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Early life stress (ELS) and major depressive disorder (MDD) share neural network abnormalities. However, it is
unclear how ELS and MDD may separately and/or jointly relate to brain networks, and whether neural differ-
ences exist between depressed individuals with vs without ELS. Moreover, prior work evaluated static versus
dynamic network properties, a critical gap considering brain networks show changes in coordinated activity over
time. Seventy-one unmedicated females with and without childhood sexual abuse (CSA) histories and/or MDD
completed a resting state scan and a stress task in which cortisol and affective ratings were collected. Recurring
functional network co-activation patterns (CAPs) were examined and time in CAP (number of times each CAP is
expressed) and transition frequencies (transitioning between different CAPs) were computed. The effects of MDD
and CSA on CAP metrics were examined and CAP metrics were correlated with depression and stress-related
variables. Results showed that MDD, but not CSA, related to CAP metrics. Specifically, individuals with MDD
(N = 35) relative to HCs (N = 36), spent more time in a posterior default mode (DMN)-frontoparietal network
(FPN) CAP and transitioned more frequently between posterior DMN-FPN and prototypical DMN CAPs. Across
groups, more time spent in a posterior DMN-FPN CAP and greater DMN-FPN and prototypical DMN CAP tran-
sition frequencies were linked to higher rumination. Imbalances between the DMN and the FPN appear central to
MDD and might contribute to MDD-related cognitive dysfunction, including rumination. Unexpectedly, CSA did
not modulate such dysfunctions, a finding that needs to be replicated by future studies with larger sample sizes.

1. Introduction

Childhood sexual abuse (CSA) is a strong risk factor for Major
Depressive Disorder (MDD), with some meta-analyses showing that CSA
may be more strongly linked to MDD than other forms of early life stress
(ELS) (Li et al., 2016; Munzer et al., 2016). Both MDD and ELS more
broadly (including exposure to CSA) have been independently charac-
terized by disrupted resting state functional connectivity (RSFC) of
several large-scale neural networks, including the default mode network
(DMN), the salience network (SN), and the frontoparietal network (FPN)
(Fadel et al., 2021; Kaiser et al., 2015; Manoliu et al., 2014; Philip et al.,
2013; Philip et al., 2014; Yu et al., 2019). However, it is unclear whether
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ELS and MDD may have overlapping or distinct influences on these
neural circuits. The DMN is involved in internally focused cognition and
has core hubs in the medial prefrontal cortex and posterior cingulate
cortex (Greicius et al., 2003; Vanhaudenhuyse et al., 2011). The FPN is
typically anticorrelated with the DMN, has core hubs in the dorsolateral
prefrontal cortex and posterior parietal cortex, and supports external
awareness or goal-directed attention (Fox et al., 2005; Greicius et al.,
2003; Seeley et al., 2007; Vanhaudenhuyse et al., 2011). The salience
network (SN), which includes the anterior insula and dorsal anterior
cingulate cortex, is involved in directing attention toward salient stimuli
and also mediates DMN-FPN interactions (Seeley et al., 2007; Sridharan
et al., 2008). ELS has been linked to more chronic and treatment-
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resistant courses of MDD (Nelson et al., 2017), which raises the possi-
bility that MDD development within the context of ELS may represent a
different phenotype with unique functional neural network abnormal-
ities compared to those who develop MDD without an ELS history.

Without accounting for ELS histories, individuals with MDD have
been characterized by DMN functional hyperconnectivity, but FPN
functional hypoconnectivity (Kaiser et al., 2015). MDD has also been
associated with between-network functional abnormalities, including
hyperconnectivity between the DMN and FPN (Kaiser et al., 2015).
Although less frequently reported, SN abnormalities have been impli-
cated in MDD, including within the context of regulating DMN-FPN
interactions (Hamilton et al., 2011; Manoliu et al., 2014; Yu et al.,
2019). Consistent with findings in MDD, ELS has also been associated
with hypoconnectivity of the FPN (Philip et al., 2014). However, unlike
MDD, ELS has been linked to DMN and DMN-FPN hypoconnectivity
(Demir-Lira et al., 2016; Hoffmann et al. 2018; Philip et al., 2013; Philip
et al., 2014). That said, most of these RSFC studies on ELS were con-
ducted in healthy control (HC) samples and thus were unable to examine
separable versus interacting effects of MDD and ELS on RSFC.

Few studies have included HC and MDD groups, both with and
without ELS histories, allowing for proper examination of ELS versus
MDD-related effects on RSFC. One study found that among those with
ELS exposure, greater depressive symptom severity was associated with
reduced SN RSFC (Fadel et al., 2021). However, among those without
ELS exposure, depressive symptom severity was associated with
increased SN RSFC (Fadel et al., 2021). Another study probing frontos-
triatal networks found that ELS and MDD were associated with different
frontostriatal network aberrations (Fan et al., 2021). Critically, these
neurobiological differences may have important implications for treat-
ment. If those with MDD and an ELS history represent a distinct
neurobiological phenotype of MDD, it is possible that different treat-
ment interventions are warranted.

