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Right frontal cingulate cortex mediates the effect of prenatal
complications on youth internalizing behaviors
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Prenatal and perinatal complications represent well-known risk factors for the future development of psychiatric disorders. Such
influence might become manifested during childhood and adolescence, as key periods for brain and behavioral changes.
Internalizing and externalizing behaviors in adolescence have been associated with the risk of psychiatric onset later in life. Both
brain morphology and behavior seem to be affected by obstetric complications, but a clear link among these three aspects is
missing. Here, we aimed at analyzing the association between prenatal and perinatal complications, behavioral issues, and brain
volumes in a group of children and adolescents. Eighty-two children and adolescents with emotional-behavioral problems
underwent clinical and 3 T brain magnetic resonance imaging (MRI) assessments. The former included information on behavior,
through the Child Behavior Checklist/6-18 (CBCL/6-18), and on the occurrence of obstetric complications. The relationships
between clinical and gray matter volume (GMV) measures were investigated through multiple generalized linear models and
mediation models. We found a mutual link between prenatal complications, GMV alterations in the frontal gyrus, and withdrawn
problems. Specifically, complications during pregnancy were associated with higher CBCL/6-18 withdrawn scores and GMV
reductions in the right superior frontal gyrus and anterior cingulate cortex. Finally, a mediation effect of these GMV measures on the
association between prenatal complications and the withdrawn dimension was identified. Our findings suggest a key role of
obstetric complications in affecting brain structure and behavior. For the first time, a mediator role of frontal GMV in the
relationship between prenatal complications and internalizing symptoms was suggested. Once replicated on independent cohorts,
this evidence will have relevant implications for planning preventive interventions.
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INTRODUCTION
In recent years, an interdependence between family environment,
including parent psychopathology, and offspring outcomes has
been suggested [1]. Specifically, prenatal and perinatal complica-
tions represent well-known risk factors for developing psychiatric
disorders later in life [2–5]. Indeed, birth complications were found
to be associated with a higher risk of developing schizophrenia,
depression, and affective disorders [6–15].
However, the majority of studies on this topic have been

performed in a retrospective fashion on adult samples [8, 16, 17].
Thus, the available evidence prevents from clearly separating
prenatal and perinatal complications from other causes, since the
risk for psychiatric disorders is also related to the complex
interplay between genes and postnatal environmental factors,
such as maternal stress, maltreatment, parenting behavior during
childhood, living in a highly urbanized environment, and
experiencing social exclusion [1, 18–20]. Although it is difficult
to completely remove the influence of postnatal environmental

factors on behavior, studying the impact of obstetric complica-
tions in the earlier stages of development can limit the
confounding effects of environment. Therefore, in recent years,
the scientific community has driven its attention towards the
study of children, adolescents, as well as twins [21–24], with the
final aim of clarifying the specific role of obstetric risk factors in
the development of psychiatric illnesses.
Indeed, childhood and adolescence represent key periods for

brain and behavioral changes that often concur with the
emergence of early mental health symptoms [25], and obstetric
complications proved to influence both brain morphology and
behavior in studies conducted in these age ranges [26, 27].
As concerns the influence on brain development, a twin study [28]

showed a significant association between low birth weight and
reduced gray matter volume (GMV) and white matter volume (WMV)
in the superior frontal gyrus and thalamus in adolescents. Similarly,
maternal stress during pregnancy was found associated with bilateral
posterior parietal cortex alterations in adolescents [26].
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Furthermore, behaviors and mental states in these key periods
of life are often regarded as relevant factors for later development
of psychiatric disorders [29–32], in particular internalizing and
externalizing behaviors [33], which comprise two different states
of emotional and social problems [29]. More specifically,
internalizing problems encompass inwardly focused behaviors,
such as depression, anxiety, and somatic symptoms, while
externalizing problems refer to outwardly focused behaviors, such
as hyperactivity, aggressive attitude, disruptive conduct, and
substance use [32]. As a consequence, young individuals with
persistent internalizing and externalizing behaviors are more likely
to develop a mental health disorder in adulthood [30, 31], with
internalizing symptoms increasing the risk for unipolar depressive
disorders [34], panic attacks [35], and anxiety disorders [36], while
externalizing symptoms increasing the susceptibility to substance
abuse [37] and aggression and violence [38, 39]. Standardized
tests like the Child Behavior Checklist (CBCL) are employed to
identify such behaviors and can help predict DSM diagnoses
[33, 40, 41].
Interestingly, both behaviors can be affected by pre- and peri-

natal complications. Indeed, complications like heavy bleeding,
hypertension, or excessive fluid retention represent risk factors for
childhood anxiety disorders [27]. Furthermore, maternal smoking
during pregnancy may predict internalizing and externalizing
psychopathology in offspring [42, 43]. On the other hand,
internalizing and externalizing behaviors have been linked to
abnormal brain structure in adolescents [44]. Specifically, inter-
nalizing behaviors seem to be related to reduced GMV in limbic/
paralimbic areas [45, 46], while externalized-based disorders such
as attention deficit hyperactivity disorder seem to be character-
ized by decreased volumes in the whole brain and in specific
cortical and subcortical regions, namely the prefrontal cortex and
limbic structures [47, 48].
Despite its relevance, the research investigating the association

between early risk factors, brain development, and behavioral
phenotypes is still at its outset. Although the pairwise associations
between obstetric complications, altered brain morphometry, and
behavioral problems have been investigated, albeit not in detail,
no study explored the complex and mutual interplay among these
three components.
In the present study, we aimed at examining the impact of

prenatal and perinatal complications on brain structure and
behavioral traits in children and adolescents who took part in the
multicentric GENESIS project [33, 49]. We also aimed at assessing
the possible role of brain structure as mediator in the causal link
between early-life factors and behavior. The dataset included
information on any prenatal and/or perinatal complications,
behavioral problems assessed through the CBCL version 6-18
(CBCL/6-18) [50], and brain morphology based on structural
magnetic resonance imaging (MRI). An unbiased whole-brain and
voxel-based approach was used to map the associations between
prenatal and perinatal factors and GMV in clusters that do not
necessarily correspond with predefined region of interest (ROI)
boundaries. The resulting brain clusters were selected as ROIs for
the subsequent brain-behavioral and mediation analyses. We
hypothesized not only that brain development is influenced by
prenatal and perinatal factors, but also that brain structural
features might act as mediators of the effects of these factors on
behavior in the delicate developmental age.

METHODS
Study protocol
This study fits into the longitudinal GENESIS project, which aimed to
extensively characterize neurodevelopmental problems and explore
protective and risk factors implicated in their onset. The project involved
a clinical sample of children and adolescents who were referred for
emotional and behavioral problems at the Scientific Institute IRCCS

“E. Medea” (Italy). A baseline demographic and clinical assessment was
implemented during childhood. A follow-up clinical and neuroimaging
assessment was performed after around six years from baseline. Further
details on the GENESIS project can be found in [33, 49]. The dataset
employed in our study consisted of data on prenatal and perinatal
complications retrospectively collected at baseline, and behavioral and
neuroimaging data collected at follow-up. The dataset is protected by
privacy and will be available from the corresponding author upon
reasonable request, after signature of a formal data sharing agreement.

Participants
The dataset analyzed in our study was collected from 82 participants of the
GENESIS project (28 females, 54 males, 10.07 ± 2.17 years at baseline,
16.58 ± 2.22 years at follow-up). Four centers of the IRCCS “E. Medea”
located in Bosisio Parini, Conegliano, Pasian di Prato, and San Vito al
Tagliamento were involved in the sample recruitment. Exclusion criteria
were diagnoses of autism spectrum disorder, intellectual disability, or
neurological diseases (including epilepsy and traumatic brain injuries),
severe sensory deficits (i.e., hypo-acusia or visual impairment), and severe
linguistic comprehension deficits. The study protocol was approved by the
competent Research Ethics Committees and performed in conformity with
the Declaration of Helsinki and Ethics Committee guidelines. For all
participants, a written informed consent to the protocol was obtained by
their parents.

