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Objective: Maternal psychological stress during pregnancy 
is a common risk factor for psychiatric disorders in offspring, 
but little is known about how heterogeneity of stress tra-
jectories during pregnancy affect brain systems and be-
havioral phenotypes in infancy. This study was designed to 
address this gap in knowledge.

Methods: Maternal anxiety, stress, and depression were 
assessed at multiple time points during pregnancy in two 
independent low-risk mother-infant cohorts (N=115 and 
N=2,156). Trajectories in maternal stress levels in relation to 
infant negative affect were examined in both cohorts. Neo-
natal amygdala resting-state functional connectivity MRI was 
examined in a subset of one cohort (N=60) to explore the 
potential relationship between maternal stress trajectories 
and brain systems in infants relevant to negative affect.

Results: Four distinct trajectory clusters, characterized by 
changing patterns of stress over time, and two magnitude 

clusters, characterized by severity of stress, were identified in 
the original mother-infant cohort (N=115). The magnitude 
clusters were not associated with infant outcomes. The 
trajectory characterized by increasing stress in late preg-
nancy was associated with blunted development of infant 
negative affect. This relationship was replicated in the sec-
ond, larger cohort (N=2,156). In addition, the trajectories that 
included increasing or peak maternal stress in late pregnancy 
were related to stronger neonatal amygdala functional 
connectivity to the anterior insula and the ventromedial 
prefrontal cortex in the exploratory analysis.

Conclusions: The trajectory of maternal stress appears to be 
important for offspring brain and behavioral development. 
Understanding heterogeneity in trajectories of maternal 
stress and their influence on infant brain and behavioral 
development is critical to developing targeted interventions.

AJP in Advance (doi: 10.1176/appi.ajp.21111176)

Maternal psychological stress during pregnancy, such as 
symptoms of depression and anxiety and perceived stress, is 
a common and potentially modifiable risk factor for offspring 
psychiatric and other health disorders. Maternal psycho-
logical stress during pregnancy is considered primarily in 
terms of its severity (1–3). However, several lines of evidence 
highlight how the dynamic nature of psychosocial stress over 
the course of pregnancy might be an equally important in-
dicator of the long-term health of offspring (4, 5). Fetal 
neurodevelopment is a dynamic process that is differentially 
sensitive to environmental influences during distinct 
phases (3, 6–9). Thus, it is likely that the effect of any insult, 
such as maternal stress, may depend just as much on the 
timing and rate of change of the stressor as it does on the 
severity of the stressor. Despite such evidence, there is a 
limited understanding of how heterogeneity in maternal 
psychological stress during pregnancy relates to offspring 
neurodevelopment.

The fetus receives cues about the extrauterine environ-
ment through stress-sensitive aspects of maternal-placental- 
fetal biology (4, 10), potentially influencing brain systems 
sensitive to stress and commonly implicated in neuropsy-
chiatric disorders. Psychological and biological mediators of 
maternal stress experienced during pregnancy have been 
associated with altered limbic system development in infants 
(11–13). Because the limbic system plays an important role in 
the expression and regulation of stress and emotions, these 
stress-induced alterations may increase the risk for emo-
tional dysregulation (14, 15), heightened negative affect and 
stress reactivity (16, 17), and subsequent psychopathology 
(18) in offspring. Offspring development of negative emo-
tionality is of particular interest as a transdiagnostic endo-
phenotype of susceptibility for subsequent psychiatric 
disorders (19, 20).

In the present study, we used a data-driven approach to 
characterize individual longitudinal trajectories of maternal 
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stress during pregnancy. We further examined the relevance 
of heterogeneity in maternal stress trajectories for neonatal 
amygdala connectivity and affect development in the off-
spring. Finally, replication analyses with a large independent 
data set provided an opportunity to examine the general-
izability of these findings, with potential implications for 
intervention and prevention efforts during the perinatal 
period.

METHODS

Participants
We examined maternal stress trajectories and offspring 
outcomes with data sets from two cohorts. The first cohort 
included mother-infant dyads enrolled as part of a pro-
spective longitudinal cohort study conducted at the Uni-
versity of California, Irvine (UCI) from February 2011 to 
November 2018 (21). Mothers with singleton pregnancies 
without cord, placental, or uterine abnormalities were 
recruited through prenatal clinics during early pregnancy. 
Exclusion criteria included maternal psychotropic med-
ication, corticosteroid, or substance use; infant prematu-
rity (<34 weeks’ gestation), or evidence of infant genetic, 
congenital, or neurological disorder. A subset of mothers 
(N=115) was selected based on the completion of maternal 
stress measures in early pregnancy and at 1 month post-
partum. For a flow diagram illustrating each step of the study, 
see Figure S1 in the online supplement. All procedures 
were approved by the institutional review board at UCI. 
For detailed demographic data, see Table S1 in the online 
supplement.

