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Dear Editor,

Becoming a mother is one of the most monumental
experiences in a woman’s lifetime. Women typically bear
the primary caregiving responsibility for their infants, and
they undergo numerous changes both mentally and phys-
ically, including behavioral, emotional, and hormonal
changes, during the postpartum period. Studies have
indicated that hormonal, experiential, and temporal factors
significantly regulate emotional and cognitive brain func-
tions during the postpartum period [1]. The determination
of the neural basis of a maternal brain is critically
important for understanding mother-infant attachments
and thus perpetuating the human species. Until recently,
limited investigations of the neuroanatomical and func-
tional status of mothers have contributed to understanding
the processing of maternal behaviors.
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Previous studies using magnetic resonance imaging
(MRI) technology have indicated that the brains of mothers
undergo both structural and functional changes during the
postpartum period. Structural MRI has indicated that brain
structures in mothers show dynamic plasticity, including
alterations in grey matter volume. These longitudinal
voxel-based morphometry studies have confirmed that
pregnancy induces substantial structural changes, such as
alterations in the grey matter volume in regions associated
with social cognition and maternal motivation and behavior
[2]. Longitudinal task-related functional MRI (fMRI)
studies have shown that emotional reactivity is increased
4-6 weeks postpartum in healthy women [3]. Activity in
prefrontal areas during response inhibition tasks decreases
over time during the postpartum period [4]. The results of
these studies indicate that the neural mechanisms of
cognitive and emotional processing likely vary in healthy
mothers, which suggests that structurally and functionally
important adaptations occur during the postpartum period.

Researchers have found that the risk of postpartum
mental disorders, such as depression, anxiety, and mood
swings, is increased for several months after delivery
among primiparous mothers [5]. A resting-state fMRI (rs-
fMRI) study investigated postpartum depression and dis-
covered that depressed mothers show significant increases
in regional homogeneity (ReHo) in the posterior cingulate
gyrus, parietal lobe, and frontal lobe [6]. These studies
revealed that the resting-state activity of the default mode
network might be associated with impaired empathic and
self-other relational processing in women with postpartum
depression [7]. However, most published studies have
focused on postpartum depression, while few have
explored the patterns of spontaneous brain activity in
healthy mothers. Recently, a study of postpartum women
without depression indicated that spontaneous neural
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activity is lower in the posterior cingulate cortex and
prefrontal cortex than in nulliparous women [8]. Therefore,
additional correlative studies using rs-fMRI are needed to
examine the intrinsic neural activity in postpartum women
to further understand the neural mechanisms of maternal
behaviors.

Previous neuroimaging studies in mothers have concen-
trated mainly on exploring functional brain activity in
response to infant stimuli using task-related fMRI and
alterations in brain structure using voxel-based morphom-
etry. However, resting-state brain activation in mothers
may also change over time while nurturing infants. Rs-
fMRI can be used to investigate the spontaneous neural
activity in mothers. In the current study, we set out to
explore the spontaneous neuronal activity relevant to
maternal behaviors in mothers during the infant-rearing
years without the confounding effects of task performance
using cross-sectional and longitudinal rs-fMRI together
with the above methods. Thus, we conducted a longitudinal
rs-fMRI study in a group of mothers within one year of
giving birth to explore changes in the amplitude of low-
frequency fluctuation (ALFF) and ReHo between baseline
and after approximately two years of child-rearing. A
cross-sectional rs-fMRI study in two groups (mothers and
non-mothers) was also carried out to investigate whether
the spontaneous brain activity differs between mothers and
non-mothers. We recruited a total of 47 new mothers and
26 non-mothers to obtain rs-fMRI and 3D T1-weighted
structural images at baseline. Ultimately, 23 mothers were
included in the longitudinal evaluation for ~2 years
(Fig. S1). The demographic data for the mother and non-
mother groups are listed in Table S1.

