
Received: July 19, 2021. Revised: October 12, 2021. Accepted: November 15, 2021
© The Author(s) 2021. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com

Cerebral Cortex, 2022, 32, 4025–4038

https://doi.org/10.1093/cercor/bhab463
Advance access publication date 24 December 2021

Original Article

The expectant brain–pregnancy leads to changes in
brain morphology in the early postpartum period
Natalia Chechko1,2,3,*, Jürgen Dukart3,4, Svetlana Tchaikovski5, Christian Enzensberger5, Irene Neuner1,2, Susanne Stickel 1,2

1Department of Psychiatry, Psychotherapy and Psychosomatics, Medical Faculty, RWTH Aachen, Aachen 52074, Germany,
2Institute of Neuroscience and Medicine, JARA-Institute Brain Structure Function Relationship (INM 10), Research Center Jülich, Jülich 52428, Germany,
3Institute of Neuroscience and Medicine, Brain & Behavior (INM-7), Research Center Jülich, Jülich 52428, Germany,
4Institute of Systems Neuroscience, Medical Faculty, Heinrich Heine University Düsseldorf, Düsseldorf 40225, Germany,
5Department of Gynecology and Obstetrics, Medical Faculty, RWTH Aachen, Aachen 52074, Germany

*Address correspondence to Natalia Chechko, Pauwelsstrasse 30, Aachen 52074, Germany. Email: nchechko@ukaachen.de; Susanne Stickel, Pauwelsstrasse 30,
Aachen 52074, Germany. Email: sstickel@ukaachen.de

There is growing evidence that pregnancy may have a significant impact on the maternal brain, causing changes in its structure. To
investigate the patterns of these changes, we compared nulliparous women (n = 40) with a group of primiparous women (n = 40) and
multiparous mothers (n = 37) within 1–4 days postpartum, using voxel-based and surface-based morphometry (SBM). Compared with
the nulliparous women, the young mothers showed decreases in gray matter volume in the bilateral hippocampus/amygdala, the
orbitofrontal/subgenual prefrontal area, the right superior temporal gyrus and insula, and the cerebellum. These pregnancy-related
changes in brain structure did not predict the quality of mother–infant attachment at either 3 or 12 weeks postpartum nor were
they more pronounced among the multiparous women. SBM analyses showed significant cortical thinning especially in the frontal
and parietal cortices, with the parietal cortical thinning likely potentiated by multiple pregnancies. We conclude that, compared
with the brain of nulliparous women, the maternal brain shows widespread morphological changes shortly after childbirth. Also, the
experience of pregnancy alone may not be the underlying cause of the adaptations for mothering. As regards the exact biological
function of the changes in brain morphology, longitudinal research will be needed to draw any definitive conclusions.
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Introduction
Pregnancy is characterized by a remarkable increase
in circulating steroid hormones, including estradiol,
progesterone, and cortisol (Lindsay and Nieman 2005;
Galea and Frokjaer 2019). Both in animals and humans,
these continually increasing hormones are thought to
change the pregnant brain by crossing the blood–brain
barrier (Galea and Frokjaer 2019; Sacher et al. 2020). In
humans, at least 2 independent studies have concluded
that pregnancy is accompanied by significant decreases
in brain size (Oatridge et al. 2002) and gray matter
volume (GMV) (Hoekzema et al. 2017) with a number
of other studies showing an increase in GMV after
childbirth. An increase in GMV has been seen between
2 and 4 weeks and 3 and 4 months postpartum (Kim
et al. 2010), and even as early as between 1 and 2 days
and 4 and 6 weeks postpartum (Luders et al. 2020).
Collectively, these studies suggest that a decrease of
GMV/brain size in pregnancy is followed by a postpartum
increase (restoration) of GMV/brain size. Multiple areas
(such as the [para]-hippocampus, the fusiform gyrus

(Hoekzema et al. 2017), the temporal lobe (Kim et al. 2010;
Hoekzema et al. 2017), the amygdala (Kim et al. 2010), the
precuneus/posterior cingulate (Hoekzema et al. 2017;
Luders et al. 2020), the medial prefrontal/orbitofrontal
areas (Kim et al. 2010; Hoekzema et al. 2017), the inferior
frontal gyrus (Kim et al. 2010; Hoekzema et al. 2017;
Luders et al. 2020), the pre- and postcentral gyri (Kim
et al. 2010; Luders et al. 2020), the insula (Kim et al.
2010; Hoekzema et al. 2017), the hypothalamus (Kim
et al. 2010), the striatum, and the thalamus (Kim et al.
2010; Luders et al. 2020) have been suggested to be
involved in these peripartum/postpartum adaptation
processes, compromising the so-called “maternal brain”
(Kim et al. 2016). In sum, current research clearly
suggests that pregnancy and the postpartum period
change the maternal human brain. However, given that
the postnatal adaptation processes involving structural
change begin very early following childbirth (Oatridge
et al. 2002; Luders et al. 2020) and last up to 6 months
(Oatridge et al. 2002) or longer (Hoekzema et al. 2017), a
better characterization of individual milestones of those
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changes is necessary to understand the trajectory of
antenatal/postnatal brain plasticity. Thus, it would be
important to first understand which changes are intrin-
sically associated with pregnancy, and then how the
processes of neuroplasticity continue after childbirth.
The previous studies, on the other hand, mostly focused
on the postpartum brain, frequently including groups
that were very heterogeneous in terms of the time points
at which they were investigated. For instance, Hoekzema
et al. (2017) performed the first magnetic resonance
imaging (MRI) before pregnancy and the second between
1 and 4 months postpartum, disregarding the fact
that the maternal brain 1 month postpartum may
differ considerably from the one 4 months postpartum.
Only one research group (Luders et al. 2018, 2020)
assessed the very early postpartum period (1–2 days after
delivery), demonstrating an early postpartum adaptation
occurring between 1 and 2 days and 4 and 6 weeks
after childbirth, but it did not address the question
as to which changes may be intrinsically linked to
pregnancy. In addition, the biological function of GMV
reduction in pregnancy is not entirely clear. According
to Hoekzema et al. (2017), the GMV reduction seen in
humans at 1–4 months postpartum, compared with the
prepregnancy level, may be related to the absence of
hostility in new mothers in the first 6 months following
childbirth. Such observations have been interpreted
as proof of a link between pregnancy-related GMV
reduction and the quality of mother–child attachment.
Kim et al. (2010), on the other hand, suggested that
the postpartum increase/restoration of GMV is likely
associated with a mother’s positive perception of her
child, which is in line with the findings in animal
studies. In female mice, for instance, gestation and
lactation periods have been seen to induce strong, albeit
transient, gray matter concentration hypertrophy within
key regions involved in emotion, motivation, reward, and
mnestic functions (Barrière et al. 2021). Thus, it remains
to be ascertained whether it is the GMV reduction in
pregnancy, as suggested by Hoekzema et al. (2017),
or the postpartum neuroplasticity, modulated by the
interaction with the child, as suggested by Kim et al.
(2010) or shown in animal models (Barrière et al. 2021),
that is instrumental in the development of maternal
attachment toward the child. In addition, none of the
previous studies compared first-time pregnant women
with their multiparous counterparts nor were there
comparisons with control groups comprising yet-to-be-
pregnant women. This question is of particular relevance
given that, according to some studies, multiple pregnan-
cies exert long-lasting, pregnancy-related effects on the
brain. Notably, a higher number of previous pregnancies
have been found to be associated with less apparent
brain aging, especially in the striatal and limbic regions,
including the nucleus accumbens and the amygdala,
and also in the hippocampus (Lange et al. 2020), whereas
grand multiparity (i.e., 5 or more childbirths) has been
suggested to contribute to cognitive decline or increased

