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Abstract

Exposure to severe stress has been linked to negative postpartum outcomes among new mothers
including mood disorders and harsh parenting. Non-human animal studies show that stress
exposure disrupts the normative adaptation of the maternal brain, thus identifying a
neurobiological mechanism by which stress can lead to negative maternal outcomes. However,
little is known about the impact of stress exposure on the maternal brain response to infant cues in
human mothers. We examined the association of stress exposure with brain response to infant cries
and maternal behaviors, in a socioeconomically diverse (low- and middle-income) sample of first-
time mothers (A=53). Exposure to stress across socioeconomic, environmental, and psychosocial
domains was associated with reduced brain response to infant cry sounds in several regions,
including the right insula/inferior frontal gyrus and superior temporal gyrus. Reduced activation in
these regions was further associated with lower maternal sensitivity observed during a mother-
infant interaction. The findings demonstrate that higher levels of stress exposure may be associated
with reduced brain response to an infant’s cry in regions that are important for emotional and
social information processing, and that reduced brain responses may further be associated with
increased difficulties in developing positive mother-infant relationships.
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1.

Introduction

The postpartum period is an important time for new mothers and their infants. This
developmental window is when the infant’s brain develops most rapidly following birth
(Gilmore et al., 2018), and the quality of mother-infant interactions during the first year of
life plays a critical role in supporting that brain development (Perry et al., 2018; Soe et al.,
2016). The arrival of a baby also precipitates a significant change in a new mother’s life.
While this change brings excitement and joy, it also increases psychological and physical
demands with regards to taking care of a baby who is entirely dependent on its caregiver for
survival. Thus, if new mothers experience severe stress, beyond the typical demands
associated with parenting, they are more vulnerable to negative postpartum outcomes
including depression and anxiety. This in turn can negatively influence mother-infant
relationships (Brummelte and Galea, 2010; Kim, 2016; Kim and Bianco, 2014). Non-human
animal studies suggest that high levels of stress exposure can disrupt normative maternal
brain adaptation, which further leads to impairments in maternal behaviors (Hillerer et al.,
2012; Pawluski et al., 2016; Slattery and Hillerer, 2016). However, there is still a limited
understanding of the underlying neural mechanisms by which stress exposure may influence
human mothers’ adaptations to parenthood.

During the postpartum period, human mothers exhibit heightened neural and behavioral
sensitivity to infant cues compared to non-parents (Seifritz et al., 2003; Stallings et al.,
2001). Infant cues (e.g. cry sounds or images of infant faces) have been associated with
activations in a network of brain regions including the mesolimbic-cortical dopaminergic
pathway (Laurent and Ablow, 2011; Rigo et al., 2019; Strathearn et al., 2008). This neural
pathway incorporates brain regions involved in reward processing including the
hypothalamus, ventral tegmental area, substantia nigra, striatum, and medial prefrontal
cortex. This pathway is well connected with the salience network including the amygdala,
anterior insula, and anterior cingulate cortex (Cole et al., 2013). Non-human animal studies
demonstrate that activation in these reward and salience network regions critically supports
maternal caregiving behaviors (Lonstein et al., 2015). In human mothers, activation of these
networks in response to infant cues has been associated with sensitive maternal behaviors
(Atzil et al., 2011; Paul et al., 2019). Infant cues are also associated with activations in brain
regions involved in emotional information processing and planning for action including the
superior temporal gyrus (STG), the supplementary motor area, as well as brain regions
involved in emotion regulation including the medial and lateral prefrontal cortex (PFC) (Kim
et al., 2016b; Witteman et al., 2019). These regions are considered to support human
mothers’ ability to process infants” emotional and social cues and to appropriately respond
to those cues while regulating their own emotional responses (Rutherford et al., 2015).
Activations in the STG and PFC have been positively associated with more sensitive
maternal behaviors observed during mother-infant interactions (Bornstein et al., 2017;
Feldman, 2017).
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Existing evidence from non-human animal studies demonstrates that stress negatively
influences maternal brain and behavioral adaptation to parenthood. Exposure to severe stress
such as social isolation, overcrowded living environment, or frequent housing mobility
during pregnancy or the postpartum period leads to reduced oxytocin-receptor expression in
the mesocorticolimbic dopamine pathway (Haim et al., 2014) and impaired structure and
activation of medial PFC in dams (Leuner et al., 2014; Sabihi et al., 2014). These changes in
the brain due to stress exposure further lead to impaired maternal behaviors (Herzog et al.,
2009; Hillerer et al., 2011; Smith et al., 2004) and depressive-like or anxious behaviors in
dams (Slattery and Hillerer, 2016).

In human mothers, it is well-established that exposure to severe stressors such as poverty,
major adverse life events, and trauma are significant risk factors for suboptimal parenting
across different ages of children (Barnett, 2008; Crnic and Low, 2002; Raver and
Leadbeater, 1999). During the first year postpartum, a higher number of stressors including
domestic and non-domestic violence, negative life events, and homelessness was associated
with more severe parenting stress (Nair et al., 2003) and a more negative parenting attitude
(Kettinger et al., 2000). Among over 100 predominantly low-income mothers, more stressors
during the first four months postpartum including the need for federal or government
assistance, negative life events, crowded living conditions, and low perceived resources was
also associated with higher levels of parenting stress (Candelaria et al., 2006). Stressful
conditions can also increase emotional distress in mothers which can in turn negatively
influence their ability to sensitively respond to their infants (Liu and Tronick, 2013; Salm
Ward et al., 2017; Soumyadeep et al., 2017).

