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Abstract

Background: Prenatal maternal depression (PMD) and selective serotonin reuptake

inhibitor (SSRI) antidepressants are associated with increased developmental risk in

infants. Reports suggest that PMD is associated with hyperconnectivity of the insula

and the amygdala, while SSRI exposure is associated with hyperconnectivity of the

auditory network in the infant brain. However, associations between functional brain

organization and PMD and/or SSRI exposure are not well understood.

Methods: We examined the relation between PMD or SSRI exposure and neonatal

brain functional organization. Infants of control (n = 17), depressed SSRI!treated
(n = 20) and depressed!only (HAM!D ! 8) (n = 16) women, underwent resting!state
functional magnetic resonance imaging at postnatal Day 6. At 6 months, tempera-

ment was assessed using Infant Behavioral Questionnaire (IBQ). We applied GTA and

partial least square regression (PLSR) to the resting!state time series to assess group

differences in modularity, and connector and provincial hubs.

Results: Modularity was similar across all groups. The depressed!only group showed

higher connector hub values in the left anterior cingulate, insula, and caudate as well as

higher provincial hub values in the amygdala compared to the control group. The SSRI

group showed higher provincial hub values in Heschl’s gyrus relative to the depressed!only
group. PLSR showed that newborns’ hub values predicted 10% of the variability in infant

temperament at 6 months, suggesting different developmental patterns between groups.

Conclusions: Prenatal exposures to maternal depression and SSRIs have differential

impacts on neonatal functional brain organization. Hub values at 6 days predict

variance in temperament between infant groups at 6 months of age.

K E YWORD S

depression, fMRI, infant, prenatal exposure, SSRIs

1 | INTRODUCTION

Depression during pregnancy affects between 14% and 23% of

women, shaping offspring’s development (Gentile, 2015; Stein et al.,

2014). Importantly, both depressed mood and selective serotonin

reuptake inhibitor (SSRI) antidepressants used as treatment (Vigod

et al., 2016) are associated with socioemotional, behavioral, and

cognitive developmental risks across infancy and childhood
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(Brummelte, Mc Glanaghy, Bonnin, & Oberlander, 2017; Hanley,

Brain, & Oberlander, 2015; Rotem!Kohavi & Oberlander, 2017;

Talge, Neal, & Glover, 2007). Distinguishing effects of these two key

gestational exposures is challenging, but critical for understanding

the differential mechanistic pathways of each and for helping

clinicians and mothers decide the best treatment option.

Recent studies using magnetic resonance (MR) imaging have now

begun to shed light on early developmental alterations related to

prenatal exposure to maternal mood. Rifkin!Graboi et al., (2013)

reported that prenatal depression is associated with reduced

microstructure, but not with the volume of the right amygdala in

newborn infants. Qiu et al. (2015) reported hyperconnectivity of the

amygdala with the left temporal cortex, insula, anterior cingulate

with ventromedial frontal cortices with higher levels of pregnancy!
related maternal depressive symptoms. Altered functional connec-

tivity of the amygdala was also reported by Posner et al. (2016).

Associations between prenatal SSRI exposure and brain function

and structure during early infancy are also emerging (Jha et al., 2016;

Lugo!Candelas et al., 2018; Podrebarac et al., 2017). Lugo!Candelas
et al. (2018) reported that infants exposed to SSRIs in utero had

concomitant increases in amygdala and insula volume correlated with

increases in white!matter connectivity relative to infants of untreated

depressed mothers and control infants (Lugo!Candelas et al., 2018).

Jha et al. (2016) reported widespread microstructure reduction in

prenatally SSRI!exposed compared to control infants, while Videman

et al. (2016), using electroencephalography, demonstrated alterations

of connectivity patterns associated with prenatal exposure to SSRIs. In

addition, we have reported that prenatal SSRI exposure is associated

with hyperconnectivity in the putative auditory network relative to

control infants and to infants of nonpharmacologically treated

depressed mothers (Rotem!Kohavi et al., 2018). Together, these

findings suggest that prenatal depression and prenatal SSRI exposure

are associated with microstructural and functional alterations mostly

in the insula, anterior cingulate, and the amygdala. However, to date a

network perspective has not been used to study the impact of prenatal

depression and SSRI exposure.

Graph theory analysis (GTA) views the brain as a network, where

nodes are brain regions and edges are the pathways (structural or

functional) connecting them (Bullmore & Sporns, 2009; Rubinov &

Sporns, 2010). The relationship between nodes and edges offers

insight into the topological properties of functional organization and

efficiency of brain networks (Sporns, Chialvo, Kaiser, & Hilgetag,

2004), with optimal communication in “small!world” networks,

comprising both local segregation and global integration (Watts &

Strogatz, 1998). GTA applied to resting!state functional magnetic

resonance imaging (rs!fMRI) has been used to characterize the

functional topography of the human brain from the fetal period

through to adulthood (Bathelt, O’Reilly, Clayden, Cross, & De Haan,

2013; De Asis!Cruz, Bouyssi!Kobar, Evangelou, Vezina, & Limper-

opoulos, 2015; Gao et al., 2015; Thomason et al., 2017; van den

Heuvel et al., 2018).

