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ORIGINAL RESEARCH
PEDIATRICS

Maternal Anxiety and Depression during Late Pregnancy and
Newborn Brain White Matter Development

R.M. Graham, L. Jiang, G. McCorkle, B.J. Bellando, S.T. Sorensen, C.M. Glasier, R.H. Ramakrishnaiah, A.C. Rowell,
J.L. Coker, and X. Ou

ABSTRACT

BACKGROUND AND PURPOSE: Anxiety and depression during pregnancy have been associated with an increased risk of adverse neuro-
developmental outcomes in offspring. We aimed to study the in utero effects of maternal anxiety and depression on early brain
development.

MATERIALS AND METHODS: Pregnant women were recruited at �36weeks of gestation for this prospective study. They were
assessed for anxiety symptoms by the State-Trait Anxiety Inventory and for depression symptoms by the Beck Depression Inventory,
2nd Edition. After delivery, infant underwent an MR imaging examination of the brain without sedation, including DTI, for evaluation of
white matter (WM) development. Infant fractional anisotropy values, a putative marker of WM integrity, were correlated with the moth-
ers’ State-Trait Anxiety Inventory and Beck Depression Inventory scores by using both tract-based spatial statistics and ROI methods.

RESULTS: Thirty-four infants were included in this study. Both maternal State-Anxiety and Trait-Anxiety scores negatively correlated
(P, .05, corrected) with fractional anisotropy values in widespread brain WM regions; Beck Depression Inventory scores also nega-
tively correlated (P, .05) with fractional anisotropy values in one cluster in the brain. Further ROI analyses confirmed significant
negative correlations between average fractional anisotropy values in ROIs including left and right prefrontal WM, left and right
middle frontal gyrus WM, and the fornix, and State-Anxiety (R values, –0.47 to –0.67; P values, .008 to ,.001), Trait-Anxiety (R, –
0.37 to –0.59; P, .04 to ,.001), and Beck Depression Inventory (R values, –0.36 to –0.55; P, .05 to .002) scores.

CONCLUSIONS: Higher maternal anxiety and depression symptom scores during late pregnancy were associated with lower estimated
infant brain WM development, which indicated in utero influences of maternal mental health during pregnancy on the developing brain.

ABBREVIATIONS: BDI-II ¼ Beck Depression Inventory, 2nd ed; FA ¼ fractional anisotropy; S-Anxiety ¼ State-Anxiety score; SD ¼ standard deviation; STAI
¼ State-Trait Anxiety Inventory; T-Anxiety ¼ Trait-Anxiety score; TBSS ¼ tract-based spatial statistics

It is estimated that 28.8% of the US population is diagnosed
with an anxiety disorder and that 20.8% will be diagnosed

with a mood disorder, for example, depression, throughout
life.1 These disorders are of particular concern to women of
reproductive age, which coincides with the median age of onset
for these diagnoses,1 because the physiologic and metabolic

changes associated with pregnancy may play an important role

in triggering these conditions. In fact, it has been estimated that

�13% of pregnant women in the United States experience an

anxiety-related disorder, and 13.3% have a mood disorder, for

example, depression.2,3

Maternal anxiety and depression during pregnancy are not

only a significant health issue for the women because many of

them continue to have psychiatric disorders postpartum, but also

a potential health concern for their offspring. For example, off-

spring of women who have depression during pregnancy are

almost 5 times more likely to receive a diagnosis of depression by

age 16 than those who were not exposed to antenatal depression.4

In addition, increased maternal anxiety during early pregnancy is

independently associated with lower mental development scores

of infants at age 1 year5 as well as hyperactivity and inattention in

boys at 4 years of age, and behavioral and emotional problems in

both boys and girls.6
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Recent advances in noninvasive neuroimaging, particularly in
quantitative MR imaging methods,7 provide an opportunity to
link maternal depression and anxiety with adverse neurodevelop-
mental outcomes in offspring by sensitive evaluation of children’s
early brain development. A few new studies have revealed associ-
ations between prenatal anxiety and/or depression and infant
brain structural or functional development measured by MR
imaging,8-10 which suggests the possibility of in utero influences
of a mother’s mental health status to fetal brain development. In
addition, maternal anxiety and depression are associated with an
increased risk of fetal growth restriction,11 which has been linked
to changes in later brain development.12