Few studies address the role of stress exposure in the human mother’s brain, therefore there
is limited understanding of how stress exposure is associated with maternal brain responses
to infants. In one study, researchers examined low-income status as a stressful environment
for new mothers. Low-income mothers reported higher levels of perceived stress (e.g.
feeling overwhelmed) (Kim et al., 2016a). Low-income and high perceived stress were
further associated with dampened medial and lateral PFC and STG responses to infant cry
sounds among these same mothers during the first postpartum year (Kim et al., 2016a).
Researchers found similar patterns of brain activation in a study on trauma from
interpersonal violence. The mothers who were exposed to interpersonal violence exhibited
reduced brain activation in the superior frontal gyrus while seeing their own 1-2 year-old
children during a mother-child separation session (Schechter et al., 2012). In another study,
mothers exposed to traumatic experiences such as war also exhibited reduced brain
responses in the sensorimotor and anterior insula regions while observing others
experiencing pain (Levy et al., 2019). Although not specific to child cues, these reduced
brain responses were then associated with less sensitive behaviors in the mothers’
interactions with their own children at ages 11-13 (Levy et al., 2019). Together, these
findings suggest that mothers’ stress exposure is associated with reduced brain responses to
their children in brain regions that are involved in emotional and social information
processing and emotion regulation, among other functions. However, these previous studies
limit the study of stress exposure to a specific stressor such as poverty or trauma. The
associations among stress exposure across domains, mothers’ brain responses to child cues,
and parenting behaviors are not yet well understood. It would be important to build
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knowledge of these associations, particularly for the first postpartum year, when mothers are
establishing long-term emotional relationships with their children.

Thus, in the current study, we examined the associations between exposure to stress
exposure and human maternal brain activation in response to infant cues, specifically infant
cry sounds, during the first year postpartum. We included a sample of first-time mother
participants with socioeconomically diverse (low to middle income) backgrounds, and stress
exposure was assessed across socioeconomic, environmental, and psychosocial domains.
First, we hypothesized that stress exposure would be associated with higher maternal
distress such as depressive mood or anxiety symptoms. Second, based on the studies
reviewed in the previous paragraph, we hypothesized that higher stress exposure would be
associated with reduced brain responses to infant cry sounds compared to white noise
sounds, particularly in brain regions involved in emotion information processing and
emotion regulation including the medial and lateral PFC, anterior insula, and STG. Last, we
examined direct associations between brain activation and parenting behaviors. We
hypothesized that reduced brain response to infant cry sounds was associated with lower
maternal sensitivity during mothers’ interactions with their own infants.

Materials and methods

Participants

Participants were recruited via flyers and brochures in postpartum clinics in the Denver
metro area, as well as through federal and state programs that serve low-income new
families (i.e. Women, Infant, and Children (WIC) clinics and Colorado’s Prenatal Plus
Programs). Eligibility criteria included first-time mothers with no major birth or pregnancy
complications, full-term births, ages 18-40, and English speaking. Exclusion criteria
included an 1Q below 70 (using WASI-II), a history of a psychiatric diagnosis other than
depression or anxiety (based on selfreport), a family income-to-needs ratio (INR; see the
measure section for details) above 8, and the mother’s infant having more than a one-night
stay in the neonatal intensive-care unit (NICU). We included participants with a history of
depression and anxiety for a more representative community sample, as they are the two
most common diagnoses during the postpartum period. Because the overarching goal of the
research project was to examine the role of stress exposure in low and middle-income
women, we oversampled low-income women, and very high-income women were excluded.

Among 77 participants who participated in home visits, 61 of them met MRI specific
eligibility criteria (i.e. no magnetic metal in the body and not being claustrophobic) and
consented to participate in the neuroimaging portion of the study. The remaining 16
participants completed only the home visit portion of the project. Of the 61 participants in
the neuroimaging portion of the study, 53 participants were included in the current analysis.
Six participants were removed due to missing data for one of the stress exposure index
measures (see measures section), one participant was removed due to excessive motion (see
preprocessing section), and one participant was removed due to a technical error (i.e. use of
incorrect stimuli). Of the 53 participants included in the analysis, 26 participants overlap
with participants published in Kim et al. (2016) using the same fMRI task. However, the
current research question of stress exposure has not been previously examined in this
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sample. Please see supplementary materials for overlaps with other manuscripts using
different fMRI tasks from the same research project.

A total of 53 first-time mothers (age M=26.11 years) were included in the study during 0-10
postpartum months (A#=4.46 months). Table 1 depicts information on the demographic and
major variables. Overall, participants included 41.5% Caucasian and 43.4% Hispanic
backgrounds. The participants were also socioeconomically diverse — 41.5% lived in low
income (INR below 2), and 49.1% of the participants reported 13 years or less as their
highest educational degree completed.

Procedures

Interested individuals contacted the research lab by phone or email and were invited to
participate in the study after completing an eligibility screener. The research study had two
visits - a home visit and a neuroimaging visit. During in-home visits, at least two trained
researchers visited participants’ homes in the late afternoon. After consenting, researchers
conducted interviews with questions regarding income and other demographic information
as well as a WASI-II test and questionnaires with participants. Mother-infant interactions
were video-recorded for 15 min, and infant cry sounds were recorded during the home visits.
Researchers also evaluated housing quality, crowding, and assessed noise levels at home
visits. Typically, a few weeks after the home visit, the participant came to a neuroimaging
center, the Center for Innovation & Creativity, University of Colorado - Boulder. At the visit,
mothers completed a neuroimaging session. Childcare support was provided, and monetary
compensation was provided for the participant’s time and participation at the end of each
visit. All procedures were approved by the University of Denver IRB board.

2.3. Measures

2.3.1. Stress exposure—Exposure to a total of 9 stressors — 3 stressors in each of the
three domains (socioeconomic, environmental, and psychosocial) was assessed (Table 2).
The specific stressors were selected to represent the stressful environment that mothers may
experience across multiple levels of their ecological system, a theory developed by
Bronfenbrenner and Ceci (1994).