Wen et al. (2018) have shown that during the first year of life the

modular organization of the brain functional network is progressively

increasing and subdividing into an increasing number of functional

modules together with stabilizing intramodular connection and

clustering and intermodular connections. Patterns of gradual

increase in intermodular connectivity have also been demonstrated

in fetuses with increasing gestational age (Thomason et al., 2014).

Using GTA, studies have reported the existence of highly

connected brain regions, called “hubs”, in both adults (Bullmore &

Sporns, 2009), infants (Gao et al., 2015), and fetuses (van den Heuvel

et al., 2018). Hub nodes have a greater impact on information traffic

within the network and are critical in facilitating efficient neuronal

communication (Bullmore & Sporns, 2012). It is hypothesized that

hubs underlie complex cognitive processes through their high

connectedness and ability to integrate information (Bullmore &

Sporns, 2009; Fransson, Åden, Blennow, & Lagercrantz, 2010).

However, hub regions are more vulnerable to pathology (Bullmore

& Sporns, 2012). For example, the insula, anterior and posterior

cingulate and dorsolateral prefrontal cortex—all hub regions—are

considered “at!risk” in depressed adults, suggesting that hubs are

more susceptible than regions with lower impact on information flow

(reviewed in Gong & He., 2015).

While evidence on the effects of in!utero influences on brain

function (A. Qiu et al., 2015; Rifkin!Graboi et al., 2013; Salzwedel et al.,

2015) and behavior (Hanley et al., 2015; Oberlander et al., 2007;

Weikum, Mayes, Grunau, Brain, & Oberlander, 2013) have been well

demonstrated, studies using measures of brain function to predict

behavioral outcomes are limited. Recently, Yoshida et al. (2017)

showed that in adults positive correlations between the default mode

network and superior frontal gyrus were predictive of depressive

symptoms. Moreover, Rifkin!Graboi et al. (2015) in a prospective, birth

cohort study found that lower levels of microstructure of the right

insula, middle occipital, and temporal regions of newborn infants may

predict externalizing behaviors at 1 year, but findings were not

significant after correction for multiple comparisons.

In the present study, we applied GTA to characterize organization

of the resting!state networks (RSNs) in the neonatal brain, to the

data previously reported by Rotem!Kohavi et al (Rotem!Kohavi et al.
(2018). Our first aim was to describe network alterations associated

with prenatal exposure to maternal depression and/or SSRI exposure

compared with control infants. Given previous functional connectiv-

ity findings (Posner et al., 2016; A. Qiu et al., 2015), we expected the

impact of prenatal maternal depression would differ from SSRI

exposure, however, based on the specificity of our previous results

showing a localized effect (Rotem!Kohavi et al., 2018), we did not

expect significant differences at the global level. We hypothesized

that prenatal depression would associate with increased hub values

of key stress!related regions such as the amygdala, insula, and

anterior cingulate compared to controls. However, prenatal SSRI

exposure would be associated only with higher hub values of regions

related to auditory function (Rotem!Kohavi et al., 2018). Second, we

aimed to test whether hub measures defined by GTA at 6 days,

predicted mothers’ rating of infant temperament at 6 months of age.

Due to the critical role hubs play in cognitive function (Bullmore &

Sporns, 2012), we expected that prenatal exposures would shape
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associations between newborns’ hub values and infants’ behavior at

6 months. As no other studies have examined links between GTA

measures with infant temperament in this context, we chose a

nonbiased approach for analysis.

2 | METHOD

2.1 | Participants

With informed maternal consent and approval from the University of

British Columbia Clinical Research Ethics Board and the BC Women’s

Hospital Research Review Committee, women were recruited at their

second trimester of pregnancy, from family physician clinics, Reproduc-

tive Mental Health Clinic, and Midwifery Services from Vancouver,

Canada. Healthy pregnant women, depressed pregnant women with no

pharmacological treatment, and depressed pregnant women treated

with SSRIs were recruited. Upon enrolment, the Mini!Neuropsychiatric
Interview (Lecrubier et al., 1997) was used to determine depression

diagnoses. If the participant met the criteria for a unipolar depressive

mood disorder per DSM!5 clinical criteria and was previously diagnosed

by a qualified physician, the participant was included in the depressed!
only group; mothers who did not meet these criteria were included in

the control group. The SSRI group comprised women who had been

diagnosed with a unipolar mood disorder, were treated with SSRIs for a

minimum of 75 days during the third trimester of pregnancy based on

their clinical need. Women treated with SSRIs (fluoxetine, paroxetine,

sertraline, citalopram, and citalopram), and also with selective!norepi-
nephrine reuptake inhibitors (desvenlafaxine, duloxetine, and venlafax-

ine) were included. For reasons of simplicity, we will not differentiate

between these two pharmacological treatments. Only healthy, term

pregnancies with one fetus were included in the study. Mothers with

substance abuse, bipolar disorder, and those with significant medical,

obstetrical, or fetal conditions were excluded from the study.

2.2 | Maternal mood symptoms

We assessed prenatal maternal mood at 26 and 36 weeks gestation

using the Hamilton Rating Scales for Depression (HAM!D; Hamilton,

1960). HAM!D depressive symptom scores served to create three

groups (Zimmerman, Martinez, Young, Chelminski, & Dalrymple, 2013):

infants with maternal HAM!D below 8 (control), infants of depressed

mother with HAM!D !8 with no SSRI exposure (depressed!only), and
infants exposed to in!utero SSRIs (SSRI). To assess an additional distinct

dimension of pregnancy!related maternal emotional experience, we also

used the Pregnancy Experiences Scale (PES; DiPietro, Ghera, Costigan,

& Hawkins, 2004). PES assesses pregnancy!related maternal uplifts and

stressors to evaluate how women experience their pregnancy and was

included in the GTA as a covariate.

