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A B S T R A C T

Maternal depressive symptoms have been associated with offspring’s brain structural differences. However, 
previous studies were limited by cross-sectional designs, brain region-of-interest analyses, or clinical samples. 
Importantly, few studies assessed the early childhood brain. This study analyzed data from a Singaporean cohort 
of 217 children with 589 repeated structural neuroimaging from 4.5 to 10.5 years (2–4 assessments) in relation 
to maternal depressive symptoms. Maternal depressive symptoms were measured by questionnaire at child age 
4.5 years. Mixed models explored within-sample change accounting for non-linear brain development. Multiple 
testing was corrected, and a stringent threshold was applied. Maternal depressive symptoms were associated with 
persistently smaller precentral gyral volume over time (β = − 0.162 [-0.238; − 0.086], padj < 0.001). In analysis 
with time interaction, maternal symptoms were associated with curvilinear changes in the volumes of supra
marginal (β = − 0.019 [-0.027; − 0.010], padj < 0.001) and precuneus gyrus (β = − 0.016 [-0.025; − 0.007], padj =

0.007); this suggests delayed volumetric development in brain areas governing attention, memory, and language 
among children exposed to severe maternal symptoms. The findings implicate that childhood maternal 
depressive symptoms are associated with persistent differences in precentral volume and affect the brain volu
metric development of complex sensory information processing regions, rather than in emotion regulation areas 
implicated in the depression experience. Our findings emphasize repeated childhood imaging to understand child 
brain development risk factors.
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1. Introduction

Maternal depression is a leading public health challenge globally. 
Approximately 10–15 % of mothers experienced depression perinatally 
in high-income countries such as the US (Ertel et al., 2011; 
Pineros-Leano et al., 2021). Mothers with depression are involved less 
often and more negatively with children (Lovejoy et al., 2000), speak 
toward children with fewer words and less sensitively (Scheiber et al., 
2022), and respond to their children’s actions in less age-appropriate 
ways (Brummelte and Galea, 2016). Moreover, marital conflict is 
more likely (Cummings et al., 2005). These circumstances are charac
teristic of reduced capacity for care – a type of adversity that encom
passes the absence of expected cognitive, social, and emotional 
stimulation necessary for normative development and can also impact 
mother-child attachment (McLaughlin et al., 2019). As a consequence, 
the children’s growth and development can be impacted. Offspring of 
mothers with depression have been reported to show more internalizing 
and externalizing psychopathological problems (Goodman et al., 2011).

The experiences of being exposed to caregivers with chronic or se
vere depression are often considered deprivation (McLaughlin et al., 
2019). Deprivation is any form of parental absence and 
under-stimulation, including neglect and institutional rearing 
(McLaughlin et al., 2019). A body of evidence supported the relation
ships between experiences of deprivation and brain development. The 
recent model of ‘change of pace’ posits that exposure to deprivation is 
related to delay in brain development, in contrast to exposure to threat, 
which is related to accelerated development (McLaughlin et al., 2019; 
Rakesh et al., 2023; Tooley et al., 2021). For instance, emotional neglect 
has been consistently associated with thinner and smaller cortices, 
especially in frontoparietal regions (McLaughlin et al., 2019). However, 
whether these findings truly reflect a delayed pattern of brain devel
opment is questionable. Most empirical research is based on 
cross-sectional studies and speculates about developmental changes 
based on a single child’s assessment compared to the normative devel
opmental pattern (McLaughlin et al., 2019; Rakesh et al., 2023). 
Changes in brain developmental patterns can be captured only with 
repeated brain imaging. Moreover, it is not clear if depressive symptoms 
in the general population can be mapped on the continuum of depri
vation. Investigating possible changes in brain developmental patterns 
among children being exposed to caregivers with depressive symptoms 
in the general population gives insights into the nature of this experi
ence. Deprivation entails many negative experiences, such as familial 
poverty, ethnic minority status, or disabilities, which make mothers 
more likely to experience depression and cope with depression (Belle 
and Doucet, 2003). In addition, less supportive communities, neigh
borhoods, or other social environments, which are strongly tied to cul
tures make mothers more vulnerable to depression (Halbreich and 
Karkun, 2006). Therefore, when examining the associations between 
exposure to mothers with depression and brain development, it is 
essential to consider the background factors that may shape maternal 
experiences of depression.