Socioeconomic stressors included low family income-to-needs ratio, high financial stress,
and high food insecurity. The low family income-to-needs ratio was assessed based on a
detailed interview of family income during the past 12 months. Based on the annually
adjusted poverty line from the federal government, low income was defined as a family’s
income being lower than twice the federal poverty line (i.e. INR below 2). Financial stress
was assessed by the Financial Strain Scale (Vinokur and Caplan, 1987; Vinokur et al., 1996),
which reflects subjective socioeconomic stress. The index included three items about how
likely it was that the family experienced hardship due to limited income on a 5 Likert scale
(1 =not at all to 5 = very much). This index has been used with perinatal samples (Mitchell
and Christian, 2017; Wright et al., 2010). Food insecurity was assessed using the U.S.
Household Food Security Scale: Six-Item Short Form (Blumberg et al., 1999). The measure
included 6 items about how likely it was that the family did not have access to enough food.
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The response options of the measure were reversed so that a higher score indicated more
food insecurity.

The environmental stressors included substandard housing quality, noise, and crowding at
the family’s home. Assessment of these three stressors followed the protocol from previous
studies of physical environmental stressors in families with children (Dufford and Kim,
2017; Evans and English, 2002; Kim et al., 2013a). Housing quality was assessed by a
trained researcher during a home visit, using a standardized observational rating scale
(Evans et al., 2000). Subscales included structural quality, maintenance, cleanliness and
clutter, safety hazards, and climatic conditions. Scores of each item were first transformed to
z-scores, then the mean score of all items was used as a final score. Noise in the home was
assessed for at least two hours during the home visit using a decibel meter (Leq, dBA) in the
primary social space of the home (typically the living room). Crowding in the house was
calculated by dividing the number of rooms by the number of people who resided in the
house.

Psychosocial stressors included marital dissatisfaction, violence in the community, and
trouble with authorities (i.e. social service agencies, medical/health professionals, teachers,
superiors at work). The three stressors were chosen to reflect psychosocial stress in the
home, neighborhood, and social systems. Marital quality was assessed using the brief 4-1tem
Dyadic Adjustment Scale (Sabourin et al., 2005). A lower score indicated more
dissatisfaction in marital quality. Violence in the community and trouble with authorities
were assessed using the life event interview, CRISY'S (Shalowitz et al., 1998; Shalowitz et
al., 2006). The scale “violence in the community” included 8 items such as “did you see
violence outside your home?” and the scale ‘trouble with authorities’ included 4 items such
as “did you have trouble with social service agencies?”

To create an index of stress exposure, each stressor’s score was coded by assigning a 1 if the
score was in the top quartile (except marital dissatisfaction which used the bottom quartile,
and low income which used INR below 2 as criteria), and 0 otherwise. A summative score of
the dichotomous variables of the nine stressors was calculated. The range of the scores in the
sample was 0-8 (Supplementary Fig. 1).

2.3.2. Maternal distress—Depressed mood was assessed using the Beck Depression
Inventory - I. The version included 21 questions about depressive symptoms in the past week
(Beck et al., 1988). Participants rated their symptoms using a 4-point scale (from “absent” to
“severe”). The measure has been used with perinatal mothers (Gotlib et al., 1989; O’hara
and Swain, 1996). In the current study, 66% of mothers had no depression (scores below 10),
32% had mild depression (scores 10-18), and 2% had moderate depression (scores 19-29).
Anxiety symptoms were assessed using another widely-used self-report questionnaire -

STAI (The State-Trait Anxiety Inventory) -X (Spielberger et al., 1970). The questionnaire
included 20 items for state anxiety (the current feeling) and 20 items for trait anxiety (the
general feeling), and participants rated their symptoms based on a 4-point scale (from “not at
all” to “very much so0™). The assessment has been commonly used to identify anxiety
symptoms among pregnant women and new mothers. Scores of 43 and above are considered
severe postpartum anxiety symptoms (Feldman et al., 2009). Nine percent of mothers had
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scores above the cutoff based on state anxiety scores, while 26% of mothers had scores
above the cutoff based on trait anxiety scores.

2.3.3. Parenting behaviors—Maternal sensitivity was assessed based on a video-
recorded interaction between mother and infant. During the home visit, mothers were asked
to interact with their infants naturally for 15 min without toys. Two researchers who were
blinded to participants’ demographic backgrounds coded videos in the lab using the
Emotional Availability Scales 4th edition (Biringen, 2008; Biringen et al., 2014). The coders
were trained and certified by Dr. Biringen who created the EA scales. The scales have four
parent-related dimensions: sensitivity, structuring, non-intrusiveness, and non-hostility. We
focused on maternal sensitivity because it is a particularly important element of maternal
behaviors across the first year of infancy and predicts later secure infant-mother attachment
(Feldman et al., 2009; Isabella et al., 1989; Smith and Pederson, 1988). The sensitivity scale
was based on appropriate sensitivity of maternal behaviors in affect, clarity, timing,
flexibility, acceptance, amount, and conflict. A possible range of the direct sensitivity score
was 1-7. High scores reflect optimally sensitive maternal behaviors, mid scores reflect
inconsistently sensitive behaviors, and low scores reflect problematic interactions. Two
coders coded 24% of the videos together and the average measures intraclass correlation
(ICC) was 0.91.