The second, replication cohort of mother-infant dyads 
was part of a prospective longitudinal cohort study con-
ducted at the University of Turku as part of the FinnBrain 
Birth Cohort Study from December 2011 to April 2015 (22). 
Mothers were recruited during their first trimester of 
pregnancy. A subset of mother-infant dyads (N=2,156) was 
selected based on completion of maternal prenatal depres-
sion and anxiety measures and at least one infant negative 
affect measure (at 6, 12, or 24 months). Study protocols were 
approved by the ethics committee of the Hospital District of 
Southwest Finland. For detailed demographic data, see 
Table S2 in the online supplement. All participants provided 
written consent after receiving a complete description of 
the study.

Maternal Psychological Stress Measures
Participants in the UCI cohort completed the Center for 
Epidemiologic Studies Depression Scale (CES-D) (23), 
Perceived Stress Scale (PSS) (24), and State-Trait Anxiety 
Inventory (STAI) (25) in early (mean=12.84 weeks, 
SD=1.83), middle (mean=20.50 weeks, SD=1.44), and late 
(mean=30.48 weeks, SD=1.39) pregnancy and at 1, 3, 6, 9, 12, 
and 24 months postpartum. Composite stress scores were 
created for early, middle, and late pregnancy and 1 month 
postpartum (for details, see the Methods section in the online 

supplement). We will refer to maternal stress from preg-
nancy through 1 month postpartum as perinatal stress.

Participants in the FinnBrain cohort completed the 
Edinburgh Postnatal Depression Scale (26) and the Symp-
tom Checklist–90 (SCL-90) (27) in early (mean=15.2 weeks, 
SD=2.7), middle (mean=25.3 weeks, SD=1.5), and late 
(mean=35.1 weeks, SD=1.8) pregnancy and at 6, 12, and 
24 months postpartum. Data from the anxiety subscale of the 
SCL-90 were evaluated to parallel the anxiety measure in the 
UCI cohort. Composite stress scores were created for early, 
middle, and late pregnancy (for details, see the Methods 
section in the online supplement).

Infant Negative Affect
In the UCI cohort, infant negative affect was assessed with 
the Infant Behavior Questionnaire–Revised (IBQ-R) (28), 
completed by mothers at infant ages 3, 6, 9, and 12 months, 
and the Early Childhood Behavior Questionnaire, short form 
(ECBQ) (29), completed at infant age 24 months. A latent 
growth model (using Mplus 8 [30]) was used to define infant 
negative affect development from 3 to 24 months of age (for 
details, see the Methods section in the online supplement).

In the FinnBrain cohort, infant negative affect was 
assessed with the IBQ-R (28), completed by mothers at infant 
ages of 6 and 12 months, and the ECBQ (29), completed at 
infant age 24 months (N=1,062 mothers with complete data 
from all time points).

Resting-State Functional Connectivity MRI
Brain imaging was available only for a subset of the UCI 
cohort (N=60) and thus considered exploratory (31). Data 
were acquired when infants were approximately 1 month 
old (mean=28.42 days, SD=13.31), during natural sleep. Data 
acquisition and preprocessing procedures have been de-
scribed previously (see the Methods section in the online 
supplement) (11, 21, 32). We previously identified patterns of 
increased neonatal amygdala connectivity with both the 
ventromedial prefrontal cortex (vmPFC) and the anterior 
insula that predicted infant negative affect (32, 33). We fo-
cused on these predefined connections because previous 
work indicated vulnerability of the amygdala to early-life 
stress, beginning in the prenatal period (11, 12, 15, 32, 33).

Amygdala Connections
Automated amygdala segmentation was performed using a 
multitemplate, multimodality-based method that combines 
T1- and T2-weighted high-resolution images (34). Following 
anterior-posterior realignment, amygdala segmentations 
were manually corrected using the ITK-SNAP tool (35). For 
resting-state functional connectivity MRI analyses, amyg-
dalae were transformed to atlas space based on previously 
computed atlas transformations (11).

Anterior insula and vmPFC regions were also defined in 
previous reports (32, 33). Predefined individualized amyg-
dala regions of interest were used as seed regions for resting- 
state functional connectivity MRI to generate whole-brain 
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voxel-wise connectivity maps. A search algorithm from 
the 4dfp suite of image processing programs (https:// 
github.com/robbisg/4dfp_tools) was used to identify re-
gions of interest surrounding peak voxels within the whole- 
brain thresholded results map from our previous studies 
(11, 32, 33). We focused on these two hypothesized circuits of 
interest, amygdala-to-vmPFC and amygdala-to-anterior 
insula connectivity, to reduce multiple comparisons. The 
time course of the signal was averaged across voxels 
within each region of interest and then correlated with 
the time course for the amygdala signal. The resulting 
z-transformed correlation coefficients (r), representing the 
strength of the connections, were extracted and used for post 
hoc analyses.

