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Chronic Early Stress Impairs Default Mode
Network Connectivity in Preadolescents and
Their Mothers
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ABSTRACT

BACKGROUND: Early life stress (ELS) bears long-term negative consequences throughout life. Yet ELS effect is
mostly unknown, and no study has followed children to test its impact on the default mode network (DMN) in
relation to maternal behavior across childhood. Focusing on brain oscillations, we utilized a unique cohort of war-
exposed preadolescent children (11-13 years of age) and their mothers followed from early childhood to examine
the effects of ELS combined with observed parenting on DMN connectivity and power in mother and child.
METHODS: Participants included 161 mothers and children (children: 39 exposed/36 control subjects; mothers: 44
exposed/42 control subjects) who underwent magnetoencephalography scanning during rest.

RESULTS: Stress exposure reduced DMN connectivity in mother and child; however, in mothers, the impaired
connectivity occurred in the alpha band, whereas among children it occurred in the theta band, a biomarker of the
developing brain. Maternal anxiety, depression, and posttraumatic symptoms in early childhood predicted lower
maternal DMN connectivity. Among children, the experience of intrusive, anxious, and uncontained parenting across
the first decade and greater cortisol production in late childhood predicted reduced DMN connectivity in preado-
lescence. Impairments to theta DMN connectivity increased in children with posttraumatic stress disorder.
CONCLUSIONS: Findings indicate that ELS disrupts the synchronous coordination of distinct brain areas into
coherent functioning of the DMN network, a core network implicated in self-relevant processes. Results suggest that
one pathway for the lifelong effects of ELS on psychopathology and physical illness relate to impaired coherence of
the DMN and its role in maintaining quiescence, alternating internal and external attention, and supporting the sense
of self.
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Early life stress (ELS), chronic stress that begins early and
persists across the initial period of brain maturation, bears
long-term negative consequences throughout life. Individuals
exposed to ELS are more susceptible to psychiatric disorders,
social maladjustment, dysfunctional stress response, and im-
pairments in brain structure and function (1,2). Yet, despite the
fact that ELS is the most prevalent adversity, impacting mil-
lions of children worldwide, research on its long-term effects
has some methodological limitations that leave open several
key issues. First, studies on ELS typically rely on adults’
retrospective accounts of their childhood experiences, and
very few studies followed children prospectively from infancy.
Second, ELS interacts with early caregiving patterns that
augment or buffer its toxic effects; still, no study utilized
repeated observations of caregiving over time to examine the
combined effects of early stress and parenting on later brain
function. Finally, ELS is a heterogeneous construct, including
individuals experiencing a wide range of adversities, thereby
limiting specificity of its detrimental elements. Here, we utilized

a unique cohort of war-exposed preadolescents and their
mothers followed from early childhood to test the effects of a
distinct ELS condition combined with observed parenting on
default mode network (DMN) connectivity in mother and child.

The DMN is a network of cortical areas that becomes more
active during rest and deactivates when the brain is engaged in
task-related activity (3). It comprises several regions, including
the left angular gyrus (LAG) and right angular gyrus (RAG),
posterior cingulate cortex (PCC)/precuneus, ventromedial
prefrontal cortex (vMPFC), dorsomedial PFC (dMPFC), right
medial PFC, and left inferior temporal gyrus (LITG) (4). The
DMN plays a critical role in self-referential mental activity,
intrinsic focus, integration of internal and external attention,
and recollection of past experiences; thus, it is a core system
that colors both the sense of self and experience of the
external world (3,5). DMN functioning is sensitive to multiple
psychiatric conditions, including stress-related disorders
(6-10). Furthermore, research on the relations of DMN and
stress may shed light on the effects of chronic stress on the
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brain (11-13). Core symptoms implicated in stress-related
disorders define disruptions to functions supported by the
DMN, such as modulation of hypervigilance (11), alterations of
intrinsic and extrinsic attention (12,13), self-referential mental
activity (14-16), and recollection of past experiences (17).