fMRI infant cry paradigm

The infant cry task has been used in several previous studies with postpartum women, and
brain activation has been associated with a range of maternal factors including mood and
parenting behavior styles (Guo et al., 2018; Ho and Swain, 2017; Kim et al., 2016a, 2011,
2010a; Laurent and Ablow, 2011; Musser et al., 2012). The task included the mother’s own
infant’s cry sounds which were recorded during a home visit. The cry was a natural cry
during a diaper change, when a baby was seeking attention, or when feeding time was
approaching. The control infant cry was collected using a similar home visit protocol.
Samples of the infant cries from mothers who did not participate in the current study were
rated by seven adults on a 1-10 scale for emotional intensity. One with an average level of
emotional intensity was selected for the control baby-cry stimuli. Any non-cry noise and
background sounds for both own and control infant cry sounds were removed from the
recording using sound editing software (Cool Edit Pro Version 2.0, Syntrillium Software,
Phoenix, AZ). The own infant cry and control infant cry sounds were matched for volume
(total root-mean-square sound intensity of — 8 dB), but no further changes in the acoustic
properties were made in order to maintain the natural properties of the cry sounds. White
noises were synthesized by generating a spectral average of the cry, which was then matched
to the gross temporal envelope of the own infant and control infant cry sounds. The control
infant cry was identical for all participants.

The infant cry task was organized into two functional runs, in which blocks of cry stimuli
and control sounds lasted 20 s. Each stimulus block was separated by an average 10-s rest
period (ranged 8-12 s) at which time only background scanner noise could be heard. Each
run contained blocks of four sound stimuli—(A) own infant cry, (B) control infant cry, (C)
own infant cry matched white noise, and (D) control infant cry matched white noise. The
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order of the blocks was randomized. Each block was presented a total of 10 times and a
white crosshair was displayed in the center of a black screen during the task. The total
duration of the task was 21 min. During the task, mothers were asked to pay attention to
each sound and experience feelings and thoughts as they naturally occurred. This was to
ensure the task would capture the natural thoughts and feelings in response to sounds while
minimizing any unrelated cognitive processing of the stimuli by answering questions. After
completing the scan session, mothers participated in an out-of-scanner behavioral task. In
this task, mothers listened to the sounds used in the scan task again and rated their emotional
response to each sound.

fMRI parameters

The study experienced a scanner update in the middle; thus, two different scanners were
used in the study — 3.0 T Siemens Trio scanner (A=31) and 3.0 T Siemens Prisma scanner
(N=22). Both scanners used a standard 32-channel head coil. Functional data was acquired
using matching parameters (540 T2* -weighted echo-planar-imaging (EPI) volumes; TR=
2300 ms; TE=27 ms; flip angle=73°; field of view=192 mm?; matrix size, 64 x 64; 36 axial
slices; voxels=3 mm3). High resolution anatomical T1-weighted images using the 3D
magnetization-prepared rapid gradient-echo (MPRAGE) protocol were also acquired. For
the Trio scanner, the parameters were 192 sagittal slices, TR = 2530 ms, TE = 1.64 ms, flip
angle = 7°, FOV = 256 mm? and voxels = 1 mm3. For the Prisma scanner, the parameters
were 224 sagittal slices, TR = 2400 ms, TE = 2.07 ms, flip angle = 8°, FOV = 256 mm? and
voxels = 0.8 mm3.

fMRI Processing

Analysis of Functional Neuroimages software (AFNI version 18.3.12) (Cox, 1996) was used
for preprocessing and statistical analysis. The first two TRs (in addition to 4 dummy TRs) of
each run were discarded to account for magnetic equilibrium. After slice timing correction,
images within each run were realigned to the last image to correct for movement. If the
motion was greater than 0.5 mm in any direction between TRs or more than 10% of voxels
were outliers, individual TRs were censored. One participant who had more than 20% of the
total images removed was excluded from the analysis. Among data included in the analysis,
the range of number of TRs censored was 0-97 (M =14.15; 2.6% of the total volumes), and
the range of mean frame-wise displacement was 0.04-0.20 mm (A7= 0.09 mm). An average
number of TRs that were censored ranged from 3.26 to 4.24 across four conditions. After
motion correction, realigned functional images were co-registered to anatomical images and
functional images were anatomically normalized to Talairach space. Images were spatially
smoothed with a 6-mm root-mean-square deviation Gaussian blur, and signals were scaled to
percent change relative to the mean in each voxel.

At the individual participant level, general linear models were used to estimate the shape of
the hemodynamic response to each stimulus (own infant cry, control infant cry, own infant
cry matched noise, control infant cry matched noise). The design matrix included four
conditions (boxcar function convolved with hemodynamic response function), third-order
polynomials, and 6 motion parameters. Beta images, represented estimated activation in
each condition for each participant, were then used in group-level analyses.
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2.7. Analysis

2.7.1. Correlations and behavioral ratings—First, the bivariate Pearson correlation
analyses or Chi-squared test (if variables were categorical variables) were conducted
including all main and demographic variables. Second, two separate repeated-measures
ANCOVASs were conducted to test the associations among emotional (pleasantness,
distressing) rating of the sounds and stress exposure. Stress exposure was a between-subjects
variable, and sound (cry, noise) and condition (own, control) were within-subject factors,
and maternal age and postpartum months were covariates. In addition to postpartum months,
which may influence mothers” emotional ratings, stress exposure was associated with
maternal age (see Results), thus was included as a covariate. One of the participants was
missing the out-of-scanner rating data, and was thus excluded from the analyses.