Maternal depression has been associated with offspring brain struc
tural differences (Cattarinussi et al., 2021), but the associations between 
maternal depressive symptoms and any variability in offspring brain 
morphology (Cattarinussi et al., 2021) have not been consistent across 
studies. Some research reports no associations, and, importantly, the 
directionality is mixed. This inconsistency is likely not explained by the 
timing of exposure only, i.e., antenatal, perinatal, and postpartum pe
riods (Cattarinussi et al., 2021). Not only are symptoms of depression 
often modestly persistent, but studies of specific exposure periods also 
showed no clear association pattern. For instance, maternal history of 
depression was not associated with offspring’s gray matter volumes at 
age 3 years in a cross-sectional study (Vandermeer et al., 2020). Other 
studies exploring the associations of postpartum depressive symptoms 
found thinner offspring cortices in the right superior frontal regions 
including caudal middle frontal and precentral areas at age 3.5 years 

(Lebel et al., 2016) and in the bilateral frontal and the left temporal 
lobes at age 10 years (Zou et al., 2019), and smaller volumes in the 
fusiform gyrus at 10 years of age (Koc et al., 2023; Zou et al., 2019). 
Studies of the subcortical regions predominantly took a 
region-of-interest (ROI) approach, focusing on limbic regions, such as 
the amygdala. Maternal depressive symptoms throughout postpartum to 
early childhood were not associated with the amygdala volume in 
several studies (Donnici et al., 2023; Guma et al., 2023; Vandermeer 
et al., 2020; Wen et al., 2017; Zou et al., 2019), although one study 
reported smaller amygdala volumes in 2–3-year-old children of mothers 
who had postpartum depressive symptoms (Pellowski et al., 2023).

This line of research is suggestive of associations between maternal 
depressive symptoms and offspring brain morphology, but existing 
studies have major limitations and reveal knowledge gaps. First, most 
studies investigated regions of interest only (Donnici et al., 2023; Guma 
et al., 2023; Koc et al., 2023; Pellowski et al., 2023; Vandermeer et al., 
2020; Wen et al., 2017; Zou et al., 2019). Focal regions were often 
determined based on the findings in clinically depressed samples due to 
a lack of understanding of which brain regions are impacted by maternal 
depressive symptoms (Vandermeer et al., 2020). However, exposure to 
an attachment figure with depression likely has different biological 
implications than experiencing depressive symptoms. Second, while 
brain structures undergo changes during early childhood, few studies 
have captured this important period with repeated assessments. Gray 
matter volumes increase rapidly in the perinatal period with the peak 
velocity at 0.5 years postnatally, reaching volumes equivalent to that of 
adults at 5 years old, peaking at approximately 6 years old, and 
continuing to decline throughout life (Bethlehem et al., 2022). This may 
be indicative of a sensitive period when the brain is susceptible to 
environmental stressors (Shonkoff and Phillips, 2000), and the best 
timing to explore the impact of environmental factors. Third, most 
studies utilize single-time assessments of brain structures, yet such an 
approach has two major disadvantages. Capturing brain development 
with single-time assessments is challenging, especially at younger ages, 
and cross-sectional neuroimaging studies cannot examine within-person 
changes (Bethlehem et al., 2022; Di Biase et al., 2023; Vidal-Pineiro 
et al., 2021). Recently, the impact of adversities, including maternal 
depression, was discussed by not only focusing on volumetric differences 
but also the differences in the pace of brain morphological development, 
although we lacked evidence from repeated measures of brain devel
opment (Rakesh et al., 2023; Tooley et al., 2021). If maternal depres
sion, an experience of reduced capacity of care and, in an extreme case, 
emotional neglect and deprivation, is expected to be linked to delayed 
developmental pace, this can only be determined with multiple brain 
assessments in a relevant developmental period. Snapshot assessments 
of smaller or larger volumes do not inform how the developmental pace 
is altered. Similarly, within-person variability or change over time at the 
individual level, a main focus in developmental theory (Berry and Wil
loughby, 2017), can be obtained only from repeated measurements. 
Fourth, most previous studies were set in North American and European 
countries (Donnici et al., 2023; Guma et al., 2023; Koc et al., 2023; Lebel 
et al., 2016; Vandermeer et al., 2020; Zou et al., 2019), and little 
research has been conducted in other countries, limiting the generaliz
ability of results (Pellowski et al., 2023; Wen et al., 2017).

The current study tries to fill these gaps and exploits state-of-the-art 
developmental neuroimaging data and a unique approach to explore the 
associations between maternal depressive symptoms and offspring’s 
cortical and subcortical gray matter volumetric development 
throughout childhood. By leveraging a whole-brain approach and 
repeated brain imaging that covers early childhood to preadolescence, 
we can associate the variations in maternal depressive symptoms with 
the within-subject variations in offspring brain structure. To this end, we 
used the data from the Growing Up in Singapore Towards healthy 
Outcomes (GUSTO) cohort (Soh et al., 2014), a birth cohort with 
structural brain imaging at child ages 4.5, 6, 7.5, and 10.5 years. First, 
we examined the overall associations between maternal depressive 
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symptoms at baseline and persistent child cortical and subcortical 
regional gray matter volumetric differences over time. Second, we 
conducted a longitudinal analysis to explore the associations between 
maternal depressive symptoms and changes in regional gray matter 
volumes over time. We hypothesized that children of mothers with se
vere depressive symptoms in early childhood showed smaller cortical as 
well as subcortical gray matter volumes across time points, especially in 
frontal regions. Further, we expected that some fronto-temporal regions 
showed delayed developmental trajectories according to the levels of 
maternal depressive symptoms. Yet, in this hypothesis, we did not posit 
any regional specificity, given the limited evidence from prior studies.