Few studies have investigated the relationships of DMN and
stress. Compared with control subjects, trauma-exposed vet-
erans showed lower connectivity among DMN nodes including
the precuneus, medial PFC, and right superior parietal lobule,
regardless of posttraumatic stress disorder (PTSD) status (18).
Women with childhood-abuse PTSD displayed reduced con-
nectivity in the PCC/precuneus (6), and both 16-year-old ad-
olescents and young adults growing in poverty exhibited lower
DMN connectivity (19,20). While it was suggested that ELS
interferes with the development of the DMN (21), no study has
examined the effects of ELS on DMN functioning in children.

In adults, the strongest activity in DMN during rest is
observed in the alpha band (8-12 Hz), the dominant rhythm of
the awake brain (22,23). Yet evidence suggests that sponta-
neous brain rhythms change throughout life, and alpha activity
develops with age, reaching its peak in adulthood (24). In
childhood, the more pronounced rhythm is observed in the
theta band (4-7 Hz), and research indicates a gradual shift from
theta to alpha as children develop (25,26). In a sample of 6-
to-16-year-olds (n = 324), a linear trend was found, with low
frequencies (<7.5 Hz) decreasing with age and higher fre-
quencies increasing across the same period. While we are
unaware of any study that has examined the effects of stress
on DMN oscillatory rhythms in adults or children, higher
resting-state alpha power has been associated with increased
anxiety (27-30). Similarly, anxious individuals exhibited greater
theta power, and theta activity in midcingulate cortex corre-
lated with pervasive stress in anxious individuals.

The current study utilized a unique cohort of mothers and
children living in Sderot, a small Israeli town on the Gaza
border that has been subjected to continuous war-related
trauma for nearly two decades, affording a unique “natural
experiment” in which all participants in the sample experience
the same stress, and individual and contextual factors differ-
entiate among participants. Sderot has been the target of
continuous rocket attacks since 2001, with six periods of ex-
acerbations, during which the town was under attack by
dozens of daily missiles for several days to several weeks.
During attacks, citizens hear a siren warning, leaving them 7 to
15 seconds to reach shelters before an explosion. Even during
relatively calm periods, a security threat looms on a daily basis,
with occasional missiles launched every few days or weeks.

Patterns of mother—child interaction and cortisol levels were
assessed in early and late childhood, and DMN connectivity
was measured at rest in preadolescence (11-13 years of age)
with magnetoencephalography (MEG). MEG uniquely com-
bines high temporal resolution with adequate corticospatial
localization that can describe oscillatory mechanisms impli-
cated in DMN connectivity in children and adults exposed to
a specific chronic stress condition. We hypothesized that
stress-exposed mothers and children would show lower DMN
connectivity in the typical oscillatory band of their age, that is,
alpha for mothers and theta for children (hypothesis 1). We
also expected that patterns of maternal care across the first
decade would impact DMN connectivity. We focused on the
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mother’s intrusive style—the mother’s negative, anxious, dys-
synchronous, and dysregulating behavior that has shown to
predict attachment insecurity, stress reactivity, and psycho-
pathology in children (31-33)—and we expected anxious-
intrusive mothering to predict greater disruptions to DMN
connectivity (hypothesis 2). Additionally, mothers’ emotional
symptoms, including anxiety, depression, and PTSD, were
expected to interfere with maternal DMN connectivity (hy-
pothesis 3), and greater child cortisol production, indexing
greater ELS-derived allostatic load, would predict impaired
child DMN connectivity (hypothesis 4).

METHODS AND MATERIALS

Participants

Participants included 232 mother—child pairs in two groups
who were observed four times. Details of the first three as-
sessments appear elsewhere (34).

T1: Early Childhood. In early childhood (time 1 [T1]), the
initial sample (n = 232) included 47.6% boys and 47.1% first-
borns (mean age 2.76 + 0.91 years). The war-exposed group
included 148 families living in the same neighborhoods in
Sderot, Israel, located 10 km from the Gaza border. The control
group included 84 nonexposed families from comparable
towns in the Tel-Aviv area matched to the exposed group by
age, gender, birth order, parental age and education, maternal
employment, and marital status and subsequently screened for
trauma. At T2 (middle childhood), children underwent psychi-
atric diagnosis; however, we do not use these data here.