2.7.2. fMRI analysis—At the group-level of fMRI analyses, AFNI’s 3dLME was
utilized to create a whole-brain linear mixed-effects model with stress exposure as a
between-subjects factor, and sound (cry, noise) and condition (own, control) as within-
subject factors. The statistical approach is similar to other approaches i.e. using first-level
contrasts of conditions then conducting second-level analysis (Madhyastha, et al. 2018;
Telzer, et al., 2018). Covariates including maternal age, postpartum months, and scanner
type were included in the group AFNI 3dLME models. The covariates were also included in
follow-up analyses which were used to decompose effects. While stress exposure was not
associated with postpartum months or scanner type (see Results), the two variables may
independently influence maternal brain responses to infant cry sounds, thus we included
them in the analysis as covariates. An EPI based mask (90% overlap across participants) was
applied to exclude data outside of the brain from the analysis. Results were corrected for
multiple comparisons within the whole brain using the cluster extent threshold of & >29
with a height threshold of p <0.001, equivalent to a whole-brain corrected false positive
probability of p <0.05, as calculated by 3dClustSim using the spatial autocorrelation
function (ACF) option. To rule out the potential role of variables that are associated with
stress exposure on brain activation, additional separate whole-brain models were tested by
including variables that were associated with stress exposure or potential confounders (i.e.
maternal education, a history of mood disorders, current intake of psychotropic medication,
maternal anxious or depressed symptoms). The activation from each cluster was extracted
and entered into a SPSS dataset for further analyses. Using the extracted clusters in SPSS,
Pearson correlation analyses were conducted to test the associations among brain activations
and emotional ratings to infant cry sounds.

2.7.3. Associations between brain responses and parenting behaviors—A
regression analysis was used to examine associations between brain activation of the
extracted clusters in SPSS and maternal sensitivity, including covariates to account for
maternal distress levels (BDI and trait-STAI) in the model. Because trait-STAI scores, not
state-STAI scores, were associated with stress exposure, we chose to include trait anxiety
scores. We checked for extreme values in all variables, but no outliers were detected. A
mediation analysis among stress exposure, brain activation, and maternal sensitivity was not
performed due to the cross-sectional nature of the data.
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3. Results

3.1. Characteristics of the sample

Among maternal mood variables, stress exposure was positively associated with higher trait
anxiety, 7(51) = 0.30, p= 0.03. We examined the associations between stress exposure and
maternal behaviors, however, the correlations were not significant. Among demographic
variables, stress exposure was associated with younger mother’s age, (51) =-0.43, p=
0.001, and fewer years of maternal education, 7(51) = -0.48, p <0.001. Thus, to avoid
multicollinearity due to the high correlations between maternal age and education years
[(51)=0.73, p <0.001], we included maternal age as a covariate in the main whole-brain
analysis and included maternal education years as a covariate in an additional whole-brain
analysis. All other relationships between stress exposure and demographic variables
included in Table 1 were not significant (Supplementary Table 1).

3.2. Emotional ratings of sounds

A repeated-measure ANCOVA analysis revealed that three-way interaction was not
significant for either rating of how pleasant or distressing stimuli were to mothers. The two-
way interaction between stress exposure X sound (cry vs noise) was significant for the
pleasantness rating, A1,48) = 7.83, p= 0.007. Higher stress exposure was associated with a
higher pleasantness rating of infant cry sounds, /50)=0.36, p=0.009 (Supplementary Fig.
2). Stress exposure was not associated with the rating of white noise sounds, /50)=-0.15, p
>0.01. The main effects of postpartum months were significant for both pleasantness
ratings, AH1,48) = 4.07, p=0.049, and distressing ratings, A1,48) = 6.80, p=0.01. Later
postpartum months were associated with greater pleasantness ratings [/(50)=0.26, £=0.06]
and lower distressing ratings [/(50)=-0.34, p=0.014] across all sounds. All other effects and
interactions were not significant, which suggests that the emotional response ratings of own
and control infant cries were not significantly different among mothers.

3.3. fMRI analysis of the associations between stress exposure and brain activation

The three-way interaction of stress exposure X sound (cry, white noise) X condition (own
infant, control infant) was not significant. However, the two-way interaction of stress
exposure X sound (cry vs noise) revealed five significant clusters (Table 3). The first cluster
includes both the anterior insula and inferior frontal gyrus (IFG) (Fig. 1a, b). The results also
include a cluster in the right superior temporal gyrus (STG) (Fig. 1c, d). In all clusters, stress
exposure was negatively associated with cry vs. white noise activation. Therefore, higher
stress exposure was associated with reduced brain activation in response to infant cry sounds
compared to white noise across own and control infant conditions.

We decomposed interactions to examine whether the findings were driven by brain
activation in response to infant cry or white noise. First, brain activation data from each
condition (own infant cry, control infant cry, own infant cry matched white noise and control
infant cry matched white noise) was extracted using the masks of the functional clusters.
Then, the averaged percent signal change values across the two cry conditions and across the
two white noise conditions were included in the following correlation analyses with a stress
exposure variable. Stress exposure was negatively associated with brain response to infant
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cry sounds in the right insula, A(51) = -0.41, p=0.002, the left cerebellum, (51) = -0.27, p
=0.048, and left superior temporal gyrus, 7/(51) = —0.38, p = 0.006. Stress exposure was
positively associated with brain response to white noise in the right supramarginal gyrus,
n(51) = 0.30, p=0.03. In the medial frontal gyrus, although the contrast of cry vs. white
noise was negatively associated with stress exposure, brain responses to infant cry or white
noise alone were not significantly associated with stress exposure.

In the whole-brain analysis, there was no significant main effect of stress exposure or the
postpartum months and scanner type. The main effect of maternal age was detected in one
brain region in the left supramarginal gyrus (BA 40; x, y; z= —55, —46, 29, k=30). Older
maternal age was associated with greater brain responses across all conditions in this region.
From the same whole-brain analysis, the two-way interactions between sound (cry, white
noise) and condition (own, control) and the main effect of sound (cry, white noise) revealed
significant results and were reported in the Supplementary Material (Supplementary Tables 2
and 3).

