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ABSTRACT

Background: Inhibition is a critical executive control process and an established
neurobiological phenotype of PTSD, yet to our knowledge, no prospective studies have
examined this using a contextual cue task that enables measurement of behavioural
response and neural activation patterns across proactive and reactive inhibition.

Objective: The current longitudinal study utilised functional magnetic resonance imaging
(fMRI) to examine whether deficits in proactive and reactive inhibition predicted PTSD
symptoms six months after trauma.

Method: Twenty-three (65% males) medical patients receiving emergency medical care from a
level 1 trauma centre were enrolled in the study and invited for an MRI scan 1-2-months post-
trauma. PTSD symptoms were measured using self-report at scan and 6-months post-trauma. A
stop-signal anticipation task (SSAT) during an fMRI scan was used to test whether impaired
behavioural proactive and reactive inhibition, and reduced activation in right inferior frontal
gyrus (rlFG), ventromedial prefrontal cortex (vmPFC), and bilateral hippocampus, were
related to PTSD symptoms. We predicted that lower activation levels of vmPFC and rlFG
during reactive inhibition and lower activation of hippocampus and rIFG during proactive
inhibition would relate to higher 6-month PTSD symptoms.

Results: No significant associations were found between behavioural measures and 6-month
PTSD. Separate linear regression analyses showed that reduced rIFG activation (F;,;=9.97,
R?=.32, p=.005) and reduced vmPFC activation (F;,;=5.19, R°=.20, p=.03) significantly
predicted greater 6-month PTSD symptoms; this result held for rIFG activation controlling for
demographic variables and baseline PTSD symptoms (3 = —.45, p = .04) and Bonferroni correction.
Conclusion: Our findings suggest that impaired rIFG and, to a lesser extent, vmPFC activation
during response inhibition may predict the development of PTSD symptoms following acute
trauma exposure. Given the small sample size, future replication studies are needed.

La activacion del giro frontal inferior derecho y la corteza prefrontal
ventromedial durante la inhibicion de la respuesta esta implicada en el
desarrollo de sintomas de TEPT

Antecedentes: La inhibicion es un proceso de control ejecutivo critico, y un fenotipo
neurobiolégico establecido del TEPT, sin embargo, en nuestro conocimiento no hay estudios
prospectivos que hayan examinado esto usando una tarea con claves contextuales que permita
medir la respuesta conductual y los patrones de activacién neuronal en la inhibicién proactiva y
reactiva.

Objetivo: El siguiente estudio es de disefio longitudinal y utilizé resonancia magnética funcional
(fMRI por sus siglas en inglés) para examinar si los déficit en inhibicion proactiva y reactiva
predijeron los sintomas de TEPT 6 meses después del trauma.

Método: 23 pacientes (65% hombres) que recibieron cuidado médico de emergencia en un centro
de trauma nivel 1 se enrolaron en el estudio y se les invité a una RNM (resonancia nuclear magnética)
1-2 meses después del trauma. Los sintomas de TEPT se midieron usando auto-reporte al momento
de la exploracion y 6 meses después del trauma. Se uso una tarea de anticipacién de sefal de parada
(SSAT por sus siglas en inglés) durante la RNM funcional para evaluar si la alteracion en la inhibicién
proactiva y reactiva, y la reduccién de la activacion en el giro frontal inferior derecho (rIFG por sus
siglas en inglés), la corteza prefrontal ventromedial (vmPFC por sus siglas en inglés), y el hipocampo
bilateral, estuvieron relacionadas a los sintomas de TEPT. Predijimos que niveles bajos de activacion
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de vmPFCy rlFG durante la inhibicién proactiva se relacionaria con mayores sintomas de TEPT a los 6
meses.

Resultados: No se encontraron asociaciones significativas entre medidas conductuales y TEPT a los
6 meses. Los andlisis de regresion lineal separados mostraron que una activacién reducida de rlFG
(F121 =9.97, R’ = .32, p=.005) y una activacién reducida de vmPFC (F; ,; =5.19, R? = .20, p = .03)
predijeron significativamente mayores sintomas de TEPT a los 6 meses; este resultado fue
corroborado para la activaciéon de rlFG controlando para variables demogréficas y sintomas
basales de TEPT (B = —.45, p =.04) y para la correccién de Bonferroni.