T3: Late Childhood. At late childhood (mean age 9.3 =+
1.41 years), 177 families were revisited: 101 war-exposed and
76 control families. Attrition was mainly related to inability to
locate families or families moving out of Sderot.

T4: Preadolescence. A total of 161 participants (75 chil-
dren [43 girls] and 86 mothers), containing 39 war-exposed
children and 44 war-exposed mothers, participated in
MEG scanning at preadolescence (children’s mean age
11.81 + 1.24 years), including 66 mother—child dyads (33 war-
exposed families). Table 1 presents demographic/background
information.

Of 111 children initially recruited at T4, 36 did not yield MEG
data: 18 were MEG incompatible (mostly owing to metal im-
plants), 6 refused MEG scan, and 12 did not complete the
experiment. Of 108 mothers initially recruited at T4, 22 did not
yield MEG data: 12 were MEG incompatible (owing to metal
implants), 4 refused MEG scan, 5 did not complete the
experiment, and 1 had noisy data due to eye movements.

The study was approved by local institutional review board,
and written informed consent was obtained from parents after
receiving a complete description of the study.

Procedure and Measures

T1: Early Childhood. During the 3.5-hour home visit, a 10-
minute mother—child interaction with age-appropriate toys was
filmed. Mothers completed the State-Trait Anxiety Inventory
(34), Beck Depression Inventory (35), and Posttraumatic Stress
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Table 1. Demographic Details

Exposed Group Control Group

n Mean * SD n Mean = SD tor 2 (df )
Children
Age, years 11.93 = 1.35 11.59 = 1.12 1.15 (73) NS
Rooms in the house 4.26 = 1.06 4.37 = 1.28 —0.41 (73) NS
1Q-P at T3° 11.16 = 2.56 11.34 = 2.52 —-0.29 (73) NS
1Q-V at T3 11.49 + 2.64 1113 = 2.76 0.56 (73) NS
Gender, boys/girls 22/17 10/26 4.5 (1) .034
Birth order (firstborn/not firstborn) 16/23 21/14 2.65 (1) NS
Mothers
Age, years 40.14 = 5.98 40.83 * 4.53 —0.61 (84) NS
Rooms in the house 419 = 1.06 4.63 = 1.39 —1.65 (84) NS
Education (high school/academic) 13/31 6/36 29 (1) NS
Marital status (married/single”) 42/2 39/3 0.61 (1) NS

1Q-P, Wechsler Intelligence Scale for Children—Revised blocks subtest; 1Q-V, Wechsler Intelligence Scale for Children—-Revised 95 vocabulary

subtest; NS, not significant; T3, time 3.
2Standardized score.
bSingle indicates divorced, widowed, or single parent.

Diagnostic Scale (36), and their combined Z-score was termed
maternal emotional distress.

T3: Late Childhood. During the 3-hour home visit, the
Development and Well-Being Assessment was used to di-
agnose child Axis | disorders. The Development and Well-
Being Assessment is a well-validated structured interview
generating ICD-10 and DSM-IV psychiatric diagnoses in 5- to
17-year-old children (37) and was administered by clinicians
supervised by a child psychiatrist, blinded to other informa-
tion, with reliability >85% and cases conferred every few
weeks.

Mothers and children were observed in two interactive
paradigms involving positive and conflict dialogue, each last-
ing 7 minutes (33). Interactions at T1 and T3 were coded with
the well-validated Coding Interactive Behavior Scale (38), and
the maternal intrusiveness construct (5-point Likert-type scale
with responses ranging from 1 [low] to 5 [high]) was used,
comprising the scales of maternal overriding, negative affect,
hostility, anxiety, and dysregulation (alpha: T1 = .78, T3 =.71).
Coding was conducted by trained coders, with 20% of tapes
coded for reliability. Reliability exceeded 90% on all codes
(intraclass r = .94, range = .90-.99).