Clinical assessment
At baseline, the parents retrospectively referred to the occurrence of
different types of obstetric complications, either prenatal or perinatal, by
responding to a dedicated checklist. Different possible complications were
assessed, whose prevalence in the sample is indicated in Table 1. These
items were grouped into three composite measures referring to
pregnancy, fetal, and delivery complications, which were used for the
subsequent analyses. Delivery complications were considered as a
separate entity due to their specific time of occurrence, whereas
pregnancy and fetal complications were distinguished for their maternal
and fetal origins, respectively. This choice is supported by the recent
literature on obstetric complications. (e.g., [51]).
At follow-up, the clinical evaluations included the compilation of the

CBCL/6-18 by the participants’ parents, whose scores are reported in
Table 2. The CBCL/6-18 explores social competence and behavioral
problems in children and adolescents in the 6–18 years age range. For
each item, the parent had to mark if the relative behavior was not true,
sometimes true, or often true for the child. According to the Achenbach
System of Empirically Based Assessment, the scale items were scored to
obtain eight subscales (anxious/depressed, withdrawn/depressed, somatic
complaints, rule-breaking behavior, aggressive behavior, social problems,
thought problems, and attention problems). These subscales were further
combined in three composite indices, giving information on internaliza-
tion, externalization, and total problems.

MRI data acquisition
The MRI data were acquired at follow-up using 3 T Philips Achieva scanners
(Philips, Best, the Netherlands) installed in the University Hospital of Udine
(n= 43 subjects) and the IRCCS “E.Medea” of Bosisio Parini
(n= 39 subjects). In both centers, structural brain images were recorded
using a T1-weighted magnetization prepared rapid acquisition gradient
echo (MPRAGE) 3D turbo field echo (TFE) sequence, with the following
parameters: echo time= 3.7 ms, repetition time= 8.1 ms, 190 axial slices
with no gap, in-plane field of view= 240 × 240mm2, in-plane matrix
size= 240 × 240, isotropic voxel size= 1mm3.

MRI data processing
The structural MRI dataset was processed on the same workstation using
Matlab R2019a (The Mathworks, Inc., Natick) and in-house scripts with
functions from the Statistical Parametric Mapping (SPM12, https://
www.fil.ion.ucl.ac.uk/spm).
The row T1-weighted images from all participants underwent a first

quality check based on visual inspection. The images were manually
reoriented as the SPM tissue priors and entered in the SPM12 unified
segmentation, which consisted of (i) image correction for intensity
inhomogeneity artifacts, (ii) image classification into gray matter (GM),
white matter (WM), cerebrospinal fluid (CSF), bone, soft tissue, and air/
background, (iii) image registration to tissue probability maps. This step
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resulted in probabilistic maps for GM and WM tissues in the subject’s
native space. For each subject, the GM, WM and CSF tissue class images
were summed to estimate the subject’s total intracranial volume (TIV).
Using DARTEL (Diffeomorphic Anatomical Registration Through Expo-

nentiated Lie algebra), the subjects’ GM and WM images were nonlinearly
registered and warped into a group tissue map template; the warped GM
and WM images were then normalized to the Montreal Neurological
Institute (MNI) space, spatially smoothed with a 3D 6mm full width at half
maximum Gaussian kernel to comply with the assumption of normality of
model residuals, and modulated to preserve the total amount of signal
from each region.
The resulting GM and WM images were subjected to a final quality check

using CAT12 (http://www.neuro.uni-jena.de/cat/), which verified the co-
registration and intensity homogeneity among the pre-processed images.
All GM and WM images passed this quality check. Finally, the SPM masking
toolbox was used to extract a group-specific, optimal threshold GM mask

that was used as spatial reference for the following voxel-based
morphometry (VBM) analysis.

Statistical analyses
The relationships between clinical and neuroanatomical measures were
investigated through multiple linear regression and mediation models
using SPM12, the Bootstrap Regression Analysis of Voxelwise Observations
(BRAVO) (https://github.com/CoAxLab/BRAVO2), and the Statistics and
Machine Learning (https://it.mathworks.com/products/statistics.html) tool-
boxes in Matlab environment. In the analyses, unilateral interactions were
modeled by considering (i) obstetric complications as causal variable,
possibly affecting both neuroanatomy and behavior, (ii) neuroanatomy as
mediator variable, possibly affected by obstetric complications and in turn
affecting behavior, (iii) behavior as outcome variable, possibly affected by
both obstetric complications and neuroanatomy. Multiple comparison
corrections were performed using approaches adequate to the specific
statistical analyses. In the obstetric-brain analyses, where univariate voxel-
based statistics were performed, a cluster-based correction was applied. In
the other regression and mediation models, Bonferroni corrections were
performed by dividing the p-value for the number of parallel comparisons.
Further details can be found in the dedicated sections.

Obstetric complications and neuroanatomy. The effects of obstetric
complications on GMV were assessed using a VBM general linear model
(GLM) factorial design in SPM12. The design included pregnancy, fetal, and
delivery complications as regressors of interest, and age, sex, MRI center,
and TIV as additional nuisance covariates. The optimal group-level GM
mask was used as an explicit mask for the analyses. After restricted
maximum likelihood estimation of the GLM beta coefficients, we inferred
on the effects of each type of obstetric complication on voxel-based GMV
using positive and negative one-sided t-tests, which were the only t-tests
enabled by SPM12, on the relative GLM beta coefficient (p < 0.001). Given
the univariate nature of voxel-based statistics, a cluster-based multiple
comparison correction was performed by using an arbitrary threshold size
of 50 voxels.

Obstetric complications and behavior. The association of pregnancy,
fetal, and delivery complications with CBCL/6-18 behavioral measures
was investigated via GLM analyses using Matlab in-house scripts. Each

Table 2. Behavioral characteristics.

Questionnaire item Score

Total score 56,268 ± 8614

Internalization 57,256 ± 9755

Externalization 53,439 ± 8580

Anxiety 58,024 ± 8224

Withdrawn 58,354 ± 7637

Somatic problems 57,500 ± 7389

Social problems 56,305 ± 6740

Thought problems 55,305 ± 7381

Attention problems 59,780 ± 9835

Rule-breaking behavior 55,244 ± 5160

Aggressive behavior 55,829 ± 6532

CBCL/6-18 Child Behavior Checklist, version 6–18 years.
Mean ± standard deviation are reported. Description of the CBCL/6-18
scores of the sample.

Table 1. Prevalence of obstetric complications.

Time Type Complication Absolute With multiple With single

Pre Pregnancy Risk of miscarriage 19 (23%) 13 (15%) 6 (7%)

Pre Pregnancy Preeclampsia 4 (5%) 4 (5%) 0 (0%)

Pre Pregnancy Rhesus incompatibility 7 (8%) 5 (6%) 2 (2%)

Pre Pregnancy Rubella or syphilis 2 (2%) 2 (2%) 0 (0%)

Pre Pregnancy Herpes simplex 1 (1%) 1 (1%) 0 (0%)

Pre Pregnancy Toxoplasma gondii 1 (1%) 1 (1%) 0 (0%)

Pre Pregnancy Other prenatal viral infection 0 (0%) 0 (0%) 0 (0%)

Pre Pregnancy Influenza 5 (6%) 2 (2%) 0 (0%)

Pre Fetal Preterm birth (<37 weeks) 10 (12%) 7 (8%) 3 (4%)

Pre Fetal Retarded delivery (>weeks) 8 (9%) 7 (8%) 1 (1%)

Pre Fetal Low birth weight (<2 kg) 3 (4%) 2 (2%) 1 (1%)

Pre Fetal Visible physical abnormalities in child 3 (4%) 3 (4%) 0 (0%)

Peri Delivery Complicated labor 3 (4%) 3 (4%) 0 (0%)

Peri Delivery Intensive care/incubator 12 (14%) 11 (13%) 1 (1%)

Peri Delivery Delivery with instruments 2 (2%) 2 (2%) 0 (0%)

Peri Delivery Prolonged labor 14 (0.17%) 13 (15%) 1 (1%)

Peri Delivery Umbilical cord accidents 7 (8%) 6 (7%) 1 (1%)

Peri Delivery Irregular delivery 3 (4%) 2 (2%) 1 (1%)

Peri Delivery Preterm rupture of membranes 4 (5%) 4 (5%) 0 (0%)

Number of subjects and percentage in the considered group are reported. Prevalence of obstetric complications in the total sample (column “Absolute”), in
participants with more than one complication (column “With multiple”), and in participants with only one complication (column “With single”).
Pre prenatal, Peri perinatal.
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CBCL/6-18 score was modeled in terms of pregnancy, fetal, and delivery
complications as regressors of interest (all in the same model), and age and
sex as covariates. The estimation of GLM beta coefficients was followed by
inference of the effects of each type of complication on behavior based on
two-sided t-tests. The significance threshold was set to p= 0.05 after
correction for multiple comparisons using the Bonferroni method (N= 11,
i.e., number of parallel comparisons performed, equal to number of CBCL/
6-18 scores).