dementia risk (Bae et al. 2020b). Thus, the findings with
respect to the possible effects of parity/multiparty on
brain aging are somewhat contradictory, calling for fur-
ther research. Comparing primiparous and multiparous
women shortly after delivery may yield conclusive
results. In light of this, the overarching goal of this project
was to explore pregnancy-related GMV changes in young
mothers, taking into account such factors as multiparty,
attachment toward the child, and postpartum mood.
Assessing the very early postpartum period (e.g., the first
few days following childbirth) was of particular relevance
as it might shed valuable light on the entire spectrum
of changes associated with pregnancy. Although this
period is crucial for the development of mother–infant
attachment (Fleming et al. 1993; Morsbach and Bunting
2008; Adeli and Aradmehr 2018), it can also give rise
to negative feelings or mood swings (the so-called baby
blues) (Hahn et al. 2021; Stickel et al. 2021), putting young
mothers at a higher risk of postpartum depression (PPD)
(DSM 5, APA 2013).

The data for the current investigation were drawn from
the data pool of the risk of postpartum depression (RiPoD)
study, in which postpartum women were subjected to
a multimodal MRI scan within the first few days of
childbirth and then observed for 12 weeks. Based on
a clinical interview 12 weeks postpartum, participants
were classified as mentally healthy or having either
PPD or adjustment disorder (AD). Although the focus
of our previous research was the investigation of
early structural and functional brain alterations in
PPD and AD (2021), the focus of the current study
was the assessment of GMV changes associated with
pregnancy itself in a subgroup of mentally healthy
participants without any psychiatric history. After
repeating the analysis of Schnakenberg et al. (2021a) and
Schnakenberg et al. (2021b) in a bigger sample (see
Supplementary Material), we compared 78 healthy
mothers, with no psychiatric history, with healthy
nulliparous women (n = 40), also with no history of
psychiatric disorder. To determine whether the number
of pregnancies can have any impact on the specific
pregnancy-related changes in brain volume shortly
after childbirth, we compared primiparous women
with their multiparous counterparts (2–3 children). No
other study had sought to address the GMV reduction
seen shortly after delivery in the specific context of
postpartum maternal behavior. Given that the data
were collected as part of a longitudinal study, including
observation of maternal attachment at several time
points within the first 12 weeks postpartum, we also
focused on the link between pregnancy-related GMV
changes and the development of attachment based on
multiple Maternal Postnatal Attachment Scale (MPAS)
assessments. Choosing a different approach as compared
with Hoekzema et al. (2017), we sought to determine
if the MPAS scores at 3 or 12 weeks postpartum could
be predicted based on the GMV at childbirth. Factors
such as baby blues, scores of the Edinburg Postnatal



Chechko et al. | 4027

Depression Scale (EPDS), and child’s sex were also taken
into account.

Aiming to characterize the GMV changes in direct
relation to childbirth, we had the following hypotheses:
First, comparing the young mothers with nulliparous
controls, we expected to see pregnancy-associated GMV
reduction in regions including the hippocampus and the
prefrontal and temporal cortices (Hoekzema et al. 2017).
However, as the MRI scan was performed close to delivery,
we expected a clearer definition of the regions affected
by pregnancy-induced GMV reduction. In addition, we
expected to see an effect of pregnancy on cortical thick-
ness. Second, we hypothesized that the number of preg-
nancies might have an impact on the pregnancy-related
changes in brain volume (Lange et al. 2020) and on cor-
tical thickness. However, as previous findings had been
contradictory with respect to the effect of single versus
multiple pregnancies on the brain, it was not possible
to ascertain exactly which regions (if any) are likely to
be more affected by multiple pregnancies and to what
degree. In addition, focusing on the link between the
maternal brain shortly after pregnancy and the devel-
opment of attachment toward the infant over the 12-
week postpartum period, we expected to find out if the
degree of pregnancy-induced GMV reduction predicts the
quality of attachment during the first postpartum weeks.
Given that there is increasing evidence from research in
animals and humans that the postpartum period is asso-
ciated with further reorganization of the brain in rela-
tionship to the attachment toward the child, we assumed
that pregnancy-related GMV reduction may not be as
crucial for mother–child attachment and, therefore, may
not predict the quality of attachment postpartum.

Materials and Methods
Participants Included in the Analysis
Written informed consent was obtained from all partic-
ipants. The study, approved by the Ethics Committee of
the University Hospital RWTH Aachen, conformed to the
ethical standards of the Helsinki declaration.

This study included a group of 78 healthy postpartum
women (age range 21–42 years). The imaging data of
these participants were selected from the brain imag-
ing data pool (n = 169) of an ongoing longitudinal study
pertaining to the early detection of PPD (RiPoD-study)
based on the following criteria: euthymic women with
no signs of postpartum psychiatric disorder based on the
clinical interview at childbirth and at 12 weeks postpar-
tum, and no psychiatric history. The postpartum women
included in the current analysis were further split into
2 groups based on their parity: 41 primiparous women
(22–39 years) and 37 multiparous women (21–42 years).
In the multiparous group, 33 women had 2 children and
4 women had 3 children. To minimize the time window
between childbirth and the MRI scan, only women whose
structural MRI session had taken place between 1 and
4 days after childbirth were selected for the analyses.

RiPoD Study
All participants of the RiPoD study were recruited in
the Department of Gynecology and Obstetrics at the
University Hospital Aachen within 1–6 days of child-
birth (for the analyses, only those recruited and exam-
ined in the MRI between 1 and 4 days postpartum were
selected). Twelve weeks after childbirth, the participants
were invited to a final semistandardized clinical inter-
view for the final diagnosis by an experienced psychia-
trist or psychologist. Women with current depression or
any other manifest psychiatric condition at the moment
of recruitment, based on the clinical interview, abuse of
alcohol, drugs, psychotropic substances, antidepressant
or antipsychotic medication during pregnancy, history
of psychosis or manic episodes, were excluded from the
RiPoD study. In addition, only mothers of healthy children
(determined by the routine German Child Health tests
[U2] conducted within the first 3–10 days of life) were
included. Barring the pregnancy- and child-related exclu-
sion criteria, the recruitment was equitable and inclu-
sive, representing a cross-section of the local population.
As part of the RiPoD study (for a comprehensive study
overview please refer to Stickel et al. 2021), all partici-
pants had to complete the Edinburgh Postnatal Depres-
sion Scale (Cox et al. 1987), a 10-item self-report to help
assess depressive symptomatology in the postpartum
period, immediately after childbirth and every 3 weeks
for 12 weeks postpartum. Using the MPAS (Condon and
Corkindale 1998), a total score of maternal attachment
including subscores for quality of attachment, absence
of hostility, and pleasure in interaction was evaluated at
3, 6, 9, and 12 weeks postpartum. At 3 weeks postpartum,
the experience of baby blues symptoms was assessed
with both a self-report and a cut off score of >10 on
the Maternity Blues Questionnaire (MBQ) (Kennerley and
Gath 1989; Takács et al. 2016).

