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ARTICLE INFO ABSTRACT

Keywords: Background: Posttraumatic stress disorder (PTSD) is twice as prevalent among females as compared to males
Gender following potentially traumatic events. While there is evidence for aberrant functional connectivity between
Trauma hubs of the central executive network (CEN), salience network (SN), and the default mode network (DMN) in
E::;;’;’;;lga - PTSD, little is known regarding sex-specificity of this connectivity. The current study aims to directly examine
SABV sex-specific resting-state functional connectivity (rs-FC) in trauma exposed males and females, with and without
Mechanism PTSD.

Methods: One hundred and seventy-eight individuals underwent functional magnetic resonance imaging (fMRI)
at rest, of them 85 females (45 with PTSD) and 93 males (57 with PTSD). We conducted whole-brain seed-based
analysis using CEN (lateral prefrontal cortex [IPFC]), SN (anterior cingulate cortex [ACC], insula, amygdala
[AMG]), and DMN (medial prefrontal cortex [mPFC], posterior parietal cortex [PCC], and hippocampus [HIP])
hubs as seed regions. Group-by-Sex ANOVA was conducted.

Results: The amygdala-precuneus, ACC-precuneus, and hippocampus-precuneus pathways exhibited significant
group-by-sex interaction effects, with females with PTSD consistently differing in connectivity patterns from
males with PTSD and from trauma-exposed healthy females.

Conclusions: Sex-specific neural connectivity patterns were found within and between key nodes of the CEN,
DMN, and the SN, suggesting opposite patterns of connectivity in PTSD and trauma-exposed controls as a
function of sex as a biological variable (SABV). This may point to mechanistic sex differences in adaptation
following trauma and may inform differential neural targets for treatment of females and males with PTSD.

1. Introduction

Posttraumatic stress disorder (PTSD) is a prevalent and debilitating
disorder, associated with significant burden (Gradus, 2017). This dis-
order disproportionately affects women, who have twofold the preva-
lence relative to men (Breslau et al., 1997). Previous studies seeking to
understand this discrepancy have identified increased rates of exposure
to interpersonal trauma, particularly gender-based violence, as possible
contributors to increased risk (OIff, 2017). Additional studies have
identified cognitive features such ruminative coping following trauma
being more prevalent in females and increasing risk for PTSD (Su and

Chen, 2018).

Recently, much attention has been turned to behavioral processes (e.
g., emotional regulation fear processing (Bolea-Alamanac et al., 2018;
Hammoud et al., 2019; Pineles et al., 2020), and reward processing
(Aupperle et al., 2012; Dreher et al., 2007; Etkin and Wager, 2007;
Helpman et al., 2016; Olson et al., 2018; Wang et al., 2020) associated
with PTSD, and their underlying neural substrates. These substrates
include functional circuits (e.g., limbic system, prefrontal cortex, striatal
regions, as well as the hippocampus) and larger systems in which they
are organized (salience network, the default mode network, and the
central executive network; Menon, 2011). Both processes and
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underlying neural function appear to be, at least in part, regulated by
steroid hormones such as estrogen (Lebron-Milad et al., 2012), proges-
terone (Sharma et al., 2021), and allopregnalone (Rasmusson and
Pineles, 2018). Therefore, the function of these neural circuits and sys-
tems may be key in understanding sex-dependent bias in PTSD.

Ample evidence has been presented for the importance of sex as a
biological variable (SABV) in the neural circuitry involved in the
neurobiological model of stress response and neuropsychiatric disor-
ders, as well as in healthy individuals, including: (a) non-human data
directly demonstrating sex-specific patterns (Horovitz et al., 2014); (b)
vast human data demonstrating sex-specific neurobiological substrates
of stress response in healthy subjects (Bale and Epperson, 2015; Ban-
gasser and Wicks, 2017); (c) sex differences in neural connectivity pat-
terns in healthy individuals (Fisher et al., 2016), particularly of
amygdala (Alarcon et al., 2015; Kogler et al., 2014; Wu et al., 2016); and
(d) initial evidence for sex-specific neural patterns in neuropsychiatric
disorders other than PTSD, such as depression (Filippi et al., 2013).
Nevertheless, little evidence has been presented as to the role of
sex-specific patterns in the neurobehavioral model of PTSD (see Help-
man et al., 2017; Seligowski et al., 2020, for a review), despite a surge in
neurobiological research exploring this model, independent of sex.