A possible limitation among studies on MDD and ELS is that most
studies probed “static” functional brain networks - i.e., the average
functional connectivity of neural networks across an entire resting state
scan. However, functional interactions among brain regions change over
time (Bolton et al., 2020a; Lurie et al., 2020). Dynamic network
analytical approaches capture changes in coordinated activity between
brain regions over time (Bolton et al., 2020a; Lurie et al., 2020). Also,
evidence suggests that dynamic network functioning may be a more
sensitive marker of MDD than static network abnormalities (Yan et al.,
2020). Among the most commonly used dynamic network approach is
the sliding window method, in which changes in RSFC are examined
over short time windows across the scan and quantify the extent to
which functional connectivity fluctuates over time.

Studies in MDD using the sliding window approach have yielded
inconsistent findings, with studies reporting increased or decreased FC
variability within and between the DMN, SN, and FPN (Han et al., 2020;
Kaiser et al. 2016; Long et al., 2020; Pang et al., 2018; Wang et al., 2020;
Wei et al., 2017; Wise et al., 2017; Zhang et al., 2020). ELS has also been
linked to increased DMN and FPN RSFC variability within a sample of
psychiatrically healthy participants (Huang et al., 2021). A study using
the sample investigated in the current report probed amygdala-PFC
dynamic RSFC and found that greater severity of ELS was related to
increased amygdala-PFC RSFC variability, even when controlling for
MDD diagnosis (Kaiser et al., 2018).

Other studies have incorporated a co-activation pattern (CAP)
analytical approach, which eliminates the use of arbitrary sliding win-
dows that risks the loss of important information about brain dynamics,
and clusters fMRI data into distinctive patterns of brain co-activation.
The CAP analysis approach allows for examination of several dynamic
metrics, including the amount of time a participant spends in a partic-
ular coactivation pattern and the number of times participants transition
from one to another coactivation pattern. To date, CAP studies have
shown that individuals with MDD spend more time in coactivation
patterns involving DMN, FPN, and SN regions as well as transition more
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frequently between coactivation patterns involving core regions of these
networks (Hou et al., 2021; Kaiser et al., 2019). With respect to ELS, the
one study applying a CAP analysis, did not uncover associations between
ELS and time spent in a certain CAP or transitioning between different
coactivation patterns (Iadipaolo et al., 2018). To date, no study has
applied a dynamic network analytic approach to HC and MDD groups,
both with and without ELS histories, to test the unique versus interacting
effects of MDD and ELS on dynamic resting state functional coactivation
pattern properties.

In addition to relating whole-brain dynamic brain network proper-
ties to MDD diagnosis and CSA exposure, we examined whether CAP
metrics were also linked to cognitive and emotional processes relevant
to MDD and/or CSA, including rumination and stress reactivity
measured by stress-induced cortisol output and subjective negative af-
fective ratings in response to stress. While rumination has been strongly
linked to MDD (Nolen-Hoeksema, 1991), abnormal cortisol output in
response to stress has been associated with both MDD and ELS exposure
(Bunea et al., 2017; Zorn et al., 2017). A study conducted in a largely
medicated sample of adolescents with varying degrees of depressive
symptomology found that spending more time in, and transitioning
more frequently between, coactivation patterns involving DMN, FPN,
and SN regions were linked to a greater tendency to ruminate (Kaiser
et al., 2019). Additionally, another study related amygdala RSFC vari-
ability to cortisol output in response to psychosocial stress (Kaiser et al.,
2018). However, no studies have linked stress-induced cortisol re-
sponses to whole-brain CAP metrics. Based on initial evidence from the
literature, we expected that MDD and CSA would have both unique and
interacting influences on CAPs, especially those patterns involving the
DMN, FPN, and SN. We further hypothesized that aberrant CAPs
involving these networks, particularly the DMN, and transitions be-
tween DMN and FPN CAPs, would be linked to higher trait rumination as
well as an enhanced cortisol and negative affective responses to stress.

2. Materials and methods
2.1. Participants

Females between the ages of 20-45 were recruited from the greater
Boston area to participate if they fit into one of four groups based on an
initial screening conducted over the phone: a) HCs with no history of
CSA or MDD [HC group]; b) HCs with a CSA history, but no history of
any psychiatric disorders, a possible marker of resilience [CSA/RES
group]; c) individuals with MDD, but no CSA history [MDD group]; and
d) individuals with MDD and a CSA history [MDD/CSA group]. All fe-
males were right-handed and were free of psychotropic medications for
at least two weeks prior to the scan (six weeks if they had taken fluox-
etine and 6 months for neuroleptics). Individuals in the HC and CSA/RES
groups had to be free of any lifetime DSM-IV diagnosis and had no first-
degree relatives with mood disorders or psychosis. Participants in the
MDD and MDD/CSA groups had to have a DSM-IV diagnosis of MDD.
Secondary anxiety disorder diagnoses were allowed in these two patient
groups, but all other diagnoses, including current alcohol and substance
abuse/dependence, were exclusionary. Participants in the CSA/RES and
MDD/CSA groups had to endorse at least one incident of contact sexual
abuse between the ages of 5 to 14. A total of 71 unmedicated individuals
(n =22 HC, n = 14 CSA/RES, n = 18 MDD, n = 17 MDD/CSA) met all
study inclusion criteria, passed all MRI quality control criteria, and were
included in all the analyses (see Supplementary Table S1). Demographic
and clinical characteristics are summarized in Table 1.