Conclusion: Nuestros hallazgos sugieren que una rIFG deficiente y, en menor grado, la activacion
del vmPFC durante la inhibicion de la respuesta pueden predecir el desarrollo de sintomas de TEPT
tras la exposicion a un trauma agudo. Dado lo pequerio de la muestra, se requieren futuros estudios
de replicacion.
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1. Introduction

While the majority of individuals will be exposed to a
traumatic event in their lifetime (Benjet et al., 2016),
only 6-8% of the U.S. population goes on to develop
PTSD (Kilpatrick et al., 2013). Thus, identifying neu-
robiological phenotypes that may predispose individ-
uals to develop PTSD following acute trauma
exposure is critical in efforts to improve mental health
outcomes for trauma survivors. One relevant neuro-
biological phenotype to consider is impaired inhi-
bition (van Rooij & Jovanovic, 2019).

Inhibition reflects the ability to suppress inap-
propriate actions and is a critical executive control
process (Walther, Goya-Maldonado, Stippich, Weis-
brod, & Kaiser, 2010). Impaired fear inhibition and
contextual cue processing are present in individuals
with PTSD (Jovanovic, Kazama, Bachevalier, &
Davis, 2012), and have been suggested to play a par-
ticular role in re-experiencing and hyperarousal
PTSD symptoms (Rougemont-Biicking et al., 2011;
Wessa & Flor, 2007). Moreover, greater hippocampal
functioning during contextual fear conditioning has
been related to greater levels of resilience in the early
aftermath of trauma, whereas lower hippocampal acti-
vation during contextual cue processing in the fear
extinction phase has been related to greater levels of
PTSD (van Rooij et al., 2021). Yet, these cognitive pro-
cessing deficits do not appear to be trauma specific,
and instead, reflect a more general inhibition deficit

in individuals with PTSD (van Rooij et al., 2014).
Thus, inhibition deficit may be an important risk fac-
tor for the development of PTSD.

Inhibition on a cognitive level can be measured by
assessing response inhibition, which reflects the sup-
pression of initial response and an adjustment to a
more appropriate behavioural response (Verbruggen
& Logan, 2008). A Go/NoGo paradigm or the stop-
signal task (SST) are two common ways to measure
response inhibition, where the response to a ‘Go’
stimulus has to be inhibited when an infrequent
‘No-Go’ or ‘Stop’ signal is presented (Logan &
Cowan, 1984). Response inhibition can be separated
into two distinct categories: proactive and reactive.
Proactive inhibition is the anticipation of stopping
based on contextual cues. For example, in the real
world, inhibition is often facilitated by contextual
cues, such as inhibiting a fear response in a safe
environment. Reactive inhibition is the direct stop-
ping of a response via inhibition of the motor areas
(Falconer et al., 2008; Zandbelt, Bloemendaal, Neg-
gers, Kahn, & Vink, 2013). The stop-signal antici-
pation task (SSAT) (Zandbelt, Vink, & Rodriguez-
Fornells, 2010), an adaption of the SST, enables differ-
entiation between proactive and reactive inhibition by
including contextual cues to indicate a stop chance.

Following prior research, there are three primary
brain regions implicated in response inhibition in
the context of PTSD that should be considered: the



ventromedial prefrontal cortex (vmPFC), hippo-
campus, and right inferior frontal gyrus (rIFG). Both
vmPFC and hippocampus are implicated in the inhi-
bition of the fear response (Jovanovic & Ressler,
2010), but have also been related to PTSD using a
Go/NoGo response inhibition paradigm. Lower
vmPFC activation, important for prefrontal control
of limbic regions, was observed in PTSD patients
(Jovanovic et al., 2013; Stevens et al., 2016). Lower hip-
pocampal activation was related to lower levels of resi-
lience and greater PTSD symptoms in chronically and
acutely traumatised civilians (van Rooij et al., 2016,
2018). Given its role in contextual cue processing
and memory, reduced inhibition-related hippocampal
activation in PTSD is expected to be specifically
related to proactive inhibition, yet studies to support
this postulation are lacking. The rIFG is a region
involved in attention regulation (Hampshire, Cham-
berlain, Monti, Duncan, & Owen, 2010) and has
been implicated in both reactive and proactive inhi-
bition in healthy controls (Aron, Robbins, & Poldrack,
2014; Swann et al.,, 2012; Van Belle, Vink, Durston, &
Zandbelt, 2014; Zhang and Iwaki (2019)). Addition-
ally, prior work in war veterans with and without
PTSD using the SSAT showed decreased rIFG acti-
vation to contextual cue processing (i.e. proactive
inhibition) in PTSD patients (van Rooij et al., 2014).
Thus, while much is still unknown, the vmPFC
appears to be more relevant for reactive inhibition
and the hippocampus for proactive inhibition, and
rIFG may be relevant in both when examining risk
for the development of PTSD.