We conducted further whole-brain analyses while controlling for additional variables
(maternal education years, history of mood disorders, current intake of psychotropic
medication, maternal anxiety or depressive symptoms). In the separate whole-brain models,
the two-way interactions of stress exposure and sound (cry vs noise) were identified in all
five clusters from the main analysis in Table 3, p <0.05, corrected.

Last, to examine the associations of brain activations with the emational rating of the cry
sounds, we used the extracted data from the functional clusters and conducted correlation
analyses. Higher right insula activation in response to cry sounds was associated with lower
pleasantness ratings, /(50) = —-0.36, p=0.01, and higher distressing ratings, /(50) = 0.40, p=
0.003. Higher right medial frontal gyrus response to cry sounds was associated with lower
pleasantness ratings, /(50) = —-0.32, p=0.02, and higher left cerebellum response to cry
sounds was associated with higher distressing ratings, /(50) = 0.35, p=0.01.

3.4. Associations between brain responses to infant cry and parenting behaviors

We tested associations between maternal sensitivity and maternal brain activation in the
three functional clusters where brain response to cry was associated with stress exposure
while controlling for depressive mood and anxiety symptoms. Maternal sensitivity was
positively associated with brain response to cry in the right insula, 8= 0.33, p=0.02 (Fig.
2a), and superior temporal gyrus, B=0.29, p=0.04 (Fig. 2b). Maternal sensitivity was
associated with brain response to infant cry sounds in the left cerebellum at a trend level
only, B=0.24, p=0.095. The main effects of maternal moods were not significant in the
analyses.

4. Discussion

In the current study, we provide evidence for the role of stress exposure in brain responses to
infant cry sounds and parenting behaviors among new mothers. We measured the stress
mothers experience across multiple domains of their postpartum environment. We found that
stress exposure was associated with elevated anxiety symptoms among new mothers. Stress
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exposure was also associated with reduced activation in brain regions that are involved in
emotion information processing and emation regulation including the right insula, medial
frontal gyrus, and STG, in response to infant cry sounds compared to white noise. The
dampened activation in response to infant cry sounds in the insula and STG were further
associated with lower maternal sensitivity observed during mothers’ interactions with their
own infants. Existing literature suggests that mothers experiencing severe stress are at a
greater risk for postpartum mood disorders and harsh parenting. The findings of the current
study provide evidence that reduced response to infant cry sounds in certain brain regions
may be involved in the link between stress exposure and difficulties in adjustment to
motherhood.

We examined stress exposure across multiple domains among low- and middle-income
mothers during the first postpartum year. While low- income new mothers are, on average, at
greater risk for stress exposure, they have been under-represented in research. Therefore, it
was important for the current study to oversample this group. Factors were selected based on
existing evidence that higher exposure can present a significant amount of stress. Each factor
was coded as a stressor if the scores were in the top-quartile or otherwise met the threshold
for a high level of exposure. In the current study, the mean number of stressors the mothers
experienced was slightly below 2 (M= 1.94). In a possible range of 0-9, this mean number
may seem low. However, it should be noted that each of these stressors presents significant
stress to individuals. Previous research that included large sample sizes and a similar number
of stressors also found the mean number of stressors to be between 1 and 2 (Appleyard et al.,
2005; Evans and Kim, 2007; Evans et al., 2007; Liu and Tronick, 2013). Because our sample
size is relatively small, it is important for our findings to be replicated by future studies with
a larger sample. More participants with a higher number of stressors may reveal a stronger
association of stress exposure with maternal mood symptoms and parenting behaviors than
the associations found in the current study.

As expected, when we examined the associations between stress exposure and maternal
distress, we found that stress exposure was associated with negative mood, specifically trait
anxiety symptoms. Higher stress exposure was associated with higher anxiety symptoms
reported by mothers. A possible reason as to why only trait anxiety symptoms, not state
anxiety or depressive mood symptoms, was associated with stress exposure is the difference
in the range of scores on each measure. In the current study, high trait anxiety symptoms had
the greatest amount of variability, with 26% of participants scoring above the cutoff. Only
2% and 9% of participants scored above the cutoff for moderate depression and state high
anxiety symptoms, respectively. Compared to other studies, a lower percentage of
participants had depressive mood and state anxiety scores that rose above cutoffs (Gotlib et
al., 1989; Grant et al., 2008; O’hara and Swain, 1996). A possible reason is that we included
a wide range of postpartum months (1-10 months) and depressive mood and anxiety
symptoms tend to decrease toward the later postpartum period (Dennis et al., 2013; Kim et
al., 2013b; O’hara and Swain, 1996; Stuart et al., 1998). Another possibility is that the
recruitment design and demands of the current study may have attracted mothers with fewer
postpartum difficulties. The current research protocol involved both home visits and
neuroimaging scans during the very busy postpartum period and mothers contacted the
research team about their interests in participating. These aspects of the research project
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were likely to appeal to participants who are relatively well-functioning. For this reason, it is
possible that the mothers experiencing high levels of stress exposure in the current study
may be more resilient compared to mothers who did not participate in the study.