2.2. Procedures

The study was approved by the Mass General Brigham Institutional
Review Board. Participants provided written informed consent and
completed three separate study sessions (i.e., conducted on different
days) within the context of a larger study involving a pharmaceutical
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Table 1

Sample Demographics and Clinical Characteristics.
Characteristics HC (n =22) CSA/RES (n = 14) MDD (n = 18) MDD/CSA (n = 17) F/y? P
Age (years) 26.45 (7.16) 25.14 (5.66) 24.94 (5.42) 29.47 (6.61) 1.82 0.152
Race (% White) 72.7 57.1 61.1 43.8 3.30 0.347
Education (%) 5.60 0.470
post-secondary years:
0-2 year(s) 36.4 50.0 27.8 47.1
4 years 27.3 28.6 50.0 41.2
<4 years 36.4 21.4 22.2 11.8
Income (%) 0.43 0.935
<$50,000 61.9 64.3 61.1 70.6
> $50,000 38.1 35.7 38.9 29.4
BDI-II score 0.83 (1.15)*" 2.54 (3.36)¢ 27.44 (7.68)™¢ 25.52 (8.21)™¢ 110.53 <0.001
RRS score 28.29 (6.81)™" 30.89 (6.50)" 59.78 (11.42)"¢ 59.63 (8.62)" 69.75 <0.001
# of MDEs (%) 0.38 0.536
Single Episode 27.8 18.8
Recurrent Episodes 72.2 81.3
Comorbidities (%)
Current Anxiety Dx 27.8 52.9 231 0.129
Past Anxiety Dx 38.9 64.7 2.33 0.127
Past Substance Abuse 11.1 23.5 0.95 0.330
TAI-Upsetting 3.36 (1.08) 4.06 (1.12) 3.05 0.092
TAI-Impact on Life 2.86 (0.77) 3.81 (0.40) 18.80 <0.001
Motion outliers (%) 3.84 (3.52) 4.80 (4.69) 3.60 (3.35) 4.29 (3.27) 0.33 0.802
Mean FD (motion) 0.08 (0.03) 0.10 (0.04) 0.10 (0.04) 0.10 (0.04) 1.51 0.220

Means with standard deviations in parentheses. Note: HC: Healthy control without childhood sexual abuse (CSA), CSA/RES: healthy control with a CSA history, MDD:
Major Depressive Disorder without CSA, MDD/CSA: MDD with CSA exposure. BDI: Beck Depression Inventory. RRS: Ruminative Response Scale. MDEs: major
depressive episodes. Dx: diagnosis. TAI-Upsetting: Trauma Antecedents Interview: How upsetting was the sexual abuse? TAI-Impact on Life: How much of an impact
did the sexual abuse had on the person’s life? FD: Framewise Displacement. Variables of race, education, income, single versus recurrent MDEs, % with current anxiety
disorders, % with past anxiety disorders, % with past substance use disorders were tested using chi square, as indicated by a y2. Group differences in age, BDI-II scores,
RRS scores, TAI sexual abuse severity, % of motion outliers and mean FD were tested via one-way ANOVAs, as indicated by F.

2 MDD > HC, p < 0.05.

> MDD/CSA > HC, p < 0.05.

¢ MDD > CSA/RES, p < 0.05.

4 MDD/CSA > CSA/RES, p < 0.05.

manipulation (see Supplementary Table S2/Methods), which did not
significantly impact the current findings (see Supplementary Results).
Participants first underwent a structured clinical diagnostic interview as
well as an interview assessing for incidences of ELS, both conducted by
experienced doctoral and masters level clinicians. After the clinical
interview session, eligible participants were invited to participate in a
second session involving an MRI scan that included resting state fMRI
and completing self-report questionnaires. Most participants (n = 64)
also completed a third session involving exposure to an acute psycho-
social stressor.

2.3. Clinical diagnostic interview, trauma interview, and self-report
questionnaires

Participants were administered the Structured Clinical Diagnostic
Interview for the DSM-IV-TR, which assesses lifetime history of DSM-IV
psychiatric disorders (First et al. 2002). Participants were also admin-
istered the Trauma Antecedents Interview (TAI), a clinician-
administered interview that assesses the age of onset, severity, and
duration of CSA and other forms of ELS including exposure to peer
aggression, parent conflict and domestic violence, as well as parental
verbal and physical abuse (Herman et al., 1989). For each ELS experi-
ence endorsed, participants were rated by clinicians on how upsetting
the experience was for them on a scale of 1 (Not at all) to 5 (Extremely).
Additionally, for each early life stressor, participants were rated on how
much the experience impacted their life on a scale from 1 (None) to 4
(Great). Participants also completed self-report questionnaires including
the Beck Depression Inventory-II (Beck et al., 1996) and Ruminative
Response Scale (Nolen-Hoeksema and Morrow, 1991) to assess depres-
sive symptom severity and rumination, respectively.