Cortisol (CT) was measured three times between 3:00 and
6:00 pm (at baseline, following testing and interaction, and at
recovery [15 minutes after termination of procedures]) by the
mother’s putting a Salivette (Sarstedt, Rommelsdorf, Germany)
in the child’s mouth for 1 minute. Salivettes were kept cooled
and then stored at —20°C until being centrifuged twice at 4°C
at 1500g for 15 minutes. CT levels were assayed using a
commercial enzyme-linked immunosorbent assay kit (Assay
Designs, Inc., Ann Arbor, Ml). Measurements were performed
in duplicate according to the kit’s instructions. CT levels were
calculated using MATLAB R2012b (The MathWorks, Inc.,
Natick, MA) according to the relevant standard curves. The
intraassay and interassay coefficients were <10.5% and
13.4%, respectively. Consistent with prior research (33), area
under the curve was computed to index overall CT production.

T4: Preadolescence. Spontaneous brain activity was
measured using MEG while participants rested with open eyes
for 2 minutes. Ongoing brain activity was recorded using a
whole-head 248-channel magnetometer array (Magnes
3600WH; 4-D Neuroimaging, San Diego, CA) in supine position
inside a magnetically shielded room. Data were sampled online
at 1017.23 Hz with bandpass of 0.1 to 400 Hz. Reference coils
located approximately 30 cm above the head oriented by the
X-, y-, and z-axes were used to remove environmental noise.
Five coils were attached to participants’ scalp for recording the
head position relative to the 248-sensor array. External noise
and heartbeat artifacts were removed using a predesigned
algorithm (38). Further data processing and analysis were
performed using MATLAB and the FieldTrip toolbox (39). Data
were segmented into 1000-ms epochs (with 500-ms overlap
between neighboring epochs). Trials containing muscle arti-
facts and signal jumps were excluded from further analysis by
visual inspection. Data were then filtered in the 1- to 100-Hz
range with 10 seconds’ padding (to avoid distortion of the
real signal at the ends of trials). To clean eye blinks, eye
movements, and leftover heartbeats, spatial component anal-
ysis was applied.

DMN seed coordinates were predefined based on prior
research (4) in which resting-state MEG data linked with the
DMN network defined in functional magnetic resonance im-
aging studies to detect the equivalent MEG seed coordinates
to functional magnetic resonance imaging studies (seed co-
ordinates appear in Supplemental Table S1). Because chil-
dren’s brain anatomy differs from that of adults, we used
different brain templates for children and mothers (Montreal
Neurological Institute). The templates were modified to fit each
participant’s digitized head shape using SPM8 (Wellcome
Department of Imaging Neuroscience University College Lon-
don; http://www.fil.ion.ucl.ac.uk). The head shape was manu-
ally digitized (FASTRAK digitizer; Polhemus, Colchester, VT),
and the participant’s brain volume was divided into a regular
grid. Grid positions were obtained by linear transformation in a
canonical 1-cm grid. This procedure facilitates group analysis
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because no spatial interpolation of the volumes of recon-
structed activity is required. For each grid position, spatial fil-
ters were reconstructed to record activity from location of
interest while suppressing other activity.

To calculate DMN connectivity, we extracted time series
from the activation seeds by applying a linear-constrained
minimum-variance beamformer in two predefined frequency
bands: theta (4-7 Hz) for children and alpha (8-12 Hz) for
mothers. Next, we computed the phase locking value (PLV)
between all seed pairs (21 pairs). The PLV measures the phase
difference between two recorded signals to quantify the con-
sistency of the phase difference over time (40). Additionally, for
each frequency band, we computed the power in each seed
using partial canonical coherence method. This method
directly outputs for each location the Fourier coefficients (i.e.,
phase and amplitude) for each trial, enabling calculation of the
average power across trials in each seed.

Statistical Analysis

Differences in DMN connectivity and power were tested using
a mixed repeated-measures analysis of variance with fre-
quency band (theta vs. alpha) as the within-subject variable
and exposure (exposed vs. control) and family (child vs.
mother) as the between-subject variables, on the averaged
connectivity/power across seed-pairs/seeds.