Nulliparous Control Subjects
The nulliparous control subjects were 40 healthy female
adults (age range 19–35 years, M = 26.7 years, standard
deviation [SD] = 4.53 years) recruited through advertise-
ment in the study center. The control subjects had no
sign of depression or any other manifest psychiatric
disorder based on the clinical interview at the time of
recruitment, no history of psychiatric disorders (identi-
fied by the short version of the German Structured Clini-
cal Interview for DSM 4 Disorders [SCID-I]; Wittchen et al.
1997), had never been pregnant before, and had neither
a history of (spontaneous) abortion nor an unfavorable
pregnancy outcome (e.g., extrauterine pregnancy).

Behavioral Data Analysis
The analysis was conducted using SPSS 25 IBM Corpo-
ration (Armonk, NY) for Windows. The nulliparous and
postpartum groups were compared with regard to age
(using the Welch F-test due to violation of homogeneity
of variance), education (Fisher’s exact test), and marriage
status (Chi-square test).
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The postpartum groups (primiparous and multi-
parous) were compared with regard to age, gestational
age, child’s birth weight, birth mode, EPDS scores and
MPAS total, as well as subscale scores. For each of
the continuous measures, independent sample t-tests
were conducted. In case of violation of the assumption
of homogeneity of variance (Levene’s test), t-statistic
not assuming equality of variance was computed. For
categorical measures, Chi-square tests were conducted.

Separate analyses of variance (ANOVAs) for repeated
measures were calculated within each parity group with
measurement time points after birth and EPDS scores
or MPAS total scores and subscale scores as within-
subject variables. The Greenhouse–Geisser correction
was used to adjust degrees of freedom when significant
nonsphericity was detected via the Mauchly’s test.

Significant findings were pursued with Bonferroni-
corrected post hoc tests for ANOVA, Games–Howell cor-
rected post hoc test for the Welch F-test, and standard-
ized residuals for the Chi-square test, determining which
category of variables in which group had the largest
difference between the expected and actual numbers
relative to the sample size (critical value z = ±1.96).

The effect sizes of the significant results are reported
using partial eta squared (ηp

2) for F-tests (small: 0.20–
0.05, medium: 0.06–0.13, large: 0.14 and greater), Cohen’s
d for pairwise comparisons (small: 0.20–0.49, medium:
0.50–0.79, large: 0.80 and greater), and Cramer’s V for Chi-
square test (small: 0.1–0.29, medium: 0.3–0.49, large: 0.5
and greater) (Cohen 1988).

A significance level of P value less than 0.05 was used.

MRI Data Acquisition
Neuroimaging data were acquired using a 3 Tesla Prisma
MR Scanner (Siemens Medical Systems, Erlangen, Ger-
many) located in the Medical Faculty of RWTH Aachen
University. T1-weighted structural images were acquired
by means of a 3-dimensional magnetization-prepared
rapid acquisition gradient echo imaging sequence
(4.12 min; 176 slices, TR = 2300 ms, TE = 1.99 ms, TI =
900 ms, FoV = 256 × 256 mm2, flip angle = 9◦, voxel
resolution = 1 × 1 × 1 mm3). All images were inspected for
structural abnormalities, scanner artifacts, and motion
artifacts. In case of the latter two, imaging acquisition
was repeated.

Voxel-Based Morphometry (VBM)
Anatomical imaging data were preprocessed using the
Computational Anatomy Toolbox (CAT12 Version r1728)
and statistical parametric mapping (SPM)12 toolbox
implemented in Matlab 2015b (MathWorks, Inc., Natick,
MA). The default settings of CAT12 were applied for
spatial registration, segmentation, and normalization
(Gaser et al. in review). All images were affine registered
to standard tissue probability maps by correcting indi-
vidual head positions and orientations and translated
into Montreal Neurologic Institute (MNI) space. The
images were segmented into gray matter, white matter
(WM), and cerebrospinal fluid. For normalization, the

Diffeomorphic Anatomic Registration Through Exponen-
tiated Linear algebra algorithm (DARTEL) was used (Klein
et al. 2009) as DARTEL affords a more precise spatial
normalization to the template than the conventional
algorithm (Ashburner 2007). Images were visually
inspected for potential segmentation and registration
errors. Following the suggestions of the CAT12 toolbox
manual (Gaser et al. in review), a homogeneity check
of the unsmoothed data identified no outliers, thus the
GMVs of all participants were included in subsequent
analyses. Finally, the modulated GMV was smoothed with
an 8-mm full-width at half-maximum (FWHM) Gaussian
kernel.

Surface-Based Morphometry (SBM)
The CAT12 toolbox was used to extract information
regarding cortical thickness. Volumes were segmented
using surface and thickness estimation in the writing
options. Local maxima were projected to the gray matter
voxels by using neighbor relationship described by the
WM distance, equaling cortical thickness. The estimation
of cortical thickness was performed based on projection-
based thickness including partial volume correction,
sulcal blurring, and sulcal asymmetries without sul-
cus reconstruction (Dahnke et al. 2013). Topological
correction was performed through an approach based
on spherical harmonics. For interparticipant analysis,
an algorithm for spherical mapping of the cortical
surface was included (Yotter et al. 2011). An adapted
volume-based diffeomorphic DARTEL algorithm was
then applied to the surface for spherical registration. All
scans were resampled and smoothed with a Gaussian
kernel of 15-mm FWHM. The surface data were visually
inspected for artifacts and all scans passed through the
automatic surface data homogeneity check of the CAT12
toolbox.

Statistical Analyses for VBM and SBM
For statistical comparison of the 3 groups (nulliparous,
primiparous, and multiparous), we applied the general
linear model (GLM) approach implemented in SPM 12.
To compare the 3 groups, a whole-brain one-way ANOVA
was performed with smoothed gray matter segments of
all participants for the VBM analysis and resampled and
smoothed thickness files of all participants for the SBM
analysis. To test whether the baby’s sex or the experience
of baby blues (yes/no) had an effect on GMV or cortical
thickness, a whole-brain full-factorial GLM with factor
group (2 levels) and factor baby blues (2 levels) or gender
(2 levels) was performed. The significant effects of all
GLM analyses were further pursued with t-contrasts.
The effect of hormonal contraception intake (yes/no) in
nulliparous control subjects was performed with a 2-
sample t-test. The correlation between EPDS scores at T0
and GMV and cortical thickness changes was performed
with regression analyses (in all postpartum, primiparous,
and multiparous women).

In all VBM analyses, age and total intracranial volume
(TIV) were used as covariates. The SBM analyses were
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adjusted only for age, as TIV is not recommended as a
covariate by the authors of the CAT12 toolbox (Gaser et
al. in review).