These possible in utero influences reflected by brain differences
at early ages may be key to understand the relationships between
prenatal maternal mental health and long-term neurodevelopment
outcomes because studies have indicated the predictive value of
early brain measures to later outcomes.13,14 Moreover, studies also
reported associations between maternal anxiety and/or depression
during pregnancy and their offspring’s brain structure and func-
tion at later ages,15,16 although other postnatal influences may have
confounded these relationships. Overall, with emerging evidence
that shows the potential impact of maternal anxiety and depression
on offspring neurodevelopment, more studies are needed to char-
acterize how different brain regions may be vulnerable to this
unfavorable prenatal environment and to delineate the prenatal
effects with postnatal influences.

In this study, we hypothesized that both maternal anxiety and
depression during pregnancy would negatively affect offspring fe-
tal brain development, particularly for brain regions that control
emotion, motivation, memory, and cognitive and/or executive
functions. We aimed to determine if significant associations exist
between measures of symptoms for these disorders in late preg-
nancy and measures of infant WM development soon after birth.
To achieve that, we recruited healthy pregnant women without
complications, measured their anxiety and depression symptom-
atology by using standardized tests, and evaluated WM micro-
structural development in their newborn infants during the first
few weeks of life by using diffusion-tensor MR imaging.

MATERIALS AND METHODS
Subjects
All study procedures were approved by the institutional review
board of the University of Arkansas for Medical Sciences, and
all the participants signed informed consent to be included in
this study. Healthy pregnant women without medical complica-
tions during pregnancy were recruited through the Arkansas
Children’s Nutrition Center for this prospective study. The inclu-
sion criteria for the pregnant women were the following: singleton
pregnancy, �36weeks of pregnancy, and$18 years of age.
Exclusion criteria were the following: hypertension, diabetes, or
other pre-existing medical conditions known to influence fetal
growth; self-reported recreational drug, tobacco, or alcohol use
while pregnant; pregnancy conception with assisted fertility treat-
ment; and medical conditions developed during pregnancy known
to influence fetal growth. Infants born preterm, with congenital
defects and/or anomalies (or known chromosomal abnormalities),
small for gestational age (birth weight ,10th percentile), with a

low Apgar score (,7) or any other medical complications at birth
that suspected to affect brain WM development were also
excluded. In total, 44 infants had an MR imaging examination at
age 2weeks. Among them, 34 had both valid structural and/or dif-
fusion scans and maternal anxiety scores (2 of these did not have
valid depression scores) and were included in this report. The
demographics for the included subjects are presented in the Table.

Anxiety and Depression Assessment
Anxiety and depression symptom scores were obtained by using
the State-Trait Anxiety Inventory (STAI) and the Beck
Depression Inventory, 2nd ed (BDI-II),17 respectively. Both
assessments were administered by a licensed psychological exam-
iner (GM). The STAI provides 2 results: state (S-Anxiety) and
trait (T-Anxiety). The S-Anxiety score reflects the subject’s cur-
rent state of anxiety, that is, how the subject is feeling at the
moment of filling out the evaluation. In contrast, the T-Anxiety
result reflects how prone to anxiety the subject is, which can
include general states of calmness and security.18 The STAI
assessment consists of 40 questions in total, with 20 dedicated to
each subcategory. The result of the examination is a range of
scores between 20 and 80, with a higher score indicating greater
anxiety. Although the STAI manual does not indicate actual cut-
points to describe clinical thresholds, results of some studies sug-
gested a score of 39–40 to define clinically significant symptoms
of S-Anxiety,19 and results of other studies suggest a score of 45
as the cutoff for T-Anxiety.20 For the purposes of this study,
mean1 1 standard deviation (SD) (which provided a cutoff value
of 38 for S-Anxiety and 45 for T-Anxiety, similar to the literature
above) was used to determine whether their endorsement of anxi-
ety symptoms was in the elevated range. The instrument manual
reveals that alpha coefficients for the STAI show correlations of
0.92 to 0.94, which indicate that the STAI has very good internal
consistency and is a reliable instrument for measuring anxiety.
Validity evidence for the STAI also shows that this measure cor-
relates well with other widely used measures of personality and
adjustment and anxiety.21

