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Abstract

Background—~Females are more likely to develop posttraumatic stress disorder (PTSD) than
males. Impaired inhibition has been identified as mechanism for PTSD development, but studies
on the potential sex differences of this neurobiological mechanism and how it relates to PTSD
severity and progression are sparse. Here we examined sex differences in neural activation during
response inhibition and PTSD following recent trauma.

Methods—~Participants (N= 205, 138 female sex assigned at birth) were recruited from
emergency departments within 72 hours of a traumatic event. PTSD symptoms were assessed
2-weeks and 6-months post-trauma. A Go/NoGo task was performed 2-weeks post-trauma in

a 3T MRI scanner to measure neural activity during response inhibition in the ventromedial
prefrontal cortex (vmPFC), right inferior frontal gyrus (rIFG), and the bilateral hippocampus.
General Linear models were used to examine the interaction effect of sex on the relationship
between our regions of interest (ROIs) and the whole brain, and PTSD symptoms at 6-months, and
symptom progression between 2-weeks and 6-months.
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Results—Lower response-inhibition-related vmPFC activation 2-weeks post-trauma predicted
more PTSD symptoms at 6-months in females but not in males, while greater response-inhibition-
related rIFG activation predicted lower PTSD symptom progression in males but not females.
Whole brain interaction effects were observed in the medial temporal gyrus and left precentral

gyrus.

Conclusions—There are sex differences in the relationship between inhibition-related brain
activation and PTSD symptom severity and progression. These findings suggest that sex
differences should be assessed in future PTSD studies and reveal potential targets for sex-specific
interventions.

Keywords

Posttraumatic stress disorder (PTSD); sex differences; response inhibition; functional Magnetic
Resonance Imaging (fMRI); ventromedial prefrontal cortex (vmPFC); right inferior frontal gyrus
(rIFG)

INTRODUCTION

Posttraumatic stress disorder (PTSD) is a debilitating psychiatric disorder one can develop
after a traumatic experience that disproportionately affects females, with the lifetime
prevalence of PTSD in females at least twofold that of males (1-5). This sex difference

in PTSD prevalence cannot be fully attributed to the level of trauma exposure or the type
of trauma experienced (5-7). There could, therefore, be neurobiological risk factors that
increase the likelihood of developing PTSD in females. Consequently, it is necessary to
identify these potential neurobiological risk (or protective) factors for the development of
PTSD and how they vary between males and females.

One important putative neurobiological mechanism mediating the development of PTSD
is impaired inhibition of fear (8). A hallmark symptom of PTSD is an exaggerated fear
response to stimuli that reminds one of their trauma, even in a safe context (8-11). Two
brain regions that have been linked to impaired fear inhibition in individuals with PTSD
are the ventromedial prefrontal cortex (vmPFC) and the hippocampus. The vmPFC is
thought to regulate the fear response by inhibiting the amygdala, which is associated with
fear expression (12,13), whereas the hippocampus provides contextual information and, if
needed, activates the vmPFC (14,15). Reduced recruitment of these regions during fear
inhibition has been demonstrated in individuals with PTSD (16,17).

Inhibition can also occur in relation to cognition and behavior, such as altering one’s
behavior in response to unexpected events, which is known as response inhibition (18).
Studies targeting response inhibition often use a Go/NoGo task to measure withholding
responses to a NoGo signal (19). It is suggested that overlapping neural circuits involved

in both fear and response-inhibition are impaired in PTSD (20). For example, women

who met PTSD criteria showed lower vmPFC activation during a response inhibition task
than women without PTSD (21) which in turn negatively correlated with safety signal
learning and fear extinction. Furthermore, patients with PTSD demonstrated lower prefrontal
(22,23) and lower hippocampal activation (24) during inhibitory trials of these Go/NoGo
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tasks compared to controls. Additionally, reduced response-inhibition-related hippocampal
activity measured shortly after trauma predicted PTSD symptoms three and 6-months later
(25). The right inferior frontal gyrus (rIFG) is another region known to be involved in
response inhibition as it plays a role in attention regulation and executive control (26,27).
There is recent evidence for reduced inhibition-related rIFG activation predicting PTSD
(23), though findings are mixed (25), suggesting that further research into the role of the
rIFG and PTSD is needed.

An important unknown is if there are sex differences in the relationship between the
neurocircuitry of response inhibition and PTSD development, though there are several
studies suggesting the likelihood of sex-specific effects. A prospective study found evidence
for sex-differences in the predictability of brain volume and PTSD symptom severity at
6-months, namely that right anterior cingulate cortex thickness, an area with some overlap
with the vmPFC, was related to higher PTSD scores in women, but not in men (28).
Furthermore, sex-based differences were observed in the neural activation related to a threat,
such that men with PTSD showed greater activation in the hippocampus compared to
women with PTSD (29), while another study found that women had greater threat-elicited
activation in the PFC compared to men (30). Additionally, neural activation during response
inhibition is shown to be sex-specific in healthy individuals, with females showing increased
activation of the response inhibition network (which included the rIFG) compared to

males, as well as increased amygdala activation (31). These studies suggest that there are
sex-specific effects in the recruitment of these brain regions during response inhibition.
However, no studies to date have looked at sex differences of the neurocircuitry of response
inhibition and its relationship to the PTSD symptoms severity and progression following
recent trauma.