2.3 | Infant temperament at 6 months

At 6 months of age, mothers reported on their infant’s ability

to regulate stress using the Infant Behavior Questionnaire

(IBQ; Rothbart, 1981) which is a widely used caregiver!report
questionnaire consisting of 94 questions tapping on specific infant

behaviors. These questions produce six scales assessing tempera-

ment dimensions of: activity level (level of gross motor activity)

smiling & laughing (as indicators of arousal under safe conditions)

distress latency (defined as acceptance or rejection of new objects

or persons), distress limitation (persistence and goal orientation),

soothability (adaptability, how easily the baby is able to sooth),

duration of orientation (measure both attention span and distract-

ibility). Indicators of internal consistency for the IBQ have ranged

from 0.67 to 0.84 (Rothbart, 1981). Parent!report temperament

measures are recognized for their ability to provide data on infant

behavior across settings (Gartstein, Bridgett, & Low, 2012), with

IBQ items constructed to minimize “global judgments” of infant

behaviors that may introduce bias (Gartstein & Rothbart, 2003;

Rothbart, 1981)

2.4 | MR image acquisition

All scans were performed at the BC Children’s Hospital MRI Research

Facility in Vancouver, BC, Canada. Infants were fed, swaddled, and

positioned in an MR!compatible neonatal incubator (Advanced

Imaging Research, Inc, dba SREE Medical Systems, Cleveland, OH)

cushioned with pillows. Ear protectors and ear muffs were used to

reduce noise from the MRI. Physiologic measures of heart rate and

oxygen saturation were monitored by a registered pediatric nurse

during the study. Infants underwent structural, microstructural,

resting!state functional and metabolic imaging at 40.9 weeks (post-

menstrual age). We recruited 95 women to the study, 11 woman/

infant dyads did not complete the imaging component of the study and

were excluded (see Supporting Information S1), 84 infants underwent

MR scanning during natural sleep (n = 31 control, n = 24 depressed!
only, and n = 29 SSRI) without sedation using methods described

previously (Rotem!Kohavi et al., 2018).
The rs!fMRI scan was acquired: oblique axial echo!planar imaging,

TR = 3,000ms, TE = 18.4 ms, flip angle = 90°, 39 interleaved slices,

2 mm isotropic, no gap (Rotem!Kohavi et al., 2018). The T1 structural

images were acquired using a three!dimensional fast!spoiled gradient

echo scan (TE = 2.95 ms, TR = 7.7ms), with a voxel size of

1 ! 1 ! 1mm3 and reconstructed to 0.4mm and were used to align

the functional images.

2.5 | Image preprocessing

We preprocessed rs!fMRI as described in (Rotem!Kohavi et al., 2018).
In short, fMRIB Software Library (FSL) was used for preprocessing

(www.fmrib.ox.ac.uk/fsl). FEAT (FMRI Expert Analysis Tool) v6.0, was

used to remove nonbrain structures with brain extraction tools (Smith,

2002), correct for slice timing, spatial smoothing (3mm FWHM [full

width at half maximum]), intensity normalization, and high!pass
temporal filtering (! = 50 s). FSL Melodic (Beckmann & Smith, 2004)

and AFNI 3dDespike (Cox, 1996) were used for motion correction.

FLIRT was used to register functional images to standard space
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(T1!weighted MR image of 40 weeks gestation neonatal template

(Jenkinson & Smith, 2001; Serag et al., 2012). Data from 53 infants

were included in the final analysis. For an overview of the inclusion

and exclusion of mother/infant dyads, see the flowchart illustrated in

Figure 1. Functional images from 21 infants were excluded due to

motion (sustained motion n = 3, and infant woke up during the scan

n = 5), susceptibility (n = 6), and ghost (n = 1) artefacts, and errors in

data acquisition (n = 6). 10 additional infants did not go through the

resting!state functional imaging and were excluded from the study

(n = 5 SSRI!exposed infants, n = 3 depressed!only). Excluded infants

were similar in all demographic measures to infants included in the

final analysis (p > 0.07; Table S5). To evaluate motion parameters in

our data we followed recent guidelines for the analysis of neonatal rs!
fMRI (Mongerson et al., 2017). We used two motion parameters using

MCFLIRT (Jenkinson et al., 2002); absolute displacement (AD) which

compares the transformation matrix at timepoint N with a reference

timepoint, and relative displacement (RD) which compares two

subsequent timepoints. For most subjects (n = 48), only minimal

motion was exist throughout the scan with a maximum values of

AD of less than 1mm with a mean absolute displacement of

0.282 ± 0.20mm, and relative displacement of 0.092 ± 0.05mm.

Additional five subjects (n = 3 SSRI!exposed, n = 1 depressed!only)
had one or two brief episodes of large (ranged from 1 to 2.94mm).