The BDI-II is a 21-item questionnaire that evaluates the pres-
ence of symptoms for depression listed in the Diagnostic and
Statistical Manual of Mental Disorders, 4th ed. The assessment
includes items that measure affective, vegetative, cognitive, and
somatic symptoms of depression during the past 2 weeks.22 The
Beck Depression Inventory is one of the most widely used
indexes of depression due to its high validity, internal

Demographic information of the infants (17 male and 17 female)
and their mothers’ STAI, BDI-II, and IQ test scores at �36weeks
of pregnancy

Demographic

Result

Mean 6 SD
Range: minimum,

maximum
Gestational age at birth, days 275 6 7 259, 285
Age at MR imaging, days 18 6 7 12, 37
Mother’s IQ score 99 6 11 74, 132
Mother’s S-Anxiety score 29 6 8 20, 52
Mother’s T-Anxiety score 34 6 10 21, 61
Mother’s BDI-II score 9 6 6 0, 29
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consistency, and sensitivity to change.23 Overall, the BDI-II has
an internal consistency of 0.9 and a retest reliability range from
0.73 to 0.96. Validity research for the BDI-II when comparing it
with the Beck Depression Inventory and other well-researched
depression inventories shows excellent validity, which justifies its
use for assessment of depression in these subjects.24 Results are
considered to indicate the presence of “minimal” depressive
symptoms for scores 0–13, “mild” depressive symptoms for
scores 14–19, “moderate” for scores 20–28, and “severe” for
scores.29.

In addition, all pregnant women were administered the
Wechsler Abbreviated Scale of Intelligence, 2nd ed,25 which is an
abbreviated scale of intellectual performance that measures verbal
comprehension, perceptual reasoning, and general cognitive abil-
ities (Full Scale IQ Index). The average reliability coefficient in
adult samples when calculated with the Fisher z transformation is
0.97. Concurrent validity has been established with several widely
used measures of intelligence.

MR Imaging Data Acquisition
At approximately age 2weeks, the infants were brought to the radi-
ology department of the Arkansas Children’s Hospital for an MR
imaging examination of the brain at natural sleep without sedation.
Mini-muffs and/or headsets were placed over their ears to protect
them from the noise during the scan. They were swaddled by using
a MedVac infant immobilizer and warm sheets and were securely
positioned. An MR imaging–compatible camera was used to moni-
tor them. The infants were scanned by using a PRISMA scanner
(Siemens Medical Solutions) and an equipped 20-channel head
coil. Pulse sequences included sagittal T1 MPRAGE (TR, 1550ms;
TE, 3ms; TI, 1100ms; flip angle, 15°; voxel size, 1mm � 1mm �
1mm) and T2 TSE (TR, 10,500ms; TE, 168ms; echo spacing,
15.3ms; voxel size, 1mm� 1mm� 2mm) to screen for structural
abnormalities by neuroradiologists, and DWI with TR of
10,200ms, TE of 63ms, acquisition voxel size of 2mm � 2mm �
2mm, and b-value of 1000 s/mm2 with diffusion-weighting gra-
dients uniformly distributed (ie, projection of diffusion directions
uniformly distributed on a sphere unit) in 30 directions to evaluate
brainWM development.