The current study aimed to examine sex differences in the neurobiology of PTSD during
response inhibition. In this manuscript, we will refer to males and females and sex
differences. For the purposes of the manuscript, these terms are used as reference to the
sex assigned at birth and identified by participants at the time of enrollment in the study.
This does not reflect gender identification.

In this large Emergency Department (ED) study (32), participants were recruited within 72
hours of experiencing a traumatic event. fMRI data were collected 2-weeks later using a Go/
NoGo task, and PTSD severity was assessed 2-weeks and 6-months after trauma. Our main
research question was whether sex moderates the relationship between inhibition-related
activation in the vmPFC, hippocampus, and rIFG 2-weeks after trauma and PTSD symptom
severity and progression 6-months after trauma. We hypothesized that less inhibition-related
activation in our ROls, i.e., the vmPFC, bilateral hippocampus, and rIFG, is associated

with more PTSD symptoms 6-months post-trauma (PTSD severity) and that biological sex
moderates this relationship, such that females demonstrate stronger negative relationships
between brain activation and PTSD outcome than males. Secondly, we hypothesized that
less inhibition-related activation in our ROIs is related to less symptom reduction from 2-
weeks to 6-months post-trauma (PTSD progression), and that biological sex moderates this
relationship, such that females demonstrate stronger negative relationships between brain
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activation and PTSD outcome than males. Finally, whole brain analyses were performed to
identify associations outside our predefined ROIs.

METHODS AND MATERIALS

Participants

Participants were recruited from multiple EDs across the United States as part of the large,
longitudinal AURORA study (Advancing Understanding of RecOvery afteR traumA) within
72 hours of experiencing a traumatic event (further details in (32)). Participants who sought
care in the ED after experiencing physical and sexual assault, motor vehicle collision, >
three-meter falls, or mass casualty incidents automatically qualified for study enrollment.
Participants with other kinds of traumatic events (such as falls < three meters, burns or
poisoning) were screened to see whether a) they experienced the event as involving actual
or threatening serious injury, sexual violence, or death by either directly experiencing it
themselves, witnessing it, or learning about the trauma and b) the exposure was qualified as
a reasonable qualifying event by the research assistant.

A subgroup of participants was recruited for in-person sessions for “deep phenotyping”
including a functional MRI 2-weeks after the traumatic event. The AURORA “Freeze

4” psychometric release included N=429 participants who had functional MRI data of

the response inhibition task collected at this 2-week visit. Final MRI data were available
for N=330 participants after excluding data with benign anatomical abnormalities (N=7),
excessive motion (N=33), technical problems with, e.g., stimulus display or response
recording (N=14), or poor behavioral performance (N=45) on the task ( <70% correct Go
trials (N=41) or <70% correct NoGo trials, low accuracy is indicative of the person not
paying attention to the task, because generally the task is performed at >90% accuracy).
Out of those participants, N=205 (138 females, 67%) provided data on PTSD symptoms
at 2-weeks and 6-months and were used in the data analysis of this study. Two studies
have used data from the same Go/NoGo task. Stevens et al included the Go/NoGo task
and the same ROIs to identify biotypes for post-trauma risk (33). Van Rooij et al defined

a resilience factor across all psychological outcome measures (including PTSD symptoms)
and determined the predictive role of neuroimaging correlates including response inhibition
(34). The Institutional Review Board (IRB) of the University of North Carolina (UNC)
approved the study protocol, and other sites created either reliance agreements or parallel
IRBs. All participants provided written informed consent.

Demographics and clinical data collection

Demographic data were collected at the EDs and included, amongst others, age, sex assigned
at birth, race, trauma type, and highest completed levels of education. Item-level clinical
data were collected with self-reported surveys in the ED, and follow-up surveys were
assessed at 2-weeks, eight weeks, three months, 6-months, and 12-months after trauma.
Current gender identification was the same as the assigned sex at birth for all participants
included in the study. PTSD symptoms were assessed using the PTSD Symptom Checklist
for DSM-5 (PCL-5), a 20-item questionnaire in which participants self-reported the presence
and severity of posttraumatic stress symptoms. Our primary analysis focused on PTSD
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symptoms at 2-weeks to measure early post-trauma symptoms, during which fMRI data
were also acquired, and follow-up assessment of symptoms 6-months post-trauma to align
with prior studies (23,25,28) and following previous research showing a divergence of

risk and resilient groups around 6-months post-trauma (35). Additionally, our secondary

ROI analysis assessed PTSD symptoms at 12-months to analyze potential relationships

over a longer time period (Supplementary materials S3). To measure the change in PTSD
symptoms over time, the PCL-5 scores from 2-weeks were subtracted from the PCL-5 scores
at 6-months or 12 months.