Compared with the non-mothers, the mothers had
increased ALFF in the right precuneus, right angular
gyrus, and right superior occipital gyrus and decreased
ALFF in the right cerebellar anterior lobe, right brainstem,
and right parahippocampal gyrus (Table S2 and Fig. 1).
The ReHo analysis revealed significant differences
between mothers and non-mothers. Compared with non-
mothers, new mothers showed significantly increased
ReHo in the right inferior parietal lobe, right superior
parietal lobe, right angular gyrus, right precuneus, and right
supramarginal gyrus and decreased ReHo in the left middle
and inferior temporal gyri (Table S2 and Fig. 1). In
addition, we identified significant longitudinal alterations
in the ALFF and ReHo values in mothers (scan 1 versus
scan 2). Significantly lower ALFF values were identified in
the bilateral precuneus, left inferior parietal lobe, left
angular gyrus, left supramarginal gyrus, left superior and
middle temporal gyri, right middle and posterior cingulate
gyri, right thalamus, right cerebellar posterior lobe, right
brainstem, and right hippocampus of mothers; the ALFF
was increased in the right superior, middle, and medial

frontal gyri (Table S3 and Fig. 1). Compared with scan 1,
mothers (scan 2) showed decreased ReHo values in the
right insula, right inferior frontal gyrus, right precentral
gyrus, right precuneus, and right posterior cingulate cortex,
whereas an increased ReHo value was identified in the left
cerebellar posterior lobe (Table S3 and Fig. 1).

To the best of our knowledge, the present investigation
is the first to use both a cross-sectional and a longitudinal
study to ascertain whether differences in spontaneous brain
activity exist between mothers and non-mothers and to
detect altered resting-state spontaneous neural activity over
time in mothers during the postpartum period. First, cross-
sectional analyses demonstrated that the baseline images
from mothers showed larger ALFF/ReHo values in the
superior and inferior parietal lobe and precuneus, and
smaller ALFF/ReHo values in the cerebellum, brainstem,
and temporal lobe than non-mothers. Second, longitudinal
analyses at 2-year follow-up showed lower ALFF/ReHo
values in the parietal lobe, cingulate cortex, precuneus, and
thalamus, and higher ALFF/ReHo values in the frontal lobe
and cerebellum at the second scan in mothers.

We used ALFF and ReHo to quantify the neural activity
in mothers. In the cross-sectional study, consistently
increased ALFF and ReHo values were found in the
precuneus and angular gurus; inconsistent alterations in
ALFF and ReHo were found in the middle and inferior
temporal gyri, cerebellar anterior lobe, brainstem, and
parahippocampal gyrus. In the longitudinal study, we found
consistently decreased ALFF and ReHo values in the
posterior cingulate gyrus and precuneus, and inconsistent
changes in ALFF and ReHo in the inferior parietal lobe,
superior and middle temporal gyri, superior and middle
frontal gyri, brainstem, thalamus, and cerebellar posterior
lobe in mothers over time, either decreases or increases.
The ALFF and ReHo values showed a strong positive
correlation [9]. Hence, this close relationship can support
our consistent findings in ALFF and ReHo in mothers.
Meanwhile, they also reflect different aspects of the
spontaneous neural activity according to the analysis
method used for ALFF and ReHo, which may explain the
differential findings in ALFF and ReHo. Li ef al. showed
that ALFF can be complementary to ReHo in measuring
local spontaneous activity [10]. Therefore, combination of
the two indexes can reveal more comprehensive and
interesting information about spontaneous brain activity in
mothers than either method alone [10].

Zheng et al. reported that, relative to nulliparous
women, postpartum women have reduced ALFF and ReHo
values primarily in the posterior cingulate cortex and
prefrontal cortex and increased ALFF values in the
cerebellar posterior lobe, and the ALFF/ReHo values in
the posterior cingulate cortex are positively associated with
impaired cognitive functioning [8]. Their results are not

@ Springer



768

Neurosci. Bull. August, 2019, 35(4):766-770

(C) ALFF

Fig. 1 A, B Regions in which the ALFF (A) and ReHo (B) values
exhibited significant differences between mothers and non-mothers.
C, D Regions in which the ALFF (C) and ReHo (D) values showed

completely consistent with our study. In our study, the
mothers were mainly in the late postpartum period, and the
study was extended until two years after delivery. One
possible explanation is that differences in the analyzed
postpartum stages of the mothers resulted in findings that
differed from those reported in the study by Zheng er al.
[8]. Importantly, here, we used both cross-sectional and
longitudinal analyses, and comprehensively demonstrated
the altered activation pattern of the spontaneous neural
activity in mothers over time. In addition, our rs-fMRI
results are in line with our previous task-related fMRI
study, our previous study with Bornstein et al. found that
these mothers in the first scan exhibited enhanced neural
activity in the superior medial frontal gyri, superior
temporal gyrus, insula, precuneus, precentral gyrus, and
anterior cingulate cortex when they heard infants crying
[11]. Rocchetti et al. also reported that many of these brain
areas, including the thalamus, parietal lobe, insula, and
prefrontal cortex, exhibit significantly increased activation
in mothers in response to baby-related stimuli during the