Indeed, dysregulated connectivity within and between three major
neural networks has been identified in connection with PTSD. The three
networks are, the central executive network (CEN: lateral prefrontal
cortex [IPFC]); the salience network (SN: anterior cingulate cortex
[ACC], insula, amygdala [AMG]); and the default mode network (DMN:
medial prefrontal cortex [mPFC], posterior parietal cortex [PCC], hip-
pocampus [HIP]; Akiki et al., 2017) Findings support increased activity
and internal connectivity of the SN in PTSD, possibly reflecting
heightened threat-detection associated with PTSD, and poor regulation
of this network by the CEN and DMN, which demonstrate reduced
connectivity in PTSD. Cognitive deficits manifesting in intrusion and
dissociation symptoms found in individuals with PTSD, are associated
with poor DMN function (Akiki et al., 2017).

Yet, while studies in healthy humans suggest sex-specific rs-FC pat-
terns including lower rs-FC in the SN-CEN, DMN-SN, and within DMN
and CEN in females compared to males (Ernst et al., 2019; Kogler et al.,
2016b), research to date, that has focused on the role the DMN, SN and
CEN may play in the pathophysiology of PTSD, have commonly treated
sex as a potential confounder, rather neglecting to examine
sex-dependent patterns of rs-FC in PTSD.

The current study aims to address this gap by unpacking sex-specific
patterns in the neurobiology of PTSD by comparing resting-state func-
tional connectivity (rs-FC) within and between DMN, CEN, and SN in a
sample of trauma exposed males and females, with and without PTSD.
Our aims are threefold:

1. Explore the sex-dependent patterns of connectivity in individuals
who were exposed to trauma and developed PTSD, and in those who
did not develop PTSD. We expect patterns of within- and between-
network connectivity of CEN, SN, and DMN, to discern trauma-
exposed individuals who developed PTSD from those who did not,
and to differ between males and females.

2. Replicate previous findings regarding sex differences in within- and
between-network connectivity. We expect lower SN-CEN and DMN-
SN and within DMN and CEN connectivity among females as
compared to males, as previously found (Ernst et al., 2019; Kogler
et al., 2016b).

3. Replicate previous findings regarding diagnostic group difference in
connectivity within and between SN, DMN, and CEN in trauma
exposed individuals. We expect lowered connectivity between the
CEN-SN, CEN-DMN, within CEN, and within DMN connectivity
among individuals with PTSD than in trauma-exposed healthy con-
trols, as previously found (Akiki et al., 2017).
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2. Materials and methods
2.1. Sample

To construct a sufficiently large sample to test sex-related patterns
among trauma-exposed subjects with and without PTSD, three studies
were combined enrolling 181 individuals (N = 106 PTSD, N = 75
healthy controls) with a history of trauma exposure (106 PTSD), 86 (47
PTSD) females and 95 (59 PTSD) males. Participants took part in three
neuroimaging studies at the New York State Psychiatric Institute
(NYSPI). The authors assert that all procedures contributing to this work
comply with the ethical standards of the relevant national and institu-
tional committees on human experimentation and with the Helsinki
Declaration of 1975, as revised in 2008. All procedures involving human
subjects/patients were approved by the NYSPI Institutional Review
Board, and all participants provided written informed consent after
receiving an explanation of the procedures (see Table 1 for demographic
details).