For all analyses, the statistical threshold was set at
P < 0.05 cluster-level family-wise error (FWE) correction
for multiple comparisons, with a cluster-forming thresh-
old at voxel-level P < 0.001, k = 920 voxels for VBM, and
k = 116 voxels for SBM. Gray matter structures in the
VBM analyses are labeled with reference to the Anatomy
Toolbox for SPM (Eickhoff et al. 2005) and the Automated
anatomical labeling atlas 3 (Rolls et al. 2020). In SBM
analyses, surface structures are labeled with reference
to the Desikan–Killiany atlas (Desikan et al. 2006).

All results are presented in the MNI space.
Additional analyses of all RiPoD study participants

(n = 169; 124 nondepressed, 21 with AD, 24 with PPD) can
be found in the Supplementary Material.

Multivariate Regression Analyses
The PRONTO toolbox 2.0 (http://www.mlnl.cs.ucl.ac.uk/
pronto/) implemented in Matlab was used to predict the
MPAS total and its attachment, hostility, and interaction
subscales using whole-brain voxel-wise GMV, and
controlling for age and TIV. A kernel ridge regression
was computed using a leave-one-out approach with
the default settings. Permutation-based nonparametric
P values (1000 permutations) were computed for the
correlation between observed and predicted scores.

Results
Behavioral Results
The average postpartum time frame of measurement
was 2 days after childbirth (M = 2.58 days postpartum,
SD = 0.79 days postpartum).

In the postpartum group, 63 (80.8%) were Germans,
2 (2.6%) were from other West European countries (Bel-
gium, Netherlands), 1 (1.3%) was from Spain, 8 (10.3%)
were from Eastern Europe (Poland, Lithuania, Russia,
Slovakia), and 4 (5.1%) were from African, Arab, or Asian
countries (Morocco, Iran, Liberia, Tajikistan).

In the nulliparous control group, 26 participants
(70.3%) were from Germany, 3 (8.1%) from a West Euro-
pean country (France), 3 (8.1%) from the Mediterranean
region (Spain, Greece, Turkey), 4 (10.8%) from Eastern
Europe (Russia, Bulgaria), and 1 (2.7%) from Africa (no
specific country was mentioned). Three nulliparous
participants did not provide information regarding their
country of origin. Table 1 summarizes the characteristics
of the 3 groups.

The nulliparous control subjects were significantly
younger than their postpartum counterparts (P < 0.001,
d = 4.34–4.66) and significantly less likely to be married
than expected (z = −3.2, Cramer’s V = 0.538, P < 0.001).
The multiparous participants were more likely to have
low educational status, although calculations were not
possible here due to the low cell count.

The primiparous and multiparous participants did not
differ significantly in age, gestational age, birth mode, the
experience of baby blues (yes/no, based on self-report
and MBQ cut off score > 10), intent to breastfeed at T0
and breastfeeding at T1 (Table 1). The groups did not
differ in the self-reported values of mother–child attach-
ment total scores and the respective subscales, although
there was a trend for the primiparous mothers to have
slightly higher MPAS scores than multiparous mothers
6 weeks postpartum (P = 0.051). In addition, the groups
did not differ in the self-reported depression scores at any
time point.

Repeated measures ANOVA was used within each
group to analyze the postpartum course of the total
mother–child attachment scores and the 3 subscales
at all 4 time points. There was no significant effect
of time in either group regarding the total scores
(primiparous: F2.41,96.3 = 0.98, P = 0.935; multiparous:
F3,108 = 2.00, P = 0.118). In addition, no significant inter-
action was detected between the subscales and the time
points (primiparous: F6,234 = 0.26, P = 0.955; multiparous:
F4.25,152.91 = 1.95, P = 0.101). In addition, the MPAS score
correlated significantly throughout the postpartum
course (T1—T2: r = 0.733, T2—T3: r = 0.818, T3—T4:
r = 0.799, all P < 0.001).

The repeated measures ANOVA showed a significant
effect of time regarding the EPDS values in both groups
(primiparous: F4,160 = 7.28, P < 0.001, ηp

2 = 0.154; multi-
parous: F4,144 = 4.03, P = 0.004, ηp

2 = 0.101). In the prim-
iparous group, Bonferroni-corrected pairwise compar-
isons revealed significantly higher depressive values at
3 weeks compared with 9 (P = 0.003, d = 0.59) and 12 weeks
postpartum (P < 0.001, d = 0.820), as well as higher values
at 6 weeks compared with 12 weeks (P = 0.024, d = 0.583).
In the multiparous group, depressive values at 12 weeks
were significantly lower compared with after childbirth
(P = 0.018, d = 0.705), 3 weeks (P = 0.01, d = 0.709), and
6 weeks postpartum (P = 0.041, d = 0.234). In addition,
the EPDS score correlated significantly throughout the
postpartum course (T0–T1: r = 0.241, P = 0.034, T1–T2:
r = 0.399, T2–T3: r = 0.601, T3–T4: r = 0.514, all P < 0.001).

Whole-Brain VBM Results
GMV Alterations in Primiparous Participants
We tested whether pregnancy and childbirth lead to
changes in the brain structure. In a whole-brain analysis,
using t-contrast from random-effects GLM (ANOVA), we
found a symmetrical pattern of significant GMV decrease
in 3 clusters in the primiparous compared with the nul-
liparous women (Fig. 1A, Supplementary Table S1). The
first cluster (20 607 voxel) included regions of the cere-
bellum extending to the inferior temporal gyrus, the
fusiform gyrus, and the inferior occipital gyrus. The sec-
ond cluster (12 159 voxel) included the basal ganglia,
the subgenual and orbitofrontal cortices, the anterior
and midcingulate cortices, the thalamus, the insula, the
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Table 1. Sample characteristics of postpartum women

Nulliparous Primiparous (n = 41) Multiparous (n = 37) Statistical test
Mean (SD) Mean (SD)

Age 26.7 (4.53) 31.24 (4.09) 32.57 (4.66) Welch F2,75.49 = 17.44, P < .001a

Gestational age in days 276.68 (10.90) 275.43 (10.63) t76 = 5.12, P = 0.610
Child’s birth weight 3281.10 (454.91) 3431.08 (508.45) t76 = −1.36, P = 0.173
MPAS 3 weeks pp 86.07 (4.69) 84.05 (5.82) t76 = 1.69, P = 0.094

Quality of attachment 40.45 (2.68) 39.11 (3.41) t76 = 1.93, P = 0.058
Absence of hostility 22.85 (2.14) 22.76 (1.89) t76 = 0.20, P = 0.841
Pleasure in interaction 23.05 (1.72) 22.19 (2.89) t57.76 = 1.57, P = 0.122

MPAS 6 weeks pp 86.20 (4.33) 83.73 (6.31) t62.84 = 1.99, P = 0.051
Quality of attachment 40.35 (31.10) 39.49 (3.45) t76 = 1.56, P = 0.251
Absence of hostility 22.80 (1.92) 22.05 (2.31) t76 = 1.54, P = 0.127
Pleasure in interaction 23.05 (1.41) 22.19 (2.85) t51.71 = 1.65, P = 0.104