MR Imaging Data Analysis
Fractional anisotropy (FA) maps were calculated by using the
scanner software and were exported to a workstation with FSL
(version 6.0, http://www.fmrib.ox.ac.uk/fsl) installed on a
VMware Linux virtual machine (VMware) for postprocessing.
The postprocessing methods were similar to those in previous
publications.13,26,27 Briefly, through the use of FSL’s tract-based
spatial statistics (TBSS; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)
toolbox, each FA image set was eroded slightly to remove the
thin and bright voxels that surround the edge of the brain, and
end slices were zeroed to remove outliers, which are voxels out-
side the brain with noisy FA. The FA image sets were then regis-
tered to each other by using nonlinear transformation to find the
most representative one, which then, consequently, served as the
target images. Each FA image set was then centered and layered
on top of the target images, and a mean FA map and a mean
WM skeleton (with FA$ 0.15 as the threshold, when considering

that infants have lower FA values than adults, for which 0.2 is
usually the default threshold) were then generated for all the sub-
jects and served as age-specific templates. All FA maps were then
projected onto the FA skeleton to create a 4D FA maps dataset
that encompassed all the subjects and, subsequently, was used for
statistical analysis. Finally, voxelwise correlation analyses were
used in TBSS to evaluate associations between FA values and
STAI and BDI-II scores. In addition, WM ROI, showing consist-
ent correlations between FA values and STAI and BDI-II scores
in the TBSS analysis were sketched on the mean FA maps based
on anatomy, and the average FA values for WM tracts in each
ROI were calculated. The associations between these average FA
values in these ROIs and STAI and BDI-II scores were also
evaluated.

Statistical Analysis
For the voxelwise correlation analyses using TBSS, randomization
with 5000 permutations was used. The threshold-free cluster
enhancement option was used to identify voxels with significant
correlation (P , .05, corrected for multiple comparisons in the
voxelwise analysis) between FA values and S-Anxiety, T-Anxiety,
or BDI-II scores. Potential confounders were considered, includ-
ing postmenstrual age (gestational age at birth plus age at MR
imaging), which has shown strong effects on infant WM develop-
ment26 as well as maternal IQ and infant sex. These parameters
were included in the randomized design matrix, and their poten-
tial confounding effects were controlled by regressing out before
permutation. For the ROI analysis, partial Spearmen correlation
analyses were used to evaluate correlations between average FA
values in each ROI and the S-Anxiety, T-Anxiety, and BDI-II
scores, also with the effects of potential confounders (postmenst-
rual age at MR imaging, infant sex, mother’s IQ) controlled. Both
the correlation coefficients and the P values were computed and
presented. P, .05 was regarded as significant.

RESULTS
The characteristics for the participants included in this study are
listed in the Table. Most of the mothers (76%) self-reported anxi-
ety and depressive symptoms that were within normal ranges,
with overall average scores for the study group also well within
established normal values. In total, 8 mothers (24%) reported ele-
vated symptoms of depression and/or anxiety. Specifically,
among 5 women (15%) with elevated depressive symptoms, 1
had severe symptoms and 4 had mild symptoms on the BDI-II.
Anxiety was also considered clinically elevated in 5 women (15%)
on the T-Anxiety score and 1 woman (3%) on the S-Anxiety
score. There were 2 women (6%) who endorsed clinical elevations
on both anxiety and depression measures. There was 1 woman
who was taking sertraline (Zoloft; a selective serotonin reuptake
inhibitor) 50mg once a day and another woman who was taking
Zoloft 25mg per day during pregnancy to treat anxiety. No other
women took anxiety or depression treatment medicine during
pregnancy. In addition, the S-Anxiety and T-Anxiety scores
showed strong correlation (correlation coefficient R ¼ 0.78, P ,