@ Springer

longitudinal alterations in mothers between the two scans (scan 1 vs
scan 2). Color bars, display window for #-values.

postpartum period, supporting the role of these brain
regions in the development and expression of maternal
behaviors [12]. The altered functioning is accompanied by
structural changes in the brain. Previous structural brain
studies have shown that grey matter volume is decreased in
areas such as the prefrontal and temporal cortex and
anterior and posterior cortical midline during pregnancy
and the postpartum period, and notably these grey matter
reductions endure for at least two years post-pregnancy [2].
Grey matter volume has a significant impact on the patterns
of decreased brain activity [13]. Our research further
suggested that the brain function of new mothers changed
even under resting-state conditions, and these structural
and functional changes may be due to specific neural
plasticity.

Due to the common hemodynamic response, the
regional synchrony of blood oxygenation level-dependent
activity is correlated with task activation, and the ALFF
and ReHo values can explain the variance of task
activation. Hence, we found higher ALFF and ReHo
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values in mothers than in non-mothers, consistent with the
increased neural activation when mothers respond to
infant-related stimuli. Importantly, the ALFF/ReHo values
of some brain regions increased in the cross-sectional
study, while they decreased in the longitudinal study.
These findings suggest that these alterations in mothers had
recovered toward initial levels at 2-year follow-up during
the postpartum period. The increased spontaneous neural
activity indicated that additional neural resources are
recruited to compensate for cognitive and emotive func-
tions in other brain regions. Hence, these specific brain
regions may support the critical ability of women to
develop the behaviors and thoughts needed to successfully
care for newborn infants. We also found decreased
spontaneous neural activity in the cerebellum, brainstem,
and temporal lobe in mothers, which may be consistent
with the reduced grey matter volume, and the findings
suggested that this decreased spontaneous activity is
correlated with the specific reorganization of cognitive
function.

As suggested in previous neuroimaging studies, we
found altered brain regions, including the temporo-parietal
junction [14], precuneus [15], and medial prefrontal cortex
[16], that are involved in theory of mind (ToM) processing.
Meanwhile, Hoekzema et al. have also shown that grey
matter volume in the ToM network is reduced during
pregnancy and the postpartum period [2]. ToM is the
cognitive ability to identify and understand other individ-
uals’ mental states, such as beliefs, feelings, or desires [17].
Our results showed that increased or decreased ALFF and
ReHo values in these regions occurred in mothers; this
might represent regional functional recombination in the
ToM during the postpartum period. Furthermore, we
discovered that altered regional spontaneous neural activity
overlapped with maternal empathy-related regions. Mater-
nal empathy and related social behaviors play key roles in
positive parenting [18]. Studies have shown that maternal
empathy appears to depend on distinct neural systems, such
as the thalamo-cingulate circuit as a neural alarm system
[19], the mirror-neuron system, the somatosensory and
insular cortices, and limbic areas [20]. Combined with our
findings of altered regional spontaneous activity in specific
regions in mothers (e.g., the cingulate cortex, thalamus,
insula, and inferior parietal lobe), we have determined for
the first time that mothers may also exhibit a gradual and
functional reorganization of the empathy network. These
altered empathy-related regions comprise the neural bases
of human parental care. For example, when a mother hears
an infant crying, areas related to he altered mirror-neuron
system may enable her to efficiently understand and
simulate her child’s feelings internally and thus adapt
action responses to the crying infant. These changes in
mothers may occur because of a series of evolutionary

needs in their ability to perceive and respond adaptively to
new-born signals. Moreover, these alterations are required
for a prolonged postnatal period.

In conclusion, our study shows that changes in resting-
state spontaneous brain activity occur over time in women
after delivery and that significant differences exist between
mothers and non-mothers. The alterations in the ALFF and
ReHo values were predominantly located in the frontal,
parietal, and limbic regions, which include regions corre-
sponding to the empathy and ToM networks. These results
demonstrate that spontaneous neuronal activity in mothers
exhibits adaptive changes during the process of nurturing
infants (i.e., women require physiologically important
adaptation during the postpartum period). These adaptive
alterations may allow mothers to better recognize and
respond to the affective states and needs of their infants.
These findings improve our understanding of and provide
novel insights into the behavior, cognition, and affection of
mothers from the perspective of resting-state brain
function.
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