 9th, 1998, the date at which the storm peaked; higher
values indicate storm exposure later in pregnancy. To calculate
estimated date of conception, 280 days (40 weeks) was subtracted
from the women’s due date.

Behavioral problems were assessed using the mother-rated
113-item Child Behavior Checklist (CBCL), the gold-standard
for behavioral research, which yields scores on several subscales
that combine to create Internalizing and Externalizing scales. The
standardized scores with a mean of 50 and standard deviation of
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10 were used in the analyses (Achenbach and Ruffle, 2000). Data
for one boy were missing.

Control Variables
Socioeconomic status (SES) was measured with the Hollingshead
scale (Hollingshead, 1975) using data from the June 1,
1998 (perinatal) and when the children were 11½ years of
age (concurrent) questionnaires about maternal and paternal
education and occupation. Note that the lower the score, the
higher the SES. At recruitment, 1.6% (0/31 boys, 1/32 girls) were
lower class, 3.2% (2/31 boys, 0/32 girls) were lower middle class,
31.7% (11/31 boys, 9/32 girls) weremiddle class, 46% (14/31 boys,
15/32 girls) were upper middle class, and 17.5% (4/31 boys, 7/32
girls) were upper class. At 11½ years, 3.4% (1/29 boys, 1/30 girls)
were lower class, 11.9% (6/29 boys, 1/30 girls) were lower middle
class, 30.5% (0/29 boys, 9/30 girls) were middle class, 32.2% (9/29
boys, 10/30 girls) were upper middle class, and 22.0% (4/29 boys,
9/30 girls) were upper class. Data for four families were missing.

The Life Experience Survey (LES) (Sarason et al., 1978) was
used to control for any other major life events the mothers
experienced during their pregnancies and between when the
children were 2½ to 11½ years of age, The perinatal questionnaire
was completed by the mothers when the children were 6 months
of age. This questionnaire covered the period between conception
and when the child was 6 months of age. The three postnatal
questionnaires were completed by the mothers when the children
were 5½, 8½, and 11½ years of age. Each questionnaire covered
the previous 36 months. Perinatal data from one mother (girl)
were missing. Data were missing from 29 mothers (14 boys, 15
girls) at 5½ years, 10 mothers (5 boys; 5 girls) at 8½ years, and
one mother (boy) at 11½ years. In order to control for missing
data, the average number of major events per year was calculated
between ages 2½ and 11½.

Mothers’ concurrent psychological symptoms were assessed
when the children were aged 11½ using the General Health
Questionnaire (GHQ-28; Goldberg, 1972). Each of its 28 items
describes a psychological or somatic symptom, and subjects
indicate on a 4-point Likert scale how much they have
experienced it in the preceding 2 weeks. There are subscales for
Anxiety, Depression, Somatic Complaints, and Dysfunction. In
the present study, each item was rescored as either 0 (a rating of 0
or 1) or 1 (a rating of 2 or 3), according to the Goldberg method
(Goldberg, 1972), resulting in a minimum possible score of 0 and
a maximum possible score of 28. Data from two mothers (one
girl, one boy) were missing.

The number of obstetric complications (e.g., hypertension,
preeclampsia, cold or flu) was determined by maternal recall
when their children were 6 months of age using an adaptation
of the checklist used by Jacobsen and Kinney (1980) and, when
available, by examination of medical charts. The total number
of obstetric complications experienced by the women that were
rated as moderate-to-severe using the McNeil-Sjöström Scale for
Obstetric Complications (McNeil and Sjöström, 1995) were used
in the analyses.

Smoking and alcohol habits in pregnancy were assessed in
the 6 month postpartum questionnaire in order to capture the
entire pregnancy. Women were asked to indicate the number of

cigarettes smoked per day, and the number of drinks consumed
per week.

Child handedness (e.g., right- or left-handed) was determined
at age 11½ by observing which hand the child used to complete a
visual-motor integration task.

MRI Image Acquisition
Anatomical MRI was performed at the Unité de Neuroimagerie
Fonctionelle (UNF) du Center de Recherche de l’Institut
Universitaire de Gériatrie de Montréal (CRIUGM). Brain imaging
was done with a 3.0T Siemens MAGNETOM Trio TIM
Syngo magnetic resonance imaging (MRI) scanner (Siemens,
Erlangen, Germany), with a 12-channel head coil. For each
participant, we obtained a 3D, T1-weighted Magnetization
Prepared Rapid Gradient Echo [MPRAGE] sequence (TR/TE/TI
= 2300/2.98/900ms) (voxel size = 1 × 1 × 1 mm3; sagittal
acquisition; 176 slices; 256 × 256mm grid). The raw images
underwent automated correction for intensity non-uniformity
and normalization for signal intensity (Sled et al., 1998).

MRI Image Analysis
The amygdala was automatically segmented using the multiple
automatically generated templates (MAGeT) Brain pipeline
(Chakravarty et al., 2013; Pipitone et al., 2014). Next, AGV
were manually corrected (by RD) using a validated manual
segmentation protocol (Pruessner et al., 2000), and a random
subset were verified by an expert rater (JCP). Total Brain Volume
(TBV) was obtained using the Brain Extraction based on non-
local Segmentation Techniques (BEaST) method, which is based
on non-local segmentation in a multi-resolution framework
(Eskildsen et al., 2012). BEaST is designed to include cerebral
spinal fluid (in the ventricles, cerebellar cistern, deep sulci,
along surface of brain and brain stem), the brainstem, and
cerebellar white and gray matter in the brain mask while
excluding the skull, skin, fat, muscles, dura, eyes, bone, exterior
blood vessels, and exterior nerves. After the BEaST masks
were automatically created, the labels underwent quality control
and manual corrections. Amygdala volumes were corrected for
TBV (AGV/TBV) to account for individual differences in brain
volume. The AGV/TBV variables were used in all analyses, and
are referred to as normalized AGV.

Statistical Analyses
All analyses were carried out on boys and girls separately
to account for the difference between male and female
neurodevelopmental trajectories, and given the sex-specific
effects reported in the literature (Buss et al., 2012; Favaro
et al., 2015). First, descriptive analyses (mean, range, standard
deviation) were conducted on outcome, predictor and control
variables, and t-tests were run to compare boys’ and girls’ levels
for each of those variables. Pearson zero-order correlations for
normally distributed variables, as well as Spearman’s rho non-
parametric testing for variables violating normality were also
conducted to test the association between all variables.
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(Regression Analyses)
To test the effects of PNMS on normalized AGV, the data for
right and left normalized AGV were subjected to hierarchical
regression analyses. Child handedness was controlled for in
all analyses. Given the evidence that timing of exposure to
the stressor might influence the response to PNMS, timing
of exposure to the storm in utero was also included in the
models regardless of its association with the brain, behavioral
and cognitive outcomes. However, the mother’s age at birth
of child, pregnancy drinking and smoking habits, as well as
her perinatal SES and number of life events, and concurrent
psychological symptoms at 11½ years postpartum were used
as covariates but kept only if they were correlated with brain
outcomes. This method of selectively adding covariates to the
models allowed for the conservation of power considering
the limitations imposed by our sample size. The regression
model steps were the same for right and left normalized
AGV (the outcome variable): the covariates were entered
first into the model (timing of exposure, then handedness,
then covariates associated with the outcome sequentially),
followed by objective hardship, subjective distress, and lastly,
cognitive appraisal.

To assess the moderating effects of timing of exposure on the
relationship between PNMS and right and left normalized AGV,
interaction terms were added in the last step of the hierarchical
regression, with either Objective hardship× Timing of exposure,
Subjective distress × Timing of exposure or Cognitive appraisal
× Timing of exposure as the interaction terms, entered in
separate analyses.

In order to determine the confounding effect of postnatal
environment on the effect of PNMS, concurrent SES at 11½
years postpartum, as well as postnatal maternal life events,
were then added to the models if they were significantly
correlated with AGV. Even though concurrent maternal
psychological symptoms are postnatal, this variable was included
in all models if significant, to address a potential responder
bias issue.

Given the sample size, the equations were trimmed
of any non-significant variables (p > 0.1) that were
forced into the equation except for handedness, objective
hardship, timing of exposure to the storm, and any
PNMS variable included in the interaction term. To
control for the number of moderation analyses, the
Bonferroni correction was applied to the interaction
term p-values.

Amygdala Volume and Behavioral Outcomes

(Partial Correlations)
To test the effects of left or right AGV on internalizing and
externalizing problems partial correlations were run, controlling
for covariates that were significantly associated with the
behavioral outcomes. As per the regression analyses, handedness
and timing of exposure to the storm were always included as
covariates, and analyses were run with and without postnatal
measures to determine their confounding effect.

Mediating Effect of Amygdala Volumes on

Association Between PNMS and Behavioral Problems
To test the extent to which changes in normalized AGV explained
the effect of PNMS on behavior, simple mediation or moderated
mediation analyses were used. Because the indirect effect is
more likely to be significant if the two paths forming it are
strongly associated, the mediation or moderated mediation was
only tested when both paths of the indirect effect (path 1:
PNMS or PNMS by timing interaction to normalized AGV
from the regressions, and path 2: normalized AGV to behavior
from the partial correlations) were significant or marginally
significant. Covariates that were significantly correlated with
either normalized AGV or the behavioral outcome were entered
in the model, and then trimmed out if not-significant in the
final model. Again, the models were run with and without
postnatal measures.

For the moderation analyses, the SPSS PROCESS macro
(Hayes and Preacher, 2013) was used to run multiple linear
regressions and probe the interaction. For the mediation and
moderated mediation analyses, PROCESS uses bootstrapping
with 20,000 resamplings to calculate the 95% confidence interval
for the indirect effect. All correlation and main effect analyses
were set to p < 0.05. Analyses were conducted using SPSS 20.0.