Neuroanatomy and behavior. The brain-behavior relationships were
investigated in a priori selected phenotypes, that is, by considering the
only GM clusters and CBCL/6-18 behavioral measures that resulted
significantly influenced by the same obstetric complications (intersec-
tion of results from the obstetric-brain and obstetric-behavior analyses).
The ROIs were obtained by parceling the VBM clusters using the
Automated Anatomical Labeling (AAL) atlas [52]. The GMV within each
ROI was estimated by summing the GMV of the corresponding voxels.
For each type of complication, we assessed whether the CBCL scores
that were affected by the selected complication (if any) were also
influenced by the GMV of the ROIs affected by the same complication (if
any). To this end, we performed a set of GLM analyses (one for each
combination of phenotypes), in which the selected CBCL score was
modeled in terms of ROI GMV (regressor of interest, already normalized
for TIV), as well as age, sex, MRI center, and presence/absence of any
obstetric complications (covariates). The estimation of GLM beta
coefficients was followed by inference on the effects of ROI GMV on
behavior based on two-sided t-tests. Significance threshold was set to
p= 0.05 after correction for multiple comparisons using Bonferroni
method (N= number of parallel comparisons performed, equal to
number of CBCL-ROI combinations).

Mediation analyses. Any obstetric complication, ROI GMV, and CBCL/6-18
behavioral measures that were found to be mutually associated from the
GLM analyses were subject to a mediation analysis, which was aimed to
verify whether the impact of obstetric complications on behavior was
mediated - and in what proportion - by GMV.
Using the BRAVO toolbox, we designed a simple mediation model on

each triad of selected variables, by considering the obstetric complication
as the causal variable X, the CBCL/6-18 score as the outcome Y, and the ROI
GMV as the mediator M. Provided that X significantly accounts for
variability in Y (path c) and M (path a), and M accounts for variability in Y
when covarying for X (path b), the mediation model states that M is the
mediator of the X-Y relationship if the effect of X on Y substantially
decreases when M is entered simultaneously with X as a predictor of Y
(path c’) (for further details, please refer to ref. [53]).
In our study, we used a mediation regression model with age, sex, and

MRI center as covariates. The mediation significance was assessed via
permutation with 1000 iterations. Before running the analyses, the values
of X, Y, and M were normalized using the Z-score standardization. The
strength of model coefficients, for both real data and bootstrap
distributions, was assessed through ordinary least square regression. The
bias corrected and accelerated formula described in ref. [54] was used to
estimate confidence intervals and p-values. Significance threshold for all
model coefficients (a, b, a*b, c, c’) was set to p= 0.05 after correction for
multiple comparisons using Bonferroni method (N= number of mediation
models fitted).

Statistical power analysis. Since our exploratory study was the first to
investigate the mutual relationships among obstetric complications, brain,
and behavior, no prior scientific knowledge was available to estimate a
formal sample size for our analysis. Nevertheless, a power analysis for
causal mediation models was implemented [55] by hypothesizing the
following: 30% of probability of any obstetric complications, a and c
coefficients equal to 0.4, b coefficient equal to 0.3, a*b coefficient equal to
0.1, and Y’s and M’s variances explained by X equal to 20%. As in our
mediation model, three covariates were considered. The Monte Carlo
confidence interval method was used for estimation of causal mediation
effects. The numbers of replications per sample size for power calculation
and of Monte Carlo draws per replication were set at 1000. The random
seed was set at 1. The power analysis confirmed that a sample size of 80
individuals was sufficient to estimate the total indirect effect with a
statistical power greater than 95% at a significance level of p < 0.05.

RESULTS
The results of the GLM analyses between (i) obstetric complica-
tions and neuroanatomy, (ii) obstetric complications and behavior,
and (iii) neuroanatomy and behavior, and of the GLM-driven
mediation analyses are reported in the following sections.

GLM analyses
Obstetric complications and neuroanatomy. The GLM statistics
concerning the effects of each category of obstetric complications
on voxel-based GMV are reported in Table 3. Complications during
pregnancy, including infections, were associated with reduced
GMV in clusters within the left mid occipital cortex, the right
superior medial frontal and anterior cingulate cortex, and the right
superior frontal gyrus. Fetal complications were associated with
greater GMV in portions of the left middle occipital cortex and of
the right superior frontal gyrus. Complications during delivery
were associated with greater GMV in a portion of the right
superior frontal gyrus, and with lower GMV in two clusters located
in the left fusiform gyrus and left putamen.

Obstetric complications and behavior. The GLM analyses asses-
sing the association of obstetric complications with behavioral
measures revealed a significant positive association between
complications during pregnancy (including infections) and the
CBCL/6-18 withdrawn score (T(76)= 3.02, p= 0.003), indicating
greater withdrawal issues in the individuals characterized by
prenatal maternal complications.

Neuroanatomy and behavior. Based on the above results, we
investigated brain-behavior relationships in the brain regions and
behavioral scores that were found to be affected by the same
obstetric complications. Specifically, in 6 separate GLM analyses,
we assessed the relationships between the 6 ROI GMV and the
CBCL/6-18 withdrawn score being affected by pregnancy compli-
cations (p < 0.05, Bonferroni corrected with N= 6). We found an

Table 3. Voxel based morphometry results.

Complication AAL atlas regions # voxels p peak T MNI coordinate

Pregnancy middle occipital cortex, L 56 <0.001 −4.01 −39, −72, 33

superior medial frontal cortex and anterior cingulate cortex, R 101 <0.001 −3.96 12, 54, 14

superior frontal cortex, R 71 <0.001 −3.88 24, 45, 38

Fetal middle occipital cortex, L 168 <0.001 4.03 −26, −98, −2

superior frontal cortex, R 129 <0.001 3.89 20, 54, 2

Delivery superior frontal cortex, R 50 <0.001 4.14 27, 5, 66

fusiform, L 63 <0.001 −3.97 −24, −74, −5

putamen, L 59 <0.001 −3.64 −20, 3, 9

MNI coordinates: x, y, z coordinates of peak T in mm. L: left hemisphere. R: right hemisphere. VBM statistics regarding the association of obstetric complications
and gray matter volumes.
VBM voxel-based morphometry, AAL Automated Anatomic Labeling, T T statistics, p p value.
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inverse relationship between GMV in (i) the right superior medial
frontal gyrus (T(76)= 3.41, punc= 0.001, pBonf < 0.05) and (ii) the
right anterior cingulate cortex (T(76)= 3.20, punc= 0.002, pBonf <
0.05) and the CBCL/6-18 withdrawn score.

Mediation analyses
In view of the GLM results, two separate mediation analyses (MA1
and MA2) were performed to investigate the relationship among
pregnancy complications (causal variable X), CBCL/6-18 withdrawn
score (outcome Y) and GMV in (i) right superior medial frontal
gyrus (mediator variable M1), (ii) right anterior cingulate cortex
(mediator variable M2). Thus, statistical significance was assessed
using Bonferroni correction with N= 2. The mediation analysis
findings are illustrated in Fig. 1.
In line with GLM results, both mediation analyses confirmed a

significant total association of pregnancy complications with
CBCL/6-18 withdrawn score (c= 0.35, punc= 0.001, pBonf < 0.01).
MA1 results confirmed that complications during pregnancy were

associated with lower GMV in the right superior medial frontal gyrus
(a=−0.43, punc < 0.001, pBonf < 0.01), and in turn that such GMV
deficits (while regressing out the effect of complications) were
associated with CBCL/6-18 withdrawn score (b= 0.32, punc < 0.001,
pBonf < 0.01). After the inclusion of M1 in the model, the direct effect
of complications on CBCL/6-18 withdrawn score was not anymore
significant (c'= 0.21, punc= 0.03, pBonf > 0.05), whereas their indirect
effect through GMV in the right superior medial frontal gyrus was
significant (a*b= 0.14, punc < 0.001, pBonf < 0.01). Specifically, 39.50%
of the total effect of complications on CBCL/6-18 withdrawn score
was mediated by GMV in this region.
Similarly, MA2 results confirmed the associations between

pregnancy complications and lower GMV in the right anterior
cingulate cortex (a=−0.41, punc < 0.001, pBonf < 0.01), and
between the latter and CBCL/6-18 withdrawn score while
controlling for complications (b= 0.30, punc= 0.007, pBonf < 0.05).
After the inclusion of M1 in the model, the effects of complications
on CBCL/6-18 withdrawn score remained significant, both the
direct ones (c'= 0.23, punc= 0.02, pBonf < 0.05) and the indirect
ones mediated by GMV in the right anterior cingulate cortex
(a*b= 0.12, punc < 0.001, pBonf < 0.01). Specifically, 33.86% of the
total effect of complications on CBCL/6-18 withdrawn score was
mediated by the ROI GMV.