Prospective designs are necessary to disentangle
causal pathways between impaired inhibition and
PTSD (Ben-Zion et al., 2019; McLean et al., 2020).
One approach is to examine change in reactive and
proactive inhibition in response to treatment among
PTSD patients. In studying neural mechanisms of
inhibition and contextual cue processing related to
treatment response in veterans with PTSD, van Rooij
et al. (2015) found that inhibition and contextual
cue deficits remained present even in treatment
responders, suggesting these may be deficits that are
present prior to the development of PTSD and
increase one’s risk for PTSD following trauma
exposure. However, the only study that has prospec-
tively examined whether inhibition leads to the devel-
opment of PTSD following trauma exposure (van
Rooij et al., 2018) used a Go/NoGo paradigm, not
including contextual cues for proactive inhibition
and not allowing for comparison of correct versus
incorrect trials to assess reactive inhibition. Also,
because of the high accuracy levels in the Go/NoGo
task, there was no behavioural variability that could
be related to PTSD development. Thus, it remains
unclear whether both proactive and reactive inhibition
serves as risk factors for the development of PTSD and
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which specific behavioural and neural activation pat-
terns represent that risk.

In order to fill the gaps in the research identified
above, the goal of the current study was to determine
if deficits in proactive and reactive inhibition
(measured across behavioural response and neural
activation patterns) predicted the presence of PTSD
symptoms 6-months post-acute trauma exposure in
a sample of medical patients receiving acute medical
care in the Emergency Department from a level 1
trauma centre following trauma exposure. Given the
small sample size, only ROI-based and specific
hypothesis-driven analyses that directly follow prior
work were performed to promote direct comparison
and increase consistency. We hypothesised that (1)
impaired proactive and reactive inhibition behavioural
measures would be related to greater levels of PTSD at
6-months; (2) lower activation levels of vmPFC and
rIFG during reactive inhibition would be related to
greater levels of PTSD at 6-months; and (3) lower acti-
vation levels of hippocampus and rIFG during proac-
tive inhibition would be related to greater levels of
PTSD at 6-months. Lastly, given that previous studies
have suggested that impaired inhibition and contex-
tual cue processing play a particular role in re-experi-
encing and hyperarousal PTSD symptoms, follow up
exploratory analyses were conducted to better under-
stand associations between 6-month PTSD symptom
clusters and outcome measures.

2. Method
2.1. Procedure

Participants were recruited between October 2015 and
April 2017 from the Emergency Department at Grady
Memorial Hospital in Atlanta, GA, a level 1 urban
trauma centre. To be eligible for study inclusion, par-
ticipants had to be aged 18-65 years and have experi-
enced a DSM-1V criterion A trauma within the last 24
hours (American Psychological Association, 2013).
Following initial medical evaluation and clearance,
trained evaluators approached eligible trauma survi-
vors in the Emergency Department and obtained
informed consent. Participants underwent a bedside
assessment lasting approximately 1.5 hours, which
included questions related to the index trauma,
psychological symptoms, and demographics. All indi-
viduals were able to participate, regardless of the level
of psychological symptoms. Participants were asked to
return for follow-up visits to assess PTSD symptom
development and were compensated $50 at each of
these visits. PTSD symptom severity at 6-months
post-trauma was used as the outcome measure in
this study. Participants who were eligible, were invited
for an MRI scan ~1 month post-trauma, and individ-
uals who successfully completed the first MRI scan
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((Stevens et al., 2017; van Rooij et al., 2018), data not
included in the current study) and who were willing
and able to return were invited for an additional
scan visit. This additional scan visit occurred around
two months (mean=66 days, SD=24) after the
trauma. See Figure 1 for a breakdown of participants
at each study timepoint. All study procedures were
reviewed and approved by the Emory University Insti-
tutional Review Board and the Grady Research Over-
sight Committee.