RESULTS

Descriptive statistics for outcome, predictor, and control
variables are presented for boys and girls separately in Table 1.
There was a strong tendency for boys to have longer gestational
ages at birth (p= 0.054 and to have higher internalizing problem
scores (p = 0.059). There was also a weak tendency for mothers
of boys to have lower concurrent SES (p = 0.091) and to have
experienced more postnatal major life events (0.092). Boys and
girls did not significantly differ on any other variable. Non-
significant analyses are presented in Supplementary Tables 1, 2.

Boys
Prenatal Stress and Amygdala Volume

(Regression Analyses)
As shown in Table 2, perinatal SES was correlated with left and
right normalized AGV, thus, this variable was entered in both
regression models. Additionally, concurrent SES and perinatal
maternal life events were also correlated with left and right
normalized AGV, and maternal psychological symptoms were
associated with left normalized AGV, thus, those variables were
entered accordingly into the two regression models adjusted for
postnatal measures.

Right amygdala volume
In boys, the results of the hierarchical regressions for right
normalized AGV are presented in Table 3a. In the first step,
timing explained 6.5% (p= 0.165), in the second step handedness
explained an additional 2.7% (p = 0.373) and in the third step,
SES explained an additional 13.0% (p = 0.043) of the variance
in normalized AGV, such that higher SES significantly predicted
larger AGV. In the fourth step, mothers’ objective hardship
explained an additional 0.3% (p = 0.755) and in the fifth step
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TABLE 1 | Descriptive statistics of variables, and results of t-test for sex differences.

Boys (n = 31) Girls (n = 32) p Cohen’s d

Variables Mean SD Mean SD

Right normalized AGV 0.070 0.007 0.072 0.008 0.274 0.278

Left normalized AGV 0.072 0.007 0.072 0.007 0.922 0.025

Objective stress storm32 11.839 4.810 11.031 4.816 0.508 0.168

Subjective stress IES-R 12.032 13.824 8.650 8.870 0.472 0.182

Number of days of pregnancy when ice storm happened (timing of PNMS) 78.450 102.849 94.590 103.788 0.538 0.156

Gestational age at birth (weeks) 40.226 0.976 39.754 0.927 0.054 0.495

Maternal psychological symptoms GHQ-28 0.106b 0.155 0.060a 0.115 0.192 0.338

Socioeconomic status (SES) Hollingshead scale (perinatal) 29.839 12.718 27.094 12.105 0.384 0.221

Socioeconomic status (SES) Hollingshead scale (concurrent) 34.31c 15.05 27.67b 14.60 0.091 0.448

Number of cigarettes/day 2.419 5.622 1.750 4.930 0.617 0.127

Number of glasses of alcohol/week 0.047 0.184 0.127 0.421 0.330 0.246

Maternal life events (perinatal) 6.516 4.098 5.468 2.961 0.248 0.294

Maternal life events (postnatal) 1.29b 0.89 0.9470 0.661 0.092 0.440

Obstetric complications 4.81 3.02 3.970 2.192 0.211 0.319

Maternal age at birth 29.000 5.320 30.196 4.311 0.330 0.247

Internalizing problems CBCL (T-scores) 54.73b 10.106 49.47 11.376 0.059 0.488

Externalizing problems CBCL (T-scores) 48.03b 8.732 45.81 8.716 0.320 0.255

Lower SES scores represent higher SES.
aN = 31.
bN = 30.
cN = 29.

AGV, Amygdala volume; IES-R, Impact of Event Scale-Revised; PNMS, Prenatal maternal stress; GHQ, General Health Questionnaire; CBCL, Achenbach Child Behavior Checklist.

subjective distress explained an additional 3.9% (p = 0.207)
of the variance in the child’s right normalized AGV. Finally,
the subjective distress × timing interaction term explained a
statistically significant increase of 12.9% (p = 0.032) of the
variance. Since no significant main or interaction effects were
found with cognitive appraisal, it was left out of the final analyses.
The full model explained 40.2% of the variance of the boys’ right
normalized AGV.

We probed this interaction and found, as illustrated in
Figure 1, that when the boys were exposed to the ice storm
from pregnancy day 157 (week 22.42) onwards, there was a
significant positive association between subjective distress and
right normalized AGV: for boys exposed to the ice storm after
pregnancy day 157, the greater their mothers’ subjective distress,
the larger the right normalized AGV. When the boys were
exposed to the storm before pregnancy day 157, there was no
significant effect of subjective distress on right normalized AGV.
Additionally, when subjective distress scores were equal to or
greater than a log value of 2.64 (original subjective stress scale
13.01), there was a significant (p < 0.05) effect of timing on right
normalized AGV; for these boys, the later they were exposed to
the ice storm in gestation, the larger the right normalized AGV.

When adjusting the model for postnatal measures, concurrent

SES was no longer significant, so it was trimmed out of themodel.

Postnatal life events became marginally significant (p = 0.056),
such that more yearly life events was associated with larger
normalized AGV. However, adjusting for number of yearly
postnatal life events, the subjective stress x timing interaction was
no longer significant.

Left amygdala volume
For the left normalized AGV in boys, the hierarchical
regression models revealed no significant main effects of PNMS
measures, and no significant PNMS-by-timing interactions (data
not shown).

Amygdala Volume and Behavioral Outcomes

(Partial Correlations)
When testing the second path of the indirect effect we found
that right and left normalized AGV in boys were associated with
externalizing, but not internalizing, problems when controlling
for timing of exposure, handedness, maternal psychological
functioning, and maternal alcohol usage during pregnancy
(Table 4). However, when adjusting for number of yearly
postnatal maternal life events, the effect of normalized right AGV
on externalizing became marginal.

Mediating Effect of Amygdala Volumes on

Association Between PNMS and Externalizing

Problems
Because a significant subjective distress by timing interaction
effect was obtained on right normalized AGV, and that partial
correlations showed that right normalized AGV was significantly
associated with externalizing problems, a moderated mediation
effect was tested in boys, moderating the first path by timing
of exposure, and adjusting the model for handedness, SES,
maternal psychological functioning, and maternal alcohol usage.
However, since neither path in the model showed a significant
effect of maternal psychological functioning, this covariate was
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TABLE 3 | Summary of hierarchical regression analyses for (a) the normalized right amygdala volume in boys and for (b) the normalized right and (c) left amygdala volume

in girls at 11 years of age.

Predictor variables β B SE of B R R2 1R2 F 1F

(A) RIGHT NORMALIZED AGV—BOYS

Step 1 0.256 0.065 2.027

Timing 0.256 1.76E-05 1.20E-05

Step 2 0.303 0.092 0.027 1.417 0.820

Timing 0.294 2.02E-05 1.30E-05

Preferred hand 0.167 0.005 0.005

Step 3 0.471 0.222 0.130 2.562† 4.498*

Timing 0.258 1.78E-05 1.20E-05

Preferred hand 0.126 0.004 0.005

SES (perinatal) −0.363* −2.02E-04* 9.50E-05

Step 4 0.474 0.225 0.003 1.882 0.099

Timing 0.255 1.76E-05 1.20E-05

Preferred hand 0.145 0.004 0.005

SES (perinatal) −0.376* −2.10E-04* 1.00E-04

Objective stress −0.060 −8.78E-05 2.79E-04

Step 5 0.523 0.273 0.049 1.880 1.677

Timing 0.257 1.77E-05 1.20E-05

Preferred hand 0.173 0.005 0.005

SES (perinatal) −0.480* −2.68E-04* 1.08E-04

Objective stress −0.193 −2.84E-04 3.14E-04

Subjective stress 0.263 0.002 0.001

Step 6 0.634 0.402 0.129 2.687* 5.159†

Timing 0.095 −4.40E-05 2.90E-05

Preferred hand 0.096 0.003 0.005

SES (perinatal) −0.526* −2.93E-04* 1.01E-04

Objective stress −0.049 −7.27E-05 3.05E-04

Subjective stress 0.072 −0.002 0.002

Subjective stress*

timing

0.443† 2.57E-05† 1.10E-05

Adjusted for postnatal life events 0.705 0.497 0.095 3.100* 4.057†

Timing −0.074 −3.16E-05 2.88E-05

Preferred hand 0.235 0.007 0.005

SES (perinatal) −0.444* −2.47E-04* 1.00E-04

Objective stress −0.141 −2.09E-04 3.03E-04

Subjective stress 0.028 −0.001 0.002

Subjective stress*

timing

0.329 1.88E-05 1.13E-05

Postnatal life events 0.368† 0.003† 0.001

(B) RIGHT NORMALIZED AGV—GIRLS

Step 1 0.441 0.194 7.227*

Timing 0.441* 3.19E-05* 1.20E-05

Step 2 0.463 0.214 0.020 3.954* 0.742

Timing 0.443* 3.21E-05* 1.20E-05

Preferred hand 0.142 0.004 0.004

Step 3 0.543 0.295 0.081 3.904* 3.202†

Timing 0.528** 3.82E-05** 1.20E-05

Preferred hand 0.259 0.007 0.004

Objective stress 0.318† 4.96E-04† 2.77E-04

(C) LEFT NORMALIZED AGV—GIRLS

Step 1 0.285 0.081 2.648

Timing 0.285 1.82E-5 1.10E-05

(Continued)
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TABLE 3 | Continued

Predictor variables β B SE of B R R2 1R2 F 1F

Step 2 0.358 0.128 0.047 2.137 1.575

Timing 0.289 1.84E-5 1.10E-05

Preferred hand 0.218 0.005 0.004

Step 3 0.491 0.241 0.113 2.969* 4.168†

Timing 0.389* 2.48E-5* 1.10E-05

Preferred hand 0.357† 0.008† 0.004

Objective stress 0.376† 0.001† 2.54E-04

AGV, amygdala volume.
†
p < 0.10. *p < 0.05 (2-tailed). **p < 0.01 (2 tailed). Lower SES scores represent higher SES.

In (a) Bonferroni corrected on interaction p-value: †p < 0.033. *p < 0.0167 (2-tailed).