MPAS 9 weeks pp 85.93 (4.79) 83.65 (6.29) t66.98 = 1.78, P = .079
Quality of attachment 40.53 (3.43) 39.22 (3.59) t76 = 1.64, P = 0.106
Absence of hostility 22.55 (2.14) 22.16 (2.48) t76 = 0.74, P = 0.463
Pleasure in interaction 22.95 (1.68) 22.30 (2.60) t60.75 = 1.29, P = 0.200

MPAS 12 weeks pp 86.22 (4.66) 85.05 (6.19) t76 = 0.95, P = 0.348
Quality of attachment 40.55 (3.34) 40.11 (3.51) t76 = 0.57, P = 0.573
Absence of hostility 22.80 (2.42) 22.27 (2.38) t76 = 0.97, P = 0.336
Pleasure in interaction 23.25 (1.31) 22.43 (2.89) t49.51 = 1.58, P = 0.121

EPDS at birth 3.39 (2.48) 4.32 (2.45) t76 = −.167, P = .099
EPDS 3 weeks pp 4.34 (3.09) 4.27 (2.28) t73.18 = 0.16, P = 0.908
EPDS 6 weeks pp 3.51 (2.44) 3.70 (2.59) t76 = −0.33, P = 0.739
EPDS 9 weeks pp 2.71 (2.39) 3.27 (2.68) t76 = −0.98, P = 0.330
EPDS 12 weeks pp 2.24 (1.88) 2.65 (2.29) t76 = −0.86, P = 0.394

Percent Percent
Secondary education Fisher’s exact = 9.41, P = 0.027b

Lowest (<9 years) – – 11.1
Middle (10–12 years) 12.5 15 2.8
Highest (>13 years) 87.5 85 86.1

Birth mode Fisher’s exact = 5.34, P = 0.125
Spontaneous 68.3 78.4
Ventouse 9.8 –
C-section 12.2 18.9
Emergency C-section 9.8 2.7

Experience of baby blues
(yes)

48.8 54.1 Chi2(1) = 0.22, P = 0.642

Intend to breastfeed at T0
(yes)

92.7 83.8 Fisher’s exact = 5.34, P = 0.295

Breastfeeding at T1 (yes) 87.8 78.4 Chi2(1) = 1.24, P = 0.265
Married (yes) 7.7∗ 61.0 75.7 Chi2(2) = 30.10, P < 0.000c

Single (yes) 65.4∗ – – n. a.

Note: MPAS (Condon and Corkindale 1998); EPDS (Cox et al. 1987); pp: postpartum; n.a.: no statistical analyses possible. ∗About 14 nulliparous participants did
not indicate their relationship status. aGames–Howell corrected post hoc: significant differences between nulliparous and both postpartum groups. bDue to low
expected cell counts no post hoc test could be applied. cSignificant standardized residual exceeding critical value in nulliparous controls.

temporal cortex, the hippocampus, the parahippocam-
pal gyrus, and the amygdala. Further decreases were
observed in a cluster (3988 voxel) predominantly located
in the superior parietal lobule, the paracentral and post-
central gyri, the midcingulate cortex, the precuneus, and
the cuneus. No significant GMV increase was found in the
primiparous compared with the nulliparous women.

GMV Alterations in Multiparous Participants
Seeking to determine if GMV changes are potentiated
by multiple pregnancies, we compared the nulliparous
to the multiparous women. The whole-brain analysis
of GMV differences between control subjects and
multiparous women revealed a symmetrical pattern
of significant decrease in multiparous women in 6

clusters (Fig. 1B, Supplementary Table S2). The first
cluster (36 157 voxels) encompassed widespread GMV
differences located in the cerebellum and the temporal
lobe with extensions observed in the fusiform gyrus, the
basal ganglia, the amygdala, the hippocampus, and the
parahippocampal gyrus as well as the insula, the inferior
frontal gyrus, and the orbital cortex. In both hemispheres
of the multiparous women, significant decreases were
seen in 1 cluster (7842 voxel) encompassing the temporal
cortex, the rolandic operculum, the insula, the thalamus,
the basal ganglia, the rectal gyrus, the parahippocampal
gyrus, and the hippocampus, in 2 clusters (4838 and
1972 voxel) including the dorsal frontal, orbital, and
cingulate cortices, and in 2 clusters (4300 and 1379 voxel)
encompassing the parietal and occipital cortices. An

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab463#supplementary-data
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Figure 1. GMV differences in control subjects compared with (A) primi-
parous and (B) multiparous women. (C) Brain regions linked to pregnancy
based on a conjunction analysis (controls > primiparous ∩ controls
> multiparous). Illustration of clusters emerging from t-contrast from
random-effects GLM, P < 0.05, cluster-level FWE correction, k = 920.

additional cluster (3520 voxels) in the right hemisphere
included the rolandic operculum, the insula, the inferior
frontal gyrus (p. triangularis), and the putamen. No
significant GMV increase was found in the multiparous
compared with the nulliparous women.

GMV Alterations in Primiparous Compared With
Multiparous Participants
Based on the GMV changes potentiated by multiple
pregnancies, we further tested for long-lasting GMV
changes by comparing primiparous and multiparous
women. No significant group differences were identified
between primiparous and multiparous participants in
the t-contrast from random-effects GLM with a cluster-
forming threshold at voxel-level P < 0.001. Likewise,
when applying a more liberal cluster-forming threshold
at voxel-level P < 0.005 as well as P < 0.01, no significant
differences were found in the pairwise comparisons.

GMV Alterations Linked to Pregnancy
To isolate the GMV difference-based links to pregnancy
in general, we performed a conjunction analysis across
both contrasts (control > primiparous ∩ control >

multiparous) and found the pregnancy-related GMV
differences to be most pronounced in a cluster (16 736
voxel) encompassing the cerebellum, the bilateral
fusiform gyrus, and the temporal cortex extending to the
parahippocampal gyrus. Another cluster (4003 voxel) was
found in both hemispheres in the thalamus, the temporal

pole, the pallidum, and the rectal gyrus extending to
the basal ganglia, the thalamus, the amygdala, the
hippocampus, the parahippocampal gyrus, the insula,
and the medial orbital gyrus. The third cluster (1507)
included the left hemispheric superior parietal gyrus
and the inferior gyrus (Fig. 1C, Supplementary Table S3).

Multivariate Regression Analyses
To test whether depressive symptoms at T0 and GMV
changes were correlated in the postpartum group, 3 inde-
pendent regression analyses were performed: 1) in all
postpartum women, 2) in primiparous women only, and
3) in multiparous women only. We found no significant
correlation between GMV and EPDS scores at T0 in any
of the groups.

To determine whether maternal behavior toward the
child is linked to structural changes due to pregnancy
and childbirth, we examined the GMV in relation to
maternal attachment. Kernel ridge regression was used
to test whether the MPAS total score (Fig. 2) and its sub-
scales (quality of attachment, absence of hostility, and
pleasure in interaction; Table 2) at 3 and 12 weeks post-
partum were predicted by whole-brain GMV at birth in
the whole postpartum sample. The analysis showed that
neither the overall quality of mother–infant attachment
nor the subscales were predicted by GMV at any time
point.