2.2, Participants

Inclusion criteria included being able to provide
informed consent, understand and speak English,
and have a phone to allow contact for follow-up
appointment scheduling. Individuals with a current
or past history of mania, schizophrenia, other psy-
choses or prominent suicidal ideation in the last
month, intoxication, severe pain, active labour, respir-
atory distress, intensive care unit admission or sur-
gery, medical instability, loss of consciousness for
more than five minutes, or hemodynamic compromise
were ineligible for the study. Participants with falx cal-
cification or excessive motion during this first scan
visit were not invited for the second scan. Out of the
24 individuals that completed 6-month PTSD assess-
ment, # = 23 had usable fMRI data.' Thus, the present
sample included 23 adults. Demographic and clinical
characteristics are presented in Table 1.

2.3. Measures

Standardised Trauma Interview (STI). Participants
were administered an STT in the ED to collect sociode-
mographic information (e.g. sex, age, race, income)
and characteristics of the index trauma exposure,
including the type of trauma exposure (Kessler,
Chiu, Demler, & Walters, 2005).

Posttraumatic Stress Disorder Symptom Scale (PSS)
(Foa, Riggs, Dancu, & Rothbaum, 1993). The PSS is a
well-validated 17-item self-report measure that was
used to assess PTSD symptoms following trauma,
based on DSM-IV-TR criteria, at the time of scan
and 6-month time points. This study was initiated
before the release of DSM-5 and therefore only
included DSM-IV-TR PTSD symptoms. We used a
count of overall PTSD symptom severity and a prob-
able diagnosis based on DSM-IV-TR diagnosis,
including the presence of at least one re-experiencing
symptom, three avoidance/numbing symptoms, and
two hyperarousal symptoms. Twenty-two percent (n
=5) of the participants met for probable PTSD diag-
nosis at 6-months.

Stop Signal Anticipation Task. The stop signal
anticipation task (SSAT) has been used widely to
assess reactive and proactive inhibition (e.g.Pas,

Hulshoff Pol, Raemaekers, & Vink, 2021; van Rooij
et al., 2014, 2015; Zandbelt et al., 2010). Test-retest
of the SSAT has been shown in prior research (Buimer
et al., 2020). In this task, three parallel horizontal lines
were displayed and a bar moved at a constant speed
from the lower to the upper in 1000 ms, reaching
the middle line at 800 ms. The participant was
instructed to stop the bar as close to the middle line
as possible by pressing a button on the button box
using their thumb (Go trials); however, on some trials,
the bar stopped on its own before reaching the middle
line and the participant had to withhold their response
(Stop trials). The chance that the bar stopped on its
own was indicated with a symbol below the bottom
line, ‘0" for 0% stop signal probability level, ** for
22% and ** for 33% probability, similar to (Pas
et al,, 2021). A step-wise approach was used to adjust
task difficulty based on the success of the previous
trial, thereby keeping the number of failed and suc-
cessful trials comparable between participants and ses-
sions. The total number of trials was 256 equally
distributed across stop signal probability levels and
presented in pseudorandom order. Figure 2 shows
visualisation of the task overview.

2.4. Behavioural analysis

Proactive inhibition was assessed as the increase in
reaction time with increasing stop-signal probability
(0%, 22%, 33%). A steeper increase, or greater slope,
indicated better proactive inhibition, and this slope
was calculated for analysis of proactive inhibition.
For behavioural assessment of reactive inhibition,
the stop signal reaction time (SSRT) was calculated
across the two stop-signal probability levels (22 and
33%) using the integration method. The SSRT
measures the inhibition of a response that was already
initiated and reflects the latency of the inhibition pro-
cess (Logan & Cowan, 1984). Better reactive inhibition
is indicated by a smaller SSRT. The SSRT and not
accuracy was used as the behavioural outcome in
this study, because the task was designed to adjust
task difficulty resulting in similar number of correct
and incorrect responses across participants.