2. Methods and materials

2.1. Participants

The current study analyzed data from the Growing Up in Singapore 
Towards healthy Outcomes (GUSTO), a longitudinal birth cohort study 
in Singapore. Originally, 1450 pregnant women aged 18 years and 
above were recruited at their first-trimester clinic visit at two major 
public maternity units between June 2009 and September 2010 and 
approximately half of them underwent neurodevelopmental assess
ments. A total of 436 mothers reported depressive symptoms at a child 
age of 4.5 years. Among these child-mother dyads, 318 children un
derwent brain scans and provided usable images at least once. We 
excluded those who only had one-time points to better estimate the 
change within subjects, ending up with 217 children (43 for 4 scans, 69 
for 3 scans, and 105 for 2 scans; a total of 589 scans) as the analytical 
sample. Half of the participants were girls (n = 111, 51.2 %) and had 
ethnically Chinese mothers (n = 113, 52.1 %). The remainder were 
Malay (n = 75, 34.6 %) and Indian (n = 29, 13.4 %). In our analytical 
sample, we observed more Malay and Indian populations compared to 
the general Singaporean population. Further sample characteristics are 
shown in Table 1. The GUSTO study was approved by the National 
Healthcare Group Domain Specific Review Board (NHG DSRB) and the 
SingHealth Centralized Institutional Review Board (CIRB). Written 
informed consent was obtained from all caregivers on behalf of the 

children.

2.2. Maternal depressive symptoms

The Beck Depression Inventory-II (BDI-II) (Beck et al., 1996) was 
used to measure maternal depressive symptoms at 4.5 years postpartum, 
the most proximal measure to the first brain imaging. The BDI-II is a 
21-item self-report questionnaire that assesses the presence and severity 
of depressive symptoms, using a 4-point Likert scale. The BDI-II is widely 
used, including in Singapore (Soe et al., 2018), where cross-cultural 
measurement invariance was shown (Van Doren et al., 2024). The 
BDI-II has been shown to predict clinical outcomes (Arnau et al., 2001). 
The prorated score was calculated for responses with 1 or 2 missing and 
standardized within the GUSTO sample.

2.3. Brain magnetic resonance imaging (MRI) data acquisition

Children underwent neuroimaging at ages 4.5, 6, 7.5, and 10.5 years 
using a 3.0 Tesla MRI scanner (4.5 & 6 years: Siemens Magnetom Skyra, 
7.5 & 10.5 years: Siemens Magnetom Prisma) and T1-weighted 
Magnetization Prepared Rapid Gradient Recalled Echo (MPRAGE) im
ages were measured. We could not include the structural MRI in the 
neonatal period in the analyses as these images were acquired with a 1.5 
Tesla scanner, no T1 image was obtained, and the infant FreeSurfer 
pipeline worked poorly.

The imaging protocols were as follows: repetition time = 2000 ms, 
echo time = 2.08 ms, inversion time = 877 ms, flip angle = 9◦, acqui
sition matrix = 192 × 192, field of view = 192 mm × 192 mm, slices 
thickness = 1.0 mm, number of slices = 160 for scans at 4.5 & 6.0 years 
and 192 for 7.5 & 10.5 years, scanning time = 3.5 min. T1 images were 
preprocessed under the standard recon-all pipeline of FreeSurfer version 
7.1.1. The whole brain was segmented using a Desikan-Killiany atlas in 
FreeSurfer and total intracranial volume and volumes of each area 
(cortex: 34 regions, subcortex: 7 regions, in each hemisphere) were 
calculated. The output was manually inspected and unusable images due 
to severe blurs or poor registration were excluded.

Volumetric data was further processed (details are in Text S1) by 
standardizing brain regional volumes at each time point to have a mean 
of 0 and a standard deviation of 1 in order to minimize the influence of 
changes in scanners. Outliers were detected and excluded if necessary. 
Outliers were defined as values lying outside of the population mean 
± 3 SD at each time point and the difference values between adjacent 
time points lying outside of the population mean ± 3 SD. Missing brain 
volumes and covariates were imputed, and brain volumes were 
harmonized using the R package “longCOMBAT (Beer et al., 2020)”. For 
the main analyses, the regional gray matter volumes of the left and right 
hemispheres are combined to obtain the average regional gray matter 
volumes. We retained only those with two or more usable repeated 
imaging measures for the analysis.

2.4. Covariates and missing imputation

Data including child sex, maternal ethnicity, household income, and 
maternal educational attainment were obtained via self-report 
questionnaires.

Missing covariates and outcome measures were imputed using 
multiple imputations by chained equations with the R package “mice” 
(van Buuren and Groothuis-Oudshoorn, 2010) assuming the data are 
missing at random (MAR). The imputation models included the expo
sure, outcomes, confounders (child sex, maternal ethnicity, maternal 
education level, household income, estimated total intracranial volume, 
and age at brain scans), and auxiliary variables (marital status, paternal 
education level, and CBCL internalizing and externalizing scale scores). 
Missing proportion ranged from 0 (child’s sex, maternal ethnicity, age at 
brain scans) to 47.8 % (regional brain volumes). The outcome measures 
were imputed with the method “norm”. This method implements the 

Table 1 
Sample demographics (n = 217).