2.4. fMRI acquisition

Structural and resting state fMRI scans were collected on a Siemens
Tim Trio 3 Tesla MR scanner using a 32-channel head coil at the McLean
Imaging Center. A T1-weighted anatomical scan was collected with the
following parameters: TR = 2200 ms, TE = 4.27 ms, flip angle = 7 de-
grees, 144 slices, field of view = 216 mm, matrix = 192 x 192, voxel
size = 1.2 x 1.2 x 1.2 mm®. A 6-minute, eyes-open, resting state fMRI
scan also was acquired with the following parameters: TR = 3000 ms,
TE = 30 ms, flip angle = 85 degrees, 47 slices, field of view = 216 mm,
matrix = 72 x 72, voxel size 3 x 3 x 3 mm?3, total duration = 6.2 min,
total volumes = 124.

2.5. fMRI preprocessing

The first six seconds of resting state fMRI data were removed to allow
for magnetic field stabilization. The data were preprocessed using SPM12
(https://www fil.ion.ucl.ac.uk/spm/software/spm12), including slice
time correction, realignment to the mean image, normalization to Mon-
treal Neurological Institute (MNI) space and resampling to 2 x 2 x 2 mm?
voxels, as well as smoothing with a 6 mm full width at half maximum
Gaussian kernel. The artifact detection tool box (https://www.nitrc.org/
projects/artifact_detect/) was used to identify motion-related outlier
data points for subsequent censoring (below), with outlier volumes being
defined as those exceeding a global mean intensity of three standard de-
viations away from the mean intensity across the resting state scan, or a
composite threshold of 0.5 mm framewise displacement. Participants with
>15 % of volumes marked as outliers were removed from all analyses (n
=1HC, n=1HC/RES, n =1 CSA/MDD).

Additional preprocessing steps were conducted using the CONN
toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012), starting with the
estimation of physiological noise from white matter and cerebrospinal
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fluid using the CompCor method (Behzadi et al., 2007). The three
translational and three rotational summarizing motion parameters
extracted from realignment, one composite motion parameter summa-
rizing each participant’s maximum scan-to-scan movement, outlier im-
ages, and the CompCor-derived regressors, were modeled in a first-level
hemodynamic response function-weighted general linear model and
regressed out from the data. Finally, a high pass 0.01 Hz filter was
applied.

2.6. Maastricht acute stress test (MAST)

At the third session, participants underwent the Maastricht Acute
Stress Test (MAST), which combines the social evaluative threat ele-
ments of the Trier Psychosocial Stress Test and physical stress elements
of the Cold Pressure Test (Smeets et al., 2012). The MAST was scheduled
to begin between 12 and 1 p.m. to control for diurnal cortisol fluctua-
tions. It starts with a 5-minute introduction phase followed by a 10-min-
ute phase in five trials of a cold pressure exposure that involved
participants immersing their left hand in 1-3 °C ice water for a 60- to 90-
second duration controlled by a computer (which introduced uncon-
trollability). In-between cold pressure exposure trials, four blocks (each
block duration varying between 45 and 90 s, which introduced unpre-
dictability) of mental arithmetic were administered, in which partici-
pants were asked to subtract 17 serially from 2043. Throughout the
MAST, participants were monitored by two stern experimenters (one
male, one female), who instructed participants to begin the mental
subtraction again at 2043 when errors were made (which introduced
social evaluation). Participants were also told that, if their performance
failed to meet the expected criteria, they would have to repeat the MAST
(although later in the experiment, participants were debriefed and told
that they would not have to repeat the MAST). Cortisol saliva samples
were collected at five time points: 1) —102 min before the MAST
(following a 10-minute rest period upon arrival at the laboratory); 2)
+12 min post-MAST onset; 3) +28 min post-MAST onset; 4) +38 min
post-MAST onset; and 5) +80 min post-MAST onset. Visual Analogue
Mood Scale (VAMS) ratings measuring friendly versus hostile, relaxed
versus tense, and happy versus sad feelings on a 0-100 scale (Folstein
and Luria, 1973), were collected at the same five time points as the
cortisol samples.

2.7. Analyses

2.7.1. Co-activation pattern (CAP) analysis

A whole-brain seed-free voxel-wise CAP analysis was conducted
using the TbCAPs Toolbox, which is a voxel-wise rather than seed-based
region of interest approach that uses all data volumes and has been used
in prior studies (Bolton et al., 2020b; Liu et al., 2013). The whole-brain
analysis was restricted to gray matter using a template derived from the
DPARSF toolbox (Yan and Zang, 2010). The optimal number of CAPs
was determined using consensus clustering which has been successfully
applied in prior fMRI research (Monti et al., 2003; Zoller et al., 2019).
Consensus clustering involves running k-means clustering over several
folds, each time on a randomly selected subsample of the data, without
replacement. For each fold, each fMRI volume is assigned to a given
cluster, and the clustering assignments for each fold and for each fMRI
volume are summarized in a consensus matrix. An optimal cluster
contains fMRI volume pairs that are consistently clustered together
(yielding a consensus value closer to 1) or clustered separately (i.e., a
consensus value closer to 0). A suboptimal clustering solution consists of
fMRI volume pairs with intermediate consensus values, indicating that
across the folds, the fMRI volumes were not consistently clustered
together or separately. The quality of the consensus clustering can be
evaluated quantitatively by first computing the cumulative distribution
of consensus values across all pairs of fMRI volumes. Then, the
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proportion of ambiguously clustered pairs (PAC) is computed (Senba-
baoglu, et al., 2015), with lower PAC values indicating more consistent
clustering of fMRI volume pairs across folds.