When we examined the brain response to infant cry, stress exposure was significantly
associated with reduced activation in several brain regions that are involved in parenting.
The identified cluster with insula at its peak coordinates also included a part of the IFG. The
right insula, IFG, and medial frontal gyrus are involved in detecting the salience of stimuli
and evaluating the emotional values of infant cues (Moses-Kolko et al., 2014; Parsons et al.,
2013; Zaki et al., 2012). Non-human animal studies suggest that disrupted function (e.g.
lesion, oxytocin receptor antagonist) of the medial frontal gyrus can lead to abnormal
parenting behaviors and higher anxiety in mothers, and this region is also particularly
vulnerable to stress exposure (Febo et al., 2010; Leuner et al., 2014; Sabihi et al., 2014).
Right STG activation has been shown to be involved in processing the emotional content of
an auditory stimulus such as infant cry sounds (Bornstein et al., 2017; Montoya et al., 2012;
Sander et al., 2007). The insula, IFG, medial frontal gyrus, and STG are also structurally and
functionally interconnected (Ghaziri et al., 2017), which highlights their role in processing
infant cues. Activations in the cerebellum (involved in emotional information processing;
(Adamaszek et al., 2017)) may also play an important role in mothers’ sensitive and
appropriate responses to infant cues. Therefore, it is concerning that stress exposure is
associated with reduced activation in these brain regions.

Furthermore, we found that reduced brain activation in the right insula and STG in response
to cry sounds were associated with lower maternal sensitivity observed during mother-infant
interactions. Reduced brain response to infant stimuli in these regions has previously been
associated with suboptimal parenting behaviors (Atzil et al., 2011; Hipwell et al., 2015; Kim
etal., 2011; Musser et al., 2012). This may further support the importance of the role of
insula and STG regions in detecting and evaluating an infant’s distress cues, given their role
in understanding one’s own and other’s emotional states (Singer et al., 2009; Uddin, 2015).
This is consistent with findings from previous studies. For example, low-income mothers’
reduced STG activations in response to infant’s cry were associated with less positive
perceptions of parenting (Kim et al., 2016a), and reduced anterior insular activation in
response to others’ pain was associated with less sensitive maternal behaviors among
trauma-exposed mothers (Levy et al., 2019). Although maternal sensitivity was associated
with brain activation in the regions that were also associated with stress exposure, maternal
sensitivity was not directly associated with stress exposure in this sample. One possibility is
that maternal brain response to infant cues may be more proximal and sensitive measures to
explain the variance in maternal sensitivity, compared to environmental measures such as
stress exposure, in this relatively small sample of mothers.

We should note that stress exposure was not associated with different brain activations to
own infant cry vs. other infant cry sounds. These findings are similar to previous findings
from Kim et al. (2016a) studying the role of low income-to-needs ratio in maternal brain
response to infant cry. In that study, low income-to-needs ratio was associated with reduced
brain activation in response to infant cry (across own and control infant cry sounds) vs.
white noise in the medial and lateral PFC and STG (Kim et al., 2016a). A recent meta-
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analysis suggests that brain response to own infant images is associated with many of the
mesocorticolimbic pathway regions including the amygdala, nucleus accumbens, striatum,
and thalamus (Rigo et al., 2019). However, mothers exhibit a heightened neural and
physiological reactivity to unfamiliar infant cry sounds compared to non-parents (Boukydis
and Burgess, 1982; Seifritz et al., 2003; Stallings et al., 2001). Common brain responses
across own and control infant cry sounds are reported in the brain regions of the PFC and
STG in the current study (Table S2) as well as other studies (Bornstein et al., 2017;
Witteman et al., 2019) with human mothers. Thus, it is possible that new mothers have
heightened emotional information processing and reactivity across the identities of infants
due to greater emotional urgency compared to infant visual cues. Furthermore, the findings
of the current study suggest that brain regions involved in emotional and social information
processing are more likely to be associated with stress exposure compared to brain regions
involved in maternal motivation, and the impact of stress exposure may not be specific to
hearing one’s own baby cries, but more generally across all infant cries.

The emotion rating findings for the infant cry sounds further support the role of heightened
maternal reactivity to infant cues, regardless of the identity of the infant. There was no
significant difference between emotion ratings of one’s own and control infant cry sounds.
However, stress exposure was associated with higher pleasantness ratings across own and
control cry sounds. The higher pleasantness rating and lower distressing rating of infant cry
sounds were further associated with lower brain response to infant cry sound in the right
insula. In the postpartum period, particularly during the early postpartum period, mothers
have normative increases in their worries and concerns about their own baby (Kim et al.,
2013b; Leckman et al., 1999). Worry thoughts and behaviors are considered important
prompts for mothers to invest a high number of hours in caregiving, thus developing close
emotional bonds with infants (Leckman and Mayes, 1999). One potential interpretation is
that when the mother’s environment is already highly stressful, she may adapt her emotional
response to infant cries by perceiving them as more pleasant and less distressing. This may
help her to be less emotionally overwhelmed by negative infant cues. However, this
adaptation may also be linked to reduced brain and behavioral responses to infants as
observed in the current study.

While the current study focused on stress exposure during the postpartum months, it is also
important to consider the potential impact of prior stress exposure on maternal brain
responses to infants. Mothers who report unresolved attachment-related trauma from their
childhood exhibit also exhibit reduced amygdala and behavioral sensitivity to their own
infants’ cues, especially the infants’ distress cues (Beebe et al., 2010; Kim et al., 2014).
Other studies have also reported potential associations between negative childhood
experience and mothers’ dampened neural responses to infant cues (Kim et al., 2010b;
Olsavsky et al., 2019). Childhood attachment-related trauma has been associated with
disrupted maternal behaviors which include positive or surprised maternal expressions in
response to infant distress (Beebe et al., 2010). This may reflect mothers’ difficulties in
understanding their own emotional states as well as their infants” emotional states. This may
also reflect mothers’ blunted responses, which may also be related to higher levels of
pleasantness ratings of infant cry sounds among stressed mothers in the current study.
Unfortunately, some of the stressors such as poverty and family dysfunction can be chronic
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and intergenerationally transmitted (lyengar et al., 2014; Tribble and Kim, 2019). Therefore,
further investigation of the role of childhood adversities as well as postpartum stress on the
maternal brain and behavioral sensitivity will be important for identifying targets for
prevention and intervention.