However, following denoising with MCFLIRT (Jenkinson et al., 2002)

and AFNI 3dDespike (Cox, 1996) AD for these five infants ranged

between 0.02 and 0.06. Overall, all 53 subjects AD ranged between

0.05mm to 2.94mm (mean = 0.433 ± 0.55) and relative displacement

(RD) ranged from 0.03 to 0.69 (mean = 0.11 ± 0.1). No significant group

differences were detected (p > 0.1, using one!way analysis of variance

[ANOVA]). Following denoising, AD values were reduced and ranged

between 0.001 and 0.15 (mean = 0.032 ± 0.025) and RD ranged

from 0.001 to 0.04 (mean = 0.019 ± 0.01), with no group differences

(p > 0.7 using one!way ANOVA).

Following preprocessing, we defined 90 cortical and subcortical

regions according to the Automated Anatomical Labeling (Tzourio!
Mazoyer et al., 2002) algorithm of the Edinburgh Neonatal

Atlas ENA33 segmentation tool (Cabez et al., 2016). According to

Cabez et al., the ENA33 tool was transformed from an adult atlas, so

it is consistent with adult label protocols, and the size of each brain

region in the atlas corresponds to its actual size in the neonatal brain.

In addition, Region of interest (ROIs) in the left and right hemisphere

were symmetric. The 90 regions were then individually mapped onto

the residual fMRI time series coregistered to a 40 weeks gestation

neonatal template (Serag et al., 2012). To generate the individual

subject graphs, data were extracted from all of the voxels within the

90 regions to create a time by voxel matrix. For each graph, voxels

within each of the 90 regions were averaged to create a correlation

matrix between each of the 90 regions or nodes. This yielded a

90 ! 90 undirected weighted correlation matrix which was then

normalized using Fisher’s z!transformation in Matlab (MathWorks

Inc., Natick, MA).

2.6 | Graph metrics

We used the brain connectivity toolbox (Rubinov & Sporns, 2010) for

the computation of graph metrics. Our focus was on better

understanding the global network organization of the newborns’

brains as well as the role of single nodes in this network. To this end,

we chose the GTA parameters “Modularity” which evaluates how

well the brain is divided into submodules, and to which submodule

each region belongs to (Girvan & Newman, 2002). We also measured

the “Global cluster coefficient” which informs us on the degree to

which different nodes tends to connect to their neighboring nodes,

and how well the neighbors tend to connect to each other on the

global level (Achard & Bullmore, 2007). At the nodal level, we were

interested to quantify the importance of each single node for the

communication between the modules (“Participation coefficient” or

connector hub), as well as its role in the communication within its

own module/subnetwork (“Within!module degree z!score” or pro-

vincial hub; Fan et al., 2011; Guimera & Amaral, 2005). Higher

connector or provincial hub values indicate a node’s “hubbiness” and

ability to play a greater role in the intermodule/intramodule

communication. Additional graph measures examined are described

in Supporting Information data.

2.7 | Statistical analysis

To examine group difference in global GTA measures, we used the

general linear model (GLM), with sex, infant age at the MRI, and PES

F IGURE 1 Study flowchart. An overview of the inclusion and
exclusion of mother/infant dyads in the study
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scores as covariates in the model. To determine whether a node

could be considered a hub region, we examined the difference in the

group average of positive and negative weights to delineate quartiles

in our data. Only nodes at the 75th percentile and above were

considered as hub regions and were included in a multivariate GLM

model (Chan, Alhazmi, Park, Savalia, & Wig, 2017). For GLM analyses,

Bonferroni!Holm methods (Abdi, 2010a) were used to correct for

multiple comparisons.

2.8 | Behavioral measures prediction at 6 months
of age

Projection to latent structures regression (PLSR) was performed

using the methods outlined in Abdi (2010b). PLSR is a latent variable

approach to modeling the covariance structure between predictor (X)

and predicted (Y) variables, whereby the latent variables of X best

explain the variance in Y. PLSR can be used in cases where there is

multicollinearity in X—a case when standard multivariate regression

will fail. In the current case, the provincial and connector hub values

were included as the predictors with group treatment contrasts

added. The predictor set was then used to predict mothers’ ratings of

their infant’s behavior at 6 months of age using the IBQ (Gartstein &

Rothbart, 2003).

3 | RESULTS

3.1 | Participant characteristics

Maternal and neonatal characteristics are summarized in Table 1.

Mothers treated with SSRIs and mothers belonging to the depressed!
only group had significantly higher PES hassle intensity scores

compared to control mothers. At age 6 months, infant IBQ measures

were available for 48 infants (summarized in Table 2). No group

differences were observed (p > 0.085).

3.2 | Graph measures

The mean connectivity matrices for each group are shown in Figure 2

(left) and revealed no anticorrelations, but showed qualitative

differences between the control group and the SSRI and de-

pressed!only groups. We found no significant group differences in

global clustering coefficiency measures (p > 0.5, univariate GLM).