Analytical Approach
The functional random forest is a novel approach designed to 
capture unknown heterogeneity in samples (36, 37), which 
we extended here to characterize heterogeneity of maternal 
perinatal stress trajectories. The approach integrates three 
validated techniques: functional data analysis, random for-
est, and community detection (using Infomap). Community 
detection is applied in two ways to identify “model-based 
clusters” and “correlation-based clusters” (for more detail on 
these approaches, see the Methods section and Figure S4 in 
the online supplement). Both approaches capture longitu-
dinal symptom heterogeneity in a flexible and data-driven 
manner. Mothers from the UCI cohort were included in the 
model if they provided data from three of the four assess-
ments, including the first and the last time points.

Post hoc analyses (see Tables S4–S11 and Figures S2 and 
S3 in the online supplement) were conducted to examine the 
validity of identified clusters and further characterize differ-
ences in clusters. Modularity permutation tests (see Tables 
S15–S18 in the online supplement) showed that all identified 
clusters had significantly greater modularity than clusters 
comprising randomly assigned participants, suggesting that the 
identified clusters represented stable subgroups.

A simple multiple regression approach was used to ex-
amine relationships between maternal stress clusters and 
both infant amygdala connections and negative affect de-
velopment. Gestational age at birth and infant age at scan 
were included as covariates in all analyses to account for 
neonatal brain maturity at the time of MRI acquisition. 
Additional covariates, including infant sex, maternal annual 
income, and maternal obstetric risk factors, were tested to 
ensure that model results remained consistent. Both mag-
nitude clusters and trajectory clusters were included in the 
same model to evaluate their independent contributions 
to infant outcomes. Maternal postnatal composite stress 
scores were included as a time-varying covariate at each time 
point when negative affect was assessed to account for its 
role as a possible contributing factor to infant negative affect 
development.

For the replication study with the FinnBrain cohort, we 
extracted trajectory model parameters for clusters from the 

correlation-based cluster analysis using multinomial logistic 
regression on the UCI maternal composite stress scores. 
These parameters were then mapped to the FinnBrain data 
(for additional details, see the Methods section in the online 
supplement). Classification of FinnBrain participants was 
based on the fit of the FinnBrain stress scores from early, 
middle, and late pregnancy with the maternal stress tra-
jectories identified in the UCI cohort.

Repeated-measures analysis of covariance (ANCOVA) 
with data from the FinnBrain cohort was used to examine 
infant negative affect development, accounting for infant 
sex, gestational age, and maternal postnatal depression. 
ANCOVA was used to model negative affect development 
because there were not enough time points in the FinnBrain 
cohort to include a quadratic term in the latent growth 
model, which we have found necessary to capture the tra-
jectory of infant negative affect development over the first 
2 years of life (38). Infant negative affect scores were resi-
dualized for postnatal depression at each time point to more 
closely match the time-varying covariate approach used in 
the latent growth model, as described in the online 
supplement.

RESULTS

Maternal Trajectories of Perinatal Stress
Model-based clustering approach and magnitude of maternal 
perinatal stress. This study used data from mother-infant 
dyads that included maternal stress measures from early 
pregnancy to 1 month postpartum and infant behavior as-
sessment of negative affect up to 24 months of age (UCI 
cohort; N=115) (21). Maternal stress scores from the UCI 
cohort were entered into the functional random forest al-
gorithm. The model-based approach identified two clusters 
containing the same number of participants (N=57), and a 
third cluster, containing a single participant, was excluded 
from the analysis because this cluster was considered un-
reliable. The two remaining clusters had significantly greater 
modularity than clusters comprising randomly assigned 
participants (Q=0.729, p<0.001) (see Table S15 in the online 
supplement), and they captured magnitude differences in 
maternal perinatal stress (t=113.47, df=1998, p<0.001) 
(Figure 1A). These clusters differed significantly from each 
other at every time point (early, middle, and late pregnancy 
and early postpartum) in a two-way ANOVA (all p<0.001), 
reflecting mothers with high and low mean stress composite 
scores (higher scores reflect greater stress). We refer to these 
clusters as “magnitude clusters.” We plotted the associated 
path of the magnitude clusters, which clearly reflected the 
difference between high and low stress scores (Figure 1B). 
We also plotted the scores for each individual stress measure 
(i.e., CES-D, PSS, and STAI scores) by magnitude cluster 
assignment and found that the overall trends were the same 
for each contributing measure (see Figure S2 in the online 
supplement).
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Correlation-based clustering approach and shape and velocity 
of maternal perinatal stress. The second arm of the functional 
random forest uses a correlation-based approach to model 
longitudinal heterogeneity. This analysis used data from the 
same participants and identified four correlation-based 
clusters (Q=0.811, p<0.001) (Figure 1C), with distinct 
trajectories defined by the shape and velocity of change in 
maternal perinatal stress (Figure 1D). We refer to these 
clusters as “trajectory clusters.” Trajectory 1 (N=35) 
showed a peak in stress in late pregnancy, trajectory 2 
(N=27) had a peak in middle pregnancy, trajectory 3 
(N=26) showed an increase in stress late in pregnancy, and 
trajectory 4 (N=14) showed postnatal decline in stress. 