Results of Whole-Brain SBM
Differences in Cortical Thickness Between
Control Subjects and Primiparous Women
Finally, we assessed the structural changes in the mater-
nal brain by means of surface-based analyses. In a whole-
brain analysis, using t-contrast from random-effects
GLM (ANOVA), we found reduced cortical thickness in
the bilateral dorsolateral prefrontal cortex, the bilateral
superior parietal gyrus, as well as the right inferior
parietal sulcus and the supramarginal gyrus in the
primiparous compared with the nulliparous women
(Fig. 3A, Supplementary Table S4).

Differences in Cortical Thickness Between
Control Subjects and Multiparous Women
Multiple pregnancies were found to result in reduced
cortical thickness in the bilateral dorsolateral and the
dorsomedial prefrontal cortices. In addition, both the
parietal and temporal cortices were reduced in the mul-
tiparous compared with the nulliparous women (Fig. 3B,
Supplementary Table S4).

Differences in Cortical Thickness Between
Primiparous and Multiparous Women
Investigating the possible long-lasting changes in brain
structure, we found multiparous women to exhibit less
cortical thickness compared with their primiparous
counterparts in the superior parietal gyrus and the
inferior parietal sulcus (Fig. 3C, Supplementary Table S4).

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab463#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab463#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab463#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab463#supplementary-data
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Figure 2. Multivariate prediction of MPAS scores based on the GMV at birth. Predicted versus actual scores are plotted at (A) 3 weeks postpartum and
(B) 12 weeks postpartum. The solid red line indicates a linear fit and the dashed lines the 95% confidence interval.

Table 2. Prediction of quality of attachment, absence of hostility, and pleasure in interaction at 3 and 12 weeks postpartum by GMV at
birth

Quality of attachment Absence of hostility Pleasure in interaction

3 weeks postpartum r = .03, P = 0.369 r = −.01, P = 0.712 r = 0.18, P = 0.07
12 weeks postpartum r = .02, P = 0.389 r = −.07, P = 0.653 r = 0.16, P = 0.116

Differences in Cortical Thickness Linked to
Pregnancy
To isolate pregnancy-related changes in cortical thick-
ness in general, a conjunction analysis across both con-
trasts (control > primiparous ∩ control > multiparous)
was performed, and the changes were found to be
most pronounced in the bilateral dorsolateral prefrontal
cortex, the bilateral superior parietal gyrus, as well as
the right inferior parietal sulcus and the supramarginal
gyrus (Fig. 3D, Supplementary Table S4).

Effects of Baby Blues in Mothers
To determine whether the experience of baby blues is
associated with changes in brain structure, we first com-
pared all postpartum women who experienced symp-
toms of baby blues (n = 40) with those who had not (n = 38)
(and vice versa) and found no significant main effect of
baby blues on GMV or cortical thickness. The comparison
between primiparous women with baby blues (n = 20) and
those without (n = 21) did not yield significant results
in GMV either nor did the comparison between multi-
parous women with baby blues (n = 20) and those without
(n = 17). With respect to cortical thickness, primiparous
women with baby blues displayed reduced thickness in
a cluster comprising the cuneus, the superior parietal
gyrus, and the precuneus (149 voxel, T = 4.5). No differ-
ences in cortical thickness were observed in multiparous
women.

Effects of Depressive Symptoms in Mothers
at Childbirth
To investigate whether depressive symptoms at the time
of childbirth (T0) have an effect on brain structure, we
carried out regression analyses in the whole postpartum
group and in the 2 parity groups. In addition, regression
analyses were performed in the entire postpartum group
recruited during the RiPoD study and in the diagnostic
groups (AD, PPD) (see the Supplementary Material for
characteristics of the whole group and those of AD and
PPD). No significant association was found between EPDS
and changes in GMV or cortical thickness in any of these
comparisons.

Effects of Hormonal Contraception
in Nulliparous Women
To investigate whether ovarian hormones can modify
GMV, we compared nulliparous control subjects who
used hormonal contraception (n = 17) with those who had
not (n = 22) and found no significant differences in GMV
or cortical thickness between these groups.

Effects of Child’s Sex
Forty-one of the postpartum women carried a girl (25
primiparous women) and 37 a boy (16 primiparous). Con-
sidering the previously observed effects of fetal sex on
cognitive changes in pregnant women (Vanston and Wat-
son 2005), we compared the brain structures of the moth-
ers of boys with those of the mothers of girls and found

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab463#supplementary-data
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Figure 3. Surface maps depicting differences in cortical thickness in con-
trol subjects compared with (A) primiparous women and (B) multiparous
women, and in (C) primiparous compared with multiparous women.
(D) Brain regions linked to pregnancy based on a conjunction analysis
(controls > primiparous ∩ controls > multiparous). Illustration of clusters
emerging from t-contrast from random-effects GLM, P < 0.05, cluster-level
FWE correction, k = 116 voxels.

no significant effect of sex on GMV or cortical thickness
and no interaction between parity group and sex.

Discussion
During pregnancy and the early postpartum period,
mothers undergo psychological and biological adapta-
tions that trigger processes involving brain plasticity.
To assess the structure underlying GMV changes in
relation to pregnancy, we compared the brain structure
of postpartum women within a very early postpartum
period with that of nulliparous women. Shortly after
childbirth (on average 2 days postpartum), young moth-
ers displayed an extensive GMV decrease in the bilateral
hippocampus/amygdala, the orbitofrontal cortex/the
subgenual area (BA 25), the bilateral temporal lobe, the
insula, the basal ganglia, and the cerebellum. In addition,
the surface-based analyses revealed significant cortical
thinning in the frontal and parietal cortices, with the
parietal cortical thinning likely potentiated by multiple
pregnancies.

The brain areas affected by pregnancies are not
random, as they (the medial prefrontal cortex and the
temporal lobe in particular) have been shown to be
related to socio-cognitive processes and emotion per-
ception (Mitchell and Phillips 2015) and be part (insula,

amygdala, inferior frontal gyrus, superior temporal
gyrus) of the neuroanatomy of the so-called maternal
brain (Rocchetti et al. 2014) and the reward system (basal
ganglia). Both in humans and other mammals, the sex
steroid hormones and corticosteroids are suggested to
be the main mediators of the observed morphometric
changes (Galea and Frokjaer 2019; Sacher et al. 2020).
In particular, the amygdala, the hippocampus, and the
prefrontal cortex are densely covered with receptor cells
for corticosteroid and ovarian hormones (McEwen and
Milner 2007; Wharton et al. 2012; Toffoletto et al. 2014).
As these brain areas are associated with a variety of
major functions in humans, the effects of pregnancy on
emotional and cognitive processes, and also on the devel-
opment of maternal behavior, are likely to be significant,
although they have yet to be sufficiently investigated.