With respect to this dataset, we performed k-means clustering using
the cosine distance, and random initialization of the algorithm. We ran
consensus clustering for k values of 2-30. For each k, consensus clus-
tering was run over 50 folds, each on a random selection of 80 % of the
data. The optimal PAC was achieved for k = 8, which had the highest fit
score (0.621) compared to the next best choice of a k = 6, which had a fit
score of 0.560 (see Fig. 1). Moreover, an optimal k = 8 is also aligned
with several other whole-brain CAP studies involving HC or MDD
samples (Kaiser et al., 2019; Kaiser et al., 2022; Janes et al., 2020).
Accordingly, we proceeded with k = 8 for subsequent analyses, running
k-means clustering 100 times to avoid local minima and ensure the
stability of the 8 CAPs. See Fig. 2 for a description of the 8 CAPs, which
included an: (1) anterior DMN CAP, (2) SN CAP, (3) posterior DMIN-FPN
CAP, (4) visual system CAP, (5) prototypical DMN CAP, (6) dorsal
attention network CAP, (7) somatosensory network CAP, and (8) a CAP
involving prefrontal and posterior cingulate cortex regions. We
computed the following CAP metrics: 1) time in CAP (total number of
volumes the participant spent in a CAP throughout the scan), and 2) CAP
transition frequency (how many times a specific CAP to CAP transition
occurred).

2.7.2. Cortisol and VAMS negative affective responses to MAST

Changes in stress-related cortisol output were captured by calcu-
lating the area under the curve with respect to increase (AUCy) on log-
transformed cortisol data and using participant-specific cortisol sam-
ple timing information (Pruessner et al., 2003). The three VAMS items
were summed for each time point, to create a composite negative affect
(NA) score at each time point. Then, the maximum post-stress onset NA
response was found for each participant. This maximum stress-related
VAMS NA response was used in the group-level statistical analyses.

2.7.3. Group-level analyses

Group level analyses were conducted in SPSS. One-way ANOVAs
were conducted to examine group differences in age, depressive symp-
tom severity, trait rumination, sexual abuse severity, and motion-related
fMRI metrics. Chi square tests were conducted to examine group dif-
ferences in race, education, income, single versus recurrent episodes of
MDD, number of participants with a current or past anxiety disorder,
and number of participants with a past substance use disorder. Next,
eight CSA (present/absent) x MDD (present/absent) ANCOVAs were
conducted on time in CAP for each of the 8 CAPs, controlling for per-
centage of motion outlier volumes and mean framewise displacement
(FD). Given that abnormal interactions between the DMN and FPN have
been linked to ELS exposure and MDD, we examined potential group
differences in transition frequencies between CAPs involving DMN and
FPN regions with a series of ANCOVAs. Moreover, to rule out the pos-
sibility of missing important differences in CAP metrics not captured by
the above categorical analyses, CSA severity scores were correlated with
CAPs metrics, controlling for motion measures. The combined scores
from the two TAI questions (i.e., how upsetting was the CSA exposure
and how much of an impact did it have on one’s life) was used to assess
CSA severity. Additionally, CAPs showing group differences in time
spent in CAP, and transition frequencies, were correlated with relevant
clinical and stress measures, including BDI-II scores, RRS scores, and
cortisol AUC|, controlling for all motion-related variables. Partial cor-
relations were also conducted between significant CAP metrics and
maximum self-reported NA responses to stress controlling for pre-stress
NA levels and motion measures. All statistical tests were corrected for
multiple comparisons using False Discovery Rate (FDR) < 0.05, con-
ducted in R.
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Fig. 2. Eight Co-activation Patterns (CAPs). The eight CAPs along with the corresponding brain region activations and deactivations for each CAP. Activations
appear in warm colors and deactivations appear in cold colors. Activations and deactivations for each Z-scored CAP were thresholded at 1.5 < Z < 3.6. The eight
CAPs included: 1) CAP 1 involving activations in anterior default mode network (DMN) regions, 2) CAP 2 involving activations in salience (SN) regions, 3) CAP 3
involving activations in posterior DMN and frontoparietal (FPN) regions, 4) CAP 4 involving activations in visual system network regions, 5) CAP 5 involving ac-
tivations in prototypical DMN regions, 6) CAP 6 involving activations in dorsal attention network (DAN) regions, 7) CAP 7 involving activations in somatosensory
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Fig. 1. Consensus clustering yields K = 8 as an
optimal number of clusters. (A) Clustering quality
(1 minus the percentage of ambiguously clustered
frames, or PAC) across candidate cluster numbers. The
color gradient for a given cluster number denotes the
assessment of clustering quality with a more or less
strict definition of “ambiguous clustering” (darker
shades denote a more lenient one). Quality gradually
increases until it reaches a plateau for large numbers
of clusters. (B) When fitting an exponential function to
the data and subtracting it from the actual clustering
quality values, the positive-valued peaks denote
cluster numbers for which the rise in quality measure
exceeds that expected from the trend alone (see Bol-
ton et al., 2020b). Kope = 8 was selected for further
analyses, as it was the global optimum within the
investigated range.