Functional MRI

Response inhibition task—Response inhibition was measured with a Go/NoGo task
following our prior work (21). Either an X or an O was displayed to the participants.

Each trial began with a 500-millisecond appearance of a white fixation cross on a black
background, followed by either an X or an O on the screen for 1000 milliseconds (Go
Trials). Participants were required to respond as quickly as possible with a 1 for an X

sign and a 2 for an O sign. In a third of the trials, the background turned red (NoGo

trials), and participants had to refrain from responding. This was followed by a blank screen
for 750 milliseconds. There was no jitter in the intertrial interval, which was always 750
milliseconds. The task was divided into four runs, with each run consisting of 26 Go trials,
13 NoGeo trials, and 14 blank trials randomly distributed, separated by three 20-second
breaks. On average, 106 Go trials (min 104, max. 109) and 48 NoGo trials (min 45, max
50) were performed. A blood oxygen level-dependent (BOLD) contrast for NoGo > Go trials
was created to measure response-inhibition activation. (See Figure S1)

Brain imaging acquisition and analysis—Participants were screened for MRI
ineligibility or other exclusion criteria. fMRI scans were performed with 3T scanners at

five different sites, i.e., Emory University, McLean Hospital, Temple University, Wayne
State University, and Washington State University in St. Louis. We collected T1-weighted
structural scans using a multi-echo magnetization prepared rapid acquisition gradient echo
(ME-MPRAGE) technique with consistent parameters for a Imm isotropic resolution across
sites. Functional scans were also collected using the same parameters, but the scan time
varied slightly between the scanners at the five sites (see Supplementary Table S1). For
further details about the scan parameters, see (33,36). Scanner site was included as a
covariate for all analyses using dummy variables.

ROI analyses—The BOLD contrast estimates for correct NoGo>Go were extracted for
the bilateral hippocampus, rIFG, and the vmPFC as the regions of interest (ROI) following
prior studies. The vmPFC was anatomically defined based on previous study findings (6mm
sphere around -4, 44, —4; (21), and the bilateral hippocampus was anatomically defined
based on the Hammers atlas (37), and the rIFG was anatomically defined (Automated
Anatomical Labeling Atlas) (25).

To test our hypothesis that less inhibition-related activation in our ROIs is associated
with more PTSD symptoms 6-months after trauma, we created a general linear model
with all three ROIs as independent variables, age, sex assigned at birth, and scanner
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site as covariates, and PTSD symptoms at 6-months as the dependent variable. Age and
sex were added as covariates to the first model, as both have been found to influence
neural activation during response inhibition (38,39). To test our second hypothesis that sex
moderates the relationship between ROI activation and PTSD symptoms, we introduced
sex as a moderator for each ROI (interaction term) in a second model. If a significant
effect was observed, sensitivity analyses for effects of trauma were performed by including
trauma type, childhood trauma, and baseline PTSD (2-weeks post-trauma) as covariates.
Then, post-hoc correlation analyses for individual ROIs were conducted with age and site
again as covariates. Secondly, similar GLM analyses were used to test the hypothesis that
less activation in our ROIs was associated with a smaller improvement in PTSD symptoms
from 2-weeks to 6-months. All models were tested on the assumption of collinearity, and

it was indicated that multicollinearity was not a concern (VIF <2.5 for all variables in the
models). Similar supplementary analyses were performed for PTSD symptoms 2-weeks and
12-month post-trauma (Results in Supplementary Material S2-S4).

Whole brain analyses—Whole brain regression analyses were performed to examine

the correlation between response-inhibition-related activation and PTSD severity and PTSD
progression, for our main outcome of 6-months. Scan site, age, and sex were added as
covariates in both models. A cluster-defining threshold of p<0.005 with a cluster-level
family-wise error (FWE)-level correction of p<0.05 was used. Similar to our ROI analyses,
in a second step the interaction term with sex was added to the models. When a significant
interaction effect was observed, follow-up analyses were performed separately for males and
females within the significant cluster (within a mask for the cluster, using p<0.005).

Demographic information and clinical characteristics are presented in Table 1. Most
participants experienced a motor vehicle collision (75% of females, 66% of males). Male
and female participants in our study were comparable in age, race, income, education level,
trauma type, pre-trauma depression rates, and levels of childhood trauma. There were no
sex differences in PTSD symptom improvement between 2-weeks and 6-months. Females
had higher PTSD symptom severity at 2-weeks and 6-months, and a higher proportion of
females met DSM-5 criteria for PTSD at these timepoints.

Go/NoGo Task behavioral results

The behavioral results for the Go/NoGo task showed high accuracy levels for both males
and females (average Go Trials correct: males 93.8% correct, females 95.4 % correct; NoGo
Trials correct: males 98.5% correct, females 99.1% correct) and no significance difference
in performance between males and females was found (Go Trials t=1.410, p=0.159; NoGo
t=1.85, p=0.066).

fMRI ROI analyses

PTSD symptoms at 6- and 12-months—The first model using the three ROIs as
independent variables and site, sex, and age as covariates significantly predicted PTSD
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symptoms at 6-months (Table 2a; Fg 195)=2.217, R?=0.093,R?. Adj.=0.051, p=0.023).
However, no individual ROI significantly contributed to the model, and only the main effect
of sex did ($=-0.429, t(195)=—2.867, p=0.005), with greater levels of PTSD symptoms in
females than males.