Child sex, N (%) Girls 111 (51.2)
​ Boys 106 (48.8)
Marital status, N (%) Living with partner 207 (98.1)
​ Not living with partner 4 (1.9)
​ Missing 6
Maternal ethnicity, N (%) Chinese 113 (52.1)
​ Malay 75 (34.6)
​ Indian 29 (13.4)
Maternal education level, N (%) Primary or secondary 73 (34.1)
​ ITE/MITEC 27 (12.6)
​ GCE A levels/Polytechnic/ 

Diploma
59 (27.6)

​ University (Bachelor, Master, 
PhD)

55 (25.7)

​ Missing 3
Household monthly income, N (%) SGD 0–1999 35 (17.6)
​ SGD 2000–3999 68 (34.2)
​ SGD 4000–5999 51 (25.6)
​ SGD 6000 + 45 (22.6)
​ Missing 18
Maternal depressive symptoms, 

mean (SD)
​ 6.4 (7.7)

Age at MRI measurement, mean 
(SD)

Wave 1 4.6 (0.09)

​ Wave 2 6.0 (0.12)
​ Wave 3 7.5 (0.14)
​ Wave 4 10.7 (0.18)
Number of usable scans, N (%) 4 43 (19.8)
​ 3 only 69 (31.8)
​ 2 only 105 (48.4)
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Gibbs sampler (Kasim and Raudenbush, 1998), which can recover the 
intra-class correlation quite well and predict values even in situations of 
severe MAR, high amounts of missing data in the outcome or the pre
dictor, and heteroscedastic errors. Predictive mean matching was 
applied for the other missing variables. A total of 30 datasets were ob
tained with a maximum of 25 iterations.

2.5. Statistical analysis

We applied linear mixed models to examine the overall associations 
with average regional brain volumes and the longitudinal associations 
with changes in regional brain volumes over time. Overall associations 
were obtained by regressing the regional brain volumes on maternal 
depressive symptom scores, child age at scans (varying by individuals; 
see the mean and SD in Table 1), quadratic term of age at scan (age2), 

Fig. 1. Cortical volumetric trajectory by maternal depressive symptoms. The predicted cortical gray matter volumetric trajectories taken from linear mixed models 
with random intercept and slope for age and age2 terms are shown. A) Total cortical gray matter volume, B) supramarginal gyrus, and C) precuneus. The coefficients 
for the interaction between maternal depressive symptoms and age2 were β = -0.012, p = 0.625 for total gray matter volume, β = -0.019, padj < 0.001 for supra
marginal gyrus volume, and β = -0.016, padj = 0.007 for precuneus volume. To increase the interpretability, we depicted the raw values of cortical volumes by 
converting the standardized coefficients obtained from linear mixed models. Please see the method for further explanation. The red lines indicate a − 1 SD score of 
maternal depressive symptoms (labeled as “less severe”). The green lines indicate the mean of maternal depressive symptom score (labeled as “moderate”). The blue 
lines indicate a + 1 SD score of maternal depressive symptoms (labeled as “severe”). Dots indicate the observed values.
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and covariates mentioned below. To consider the within-subject vari
ability and individual non-linear developmental trajectories, random 
intercepts and slopes for age and age2 were included. This was followed 
up with multivariate linear regression to estimate the associations be
tween maternal depressive symptoms at 4.5 years and cortical and 
subcortical regional volumes at 4.5, 6, 7.5, and 10.5 years respectively. 
P-values were adjusted for cortical and subcortical regions separately.

As for longitudinal associations, the interaction terms between 
maternal depressive symptoms and age and between maternal depres
sive symptoms and age2 were further incorporated in the above linear 
mixed models. We first examined the association of interaction between 
maternal depressive symptoms and age2, and if significant, it was 
interpreted together with the interaction between maternal depressive 
symptoms and linear age. Otherwise, the linear interaction was exam
ined alone (see note in Table 3). Associations were graphically depicted 
to aid the interpretations. Fig. 1 shows the raw cortical volumes calcu
lated based on standardized estimates. We carefully considered the 
scanner differences across time points by standardization, harmoniza
tion, and statistical adjustment. However, as scanners and child age at 
assessment were correlated, changes in brain metrics over time might be 
an artifact of scanners; therefore, the interpretation of the figure needs 
some caution. With the caveat of possible effects of attrition bias, vari
ations in maternal depressive symptoms in early childhood were not 
associated with brain imaging availability across time points; this makes 
differences in developmental trajectories related to maternal depressive 
symptoms interpretable. To confirm the robustness of the findings, we 
ran several sensitivity analyses of the significant associations between 
maternal depressive symptoms and the volume changes in specific brain 
regions. First, we included only children with three- or four-time brain 
imaging assessments (n = 112). Second, we included children with only 
one brain imaging assessment in the main analytical sample (n = 318). 
Third, we analyzed with unimputed data (n = 216). Fourth, we provide 
the unadjusted estimates (n = 216).