To detect specific significant DMN seed-pairs/seeds, a se-
ries of t tests was conducted in each group between exposed
and control. To correct for multiple comparisons across these
tests, permutation tests were conducted in each frequency
band for connectivity and power in mother and child. In each

Mothers - Alpha Band

I |
Time (ms)

Children - Theta Band

500

I I I
Time (ms)

500
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permutation test, an independent t test was repeated 1000
times, group was randomly assigned for each participant, and
the number of significant (p < .05) seed-pairs/seeds was
recorded. This method is a variation of the cluster-based per-
mutation test. A frequency distribution of the number of signif-
icant seed-pairs/seeds was served to determine the critical
significant seed-pairs/seeds size, which corresponded to the
50th maximal number (5%). In addition, Pearson correlations
were computed between mother and child overall DMN con-
nectivity and power within and between theta and alpha bands.

Differences between groups in hormonal, mental health, and
behavioral variables were assessed with t tests with Bonfer-
roni’s correction, and hierarchical linear regressions were
computed to predict DMN connectivity in mother and child
from variables cross the first decade.

RESULTS

DMN Connectivity and Power

A significant three-way interaction among frequency band,
family, and exposure was found for DMN connectivity (PLV)
only (Fq1156 = 10.33, p < .01). Results for each group appear
below.

Children. Group differences were found in the theta band,
indicating higher PLV in control (mean 0.6 = 0.11) compared
with exposed (mean 0.54 = 0.15) subjects (t73 = 1.99, p = .05).
Post hoc analysis revealed higher connectivity in the following
pairs among control subjects; RAG-PCC, RAG-dMPFC, and
RAG-LITG (see Table 1, Figure 1, and Figure 2A for full results).

Figure 1. Default mode network connectivity in war-exposed and control children and mothers. Differences in default mode network connectivity between
the exposed and control groups. On the left side, an illustration of the two frequencies tested in this study: alpha band for mothers and theta band for children.
On the right side, an illustration of all two-seed pairs in the default mode network. Red lines indicate significant pairs in which exposed mothers had lower levels
of connectivity than control mothers, while green lines indicate significant pairs in which exposed children had lower levels of connectivity than control children.
dMPFC, dorsomedial prefrontal cortex; LAG, left angular gyrus; LITG, left inferior temporal gyrus; PCC, posterior cingulate cortex/precuneus; RAG, right
angular gyrus; RMPFC, right medial prefrontal cortex; vMPFC, ventromedial prefrontal cortex.
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No differences in alpha band emerged between exposed and
control children (t73 = —0.17, p = .87).

Mothers. Higher PLV in the alpha band was found for control
(mean 0.63 = 0.17) compared with exposed (mean 0.56 =+
0.17) mothers (tg4 = 2, p < .05). Post hoc analysis revealed five
significant pairs: LAG-dMPFC, PCC-vMPFC, PCC-LITG,
VMPFC-LITG, dMPFC-LITG (see Table 1 and Figure 2B for
full results). No differences in theta band emerged between
exposed and control mothers (tg4 = 1.22, p = .23).

As seen in Table 1, gender distributions differed between
groups. To rule out gender as alternative explanation for the
reduced theta connectivity, we computed an analysis of vari-
ance with gender and exposure as between-subject factors.
No gender-by-gender (Fy 73 = 0.001, p = .98) or gender-by-
exposure (F17¢ < 0.001, p = .99) effects were found. We
also computed separate t tests between boys and girls for
each group, and no significant differences emerged for
exposed (t;3 = —0.031, p = .98) or control (t;3 = —0.005, p =
.99) children.

Correlations Between Mother and Child DMN
Connectivity and Power

The correlation between child theta DMN connectivity and
mother alpha DMN connectivity was nonsignificant (r = —.11,
p = .40). Correlations emerged between mother alpha DMN
power and child DMN power in alpha (r = .32, p = .01) and theta
(r=.26, p < .05) bands. Child theta DMN power correlated with
mother theta DMN power (r = .42, p = .001).