.001), and both S-Anxiety (R ¼ 0.61, P , .001) and T-Anxiety
(R ¼ 0.65, P , .001) scores showed significant correlations with
Beck Depression Inventory scores.
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Seventeen male and 17 female infants, born at a mean 6 SD
gestational age of 275 6 7 days, had successful MR imaging, with
valid structural and diffusion imaging data at a mean 6 SD age

of 18 6 7 days. There were no signifi-
cant incidental findings that suggested
WM abnormality for any of these sub-
jects. Voxelwise TBSS analysis showed
negative correlations (P , .05, cor-
rected for the voxelwise multiple
comparison and controlled for post-
menstrual age at MR imaging, infant
sex, and mother’s IQ) between S-
Anxiety scores in the pregnant women
and FA values in the infant in wide-
spread brain WM regions (Fig 1A).
These regions involved frontal, parie-
tal, and temporal WM in both brain
hemispheres as well as the limbic sys-
tem. In addition, the T-Anxiety score
in the pregnant women also negatively
and significantly (P , .05, corrected
for multiple comparison and con-
trolled for covariates) correlated with
FA values in their infants in multiple
WM regions (Fig 1B). These regions
involved the left orbitofrontal, pre-
frontal, and middle frontal WM, and
the right middle frontal WM. There
also was a negative and significant (P
, .05, corrected for multiple compari-
son and controlled for covariates) cor-
relation between the BDI-II score in
the pregnant women and FA values in
their infants in 1 cluster located in the
right middle frontal WM (arrow in Fig
1C). In addition, multiple WM regions
in the left and right frontal WM as
well as in the limbic system showed
trends (P , .10, corrected for multiple
comparison and controlled for covari-
ates) of negative correlations between
BDI-II scores and FA values in the
TBSS analysis (Fig 1C). No imaging
voxels or clusters in the brain showed
a positive correlation (P , .05)
between the S-Anxiety, T-Anxiety,
BDI-II scores, and the FA values.26

Based on the TBSS results, several
regions that consistently showed clus-
ters with significant (or trend of)
correlations between the S-Anxiety, T-
Anxiety, BDI-II scores, and the FA val-
ues were chosen for additional ROI
analysis. These ROIs were manually
drawn on the mean FA maps based on
anatomy and included the left-right
prefrontal WM, the left-right middle

frontal gyrus WM, and the fornix in the limbic system. The aver-
age FA values for the WM tracts in each of these ROIs were cal-
culated and correlated with STAI and BDI-II scores. Specifically,

FIG 1. A, WM regions (orange/red) showing significant (P , .05, corrected) negative correlations
between the mother’s S-Anxiety score (n ¼ 34) and infant FA value. B, WM regions showing signifi-
cant negative correlations (P , .05, corrected) between the mother’s T-Anxiety score (n ¼ 34) and
infant FA value. C, WM regions showing a trend (P, .10, corrected, except for the cluster shown by
the white arrow in which P , .05) of negative correlations between mother’s BDI-II score (n ¼ 32)
and infant FA value.
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a partial correlation test (with the postmenstrual age at MR imag-
ing, infant sex, and mother’s IQ as covariates) showed negative
correlations (correlation coefficient R values ranging from �0.47
to �0.67; P values ranging from .008 to ,.001) between S-
Anxiety scores in the pregnant women and the average FA values
in all of the 5 ROIs (Fig 2); negative correlations (correlation
coefficient R values ranging from �0.37 to �0.59; P values rang-
ing from .04 to,.001) between T-Anxiety scores in the pregnant
women and average FA values in all of the 5 ROIs (Fig 2); and
negative correlations (correlation coefficients R values ranged
from �0.36 to �0.55; P values ranged from .05 to .002) between
BDI-II scores in the pregnant women and the average FA values
in 4 of the 5 ROIs (Fig 2).

If depression scores were controlled for, then the relationships
between the anxiety scores and the FA values weakened.
Nevertheless, the following relationships were still significant: S-
Anxiety and left prefrontal WM FA (R ¼ –0.40, P ¼ .03), or left
(R ¼ –0.59, P, .001) or right (R¼ –0.42, P ¼ .03) middle fron-
tal gyrus WM FA; and T-Anxiety and left (R ¼ –0.43, P ¼ .02) or
right (R ¼ –0.38, P ¼ .05) middle frontal gyrus WM FA. On the

other hand, if anxiety scores were controlled for, then the rela-
tionships between the depression scores and the FA values
weakened as well, with only the relationship between the BDI-II
score and fornix FA significant (R ¼ –0.40, P ¼ .04). Therefore,
it seems that associations in the left prefrontal and left-right
middle frontal gyrus WM may be more specific to anxiety,
whereas the associations in the fornix may be more specific to
depression.