The second model (Table 2b), in which interaction terms between sex and the ROl activation
were added, again significantly predicted PTSD symptoms (Table 2b; F(12 192)=2.449,
R2=0.133, R2.Adj.=0.109, p<0.001), and explained an additional 4% of the variance.

The interaction between sex and vmPFC activation contributed significantly to the model
(B=0.386, t(192)=2.691, p=0.008). This interaction effect persisted when trauma type,
childhood trauma (CTQ), and baseline PTSD scores were added as additional covariates

to the model (B=0.378, t(119)=2.456, p=0.015). Post-hoc correlation analyses (Figure 1)
showed that lower vmPFC activation correlated significantly with more PTSD symptoms
at 6-months in females (r=—0.253, p=0.004) but not in males (r=—0.061, p=0.650). The
bilateral hippocampus and the rIFG were not significantly correlated with PTSD symptoms
at 6-months for either sex (Supplementary Figure S5).

The model predicting PTSD symptoms at 12-months (see Supplementary Results S3) also
showed a significant interaction between vmPFC activation and sex, while the overall model
was not significant.

Progression in PTSD symptoms—The first model using the three ROIs as independent
variables and site, sex, and age as covariates did not predict PTSD symptom change from
2-weeks to 6-months (Table 3a; (F(9177=0.955, R?=0.018, R?-adj.=-0.0323, p=0.955).

The second model (Table 3b), in which interaction terms between sex and the ROl activation
were added, did again not significantly predict PTSD symptom change (F(12,174)=1.502,
R2=0.094, R2-adj.=0.031, p=0.127), but both the interaction between sex and rIFG activation
(B=-0.483, t(174)=—3.079, p=0.002) and between sex and vmPFC activation ($=0.340,
t(174)=—2.212, p=0.028) significantly contributed to the model. The interaction effect
between sex and rIFG activation persisted when trauma type and childhood trauma were
added to the model (3=-0.435, t(165=—2.765, p=0.006), whereas this was not the case for
the interaction between sex and vmPFC activation (3=0.276, t(165)=—1.181, p=0.072). Post-
hoc correlation analyses per ROI (Figure 2) showed that greater rIFG activation correlated
significantly with more improvement in PTSD symptoms in males (r=—0.338, p=0.013),

but not in females (r=0.109, p=0.230). No significant correlations between activation

in the vmPFC or hippocampus and PTSD symptom change were found in either sex
(Supplementary Figure S6). No significant interactions were found in the 12-month model
(Supplementary Results S3)

Whole brain analyses

PTSD symptoms at 6-months—The first model for PTSD severity showed no
significant main results. Notably, a preliminary negative main effect (p<0.005, k=133) was
observed in one of the ROISs, the rIFG. However, this finding did not survive cluster-level
FWE-correction (Table 4).
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The second model, in which sex was added as an interaction term, showed a significant
interactive effect of sex in the right middle temporal gyrus (rMTG; p<0.005, k=194; cluster-
level pFWE=0.033; Table 4; Figure 3a). Follow-up analyses within the significant cluster
separately for males and females showed a significant cluster with a negative correlation for
males, but not females. To visualize the direction of the interaction effect, individual contrast
estimates for the rMTG cluster were extracted and showed that greater rMTG activation in
males but lower activation in females was associated with greater PTSD severity (Figure 3b).

Progression in PTSD symptoms—The model for PTSD progression showed no
significant main results, but two preliminary negative associations in the left precentral
gyrus (p<0.005, k=100), and rIFG (p<0.005, k=148) that did not survive cluster-level FWE
correction were observed (Table 5).

The second model, in which sex was added as an interaction term, showed a significant
interactive effect of sex in the left precentral gyrus (p<0.005, k=231, cluster-level
pFWE==0.009; Table 5, Figure 4a). Follow-up analyses within the significant cluster
separately for males and females showed a significant cluster with a negative correlation
for males, but not females. To visualize the direction of the interaction effect, individual
contrast estimates for the left precentral gyrus were extracted and showed that less negative
left precentral gyrus activation was correlated with more improvement in PTSD symptoms
in males but not in females (Figure 4b).