All the models adjusted for the following covariates: child sex, 
maternal ethnicity, maternal education level, household income, esti
mated intracranial volume, and scanner difference. Child sex and 
scanner differences are binary variables, and maternal ethnicity, 
maternal education level, and household income are categorical vari
ables. Before being entered into the models, ages at scans were mean- 
centered, and depressive symptom scores were standardized with a 
mean of 0 and a standard deviation of 1. Our choice of quadratic models 
is based on the following reasons. First, our sample size does not allow 
the inclusion of a cubic term for age-random effects (thus, we could only 
test age-fixed effects) in the models. Second, we compared the poly
nomial models for age effects (linear fixed effect only, linear mixed ef
fect, quadratic fixed effect only, quadratic mixed effect, and cubic fixed 
effect only) on cortical and subcortical gray matter volumes. Based on 
the likelihood ratio test, quadratic models provide the best fit across 
regions, with the exceptions of transverse temporal gyrus, thalamus, 
nucleus accumbens, and amygdala, for which linear models demon
strated the best fit. Third, given our analytical sample’s age range, a 
quadratic model might be more appropriate to predict developmental 
trajectories than a cubic model (Lenroot et al., 2007; Sussman et al., 
2016). Therefore, we fit the quadratic age models using the R package 
“lme4” (Bates et al., 2015) with restricted maximum likelihood esti
mation. Each analysis was repeated for 30 imputed datasets and each 
estimate was aggregated to produce final estimates using Rubin’s rule 
(Rubin, 1987). P-values were adjusted (padj) using the 
Benjamini-Hochberg method (Benjamini and Hochberg, 1995) consid
ering the false discovery rate in the multiple hypothesis testing. As we 
combined the measures of the left and right hemispheres in the absence 
of a strong hypothesis regarding laterality, we considered a total of 34 
tests for cortical and 7 tests for subcortical regions. In secondary ana
lyses, we followed up with separate analyses for the left and right 
hemispheres. Further, acknowledging the number of hypothesis tests 
throughout the current study, we used a stringent cut-off of significant 

level α < 0.01 (two-sided) to encourage the interpretation of the results. 
All analyses were conducted with R version 4.2.3 (R core Team, 2023). 
The R code used for the main analyses is shown in Text S2.

3. Results

3.1. Maternal depressive symptoms and child cortical and subcortical 
volume differences aggregated over time

First, the total gray matter volumetric trajectory from 4.5 to 10.5 
years was explored to detect the population mean of age of peak gray 
matter volume (Fig. 1A). The peak volume was reached at age 5.79 years 
on average.

Next, we examined whether the gray matter volume throughout the 
observation period differed by maternal depressive symptoms (Table 2). 
Children of mothers with severe depressive symptoms had persistently 
smaller gray matter volumes in the precentral gyrus, which survived the 
multiple comparison corrections (β = − 0.162 [-0.238; − 0.086], padj <

0.001) (Fig. 2A; Table S1). Our secondary analysis confirmed that the 
smaller precentral gyrus volume was evident in early childhood (4.5 
years: β = − 0.191 [-0.327; − 0.056], nominal (unadjusted) p = 0.007; 6 
years: β = -0.193 [-0.302; − 0.085], nominal p = 0.001). Subcortical 
regional gray matter volumes did not differ by maternal symptoms 
(Table S2).

3.2. Maternal depressive symptoms and brain volumetric change over 
time

The associations between maternal depressive symptoms and 
changes in regional gray matter volumes were analyzed including 
interaction terms with quadratic and linear terms of age (Table 3, 
Table S3). Children whose mothers reported higher levels of depressive 
symptoms showed different curvilinear changes in gray matter volumes 
in the supramarginal gyrus (quadratic: β = − 0.019 [-0.027; − 0.010], 
padj < 0.001; linear: β = 0.150 [0.084; 0.216], padj < 0.001) and in the 
precuneus (quadratic: β = − 0.016 [-0.025; − 0.007], padj = 0.007; linear: 
β = 0.130 [0.056; 0.205], padj = 0.005).

Trajectories of these two parietal regions (Fig. 1B & C) illustrate a 
very similar pattern: children of mothers with less severe depressive 
symptoms (depressive symptoms score < − 1 SD) showed greater vol
umes in early childhood and followed a steeper decline. In contrast, 
those with more severe depressive symptoms (depressive symptoms 
score > +1 SD) showed more curved trajectories that reached a clear 
peak volume during the observational period. The interpretation of the 

Table 2 
Overall associations between maternal depressive symptoms and cortical and 
subcortical regional volumes aggregated over time.