2.2. Procedure

Detailed inclusion and exclusion criteria for each study appear in
Table S1 in the supplementary materials. Briefly, all participants met
DSM-IV-TR (“Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition, Text ... - American Psychiatric Association - Google Books,” n.
d.) criteria A1 and A2 or DSM-5 (Association, 2013) PTSD criterion A for
adult traumatic events. Clinical evaluators administered the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID) (First and Gibbon,
2004) and the Clinician-Administered PTSD Scale (CAPS) (Weathers
et al., 2001) to establish psychiatric diagnoses and assess PTSD severity.
Exclusion criteria for participants in the trauma-exposed, healthy con-
trol group (control) consisted of current or past Axis I disorders (apart
from past depression), including substance use disorders. Exclusion
criteria for all groups included any condition that would rule out MRI
administration, or use of psychotropic medication. MRI collection and
preprocessing protocols are included in the supplementary materials.

2.3. Seed-based functional connectivity analyses

Resting-state functional connectivity analyses were carried out using
a seed-based approach, implemented in the CONN-fMRI Functional
Connectivity toolbox v13. Before correlation analysis, band-pass
filtering with a frequency window of 0.01-0.09 Hz was performed.
Outlier detection was carried out with artifact detection tools (ART)
implemented in CONN. The principal component-based noise-correction
method, “CompCor,” implemented in this toolbox, was used for addi-
tional control of physiological noise and head motion effects. Outlier
volumes in each participant were identified as having large spiking ar-
tifacts (i.e., volumes >3 standard deviations from the mean image in-
tensity), or large motion (i.e., 0.5 mm for scan-to-scan head-motion
composite changes in the x, y, or z direction). Anatomical images were
segmented into grey matter, white matter, and cerebrospinal fluid (CSF)
regions. Covariates corresponding to head motion (6 realignment pa-
rameters and their derivatives), outliers (one covariate per outlier con-
sisting of Os everywhere and a 1 for the outlier time point), and the BOLD
time series from the subject-specific white matter and CSF masks were
used in the connectivity analysis as predictors of no interest and were
removed from the BOLD functional time series using linear regression.

From the original sample, three individuals with PTSD were
excluded from further analysis because of movement exceeding +1.5
mm and because more than 20% of their data points have been detected
as outliers. Their demographic information can be found in the sup-
plementary materials. Consequently, the final analysis included 45 fe-
males with PTSD, 40 trauma exposed, healthy females, 57 males with
PTSD, and 38 trauma-exposed, healthy males. The sum of root mean
square (RMS) of 6 relative head motion parameters (movement from this
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Table 1
Demographics and clinical variables by sex.

Neurobiology of Stress 15 (2021) 100389

Statistical test (between groups)

Females (N = 85) Males (N = 93) )(2 Df p
Group PTSD (N,%) 45 (52.94%) 57 (61.29%) 1.27 1 .26
Race White (N,%) 29 (34.12%) 35 (37.66%) 10.70 6 .10
Black (N,%) 27 (31.76%) 33 (35.48%)
Hispanic (N,%) 21 (24.71%) 9 (9.68%)
Asian/Pacific Islander (N,%) 0 (0%) 1 (1.08%)
Other (N,%) 4 (4.7%) 10 (10.75%)
Age at Trauma (adult vs. child) Adult 66 (77.65%) 60 (64.52%) .32 1 .57
Trauma Type Military 3 (3.53%) 16 (17.2%) 17.65 2 <.001
Interpersonal non-military 58 (68.23%) 39 (41.94%)
Non-interpersonal, non-military 19 (22.35%) 37 (39.79%)
F Df p
Age Mean (SD) 36.63 (13.91) 46.08 (14.50) 19.60 2,177 <.001
CAPS Mean (SD) 38.39 (35.68) 35.43 (29.19) .64 1,172 42
HRSD 11.33 (8.91) 9.80 (8.03) 1.40 1,173 .24

Note: CAPS=Clinician assessment of posttraumatic symptoms; HRSD=Hamilton Rating Scale for Depression.

time point to the next one) was calculated for each participant in all
groups (trauma-exposed healthy controls, PTSD). No significant differ-
ence in head motion was found between each pair of groups (p > .5).