Descriptive statistics were run on all variables of
interest and skewness and kurtosis fell within the nor-
mal range. First, to confirm proactive inhibition, a
repeated measures analysis of variance (ANOVA)
was run to evaluate whether mean reaction time
increased with increasing stop signal probability.
Then bivariate correlation analyses were run between
overall PTSD symptom severity and the slope (for
proactive inhibition) and the SSRT (for reactive inhi-
bition). Exploratory follow-up correlation analyses
were repeated for PTSD symptom clusters separately
only if overall PTSD symptom severity was signifi-
cantly associated with slope and/or SSRT.
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Participants screened for eligibility

(n=9822)
Ineligible participants Eligible participants
(n=9317) (n=505)
- see details Hinrichs
etal., 2019

Participants who

completed Scan 1
(~1-month post-
trauma; n = 77)

Participants not invited to Scan 2:
1. scanned before scan was added

to the study protocol (n = 38),
2. lack of interest/scheduling
issues (n =4),

3. falx calcification (n = 1)

4. excessive motion (n = 5)
5. poor task performance (n= 1)

Participants who

completed Scan 2

(~2-months post-
trauma; n = 28)

Participants who
completed 6-month
PTSD symptom
severity follow-up
visit (n = 24)

Figure 1. Breakdown of participant screening procedures.

Table 1. Demographic characteristics of study sample.

Variable Mean £ SD (Percentage) Range
Age 38.43 +13.02 19-60
Female 8 (34.8%)

Race
Black 17 (73.9%)

White 4 (17.4%)
Mixed 1 (4.3%)
Other 1 (4.3%)

Employment status

Employed 16 (69.6%)
Full-time 14 (60.9%)
Part-time 2 (8.7%)

Unemployed 3 (13.0%)

On disability 2 (8.7%)

Student 2 (8.7%)

Type of trauma

Motor vehicle accident 12 (52.2%)
Pedestrian vs. Auto 5(21.7%)
Assault 1 (4.3%)
Gunshot wound 1 (4.3%)
Stabbing 1 (4.3%)
Industrial/Home accident 1 (4.3%)
Animal bite/Attack 1 (4.3%)

Bike accident 1 (4.3%)

PTSD Symptoms at Scan (PSS)? 17.04 +10.91 0-40
Intrusive 4.26+3.15 0-10
Avoidance/Numbing 7.13+5.08 0-17
Hyperarousal 6.17 +4.46 0-15

PTSD Symptoms at Six Months (PSS)®  9.78 +8.73 0-30
Intrusive 1.70+2.20 0-9
Avoidance/Numbing 3.70+3.56 0-11
Hyperarousal 4.39+3.68 0-11

SD = standard deviation;
®N'=11 met probable PTSD.
PN =5 met probable PTSD.

2.5. Brain imaging acquisition and analysis

MRI scans were collected on a Siemens 3.0-Tesla Mag-
netom Trio TIM whole-body MR scanners (Siemens,
Malvern, PA) using a 12-channel head coil. Functional
images were acquired using 2D echo-planar imaging
(ep2d_bold). Volumes contained 44 slices (slice thick-
ness = 2.5 mm, interslice gap = 0.5 mm) acquired in a
descending sequential slice order parallel to the
anterior-posterior commissure line with TR=
2360 ms, TE =30 ms, flip angle=70° voxel size=
3x3x2.5mm’. A 3D T1-weighted MP-RAGE image
(176 slices, TR=2250 ms, TE =4.18 ms, voxel size
Ix1x1mm) was wused for within-subject
registration.

Functional data were processed and analyzed with
SPM12 (http://www.fil.ion.ucl.ac.uk/spm) following
earlier studies using the SSAT (Zandbelt et al., 2010).
In brief, preprocessing included realignment to cor-
rect for head motion (least-square approach and
rigid-body transformation), slice timing correction
(interpolation of slices to centre slice in time), spatial
normalisation (to Montreal Neurological Institute,
MNI, template brain), and smoothing (8mm full
width at half maximum).

First level analyses were performed for each indi-
vidual to create contrast maps for proactive and
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Reactive inhibition

Go trial

»
Ll

Stop trial

»
L

1000 ms

Figure 2. Inhibition task overview.

reactive inhibition. For proactive inhibition, the para-
metric contrast (slope) for the three stop signal prob-
ability levels (0, 22 and 33%) was calculated. For
reactive inhibition, the contrast between stop success
(correct stop trials) and stop failure (incorrect stop
trials) was calculated. Region of interest (ROI) analyses
were conducted extracting the contrast values for the
reactive inhibition for the rIFG and vmPFC and for
proactive inhibition for the rIFG and bilateral hippo-
campus. The ROIs were chosen following prior work
in PTSD by this group to allow for direct comparisons
and increase consistency. The rIFG was used in van
Rooij et al. (2015, 2014) and was defined by the average
response of an independent sample performing the
SSAT (Zandbelt et al., 2010). The vmPFC and bilateral
hippocampus ROI were used in van Roojj et al. (2016,
2018). The vmPFC was defined based on a 6mm spheri-
cal ROI centred around the peak voxel of decreased
activation during the Go/NoGo task in PTSD patients,
shown in Jovanovic et al. (2013). The bilateral hippo-
campus ROI was defined using the AAL atlas.