Using the Louvain algorithm (Blondel, Guillaume, Lambiotte, &

Lefebvre, 2008), we identified three modules in each of the groups

(see Figure 2, right). Module 1 comprised mostly primary, frontal

regions, and the insula. Module 2 comprised mostly limbic, occipital,

and parietal regions. Module 3 comprised basal ganglia, auditory, and

temporal regions. No significant differences were found in modularity

TABLE 1 Demographics

Participants characteristics Control (n = 17) Depressed!only (n = 16) SSRI (n = 20) p value

Maternal characteristics

Maternal age, mean ± SD (years)* 32.92 ± 2.79 33.79 ± 2.02 36.75 ± 4.55 0.003

SSRI duration, mean ± SD (days) – – 258.9 ± 33.8 –

SSRI dose at 36 weeks gestation (mg) – – 41.31 ± 50.8 –

Maternal education, mean ± SD (years) 18.71 ± 3.01 17.56 ± 3.34 17.2 ± 2.7 0.305

Smoking per pregnancy, mean ± SD (no. of cigarettes) 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.24 0.447

Alcohol per pregnancy, mean ± SD (no. of single drinks) 0.59 ± 2.45 0.44 ± 1.31 1.35 ± 4.53 0.65

Prenatal HAM!D 3rd trimester Average, mean ± SD* 4.911 ± 1.82 10.687 ± 3.17 11.12 ± 4.47 –

Prenatal PES HASS frequency 3rd trimester Average, mean ± SD 6.76 ± 2.27 8.21 ± 1.85 7.8 ± 1.76 0.098

Prenatal PES Uplift frequency 3rd trimester Average, mean ± SD 9.29 ± 0.86 9.5 ± 0.68 8.8 ± 1.18 0.085

Prenatal PES Uplift intensity 3rd trimester Average, mean ± SD 2.16 ± 0.47 2.15 ± 0.35 2.14 ± 0.39 0.982

Prenatal PES HASS intensity 3rd trimester Average, mean ± SD* 1.37 ± 0.33 1.61 ± 0.32 1.84 ± 0.38 0.001

Neonatal characteristics

Type of delivery (vaginal/C!section) 14/3 12/4 10/10 0.087

Birth GA, mean ± SD (weeks) 39.9 ± 1.81 39.84 ± 1.60 38.97 ± 1.53 0.165

Age at the MRI (hr) 199.85 ± 161.01 292.58 + 217.94 262.53 + 199.23 0.378

Sex male/female 12/5 10/6 8/12 0.154

Birth weight, mean ± SD (kg) 3.48 ± 0.36 3.55 ± 0.45 3.29 ± 0.59 0.272

Birth length, mean ± SD (cm)* 51.89 ± 1.46 52.09 ± 2.28 49.62 ± 2.41 0.001

Head circumference, mean ± SD (cm) 34.78 ± 1.77 34.79 ± 1.62 34.42 ± 1.44 0.706

Apgar score 1min, mean ± SD* 8.18 ± 1.5 8.19 ± 1.94 6.6 ± 2.37 0.027

Apgar score 5min, mean ± SD 9.00 ± 0.0 8.81 ± 0.91 8.25 ± 1.37 0.061

Abbreviations: GA: gestetional age; HAM!D: Hamilton Rating Scales for Depression; HASS: hassles; MRI: magnetic resonance imaging; PES: Pregnancy
Experiences Scale; SD: standard deviation; SSRI: selective serotonin reuptake inhibitor.
*Significant level using one!way analysis of variance p < 0.05.
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levels between groups (p > 0.80, univariate general linear model).

However, subtle, qualitative differences were observed in the

community structure of infants from the depressed!only group

compared to control and SSRI groups. While module 3 in

the depressed!only group included the hippocampus and

parahippocampal regions, those regions were included in module 2

in the control and SSRI groups.

To evaluate the ability of a node to serve as a hub within the network,

two measures were considered: the participation coefficient, which

evaluates the ability of a node to serve as a connector (intermodular) hub;

TABLE 2 Infant Behavior Questionnaire (IBQ) measures at 6 months of age

IBQ measures at 6 months Control n = 17) SSRI (n = 17) Depressed!only (n = 14) p value

Activity level 4.04 ± 0.771 4.00 ± 0.748 4.38 ± 0.665 0.307

Smiling & laughing 4.56 ± 0.624 5.01 ± 0.663 5.03 ± 0.703 0.085

Distress latency 2.47 ± 0.66 2.29 ± 0.48 2.55 ± 0.67 0.469

Distress limitation 3.23 ± 0.731 3.70 ± 0.77 3.52 ± 0.665 0.176

Soothability 5.21 ± 0.71 5.21 ± 0.744 5.27 ± 0.674 0.967

Duration of orientation 3.86 ± 0.706 4.11 ± 1.10 3.56 ± 0.898 0.254

Note. All measures are showing mean values ± standard deviation.
Abbreviation: SSRI: selective serotonin reuptake inhibitor.
p Values are corrected for multiple comparisons (Bonferroni).

F IGURE 2 Left: The averaged unthresholded correlation matrix shows subtle differences between groups. In these correlation matrices, the
blue color represents lower correlations, and red color represents higher correlations between 90 subcortical and cortical regions (Cabez et al.,
2016). Brain connectivity toolbox was used to create the matrices (Rubinov & Sporns, 2010). Right: Using the Louvain algorithm, we identified
three modules in each group. Submodules within the network, averaged for control (upper), depressed!only (middle), SSRI (lower) groups.
Green, blue and red represent the different submodules within the network. Modularity level did not differ between groups (p > 0.800, general
linear model). Subtle differences (red circles) were observed in the community structure of the depressed!only compared to control and SSRI
groups. SSRI: selective serotonin reuptake inhibitor
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and within!module degree, which evaluates the ability of a node to serve

as a provincial (intramodular) hub. Connector hubs included the Heschel’s

gyrus bilaterally, the rectus, insula, anterior cingulate, superior temporal

caudate, putamen, pallidum, right thalamus, and right operculum (Table

S1). Provincial hubs included the left Heschel’s gyrus, bilateral olfactory,

caudate, putamen and pallidum, right angular gyrus, right fusiform gyrus,

left rectus, bilateral posterior cingulate, left superior occipital gyrus, right

cuneus, right and middle anterior cingulate gyri, bilateral amygdala, and

left superior and middle orbital gyri (Table S2).