Behavioral and Hormonal Measures

A series of t tests with Bonferroni’s correction (p < .017) be-
tween the exposed and control groups revealed significant
effects for maternal emotional distress at T1 (tg4 = —2.69, p =
.009), indicating higher combined Z-scores in the State-Trait
Anxiety Inventory, Beck Depression Inventory, and Post-
traumatic Stress Diagnostic Scale among exposed (mean
0.33 *= 0.97) compared with control (mean —0.15 = 0.65)
mothers. No differences in maternal intrusiveness, measured

Theta Band PLV - Control Children

PCC  VMPEC dMPFC RMPFC LITG va

poral gyrus; s i i
precuneus; RAG, right angular gyrus; RMPFC, right
medial prefrontal cortex; vVMPFC, ventromedial pre-

Alpha Band PLV - Control Mothers

Early Life Stress and Default Mode Network

Figure 2. Connectivity values among the various
default mode network (DMN) nodes in war-exposed
and control children and mothers. (A) Phase lock-
ing value (PLVs) for exposed and control children in
the theta band. *p < .05; *p = .005. (B) PLVs for
exposed and control mothers in the alpha band. *p <
05; **p = .005. dMPFC, dorsomedial prefrontal cor-
tex; LAG, left angular gyrus; LITG, left inferior tem-

PCC, posterior cingulate cortex/

frontal cortex.

on a 5-point Likert-type scale ranging from 1 (low), to 5 (high),
were found between exposed (mean 2.22 + 1.17) and control
(mean 1.87 = 0.79) mothers (tg4 = —1.62, p = .11), or in child
area under the curve CT between exposed (mean 51616.42 =
69055.57) and control (mean 37695.58 + 29021.65) children
(tso = —0.99, p = .33).

Predicting DMN Connectivity From Variables
Across the First Decade

Two hierarchical multiple regression models were computed,
predicting DMN connectivity in mother and child (alpha for
mother, theta for child) from behavioral, hormonal, and mental
health variables. Intercorrelation matrix appear in Supplemental
Table S2, Figure 3A presents the correlation between maternal
alpha connectivity and maternal emotional distress at T1, and
Figure 3B presents the correlation between child theta con-
nectivity and maternal intrusiveness at T1 and T3. The same
three predictors were entered for mother and child, and order of
entry considered early to later measurement. In the first step,
maternal emotional distress in early childhood was entered. In
the second, the mother’s intrusive style across the first decade
was entered, and in the third, the child’s CT levels in late
childhood were entered.

Results (Supplemental Table S2) indicate that for children,
maternal intrusiveness and higher cortisol each independently
predicted diminished DMN connectivity. Among mothers,
greater emotional distress, including symptoms of anxiety,
depression, and PTSD, and higher child cortisol uniquely
predicted lower DMN connectivity.

DMN Connectivity and Child PTSD

The point-biserial correlation between PTSD and theta DMN
connectivity in children was found to be significant (n = 69, r =
.23, p = .05), indicating that exposed children with PTSD had
particularly lower DMN connectivity.

DISCUSSION

Exposure to chronic early stress bears long-term impact on the
developing brain. Our results indicate that ELS impairs DMN
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Figure 3. Correlations between default mode
network connectivity maternal emotional symptoms
and maternal intrusive caregiving. (A) Correlation
between connectivity in the alpha band among
mothers and maternal emotional distress at time 1
° (T1). (B) Correlation between connectivity in the theta
band among children and maternal intrusiveness
style at T1 and T3. PLV, phase locking value.

r T T T T T 1

302 A 0 1 2 3 0 1 2

Mother Alpha Connectivity (PLV)

Maternal Emotional Distress (T1)

connectivity in both preadolescents and their mothers, sug-
gesting that chronic stress undermines the DMN’s ability to
function as a coherent network in both sides of the caregiving
dyad, child and mother. Utilizing a prospective longitudinal
design, following families across the first decade, employing
repeated observations of the caregiving context, and focusing
on brain oscillations in preadolescence, we tested how
war-related ELS combines with intrusive, anxiety-provoking
caregiving to impair a critical neural circuit implicated in self-
reference, internally directed attention, and autobiographical
memory.