DISCUSSION
Our prospective study showed that the healthy full-term infants
born from uncomplicated pregnancies of mothers with symp-
toms for anxiety or depression (higher S-Anxiety, T-Anxiety, or
BDI-II scores) had lower estimated WM development (as indi-
cated by lower FA values) in multiple brain regions. A number of
recent brain imaging studies looked into the relationships
between maternal anxiety or depression during pregnancy and
measurements of brain structure or function in children. For
example, maternal anxiety during the second trimester of

FIG 2. Correlations between infant average FA values in the selected ROIs and maternal anxiety and/or depression symptom scores (S-Anxiety,
T-Anxiety, BDI-II) measured at pregnancy. The column on the right shows manually drawn regions (shaded blue), which, in combination with the
underlying WM skeleton (green), defined the WM ROIs used for calculation. PF indicates prefrontal WM; MFG, middle frontal gyrus WM.
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pregnancy was associated with decreased GM volume in the pre-
frontal cortex and several other cerebral-cerebellar regions in 6–
9-year-old children.15 Likewise, depression symptoms at the sec-
ond trimester measured by the Edinburgh Postnatal Depression
Scale negatively correlated with cortical thickness in inferior fron-
tal and middle temporal regions in 2.6–5.1-year-old children.16

In addition, increased maternal anxiety measured at 26weeks of
pregnancy using the STAI was associated with slower growth
of the hippocampus in the infant brain during the first 6months
of life.28 Functionally, maternal depressive symptoms measured
by the Edinburgh Postnatal Depression Scale at 26weeks of gesta-
tion were also associated with lower functional connectivity
between the amygdala and the corticostriatal circuitry in girls at
4 years of age.29 Importantly, although postpartum maternal
depression and a few other postnatal factors were considered in
the aforementioned studies, the associations between in utero ex-
posure to maternal depression and anxiety and brain develop-
ment in childhood were inevitably confounded by many other
postnatal factors, such as family environment and child nutrition.
Measuring the neonatal brain soon after birth may be more indic-
ative of the in utero effects, independent of postnatal influences.
In fact, a few imaging studies with slightly different designs when
compared with our study (eg, time evaluating pregnant women
and infants, structural and/or microstructural parameters ana-
lyzed) looked into whether brain structures in young infants
show changes associated with maternal depression or anxiety
during pregnancy. For example, FA values in the amygdala in 6–
14-day-old infants were lower for those born to mothers with
high depression symptom scores during pregnancy versus those
born to mothers with low depression symptom scores.9 Similarly,
a diffusion imaging study on 1-month-old infants showed that a
higher composite symptom score of anxiety and/or depression
measured at the third trimester of pregnancy in their mothers
was associated with lower microstructural measures in their fron-
tal WM.8 Interestingly, although widespread differences in WM
microstructures in 1-month-old infants were found between
those born to mothers who received depression treatment with
selective serotonin reuptake inhibitors during pregnancy com-
pared with controls (mothers with no depression diagnosis or
treatment during pregnancy), there were no differences in WM
microstructures or GM volumes when comparing those born to
mothers with a history of depression but no treatment with the
same controls.30 Analysis of these results suggests that exposure
to medicine may have important confounding effects in relation-
ships of maternal anxiety and/or depression and fetal brain devel-
opment, and should not be overlooked. Analysis of these results
also suggested that additional studies may be necessary to con-
firm the in utero effects of anxiety and depression on brain
development.