For connector hub values, a multivariate GLM analysis corrected

for sex, age at the MRI and PES scores revealed a significant group

effect in the left insula, F(5, 47) = 3.826, p = 0.029, "p2 = 0.140); left

anterior cingulate, F(5,47) = 5.874, p = 0.005, "p2 = 0.200; left caudate,

F(5,47) = 5.207, p = 0.009, "p2 = 0.181, adjusted p values. Pairwise

comparisons showed group differences in the left caudate, anterior

cingulate, and insula, stemming from significantly higher values in

infants of the depressed group compared to the control group,

whereas differences between the SSRI and control or the depressed

group were not significant (see Figure 3 and Table S3a,b).

For provincial hubs, a multivariate GLM analysis corrected for

sex, age at the MRI and PES scores revealed a significant group effect

in the right medial frontal orbital F(5,47) = 3.494, p = 0.038, "p2 =

0.129, left amygdala F(5,47) = 3.192, p = 0.050, "p2 = 0.120, and left

Heschl’s gyrus F(5,47) = 5.345, p = 0.008, "p2 = 0.185, (Bonferroni!
corrected). Pairwise comparisons showed that differences in the left

amygdala stemmed from higher provincial hub levels in infants of the

depressed group compared to the control group, whereas for left

Heschl’s gyrus and the right medial frontal orbital gyrus, infants in

the SSRI group had significantly higher levels compared to the

depressed group (see Figure 4 and Table S4a,b).

3.3 | PLSR

PLS regression was applied to the 90 provincial and 90 connector

hub values. This analysis revealed that hub values representing the

75th percentile of provincial and connector hubs best predicted

mothers’ ratings of their infants’ temperament at 6 months of age.

Thus, with the goal of reducing the number of variables in the

prediction model, only 44 regions of interest (22 provincial hubs and

22 connector hubs) were used as predictors in subsequent analyses

(see Tables S1 and S2).

To determine the number of factors to take into account, we used

the ratio of the residual sums of squares and predicted residual sum

of squares (Abdi, 2010b). Factors with values above a threshold of

0.0975 were considered for further interpretation (Abdi, 2010b),

resulting in a prediction model based on a single factor. This single

factor model predicted 11% of the variance in mothers’ ratings using

all subscale behavioral measures (activity level, smiling and laughter,

distress latency, distress of limitation, soothing and duration of

orientation; see Table 2). Provincial hubs, including the left superior

temporal gyrus and Heschl’s gyrus bilaterally, best predicted

orientation ratings, whereas lower connector hub levels in the right

fusiform and right mid!cingulate regions best predicted ratings of

smiling behavior, activity levels and distress to limitations subscales

in a way that is more closely related to the SSRI and depressed!only
groups compared to the control group (see Figure 5.). Together, these

findings suggest that early local connections of provincial hubs in the

auditory regions, associated with prenatal exposure to depressed

mood and SSRI, predict later orienting behavior, whereas more long!
range connections of connector hubs of visual and frontal regions are

associated with subsequent smiling and reaching behavior.

4 | DISCUSSION

This study examined the impact of prenatal exposure to maternal

depression and SSRI antidepressants on the characteristics of

newborn’s functional networks. We found that each exposure is

associated with different characteristics of the RSN topology

extracted using a graph computational approach, applied on rs!fMRI

F IGURE 3 Boxplot showing differences between groups for connector hubs. A multivariate GLM analysis corrected for sex, age at the MRI,
and PES revealed group differences between depressed!only and control groups, Bonferroni!corrected for multiple comparisons (also see Table
S3). GLM: general linear model; MRI: magnetic resonance imaging; PES: Pregnancy Experiences Scale; SSRI: selective serotonin reuptake
inhibitor

ROTEM!KOHAVI ET AL. | 759



F IGURE 4 Boxplot showing differences between groups for provincial hubs. A multivariate GLM analysis corrected for sex, age at the
MRI, and PES revealed group differences between the depressed!only and control groups for the amygdala, and between SSRI and
depressed!only for the right frontal orbital and left Heschl gyrus corrected for multiple comparisons, Bonferroni (also see Table S4a,b).
GLM: general linear model; MRI: magnetic resonance imaging; PES: Pregnancy Experiences Scale; SSRI: selective serotonin reuptake
inhibitor