Prolonged exposure to stress leaves its mark on the DMN,
reducing connectivity among its structures. Our findings are
the first to show this in children, indicating that by preadoles-
cence, chronic stress impairs DMN connectivity, and pin-
pointing theta rhythms as the band where such disruptions
are found at this age. These findings are important, as the
DMN is involved in multiple phenomena known to be impacted
by stress, such as hypervigilance and alertness, alterations of
intrinsic and extrinsic attention, self-referential mental activity,
and recollection of personal experiences. Our results suggest
that one pathway for the long-term effects of ELS on the
development of anxiety symptoms, PTSD, and behavioral
dysregulation may relate to the disruption to DMN functioning
caused by chronic stress exposure, particularly the diminished
capacity of the DMN to cohere into a functional network
and achieve quiescence. The transition to adolescence is a
sensitive period for the onset of mood disorders (41), and
our findings suggest that ELS may interfere with the devel-
opment of adequate brain mechanisms to regulate stress,
rendering stress-exposed preadolescents susceptible to
psychopathology.

While reduced DMN connectivity was found for both
mothers and children, it was observed in different oscillatory
rhythms: alpha for mothers, theta for children. Whereas alpha
is the dominant rhythm in the adult brain at rest, theta oscil-
lations are a biomarker of the developing brain and dominate
when brain patterns are established. Furthermore, the disrup-
tion was specific to DMN connectivity, and no group differ-
ences emerged in alpha (mothers) or theta (children) power.
Unlike power, neural oscillations chart the mechanism by
which distinct brain regions coordinate their activity. By
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T T 1
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Maternal Intrusiveness (T1, T3)

synchronizing phase from different brain sources, locally
distant brain areas connect and function as a coherent
network. Such synchronous coordination across distributed
brain areas defines a fundamental brain mechanism that un-
derpins every aspect of cognition and behavior (42,43). The
high temporal resolution afforded by MEG enabled us to
measure DMN connectivity and specify the source of stress-
related dysfunction.

Oscillatory rhythms play a distinct role in brain functions.
Alpha oscillations mark the dominant rhythm of the awake
resting brain and reflect “baseline” mode upon which any
mental activity is registered (44). Alpha oscillations strongly
correlate with gamma-band activity (45) that indexes neuronal
processing (44), and the two integrate top-down and bottom-
up processing to perceive incoming stimuli, enable predictive
coding, and achieve steady state in the absence of incoming
information. Alpha rhythms underpin key functions, including
sensory gating, memory, attention, and social functions, and
alpha rhythm impairments are observed in affective disorders
and PTSD (44). Thus, the diminished DMN alpha-band con-
nectivity in mothers indicates that prolonged stress impacts
not only the developing brain, but also the mature brain. It is
also possible that disruptions to DMN connectivity in adults
occur only in the context of motherhood, when mothers must
raise children in the shadow of chronic stress, and our findings
need replications in fathers and nonparents.

Among children, impairment to DMN connectivity emerged
in the theta band, the rhythm characterizing the developing
brain. Theta oscillations are dominant during childhood and
link with multiple developmental processes, including top-
down control (46) and synaptic plasticity (47). Theta also in-
dexes atypical brain maturation; children with neurological
disabilities show more theta and less alpha activity (48) and
theta power correlates with poor cognitive performance in
adults (26). Thus, in normative development, brain oscillations
may shift from theta to alpha as the “default” rhythm, but when
development derails, theta may remain dominant for longer
periods. This is consistent with the finding that exposed chil-
dren with PTSD had the lowest DMN theta connectivity and
echo the associations found between PTSD and reduced DMN
connectivity in adults (6). Possibly, ELS interferes with the
developmental shift of theta to alpha, and stress may
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specifically target synchronization of brain rhythms across
distributed networks rather than activity levels; however, this
hypothesis requires replication across multiple ELS conditions.