DISCUSSION
In the present study, for the first time, we explored the impact of
prenatal and perinatal factors on behavioral traits within the
delicate developmental phase, by posing special attention to the
potential mediator role of brain anatomical features.
Our findings suggest a key role of obstetric complications in

affecting both brain structure and behavior. Specifically, we found

a link between complications during pregnancy, including
infections, GMV alterations in the right frontal gyrus, and
withdrawn problems. These reciprocal associations were further
explored via mediation models, providing valuable information
that could be used for developing innovative strategies for
psychiatric risk monitoring and prevention of transition from at-
risk to disease states.
From a psychopathological perspective, we found that preg-

nancy complications were associated with higher withdrawn
problems. From a neuroanatomical point of view, we observed
associations between pregnancy complications and GMV reduc-
tions in the right superior medial frontal and anterior cingulate
cortices. Finally, for the first time to the best of our knowledge, a
mediation effect of the above neuroanatomical features on the
influence of prenatal maternal complications and the withdrawn
behavioral dimension was identified.
Overall, these results confirm the importance of the early

management of infections and other morbidities during preg-
nancy, given their critical role in brain development and,
consequently, in behavioral problems during childhood and
adolescence periods [56].

Pregnancy complications and brain anatomy
Our results suggest a critical role of maternal infections (like
rubella, herpes, and toxoplasma) and other health problems (e.g.,
preeclampsia) in brain development, exerting a long-term impact
on brain characteristics. Specifically, critical areas contributing to
superior cognitive functions, such as the right superior frontal
gyrus and anterior cingulate cortex, resulted to be selectively
affected by pregnancy, fetal, and delivery complications.
In our sample, the brain region affected by different types of

obstetric complications was the superior frontal gyrus, which is
known to be implicated in various superior cognitive processes,
including mood, theory of mind, and self-awareness, and its
alterations have been widely associated with psychiatric disorders
[57, 58].
In our sample, complications during pregnancy were associated

with lower GMV in the anterior cingulate cortex, which is involved
in motivation, decision making, learning, cost-benefit calculation,
conflict, and error monitoring as well as social decision making
[59, 60]. The anterior cingulate cortex seems also implicated in
empathy and prosocial behavior [61] and is altered in different
psychiatric conditions such as depression [62–64] and bipolar
disorder in adults [65, 66] and adolescents [64, 67, 68]. Therefore, it
is not surprising that in our sample GMV deficits in this region
corresponded to greater withdrawn behavior, since this trait has
been linked in previous studies to an altered volume and function
in these structures [69–71].
The existence of a link between obstetric complications and

frontal brain morphology is supported by a vast literature

Fig. 1 Mediation model results. Estimated coefficients for mediation models investigating direct and indirect effects of pregnancy
complications on withdrawn behavior mediated by gray matter volume in the right superior medial frontal gyrus (A, mediated model #1) and
in the right anterior cingulate cortex (B, mediated model #2). c: total effect of pregnancy complications on withdrawn. c’: direct effect of
pregnancy complications on withdrawn. a: direct effect of pregnancy complications on gray matter volume. b: direct effect of gray matter
volume on withdrawn. *: pBonf < 0.05 (Bonferroni corrected, N= 2). **: pBonf < 0.01 (Bonferroni corrected, N= 2). R: right hemisphere.
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evidence. Multiple studies agreed on the existence of frontal and
cognitive abnormalities in individuals with very low birth weight
[72]. Moreover, our results are in line with human and animal
studies suggesting that infections during pregnancy might
influence later brain development [73]. Specifically, MRI studies
in both the prenatal and the postnatal periods detected
alterations ranging from microcephaly, cystic evolution calcifica-
tions in the cortico-subcortical junction, frontal polymicrogyria,
ventriculomegaly and extensive delayed myelination, also in
frontal lobes, associated with infections during pregnancy
[74, 75]. Also, in a sample of preterm infants, infections during
pregnancy were associated with alterations in both GMV and
WMV in the left frontal lobe [76]. Similarly, animal models showed
that maternal immune activation after infection during pregnancy
was associated with impairments in tasks dependent on the
prefrontal cortex and schizophrenia-like phenotype in the off-
spring [77]. Moreover, a recent study [78] suggested that maternal
immune activation might alter the expression of genes involved in
neurodevelopment (e.g., genes involved in glutamatergic neuro-
transmission, mTOR signaling, and potassium ion channel activity)
and might have a negative impact on social behavior of the
offspring, thus creating an autism-like phenotype. More generally,
prenatal complications seem to result in a wide spectrum of
mental illnesses ranging from psychotic disorders to depression
and anxiety in adulthood [3]. In this regard, prenatal infections and
inflammation seem to play an important role in schizophrenia [79]
and a large body of evidence sustain the hypothesis that prenatal
exposure to infections may cause changes in fetal brain
development that further lead to a wide spectrum of cognitive
deficits and neuropsychiatric disorders, including autism spectrum
disorder, schizophrenia, depression, and bipolar disorder
[56, 73, 80].

Pregnancy complications and behavior
Our findings suggest that complications during pregnancy might
affect developmental behavior in the specific withdrawn dimen-
sion, leading to a higher score in the corresponding CBCL/6-
18 subscale. This result is in line with existing evidence reporting
an association between obstetric complications, including infec-
tions, and behavioral issues in children [29–32].
Indeed, internalizing behavior in offspring has been linked to

prenatal maternal infection/immune activation [32]. Furthermore,
interleukin levels and maternal inflammation during pregnancy
were found predictive of more severe internalizing symptoms,
especially in female offspring [81]. Similarly, maternal infections
during the second trimester were significantly associated with
depression during adolescence [82].
Regarding the CBCL/6-18, withdrawn behavior has been found

to anticipate the development of numerous behavioral and
psychiatric disorders, especially mood disorders [41, 83, 84]. Since
children with sub-clinical elevations in withdrawn scores have an
increased risk of developing depression in the future [84], the
withdrawn score elevation can be considered a clinical risk
indicator for future depression.
However, why maternal immune activation can lead to

alterations in offspring’s behavior is not clear yet. One of the
proposed biological theories suggests that immune activation in a
critical development period could alter the hypothalamus-
pituitary axis, with consequent worse stress response, ultimately
leading to depression and anxiety [3, 85].
Therefore, given the renowned association of withdrawn

problems in childhood and adolescence with the future develop-
ment of psychopathology [83, 86, 87], our and previous evidence
remarks the need to prevent any infections during pregnancy.
Indeed, in a cohort of more than 1 million children, the risk of
psychiatric disorders in both childhood and adolescence was
found to increase in a dose-response fashion with the number of
maternal infections [88].

Conversely, our sample showed no influences of fetal complica-
tions on behavioral traits. This negative finding seems in contrast
with previous knowledge of long-term effects of preterm birth and
low birth weight on the onset of psychiatric disorders [9, 89–91].
This inconsistency might be due to the peculiar characteristics of
our study, including the consideration of behavioral traits as a
continuum instead of psychiatric diagnoses and the merging of
different fetal complications into one category.

Neuroanatomy and behavior
In our study, we found a negative association between the
withdrawn score of the CBCL/6-18 and GMV in the frontal brain
regions that resulted influenced by prenatal maternal factors,
suggesting a relationship between these three components.
Previous neuroimaging studies performed in similar samples

report widespread brain alterations associated with depressive
and internalizing symptoms, encompassing both cortical and
subcortical structures [69, 92–95]. In line with our findings, in a
study conducted on children with a history of traumatic brain
injury, right frontal cortical thickness was predictive of social
problems [92]. Similarly, the left frontal cortex was associated with
worse internalizing problems in children with intractable epilepsy
[93]. Of note, in a recent mediation analysis [96], frontal gyrus
volume was reported to significantly mediate the effect of
adolescent-maternal relationship quality on both internalizing
symptoms and adaptive functioning.
Similarly, functional studies confirmed the putative association

between frontal brain areas and internalizing symptoms. In a
study conducted on adolescents, resting-state functional con-
nectivity between amygdala and superior frontal gyrus was
associated with higher internalizing symptoms [97]. Altered
amygdala connections with different cortical areas including the
cingulate cortex have also been associated with social and
emotional impairment in a sample of prematurely born [69],
suggesting a role of this circuit in developing internalizing
symptoms.