Pregnancy, Multiparty, and Aging
The effects of pregnancy on cognitive demands are sug-
gested by several studies (Pearson et al. 2009; Stickel et al.
2019). A meta-analysis by Davies et al. (2018) reports,
for instance, that the overall cognitive function (memory,
executive function and attention) is poorer in pregnant
women compared with their nonpregnant counterparts,
especially during the third trimester. On the level of
brain morphology, our results along with those of ani-
mal studies suggest that pregnancy triggers (at least
transitorily) a reduction of hippocampal volume (Galea
et al. 2000; Barrière et al. 2021). However, it is unclear
if the GMV reduction in the hippocampus or any other
brain structure has any short- or long-term effect on
the cognitive function of young mothers. It has been
suggested that reduction in cerebral GMV, for example, in
the hippocampus, can be long-lasting, seen even 2 years
after childbirth (Hoekzema et al. 2017). Given that we did
not find any GMV differences between primiparous and
multiparous women, we cannot conclude that any mor-
phological changes seen in the early postpartum period
are more pronounced in multiparous mothers. The lack
of GMV differences seen between the primiparous and
multiparous women shortly after childbirth does not
support the notion that pregnancy leads to a long-lasting
reduction in cerebral GMV, for example, in the hippocam-
pus. Some previous studies in older women have even
suggested that parity is associated with fewer brain aging
markers and, thus, have a protective influence on brain
aging (Lange et al. 2020). However, this protective effect of
pregnancy appears to be undermined by the number of
pregnancies a woman undergoes, with grand multiparity
being thought to be linked to dementia (Bae et al. 2020b),
among other things, through an aggravation of amyloid-
independent hippocampal or cortical atrophy (Jung et al.
2020). Other studies suggest that grand multiparity only
increases the risk of vascular dementia, whereas nulli-
parity poses a higher risk of Alzheimer’s disease (Bae
et al. 2020a) with a woman’s nationality (European vs.
Asian) being a potent variable.
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Even in the absence of GMV changes, multiparous
women, compared with their primiparous counterparts,
showed more pronounced cortical thinning particularly
in the parietal cortices. Cortical thinning had been
previously shown to be associated not only with preg-
nancy (Hoekzema et al. 2017), but also with adolescence
(Carmona et al. 2019), suggesting similar hormonally
primed biological processes in pregnancy and ado-
lescence. Our data suggest that multiple pregnancies
(entailing repeated exposures to elevated levels of
hormones, mostly progesterone and estradiol) likely
potentiate the effect of pregnancy on cortical thinning.
Changes in cortical thickness, with age-related thinning
in particular, are observed in normal development and
aging (Fjell et al. 2015). Rapid thinning, however, is
often apparent in middle-aged groups (Salat et al. 2004)
with diseases such as Alzheimer’s (Dickerson et al.
2009). In sum, the findings involving the effects of
parity/multiparty on brain aging are contradictory, with
a host of factors, including the number of pregnancies,
women’s life style, and genetic predisposition, being
found to play their respective roles. Also, it may not
be prudent to interpret the morphometric changes
seen in our cohort of mothers as evidence of neurode-
generation. Further studies examining the similarities
between pregnancy-related brain changes and those
associated with neurodegenerative disorders would be
needed to extend our findings and those of previous
studies (Carmona et al. 2019). At the same time, it
may be premature to conclude that pregnancy has
neuroprotective effects. Factors such as the number
of pregnancies a woman has, and their socioeconomic
and biological conditions need to be considered for an
assessment of the complex effects of pregnancy on the
female brain.

Is mother’s Behavior Related to Structural
Changes in the Brain During Pregnancy?
According to some previous studies, the typical behavior
of a new mother is associated with structural changes
in the maternal brain during and immediately after
pregnancy (Kim et al. 2010; Hoekzema et al. 2017).
However, it is unclear whether it is the pregnancy-related
GMV reduction that is instrumental in the development
of maternal attachment toward the child, as has been
suggested by Hoekzema et al. (2017), or whether it is the
postpartum neuroplasticity, as suggested by Kim et al.
(2010), which facilitates mother–child attachment. As we
did not find any association between the GMV reduction
in young mothers shortly after giving birth and the
quality of attachment both 3 and 12 weeks postpartum,
we maintain that the experience of pregnancy itself
may not be the sole underlying cause of adaptations
for mothering and caregiving. A crucial difference
between our study and the one by Hoekzema et al.
(2017) is that, in their study, the examination of the
mother’s brain took place considerably later (1–4 months
postpartum) than in ours (2 days postpartum on average).

Although Hoekzema et al. attributed the GMV alterations
to pregnancy-related changes, we are of the opinion
that what they actually examined was the postpartum
brain. Given that fathers also develop attachment and
caregiving skills (Paquette 2004; Cabrera 2020), other
neurobiological mechanisms, and not only pregnancy-
related brain structure alterations, are likely responsible
for the transition to effective parenting. For instance, in
a study by Kim et al. (2014), biological fathers showed
GMV increases in the hypothalamus, the amygdala,
the striatum, and the lateral prefrontal cortex between
2 and 4 weeks and 12 and 16 weeks after childbirth.
Thus, the development of attachment is likely to be
a time-dependent process rather than being purely
driven by pregnancy-related changes in brain structure.
The relevant question here is, to what degree the
pregnancy-associated changes contribute, via the ini-
tiation of neuroplastic processes, to the development of
maternal attachment.

Pregnancy-Associated Brain Alterations and the
Development of PPD
As regards the effect of pregnancy on emotion processing
and stress regulation, the subgenual anterior cingulate
(ACC) (in addition to the amygdala and the hippocam-
pus) is related to the regulation of emotions and stress
(Bludau et al. 2016). In line with that, a recent study by
our group found postpartum women with higher cumu-
lative hair cortisol concentration in the last trimester
of pregnancy to have lower activation in the subgenual
ACC during emotional interference involving anxious
emotions shortly after childbirth (Stickel et al. 2019). In
addition, the subgenual anterior cingulate cortex, the
hippocampus, and the amygdala are known to be related
to affective disorders (Price and Drevets 2012). This raises
the question as to whether these morphological changes
seen shortly after childbirth in our sample are related
to the development of conditions like PPD. We addressed
this question in Schnakenberg et al. (2021a) as part of the
RiPoD study and also in the current paper (see the Sup-
plementary Material). Based on the data obtained shortly
after childbirth, we did not find any structural brain
differences between participants who would develop PPD
or AD and healthy young mothers either in the analysis
by Schnakenberg, Hahn, et al. (2021a) or in the current
sample. In addition, analyzing data from both healthy
postpartum mothers and those with PPD or AD (see
Supplementary Material), we did not find any association
between EPDS and structural changes related to preg-
nancy. As the RiPoD study was designed for early iden-
tification of PPD or AD cases, the imaging data obtained
before PPD or AD had become clinically manifest (Hahn
et al. 2021; Schnakenberg et al. 2021a). The lack of dif-
ferences in GMV structure within that time frame may
indicate that, if there are early structural alterations in
PPD or AD, they are either too subtle to be detected based
on a sample size such as ours or they develop later in
the disease course. Taken together, our data suggest that
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no trait marker of PPD can be identified based on the
structural changes that occur in relation to pregnancy.
However, it is difficult to draw definite conclusions in
this regard as research of trait markers or preexisting
vulnerabilities with respect to both MDD and PPD is
scarce.