Clusters with fewer than 10 participants were not con-
sidered reliable and were excluded from subsequent ana-
lyses. The final trajectory clusters accounted for 102 
mothers. The 13 mother-infant dyads that belonged to 
clusters excluded from the analyses did not differ signifi-
cantly from dyads included in the analyses (see the online 
supplement). Similar to the first approach, we plotted 
scores for individual measures by trajectory cluster as-
signment. Trajectories 1 and 3 were consistent across all 
individual measures; trajectory 2 showed differences in 
magnitude of the measure of perceived stress, with high 
severity and minimal change; and trajectory 4 showed 
differences in anxiety and depression, with a pattern of 

FIGURE 1. Identification of distinct clusters of patterns of perinatal stress in the primary cohort with functional random foresta
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a Maternal perinatal stress measures were completed during early, middle, and late pregnancy and 1-month postnatal time points. Panel A shows the 
sorted proximity matrix resulting from the model-based approach. Two distinct clusters were identified. Panel B shows two distinct trajectories 
reflecting high and low maternal perinatal stress, resulting from a model-based approach. The far left column shows the central tendency of both 
magnitude clusters. The top row shows trajectories based on the magnitude of individual stress levels, with the central tendency of each cluster 
presented as a bold line. Magnitude cluster 1 (red) had lower maternal perinatal stress scores. Magnitude cluster 2 (blue) had higher scores and greater 
variability. The bottom row shows the velocity of perinatal stress (rate of change in maternal stress scores) with the central tendency of each cluster 
presented as a bold line. The clusters did not show differing patterns in terms of velocity. Panel C shows the sorted proximity matrix resulting from the 
correlation-based approach. Four clusters were identified. Panel D shows four distinct trajectories reflecting differences in peak stress and velocity of 
stress over time, resulting from a correlation-based approach. The far left column shows the central tendency of all trajectory clusters. The top row 
shows trajectories based on the magnitude of individual stress levels, with the central tendency of each cluster presented as a bold line. The bottom row 
shows the velocity of perinatal stress (rate of change in maternal stress scores) with the central tendency of each cluster presented as a bold line. The 
colors in panels A and C correspond to the colors used in panels B and D.
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decreasing, increasing, then decreasing stress (see Figure 
S3 in the online supplement).

Replication in FinnBrain Cohort
To examine whether the maternal clusters could be repli-
cated in an independent sample, we applied the parameters 
for the UCI trajectory clusters to maternal antenatal stress 
principal component scores from a separate independent 
cohort (FinnBrain cohort; N=2,156) (25). FinnBrain tra-
jectory 1 showed the same pattern of decreasing then in-
creasing levels of stress found in UCI trajectory 1. FinnBrain 
trajectory 2 similarly mimicked the increasing then de-
creasing levels of stress observed in UCI trajectory 2. 
FinnBrain trajectory 3 showed an overall decline in stress 
followed by a flattening, a pattern that was similar to UCI 
trajectory 3. In contrast, FinnBrain trajectory 4 diverged 
from UCI trajectory 4 and showed increasing levels of stress 
followed by a flattening in levels. Trajectory 4 was composed 
of the fewest participants in the UCI cohort, which poten-
tially contributed to the observed differences. In Figure 2, the 
first three time points of the UCI trajectories (primary co-
hort) are plotted beside the FinnBrain trajectories (repli-
cation cohort).

Maternal Perinatal Stress Clusters and Infant Negative 
Affect Development
Using the clusters identified in the primary cohort, we first 
examined the association between maternal clusters and 
infant negative affect development by adding dummy-coded 
magnitude and trajectory clusters as predictors, along with 
relevant covariates, to the latent growth model of negative affect 
from 3 to 24 months of age. The magnitude and trajectory 
clusters were included in the same model to evaluate their in-
dependent contributions to infant negative affect development.

Magnitude clusters. The magnitude clusters predicted only 
the intercept term (B=0.339, p=0.008), suggesting that 
higher maternal perinatal stress was related to elevated 
infant negative affect at 3 months of age (see Table S20 in the 
online supplement). When maternal postnatal stress scores 
were introduced as time-varying covariates at each time 
point that the IBQ was completed, the magnitude clusters no 
longer predicted the intercept (B=0.179, p=0.217), sug-
gesting that postnatal maternal stress explains the associa-
tion between the magnitude of maternal perinatal stress and 
infant negative affect at 3 months.

Trajectory clusters. Maternal trajectory clusters did not 
predict the intercept or the quadratic term. However, tra-
jectory 3 (increased stress in late pregnancy) predicted less 
linear development (B=−0.918, p=0.032) of infant negative 
affect (Figure 3A; see also Table S20 in the online supple-
ment). When maternal postnatal stress scores were adjusted 
for, trajectory 3 continued to significantly predict the linear 
term of infant negative affect development (B=−0.921, 
p=0.031). The plot of infant negative affect development 
(Figure 3A) suggests that infants of mothers in trajectory 3 
(increased stress in late pregnancy) do not follow the typical 
inverted U-shaped pattern of negative affect development, 
beginning at approximately 12 months of age. Infant negative 
affect differed significantly between trajectory 3 and the 
other clusters at 12 months (t=−2.841, df=69, p=0.01).