FIGURE 1 | Moderation of subjective stress’ effect on normalized right AGV by timing of exposure in boys. Low and high stress lines are represented at the 10 and

90th sample percentile of subjective distress (measured with the Impact of Events Scale-Revised) respectively, which are at a log-transformed level of 0 and

3.33 (0 and 26.94 in original scale), respectively. Following a significant interaction between subjective stress and timing, probing the interaction revealed that when

mothers were exposed to the storm from day 157 (week 22.42) onwards, the greater their mothers’ subjective stress, the larger their right normalized AGV; the region

of significance is represented by the vertical line. When mothers were exposed to the storm before day 157, which includes the mothers exposed to the storm during

preconception, there was no significant effect of subjective stress on right normalized AGV. Additionally, when subjective stress scores were equal to or greater than a

log value of 2.64 (original subjective stress scale 13.01), there was a significant (p < 0.05) effect of timing on right normalized AGV; for these boys, the later they were

exposed to the storm in gestation, the larger the right normalized AGV; for these boys, the later they were exposed to the storm in gestation, the larger the right

normalized AGV. *p < 0.01.

removed from the final model. The results indicated a significant
moderated mediation effect (index of moderated mediation =

0.0135 and 95% confidence interval = [0.0006; 0.0369]), such
that the mediation effect from higher subjective distress to more
externalizing problems via larger right AGV was only significant
for boys exposed on gestational day 212 (30.29 weeks) or later.
However, since the moderation effect was no longer significant
when adjusting for number of yearly postnatal life events, the
mediation adjusting for postnatal measures was not tested.

Girls
Prenatal Stress and Amygdala Volume

(Regression Analyses)
As shown in Table 2, no covariates were correlated with
normalized AGV in girls, so no additional variables were added
to the models.

Right amygdala volume
In girls, the results of the hierarchical regressions for right
normalized AGV are presented in Table 3b. In the first step,
timing explained 19.4% (p = 0.012), such that later exposure
was significantly associated with larger right normalized AGV.
In the second step, handedness explained 2.0% (p = 0.396) of
the variance in right normalized AGV. In the last step, mothers’
objective hardship explained an additional 8.1% (p = 0.084) of
the variance in the girls’ right normalized AGV: higher objective
hardship was related to a larger right normalized AGV. Neither
subjective distress, cognitive appraisal, nor any of the interaction
terms were significantly related to the girls’ right normalized
AGV. The full model explained a total of 29.5% of the variance.

Left amygdala volume
Results of the hierarchical regression for left normalized AGV in
girls are presented in Table 3c. In the first step, timing explained
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TABLE 4 | Partial correlation coefficients between amygdala volume (AGV) and

behavioral problems controlling for handedness, timing of exposure to the storm

and additional covariates (see footnotes).

Sex child Variables Internalizing problems Externalizing

problems

PERINATAL MODEL

Boys Normalized right AGV 0.167a,b 0.452*a,b

Normalized left AGV 0.154a,b 0.412*a,b

Girls Normalized right AGV 0.177 0.561**c

Normalized left AGV 0.144 0.384*c

ADJUSTING FOR POSTNATAL LIFE EVENTS

Boys Normalized right AGV 0.082a,b,d 0.355†a,b,d

Normalized left AGV 0.075a,b,d 0.313*a,b,d

Girls Normalized right AGV 0.203 0.568**c

Normalized left AGV 0.074 0.344*c

†
p < 0.10. *p < 0.05 (2-tailed). **p < 0.01 (2-tailed).

aGlasses of alcohol per week.
bMaternal psychological functioning (concurrent).
cMaternal life events (perinatal).
dMaternal life events (postnatal).

8.1% (p = 0.114), and in the second step, handedness explained
an additional 4.7% (p = 0.220) of the variance in left normalized
AGV. In the last step, mothers’ objective hardship explained an
additional 11.3% (p = 0.051) of the variance: higher objective
hardship was related to a larger left normalized AGV. The main
effects ofmothers’ subjective distress and cognitive appraisal were
not significantly related to the girls’ left normalized AGV so
they were left out of the model. None of the interaction terms
were significantly related to the girls’ left normalized AGV. The
final model explained 24.1% of the variance in the girls’ left
normalized AGV.

Amygdala Volume and Behavioral Outcomes

(Partial Correlations)
When testing the second path of the indirect effect we
found that larger right normalized AGV predicted more
externalizing problems in girls when controlling for timing,
handedness, and maternal life events (Table 4). There was no
effect on internalizing problems when controlling for timing
and handedness. Results were very similar when adjusting for
postnatal measures.

Mediating Effect of Amygdala Volumes on

Association Between PNMS and

Externalizing Problems
Because objective hardship was marginally associated with
left and right normalized AGV, which were associated with
externalizing problems, we tested for mediation effects, adjusting
for timing of exposure, handedness, and maternal life events.
However, in the model with left normalized AGV, neither path
showed a significant maternal life events effect, so this covariate
was removed from the final model. The analyses revealed that
more objective hardship predicted larger left normalized AGV
which in turn was associated with more externalizing problems

(indirect effect = 0.286 and 95% confidence interval [0.0166;
0.9643]). The same mediation effect was also observed for the
right normalized AGV (effect: 0.3831 and confidence interval
[0.0106; 1.2727]). When adjusting for postnatal measures, the
yearly number of postnatal life events was no longer significant,
so it was trimmed out of the models. As such, the mediations
through left and right AGV remain significant.

DISCUSSION

The first aim of this study was to determine whether there is
an association between disaster-related PNMS and normalized
AGV in boys and girls, and to investigate the extent to which
timing of the ice storm in utero moderates the effects of PNMS
on AGV. The second aim was to determine the extent to which
AGV mediated the effects of disaster-related PNMS on child
behavioral outcomes. By using a natural disaster as the source
of stress, our method included the ability to test the relative
contribution of three aspects of pregnant women’s disaster-
related PNMS experience (i.e., objective hardship, subjective
distress, and cognitive appraisal) on AGV and on behavioral
functioning of their children. Given the sudden onset of the ice
storm, we were also able to test, and control for, the timing of in
utero maternal stress exposure. Because boys and girls respond
to PNMS differently, and because previous research has shown
a sex-specific effect of maternal cortisol on AGV (Buss et al.,
2012), and on internalizing/externalizing symptoms (reviewed
in Glover and Hill, 2012) we tested our hypotheses in boys
and girls separately. Our results suggest that there is a complex
relationship between the predictors (the aspects of maternal
stress experienced during pregnancy, and timing) and AGV in
exposed boys and girls at 11½ years of age.

In Boys, Exposure to Higher Subjective
PNMS in the Second Half of Pregnancy Is
Associated With Larger Right Amygdala
Volumes Which Predict More
Externalizing Problems
Our first hypothesis was that higher levels of maternal objective
hardship and/or subjective distress, and/or a negative cognitive
appraisal of the crisis would explain variance in child AGV
as normalized by total brain volume. No significant direct
associations between our disaster-related PNMS measures and
normalized AGV in boys were detected. From our correlational
analyses we found that higher SES was associated with larger
AGV, and when controlling for SES and objective PNMS
exposure, an interaction between subjective PNMS and timing of
exposure emerged. When exposure to the ice storm occurred at
or after gestational week 22, higher maternal subjective distress
predicted larger normalized right AGV. When subjective PNMS
was >13 (which is not very severe), the later the exposure, the
larger the AGV, such that AGV in those exposed earlier were
below the sample’s average while AGV in those exposed later were
above the sample’s average (Figure 1). The model explained 40%
of the variance in normalized right AGV, with 13% attributed
to SES, and 13% to the interaction between subjective PNMS
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and timing. Interestingly, when adjusting the regression model
for postnatal measures, concurrent SES was trimmed out of the
model because it was no longer significant, and postnatal life
events became marginally significant (p= 0.056), such that more
yearly postnatal life events was associated with larger normalized
AGV. However, adjusting for number of yearly postnatal life
events, the interaction between subjective stress and timing
was no longer significant. This suggests that maternal reported
postnatal life events are an important factor contributing to
right normalized amygdala volume in boys. Larger studies that
specifically address the influences of prenatal factors, timing of
PNMS exposure, and of postnatal life events directly related to
the child are needed to better understand the influence of these
factors on AGV in boys.

These data add to a growing body of literature showing that
the amygdala is vulnerable to early life adverse experiences and
prenatal factors, and suggest that the timing of exposure may
be important. Maternal cortisol levels and prenatal maternal
depression have been associated with structural and functional
changes in the amygdala, and some have shown that the effects
are specific to girls (e.g., Favaro et al., 2015; Wen et al., 2017;
Soe et al., 2018). Limitations from those studies include, in the
maternal depression studies (Lupien et al., 2011), the inability to
test for timing effects, and in the maternal cortisol study (Buss
et al., 2012), the lack of an independent maternal stressor. Our
study suggests that the pregnant mother’s subjective distress in
response to a sudden onset stressor frommid-gestation onward is
associated with larger AGV in boys. Furthermore, and consistent
with previous studies (Buss et al., 2012; Rifkin-Graboi et al.,
2013), the right amygdala seems particularly vulnerable to the
effects of prenatal factors and early life adverse experiences.
Our findings suggest that structural changes in the amygdala
in boys may be particularly sensitive to maternal subjective
distress experienced from a natural disaster, as of the 22nd
week of gestation. The direction of our effect is consistent with
that of Buss et al. (2012), who reported that higher levels of
maternal cortisol levels in healthy mothers during pregnancy
were associated with larger AGV at 7 years of age (albeit the
effect was found in girls, but not boys), however their effect
was detected earlier, at 15 weeks of gestation. Fetal cortisol
is produced throughout the second trimester (weeks 12–20)
(Johnston et al., 2018), with no difference between the sexes, and
the fetal adrenal gland begins to secrete cortisol at increased levels
as of 22 weeks gestation (Mesiano and Jaffe, 1997). One possibility
explaining these sex-specific timing effects could involve sex
differences in placental conversion of active maternal cortisol
to inactive cortisone by 11B-hydroxysteroid dehydrogenase type
2 (11β-HSD2) (Clifton, 2010; Nugent and Bale, 2015). Another
possibility may relate to amygdala circuitry, which expands from
local to distal in the third trimester, developing connections
with the frontal and temporal lobes before making connections
with the contralateral amygdala (Scheinost et al., 2017). Thus,
it is possible that in the face of maternal subjective distress,
it is the summed contribution of both maternal and fetal
cortisol levels that affects fetal male amygdala development
and circuitry.