Limitations
In sum, MRI examinations of women within a very nar-
row time frame after childbirth showed the early postpar-
tum period to be associated with pronounced alterations
in brain structure. These alterations, however, did not
predict the development of attachment to the child in
the first few weeks after delivery nor did they appear
to be potentiated by multiple pregnancies. In addition,
these alterations did not differ between women who
developed PPD and those who developed AD within the
first 12 weeks postpartum (see Supplementary Material).
However, the ways in which the networks and the brain
structures restore themselves following childbirth can-
not be determined by our data given our study’s lack
of longitudinal MRI assessment and the lack of prepreg-
nancy MRI, which is a major limitation of the current
work. Additional longitudinal neuroimaging data from
several time points postpartum (in parallel with assess-
ment of attachment) would be needed to determine if
postpartum alterations in the brain are linked to the
quality of maternal attachment to the child. The reports
pertaining to the overall cognitive function in pregnant
and postpartum women are not always consistent (Far-
rar et al. 2014; Logan et al. 2014), and a link between
cognitive function and pregnancy-related reduction of
hippocampal volume, or that of any other brain area,
has yet to be confirmed. For definitive conclusions in
this regard, it would be necessary to simultaneously
examine brain structure and cognitive function during
pregnancy and the postpartum period, which was not
done in our study. These limitations notwithstanding the
study involved a large sample of postpartum women (as
part of the ongoing longitudinal study related to early
recognition of PPD), controlling for psychiatric history or
the development of PPD and postpartum AD within the
first 12 weeks postpartum.

Another limitation worth mentioning is the much
younger nulliparous control group compared with the
postpartum women, which may cause the differences
in GMV change to appear to be associated with age.
In recent decades, maternal age has been found to be
advancing (Statistisches Bundesamt 2021), leading to
a right-skewed distribution and making it difficult to
find either younger mothers or older nulliparous women.
However, to avoid biasing the results, we controlled for
age in all analyses and performed additional analyses
with appropriate age-matched groups (see Supplemen-
tary Material), in which the same distribution of GMV
changes was observed, suggesting that it is not age but
the experience of pregnancy that leads to these changes.

Although the sample size of our study (118 in the
whole analysis, 78 young mothers with no psychi-
atric history, 40 healthy nulliparous controls) can,
conceivably, be seen as a further limitation, given
that larger multimodal studies are likely to prove
more conducive to investigations of this nature, ours
is, to the best of our knowledge, the largest study
to date to address this issue. The sample sizes of
the studies by Oatridge et al. 2002, Kim et al. 2010,
Luders et al. 2020, and Hoekzema et al. (2017) were
considerably lower, typically including between 9 and
25 participants.

Conclusion and Perspectives
Based on our results and those of previous studies,
we conclude that the exact biological/physiological
function of the changes in brain morphology observed
in humans shortly after childbirth remains unclear.
Although, given that these changes have been seen to
occur both in humans and other mammals, it can be
safely assumed that they have a role to play. In gestating
mice, motherhood has been seen to have a profound
impact on brain organization (Barrière et al. 2021). Other
animal studies have shown that increased interactions
with pups over time during the early postpartum period
lead to additional structural changes in the maternal
brain (Fleming and Korsmit 1996; Featherstone et al.
2000; Lonstein et al. 2015). It is reasonable to assume,
therefore, that similar structural changes occur in the
brain of human mothers. In view of the fact that the
acute pregnancy-related GMV differences were not found
to predict the MPAS scores, it would be interesting to
investigate the adaptive neuroplasticity of the mother’s
brain with respect to the quality of maternal attachment
to the child over a longer postpartum period. Thus,
rather than the GMV reduction in pregnancy, postpar-
tum adaptation is likely to play a crucial role in the
development of mother–child attachment, facilitated in
no small measure by the mother’s interaction with her
child. In addition, evidence suggests that the cognitive
functions may also be influenced by pregnancy (Barha
and Galea 2017). However, it is unclear if the reduction of
brain volume in pregnancy is necessarily related to the
deterioration of cognitive or other functions. On the con-
trary, decreased GMV may result in more communication
both between and within brain regions (Barha and Galea
2017). Another intriguing but yet to be fully resolved
question is whether pregnancy (multiple pregnancies
in particular, and how many pregnancies may be too
many) can have lifelong consequences with respect to
brain health and the aging process. For instance, parity-
induced endocrine changes have been suggested to
influence brain response to sex hormones later in life
(Barha and Galea 2017), leaving a long-lasting footprint
on the endocrine system. Large-scale epidemiological
studies have reported associations between increasing
parity and the risk of metabolic syndrome (Gunderson
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et al. 2009; Al-Farsi et al. 2010; Akter et al. 2013) and type 2
diabetes mellitus (Kritz-Silverstein et al. 1989; Nicholson
et al. 2006), as well as dementia (Bae et al. 2020a, 2020b).
In addition, the physiological adaptations associated
with pregnancy can render pregnant women susceptible
not only to psychiatric but also, and more frequently, to
metabolic and cardiovascular diseases. Conditions such
as pre-eclampsia, pregnancy-induced hypertension, and
gestational diabetes are characterized by physiological
responses indicative of the metabolic syndrome, poten-
tially heralding future cardiovascular and metabolic
diseases. However, the extent to which preexisting or
pregnancy-induced medical conditions, multiparity or
the age of women at the time of pregnancy, interact
with pronounced GMV reductions in the brain during
pregnancy, and their restoration after childbirth, remains
unclear. Moreover, physiological changes such as the
drastic decline in hormones, blood loss, changes in blood
volume and blood pressure during labor and delivery
may have an additional influence on the morphological
alterations in the maternal brain. Another important
aspect of this is whether pregnancy-induced alterations
in brain morphology have long-lasting effects, extending
beyond the reproductive event itself (Barha and Galea
2017). It is only through longitudinal studies that we
can understand how the networks and brain structures
that undergo pregnancy-related changes recover after
childbirth, and which factors influence the recovery
processes. Future studies tracking ovarian hormones
from before pregnancy through pregnancy and the
postpartum period, as well as longitudinal multimodal
neuroimaging, cognitive, and lifestyle assessments, will
likely help identify the factors that contribute to the
observed neuroanatomical changes during pregnancy
and the postpartum restoration of brain structure.
Further research is needed also to investigate if the
changes associated with pregnancy contribute to the
development of psychiatric conditions, especially in
women at higher risks for postpartum psychiatric
disorders (e.g., women with a psychiatric history). Finally,
the cumulative effect of multiple pregnancies on brain
anatomy (if proven) may suggest that pregnancy has
long-term consequences with respect to the maternal
brain. And if pregnancy is indeed found to have negative
long-term effects on aging, mental health, or any other
aspect of women’s health, it would be imperative to
explore how these effects can be counterbalanced by
such factors as healthy life style, cognitive activities,
and, importantly, the prevention or early treatment of
pregnancy-related somatic and psychiatric disorders.
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