Role of frontal neuroanatomy in mediating the relationship
between prenatal complications and withdrawn behavior
The mediation analyses performed in our study suggested that
neuroanatomy acts as a mediator in the association between
obstetric complications and withdrawn scores measured via the
CBCL/6-18. To our knowledge, this is the first evidence of a
possible mediator role of neuroanatomy in the developmental
pathway from maternal infections and morbidities during
pregnancy to internalizing symptoms during adolescence. This
finding could shed light on the underlying mechanism of the
developmental origin of adults’ disease (also known as the fetal
origin hypothesis) according to which many adult diseases find
their basis in prenatal exposure [98, 99].
Although novel, these findings are consistent with the extant

literature on the functions of the frontal cortex, highlighting its
role in emotion regulation, which typically develops in adoles-
cence [100]. However, the mechanism underlying the mediation
effect of the frontal cortex is still unknown. One of the possible
putative causes behind the relation between maternal risk factors
and withdrawn behavior in children is the dysregulation of the
inflammatory response, including proinflammatory molecules
[101]. Immune activation in critical developmental periods could
result in alteration in the hypothalamus-pituitary axis, with
consequent worse stress response [5, 85]. Similarly, perinatal
stress might have an impact on the connection between the
amygdala and frontal brain areas [102], thus leading to further
alterations during adolescence [69]. Given the cruciality of the
adolescent period and the key role of the amygdala–prefrontal
circuitry in emotional self-regulation, an alteration in this pathway
could reflect an initial vulnerability to internalizing symptoms
[69, 97] and further risk to develop anxiety or depression [103].
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In this context, our results could help the study of intermediate
phenotypes or endophenotypes that might clarify the etiology of
otherwise complex syndromes. Endophenotypes have only
minimally been utilized to explore the perinatal development of
internalizing symptoms and psychiatric vulnerability [104].
Regarding the risk of depression, frontal regions have been
reported as putative areas that might be regarded as endophe-
notypes for the development of such psychiatric disorder [105].
However, more research is needed to clarify the effect of

prenatal stressors on brain development and complex behaviors
in adolescents and adults, particularly because our analysis
included only one behavioral and MRI assessment. Nonetheless,
in line with the gene-environment interaction model [106], our
result points out the fundamental importance of studying the
interplay between environmental risk and protective factors and
both brain structure and behavior. By unveiling endophenotypes
that might further allow us to better define and stratify behavioral
risk, it would be possible to create specific interventions to be
conducted in time windows that anticipate the transition from the
at-risk state to the onset of disabling psychiatric disorders.

Limitations and conclusions
Despite its potentially relevant contributions to the neuroscientific
literature, this study has limitations that should be considered
when interpreting the results. First, the sample size is limited by
difficulties in conducting the MRI acquisitions, which required a
high level of participants’ compliance that was not always
achieved due to the young age and clinical characteristics of
our sample. Consequently, our sample size is on the low end of
what is recommended for moderated mediation models [107]; our
results should, therefore, be considered as a preliminary evidence
suggestive of a mediation role of brain anatomy on the influence
of prenatal issues on internalizing behaviors. However, our sample
characteristics are in line with those from other studies in the field
[96, 108]. The imbalance between females and males represents a
confounder that might have affected the results even after the
inclusion of sex as biological covariate in the analyses. Moreover, a
limit to our analysis is given by the fact that, luckily, prenatal and
perinatal complications are not common events, as they are
reported in a minority of our sample. Therefore, larger samples are
needed to obtain higher statistical power and our results should
be tested on bigger replication samples to minimize the risk of
false positives; multicentric approaches could reduce the possible
sources of bias due to other environmental confounders, such as
ethnicity, social environment, and other stressors acting during
infancy and adolescence. In our statistical analyses, the considera-
tion of age and sex (and MRI scanner and TIV in the GMV analyses)
as the only covariates might have left residual confounders like
postnatal environmental factors (maternal mental health, discri-
mination, school environment, social protective factors, etc.),
which should be taken into account in future analyses. Lastly, our
regression and mediation models inevitably approximated the
complex relationships among early environmental factors, brain,
and behavioral traits. A unilateral brain-behavior relationship was
assumed, in which internalizing symptoms represented the
phenotype (outcome) partly affected by brain morphology
(mediator). Although behavioral influences on the brain could
not be excluded, we hypothesized them to be minor and time-
delayed compared to brain influences on behavior. Future works
should more deeply investigate the complex brain-behavior
relationships and employ mediation models accommodating their
bilateral interactions.
Future studies should also include other behavioral measures,

information on cognitive performances, and multimodal neuroi-
maging techniques to improve our understanding on the path-
ways leading from prenatal and perinatal disturbances to altered
behaviors. As a future perspective, newer strategies, such as fetal
MRI in combination with new genetic methods, could be useful in

detecting even earlier structural alterations and to follow-up
patients with multiple scans in different periods of life.
In conclusion, our findings suggest a key role of obstetric

complications in affecting both brain structure and behavior in
children and adolescents. Thanks to the use of a mediation design,
we provided evidence for a mediator role of frontal cortex
anatomy in the relationship between prenatal maternal issues and
internalizing symptoms. Nonetheless, it would be desirable to
promote prevention and early-treatment programs for health
during pregnancy, which we believe to be a primary goal of all
care plans. Furthermore, early behavioral assessments in child-
hood should be encouraged to address in such a crucial time
window the risk factors for the future development of disabling
psychiatric disorders.

DATA AVAILABILITY
The clinical and MRI data supporting the study have not been deposited in a public
repository because of privacy and ethical restrictions, but are available from the
corresponding author upon reasonable request, after signature of a formal data
sharing agreement. Matlab codes used for data analysis are available at the Opens
Science Framework web application link (https://osf.io/yebtp/, https://doi.org/
10.17605/OSF.IO/YEBTP).

REFERENCES
1. Bellina M, Grazioli S, Garzitto M, Mauri M, Rosi E, Molteni M, et al. Relationship

between parenting measures and parents and child psychopathological
symptoms: a cross-sectional study. BMC Psychiatry. 2020;20:377.

2. Allen NB, Lewinsohn PM, Seeley JR. Prenatal and perinatal influences on risk for
psychopathology in childhood and adolescence. Dev Psychopathol.
1998;10:513–29.

3. Amgalan A, Andescavage N, Limperopoulos C. Prenatal origins of neu-
ropsychiatric diseases. Acta Paediatr. 2021;110:1741–9.

4. Johnson S. Cognitive and behavioural outcomes following very preterm birth.
Semin Fetal Neonatal Med. 2007;12:363–73.

5. Johnson S, Marlow N. Growing up after extremely preterm birth: lifespan mental
health outcomes. Semin Fetal Neonatal Med. 2014;19:97–104.

6. Alati R, Lawlor DA, Mamun AA, Williams GM, Najman JM, O’Callaghan M, et al. Is
there a fetal origin of depression? Evidence from the Mater University Study of
Pregnancy and its outcomes. Am J Epidemiol. 2007;165:575–82.

7. Cannon M, Jones PB, Murray RM. Obstetric complications and schizophrenia:
historical and meta-analytic review. Am J Psychiatry. 2002;159:1080–92.

8. Lukkari S, Hakko H, Herva A, Pouta A, Riala K, Rasanen P. Exposure to obstetric
complications in relation to subsequent psychiatric disorders of adolescent
inpatients: specific focus on gender differences. Psychopathology.
2012;45:317–26.

9. Pettersson E, Larsson H, D’Onofrio B, Almqvist C, Lichtenstein P. Association of
fetal growth with general and specific mental health conditions. JAMA Psy-
chiatry. 2019;76:536–43.

10. Pugliese V, Bruni A, Carbone EA, Calabro G, Cerminara G, Sampogna G, et al.
Maternal stress, prenatal medical illnesses and obstetric complications: Risk
factors for schizophrenia spectrum disorder, bipolar disorder and major
depressive disorder. Psychiatry Res. 2019;271:23–30.