Prenatal factors can also differentially influence structural
properties of the amygdala at different points in postnatal
development. For example, in one rodent study that considered
only males, mild prenatal environmental stressors (starting
on gestational day 14/21) was associated with smaller lateral,
basolateral, and central nuclei on postnatal day 25 (i.e., early
pubertal period), but not at postnatal days 7, 45, or 60.
Interestingly, in the basolateral amygdala, but not the lateral
or central nuclei, prenatal stress was associated with a shorter
nucleus at postnatal day 25, no difference on postnatal day 45,
but longer nucleus on postnatal day 60 (Kraszpulski et al., 2009).
Thus, PNMS may differentially affect structural properties of
different amygdala nuclei throughout development. Although
for rodents and humans, peak amygdala development occurs
at different time points during gestation (in the second half
of gestation in rats, and in the first trimester in humans, as
reviewed in Charil et al., 2010), exposure to maternal perinatal
stress or stress hormones can have a lasting impact on postnatal
amygdala development in both species. Our data are consistent
with those from studies of children who were initially raised
in an impoverished institution as young infants, but who were
then brought up in very high SES families: these children also
had larger AGV in later life (Mehta et al., 2009; Tottenham and
Sheridan, 2009). As such, the larger AGV we observe may be due
to decreased cell proliferation and neuronal differentiation and
increased gliogenesis due to stressors experienced during critical
periods of perinatal development, as proposed by others (Salm
et al., 2004; Kang et al., 2011; Buss et al., 2012). Although it is
unclear how such structural changes may relate to externalizing
problems, those changes may disrupt typical connectivity to
other structures related to emotional regulation.

In boys, higher maternal subjective distress predicted higher
externalizing scores through larger normalized right AGV, but
only when the ice storm occurred at or after gestational week
30. This suggests that although maternal subjective distress
can influence right AGV as of 22 weeks of gestation (as
described above), the behavioral consequences of increased
AGV are more likely to result from even later exposure (i.e.,
week 30). Whereas, there was no main effect of PNMS on
internalizing or externalizing problems in boys, the partial
correlations from both normalized left and right AGV predicted
more externalizing problems, explaining 20% of the variance.
Although the bivariate correlation suggested a tendency for
left AGV to be associated with internalizing problems in
boys, no association was detected from the partial correlations,
suggesting that AGV was not associated with internalizing
problems. Buss et al. (2012) did not observe associations
between maternal cortisol and amygdala volume in boys, nor
between maternal cortisol at any of the gestational ages and
affective problems. Similarly, we did not find associations
between PNMS and internalizing behaviors in our sample of
boys. Yet our findings extend those of Buss et al. (2012) by
showing that maternal subjective distress at a later period of
gestation is associated with larger normalized AGV in 11½
year old boys, which in turn is associated with concurrent
externalizing behaviors.
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In Girls, Normalized Amygdala Volumes
Mediate the Association Between
Objective PNMS and Externalizing
Problems
Our first hypothesis was that higher levels of maternal objective
hardship and/or subjective distress, and/or a negative cognitive
appraisal of the crisis would explain variance in the child’s

normalized AGV. The regression analyses revealed that when

controlling for timing and handedness, greater objective hardship
tended to predict larger right and left normalized AGV. Although

there was no moderating effect of timing, a main effect of timing

was detected in the hierarchical regression, such that later timing
of exposure was associated with larger right and left normalized
AGV. This timing effect is in contrast to Buss et al. (2012)
who reported that maternal cortisol levels in earlier pregnancy
were associated with larger AGV in girls at 7 years of age. As
mentioned in section In Boys, Exposure to Higher Subjective
PNMS in the SecondHalf of Pregnancy Is AssociatedWith Larger

Right Amygdala Volumes Which Predict More Externalizing
Problems, these contrasting findings can be due to differences in
the age of the participants when AGV was measured.

Our second hypothesis was that normalized AGV would
mediate the association between PNMS and behavioral problems.
The partial correlations revealed that when controlling for
timing, handedness and maternal life events, larger right and
left AGV were associated with more externalizing problems.
The mediation analysis revealed that objective hardship was
associated with larger left and right AGV, which in turn was
associated with more externalizing problems at 11½ years of age.
The existing literature suggests that more externalizing problems

are associated with smaller AGV in adults (Matthies et al., 2012;
Bobes et al., 2013; Gopal et al., 2013). However, prior to the
current study only one study examined the mediating role of
AGV between prenatal factors and behavior in children. Buss
et al. (2012), in a group of healthy mothers and children, reported
that higher maternal cortisol levels during early pregnancy were
associated with larger right AGV which in turn was associated
with more concurrent internalizing behaviors in 7 year old girls.
That study considered naturally varying maternal cortisol levels
collected at discrete periods during pregnancy (i.e., weeks 15,
19, 25, 31, and 39). The present study has the advantage of
considering how a sudden-onset external stressor, outside of the
mother’s control, affected child development when exposed at
varying prenatal periods. Here, we report that factors outside
of the mother’s control (i.e., her objective hardship experienced
from the ice storm), and separate from her subjective response,
is associated with larger normalized AGV and concurrent
externalizing behaviors at 11½ years of age. Together these
findings show that maternal factors during the prenatal period
are important in the developing child’s brain and behaviors.

The lack of associations with internalizing problems is
surprising. We have previously reported with this sample that
objective hardship and subjective distress are associated with
internalizing problems when controlling for sex (King et al.,
2012), whereas our bivariate correlations here suggest that
subjective distress is more strongly associated with internalizing

(and externalizing) in girls than in boys. Prospective studies
have shown that maternal anxiety is a particularly strong
predictor of child anxiety, regardless of sex (reviewed in
Glover and Hill, 2012). Although the amygdala is thought to
be an important structure associated with internalizing and
externalizing problems, the directionality of those effects are not
clear, which may be due to factors such as timing of the stressor,
or the age of the child at the time of the assessment (Tottenham
and Sheridan, 2009), or sex. Whereas some studies find smaller
AGV in children and adolescents with mixed anxiety disorders
(e.g., Mueller et al., 2013; Strawn et al., 2015), others report
larger AGV in children with higher parent-reported anxiety (Qin
et al., 2014). Both larger and smaller volumes have been reported
in pediatric anxiety/depression (De Bellis et al., 2000; Milham
et al., 2005), but sub-clinical internalizing problems appear to
be associated with smaller AGV in otherwise healthy individuals
(Spampinato et al., 2009; Merz et al., 2018). Similarly, it is
smaller AGV that appears to be associated with higher levels
of aggression in typical children (Matthies et al., 2012; Thijssen
et al., 2015). Although the direction of these associations are
unclear, Merz et al. (2018) recently reported that associations
between environmental factors (i.e., SES) and AGV may vary by
age. Our current findings suggests that larger, not smaller, AGV
at 11½ may be predictive of concurrent aggressive behaviors,
but not internalizing behaviors, particularly following in utero
exposure to maternal stressors. Future studies are needed to
disentangle the complex relationship between prenatal maternal
stress and/or cortisol levels and behavioral problems as mediated
through AGV, as their interaction with sex of the child, timing of
exposure, and timing of assessment.

Sex-Specific Effects of the Maternal PNMS
Experience on Child Outcomes
The various elements of the maternal stress experience (i.e.,
objective hardship, subjective distress, and cognitive appraisal)
on the brain appear to be different for males and for females.
We report that for girls, objective hardship seems to be the
strongest predictor of AGV. For boys, subjective distress has
some mild influence on AGV. Cognitive appraisal was not
associated with AGV in neither sex. Our findings that only
objective hardship, not subjective distress, was associated with
externalizing behaviors via AGV in girls are surprising because
they do not fit the conventional model of subjective distress
and cortisol where more subjective distress during pregnancy
causes an increase in maternal cortisol, which affects fetal
development. This suggests that some distinct aspects of the
objective hardship, perhaps unrelated to maternal cortisol levels,
are influencing child prenatal development. Unfortunately, no
other human studies have investigated the specific effect of
objective maternal hardship on the offspring brain so it is difficult
to discuss our findings in light of previous research. Interestingly,
it was maternal subjective distress, and not objective hardship,
in late pregnancy, that was associated with larger AGV and
increased externalizing behaviors in boys. These sex-specific
effects, and how they interact with timing of exposure in utero,
warrant further investigation. In the only human PNMS study
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on adult brain development, young women were found to have
morphometric and functional changes in gray matter density
within both the right and left amygdalae (Favaro et al., 2015),
but men were not included in that study. Unfortunately, not
only was the assessment of PNMS in that study retrospective, it
also combined varying sources of stressors such as interpersonal
problems (separation from partner), severe health problems,
death of a loved one, abuse, or exposure to a natural disaster
(Favaro et al., 2015). The design of our prospective longitudinal
study allows the objective nature of the stress exposure to be
isolated from the subjective distress of the woman and from her
cognitive appraisal of the event, and the current data show that
these different aspects of thematernal stress experiencematter. In
summary, our findings are consistent with those of Favaro et al.
(2015), in that both the left and right amygdala are affected by
PNMS in women, and we attribute this finding to the objective
hardship exposure.