ROI-to-voxel whole-brain connectivity analysis was performed using
ROIs identified as key nodes in CEN (lateral prefrontal cortex [IPFC]),
SN (anterior cingulate cortex [ACC], insula, amygdala [AMG]) and DMN
(medial prefrontal cortex [mPFC], posterior parietal cortex [PCC], and
hippocampus [HIP]) hubs as seed regions (see Fig. 1). All ROIs were
defined based on the CONN ICA analyses of the HCP dataset of 497
participants. Bivariate regression analyses were used to determine the
linear association of the BOLD time series between each seed ROI and all
other voxels in the brain, for each subject. Both positive and negative
correlations were examined. The resulting correlation coefficients were
transformed into z-scores, using Fisher’s transformation to satisfy
normality assumptions. Age and sites were regressed out in all in-
dividuals as covariates of no interest as they provided possible con-
founds (see Table S2).

2.4. Statistical analyses

To disentangle sex, group, and interaction effects, we conducted a
two-by-two group (PTSD, trauma exposed healthy control) by sex (male,

Maps for network hubs

(a) Default Mode Network (DMN) (b)

MNI coordinates [6 26 57]

Central Executive Network (CEN) (c)

MNI coordinates [-41 52 0]

female) ANOVA. We used a threshold of Pryr<0.05 whole-brain voxel-
wise, family-wise-error-rate (FWE)-corrected with a minimum of 20
voxels. Next, we extracted mean cluster values, using the MarsBaR
function (http://marsbar.sourceforge.net), and subjected them to post
hoc tests. To test the direction of the group by sex interaction, we used
post hoc independent t-tests in SPSS 22 for detecting sex difference in
PTSD and controls.

3. Results

Three pathways with group-by-sex interaction effects survived
multiple corrections: amygdala-PCC, ACC-precuneus, and hippocampus-
precuneus (angular gyrus portion) (for all pathways surviving correc-
tions, please see Table 2). In order to ensure that these effects were not
attributable to trauma type, which differed by sex, we conducted
ANOVAs on these pathways including type of trauma as a covariate,
with the group-by-sex effect remaining intact (see Supplementary ma-
terials). Then, to examine the direction of the interaction effects, we
conducted post hoc tests for these three pathways. The results indicate
that within PTSD, females differed from males, however, in TEHC, the
difference between females and males was reversed. Specifically, fe-
males with PTSD significantly differed from males with PTSD and from

Salience Network (SN)

MNI coordinates [-3 -3 1]

dACC=Dorsal anterior cingulate cortex

Note: PCC=Posterior cingulate cortex; mPFC=Media Iprefrontal cortex; HIP=Hippocampus; IPFC=Lateral prefrontal cortex ; AMG=Amygdala;

Fig. 1. Maps for network hubs.

Note: PCC=Posterior cingulate cortex; mPFC = Media Iprefrontal cortex; HIP=Hippocampus; IPFC = Lateral prefrontal cortex; AMG = Amygdala; dACC = Dorsal