DISCUSSION

This prospective fMRI study examined sex differences in the neurobiology of PTSD severity
and progression in recently trauma-exposed civilians, specifically focusing on measuring
these differences during response inhibition. We demonstrated the moderating role of sex

by showing that lower response-inhibition-related vmPFC activation 2-weeks post-trauma
predicted greater PTSD symptoms at 6-months in females but not in males, while greater
response-inhibition-related rIFG activation predicted more improvement of PTSD symptoms
over 6-months in males but not in females. Whole brain analyses further showed the
moderative effect of sex, with more rMTG activation predicting greater 6-month PTSD
severity in males with an opposite pattern in females. Furthermore, less negative activation
of left precentral gyrus predicted more improvement of PTSD symptoms in males with no
association observed in females. Response inhibition-related activation of the hippocampus
and rIFG 2-weeks post-trauma did not predict PTSD symptoms at 6-months, nor did vmPFC
or hippocampal activation predict change in PTSD symptoms over 6-months. This large
prospective study supports earlier findings that hypoactivation of vmPFC and rIFG during
response inhibition may help identify individuals at risk of developing PTSD (21,23) and is
the first to show the importance of sex in the predictability of these relationships between
brain activation and PTSD outcomes.

Our findings that lower activation of the vmPFC during a response inhibition task was
related to increased severity of PTSD symptoms 6-months post-trauma in females supports
our hypothesis and is in line with previous findings that individuals with PTSD show
decreased activation in prefrontal regions during Go/NoGo tasks (21,22). Female sex and
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lower vmPFC activation were already related to higher PTSD symptoms soon after trauma
at 2-weeks (in Supplementary Materials S2), whereas we did not observe a difference

in vmPFC activation between males and females. Even after correcting for this baseline
difference, our findings suggest that, specifically, women with lower vmPFC activation
are at greater risk of PTSD. Furthermore, women with PTSD showed impaired vmPFC
activation (21) or mPFC activation (40) during response inhibition and decreased functional
connectivity between the vmPFC and amygdala when processing emotional stimuli (41).
Interestingly, a study by Powers and colleagues found similar results that impaired vmPFC
activation during reactive inhibition may predict PTSD symptom severity at 6-months, but
these findings did not hold after controlling for sex (23). However, van Rooij et al. did

not observe an association between vmPFC and the development of PTSD, using the same
Go-No task in an ED study (25). An explanation for this could be the smaller sample size
(N=31), which did not allow for analyses of sex differences.

Prior research has suggested sex differences in the role of the vmPFC or rACC in PTSD.

In an ED study, Roeckner et al. showed that rACC thickness was positively correlated

with PTSD severity and avoidance symptoms 6-months post-trauma in females (28), and
several studies linking the vmPFC to PTSD included only women (21,40,41). A possible
explanation for sex differences in the neural activation in the (fear) inhibition networks is
sex-specific hormones. Rodent studies found that estradiol, a primary female sex hormone,
plays a role in dendritic growth in the vmPFC and the projections to the amygdala

(42,43). Another study in rats found that the administration of estradiol facilitated extinction
recall and increased c-Fos (a marker for cellular activity) expression in the vmPFC (44),
suggesting that upregulation of the vmPFC through estradiol might have a protective
function. Furthermore, hormone fluctuations in women are also thought to modulate vmPFC
activation during both response inhibition (45) and fear extinction and could potentially play
arole in PTSD symptom severity (44,46,47). These hormonal differences and their role in
the (fear) inhibitory network could explain why men and women process fear differently,
why women are at an increased risk of developing PTSD, and how the vmPFC may play

a critical role. Future trauma studies could aim to upregulate the vmPFC in females to see

if the beneficial results found in rodents can be replicated in humans and if this could be a
potential sex-specific target for interventions.

Similar to the 6-month outcome, a sex by vmPFC interaction was observed in model
predicting 12-month PTSD symptoms, with lower vmPFC activation predicting greater
PTSD symptoms in females but not males. However, unlike the 6-month model, the overall
model was not statistically significant in predicting PTSD severity or progression. One
explanation could be the smaller sample size for the 12-month analysis, resulting in lower
statistical power. Additionally, it is possible that the brain correlates are less indicative of
more chronic PTSD, as symptoms at 12 months might represent a more clinically stable
representation of PTSD(7,48). Lastly, there may be unknown confounding variables that
affect PTSD symptoms in the months between the two timepoints, such as participants
seeking treatment or experiencing a new traumatic event.

The rIFG has less frequently been implicated in PTSD. However, our finding that greater
rIFG activation during response inhibition predicted lower PTSD progression (or more
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PTSD symptom improvement) in males but not in females supports some prior research.
Dysfunction of the rIFG region has been linked to both emotional and cognitive processing
deficits in PTSD patients (49). Veterans with PTSD showed lower rIFG activation during
inhibition task with contextual cues than veterans and civilians without PTSD (50). Another
study with predominantly (65%) male participants demonstrated that greater rIFG activation
during a response inhibition task predicted less PTSD symptoms at 6-months (23). An
important recent study on emotional processing showed that greater rIFG activation 1-month
after trauma predicted more improvement in PTSD symptoms 14-months later (51), which
aligns with our current findings. Greater rIFG activation was specific to the progression but
not the severity of symptoms. Given its role in emotional and response regulation(52,53), it
can be postulated that greater rIFG activation indicates better overall regulation, which could
be beneficial for recovery after trauma exposure and therefore specifically associated with
lower progression of symptoms. These studies suggest that the rIFG, as both a cognitive and
emotional control region, might be implicated in PTSD resilience and with a more robust
association effect in men. There is, however, limited research on the sex-specific role of the
riFG in individuals with PTSD. Only one study showed a sex-specific effect on inhibitory
control, and the rIFG in which trauma-exposed males showed greater rIFG activation and
better inhibitory control than trauma-exposed females (54). This suggests that greater IFG
activation may play a particular role in preserving inhibitory control in traumatized males,
which aligns with the findings of this study.