Both maternal subjective distress and objective hardship have
been associated with cognitive and behavioral outcomes in the
child (Watson et al., 1999; Wadhwa et al., 2001; Gutteling
et al., 2005; Rice et al., 2007; Chuang et al., 2011; Liu, 2011).
Moreover, in our previous Project Ice Storm studies, objective
hardship was strongly correlated with physical, physiological
and cognitive measures (Laplante et al., 2004, 2007, 2008, 2016;
King and Laplante, 2005; King et al., 2009, 2012). Also, it was
reported that objective hardship was strongly associated with
DNA methylation (Cao-Lei et al., 2015, 2016), insulin secretion
(Dancause et al., 2013), cytokine production (Veru et al., 2015),
and earlier age at menarche (Duchesne et al., 2017), suggesting
that the mechanisms through which objective hardship affects
offspring development may bypass the maternal HPA axis and
use other pathways to influence development of these systems.
Lastly, our present findings linking subjective and/or objective
PNMS with externalizing problems are supported by previous
Project Ice Storm findings with assessments done 4½, 5½,
6½, 8½, and 9½ and 11½ years of age (King et al., 2012;
Nguyen et al., 2018). Importantly, the current results suggest that
different aspects of disaster-related PNMS can have sex-specific
effects on neurodevelopment, and in turn explain variance in
psychopathological symptoms (though the average T-scores lie
within the normal range, as can be seen in Table 1).

Limitations
There are limitations to this work that need to be acknowledged.
An important limitation regarding the sex specific effects is the
sample size that limited our power to test the interaction with
sex. However, based on the existing literature on sex-specific
effects, we used statistical approaches that have been suggested
as best practices in studies that were underpowered to test sex
differences (i.e., sex disaggregation, Heidari et al., 2016; Day
et al., 2017; Lee, 2018. Thus, our sex-specific analyses suggest
that boys and girls are differentially affected by PNMS. We
have reported the interactions in Supplementary Table 3, and
note that the interaction between right normalized AGV and
sex had the strongest effect size (R2 change), consistent with
the sex difference in right AGV reported by Buss et al. (2012).
Moreover, the effect size we report for the interaction term was

strongest for objective hardship, suggesting that this aspect of
the maternal stress experience may be a particularly important
driver in a potential sex difference. Future studies could use
these reports to ensure sufficient power to specifically address
sex differences.

Another important limitation to this study is that we did not
collect maternal cortisol at the time of the stressor. This is a
logistical limitation as the ice storm was a sudden-onset natural
disaster and, due to delays in obtaining ethics approval, data
collection only began 5 months after the disaster. In addition,
although we were able to control for maternal reported life
events, we did not have a direct measure of child self-reported
life stressors in childhood. We used an indirect measure of child
life events by using maternal related postnatal life events. These
appear to be an important factor related to normalized amygdala
volume in boys, and warrants further investigation. Another
limitation is that we did not collect information on pubertal
stage during the assessment at 11½ years of age. However, age at
menarche was collected in 23 female participants at the 13½ year
assessment. The mean age at menarche was 12. Only 5 out of the
23 female participants had attained menarche by the time of the
MRI scan at age 11½.When looking at a scatterplot of the PNMS-
by-AGV correlation, none of those 5 participants were outliers.
No association was found between AGV in girls at age 11½ and
their age at menarche (Table 2). Nonetheless, having pubertal
stage information for the full sample may have improved our
understanding of the effect seen, and may have helped remove
the potential confounding effect of pubertal hormone surges on
the brain and behavior. The lack of an unexposed control group is
another important limitation to this study. And finally, although
it is standard to correct brain region volumes for total brain
volumes, it is possible that the volumetric changes we observed in
amygdala volumes may be influenced by volumetric differences
in other brain structures.

Strengths
Our study’s main strength was the use of a sudden-onset,
quasi-randomly distributed natural disaster as a stressor, rather
than studying maternal psychological state or potentially non-
independent life events. This allowed us to test for dose-response
effects of PNMS on child neural and behavioral outcomes while
reducing the influence of genetic factors. Moreover, we were
able to assess the various elements of stress soon after the event
occurred, thus providing us with a highly personalized, deep-
level measure of the various stress levels. Additional strengths
of our present study include its longitudinal prospective design
with multiple assessment points between birth and childhood.
This allowed us to include a number of maternal, familial,
and postnatal child factors that may also influence child
development, such as perinatal and concurrent SES, obstetric
complications, gestational age at birth, maternal smoking and
drinking habits during pregnancy, and maternal life events
which were included as control variables in this study. Finally,
segmentation of all child brainMRI was done with gold-standard
manual segmentation. This may be especially important for
the assessment of AGV because it has been suggested that
automatic segmentation protocols are less reliable for smaller
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subcortical structures (Tae et al., 2008), including the amygdala
(Schoemaker et al., 2016).

CONCLUSION

Our present findings suggest that in boys, a mother’s distress
from a natural disaster, when experienced in the second half
of pregnancy, can influence the development of her child’s
amygdala, which in turn mediates the association between
subjective PNMS and externalizing behaviors when measured
11½ years later. In girls, the objective hardship experienced
from a natural disaster predicted larger right and left normalized
AGV, which in turn was associated with more externalizing
behavior. This is, to the best of our knowledge, the first report
linking PNMS with subsequent AGV and behavioral problems
in childhood. Findings from the present study provide support
for the hypothesis that susceptibility to behavioral problems
may, in part, be programmed in utero, and that this effect
may be mediated through the development of the amygdala.
Furthermore, the study shows that exposure to a stressor during
gestation exerts a lasting influence on child development. These
results add to the growing awareness of the importance of the
intrauterine environment and reveal a new pathway through
which the maternal exposure to a stressor during pregnancy may
affect the offspring, in a sex-specific manner.

DATA AVAILABILITY

We haven’t obtained consent (mothers) or assent (children) to
make the data available in publically accessible repositories, but
they are available on request to the corresponding author.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of The Code of Ethics of the World Medical
Association, and approved by the Douglas Mental Health
University Institute Research Ethics Board. All subjects gave
written informed consent or written informed assent for
participants under the age of 18 years, in accordance with the
Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

SK designed and implemented Project Ice Storm. RD, DL,
JP, and SK conceived of the current experiment. RD and RP
ran the automated segmentation pipelines, which was overseen
by MC. GE and RD ran the statistical analyses. RD did
manual corrections of the amygdala and total brain volume
segmentations derived from the automated segmentations,
overseen by JP. SK, DL, MC, and JP provided intellectual
contributions to the interpretation of data. RD interpreted the
data and drafted an early version of the manuscript. SJ, SK,
and DL provided intellectual contributions for the rationale,
interpretation of the data, and prepared the final manuscript
for submission.

FUNDING

The project was funded by grants from the March of Dimes
Foundation (12-FY07-263), Canadian Institutes of Health
Research (FRN 125892), and the McGill Stairs Memorial Fund.
SJ was supported by a postdoctoral fellowship by the Fonds de
recherche du Québec—Santé.

ACKNOWLEDGMENTS

The scanning protocol was designed by Arnaud Charil. The
children were escorted through the scanning protocol at
age 11½ by Rowena Lung, Karine Ferron, Gila Foomani,
Weirquan Zeng, Marjolaine Massé, and Maria Papastergiou.
The scans were obtained by MRI technicians André Cyr and
Carollyne Hurst at the Unité de Neuroimagerie Fonctionelle
(UNF) du Centre de Recherche de l’Institut Universitaire
de Gériatrie de Montréal (CRIUGM). Child behavioral
and cognitive testing was done by Jenifer Chappell and
Isabelle Bouchard.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2019.00144/full#supplementary-material

REFERENCES

Achenbach, T. M., and Ruffle, T. M. (2000). The child behavior checklist and

related forms for assessing behavioral/emotional problems and competencies.

Pediatr. Rev. 21, 265–271. doi: 10.1542/pir.21-8-265

Bobes, M. A., Ostrosky, F., Diaz, K., Romero, C., Borja, K., Santos, Y.,

et al. (2013). Linkage of functional and structural anomalies in the left

amygdala of reactive-aggressive men. Soc. Cogn. Affect. Neurosci. 8, 928–936.

doi: 10.1093/scan/nss101

Bromet, E., and Dew, M. A. (1995). Review of psychiatric

epidemiologic research on disasters. Epidemiol. Rev. 17, 113–119.

doi: 10.1093/oxfordjournals.epirev.a036166

Brunet, A., St Hilaire, A., Jehel, L., and King, S. (2003). Validation of a French

version of the impact of event scale-revised. Can. J. Psychiatry 48, 56–61.

doi: 10.1177/070674370304800111

Buss, C., Davis, E. P., Shahbaba, B., Pruessner, J. C., Head, K., and Sandman, C.

A. (2012). Maternal cortisol over the course of pregnancy and subsequent child

amygdala and hippocampus volumes and affective problems. Proc. Natl. Acad.

Sci. U S A. 109, E1312–E1319. doi: 10.1073/pnas.1201295109

Buss, C., Lord, C., Wadiwalla, M., Hellhammer, D. H., Lupien, S. J., Meaney, M.

J., et al. (2007). Maternal care modulates the relationship between prenatal risk

and hippocampal volume in women but not in men. J. Neurosci. 27, 2592–2595.

doi: 10.1523/JNEUROSCI.3252-06.2007

Cao, X., Laplante, D. P., Brunet, A., Ciampi, A., and King, S. (2014). Prenatal

maternal stress affects motor function in 5½-year-old children: Project Ice

Storm. Dev. Psychobiol. 56, 117–125. doi: 10.1002/dev.21085

Cao-Lei, L., Dancause, K. N., Elgbeili, G., Massart, R., Szyf, M., Liu, A., et al. (2015).

DNA methylation mediates the impact of exposure to prenatal maternal stress

on BMI and central adiposity in children at age 13½ years: Project Ice Storm.