11. Westrupp EM, Northam E, Doyle LW, Callanan C, Anderson PJ. Adult psychiatric
outcomes of very low birth weight survivors. Aust N Z J Psychiatry.
2011;45:1069–77.

12. Loret de Mola C, de Franca GV, Quevedo Lde A, Horta BL. Low birth weight,
preterm birth and small for gestational age association with adult depression:
systematic review and meta-analysis. Br J Psychiatry. 2014;205:340–7.

13. Mallen C, Mottram S, Thomas E. Birth factors and common mental health pro-
blems in young adults: a population-based study in North Staffordshire. Soc
Psychiatry Psychiatr Epidemiol. 2008;43:325–30.

14. Nomura Y, Wickramaratne PJ, Pilowsky DJ, Newcorn JH, Bruder-Costello B,
Davey C, et al. Low birth weight and risk of affective disorders and selected
medical illness in offspring at high and low risk for depression. Compr Psy-
chiatry. 2007;48:470–8.

15. Paile-Hyvarinen M, Raikkonen K, Forsen T, Kajantie E, Yliharsila H, Salonen MK,
et al. Depression and its association with diabetes, cardiovascular disease, and
birth weight. Ann Med. 2007;39:634–40.

16. Tole F, Kopf J, Schroter K, Palladino VS, Jacob CP, Reif A, et al. The role of pre-,
peri-, and postnatal risk factors in bipolar disorder and adult ADHD. J Neural
Transm (Vienna). 2019;126:1117–26.

E. Maggioni et al.

7

Molecular Psychiatry

https://osf.io/yebtp/
https://doi.org/10.17605/OSF.IO/YEBTP
https://doi.org/10.17605/OSF.IO/YEBTP


17. Gardner HH, Kleinman NL, Brook RA, Rajagopalan K, Brizee TJ, Smeeding JE. The
economic impact of bipolar disorder in an employed population from an
employer perspective. J Clin Psychiatry. 2006;67:1209–18.

18. Schmitt A, Malchow B, Hasan A, Falkai P. The impact of environmental factors in
severe psychiatric disorders. Front Neurosci. 2014;8:19.

19. Davis EP, Sandman CA. The timing of prenatal exposure to maternal cortisol and
psychosocial stress is associated with human infant cognitive development.
Child Dev. 2010;81:131–48.

20. van Os J, Kenis G, Rutten BP. The environment and schizophrenia. Nature.
2010;468:203–12.

21. Carlsson T, Molander F, Taylor MJ, Jonsson U, Bolte S. Early environmental risk
factors for neurodevelopmental disorders - a systematic review of twin and
sibling studies. Dev Psychopathol. 2021;33:1448–95.

22. Pigoni A, Delvecchio G, Altamura AC, Soares JC, Fagnani C, Brambilla P. The role
of genes and environment on brain alterations in Major Depressive Disorder: A
review of twin studies: Special Section on “Translational and Neuroscience
Studies in Affective Disorders”. Section Editor, Maria Nobile MD, PhD. This
Section of JAD focuses on the relevance of translational and neuroscience
studies in providing a better understanding of the neural basis of affective
disorders. The main aim is to briefly summaries relevant research findings in
clinical neuroscience with particular regards to specific innovative topics in
mood and anxiety disorders. J Affect Disord. 2018;234:346–50.

23. Maggioni E, Squarcina L, Dusi N, Diwadkar VA, Brambilla P. Twin MRI studies on
genetic and environmental determinants of brain morphology and function in
the early lifespan. Neurosci Biobehav Rev. 2020;109:139–49.

24. Hayward DA, Pomares F, Casey KF, Ismaylova E, Levesque M, Greenlaw K, et al.
Birth weight is associated with adolescent brain development: A multimodal
imaging study in monozygotic twins. Hum Brain Mapp. 2020;41:5228–39.

25. Paus T, Keshavan M, Giedd JN. Why do many psychiatric disorders emerge
during adolescence? Nat Rev Neurosci. 2008;9:947–57.

26. McQuaid GA, Darcey VL, Avalos MF, Fishbein DH, VanMeter JW. Altered cortical
structure and psychiatric symptom risk in adolescents exposed to maternal
stress in utero: a retrospective investigation. Behav Brain Res. 2019;375:112145.

27. Hirshfeld-Becker DR, Biederman J, Faraone SV, Robin JA, Friedman D, Rosenthal
JM, et al. Pregnancy complications associated with childhood anxiety disorders.
Depress Anxiety. 2004;19:152–62.

28. Levesque ML, Fahim C, Ismaylova E, Verner MP, Casey KF, Vitaro F, et al. The
impact of the in utero and early postnatal environments on grey and white
matter volume: a study with adolescent monozygotic twins. Dev Neurosci.
2015;37:489–96.

29. Achenbach TM, Ivanova MY, Rescorla LA, Turner LV, Althoff RR. Internalizing/
externalizing problems: review and recommendations for clinical and research
applications. J Am Acad Child Adolesc Psychiatry. 2016;55:647–56.

30. Goodwin RD, Fergusson DM, Horwood LJ. Early anxious/withdrawn behaviours
predict later internalising disorders. J Child Psychol Psychiatry. 2004;45:874–83.

31. Hofstra MB, van der Ende J, Verhulst FC. Child and adolescent problems predict
DSM-IV disorders in adulthood: a 14-year follow-up of a Dutch epidemiological
sample. J Am Acad Child Adolesc Psychiatry. 2002;41:182–9.

32. Tien J, Lewis GD, Liu J. Prenatal risk factors for internalizing and externalizing
problems in childhood. World J Pediatr. 2020;16:341–55.

33. Bianchi V, Brambilla P, Garzitto M, Colombo P, Fornasari L, Bellina M, et al. Latent
classes of emotional and behavioural problems in epidemiological and referred
samples and their relations to DSM-IV diagnoses. Eur Child Adolesc Psychiatry.
2017;26:549–57.

34. Loth AK, Drabick DA, Leibenluft E, Hulvershorn LA. Do childhood externalizing
disorders predict adult depression? A meta-analysis. J Abnorm Child Psychol.
2014;42:1103–13.

35. Mathyssek CM, Olino TM, Verhulst FC, van Oort FV. Childhood internalizing and
externalizing problems predict the onset of clinical panic attacks over adoles-
cence: the TRAILS study. PLoS One. 2012;7:e51564.

36. Rouquette A, Pingault JB, Fried EI, Orri M, Falissard B, Kossakowski JJ, et al.
Emotional and behavioral symptom network structure in elementary school
girls and association with anxiety disorders and depression in adolescence and
early adulthood: a network analysis. JAMA Psychiatry. 2018;75:1173–81.

37. Miettunen J, Murray GK, Jones PB, Maki P, Ebeling H, Taanila A, et al. Long-
itudinal associations between childhood and adulthood externalizing and
internalizing psychopathology and adolescent substance use. Psychol Med.
2014;44:1727–38.

38. Farrington DP. Early predictors of adolescent aggression and adult violence.
Violence Vict. 1989;4:79–100.

39. Liu J. Concept analysis: aggression. Issues Ment Health Nurs. 2004;25:693–714.
40. Bellina M, Brambilla P, Garzitto M, Negri GA, Molteni M, Nobile M. The ability of

CBCL DSM-oriented scales to predict DSM-IV diagnoses in a referred sample of
children and adolescents. Eur Child Adolesc Psychiatry. 2013;22:235–46.

41. Rubin DH, Crehan ET, Althoff RR, Rettew DC, Krist E, Harder V, et al. Tempera-
mental characteristics of withdrawn behavior problems in children. Child Psy-
chiatry Hum Dev. 2017;48:478–84.

42. Ashford J, van Lier PA, Timmermans M, Cuijpers P, Koot HM. Prenatal smoking
and internalizing and externalizing problems in children studied from childhood
to late adolescence. J Am Acad Child Adolesc Psychiatry. 2008;47:779–87.

43. Ben Amor L, Grizenko N, Schwartz G, Lageix P, Baron C, Ter-Stepanian M, et al.
Perinatal complications in children with attention-deficit hyperactivity disorder
and their unaffected siblings. J Psychiatry Neurosci. 2005;30:120–6.

44. Andre QR, Geeraert BL, Lebel C. Brain structure and internalizing and externa-
lizing behavior in typically developing children and adolescents. Brain Struct
Funct. 2020;225:1369–78.