Activation: DLPFC, posterior parietal
cortex, angular gyrus, frontal pole, PCC,
cerebellum

Deactivation: dACC, insula, cuneus,
lingual gyrus, precentral gyrus

Activation: precentral/postcentral gyrus,
parietal operculum, secondary
somatosensory cortex, hippocampus
Deactivation: cingulate, MFG, thalamus,
cerebellum, supramarginal gyrus

Activation: occipital cortex

Deactivation: dorsal mPFC, cingulate
gyrus, middle temporal gyrus, angular
gyrus

Activation: dJACC, PCC, supramarginal
gyrus, frontal pole, cerebellum, thalamus
Deactivation: precentral/postcentral
gyrus, hippocampus

Z Score
-3.6 15 15

network regions, and 8) CAP 8 involving prefrontal cortex, anterior cingulate cortex and posterior cingulate cortex regions.
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3. Results
3.1. Participant characteristics

There were no significant group differences in age, race distribution,
education level, or income (Table 1). With respect to clinical charac-
teristics, the MDD and MDD/CSA groups endorsed higher BDI-II and
RRS scores than the HC and CSA/RES groups. There were no significant
differences between the two HC groups or between the two MDD groups
on BDI-II or RRS scores. All group comparisons were Bonferroni-
corrected for multiple comparisons. There were no significant differ-
ences between the two MDD groups with respect to number of partici-
pants experiencing single versus recurrent MDD episodes and number of
participants with current or past anxiety disorders as well as with past
substance use disorders. With respect to sexual abuse severity, there
were no significant differences between the two CSA groups with respect
to how upsetting the sexual abuse was. However, the MDD/CSA group
reported that the sexual abuse had a greater impact on their life than the
CSA/RES group. The Supplemental Results provide statistics on other
forms of abuse experienced by the groups. Regarding fMRI motion
metrics, the groups also did not differ in number of fMRI motion-related
outlier volumes or mean FD. With respect to timing of the peak NA
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response to stress, 78.1 % of participants had their peak NA response
during the VAMS that was collected 28 min after the onset of the
stressor. The groups did not differ in the number of participants showing
a peak NA response 28 min post-stressor onset compared to less typical
NA peak times, including 12-minutes post-stressor onset and 38-minutes
post-stressor onset, X2(3) =1.58,p = 0.67.

3.2. Effect of MDD and CSA on time spent in CAP

The MDD x CSA ANCOVA’s on time in CAP showed a significant
main effect of MDD on time spent in CAP 3 (posterior DMN-FPN), F
(1,65) = 11.39, FDR-corrected p = 0.024, nf, = 0.149. Compared to HCs
(n = 36, HC and CSA/RES groups combined), those with MDD (n = 35;
MDD and MDD/CSA groups combined) spent more time in a posterior
DMN-FPN CAP (See Fig. 3, see also Supplemental Fig. S1). There were no
other significant main effects of MDD on time spent in any of the other
CAPs, all F’s (1,65) < 7.50, all FDR-corrected p’s > 0.11. Additionally,
there were no significant main effects of CSA (n = 31, CSA/RES and
MDD/CSA groups combined versus n = 40, HC and MDD groups com-
bined) or interactions between CSA and MDD on time spent in any of the
CAPs, all F’s (1,65) < 3.50, all FDR-corrected p’s > 0.40 (see Supple-
mental Table S3). We also conducted supplementary analyses involving

Fig. 3. Individuals with MDD spend more time in
CAP 3 (posterior DMN-FPN) and transition more
frequently between CAP 3 and CAP 5. Top graph:
Individuals with major depressive disorder (MDD)
compared to healthy controls (HCs) spent more time
in coactivation pattern (CAP) 3 consisting of posterior
default mode network (DMN) and frontoparietal
(FPN) network regions. Middle and bottom graphs:
Relative to healthy controls (HCs), individuals with
major depressive disorder (MDD) transitioned more
frequently from CAP 3 (posterior DMN-FPN) to CAP 5
(prototypical DMN) and from CAP 5 to CAP 3. All
error bars reflect the standard error of the mean.

CAP 3
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re-grouping participants based on a broader definition of childhood
maltreatment, incorporating experiences of verbal and physical abuse,
and found no significant effects of childhood maltreatment or in-
teractions between childhood maltreatment and MDD, all FDR-
corrected p’s > 0.35 (see Supplementary Results). Finally, supplemen-
tary dimensional analyses were also conducted across the sample based
on maximum severity ratings derived from several ELS experiences
assessed by the Trauma Antecedents Interview, including peer aggres-
sion, parent conflict and domestic violence, parental verbal and physical
abuse, as well as sexual abuse. These dimensional analyses also did not
demonstrate any significant associations between time spent in any of
the CAPs with ELS severity or interactions between MDD diagnostic
status and ELS severity, all FDR-corrected p ‘s > 0.25 (see Supplemen-
tary Results and Supplementary Table S4). For additional supplemen-
tary analyses on other CAP metrics requested by a reviewer that were
not a part of the main hypothesis driven analyses, see Supplementary
Results.