anterior cingulate cortex.
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Table 2
Group by Sex ANOVA test.
Network Effect type Seed p FWE-corr Cluster size T z X y z Target region
SN
Group
AMG 0.0090 119 4.78 4.62 6 52 14 BA10/mPFC DMN PTSD < CONTROL
ACC 0.0000 213 5.5 5.27 -10 —58 44 BA31/PCC DMN PTSD > CONTROL
Insula (left) 0.0470 93 4.57 4.43 —54 —46 22 BA39/Angular Gyrus DMN PTSD < CONTROL
Insula (right) 0.0210 108 4.03 3.93 —66 —42 16 BA22/STG/Wernicke PTSD < CONTROL
Sex
Insula (left) 0.0000 229 4.65 4.5 52 14 4 BA44/IFG parsopecularis CEN F<M
0.0030 156 4.05 3.95 4 2 66 BA6/Premotor/SMA F<M
0.0060 141 4.04 3.94 —42 8 2 BA44/IFG parsopecularis CEN F<M
Insula (right) 0.0010 195 4.75 4.6 46 8 2 BA44/IFG parsopecularis CEN F<M
Group x Sex
AMG 0.0380 90 4.66 4.51 30 —68 12 BA7/Precuneus DMN See Fig. 2
ACC 0.0390 98 5.24 5.04 16 —66 38 BA7/Precuneus DMN See Fig. 2
CEN
Group
IPFC (left) 0.0020 170 5.57 5.53 4 28 50 BA8/dIPFC CEN PTSD < CONTROL
0.0040 151 4.28 4.17 —62 -30 -16 BA21/MTG PTSD < CONTROL
PPC (left) 0.0330 100 4.25 4.14 —48 28 22 BA46/dIPFC CEN PTSD < CONTROL
PPC (right) 0.0250 104 4.7 4.55 -2 -76 34 BA18/Visual association Cortex PTSD < CONTROL
Sex
IPFC (left) 0.0250 106 4.19 4.08 -52 20 -10 BA47 /vIPFC SN F<M
PPC (right) 0.0070 133 4.88 4.72 —-38 —54 34 BA39/Angular Gyrus DMN F<M
0.0400 94 4.3 4.18 48 —40 38 BA40/Supramarginal CEN F<M
DMN
Group
mPFC 0.0000 255 4.93 4.76 -14 48 46 BA8/dIPFC CEN PTSD < CONTROL
PCC 0.0390 98 5.23 5.03 -38 10 42 BA8/dIPFC CEN PTSD < CONTROL
0.0020 173 4.69 4.55 56 —68 30 BA39/Angular Gyrus DMN PTSD < CONTROL
Sex
PCC 0.0000 217 4.71 4.56 -10 -78 32 BA18/Visual association Cortex F<M
mPFC 0.0020 174 4.56 4.42 —48 —4 -2 BA22/STG/Wernicke F<M
0.0170 116 4.55 4.42 -32 —44 70 BA7/Precuneus DMN F<M
HIP 0.0050 139 4.28 4.17 —28 —44 66 BA7/Precuneus DMN F<M
Group x Sex
HIP 0.0020 158 5.23 5.03 -38 -78 36 BA39/Angular Gyrus DMN See Fig. 2

Note: SN=Salience network, CEN=Central executive network, DMN = Default mode network, CONTROL = Trauma exposed healthy controls, AMG = Amygdala,
PCC=Posterior cingulate cortex, HIP=Hippocampus, ACC = Anterior cingulate cortex, mPFC = medial prefrontal cortex. IPFC = lateral prefrontal cortex, dIPFC =
dorsolateral prefrontal cortex, VIPFC = ventrolateral prefrontal cortex, PPC=Posterior parietal cortex, BA=Brodmann’s area, MTG = Medial temporal gyrus,
STG=Superior temporal gyrus, SMA=Supplementary motor area, IFG=Inferior frontal gyrus, FWE-corr = Family wise error correction.

healthy trauma-exposed females, but not from healthy trauma exposed

Table 3 males, in these pathways. For the amygdala and posterior cingulate
Post-hoc tests on pathways evincing interaction effects. cortex (p < .001), and for the precuneus and hippocampus (p = .01),
Pathway Index group Comparison M SE P females with PTSD showed weaker rs-FC than PTSD males and healthy
group trauma-exposed females. For precuneus and anterior cingulate cortex (p
AMG-PCC CONTROL PTSD Females _0.09* 002  0.00 <.001), females with PTSD had stronger rs-FC than did males with PTSD
Females and healthy trauma-exposed females (see Fig. 2 for a complete account;
CONTROL Males ~ —0.07*  0.02  0.01 additional subgroup analyses by scanner and TR can be found in Fig. 52
PTSD Males 0.03 0.02  0.14 in the supplement) (see Table 3 for complete post-hoc tests of the three
PTSD Females CONTROL Males 0.02 0.02 0.38
i pathways).