We focused on the entire DMN matrix to identify DMN re-
gions specifically susceptible to stress in children and adults.
In mothers, stress reduced connectivity among the LAG, PCC,
LITG, dMPFC, and vMPFC; in children, it impaired connections
among the RAG, PCC, LITG, and dMPFC. The PCC and PFC
and their connectivity, which were impacted by stress in both
mothers and children, have been implicated stress-related
psychopathologies, including PTSD, as well as in pain and
negative emotional processing (8,48). Interestingly, we found
dissociation between mothers and children in the angular gy-
rus; in children, the RAG was impacted, whereas in mothers it
was the LAG. The RAG is critically involved in attention and
reasoning processes, social cognition, and emotion regulation
(49,50), which are all prone to stress. The LAG and the LITG,
disrupted in mothers, are mainly associated with semantic and
symbolic processing (51). However, as both the LAG and RAG
are more active under psychological stress (52,53), findings
pinpoint the nodes showing reduced connectivity under war-
related stress in adults and children.

Maternal depression, anxiety, and posttraumatic symptoms
during the first years of parenting predicted aberrant DMN
connectivity 10 years later. Maternal symptoms in the context
of war exposure were found to predict lower maternal sensi-
tivity, higher intrusiveness, and greater posttraumatic symp-
toms in their children (54), and the current findings highlight
their long-term effects on the maternal brain. Patterns of
intrusive caregiving are individually stable across the first
decade of parenting and predict child maladjustment and
greater behavioral problems (55). Here, we show that the
continuous experience of intrusive caregiving in the context of
ELS, which induces anxiety, leaves children without the
mother’s sensitive containment of fear, deprives children of the
biobehavioral effects of well-adapted caregiving, and interferes
with the development of the synchronous coherence of the
DMN. Similarly, augmented stress physiology in stress-
exposed children develops in children experiencing insensi-
tive early mothering (32), and the current findings demonstrate
that increased CT production in late childhood leads to lower
DMN connectivity in preadolescence. As such, our findings are
the first to show that in the context of ELS, uncontained
parenting, greater maternal emotional distress, and augmented
physiological stress response function over time disrupt the
organization of the DMN into a functional neural network.

Several study limitations should be considered. These
include the absence of father data, the small number of children
diagnosed with PTSD, and the lack of repeated brain scanning
across childhood to determine developmental trajectories. We
chose to study neural oscillations using MEG, and future as-
sessments of this cohort should include functional magnetic
resonance imaging scanning to better target stress effects on
subcortical networks. Two minutes of resting state may not be
sufficient to assess stable electroencephalography/MEG sig-
nals, and the gold standard requires 4 to 5 minutes, with some
studies recording 10 minutes (56). Still, our pilot showed that
children had difficulty lying alone in a shielded room with no
incoming stimuli for longer than 2 minutes, and a 2-minute
assessment is common in resting-state studies of children

Early Life Stress and Default Mode Network

(57-64). In addition, we considered the DMN a uniform system;
however, recent studies describe the DMN as comprising
several interrelated subsystems (65-68). This approach was
taken due to the novel nature of our study and the spatial con-
straints of MEG that limit differentiation of DMN subsystems.
Furthermore, because MEG source localization is based on in-
verse estimation, source depth limits its accuracy (69). In the
current context, this issue mainly relates to the vMPFC and
PCC. Finally, most studies on ELS focused on interpersonal
traumas (e.g., emotional, physical, or sexual abuse), while our
study focused on war-related trauma. Because the nature of
ELS critically impacts later psychopathology (70) and brain
maturation (71), our results require replication in other ELS
conditions before findings can be generalized.

Despite these limitations, our findings have clear trans-
lational implications and point to the long-lasting effects of
stress on the developing brain. Our data may suggest that
training the brain in task-free paradigms, using, for instance,
mindfulness or meditation, may help mothers and children with
chronic stress living in zones of war to tune the brain to rest,
with the hope that such training may provide the foundation on
which resilience can be built.
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