3.3. Follow-up analyses on effect of MDD on frequency of transitions
involving CAP 1 (anterior DMN), CAP 3 (posterior DMN-FPN), and CAP
5 (prototypical DMN)

We also examined possible group differences in transition fre-
quencies between CAP 3 (posterior DMN-FPN) and CAP 1 (anterior
DMN) as well as between CAP 3 (posterior DMN-FPN) and CAP 5
(prototypical DMN). Four ANCOVAs were conducted, examining the
effects of MDD, CSA, and CSA x MDD interactions on CAP 1 — CAP 3,
CAP 3 — CAP 1, CAP 3 — CAP5, and CAP 5 — CAP 3 transition fre-
quencies. With respect to transitions involving CAP 1 and CAP 3, there
were no significant effects of MDD, CSA, or an MDD x CSA interaction,
all FDR corrected ps > 0.60. There was a main effect of MDD on CAP 3 —
CAP5, and CAP 5 — CAP 3 transition frequencies, showing that in-
dividuals with MDD exhibited a higher frequency of transitioning from
CAP 3 — CAP 5 (F(1,65) = 12.10, FDR-corrected p = 0.005, nﬁ =0.157)
and from CAP 5 — CAP 3 (F (1,65) = 14.34, FDR-corrected p = 0.004, ﬂ%
= 0.181), relative to HCs (see Fig. 3, also Supplementary Table S5,
Supplementary Results). There was no significant main effect of CSA or a
CSA x MDD interaction on CAP 3 — CAP5, and CAP 5 — CAP 3 tran-
sition frequencies, all FDR-corrected p’s > 0.60. This same pattern of
results was found when re-grouping participants based on broader def-
initions of childhood maltreatment as well as dimensional analyses
characterizing the entire sample on severity of several ELS experiences
(see Supplemental Results; see also Supplementary Table S6 on statistics
involving all other CAP transitions requested by a reviewer and not
included in the a priori analyses).

3.4. Follow-up correlations between time spent in CAP 3 (posterior DMN-
FPN), CAP 3 to CAP 5 (prototypical DMN) (and vice versa) transitions
with depressive symptom severity, sexual abuse severity, and stress
reactivity measures

Depressive symptom severity and stress-related measures were
correlated with time spent in CAP 3 (posterior DMN-FPN) and transition
frequencies between CAP3 and CAP 5 (prototypical DMN). To further
examine the effects of CSA potentially not captured by the above cate-
gorical analyses, we also conducted partial correlations between CSA
severity and all tested CAPs metrics across the two CSA groups. None of
these CAP metrics were associated with depressive symptom severity
(BDI-II scores, analyzed within the MDD groups combined only), all
FDR-corrected ps > 0.70. With respect to CSA severity, there was a
significant association between sexual abuse severity scores and tran-
sitioning from CAP 3 to CAP 5, with greater sexual abuse severity being
associated with transitioning more frequently from CAP 3 to CAPS5,
partial r(26) = 0.54, FDR-corrected p = 0.030. However, when ac-
counting for MDD diagnosis, this correlation no longer was significant, r
(25) = 0.32, p = 0.099. There were no other associations between CSA
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severity and other CAP metrics, all FDR-corrected ps > 0.90. With regard
to trait rumination, which was examined across groups, higher RRS
scores were linked to more time spent in CAP 3 (posterior DMN-FPN),
partial r(64) = 0.28, FDR-corrected p = 0.024 (corrected for 3 tests
conducted between CAP metrics and trait rumination scores), and
greater probability of transitioning from CAP 3 (posterior DMN-FPN) —
CAP 5 (prototypical DMN), partial r(64) = 0.37, FDR-corrected, p =
0.006, and from CAP 5 (prototypical DMN) — CAP 3 (posterior DMN-
FPN), r(64) = 0.30, FDR-corrected p = 0.023 (see Fig. 4). Regarding
stress reactivity measures, AUC cortisol and stress-induced NA were not
significantly related to time spent in CAP 3, CAP3 — CAP 5 transition
frequencies, or CAP 5 — CAP 3 transition frequencies, all FDR-corrected
ps > 0.08.

4. Discussion

The primary aim of this study was to probe effects of MDD and CSA
exposure on resting state brain dynamics, using a data-driven CAP
analysis approach. Our preliminary findings showed that MDD, but not
CSA exposure, or interactions between MDD and CSA, was related to
resting state brain dynamics. Specifically, individuals with MDD spent
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Fig. 4. Higher levels of rumination are associated with CAP dynamic
metrics. Across the groups, higher levels of rumination partially correlated
with spending more time in CAP 3 (posterior DMN-FPN) and transitioning more
frequently between CAP 3 and CAP 5 (prototypical DMN), when controlling for
fMRI motion metrics. RRS Scores and time in CAP are residualized for motion
variables in the graphs.
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more time in a CAP consisting of posterior DMN and FPN regions
compared to HCs. Additionally, those with MDD, relative to HCs, tran-
sitioned more frequently between a posterior DMN-FPN CAP and a
prototypical DMN CAP. Furthermore, more time spent in the posterior
DMN-FPN CAP and greater number of transitions between the proto-
typical DMN and posterior DMN-FPN CAPs were significantly associated
with higher levels of rumination across the groups.