PTSD Males 0.12* 0.02  0.00 o . .
CONTROL Males  PTSD Males 0.10* 0.02  0.00 The ANOVA revealed a significant main effect of the group, with
HIP- CONTROL PTSD Females —0.09* 0.03 0.00 expected lowered connectivity between the CEN-SN, CEN-DMN, within
Precuneus Females CEN, and within DMN connectivity among individuals with PTSD than

CONTROL Males ~ —0.12*  0.03  0.00 in trauma-exposed healthy controls (all p’s < .05, see Table 2 for group

PTSD Males —-0.02  0.03 0.50 . : .
PTSD Females CONTROL Males  —0.03  0.03  0.26 dlf.ferences. in all pathf/v.?lys). Additionally, .the ACC-PCC Pathway
PTSD Males 0.07* 0.03 001 evinced higher connectivity among those with PTSD than in those
CONTROL Males ~ PTSD Males 0.10* 0.03  0.00 without (p < .001). The main effects of sex indicated that overall females
ACC- CONTROL PTSD Females 0.11* 0.03  0.00 evinced weaker CEN-SN and CEN-DMN connectivity, as well as, within
Precuneus  Females CEN and DMN connectivity when compared to males (all p’s < 0.05,
CONTROL Males ~ 0.15% 0.03  0.00 ) able 2 f diff in all path
PTSD Males 0.02 003 060 please see Table 2 for sex differences in all pathways).
PTSD Females CONTROL Males  0.04 0.03  0.28
PTSD Males -0.09*  0.03  0.00 4. Discussion
CONTROL Males ~ PTSD Males —-0.13*  0.03  0.00
Note: CONTROL = Trauma exposed healthy controls, AMG = Amygdala, The present findings are the first, to our knowledge, to demonstrate
PCC=Posterior cingulate cortex, HIP=Hippocampus, ACC = Anterior cingulate sex-specific patterns of neural functioning among trauma-exposed in-
cortex; * = The mean difference is significant at the 0.01 level. dividuals with and without PTSD. The findings suggest that the patterns

of connectivity distinguishing trauma-exposed individuals who develop
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Interaction effects between sex and group for resting-state functional connectivity

(@)

Group
025 1 Diagnosed with posttraumatic
stress disorder
1 Trauma-exposed healthy
controls

Amygdala - posterior cingulate cortex resting-
state functional connectivity - Mean beta-weights

Females Males
Sex

Error Bars: 95% Cl

(b)

Group
025 1 Diagnosed with posttraumatic
stress disorder
1 Trauma-2xposed healthy
controls

;

Hippocampus - precuneus resting-state functional
connectivity - Mean beta-weights

Females Males
Sex

Error Bars: 95% CI

—
2]
<

Group
1 Diagnosed with posttraumatic
stress disorder

1 Trauma-exposed healthy
controls.

Anterior cingulate cortex - precuneus
resting-state functional connectivity - Mean
beta-weights

Females Males
Sex

Exror Bars: 95% Cl

Note: Error bars represent 95% confidence intervals; Seed in red, target in green; HIP=Hippocampus; AMG=Amygdala; dACC=Dorsal

anterior cingulate cortex; PCC=Posterior cingulate cortex

Fig. 2. Interaction effects between sex and group for resting-state functional connectivity.
Note: Error bars represent 95% confidence intervals; Seed in red, target in green; HIP=Hippocampus; AMG = Amygdala; dACC = Dorsal anterior cingulate cortex;
PCC=Posterior cingulate cortex. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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PTSD from those who do not are reversed for males and for females. For
males, weaker DMN and DMN-SN (AMG-PCC, HIP-precuneus) connec-
tivity was found in those with PTSD compared to those without PTSD,
and stronger SN-DMN (ACC-precuneus) connectivity in those with PTSD
compared to those without PTSD. For females, the opposite pattern
emerged: stronger connectivity was found among individuals with PTSD
than in trauma-exposed healthy individuals, for AMG-PCC and HIP-
precuneus, and weaker connectivity for ACC-precuneus among in-
dividuals with PTSD than in trauma-exposed healthy controls, for the
third. The reliability of our findings is bolstered by main effects for sex (|
e.g., weaker connectivity within CEN, within DMN, and between CEN-
SN and CEN-DMN among females as compared to males) and PTSD
diagnosis (weaker CEN-SN, CEN-DMN, CEN, and DMN connectivity
among individuals with PTSD than in controls), which are consistent
with those documented so far in the literature (Akiki et al., 2017;
Alarcon et al., 2015; Fisher et al., 2016; Kogler et al., 2016a; Wu et al.,
2016). The present findings have important potential implications for
understanding the role of SABV in the pathophysiology of PTSD. The
inherent heterogeneity of PTSD, both clinically and, possibly, neuro-
biologically, has been cited as one of the major challenges in under-
standing and treating this disorder, warranting the study of “more
homogeneous, biologically defined subgroups... improving diagnosis
and treatment.* (Maron-Katz et al., 2020).