Our voxel wise TBSS and subsequent ROI analysis results
indicated a few brain regions that consistently showed negative
correlations between higher anxiety and/or depression symptoms
and lower estimated WM development. These regions mainly
involved the left and right prefrontal WM, the left and right mid-
dle frontal WM, and the fornix in the limbic system. The findings
in prefrontal–middle frontal WM are consistent with a few previ-
ous studies.8,15,16 The prefrontal cortex is important for executive

functioning, attention, and memory as well as speech production
and language. Depression and/or anxiety has been linked with
abnormalities in prefrontal WM,31–33 and exposure to maternal
depression and/or anxiety in utero has been linked to adverse de-
velopment in executive functioning.34 Likewise, WM abnormal-
ities associated with anxiety and/or depression have been found
in the middle frontal gyrus,32 which supposedly serves as the con-
nection between the ventral and dorsal attention network and
acts as a “circuit-breaker” to transition between stimulus-driven
and goal-oriented attention;35 and, studies show that antenatal
maternal depression and/or anxiety were associated with a higher
risk of child attention problems.36 The associations between
maternal anxiety and/or depression during pregnancy and off-
spring fornix development have not been reported before, with
only one study showing changes of pace in hippocampal volume
growth in infants associated with maternal anxiety.28

Development of the fornix begins at week 10 of gestation and
continues rapidly throughout gestation as one of the most promi-
nent brain fiber tracts at the fetal stage despite fornix’s relatively
small size in the adult brain.37 It is understandable that the fornix
is vulnerable to environmental influences during this stage of
rapid development. In addition, lower fornix FA values at birth
have been associated with lower cognitive scores measured at
2 years of age,13 which indicate the functional importance of nor-
mal early development of this structure.

Although the underlying mechanism for the changes in in
utero WM development associated with maternal anxiety or
depression is unclear, there are a few physiologic and/or meta-
bolic factors that may be involved. The increase of cortisol (one
of the major stress and anxiety hormones) level in the maternal
and fetal circulation may affect fetal neural development.38 In
addition, maternal anxiety and/or depression may lead to an
increased number of inflammatory cytokines in circulation,
which also could adversely affect fetal development via alteration
of the in utero environment.39 Although these potential pathways
can only be speculated without appropriately designed studies,
our imaging data that show infant brain differences associated
with maternal anxiety and/or depression during pregnancy indi-
cate that there are likely fetal programming effects involved. One
clinical implication of our study is that focus on postpartum
mental health of women at reproductive age may need to be
extended to before and during pregnancy because there may be
significant prenatal influences on offspring brain development.

There are a few limitations with our study. First, the sample
size was small. Although significant associations between mater-
nal anxiety and/or depression and infant WM development were
revealed by using this small cohort, a larger cohort can allow con-
sideration to more potential confounders and may potentially
identify more regions with significant correlation. Second, the
psychological evaluations of anxiety and depression symptoms
were only measured once, at 36weeks of pregnancy. Future stud-
ies with longitudinal observation of these symptoms throughout
the pregnancy may provide a more complete characterization of
fetal exposure to this unfavorable environment. Third, in our
study design, we included participants on medicine for treatment
of anxiety or depression (n¼ 2). Although the effects of medicine
did not seem to change our results (when analyzing the data by
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adding whether taking medicine as an additional covariate), the
effects may need to be carefully considered with a larger cohort.
Fourth, we only focused our diffusion evaluation on FA values
that are commonly available on clinical scanners, while FA values
are sensitive but not specific to different microstructural changes
inWM. Nevertheless, our study is one of the first to reveal signifi-
cant effects of both maternal anxiety and depression during preg-
nancy on offspring brain development, and in imaging the infant
brain as early as possible to capture the in utero effects while lim-
iting postnatal influences.

CONCLUSIONS
Higher maternal anxiety and depression symptom scores during
late pregnancy were each associated with lower estimated infant
brain WM development in multiple brain regions, including pre-
frontal and middle frontal WM and the fornix, indicating in
utero influences and early brain changes, which may potentially
lead to changes in long-term neurodevelopmental outcomes in
offspring.
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