The whole brain analyses further show the moderative effects of sex in the left precentral
gyrus and rMTG. The left precentral gyrus is part of the premotor cortex and has been
inferred with both response inhibition (27,55,56) and PTSD symptoms (57,58). The MTG is
known to play a role in action-feedback monitoring, an essential part of response inhibition,
(59), and white-matter alterations have been found in individuals with PTSD (58)(60).
There are known sex differences in the recruitment of the response inhibition or “stopping”
network, specifically in the areas that are responsible for motor control, which includes both
the rMTG and precentral gyrus, such that females exhibit greater levels of activation (31).
Our results suggest that these sex-specific differences play a role in the progression and
severity of PTSD symptoms, but more research is needed to understand this relationship
specific to these brain regions.

We did not find evidence of hippocampal activation predicting PTSD symptom severity

or improvement of symptoms over time. This was contrary to our hypothesis as lower
hippocampal activation during a Go/NoGo task was found in several studies in individuals
with PTSD and predicted PTSD outcomes three and 6-months post-trauma (24,25). One
notable difference between these prior studies and the current study is the comparatively
low levels of childhood trauma. This is particularly relevant as prior research has shown
an association between greater levels of childhood trauma and decreased inhibition-related
activation in the hippocampus (in COMT genotype Met carriers) (24). Furthermore,
childhood trauma has consistently been linked to lower hippocampal volumes (61-63)

and has been associated with altered hippocampal functioning (61,64,65). It is, therefore,
possible that greater levels of childhood trauma explain the association with the development
of PTSD in earlier ED studies but not in the current study. Evidently, more research is
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needed to fully understand the effects of childhood trauma on this association. Importantly,
our other findings remained significant after controlling for childhood trauma.

An important strength of this study is the large sample size, which allowed us to test the
interaction of sex, and examine males and females separately in post-hoc analyses while
maintaining power. Prior studies showed the predictive role of the ROIs across the sample,
whereas we only observed effects for either females or males. The scatterplots showed
absence of associations in the opposite sex thereby increasing variability and washing out
a significant association. Notably, most prior studies were conducted in (predominantly)
male or female samples, which is the most plausible explanation for our lack of showing
findings across the sample. A possible explanation for this sex-specific risk is hormonal
differences between males and females (42,47,66). A limitation of our study is that we did
not have sufficient hormonal data available to test if the moderative effect of sex remained
after adding the hormonal status as a covariate. It would, therefore, be of interest to examine
this in future research. Another aspect of the study, which is both a limitation and a
strength, is that there is not much variation in the type of trauma. Women are known to
experience more interpersonal trauma than men, and this type of trauma is known to have
a high prevalence of development of PTSD compared to other types of trauma (67-69).

In our study, only around ten percent of the experienced trauma was interpersonal and

was not different between males and females (Table 1). It would, therefore, be interesting
to replicate this study in a population with a higher rate of interpersonal trauma. Lastly,

as our ROIs have also been linked to other cognitive processes, for instance, vmPFC

and rIFG activation during an emotional regulation task predicted symptom change after
treatment (70). Further investigation of brain activation during emotion regulation and sex-
specific effects in predicting PTSD progression is of great interest. Also, the use of other
inhibition tasks, which would allow for investigation of correct (vs incorrect) responses or
use of contextual information during inhibition (proactive inhibition) (23) could provide a
more detailed assessment of response inhibition-related neural predictors and potential sex
differences.

In conclusion, this study identified sex differences in neural predictors for PTSD symptom
severity and progression during a response-inhibition task. Our study showed the importance
of considering sex in future PTSD research, as sex differences on a neurobiological level

are still poorly understood. Using our knowledge of how brain activity relates to the
development of PTSD symptoms separately for males and females can further enhance

our search for neurobiological indicators of PTSD after traumatic experiences. This may
lead to a better understanding of which individuals are at a higher risk of developing PTSD
after trauma exposure and could lead to better, and potentially, sex-specific treatment or
prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: vmPFC activation predicts PTSD symptoms at 6-months in females.
A) The vmPFC is displayed as a region of interest in red. B) Correlation between vmPFC

activation and PTSD symptoms (PCL-5 scores) at 6-months per sex while controlling for
age and scanner site. Lower vmPFC activation significantly correlates with more PTSD
symptoms at 6-months in females (r=—0.25, p=0.004) but not in males (r=0.06, p=0.65).
*Significant correlation p<0.05
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Figure 2: rIFG activation predicts PTSD symptom change over 6 months in males.
A) The rIFG is displayed as a region of interest in blue. B) Correlation between rIFG