We also examined the association between composite 
stress scores at each time point during pregnancy and infant 
negative affect development (see Tables S26–S29 in the 
online supplement). Stress during middle and late pregnancy 
was associated with an increasing slope and negative qua-
dratic term in the model of infant negative affect when 
postnatal maternal stress was adjusted for.

FIGURE 2. Similar stress trajectories in the primary and replication cohorts resulting from a correlation-based approacha

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

Early
Pregnancy

Middle
Pregnancy

Late
Pregnancy

St
re

ss
, A

n
xi

et
y,

 a
n

d
 D

ep
re

ss
io

n
(Z

-s
co

re
d

 c
o

m
p

o
si

te
)

Trajectory 1

Trajectory 2

Trajectory 3

Trajectory 4

Trajectory 1

Trajectory 2

Trajectory 3

Trajectory 4

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

Early
Pregnancy

Middle
Pregnancy

Late
Pregnancy

A
n

xi
et

y 
an

d
 D

ep
re

ss
io

n
(Z

-s
co

re
d

 c
o

m
p

o
si

te
)

A. UCI Cohort (Primary) B. FinnBrain Cohort (Replication)

a Stress measures were completed during early, middle, and late pregnancy in both cohorts. Panel A shows four distinct trajectories, reflecting dif-
ferences in antenatal stress, resulting from the correlation-based approach in the University of California, Irvine (UCI) cohort (primary data set). Panel B 
shows four similar trajectories reflecting differences in antenatal stress that were identified in the FinnBrain cohort (replication data set) using the model 
parameters derived from the UCI cohort analysis.
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Replication of Association Between Maternal Antenatal 
Stress and Infant Negative Affect
Using the maternal antenatal stress clusters, we modeled 
infant negative affect development over the first 2 years of 
life. Consistent with findings from the UCI cohort, repeated- 
measures ANOVA suggested a statistically significant change 
in negative affect between 6 and 24 months (F=111.319, df=3, 
1058, p<0.001) (for additional details, see the Methods 
section in the online supplement).

We then examined the association between FinnBrain 
maternal trajectory clusters and infant negative affect de-
velopment with repeated-measures ANCOVA and relevant 
covariates. Consistent with the results from the UCI cohort, 
maternal trajectory clusters showed a significant main effect 
of group on infant negative affect over time (F=3.04, df=3, 
p=0.028). This effect remained significant after adjusting 
for infant sex, length of gestation, and postnatal depression 
(F=3.23, df=3, p=0.022). Post hoc analyses examining 
the contribution of specific trajectories also demonstrated 
a pattern similar to that identified in the UCI cohort. 

Specifically, there was a significant difference between 
trajectory 3 and all other trajectories of infant negative affect 
at 6 months (F=4.423, df=3, 1058, p=0.004), 12 months 
(F=6.674, df=3, 1058, p<0.001), and 24 months (F=6.011, 
df=3, 1058, p<0.001). The difference between trajectories 
3 and 4 remained significant when maternal postnatal de-
pression, infant sex, and gestational age were controlled for 
(12 months: B=−0.202, p=0.020; 24 months: B=−0.151, 
p=0.018). This suggests that, as in the UCI cohort, infants of 
mothers in the trajectory 3 cluster showed a blunted di-
vergent pattern of negative affect development.

Maternal Perinatal Stress Clusters and Infant 
Functional Connectivity
To examine the effects of the maternal magnitude and tra-
jectory clusters on the infant brain, we evaluated neonatal 
functional connectivity of offspring in the UCI cohort. Only a 
subset of the cohort had brain imaging data available (N=60), 
and thus, the analysis is considered exploratory (31). Maternal 
trajectory clusters were dummy coded and included as 

FIGURE 3. Negative affect of infants over time in the primary and replication cohortsa
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a Panel A shows negative affect development in the University of California, Irvine (UCI) cohort (primary data set). The quadratic-shaped function 
resulting from this model reflects an increase in negative affect mean scores through 12 months of age and a subsequent decrease in scores through 
24 months of age. Panel B shows negative affect development in the FinnBrain cohort (replication data set). Mean scores show negative affect 
increasing through 12 months of age then decreasing through 24 months of age. Panel C shows four trajectories of the different clusters. Trajectory 3 
independently predicts the slope of infant negative affect development in the UCI cohort. As indicated by an asterisk, trajectory 3 differs significantly 
from the other clusters at 12 months of age (t=−2.841, df=69, p=0.01). Panel D shows that the trajectories of the different clusters were associated 
with infant negative affect development in the FinnBrain cohort. Trajectory clusters significantly predicted infant negative affect scores at different time 
points (F=3.04, df=3, 1058, p=0.028). As indicated by asterisks, trajectory 3 differed significantly from all other clusters, and it was associated with 
lower negative affect mean scores than the other clusters.
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predictors in all analyses (see the Methods section in the 
online supplement). The magnitude and trajectory clusters 
were included in the same model to evaluate their inde-
pendent contributions to infant functional connectivity.