To date, the literature has focused separately either on the effect of
PTSD (vs. controls) or on the effect of SABV, regarding other variable at
most as noise to control for, rather than the focus of analyses. Such focus
on each piece of the whole picture separately detracts from the ability to
disentangle the PTSD heterogeneity (Maron-Katz et al., 2020). The
present study points to the importance of taking into account the
interaction between PTSD and SABV when examining the neural
markings of trauma and PTSD. Further elucidating this complex rela-
tionship can shed light on potential distinct pathways contributing to the
development of PTSD in females vs. males, creating the opposite pat-
terns of abnormalities that we found. If the mechanisms contributing to
the emergence of PTSD differ as a function of SABV, the treatments
targeting the mechanism should differ as well.

Our sex-dependent, inverse findings regarding DMN-SN connectivity
(AMG-PCC and ACC-precuneus) for individuals with and without PTSD
may involve the contribution of SABV to the mechanisms underlying
clinical symptoms. AMG-PCC connectivity is implicated in the symp-
tomatology of both PTSD (Lanius et al., 2010; Zhou et al., 2012) and
anxiety disorders (Hamm et al., 2014; Makovac et al., 2016), and in
underlying mechanisms such as stress response (Veer et al., 2011) and
emotional regulation (Li et al., 2016). In females, stronger coupling in
the AMG-PCC pathway has been found in those with postpartum
depression than in healthy postpartum women (Chase et al., 2014),
suggesting enhanced connectivity in this pathway in females with psy-
chopathology, beyond PTSD. The opposite patterns found in the present
study are also consistent with previous studies suggesting an inverse,
sex-dependent association between rs-FC of the amygdala (SN), and
cortisol, a steroid hormone related to stress response: a negative corre-
lation was found in healthy females, and a positive one in healthy males
(Kogler et al., 2016a). The PCC (DMN), was found to be involved in
self-referential processing and autobiographical memory (Kim, 2012;
Menon, 2011), and the amygdala was found to be involved in emotional
processing and response (Sah et al., 2003). This may indicate
sex-dependent, maladaptive responses to stressful events, including
appropriate coding of emotional information about the self in a stressful
situation. This pathway, therefore, may also be implicated in the
dysfunctional memory formation associated with posttraumatic re-
actions. Focusing on the ACC-precuneus, rs-FC has been positively
correlated with PTSD symptom severity (Makovac et al., 2016),
depression (Connolly et al., 2013), panic disorder (Shin et al., 2013), and
negatively with ADHD (Castellanos et al., 2008), suggesting a more
general contribution to psychopathology perhaps through associated
attentional processes. Although we found no sex-group interactions
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within SN and in CEN rs-FC, we did reveal main effects for sex. Similarly,
opposing patterns of rs-FC within the SN and between the SN and CEN
have been previously found to be associated with emotional regulation,
a mechanism intimately involved in PTSD (Wu et al., 2016). Thus, even
though the findings reported here are novel, they are consistent with
current knowledge about the associations between SABV and the un-
derlying mechanisms at the basis of PTSD, such as sex-disparate un-
derpinnings of emotional regulation and response to stress.