45. Gold AL, Steuber ER, White LK, Pacheco J, Sachs JF, Pagliaccio D, et al. Cortical
thickness and subcortical gray matter volume in pediatric anxiety disorders.
Neuropsychopharmacology. 2017;42:2423–33.

46. Snyder HR, Hankin BL, Sandman CA, Head K, Davis EP. Distinct patterns of
reduced prefrontal and limbic grey matter volume in childhood general and
internalizing psychopathology. Clin Psychol Sci. 2017;5:1001–13.

47. Hoogman M, Bralten J, Hibar DP, Mennes M, Zwiers MP, Schweren LSJ, et al.
Subcortical brain volume differences in participants with attention deficit
hyperactivity disorder in children and adults: a cross-sectional mega-analysis.
Lancet Psychiatry. 2017;4:310–9.

48. Nakao T, Radua J, Rubia K, Mataix-Cols D. Gray matter volume abnormalities in
ADHD: voxel-based meta-analysis exploring the effects of age and stimulant
medication. Am J Psychiatry. 2011;168:1154–63.

49. Nobile M, Maggioni E, Mauri M, Garzitto M, Piccin S, Bonivento C, et al. Brain
anatomical mediators of GRIN2B gene association with attention/hyperactivity
problems: an integrated genetic-neuroimaging study. Genes (Basel).
2021;12:1193.

50. Achenbach TM, Ruffle TM. The Child Behavior Checklist and related forms for
assessing behavioral/emotional problems and competencies. Pediatr Rev.
2000;21:265–71.

51. Fischbein RL, Nicholas L, Kingsbury DM, Falletta LM, Baughman KR, VanGeest J.
State anxiety in pregnancies affected by obstetric complications: a systematic
review. J Affect Disord. 2019;257:214–40.

52. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N,
et al. Automated anatomical labeling of activations in SPM using a macroscopic
anatomical parcellation of the MNI MRI single-subject brain. Neuroimage.
2002;15:273–89.

53. Preacher KJ, Hayes AF. Asymptotic and resampling strategies for assessing and
comparing indirect effects in multiple mediator models. Behav Res Methods.
2008;40:879–91.

54. DiCiccio TJ, Efron B. Bootstrap confidence intervals. Stat Sci. 1996;11:189–228.
55. Qin X. Sample size and power calculations for causal mediation analysis: a

tutorial and shiny app. Behav Res Methods. 2023.
56. Al-Haddad BJS, Oler E, Armistead B, Elsayed NA, Weinberger DR, Bernier R, et al.

The fetal origins of mental illness. Am J Obstet Gynecol. 2019;221:549–62.
57. Chayer C, Freedman M. Frontal lobe functions. Curr Neurol Neurosci Rep.

2001;1:547–52.
58. Rolls ET. The orbitofrontal cortex and emotion in health and disease, including

depression. Neuropsychologia. 2019;128:14–43.
59. Lockwood PL, Wittmann MK. Ventral anterior cingulate cortex and social

decision-making. Neurosci Biobehav Rev. 2018;92:187–91.
60. Apps MA, Rushworth MF, Chang SW. The anterior cingulate gyrus and social

cognition: tracking the motivation of others. Neuron. 2016;90:692–707.
61. Schneider KN, Sciarillo XA, Nudelman JL, Cheer JF, Roesch MR. Anterior cingu-

late cortex signals attention in a social paradigm that manipulates reward and
shock. Curr Biol. 2020;30:3724–35e2.

62. Baloch HA, Hatch JP, Olvera RL, Nicoletti M, Caetano SC, Zunta-Soares GB, et al.
Morphology of the subgenual prefrontal cortex in pediatric bipolar disorder. J
Psychiatr Res. 2010;44:1106–10.

63. Bora E, Fornito A, Pantelis C, Yucel M. Gray matter abnormalities in Major
Depressive Disorder: a meta-analysis of voxel based morphometry studies. J
Affect Disord. 2012;138:9–18.

64. Caetano SC, Kaur S, Brambilla P, Nicoletti M, Hatch JP, Sassi RB, et al. Smaller
cingulate volumes in unipolar depressed patients. Biol Psychiatry.
2006;59:702–6.

65. Sassi RB, Brambilla P, Hatch JP, Nicoletti MA, Mallinger AG, Frank E, et al.
Reduced left anterior cingulate volumes in untreated bipolar patients. Biol
Psychiatry. 2004;56:467–75.

66. Delvecchio G, Ciappolino V, Perlini C, Barillari M, Ruggeri M, Altamura AC, et al.
Cingulate abnormalities in bipolar disorder relate to gender and outcome: a
region-based morphometry study. Eur Arch Psychiatry Clin Neurosci.
2019;269:777–84.

E. Maggioni et al.

8

Molecular Psychiatry



67. Besteher B, Squarcina L, Spalthoff R, Bellani M, Gaser C, Brambilla P, et al. Brain
structural correlates of irritability: Findings in a large healthy cohort. Hum Brain
Mapp. 2017;38:6230–8.

68. Squarcina L, Delvecchio G, Nobile M, Mauri M, Madonna D, Bonivento C, et al.
The assertive brain: anterior cingulate phosphocreatine plus creatine levels
correlate with self-directedness in healthy adolescents. Front Psychiatry.
2019;10:763.

69. Johns CB, Lacadie C, Vohr B, Ment LR, Scheinost D. Amygdala functional con-
nectivity is associated with social impairments in preterm born young adults.
Neuroimage Clin. 2019;21:101626.

70. Lahey BB, Hinton KE, Burgess L, Meyer FC, Landman BA, Villata-Gil V, et al.
Dispositional negative emotionality in childhood and adolescence predicts
structural variation in the amygdala and caudal anterior cingulate during early
adulthood: theoretically and empirically based tests. Res Child Adolesc Psy-
chopathol. 2021;49:1275–88.

71. Sheena MK, Jimmy J, Burkhouse KL, Klumpp H. Anterior cingulate cortex activity
during attentional control corresponds with rumination in depression and social
anxiety. Psychiatry Res Neuroimaging. 2021;317:111385.

72. Farajdokht F, Sadigh-Eteghad S, Dehghani R, Mohaddes G, Abedi L, Bughchechi
R, et al. Very low birth weight is associated with brain structure abnormalities
and cognitive function impairments: a systematic review. Brain Cogn.
2017;118:80–9.

73. Adams Waldorf KM, McAdams RM. Influence of infection during pregnancy on
fetal development. Reproduction. 2013;146:R151–62.

74. de Vries LS. Viral infections and the neonatal brain. Semin Pediatr Neurol.
2019;32:100769.

75. Cannie MM, Devlieger R, Leyder M, Claus F, Leus A, De Catte L, et al. Congenital
cytomegalovirus infection: contribution and best timing of prenatal MR ima-
ging. Eur Radio. 2016;26:3760–9.

76. Lee I, Neil JJ, Huettner PC, Smyser CD, Rogers CE, Shimony JS, et al. The impact
of prenatal and neonatal infection on neurodevelopmental outcomes in very
preterm infants. J Perinatol. 2014;34:741–7.

77. Paylor JW, Lins BR, Greba Q, Moen N, de Moraes RS, Howland JG, et al. Devel-
opmental disruption of perineuronal nets in the medial prefrontal cortex after
maternal immune activation. Sci Rep. 2016;6:37580.

78. Amodeo DA, Lai CY, Hassan O, Mukamel EA, Behrens MM, Powell SB. Maternal
immune activation impairs cognitive flexibility and alters transcription in frontal
cortex. Neurobiol Dis. 2019;125:211–8.

79. Khandaker GM, Zimbron J, Lewis G, Jones PB. Prenatal maternal infection,
neurodevelopment and adult schizophrenia: a systematic review of population-
based studies. Psychol Med. 2013;43:239–57.

80. Al-Haddad BJS, Jacobsson B, Chabra S, Modzelewska D, Olson EM, Bernier R,
et al. Long-term risk of neuropsychiatric disease after exposure to infection in
utero. JAMA Psychiatry. 2019;76:594–602.

81. Mac Giollabhui N, Breen EC, Murphy SK, Maxwell SD, Cohn BA, Krigbaum NY,
et al. Maternal inflammation during pregnancy and offspring psychiatric
symptoms in childhood: timing and sex matter. J Psychiatr Res.
2019;111:96–103.

82. Murphy SK, Fineberg AM, Maxwell SD, Alloy LB, Zimmermann L, Krigbaum NY,
et al. Maternal infection and stress during pregnancy and depressive symptoms
in adolescent offspring. Psychiatry Res. 2017;257:102–10.