F IGURE 5 PLSR results—Y (predicted) in the space ofW (X variables). Dark green circles represent provincial hubs, and red circles represent
connector hubs. Blue circles of a, b, and c represent depressed, SSRI, and control groups, respectively, letters i!y represents provincial hubs
(prefix p_), and letters z!au represents connector hub (prefix c_). This model predicted 11% of the variance in mothers’ ratings on the IBQ (in
light green: activity level, smiling and laughter, distress latency, distress of limitation, soothing, and duration of orientation, see Table 2). IBQ:
Infant Behavior Questionnaire; SSRI: selective serotonin reuptake inhibitor
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data of infants at 6 days of age. Differences between groups were not

evident at the global level; both global clustering coefficiency and the

overall division of the functional network into submodules were

similar between groups. In particular, the general network commu-

nity structure, reflected by modularity and clustering coefficiency,

was not associated with prenatal maternal exposure to either

depression or SSRIs, suggesting no global differences between the

groups. Similarly, in adults, major depression did not correlate with

clustering coefficiency (Zhang et al., 2011), but in contrast to our

results, major depression did correlate with increased network

modularity compared to healthy controls (Ye et al., 2015). Also,

symptom severity (reported using HAM!D) was positively correlated

with modularity (Ye et al., 2015). As modularity has been shown to

gradually increase in the first year of life (Wen et al., 2018), it might

be that alterations in global modularity do not exist in the neonatal

brain but might develop over time. Also, mothers in our cohort

showed only mild!depressive symptoms (see Table 1). Thus, it could

be that symptoms severity was not adequate to alter global network

modularity.

When the regional characteristics—which provide information at

the nodal level—were examined, a different picture appeared. At first,

we identified both connector hubs, which are thought to play an

important role in integrating information from one module to other

modules in the network (Rubinov & Sporns, 2010) and provincial hubs,

hypothesized to serve as a relay station for information flow, exerting

their influence mostly within their own submodule. Our data showed

that the identified connector and provincial hubs largely overlap with

regions previously described as hubs in the neonatal and fetal brain (de

Asis!Cruz et al., 2015; Gao et al., 2011; van den Heuvel et al., 2018) and

also in the adult brain (Gong & He, 2015; He et al., 2009).

Importantly, our analysis revealed increased connector hub

values in the left caudate, insula, and anterior cingulate in infants

in the depressed!only group, relative to the control group whereas

the SSRI group did not differ from the other groups. In addition,

exposure to maternal depression was also associated with higher

provincial hub values in the amygdala. Independently, prenatal SSRI

exposure had an impact. Provincial hub values were significantly

higher in Heschl’s gyrus and the right medial frontal orbital gyrus,

compared to the depressed group. Together, these findings appear to

reflect a regional specific differential susceptibility to maternal

depression and SSRI exposure. Similarities between control and SSRI

groups in connector hubs suggest that antidepressants may have a

“corrective” effect on early brain development that occurs with

exposure to prenatal maternal depressed mood. Whereas, differ-

ences in provincial hub connectedness between SSRI!exposed and

depressed nonexposed infants may reflect a direct impact of SSRI

exposure.

Using PLSR on a subset of infants, we have shown that hub

values of connector and provincial hubs extracted from rs!fMRI at

6 days of age accounted for more than 10% of the variance in

temperament between infant groups at 6 months of age.

Importantly, the regions that best predicted temperament sub-

scales are critical to early orientation and face recognition, namely,

decreased connector “hubbiness” in the right fusiform and right

mid!cingulate regions predicted smiling behavior at 6 months, while

auditory region connectedness levels were the best predictors of

orienting behavior, in a pattern which is more closely associated

with the SSRI and depressed!only groups than the control group.

These findings support the importance of early brain connectivity

in creating foundations for later cognitive and social!cognitive
functions (Bullmore & Sporns, 2012), and highlights possible

differing developmental trajectories between SSRI!exposed and

depressed!only, and nonexposed infants (Hanley, Brain, &

Oberlander, 2013; Weikum et al., 2013). Nonetheless, the small

predictive value of hub regions in relation to subsequent behavior

suggests that additional biological factors and ongoing environ-

mental influences also play a role in shaping infants’ social!
emotional development.

Our findings are consistent with reports from studies using

animal models (Bonnin, Zhang, Blakely, & Levitt, 2012; Simpson et al.,

2011). Prenatal stress is shown to be associated with increased

numbers of neurons in the anterior cingulate, which were labeled

with c!Fos (a marker for neuronal activation), suggesting a link

between prenatal stress and hyperconnectivity of the anterior

cingulate (Rosene et al., 2004). In addition, larger numbers of

amygdalar glial cells and neurons have been reported in prenatally

stressed adult rats (Salm et al., 2004). In animal models of prenatal

exposure to SSRIs, alterations of the premature 5HT circuitry were

correlated with the aberrant connectivity of the raphe and callosal,

alterations in processing patterns of sensory and auditory informa-

tion, and in the development of myelin (Bonnin et al., 2012; Simpson

et al., 2011). However, the relationship between the alterations in

5HT circuitry in animal models and the neurodevelopmental

consequences in humans are still not clear. Importantly, our findings

are consistent with the adult literature related to depression

(Connolly et al., 2013; Meng et al., 2014; Ramasubbu et al., 2014)

showing altered connectivity architecture of the anterior cingulate

cortex (ACC), amygdala, insula, and basal ganglia, which are all stress

regulatory brain regions. Thus, the intrauterine environment asso-

ciated with depressed but nonpharmacologically treated mothers

may shape the development of the neural circuits in a way that might

increase their vulnerability for future depression.