The magnitude clusters, capturing symptom severity, 
were not associated with neonatal amygdala functional 
connectivity to the vmPFC (B=0.015, p=0.746) or the an-
terior insula (B=0.008, p=0.841). However, the trajectory 
clusters showed significant associations with amygdala 
connectivity. Trajectory 1 (peak stress in late pregnancy) was 
significantly associated with stronger amygdala connectivity 
to the vmPFC (B=0.173, p=0.011) and the anterior insula 
(B=0.166, p=0.006) (Figure 4). Trajectory 3 (increase in 
stress late in pregnancy) also significantly predicted stronger 
amygdala connectivity to the vmPFC (B=0.172, p=0.011) 
(Figure 4A). Trajectories 2 (peak stress in middle pregnancy) 
and 4 (postnatal decline in stress) were not associated with 
alterations in amygdala connectivity. To understand the 
contribution of data from individual time points, we also 
examined the associations between stress scores at each time 
point during pregnancy and neonatal amygdala connectivity 
(see Table S25 in the online supplement).

DISCUSSION

We found that trajectories of maternal perinatal stress were 
related to infant brain phenotypes and negative affect de-
velopment over the first 2 years of life. Offspring of mothers 
with increasing or peak stress late in pregnancy showed 
increased amygdala functional connectivity at 1 month of age 
and a blunted pattern of negative affect development over 
the first 2 years of life. Interestingly, the overall magnitude of 
stress was not associated with brain or behavioral devel-
opment of the offspring when considered in the same models 
as the trajectory of stress. The relationship between the 
trajectory of maternal stress during pregnancy and infant 
negative affect development was replicated in an indepen-
dent cohort comprising more than 2,000 mother-infant 
dyads. The shapes of the stress trajectories were mostly 
replicated in this larger cohort, although participants in the 
trajectory 4 cluster showed lower stress during late preg-
nancy in the replication cohort compared with the primary 
cohort. Overall, the data highlight that the trajectory of 
maternal stress may contribute to both brain and affect 
development of offspring in a manner that is independent of 
stress magnitude.

The finding that maternal psychological stress during 
pregnancy is related to infant emotional development, es-
pecially negative emotionality, is not surprising, given the 
literature on maternal stress and infant outcomes. However, 
a large majority of earlier studies considered only the magni-
tude of stress. Here, we showed that heterogeneity exists in 
maternal stress trajectories during pregnancy, with regard to 
timing and rate of change, and this variance in trajectories is 
an important characteristic affecting brain and behavioral 
outcomes of offspring. When women were grouped by either 

the overall magnitude of stress or the timing and rate of 
change in stress (trajectory), the trajectory appeared to be 
more important for brain and behavioral development of the 
offspring.

Maternal Stress in Middle or Late Pregnancy and Infant 
Negative Affect Development
Two ways to consider our overall findings in the context of 
the literature are that the entire trajectory is an important 
parameter for offspring development that needs to be con-
sidered, and that in the absence of the trajectory (e.g., when 
studies sample only at one time point), the time when that 
sample is taken is critically important. To highlight this 
point, we followed up our trajectory analyses by examining 
each perinatal time point separately. Maternal stress during 
pregnancy, examined at single time points, did not predict 
neonatal amygdala functional connectivity, suggesting that 
the entire trajectory is an important parameter with regard 
to the observed brain outcomes. Maternal stress during 

FIGURE 4. Maternal perinatal stress trajectory clusters are 
associated with amygdala connectivity in neonatal infantsa
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a Left amygdala connectivity to two regions of interest identified in a 
previous study (32) are displayed here for the University of California, 
Irvine (UCI) cohort. Gestational age at birth and infant age at scan were 
included as covariates to account for neonatal brain maturity at the time 
of MRI acquisition. Correlation values (r) are reported for amygdala 
functional connectivity. Circles represent cluster means. Bolded color 
bars represent interquartile range and thin lines represent data from the 
2.5th to the 97.5th percentile. Panel A shows that maternal trajectory 
clusters 1 and 3 were associated with stronger infant amygdala con-
nectivity to the ventromedial prefrontal cortex. This connectivity among 
offspring of mothers included in cluster 2 appeared to be stronger than 
that in cluster 4, but this difference did not reach statistical significance 
(B=0.127, p=0.069). Panel B shows that maternal trajectory cluster 1 
was associated with increased infant amygdala connectivity to the 
anterior insula bilaterally.
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middle and late pregnancy was associated with blunted 
development of infant negative affect over the first 2 years of 
life, indicating that sampling in middle or late pregnancy may 
be more likely to reveal associations between antenatal stress 
and infant negative affect development.