activation and change in PTSD symptoms (PCL-5 scores 6-months — 2-weeks) over
6-months per sex, while controlling for age and scanner site. Higher rIFG activation
significantly correlates with more PTSD symptom improvement in males (r=—0.34, p=0.01),
but not in females (r = 0.11, p=0.23). *Significant correlation p<0.05
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Figure 3: Whole brain correlation analyses with PTSD severity
A) The significant cluster for the interaction between sex and PTSD severity at 6-months in

the right middle temporal gyrus (rMTG; p<0.005, FWE-corrected cluster threshold, k=194)
is extracted and visualized with MRIcron. B) Correlation between rMTG activation (contrast
values extracted and averaged for the cluster displayed in A) and PTSD symptoms at
6-months per sex, while controlling for age and scanner site is displayed. Lower rMTG
activation correlates with more PTSD symptoms at 6-months in females (correlation with
extracted mean: r=-0.30, p<0.001) whereas lower rMTG activation significantly correlates
with less PTSD symptoms in males (correlation with extracted mean, r=0.56, p<0.001).
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Figure 4: Whole brain correlation analyses with PTSD progression
A) The significant cluster for the interaction between sex and PTSD progression between 2-

weeks and 6-months in the left precentral gyrus (p<0.005, FWE-corrected cluster threshold,
k=231) is extracted and visualized with MRIcron. B) Correlation between left precentral
gyrus activation (contrast values extracted and averaged for the cluster displayed in A)

and PTSD progression between 2-weeks and 6-months per sex, while controlling for age
and scanner site is displayed. Less negative precentral gyrus activation correlated with
lower PTSD progression (or: more improvement) in males (correlation with extracted mean,
r=—0.34, p=0.01), but no association in females was observed.
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Demographics and Clinical Characteristics

Table 1.

Characteristic Females (N=138) Males (N=67) Statistic  p value
Age, years 348+124 34.4+129 t=024 80
Race c2=1.67 .64
Black 68/138 (49) 28/67 (41)
White 49/138 (36) 25/67 (37)
Hispanic 15/138 (11) 11/67 (16)
Other 6/138 (4) 3167 (4)
Income c2=373 .32
£$19,000 35/138 (25) 13/67 (19)
919,001 — $35,000 49/138(36) 27/67 (40)
$35,001 — $ 50,000 22/138 (16) 8/67 (12)
$50,001 — $75,000 15/138 (11) 4/67(6)
$75,001 — $100,000 9/138 (7) 6/67 (9)
>$100,000 8/138 (6) 9/67 (13)
Highest education (completed) c2=450 .61
No high school education 2/138 (1) 0/67 (0)
Some high school (no degree) 7/138 (5) 6/67 (9)
High school 38/138 (28) 16/67 (24)
Associate degree, some college 53/138 (38) 27/67 (40)
Bachelor’s degree 28/138 (17) 12/67 (18)
Master’s degree 10/138 (5) 5/67 (7)
Doctoral degree 0/138 (0) 1/67 (1)
Broad trauma type c2=4.44 .62
Motor vehicle collision 103/138 (75) 44/67 (66)
Non-motorized collision 3/138 (2) 4/67 (6)
Fall: 10/138 (7) 7/67 (10)
Physical assault 13/138 (10) 7/67 (10)
Sexual assault 2/138 (1) 0/67 (0)
Animal related 4/138 (3) 3/67 (4)
Other 3/138 (2) 2/67 (3)
Child trauma (CTQ, scale 0-44) 9.7 £9.6 7.7+83 t=145 15
Depression 30 days Pre-Trauma (PROMIS) 18/138 (13) 10/67 (15) ¢2=1.135 .71
Clinical characteristics
PTSD Symptoms (PCL-5, scale 0-80) at 2-weeks ~ 31.1 #16.1 248 +16.0 t=251 .01
Meet DSM-5 criteria”™* 69/129 (53) 20/58 (34) 2=579 .02
PTSD Symptoms (PCL-5, scale 0-80) at 6-months  24.1 + 18.6 159+ 14.9 t=3.15 .002
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Characteristic Females (N=138) Males (N=67) Statistic p value
Meet DSM-5 criteria* 46/138 (33) 11/67 (16) c2=6.43 .01
Change in PCL-5 score (6-months minus 2-weeks) -8.2+16.8 -8.7£16.0 t=0.21 0.84

Demographics and clinical characteristics: Values shown are mean + SD or n/total n (%). Independent T-tests were performed to compare the
mean scores between men and women, whereas chi-square tests were used to compare the proportions of both groups. CTQ: Childhood Trauma
Questionnaire; PROMIS: PTSD: posttraumatic stress disorder, PCL-5: PTSD Symptom Checklist for DSM-5; DSM 1V: Diagnostic and Statistical
Manual of Mental Disorders version five.

*
DSM -5 criteria were met when a participant had a PCL-5 score of 30 or more.
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ROI analyses for PTSD severity at 6-months

A. Model without interaction with sex

Table 2.