These findings must be considered in light of several limitations. First, we included a
relatively wide range of postpartum months - first month to ten months at the time of the
fMRI scan. The majority of participants (82%) were scanned within 6 months postpartum.
Some of the later fMRI scans were related to difficulties in follow-up between the home
visits and fMRI scans. Most participants (81%) participated in the fMRI scans less than 40
days after the home visit, with the mean around three weeks. In the current study, the
intervals and postpartum months were not associated with stress exposure or other
demographic variables. However, it is important to consider that the data represent a wide
range of postpartum months, and there is a wide interval range between home visits and
fMRI visits. Therefore, future studies can consider targeting specific postpartum months and
reducing the time intervals between the home and fMRI visits.

Second, the current study had a cross-sectional design. Thus, the associations among stress
exposure, brain activation, and maternal behaviors are correlational, do not permit a
mediation analysis (Maxwell and Cole, 2007), and do not empirically suggest a
directionality among the variables. Thus, the suggested directionality is a hypothesis based
on the existing literature. Moreover, as discussed earlier, while this study focused on
concurrent exposure to stress, some participants may have been experiencing stress exposure
for a longer period including their childhood and pregnancy (Olsavsky et al., 2019;
Schechter et al., 2012). The current study design does not allow us to separate the unique
roles of current vs. previous exposure to stress. Thus, a longitudinal study starting from
childhood or pregnancy would be critical to confirm the directionality among the variables,
such as whether exposure to stress during different time periods can lead to unique changes
in brain response to infant cry, and further lead to altered maternal behaviors. Furthermore, a
larger sample of new mothers will help identify the unique effects of different types of
stressors. The current study addresses a gap in the literature by providing evidence for the
role of higher stress exposure in maternal brain function by assessing stress exposure across
multiple domains of a new mother’s life. However, future studies with a larger sample will
allow for comparison of different types of stressors, as each stressor may have unique
impacts on brain functions (Harnett et al., 2019; McLaughlin et al., 2014).

Third, the current study did not include other biological markers that interact with maternal
brain activation and are influenced by chronic stress exposure. In animal studies, stress was
associated with higher cortisol and lower oxytocin levels in new mothers which were further
associated with differential brain response to own offspring (Hillerer et al., 2012; Zelkowitz
et al., 2014). Thus, future studies should consider examining the impact of stress exposure
on maternal hormones. Fourth, the current study used an identical and single control cry
stimulus to avoid between-subject variability in brain response to control stimuli.
Participants did not rate the own vs. control cry sounds differently in terms of their
pleasantness or distress levels. However, because own baby cry sounds vary in terms of
emotional intensity across participants, future studies can consider using multiple control cry
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stimuli with different emotional intensities or selecting a control cry stimulus that matches
the own cry stimuli in terms of emotional intensity per participant. Fifth, while it is a
strength of the current study that all participants are first-time mothers and therefore
individual differences in parity are controlled, findings may not be generalized to
multiparous women. Previous parenting experience may buffer the impact of environmental
stress on maternal brain responses to infant cues as multiparous women show reduced
anxiety symptoms (Kim et al., 2013b) and increased brain responses to their infants (Afonso
et al., 2008; Akbari et al., 2013). Finally, while the current research included a more
socioeconomically diverse sample compared to some previous studies by oversampling low-
income mothers and recruiting 43% of participants with a Hispanic background, the sample
cannot be generalized to other underrepresented groups such as African Americans, nor can
it be generalized to a very high-income group. Future studies that examine the effects of
stress exposure in new mothers should include a wide range of racial, ethnic, and
socioeconomically diverse samples.

5. Conclusion

We have provided evidence that among first-time new mothers, exposure to stress is
associated with dampened brain response to infant cry sounds in brain regions that are
important to emotional information processing, including the insula and STG. The
dampened brain response was further associated with lower maternal sensitivity, which
suggests reduced brain sensitivity to cry sounds may be associated with reduced behavioral
sensitivity during interactions with a mother’s own infant. Reduced maternal sensitivity is a
risk factor for suboptimal child development (Bornstein, 2002; Feldman, 2007). Thus, for
preventions and intervention work, it may be important to target women experiencing high
levels of stress exposure and support their transition to parenthood. The findings of the
current study may also suggest that stress exposure impacts brain regions that help mothers
understand the urgency and meaning of their infants’ distress cues. Therefore, we can
consider providing support for mothers who are exposed to high stress to be emaotionally
attuned to their infants when they are under distress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) The right (R) insula cluster (BA4T7; x, y, z= 29, 26, 2; k=86) which also included a part

of the inferior frontal gyrus (IFG) in a red circle showing stress exposure X sound
interaction, p <0.05, corrected; (b) scatterplot describing the negative associations between
stress exposure and brain responses to infant cry sounds (both own and control infant cry
sounds) in the region; (c) The right (R) superior temporal gyrus (STG) (BA41; x, y, z= 44,
-31, 51; A=39) in a red circle showing stress exposure X sound interaction, p <0.05,
corrected; (d) a scatterplot describing the negative associations between stress exposure and
brain responses to infant cry sounds (both own and control infant cry sounds) in the region.
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Fig. 2.
(a) A scatterplot describing the positive associations between maternal sensitivity and brain

responses to infant cry sounds (both own and control infant cry sounds) in the right (R)
insula (BA47; x, y, z= 29, 26, 2; k=86; Table 3) and maternal sensitivity; (b) a scatterplot
describing the positive associations between maternal sensitivity and brain responses to
infant cry sounds (both own and control infant cry sounds) in the right (R) superior temporal
gyrus (STG) (BA41; x, y, z= 44, -31, 5l; k=39; Table 3).
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