β 95 %CI P-values Padj

Cortical regional volumes [SD]
Precentral − 0.162 (− 0.238; − 0.086) < 0.001 < 0.001 *
Postcentral − 0.129 (− 0.216; − 0.042) 0.004 0.06
Rostral middle frontal 0.102 (0.022; 0.181) 0.012 0.14
Temporal pole 0.105 (0.014; 0.196) 0.024 0.19
Frontal pole 0.099 (0.008; 0.190) 0.032 0.19
Fusiform 0.098 (0.006; 0.189) 0.036 0.19
Superior parietal − 0.092 (− 0.179; − 0.005) 0.039 0.19
Pericalcarine 0.113 (0.001; 0.225) 0.049 0.21
Subcortical regional volumes [SD]
Nucleus Accumbens 0.091 (0.001; 0.180) 0.048 0.34

Models adjusted for child sex, child age, maternal ethnicity, total intracranial 
volume, scanner, maternal education level, and household income.
Random slope and random intercept were included.
This table only depicts the associations with nominal significance (8 associations 
from a total of 34 tests of cortical regions and 1 association from a total of 7 tests 
of subcortical regions). P-values were adjusted using the Benjamini-Hochberg 
method for false discovery rates.
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Fig. 2. Cortical regional volumetric linear and curvilinear changes by age in response to maternal depressive symptoms. The heat map on the brain shows the 
-log10(p) and directionality of the associations obtained from linear mixed models for the combined volumes. A) overall aggregated associations, B) longitudinal 
associations over time. The blue indicates the negative associations, and the red indicates the positive associations. The brighter colors indicate associations with 
smaller p-values. To interpret the p-values for lower-order linear terms, they are obtained using the orthogonal polynomials (for details, see Text S3).
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coefficients in these polynomial models is shown in Text S3. Curvilinear 
and linear associations with maternal symptoms are delineated on the 
brain map (Fig. 2B). A series of sensitivity analyses confirmed the 
robustness of results with similar effect sizes and direction of associa
tions (Table S4-7).

Maternal depressive symptoms were not related to subcortical 
volumetric changes (Tables S8). Analyses for the left and right hemi
spheres separately (Table S9) showed the associations with curvilinear 
changes in volumes of the left pars triangularis, supramarginal, pre
central, and pars opercularis. This suggested that the left hemisphere 
might mainly drive the associations with curvilinear changes in supra
marginal gyrus volume. Further, no sex interactions survived the mul
tiple comparison correction, indicating that associations were consistent 
across child sex (Tables S10 & S11).

4. Discussion

This population-based study examined the associations between 
childhood maternal depressive symptoms and offspring brain volu
metric development from 4.5 to 10.5 years. Children whose mothers 
reported more depressive symptoms showed smaller precentral gyral 
volume throughout the observation period, suggesting that the associ
ation of maternal symptoms with a smaller precentral gyrus volume is 
persistent across childhood and likely arises early in life. Further, 
maternal depressive symptoms were associated with curvilinear changes 
in cortical gray matter volumes in two parietal regions, the supra
marginal and precuneus gyrus, indicating delayed brain structural 
development among children exposed to maternal depressive 
symptoms.

The smaller volume in the precentral gyrus was in line with studies 
reporting associations of exposure to maternal depressive symptoms 

predominantly with frontal regions (Cattarinussi et al., 2021). While not 
using volume measurements, previous studies pointed to morphological 
differences in the precentral gyrus. Maternal depressive symptoms 
during pregnancy were associated with thinner precentral gyrus in 
7-year-old offspring (Davis et al., 2020; Sandman et al., 2015). Children 
of mothers with postpartum depressive symptoms had thinner pre
central gyrus in early childhood (Lebel et al., 2016). Less precentral 
gyrification was found in 8-year-old children exposed to maternal 
depressive symptoms at age 3 years (El Marroun et al., 2016). Our 
finding extends these studies by suggesting that maternal depressive 
symptoms might have a lasting impact on the frontal gray matter, spe
cifically the precentral structure if occurring early in childhood or even 
prenatally. Our secondary repeated measures analyses showed the most 
pronounced differences in precentral gyral volumes in early childhood 
(4.5 and 6 years). The precentral gyrus is the primary motor cortex 
central to executing voluntary movement (Banker and Tadi, 2023). 
When integrated with other brain regions, its function extends to 
inhibitory control, sensorimotor integration, and language processing, 
of which developmental delays in response to maternal depressive 
symptoms were reported in the meta-analysis (Fan et al., 2024). We 
speculated that a reduction in cognitive, social, and emotional stimu
lation due to maternal depression, i.e., some degree of neglect or 
deprivation, hinders synaptogenesis and myelination or even triggers 
synaptic pruning, representing experience-dependent plasticity 
(McLaughlin et al., 2019; Tooley et al., 2021).

Our approach using repeated measures from early childhood to 
preadolescence showed different volumetric trajectories by the severity 
of maternal depressive symptoms in two parietal regions: supramarginal 
and precuneus gyrus. Associations of maternal depressive symptoms 
with offspring supramarginal and precuneus structural and functional 
differences have been shown in previous studies. Prenatal maternal 

Table 3 
Longitudinal associations between maternal depressive symptoms and change in cortical regional volumes throughout childhood.