Maternal Stress Trajectories and Neonatal 
Amygdala Connectivity
In the UCI cohort, trajectories with either peaks or increases 
in maternal stress in late pregnancy, such as trajectories 1 and 
3, were related strongly to amygdala connectivity and neg-
ative affect development in the offspring, even when the 
overall magnitude of maternal stress is accounted for. The 
distinct effects of maternal stress during late pregnancy on 
the limbic system of offspring is in line with previous studies 
examining maternal anxiety and infant hippocampal de-
velopment, suggesting that the timing of stress may play a 
role in infant developmental outcomes (39, 40).

Trajectory 3 was associated with distinct patterns of 
stronger amygdala connectivity in offspring and a pattern of 
infant negative affect development that diverged from the 
other trajectories and previous findings. The most similar 
trajectory in the FinnBrain cohort was also associated with a 
divergent pattern of infant negative affect development, 
indicating the robustness of this finding.

Although neonates of mothers in trajectory 1 also had 
stronger amygdala-to-vmPFC connectivity, these infants did 
not demonstrate decreased negative affect development. 
Trajectory 1 might be associated with activation of an un-
explored compensatory circuit that compensates and ren-
ders affect development more similar to that observed for 
trajectories 2 or 4. Interestingly, trajectory 1 was also as-
sociated with stronger connectivity between the amygdala 
and the anterior insula. Stronger connectivity between the 
amygdala and the anterior insula, regions involved in the 
salience network, has been shown to predict higher levels of 
fear in infants, internalizing symptoms in early infancy, and 
anxiety in children (32, 33, 41, 42). The more typical tra-
jectory of negative affect development for infants of mothers 
in trajectory 1 may relate to the contribution of stronger 
amygdala-to-insula connectivity to higher levels of fear. 
Unfortunately, the analyses were not powered to test rela-
tionships between these neonatal functional connections 
and infant negative affect development within this cohort. 
Considering our recent work highlighting the generally 
small effect sizes for association studies in brain imaging (31), 
larger longitudinal studies are needed to validate and test the 
full pathway from heterogeneity of maternal psychological 
stress trajectories to offspring affect development via al-
terations in early brain development.

Maternal Stress Trajectories and Differential Infant 
Negative Affect Development
Consistent with our previous work and the literature, infant 
negative affect increases over the first year of life and then 
decreases through 24 months of age, resulting in an inverted 

U-shaped trajectory (33, 38, 43–45). An increase in negative 
affect over the first year, as infants explore their environment 
and encounter strangers, is expected and normative. The 
increase in negative emotionality and the resulting need for 
internal and external forms of emotional regulation likely 
supports the development of regulatory and coping skills.

In the UCI cohort, trajectory 3 was associated with 
blunted infant negative affect development at 12 months of 
age, representing a deviation from an expected pattern. The 
much larger replication sample confirmed this particular 
finding, but it also suggested a similar pattern of divergence 
at the other time points, with lower levels of negative affect at 
6, 12, and 24 months of age. It is likely that the UCI cohort was 
underpowered to reveal this broader effect across the time 
span, and highlights in very clear terms the importance of 
replication of similar types of work in large, well-powered 
samples, as was done here. The blunted development of 
infant negative affect may have been associated with an 
overall pattern of lower maternal stress during pregnancy 
because the increase in maternal stress was observed in late 
pregnancy into the early postpartum period. However, be-
cause all models were adjusted for magnitude of stress, the 
association appears to be unique to the trajectory of stress 
during pregnancy and the trajectory of infant negative affect. 
Longitudinal studies in high-risk samples with greater 
variability in maternal stress and infant negative affect are 
needed to ascertain whether this divergent pattern of neg-
ative affect development is adaptive or maladaptive.

Maternal-Placental-Fetal Biology, Maternal 
Psychological Stress, and Brain Outcomes of Offspring
There is growing evidence to suggest that the fetus may be 
especially sensitive to extrauterine cues transmitted via 
stress-sensitive aspects of maternal-placental-fetal biology 
during late pregnancy. Cortisol bioavailability, which is al-
tered during increased maternal psychological stress, plays a 
key role in fetal maturation and is associated with risk of 
psychopathology in offspring (46). Cortisol is involved in 
fetal brain neurogenesis, synaptogenesis, and axonal growth 
through glucocorticoid receptors (46). Although maternal 
cortisol levels vary during pregnancy, there is a surge during 
late pregnancy (47). Several studies have shown that ma-
ternal cortisol during late pregnancy is associated with infant 
reactivity and negative emotionality (48), a finding poten-
tially explained by the high concentration of glucocorticoid 
receptors present in the amygdala (46). Increased psycho-
logical stress is also associated with increasing levels of 
inflammatory markers such as interleukin-6 (IL-6) and other 
cytokines that activate inflammatory processes in the fetal 
brain through both direct and indirect pathways (11). Like 
cortisol, IL-6 and other cytokines are important for fetal 
brain development but can disrupt cellular survival and 
proliferation and, if the levels are too high, disrupt syn-
aptogenesis. Spann et al. (49) found that higher levels of 
inflammation during the third trimester were associated 
with the strength of neonatal functional connectivity within 
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the salience network, including the medial prefrontal cortex. 
Similarly, Rudolph et al. (50) showed that elevated maternal 
IL-6 concentrations during the third trimester were most 
strongly associated with reduced infant working memory at 
2 years of age.