F o df P RZ  RZAd].
Model 2217 9 0.023 0.093 0.051
Site 0588 4 0.671
Age 1121 1 0.291
Sex 8.218 1 0.005 **
B_hipp 0096 1 0757
rIFG 3168 1 0.077
vmPFC 2418 1 0.122
B. Model with interaction with sex
F o df P RZ  R2Ad].
Model 2449 12 .005 0.133 0.078
Site 0933 4 0.446
Age 1263 1 0.263
Sex 8.921 1 0.003 **
B_hipp 0010 1 0753
rIFG 3103 1 0.080
vmPFC 1.004 1 0.318
Sex%B_hipp 0431 1 0512
Sex kr_IFG 1928 1 0.167
SexskVmPFC 7239 1 (gog™*
Aok
p<0.01

Page 25

Results from General Linear Models predicting PTSD symptoms at 6-months with the ROIs as independent variables and PTSD symptoms at
6-months as the dependent variable. A. shows the model including site, age, and sex as covariates. B. shows the model including the interaction
with sex, and site and age as covariates. B_hipp, bilateral hippocampus; rIFG, right inferior frontal gyrus; vmPFC, ventromedial prefrontal cortex.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2025 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Borst et al.

ROI analyses for PTSD progression from 2-weeks to 6-months.

Table 3.

A.Model without interaction with sex

F df P R? R2 Adj.
Model 0353 9 0955  0.017 -0.032
Site 0.188 4 0.944
Age 0134 1 0.715
Sex 0.001 1 0.975
B_hipp 0.032 1 0.859
rIFG 0924 1 0.338
vmPFC 1352 1 0.246
B. Model with interaction with sex
F df P R? R2 Adj.
Model 1502 12 127 0.094 0.0314
Site 0.616 4 0.652
Age 0223 1 0.638
Sex 0.003 1 0.956
B_hipp 0.407 1 0.524
rIFG 1836 1 0.177
vmPFC 3.019 1 0.084
Sexk B_hipp 1.005 1 0.318
Sex %k r_IFG 9478 1 gop2**
Sex %k vmPFC  4.895 1 0.028 *
*
p<0.05
*Kk
p<0.01

Page 26

Results from General Linear Models predicting PTSD symptoms change over 6-months with the ROIs as independent variables and site, age, and
sex as covariates and PTSD symptom change from 2-weeks to 6-months as the dependent variable. A. shows the model including site, age, and sex
as covariates. B. shows the model including the interaction with sex, and site and age as covariates., B_hipp, bilateral hippocampus; rIFG, right
inferior frontal gyrus; vmPFC, ventromedial prefrontal cortex.
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Table 4:

Whole brain analyses for PTSD severity at 6-months.

Page 27

Cluster-level MNI coordinates
PTSD_6mo Pewe k Puncorr  Z-SCOre X Y z Brain region
Main effect positive - - - - - - -
negative 0.172 133  0.002 414 44 18 38 rIFG
Interaction with sex 0.033 194 <0.001 4.40 54 -32 -10 rMTG
0.294 133  0.005 3.62 68 -8 2 rMTG
0.231 125 0.003 3.64 -32 -22 54  left precentral gyrus
Males only# 0.600 79  0.009 4.18 58 -30 -12 rMTG
Females only# 1.000 23  0.139 3.53 54 -34 -8 rMTG
1.000 24 0131 3.48 62 -22 -12 rMTG

Whole brain correlation analyses using p<0.005 with PTSD symptoms as the independent variable, and sex, age and scan site as covariates and
second analysis with sex as a moderator. Clusters k>100 are displayed for the main and interaction effect and findings surviving cluster-level FWE
correction are shown in bold.

A mask for the cluster with significant interaction is used for males only and females only and clusters surviving p<0.005 are shown. rIFG, right
inferior frontal gyrus; rMTG, right middle temporal gyrus.
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Whole brain analyses for PTSD progression from 2-weeks to 6-months.

Table 5:

Page 28

Cluster-level MNI coordinates
PTSD_6mo PrwWE k Puncorr  Z-SCOre X Y z Brain region
Main effect positive - - - - - - -
negative 0.365 100  0.006 4.20 -38 -16 60 left precentral gyrus

0.092 148 0.001 4.29 44 18 38 rIFG

Interaction with sex 0.009 231 <0.001 3.71 -32 -30 60 left precentral gyrus
0.225 117  0.003 41 58 -30 -12 rMTG
0.022 186 <0.001 4.10 -40 -20 62 left precentral gyrus

Males only#

Females only#

Whole brain correlation analyses using p<0.005 with PTSD symptom progression from 2-weeks to 6-months as the independent variable, and sex,
age and scan site as covariates and second analysis with sex as a moderator. Clusters k>100 are displayed for the main and interaction effect and
findings surviving cluster-level FWE correction are shown in bold.

A mask for the cluster with significant interaction is used for males only and females only and clusters surviving p<0.005 are shown. rIFG, right
inferior frontal gyrus; rMTG, right medial temporal gyrus.
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