Change in volume by age [SD/year] Change in volume by age2 [SD/year2]

Exposure Outcome: Cortical regional 
volumes

β 95 %CI P- 
values

Padj β 95 %CI P- 
values

Padj

Maternal depressive symptoms 
[SD]

Supramarginal 0.150 (0.084; 0.216) < 0.001 < 0.001 − 0.019 (− 0.027; 
− 0.010)

< 0.001 < 0.001*

Precuneus 0.130 (0.056; 0.205) 0.001 0.005 − 0.016 (− 0.025; 
− 0.007)

< 0.001 0.007*

Paracentral 0.119 (0.054; 0.184) < 0.001 0.003 − 0.014 (− 0.022; 
− 0.006)

0.001 0.011

Pars triangularis − 0.091 (− 0.141; 
− 0.041)

< 0.001 0.003 0.010 (0.004; 0.017) 0.002 0.015

Rostral anterior cingulate − 0.075 (− 0.121; 
− 0.030)

0.001 0.008 0.009 (0.003; 0.015) 0.004 0.024

Superior parietal 0.120 (0.031; 0.210) 0.009 0.042 − 0.014 (− 0.025; 
− 0.003)

0.010 0.058

Inferior parietal 0.054 (0.010; 0.099) 0.017 0.071 − 0.007 (− 0.012; 
− 0.001)

0.018 0.086

Pars opercularis − 0.075 (− 0.126; 
− 0.024)

0.004 0.024 0.008 (0.001; 0.015) 0.021 0.088

Caudal middle frontal 0.073 (0.011; 0.134) 0.020 0.073 − 0.008 (− 0.016; 
− 0.001)

0.030 0.114

Superior temporal sulcus and its 
banks

0.027 (− 0.008; 0.063) 0.131 0.235 − 0.005 (− 0.010; 
− 0.0003)

0.038 0.115

Postcentral 0.071 (0.011; 0.132) 0.022 0.073 − 0.008 (− 0.015; 
− 0.0004)

0.039 0.115

Entorhinal − 0.045 (− 0.101; 
0.010)

0.106 0.212 0.008 (0.0003; 0.015) 0.041 0.115

Models adjusted for child sex, child age, maternal ethnicity, total intracranial volume, scanner, maternal education level, and household income. Random slope and 
random intercept were included.
This table only depicts the associations of maternal depressive symptoms × age2 with nominal significance (12 associations from a total of 34 tests of cortical regions). 
P-values were adjusted using the Benjamini-Hochberg method for false discovery rates.
None of the associations reached nominal significance when interaction with age was modeled as a linear term only.
* represents regions whose adjusted p-values for interaction terms between maternal depressive symptoms and age2 are below 0.01, thus chosen to depict the graphs 
(Fig. 1).
Complete results for the above analysis and separated analysis for left and right regions are shown in Supplementary materials.
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depressive symptoms were associated with thinner supramarginal cor
tex in offspring at age 7 years (Sandman et al., 2015). In another study, 
children exposed to severe postpartum maternal depressive symptoms 
showed lower amygdala functional connectivity with the parietal region 
including supramarginal and precuneus gyrus at age 5 (Donnici et al., 
2021). Maternal anxiety symptoms during pregnancy, which are often 
comorbid with depressive symptoms, were associated with a smaller 
precuneus volume at 4 years old (Acosta et al., 2019). Our finding ex
tends this previous literature by demonstrating possible delayed devel
opment characterized by differences in the shape of trajectory and a 
possible late peak age in children exposed to more severe maternal 
symptoms. An interesting difference in trajectories highlighted a faster 
decline in regional brain volumes among children exposed to more 
maternal symptoms compared to a protracted decrease in those exposed 
to no or less severe maternal symptoms. We speculated that this steeper 
decline leads to smaller volumes in later childhood/adolescence, 
increasing the risk of internalizing and externalizing problems among 
the offspring of mothers with depression (Durham et al., 2021; Goodman 
et al., 2011). However, we could not find an association between 
delayed brain developmental trajectories and internalizing and exter
nalizing problems at age 10.5 years in our sample. Possibly, our sample 
size is too small or any effects of maternal depression on offspring’s 
behavioral problems mediated by brain morphological changes become 
evident only later. Further, the volumes among children exposed to no 
or less severe maternal symptoms continued to decline with no peak in 
the observation period. Given that gray matter regional volumes follow 
expansion-to-contraction trajectories peaking between ages 2–10 years 
(Bethlehem et al., 2022), children with very limited or no exposure to 
maternal depressive symptoms must reach peak parietal cortical volume 
prior to or around age 4.5 years. To detect, future studies with earlier 
imaging assessments are necessary.