Epigenetics 10, 749–761. doi: 10.1080/15592294.2015.1063771

Frontiers in Human Neuroscience | www.frontiersin.org 14 May 2019 | Volume 13 | Article 144

https://www.frontiersin.org/articles/10.3389/fnhum.2019.00144/full#supplementary-material
https://doi.org/10.1542/pir.21-8-265
https://doi.org/10.1093/scan/nss101
https://doi.org/10.1093/oxfordjournals.epirev.a036166
https://doi.org/10.1177/070674370304800111
https://doi.org/10.1073/pnas.1201295109
https://doi.org/10.1523/JNEUROSCI.3252-06.2007
https://doi.org/10.1002/dev.21085
https://doi.org/10.1080/15592294.2015.1063771
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Jones et al. Prenatal Stress and Amygdala Volume

Cao-Lei, L., Veru, F., Elgbeili, G., Szyf, M., Laplante, D. P., and King, S. (2016).

DNA methylation mediates the effect of exposure to prenatal maternal stress

on cytokine production in children at age 13½ years: Project Ice Storm. Clin.

Epigenetics 8:54. doi: 10.1186/s13148-016-0219-0

Chakravarty, M. M., Steadman, P., van Eede, M. C., Calcott, R. D., Gu, V.,

Shaw, P., et al. (2013). Performing label-fusion-based segmentation using

multiple automatically generated templates. Hum. Brain Mapp. 34, 2635–2654.

doi: 10.1002/hbm.22092

Charil, A., Laplante, D. P., Vaillancourt, C., and King, S. (2010).

Prenatal stress and brain development. Brain Res. Rev. 65, 56–79.

doi: 10.1016/j.brainresrev.2010.06.002

Chuang, C.-H., Jeng, S.-F., Hsieh, W.-S., Liao, H.-F., Su, Y.-N., and

Chen, P.-C. (2011). Maternal psychosocial factors around delivery,

and the behavior of 2-year-old children. Pediatr. Int. 53, 656–661.

doi: 10.1111/j.1442-200X.2010.03315.x

Clifton, V. L. (2010). Review: sex and the human placenta: mediating

differential strategies of fetal growth and survival. Placenta 31, S33–S39.

doi: 10.1016/j.placenta.2009.11.010

Cottrell, E. C., and Seckl, J. (2009). Prenatal stress, glucocorticoids

and the programming of adult disease. Front. Behav. Neurosci. 3:19.

doi: 10.3389/neuro.08.019.2009

Dancause, K. N., Veru, F., Andersen, R. E., Laplante, D. P., and

King, S. (2013). Prenatal stress due to a natural disaster predicts

insulin secretion in adolescence. Early Hum. Dev. 89, 773–776.

doi: 10.1016/j.earlhumdev.2013.06.006

Davis, M., and Whalen, P. J. (2001). The amygdala: vigilance and emotion. Mol.

Psychiatry 6, 13–34. 10.1038/sj.mp.4000812

Day, S., Mason, R., Tannenbaum, C., and Rochon, P. A. (2017). Essential

metrics for assessing sex and gender integration in health research

proposals involving human participants. PLoS ONE 12:e0182812.

doi: 10.1371/journal.pone.0182812

De Bellis, M. D., Casey, B. J., Dahl, R. E., Birmaher, B., Williamson, D.

E., Thomas, K. M., et al. (2000). A pilot study of amygdala volumes

in pediatric generalized anxiety disorder. Biol. Psychiatry 48, 51–57.

doi: 10.1016/S0006-3223(00)00835-0

Duchesne, A., Liu, A., Jones, S. L., Laplante, D. P., and King, S. (2017). Childhood

body mass index at 5.5 years mediates the effect of prenatal maternal stress

on daughters’ age at menarche: Project Ice Storm. J. Dev. Orig. Health Dis. 8,

168–177. doi: 10.1017/S2040174416000726

Eskildsen, S. F., Coupé, P., Fonov, V., Manjón, J. V., Leung, K. K., Guizard, N., et al.

(2012). BEaST: brain extraction based on nonlocal segmentation technique.

Neuroimage 59, 2362–2373. doi: 10.1016/j.neuroimage.2011.09.012

Favaro, A., Tenconi, E., Degortes, D., Manara, R., and Santonastaso, P. (2015).

Neural correlates of prenatal stress in young women. Psychol. Med. 45,

2533–2543. doi: 10.1017/S003329171500046X

Glover, V., and Hill, J. (2012). Sex differences in the programming effects of

prenatal stress on psychopathology and stress responses: an evolutionary

perspective. Physiol. Behav. 106, 736–740. doi: 10.1016/j.physbeh.2012.02.011

Goldberg, D. P. (1972). The Detection of Psychiatric Illness by Questionnaire: A

Technique for the Identification and Assessment of Non-Psychotic Illness. Oxford:

Oxford University Press.

Gopal, A., Clark, E., Allgair, A., D’Amato, C., Furman, M., Gansler,

D. A., et al. (2013). Dorsal/ventral parcellation of the amygdala:

relevance to impulsivity and aggression. Psychiatry Res. 211, 24–30.

doi: 10.1016/j.pscychresns.2012.10.010

Gutteling, B. M., de Weerth, C., Willemsen-Swinkels, S. H. N., Huizink, A. C.,

Mulder, E. J. H., Visser, G. H. A., et al. (2005). The effects of prenatal stress

on temperament and problem behavior of 27-month-old toddlers. Eur. Child

Adolesc. Psychiatry 14, 41–51. doi: 10.1007/s00787-005-0435-1

Harris, A., and Seckl, J. (2011). Glucocorticoids, prenatal stress

and the programming of disease. Horm. Behav. 59, 279–289.

doi: 10.1016/j.yhbeh.2010.06.007

Hayes, A. F., and Preacher, K. J. (2013). “Conditional process modeling:

using structural equation modeling to examine contingent causal processes,”

in Quantitative Methods in Education and the Behavioral Sciences: Issues,

Research, and Teaching. Structural Equation Modeling: A Second Course, eds

G. R. Hancock and R. O. Mueller (Charlotte, NC: IAP Information Age

Publishing), 219–266.

Heidari, S., Babor, T. F., De Castro, P., Tort, S., and Curno, M.

(2016). Sex and gender equity in research: rationale for the SAGER

guidelines and recommended use. Res. Integr. Peer Rev. 1, 1–9.

doi: 10.1186/s41073-016-0007-6

Hollingshead, A. B. (1975). Four Factor Index of Social Status. NewHaven, CT: Yale

University Press.

Jacobsen, B., and Kinney, D. K. (1980). Perinatal complications in adopted

and non-adopted schizophrenics and their controls: preliminary results. Acta

Psychiatr. Scand. 62, 337–346. doi: 10.1111/j.1600-0447.1980.tb07709.x

Johnston, Z. C., Bellingham, M., Filis, P., Soffientini, U., Hough, D., Bhattacharya,

S., et al. (2018). The human fetal adrenal produces cortisol but no

detectable aldosterone throughout the second trimester. BMC Med. 16:23.

doi: 10.1186/s12916-018-1009-7

Kang, H. J., Kawasawa, Y. I., Cheng, F., Zhu, Y., Xu, X., Li, M., et al. (2011).

Spatio-temporal transcriptome of the human brain. Nature 478, 483–489.

doi: 10.1038/nature10523

King, S., Dancause, K., Turcotte-Tremblay, A.-M., Veru, F., and Laplante, D. P.

(2012). Using natural disasters to study the effects of prenatal maternal stress on

child health and development. Birth Defects Res. C Embryo Today 96, 273–288.

doi: 10.1002/bdrc.21026

King, S., and Laplante, D. P. (2005). The effects of prenatal maternal stress on

children’s cognitive development: Project Ice Storm. J. Biol. Stress 8, 35–45.

doi: 10.1080/10253890500108391

King, S., Mancini-Marïe, A., Brunet, A., Walker, E., Meaney, M. J., and Laplante,

D. P. (2009). Prenatal maternal stress from a natural disaster predicts

dermatoglyphic asymmetry in humans. Dev. Psychopathol. 21, 343–353.

doi: 10.1017/S0954579409000364

Kinney, D. K., Miller, A. M., Crowley, D. J., Huang, E., and Gerber,

E. (2008). Autism prevalence following prenatal exposure to hurricanes

and tropical storms in Louisiana. J. Autism Dev. Disord. 38, 481–488.

doi: 10.1007/s10803-007-0414-0

Kraszpulski, M., Dickerson, P. A., and Salm, A. K. (2009). Prenatal stress

affects the developmental trajectory of the rat amygdala. Stress 9, 85–95.

doi: 10.1080/10253890600798109

Laplante, D. P., Barr, R. G., Brunet, A., Galbaud du Fort, G., Meaney, M. L.,

Saucier, J.-F., et al. (2004). Stress during pregnancy affects general intellectual

and language functioning in human toddlers. Pediatr. Res. 56, 400–410.

doi: 10.1203/01.PDR.0000136281.34035.44

Laplante, D. P., Brunet, A., and King, S. (2016). The effects of maternal stress and

illness during pregnancy on infant temperament: Project Ice Storm. Pediatr.

Res. 79, 107–113. doi: 10.1038/pr.2015.177

Laplante, D. P., Brunet, A., Schmitz, N., Ciampi, A., and King, S. (2008). Project

Ice Storm: prenatal maternal stress affects cognitive and linguistic functioning

in 5½-year-old children. J. Am. Acad. Child Adolesc. Psychiatry 47, 1063–1072.

doi: 10.1097/CHI.0b013e31817eec80

Laplante, D. P., Zelazo, P. R., Brunet, A., and King, S. (2007). Functional play

at 2 years of age: effects of prenatal maternal stress. Infancy 12, 69–93.

doi: 10.1080/15250000701298741

Lee, S. K. (2018). Sex as an important biological variable in biomedical research.

BMB Rep. 51, 167–173. doi: 10.5483/BMBRep.2018.51.4.034

Liu, J. (2011). Early health risk factors for violence: conceptualization, review

of the evidence, and implications. Aggress. Violent Behav. 16, 63–73.

doi: 10.1016/j.avb.2010.12.003

Lupien, S. J., Parent, S., Evans, A. C., Tremblay, R. E., Zelazo, P. D., Corbo, V.,

et al. (2011). Larger amygdala but no change in hippocampal volume in 10-

year-old children exposed to maternal depressive symptomatology since birth.