Our findings are consistent with a large body of evidence specifying
MDD as a disorder involving imbalances between the DMN and FPN
(Hamilton et al., 2011; Kaiser et al., 2015). Studies applying static
functional brain network approaches have shown that individuals with
MDD are characterized by hyperconnectivity between the DMN and
FPN, and greater DMN dominance over FPN at rest compared to healthy
controls (Hamilton et al., 2011; Kaiser et al., 2015). Higher levels of
rumination have also been consistently linked to DMN-FPN hyper-
connectivity and greater DMN relative to FPN activity (Hamilton et al.,
2011; Lydon-Staley et al., 2019). A recent study incorporating a CAP
approach in an independent sample of depressed adolescents found
strikingly similar results to ours (Kaiser et al., 2019). Specifically, higher
depressive symptom severity and rumination were linked to more time
spent in a CAP involving DMN, FPN, and SN regions as well as to more
frequent transitions between this DMN-FPN-SN CAP and a more proto-
typical DMN CAP (Kaiser et al., 2019). Here, we expanded on this work
by evaluating an adult sample as well as examining possible associations
between brain network dynamics and CSA. Additionally, we used a
potentially more sensitive voxel-wise CAP approach compared to the
ROI-based parcellation approach used in the prior study. The DMN is
central to internally focused attention, whereas the FPN is critical for
top-down regulation of emotion (e.g., Vanhaudenhuyse et al., 2011).
Thus, our finding that individuals with MDD spend more time in an
DMN-FPN CAP as well transition more frequently between DMN-FPN
and prototypical DMN CAPs, may reflect difficulties in re-directing
attention toward goal-relevant behaviors and regulating negative emo-
tions. Together, our findings indicate that disrupted DMN-FPN func-
tional interactions are likely important biomarkers of MDD associated
with cognitive difficulties, including attentional control problems and
perseverative negative thinking.

Surprisingly, we did not find that CSA was associated with resting
state CAP metrics, which is inconsistent with prior static and sliding
window dynamic RSFC studies demonstrating that ELS is associated
with RSFC abnormalities (e.g., Fadel et al., 2021; Kaiser et al., 2018).
There were no CAP markers that differentiated the MDD groups with
and without CSA, nor were there potential CAP markers of resilience
that differentiated the CSA/RES and MDD/CSA groups. Moreover, CSA
severity was not significantly associated with any of the CAP metrics
when accounting for MDD diagnosis. Additional supplementary analyses
re-categorizing participants based on a spectrum of childhood abuse
experiences as well as dimensional analyses across the entire sample
examining a broader array of ELS experiences (peer aggression, parent
conflict and domestic violence, as well as verbal, physical, and sexual
abuse), also failed to find ELS associations with CAP metrics. A recent
CAP study in youth also did not observe any ELS relationships with brain
dynamic measures (ladipaolo et al., 2018). Together, these studies
suggest that these resting state brain co-activation pattern metrics may
not be sensitive neurobiological markers of ELS. However, it is possible
that our small sample size may have precluded us from identifying links
between ELS and CAP metrics. Thus, this work should be considered
preliminary and needs to be replicated in larger samples.

Our study has several strengths: first, to the best of our knowledge,
this is the first study examining MDD and CSA relationships with resting
state brain dynamics of large-scale neural networks in a sample of HCs
and individuals with MDD, both with and without CSA. This study
design allowed us to examine distinct as well as interacting influences of
MDD and CSA on resting state dynamics. Second, the full sample was
free of psychotropic medications, which eliminates medication effects as
a potential confounding factor. Third, the current study implemented a
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state-of-the-art CAP analysis which allow for a more nuanced investi-
gation of brain dynamics. Despite the strengths, there are some limita-
tions, including the relatively small sample size, and the fact that only
females were included in light of sex differences in neurobiological re-
sponses to stress (Mazurka et al.,, 2018; Ordaz and Luna, 2012).
Accordingly, it is unknown if the current findings generalize to males.
The study was also cross-sectional, thus causal relationships cannot be
established. Finally, while the CAP analysis approach has been found to
capture important differences in resting state brain functioning amongst
those with mental health disorders compared to healthy controls (e.g.,
Kaiser et al., 2019), some studies have shown that CAPs may not
represent the non-stationarity of resting state activity or transient
spatially distinct functional network states (Liégeois et al., 2017; Matsui
et al., 2022). Thus, interpreting CAPs as signifying dynamic brain
network “states” should be avoided. Nevertheless, the current study
provides critical evidence of MDD-related abnormal DMN-FPN dynamic
interactions, which were linked to rumination, and additionally lays the
groundwork for future larger longitudinal studies examining ELS and
MDD-related influences on large-scale neural network modulations.
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