Our findings also reflect previously reported associations between

elevated prenatal maternal depressive symptoms and greater con-

nectivity of the left amygdala with the ACC and left insula in 6!month!
old infants of mothers with depression during pregnancy (A. Qiu et al.,

2015). Our results suggest that these brain regions are hypercon-

nected and such connectedness may indicate increased efficiency in

supporting neuronal communications in the resting!state network of

infants of depressed mothers. Further, resting!state hyperconnectivity

might be linked to a disproportionally heightened response of the

amygdala and insula to negative valance expressions such as fearful,

angry, or sad faces which have been demonstrated (Surguladze et al.,

2005). Importantly, such negative biases processing emotions and

information are critical to the etiology and maintenance of depression

(Beck, Rush, Shaw, & Gary, 1979) and our findings showing similar
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patterns of hyperconnectivity may shed light on the fetal origins of

these psychological disturbances (A. Qiu et al., 2015; Rifkin!Graboi
et al., 2013). Further, our findings also reflect an impact of fetal

exposure to maternal depression on functional brain development

(Belsky & Pluess, 2009) in ways that may increase risk for subsequent

psychopathology (A. Qiu et al., 2015).

Our results also point to a SSRI fetal programming effect that might

help elucidate the developmental impact of SSRI exposure. Using a data

driven analytical approach, we found higher hub values in Heschl’s gyrus

among SSRI group compared to the depressed!only group, consistent

with our previous report of hyperconnectivity in the auditory network

with prenatal SSRI exposure (Rotem!Kohavi et al., 2018). These findings

suggest a more efficient flow of information in local regions connected to

Heschl’s gyrus in SSRI!exposed infants and support the accelerated

auditory language perception development observed in SSRI!exposed
infants, which was already evident at 36 weeks gestation (Weikum et al.,

2012). Although a causal relationship cannot be determined, the

hyperconnectivity within the auditory network, together with higher

hub values in Heschl’s gyrus with SSRI exposure, reveals a functional

connectivity change that could potentially reflect accelerated onset of

speech perception observed in fetuses and infants exposed to SSRIs.

Though, it is not clear yet whether this language perception shift is

beneficial or detrimental to subsequent language development.

The hub values differences we found are lateralized, and were

demonstrated only for the left hemisphere. Previous reports have

reported lateralized differences in neonatal functional connectivity

following prenatal exposures. Left lateralization of language net-

works has been reported in newborn infants (Dehaene!Lambertz,

Dehaene, & Hertz!Pannier, 2002), suggesting higher susceptibility

within left lateralized auditory regions. However, though Qiu et al.

(2015) reported increased vulnerability of the left side, others have

reported alterations on the right side (Posner et al. 2016). Further

investigations are needed to understand the nature of these

inconsistencies.

Importantly, mothers treated with SSRI could have inherently

different characteristics compared to mothers with depression not

pharmacologically treated. Although we used two different control

groups for the SSRI!treated group (depressed!only, non!SSRI!treated,
and non!depressed) we could not rule out the effect of residual

confounding, such as variations in depressive symptoms, and genetic

variations related to mood disturbances which also confer develop-

mental risks for the child. Our study provides a glimpse into

functional topology of early brain development, but it is limited by

measurements at only one timepoint. Additional studies using

longitudinal designs are needed to determine whether these in!utero
exposures have long term associations with developmental variations

in functional topology.

5 | CONCLUSION

Our findings support the hypothesis that the environment inside the

womb has a critical role in preparing the fetus for life following birth

(Barker, 2000). We report differences in the functional network

topology for the different exposures, which implies that different in!
utero conditions might set a path to different developmental

trajectories that may increase or reduce developmental risk.

At present it remains unclear how—at a neural level—the impact of

SSRIs in the context of maternal depression during gestation differs

from the impact of depression alone. Both prenatal factors lead to

similar behavioral disturbances presumably reflecting altered central

serotonin signaling. SSRIs readily cross the placenta (Rampono et al.,

2009) and the blood–brain barrier, and have been shown both in animal

models (Rampono et al., 2009) and in human studies (Davidson et al.,

2009; Hilli et al., 2009; Laine, Heikkinen, Ekblad, & Kero, 2003) to alter

5HT signaling in the fetus. It has been hypothesized that acute in!utero
SSRI exposure leads to higher serotonin levels in the fetal brain, and in

the long term leads, via negative feedback, to constrained development

of serotonin circuitry, reduced serotonergic tone and lower effective

levels of serotonin in the brain during development (Oberlander,

Gingrich, & Ansorge, 2009). Moreover, given 5HT’s role as a trophic

factor regulating various aspects of fundamental developmental

processes such as cell growth, differentiation, migration, myelination,

synaptogenesis, and pruning (Gaspar, Cases, & Maroteaux, 2003), it is

conceivable that changes in the levels of 5HT as a result from exposure

to SSRI in those critical periods of brain development before birth might

influence developmental pathways differently from the in!utero
exposure to depression. Differences in behavioral outcomes between

depressed!only and SSRI!exposed infants and children have been

reported (Skurtveit, Selmer, Roth, Hernandez!Diaz, & Handal, 2014;

Weikum et al., 2013, 2012), however, the neural correlates reflecting

these outcomes and clinical implications still need to be determined.

Further, using PLSR, our findings provide support for associations

between region!specific hubs in the newborn brain and subsequent

differences in developmental pathways for specific infant behaviors

in the context of prenatal exposure to maternal depression and SSRI

antidepressants. Whether these paths lead to particular long term

developmental outcomes warrants additional investigation.
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