Two aspects warrant further discussion. First, the developmental 
timing of these cortical areas is notable. The gray matter of supra
marginal and precuneus gyrus reaches peak volumes earlier than the 
overall gray matter volumetric age at peak (5.9 years) and typically 
follows a declining trajectory throughout mid-childhood (Bethlehem 
et al., 2022). Exposure to maternal depressive symptoms during early 
childhood delays the peak of parietal brain volumetric development 
possibly due to the unmet need for an attachment figure’s physiological 
and emotional care (Roubinov et al., 2021). Exposure to maternal 
depression can disrupt the development of white matter due to alter
ations in myelination, axonal growth, or connectivity patterns, leading 
to impaired communication between brain regions, ultimately impact
ing gray matter development and maintenance (Smith and Pollak, 
2020). Second, the findings may reflect brain regional functions. The 
supramarginal gyrus has a role in phonological processing during lan
guage and verbal working tasks and the precuneus is involved in vi
suospatial imagery, episodic memory retrieval, and self-processing 
operations. Additionally, both structures are involved in integrative 
associations beyond the simple sensory or motor processing. Exposure to 
maternal depressive symptoms might delay the development of this 
highly complex function. The lack of a difference in developmental 
changes in brain regions often implicated in individuals with depressive 
symptoms such as prefrontal and limbic regions is an important negative 
finding in this study of childhood exposure to maternal depressive 
symptoms. It implies that candidate ROIs derived from studies of 
depressed adults may be less likely to be implicated in the brain devel
opment of children exposed to an attachment figure with depressive 
symptoms.

We emphasized several important implications for future research. 
First, the periods when the brain morphological changes are significant, 
especially from infancy to childhood, must be included. We included 
brain scans from age 4.5 years, while most studies started follow-ups 
during preadolescence. This allows for capturing environmental im
pacts on the brain morphological development more sensitively. Second, 
whole-brain approaches with stringent multiple comparisons control are 

arguably preferable to hypothesis-driven approaches if the biological 
understanding is limited. We examined the whole brain of a total of 34 
cortical and 7 subcortical regions using p-values adjusted for false dis
covery rate and a stringent statistical significance threshold, while the 
previous research predominantly used an ROI approach. An ROI 
approach based on clinical findings of depressed persons may poorly 
guide child studies of exposure to a caregiver with depression. Third, 
brain structures should be repeatedly measured, and appropriate models 
should be applied to account for within-person effects and non-linear 
trajectories. We applied linear mixed modeling, including quadratic 
age terms, to data comprising four repeated brain imaging measures. 
Focusing on within-person effects rather than group differences allows 
the modeling of individual developmental trajectories and mitigates the 
impact of time-invariant confounders such as genetic factors. Fourth, 
future research should include ethnically diverse populations. Our target 
sample is multi-ethnic Asian children in Singapore, while so far, most 
imaging studies have been conducted in populations of European 
descent. Our approach makes it difficult to situate our findings in the 
context of previous research. The study design differences could provide 
some explanations for our findings partially inconsistent with prior 
literature, especially the lack of evidence of subcortical regions.

The present study had some limitations. First, maternal depressive 
symptoms were self-reported. Although most previous observational 
studies utilized self-report questionnaires and their clinical relevance 
was established, measurement error due to negative attentional bias is 
likely in persons with depressive symptoms. Second, we included 2–4 
repeated brain measures, but the total sample size was modest. To make 
the most of the available data, we employed outcome imputation in 
children with 2–3 imaging assessments. Third, we acknowledge the 
potential residual confounding by social and genetic factors. Particu
larly, social and genetic factors contribute to intergenerational trans
mission of neurocognitive effects; therefore, the observed associations 
are not deterministic.

Confounding is a fundamental problem in every observational study, 
and our study of maternal depressive symptoms is not exempt from this 
potential bias. However, our approach to focus on within-individual 
changes mitigates the impact of time-invariant confounders such as 
genetic factors. In contrast, time-varying social and environmental 
background factors could confound the associations, such as factors 
related to fathers’ behavior and characteristics of external caregivers, 
which were not assessed in the present study. Several (quasi-)experi
mental designs, such as clinical trials (Weissman et al., 2015) or twin 
studies (Hannigan et al., 2018), may help disentangle confounding and 
causal associations and can be incorporated into future studies. How
ever, in studies of depressive symptoms, background risk factors such as 
poverty are not only confounders of associations with child outcomes 
but are also possible effect modifiers or mediators. Therefore, future 
child brain imaging studies should consider this complex relationship of 
maternal depression with environmental variables, clarifying their 
temporality and assessing possible effect heterogeneity and mediation 
paths.

In conclusion, children exposed to more severe maternal depressive 
symptoms in early childhood had persistently smaller precentral gyral 
volumes from early childhood to preadolescence. Further, children 
exposed to mothers with severe depressive symptoms showed differen
tial gray matter volumetric trajectories in two parietal regions, the 
supramarginal and precuneus gyrus, suggesting a region-specific delay 
in brain structural development from early childhood to preadolescence. 
Although the associations are not deterministic given the possibility of 
residual confounding and individual-level variabilities in susceptibility, 
this novel finding shows that exposure to an attachment figure with 
depressive symptoms is associated with delayed development of brain 
regions involved in processing and integrating complex sensory infor
mation rather than with developmental differences in regions involved 
in emotional regulation that were implicated in experiencing depres
sion. To better understand the associations between maternal depressive 
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symptoms and child brain development, we emphasize the importance 
of multiple brain imaging starting from early childhood and suggest a 
focus on within-subject variability.
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