We also found sex-dependent, opposite patterns of within DMN
connectivity (HIP-precuneus) for individuals with and without PTSD.
HIP-precuneus connectivity has been previously found to differentiate
controls from PTSD (Lazarov et al., 2017), and has been associated with
memory problems and cognitive impairment (Apple et al., 2018; Xue
et al., 2019). Within DMN connectivity has also previously been impli-
cated in sex-specific, opposite association with pubertal maturation
(Ernst et al., 2019), suggesting the involvement of sex hormones in the
onset of this disparity.

Post hoc explanations of the intriguing findings in the present study
suggest that distinct developmental pathways in females and males may
contribute to the distinct pathophysiology for SABV. Epidemiological
findings suggest disproportionate internalizing psychopathology in fe-
males and in males, including PTSD. This discrepancy has been tied to
hormonal changes in puberty. During pubertal maturation, weaker FC
within DMN was found in females and stronger FC in males, with lower
connectivity of the ACC, a major DMN hub. This pattern of FC was also
able to predict higher internalizing symptoms at 2-year follow-up (Ernst
et al.,, 2019). Therefore, hormonal changes may bring about neural
changes, sensitizing females to the development of internalizing symp-
tomatology. Our findings similarly point at weaker within DMN rs-FC
associated with PTSD in females specifically, but at an inverse rela-
tionship in men. This suggests that men may develop PTSD by a different
pathway of risk. In fact, distinct, and even opposing, neural un-
derpinnings of the similar mechanisms (e.g., stress response, emotional
regulation) may differentially confer risk: Integrating the present find-
ings with the available literature may suggest that developmental
changes, such as steroid hormone surges during puberty, may be
involved in a cascade of neural changes. These may result in differential
sensitization of circuitry, possibly through a differential response to the
further introduction of steroid hormones (e.g., cortisol). This com-
pounded effect may enhance risk for affective and stress-related disor-
ders in women (Ravi et al., 2019).

Sex- and gender-specific patterns of adaptive biological stress
response have been demonstrated repeatedly and shown to associate not
only with biological factors such as gonadal steroids (Shansky et al.,
2010) but also as psychosocial factors such as the type of stressor (Lee
et al., 2014) and gender role of the individual (Manigault et al., 2021). It
therefore appears that adaptation in face of stress and trauma may
involve not only biologically sensitized sex-dependent neural un-
derpinnings (McLaughlin et al., 2015) but a psychosocially moderated
response. This response may be differentially employed in compensation
of both developmentally distinct neural underpinnings and of specific
situational and individual differences. The development of
sex-and-gender-specific coping and regulation strategies in the face of
stress has long been demonstrated, and theoretically grounded in
socio-evolutionary factors (Taylor et al., 2000). Therefore, our findings
may demonstrate implications of these on adaptation in the face of
trauma, which may thus involve a complex array of interactions be-
tween biological, psychological, and social factors.

The main limitation of the present study lies in its exploratory na-
ture. The study proposes pioneering findings that should be more
elaborately examined in future studies. Our study is further limited in its
inability to directly address the issue of endocrine correlates of SABV in
PTSD. We did not collect endocrine data or data on the endocrine status
(e.g., time in cycle, menopause, etc.) that may have further elucidated
the mechanism underlying these differences. We have similarly not been
able to analyze the finer resolutions of trauma type, nor have we
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collected data regarding psychosocial aspects of gender role and identity
of participants, so that we are unable to comment on the associations of
such variables with our findings. Additional limitations include a small
sample size and a lack of a non-trauma- exposed sample, which could
enable us to discern sex-related patterns in trauma-related and PTSD-
related circuitries. Future research should include SABV in studies of
clinical populations, involving multi-level measurement, to begin
untangling the complex bio-psycho-social network involved in the
clinically significant response to stress and trauma.

5. Conclusions

The present results demonstrate opposite patterns of neural con-
nectivity in PTSD and healthy, trauma-exposed controls as a function of
SABV. This may point to mechanistic differences in adaptation following
trauma, dependent on sex. The different mechanisms may require in-
terventions based on sex-dependent targeting. These findings are an
important step toward further multilevel, mechanistic studies, necessary
for the development of personalized, mechanism-informed treatment of
PTSD and stress-related disorders.
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