Importance of the Third Trimester for Brain 
Development
The third trimester is a critical time for fetal brain devel-
opment and is characterized by increasing connectivity. 
Long-distance corticocortical connections are established 
during this time frame and functional connections are 
strengthened (51, 52). The amygdala and anterior insula 
demonstrate rapid development during the third trimester of 
pregnancy (53). There is also evidence of strong coactivation 
of the anterior insula and amygdala during this time (53). 
Early functional specialization of the insula and subcortical 
synchronization of the amygdala suggest that these regions 
are particularly important for survival during early infancy 
(53–55). During the final few weeks of pregnancy, white 
matter myelination, synaptic connectivity, and cortical 
growth increase rapidly (56–59). The period right before 
birth is characterized by a rapid and dramatic increase in the 
total number of physical connections between neurons of the 
cerebral cortex and is therefore considered a critical period 
for development of the cortical connectome (59). Rapid 
cortical maturation, circuit formation, and increased neu-
ronal connectivity are hallmarks of third-trimester neuro-
development and may explain why this period is particularly 
sensitive to increases in maternal stress (6, 7, 60).

Limitations and Additional Considerations
There are several limitations of this study to consider. First, 
maternal stress was characterized using self-report mea-
sures. Although multimethod assessment is preferable, the 
use of self-report measures to characterize stress is clinically 
relevant given that this is how depression and anxiety are 
typically monitored during routine antenatal care. Similarly, 
infant behavior was based on maternal report measures. 
Infant emotions are difficult to assess and could reflect 
maternal mood, expectations, or recall. We addressed this 
limitation by including maternal stress at each infant be-
havior time point as a covariate. We are likely constraining 
variance with this approach, given the high correlation 
between prenatal and postnatal stress measures; however, 
this is unavoidable in an observational study. Second, the 
measures of anxiety and depression used in the UCI cohort 
differed from those used in the FinnBrain cohort. While we 
attempted to account for postnatal maternal stress in our 
models, some of the observed effects may be postnatal in 
origin. Importantly, the replication of findings across two 
independent cohorts increases our level of confidence in the 
capacity of these measures to detect meaningful variation in 
the constructs of interest. Additionally, the sample size used 
to initially characterize the trajectories was small (N=115). 
Functional random forest should be used to examine larger 

and more diverse cohorts to see if additional groups 
emerge and if there are different interactions between mag-
nitude and trajectory.

The neuroimaging component of this study focused on the 
resting-state functional connectivity between the amygdala 
and two regions of interest. The processing, interpretation, 
and expression of negative affect involves multiple brain 
regions and networks beyond those explored in the present 
study. Additional work is required to explore the full extent 
of how maternal perinatal stress trajectories relate to the 
structure and function of the neonatal brain. Studies are 
needed to explore the role of maternal stress in the postnatal 
environment. These exploratory statistical analyses were not 
powered to test the role of functional connectivity as a 
mediator in our model of maternal perinatal stress on the 
development of infant negative affect (e.g., see [31]). How-
ever, based on the literature, it is likely that alterations in the 
limbic system associated with stress exposure during 
pregnancy explain some of the differences observed here in 
the development of infant negative affect over the first 
2 years of life.

CONCLUSIONS

The identified trajectories provide information on the timing 
and variability of stress during pregnancy. Importantly, the 
trajectory clusters identified by the functional random forest 
differed in terms of the timing of peak stress and rate of 
changes in stress during pregnancy. Given the sequential 
process of neurodevelopment, alterations in psychological 
stress are likely to have a differential impact on brain de-
velopment depending on the timing of the peak stress or the 
timing of the change. Consistent with this conceptualization, 
we found that maternal perinatal stress trajectories were 
related to both infant neurodevelopment and psychosocial 
development in a manner independent of the overall mag-
nitude of stress exposure. This study highlights the impor-
tance of considering variability in maternal perinatal stress 
over time, as opposed to focusing predominantly on stress 
severity. Advancing understanding of heterogeneity in 
perinatal psychological stress represents an important step 
toward understanding contributing factors to the experience 
of stress and the implications for offspring development. 
Finally, gaining a more nuanced understanding of perinatal 
stress and its influence on infant neurobiological and psy-
chosocial development is critical for refining and improving 
preventive interventions designed to support maternal and 
infant mental health.
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