83. Ooi YP, Rescorla L, Ang RP, Woo B, Fung DS. Identification of autism spectrum
disorders using the Child Behavior Checklist in Singapore. J Autism Dev Disord.
2011;41:1147–56.

84. Uchida M, Fitzgerald M, Woodworth H, Carrellas N, Kelberman C, Biederman J.
Subsyndromal manifestations of depression in children predict the develop-
ment of major depression. J Pediatr. 2018;201:252–8.e1.

85. Marceau K, Laurent HK, Neiderhiser JM, Reiss D, Shaw DS, Natsuaki MN, et al.
Combined influences of genes, prenatal environment, cortisol, and parenting on
the development of children’s internalizing versus externalizing problems.
Behav Genet. 2015;45:268–82.

86. Kasius MC, Ferdinand RF, van den Berg H, Verhulst FC. Associations between
different diagnostic approaches for child and adolescent psychopathology. J
Child Psychol Psychiatry. 1997;38:625–32.

87. Miller PM, Byrne M, Hodges A, Lawrie SM, Johnstone EC. Childhood behaviour,
psychotic symptoms and psychosis onset in young people at high risk of
schizophrenia: early findings from the Edinburgh high risk study. Psychol Med.
2002;32:173–9.

88. Lydholm CN, Kohler-Forsberg O, Nordentoft M, Yolken RH, Mortensen PB,
Petersen L, et al. Parental infections before, during, and after pregnancy as risk
factors for mental disorders in childhood and adolescence: a Nationwide Danish
study. Biol Psychiatry. 2019;85:317–25.

89. Nosarti C, Reichenberg A, Murray RM, Cnattingius S, Lambe MP, Yin L, et al.
Preterm birth and psychiatric disorders in young adult life. Arch Gen Psychiatry.
2012;69:E1–8.

90. Class QA, Rickert ME, Larsson H, Lichtenstein P, D’Onofrio BM. Fetal growth and
psychiatric and socioeconomic problems: population-based sibling comparison.
Br J Psychiatry. 2014;205:355–61.

91. Laerum AM, Reitan SK, Evensen KA, Lydersen S, Brubakk AM, Skranes J, et al.
Psychiatric disorders and general functioning in low birth weight adults: a
longitudinal study. Pediatrics. 2017;139. https://publications.aap.org/pediatrics/
issue/139/2

92. Levan A, Black G, Mietchen J, Baxter L, Brock Kirwan C, Gale SD. Right frontal
pole cortical thickness and executive functioning in children with traumatic
brain injury: the impact on social problems. Brain Imaging Behav.
2016;10:1090–5.

93. Morningstar M, Hung A, Mattson WI, Gedela S, Ostendorf AP, Nelson EE. Inter-
nalizing symptoms in intractable pediatric epilepsy: structural and functional
brain correlates. Epilepsy Behav. 2020;103:106845.

94. Barch DM, Tillman R, Kelly D, Whalen D, Gilbert K, Luby JL. Hippocampal volume
and depression among young children. Psychiatry Res Neuroimaging.
2019;288:21–8.

95. Healy E, Reichenberg A, Nam KW, Allin MP, Walshe M, Rifkin L, et al. Preterm
birth and adolescent social functioning-alterations in emotion-processing brain
areas. J Pediatr. 2013;163:1596–604.

96. Demers LA, Handley ED, Hunt RH, Rogosch FA, Toth SL, Thomas KM, et al.
Childhood maltreatment disrupts brain-mediated pathways between adoles-
cent maternal relationship quality and positive adult outcomes. Child Maltreat.
2019;24:424–34.

97. Venta A, Sharp C, Patriquin M, Salas R, Newlin E, Curtis K, et al. Amygdala-frontal
connectivity predicts internalizing symptom recovery among inpatient adoles-
cents. J Affect Disord. 2018;225:453–9.

98. Bateson P, Barker D, Clutton-Brock T, Deb D, D’Udine B, Foley RA, et al. Devel-
opmental plasticity and human health. Nature. 2004;430:419–21.

99. Barker DJ, Eriksson JG, Forsen T, Osmond C. Fetal origins of adult disease:
strength of effects and biological basis. Int J Epidemiol. 2002;31:1235–9.

100. Casey BJ, Heller AS, Gee DG, Cohen AO. Development of the emotional brain.
Neurosci Lett. 2019;693:29–34.

101. Pinto R, Belsky J, Baptista J, Carvalho A, Cunha C, Soares I, et al. Mothers’ distress
exposure and children’s withdrawn behavior—a moderating role for the Inter-
feron Gamma gene (IFNG). Dev Psychobiol. 2020;62:783–91.

102. Thijssen S, Muetzel RL, Bakermans-Kranenburg MJ, Jaddoe VW, Tiemeier H,
Verhulst FC, et al. Insensitive parenting may accelerate the development
of the amygdala-medial prefrontal cortex circuit. Dev Psychopathol.
2017;29:505–18.

103. Gerin MI, Viding E, Pingault JB, Puetz VB, Knodt AR, Radtke SR, et al. Heightened
amygdala reactivity and increased stress generation predict internalizing
symptoms in adults following childhood maltreatment. J Child Psychol Psy-
chiatry. 2019;60:752–61.

104. Cecilione JL, Rappaport LM, Hahn SE, Anderson AE, Hazlett LE, Burchett JR, et al.
Genetic and environmental contributions of negative valence systems to
internalizing pathways. Twin Res Hum Genet. 2018;21:12–23.

105. Peterson BS, Weissman MM. A brain-based endophenotype for major depres-
sive disorder. Annu Rev Med. 2011;62:461–74.

106. Wermter AK, Laucht M, Schimmelmann BG, Banaschewski T, Sonuga-Barke EJ,
Rietschel M, et al. From nature versus nurture, via nature and nurture, to gene X
environment interaction in mental disorders. Eur Child Adolesc Psychiatry.
2010;19:199–210.

107. Kline RB. The mediation myth. Basic Appl Soc Psychol. 2015;37:202–13.
108. Gilchrist CP, Thompson DK, Kelly CE, Beare R, Adamson C, Dhollander T, et al.

The structural connectome and internalizing and externalizing symptoms at 7
and 13 years in individuals born very preterm and full term. Biol Psychiatry Cogn
Neurosci Neuroimaging. 2022;7:424–34.

AUTHOR CONTRIBUTIONS
EM, CB, MN, and PB designed this particular study. PB and MN designed the GENESIS
project. EM CB, VB, MM, MB, RG, NA, and MN were involved in data acquisition. PB,
MN, CB, and MB coordinated data management. EM, AP, EF, GD, and PB participated
in data analysis and interpretation. EM, AP, EF, and GD wrote the first article draft. All
authors critically revised and approved the final version of the manuscript.

FUNDING
This work was partially supported by the Italian Ministry of Health (Ricerca
Corrente 2024 to PB, RF-2016-02364582 to PB and MN, RC2022-2023-2024 to MN,
NA, MM, and CB) and by the Italian Ministry of University and Research
(P20229MFRC to EM, Dipartimenti di Eccellenza Program 2023–2027 and Hub Life

E. Maggioni et al.

9

Molecular Psychiatry

https://publications.aap.org/pediatrics/issue/139/2
https://publications.aap.org/pediatrics/issue/139/2


Science- Diagnostica Avanzata (HLS-DA), PNC-E3-2022-23683266– CUP:
C43C22001630001 / MI-0117 to PB).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Paolo Brambilla.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

E. Maggioni et al.

10

Molecular Psychiatry

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Right frontal cingulate cortex mediates the effect of prenatal complications on youth internalizing behaviors
	Introduction
	Methods
	Study protocol
	Participants
	Clinical assessment
	MRI data acquisition
	MRI data processing
	Statistical analyses
	Obstetric complications and neuroanatomy
	Obstetric complications and behavior
	Neuroanatomy and behavior
	Mediation analyses
	Statistical power analysis


	Results
	GLM analyses
	Obstetric complications and neuroanatomy
	Obstetric complications and behavior
	Neuroanatomy and behavior

	Mediation analyses

	Discussion
	Pregnancy complications and brain anatomy
	Pregnancy complications and behavior
	Neuroanatomy and behavior
	Role of frontal neuroanatomy in mediating the relationship between prenatal complications and withdrawn behavior
	Limitations and conclusions

	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