Proc. Natl. Acad. Sci. U S A. 108, 14324–14329. doi: 10.1073/pnas.1105371108

MacMillan, S., Szeszko, P. R., Moore, G. J., Madden, R., Lorch, E., Ivey, J.,

et al. (2003). Increased amygdala: hippocampal volume ratios associated

with severity of anxiety in pediatric major depression. J. Child Adolesc.

Psychopharmacol. 13, 65–73. doi: 10.1089/104454603321666207

Matthies, S., Rüsch, N., Weber, M., Lieb, K., Philipsen, A., Tuescher, O., et al.

(2012). Small amygdala – high aggression? The role of the amygdala in

modulating aggression in healthy subjects. World J. Biol. Psychiatry 13, 75–81.

doi: 10.3109/15622975.2010.541282

McNeil, T. F., and Sjöström, K. (1995). The McNeil–Sjöström OC Scale:

A Comprehensive Scale for Measuring Obstetric Complications. Malmö:

Department of Psychiatry; Lund University; Malmö General Hospital.

Frontiers in Human Neuroscience | www.frontiersin.org 15 May 2019 | Volume 13 | Article 144

https://doi.org/10.1186/s13148-016-0219-0
https://doi.org/10.1002/hbm.22092
https://doi.org/10.1016/j.brainresrev.2010.06.002
https://doi.org/10.1111/j.1442-200X.2010.03315.x
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.3389/neuro.08.019.2009
https://doi.org/10.1016/j.earlhumdev.2013.06.006
https://doi.org/10.1371/journal.pone.0182812
https://doi.org/10.1016/S0006-3223(00)00835-0
https://doi.org/10.1017/S2040174416000726
https://doi.org/10.1016/j.neuroimage.2011.09.012
https://doi.org/10.1017/S003329171500046X
https://doi.org/10.1016/j.physbeh.2012.02.011
https://doi.org/10.1016/j.pscychresns.2012.10.010
https://doi.org/10.1007/s00787-005-0435-1
https://doi.org/10.1016/j.yhbeh.2010.06.007
https://doi.org/10.1186/s41073-016-0007-6
https://doi.org/10.1111/j.1600-0447.1980.tb07709.x
https://doi.org/10.1186/s12916-018-1009-7
https://doi.org/10.1038/nature10523
https://doi.org/10.1002/bdrc.21026
https://doi.org/10.1080/10253890500108391
https://doi.org/10.1017/S0954579409000364
https://doi.org/10.1007/s10803-007-0414-0
https://doi.org/10.1080/10253890600798109
https://doi.org/10.1203/01.PDR.0000136281.34035.44
https://doi.org/10.1038/pr.2015.177
https://doi.org/10.1097/CHI.0b013e31817eec80
https://doi.org/10.1080/15250000701298741
https://doi.org/10.5483/BMBRep.2018.51.4.034
https://doi.org/10.1016/j.avb.2010.12.003
https://doi.org/10.1073/pnas.1105371108
https://doi.org/10.1089/104454603321666207
https://doi.org/10.3109/15622975.2010.541282
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Jones et al. Prenatal Stress and Amygdala Volume

Mehta, M. A., Golembo, N. I., Nosarti, C., Colvert, E., Mota, A., Williams, S. C. R.,

et al. (2009). Amygdala, hippocampal and corpus callosum size following severe

early institutional deprivation: the English and Romanian Adoptees study pilot.

J. Child Psychol. Psychiatry 50, 943–951. doi: 10.1111/j.1469-7610.2009.02084.x

Merz, E. C., Tottenham, N., and Noble, K. G. (2018). Socioeconomic status,

amygdala volume, and internalizing symptoms in children and adolescents. J.

Clin. Child Adolesc. Psychol. 47, 312–323. doi: 10.1080/15374416.2017.1326122

Mesiano, S., and Jaffe, R. B. (1997). Developmental and functional

biology of the primate fetal adrenal cortex. Endocr. Rev. 18, 378–403.

doi: 10.1210/edrv.18.3.0304

Milham, M. P., Nugent, A. C., Drevets, W. C., Dickstein, D. S., Leibenluft, E.,

Ernst, M., et al. (2005). Selective reduction in amygdala volume in pediatric

anxiety disorders: a voxel-based morphometry investigation. Biol. Psychiatry

57, 961–966. doi: 10.1016/j.biopsych.2005.01.038

Moss, K. M., Simcock, G., Cobham, V. E., Kildea, S., Laplante, D. P.,

and King, S. (2018). Continuous, emerging, and dissipating associations

between prenatal maternal stress and child cognitive and motor development:

the QF2011 Queensland Flood Study. Early Hum. Dev. 119, 29–37.

doi: 10.1016/j.earlhumdev.2018.02.022

Mueller, S. C., Aouidad, A., Gorodetsky, E., Goldman, D., Pine, D. S., and Ernst,

M. (2013). Gray matter volume in adolescent anxiety: an impact of the brain-

derived neurotrophic factor Val(66)Met polymorphism? J. Am. Acad. Child

Adolesc. Psychiatry 52, 184–195. doi: 10.1016/j.jaac.2012.11.016

Nguyen, T.-V., Jones, S. L., Elgbeili, G., Monnier, P., Yu, C., Laplante, D. P.,

et al. (2018). Testosterone–cortisol dissociation in children exposed to prenatal

maternal stress, and relationship with aggression: Project Ice Storm. Dev.

Psychopathol. 30, 981–994. doi: 10.1017/S0954579418000652

Nugent, B. M., and Bale, T. L. (2015). The omniscient placenta: metabolic and

epigenetic regulation of fetal programming. Front. Neuroendocrinol. 39, 28–37.

doi: 10.1016/j.yfrne.2015.09.001

O’Connor, T. G., Heron, J., Glover, V., and Alspac Study Team. (2002).

Antenatal anxiety predicts child behavioral/emotional problems independently

of postnatal depression. J. Am. Acad. Child Adolesc. Psychiatry 41, 1470–1477.

doi: 10.1097/00004583-200212000-00019

Pardini, D. A., Raine, A., Erickson, K., and Loeber, R. (2014). Lower

amygdala volume in men is associated with childhood aggression, early

psychopathic traits, and future violence. Biol. Psychiatry 75, 73–80.

doi: 10.1016/j.biopsych.2013.04.003

Pipitone, J., Park, M. T. M., Winterburn, J., Lett, T. A., Lerch, J. P., Pruessner, J. C.,

et al. (2014). Multi-atlas segmentation of the whole hippocampus and subfields

using multiple automatically generated templates. Neuroimage 101, 494–512.

doi: 10.1016/j.neuroimage.2014.04.054

Posner, J., Cha, J., Roy, A. K., Peterson, B. S., Bansal, R., Gustafsson, H.

C., et al. (2016). Alterations in amygdala-prefrontal circuits in infants

exposed to prenatal maternal depression. Transl. Psychiatry 6:e935.

doi: 10.1038/tp.2016.146

Pruessner, J. C., Li, L. M., Serles, W., Pruessner, M., Collins, D. L., Kabani, N.,

et al. (2000). Volumetry of hippocampus and amygdala with high-resolution

MRI and three-dimensional analysis software: minimizing the discrepancies

between laboratories. Cereb. Cortex 10, 433–442. doi: 10.1093/cercor/10.4.433

Qin, S., Young, C. B., Duan, X., Chen, T., Supekar, K., and Menon, V. (2014).

Amygdala subregional structure and intrinsic functional connectivity predicts

individual differences in anxiety during early childhood. Biol. Psychiatry 75,

892–900. doi: 10.1016/j.biopsych.2013.10.006

Quirk, G. J., and Beer, J. S. (2006). Prefrontal involvement in the regulation of

emotion: convergence of rat and human studies. Curr. Opin. Neurobiol. 16,

723–727. doi: 10.1016/j.conb.2006.07.004

Rice, F., Harold, G. T., Boivin, J., van den Bree, M., Hay, D. F., and Thapar,

A. (2010). The links between prenatal stress and offspring development

and psychopathology: disentangling environmental and inherited influences.

Psychol. Med. 40, 335–345. doi: 10.1017/S0033291709005911

Rice, F., Jones, I., and Thapar, A. (2007). The impact of gestational stress and

prenatal growth on emotional problems in offspring: a review. Acta Psychiatr.

Scand. 115, 171–183. doi: 10.1111/j.1600-0447.2006.00895.x

Rifkin-Graboi, A., Bai, J., Chen, H., Hameed, W. B., Sim, L. W., Tint, M. T.,

et al. (2013). Prenatal maternal depression associates with microstructure

of right amygdala in neonates at birth. Biol. Psychiatry 74, 837–844.

doi: 10.1016/j.biopsych.2013.06.019

Rosso, I. M., Cintron, C. M., Steingard, R. J., Renshaw, P. F., Young, A.

D., and Yurgelun-Todd, D. A. (2005). Amygdala and hippocampus

volumes in pediatric major depression. Biol. Psychiatry 57, 21–26.

doi: 10.1016/j.biopsych.2004.10.027

Salm, A. K., Pavelko, M., Krouse, E. M., Webster, W., Kraszpulski, M., and

Birkle, D. L. (2004). Lateral amygdaloid nucleus expansion in adult rats is

associated with exposure to prenatal stress. Dev. Brain Res. 148, 159–167.

doi: 10.1016/j.devbrainres.2003.11.005

Sarason, I. G., Johnson, J. H., and Siegel, J. M. (1978). Assessing the impact of life

changes: development of the life experiences survey. J. Consult. Clin. Psychol.

46, 932–946. doi: 10.1037/0022-006X.46.5.932

Scheinost, D., Kwon, S. H., Lacadie, C., Sze, G., Sinha, R., Constable, R. T.,

et al. (2016). Prenatal stress alters amygdala functional connectivity in preterm

neonates. NeuroImage Clin. 12, 381–388. doi: 10.1016/j.nicl.2016.08.010

Scheinost, D., Sinha, R., Cross, S. N., Kwon, S. H., Sze, G., Constable, R. T., et al.

(2017). Does prenatal stress alter the developing connectome? Pediatric Res. 81,

214–226. doi: 10.1038/pr.2016.197

Schienle, A., Ebner, F., and Schäfer, A. (2011). Localized gray matter volume

abnormalities in generalized anxiety disorder. Eur. Arch. Psychiatry Clin.

Neurosci. 261, 303–307. doi: 10.1007/s00406-010-0147-5

Schoemaker, D., Buss, C., Head, K., Sandman, C. A., Davis, E. P.,

Chakravarty, M. M., et al. (2016). Hippocampus and amygdala volumes

from magnetic resonance images in children: assessing accuracy of

FreeSurfer and FSL against manual segmentation. Neuroimage 129, 1–14.

doi: 10.1016/j.neuroimage.2016.01.038

Sled, J. G., Zijdenbos, A. P., and Evans, A. C. (1998). A nonparametric method for

automatic correction of intensity nonuniformity inMRI data. IEEE Trans. Med.

Imaging 17, 87–97. doi: 10.1109/42.668698

Soe, N. N., Wen, D. J., Poh, J. S., Chong, Y.-S., Broekman, B. F., Chen, H.,

et al. (2018). Perinatal maternal depressive symptoms alter amygdala functional

connectivity in girls. Hum. Brain Mapp. 39, 680–690. doi: 10.1002/hbm.

23873

Spampinato, M. V., Wood, J. N., De Simone, V., and Grafman, J. (2009).

Neural correlates of anxiety in healthy volunteers: a voxel-based morphometry

study. J. Neuropsychiatry Clin. Neurosci. 21, 199–205. doi: 10.1176/jnp.2009.21.

2.199

Strawn, J. R., Hamm, L., Fitzgerald, D. A., Fitzgerald, K. D., Monk, C. S., and Phan,

K. L. (2015). Neurostructural abnormalities in pediatric anxiety disorders. J.

Anxiety Disord. 32, 81–88. doi: 10.1016/j.janxdis.2015.03.004

Tae, W. S., Kim, S. S., Lee, K. U., Nam, E.-C., and Kim, K. W. (2008). Validation of

hippocampal volumes measured using a manual method and two automated

methods (FreeSurfer and IBASPM) in chronic major depressive disorder.

Neuroradiology 50, 569–581. doi: 10.1007/s00234-008-0383-9

Thijssen, S., Ringoot, A. P., Wildeboer, A., Bakermans-Kranenburg, M. J., El

Marroun., Hofman, A., et al. (2015). Brain morphology of childhood aggressive

behavior: a multi-informant study in school-age children. Cogn. Affect. Behav.

Neurosci. 15, 564–577. doi: 10.3758/s13415-015-0344-9

Tottenham, N., and Sheridan, M. A. (2009). A review of adversity, the

amygdala and the hippocampus: a consideration of developmental

timing. Front. Hum. Neurosci. 3:68. doi: 10.3389/neuro.09.068.

2009

Van den Bergh, B. R. H., and Marcoen, A. (2004). High antenatal maternal

anxiety is related to ADHD symptoms, externalizing problems, and anxiety in

8- and 9-year-olds. Child Dev. 75, 1085–1097. doi: 10.1111/j.1467-8624.2004.

00727.x

Van den Bergh, B. R. H., van den Heuvel, M. I., Lahti, M., Braeken, M., de Rooij,

S. R., Entringer, S., et al. (2017). Prenatal developmental origins of behavior

and mental health: the influence of maternal stress in pregnancy. Neurosci.

Biobehav. Rev. doi: 10.1016/j.neubiorev.2017.07.003. [Epub ahead of print].

Van Lieshout, R. J., and Boylan, K. (2010). Increased depressive symptoms

in female but not male adolescents born at low birth weight in

the offspring of a national cohort. Can. J. Psychiatry 55, 422–430.

doi: 10.1177/070674371005500705

Veru, F., Dancause, K., Laplante, D. P., King, S., and Luheshi, G. (2015).

Prenatal maternal stress predicts reductions in CD4+ lymphocytes, increases

in innate-derived cytokines, and a Th2 shift in adolescents: Project

Ice Storm. Physiol. Behav. 144, 137–145. doi: 10.1016/j.physbeh.2015.

03.016

Frontiers in Human Neuroscience | www.frontiersin.org 16 May 2019 | Volume 13 | Article 144

https://doi.org/10.1111/j.1469-7610.2009.02084.x
https://doi.org/10.1080/15374416.2017.1326122
https://doi.org/10.1210/edrv.18.3.0304
https://doi.org/10.1016/j.biopsych.2005.01.038
https://doi.org/10.1016/j.earlhumdev.2018.02.022
https://doi.org/10.1016/j.jaac.2012.11.016
https://doi.org/10.1017/S0954579418000652
https://doi.org/10.1016/j.yfrne.2015.09.001
https://doi.org/10.1097/00004583-200212000-00019
https://doi.org/10.1016/j.biopsych.2013.04.003
https://doi.org/10.1016/j.neuroimage.2014.04.054
https://doi.org/10.1038/tp.2016.146
https://doi.org/10.1093/cercor/10.4.433
https://doi.org/10.1016/j.biopsych.2013.10.006
https://doi.org/10.1016/j.conb.2006.07.004
https://doi.org/10.1017/S0033291709005911
https://doi.org/10.1111/j.1600-0447.2006.00895.x
https://doi.org/10.1016/j.biopsych.2013.06.019
https://doi.org/10.1016/j.biopsych.2004.10.027
https://doi.org/10.1016/j.devbrainres.2003.11.005
https://doi.org/10.1037/0022-006X.46.5.932
https://doi.org/10.1016/j.nicl.2016.08.010
https://doi.org/10.1038/pr.2016.197
https://doi.org/10.1007/s00406-010-0147-5
https://doi.org/10.1016/j.neuroimage.2016.01.038
https://doi.org/10.1109/42.668698
https://doi.org/10.1002/hbm.23873
https://doi.org/10.1176/jnp.2009.21.2.199
https://doi.org/10.1016/j.janxdis.2015.03.004
https://doi.org/10.1007/s00234-008-0383-9
https://doi.org/10.3758/s13415-015-0344-9
https://doi.org/10.3389/neuro.09.068.2009
https://doi.org/10.1111/j.1467-8624.2004.00727.x
https://doi.org/10.1016/j.neubiorev.2017.07.003
https://doi.org/10.1177/070674371005500705
https://doi.org/10.1016/j.physbeh.2015.03.016
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Jones et al. Prenatal Stress and Amygdala Volume

Wadhwa, P. D., Culhane, J. F., Rauh, V., Barve, S. S., Hogan, V., Sandman, C. A.,

et al. (2001). Stress, infection and preterm birth: a biobehavioural perspective.

Paediatr. Perinat. Epidemiol. 15, 17–29. doi: 10.1046/j.1365-3016.2001.

00005.x

Watson, J. B., Mednick, S. A., Huttunen, M., and Wang, X. (1999). Prenatal

teratogens and the development of adult mental illness. Dev. Psychopathol.

11, 457–466.

Weiss, D. S., and Marmar, C. R. (1997). “The impact of event

scale—revised,” in Assessing Psychological Trauma and PTSD, eds

J. P. Wilson and T. M. Keane (New York, NY: Guilford Press),

399–411.

Wen, D. J., Poh, J. S., Ni, S. N., Chong, Y.-S., Chen, H.,

Kwek, K., et al. (2017). Influences of prenatal and postnatal

maternal depression on amygdala volume and microstructure

in young children. Transl. Psychiatry 7:e1103. doi: 10.1038/tp.2

017.74

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Jones, Dufoix, Laplante, Elgbeili, Patel, Chakravarty, King and

Pruessner. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 17 May 2019 | Volume 13 | Article 144

https://doi.org/10.1046/j.1365-3016.2001.00005.x
https://doi.org/10.1038/tp.2017.74
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Larger Amygdala Volume Mediates the Association Between Prenatal Maternal Stress and Higher Levels of Externalizing Behaviors: Sex Specific Effects in Project Ice Storm
	Introduction
	Materials and Methods
	Participants
	Instruments
	Predictor Variables: Prenatal Maternal Stress (PNMS)
	Control Variables

	MRI Image Acquisition
	MRI Image Analysis
	Statistical Analyses
	Prenatal Maternal Stress and Amygdala Volume (Regression Analyses)
	Amygdala Volume and Behavioral Outcomes (Partial Correlations)
	Mediating Effect of Amygdala Volumes on Association Between PNMS and Behavioral Problems


	Results
	Boys
	Prenatal Stress and Amygdala Volume (Regression Analyses)
	Right amygdala volume
	Left amygdala volume

	Amygdala Volume and Behavioral Outcomes (Partial Correlations)
	Mediating Effect of Amygdala Volumes on Association Between PNMS and Externalizing Problems

	Girls
	Prenatal Stress and Amygdala Volume (Regression Analyses)
	Right amygdala volume
	Left amygdala volume

	Amygdala Volume and Behavioral Outcomes (Partial Correlations)
	Mediating Effect of Amygdala Volumes on Association Between PNMS and Externalizing Problems


	Discussion
	In Boys, Exposure to Higher Subjective PNMS in the Second Half of Pregnancy Is Associated With Larger Right Amygdala Volumes Which Predict More Externalizing Problems
	In Girls, Normalized Amygdala Volumes Mediate the Association Between Objective PNMS and Externalizing Problems
	Sex-Specific Effects of the Maternal PNMS Experience on Child Outcomes
	Limitations
	Strengths

	Conclusion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