First, for neural correlates of inhibition, contrast
values in the vmPFC and rIFG ROIs for reactive inhi-
bition and rIFG and hippocampus ROIs for proactive
inhibition were correlated with PTSD symptoms at 6-
months post-trauma. Bonferroni correction was used
for the four correlation analyses that were conducted:

Proactive inhibition

Stop Signal Probability level

0% 22%

33%

p <.0125. Then, statistically significant correlations
between ROIs and 6-month PTSD were further ana-
lyzed by performing linear regression analyses. For
ease of interpretation, Model 1 included only the
ROI contrast values for rIFG and vmPFC (separate
models). Model 2 included age and gender as covari-
ates in both regression models as an observed differ-
ence in response inhibition has been found for both
(Kleerekooper et al., 2016; Li, Huang, Constable, &
Sinha, 2006); PTSD symptoms at time of scan was
added as an additional covariate in the models if
there was a significant correlation with the ROI
Finally, exploratory correlation analyses with the
three DSM-IV-TR PTSD symptom clusters were con-
ducted for any ROI that was significantly associated
with overall PTSD symptom severity. Bonferroni cor-
rection for the six exploratory correlations conducted
was p < .008. A table showing potential, probable, and
extreme outlier potential for variables of interest is
included in Supplemental Table 1.

3. Results
3.1. Behavioural response

Repeated measures ANOVA showed a significant
main effect for reaction time (F;,=9.12, p=.004),



such that there was an increase in reaction time across
the three trials, indicating proactive inhibition. As
shown in Table 2, examination of bivariate corre-
lations between overall PTSD symptom severity with
proactive inhibition slope and SSRT showed no sig-
nificant correlations (slope: r=.01, p =.95; SSRT: r
= —.13,p = .55).

3.2. Neural activation

PTSD symptoms 6-months post-trauma correlated
significantly with less rIFG (r=-0.57, p=.005) and
vmPFC (r = —0.45, p = .033) activation during reactive
inhibition (see Figure 3). No significant correlations
with proactive inhibition in the hippocampus or
rIFG were observed (r=.08, p=.70 and r = .08, p
= .72, respectively).” Only the correlation with rIFG
activation during reactive inhibition survived Bonfer-
roni correction. Follow-up analyses showed that there
was a significant correlation between rIFG activation
and PTSD symptoms at time of scan (r=-.47, p
=.024), but not vmPFC activation (r=-.31, p=.15).
The rIFG and vimPFC were not significantly correlated
in this sample: r=.33, p =.121.

Next, linear regression analyses based on significant
correlational results were run. As shown in Table 2,
linear regression Model 1 showed that reduced rIFG
activation accounted for 32% of the variance in 6-
month PTSD symptoms (Fi,; = 9.97, p = .005);
when age, gender and PTSD symptoms at time of
scan were included in Model 2, the model remained
significant (F319 - 4.06, p = .016) and only rIFG
was a significant predictor of 6-month PTSD symp-
toms (p=-45 t = -227, p=.04). The linear
regression Model 1 with vmPFC predicting 6-month
PTSD symptoms was also significant (F;,; = 5.19,
p = .03), and reduced vmPFC activation explained
20% of the variance in 6-month PTSD symptoms
(see Tables 3 and 4). Model 2 including age, gender
and vmPFC was not significant (F,,y = 2.84, p =
.07). Exploratory analyses for symptom clusters with
neural activation during reactive inhibition showed
that the rIFG negatively correlated significantly with
all clusters,” whereas the vmPFC specifically correlated

Table 2. Bivariate correlations between proactive inhibition
slope and stop chance reaction time (SSRT) during stop
signalling anticipation task with PTSD symptoms at six
months post-trauma.

Proactive
Inhibition
Slope SSRT

r p r p
PTSD symptoms 0.01 95 -0.13 .55
Re-experiencing symptoms 0.06 .78 -0.11 61
Avoidance/Numbing symptoms -0.10 .64 —-0.03 .89
Hyperarousal symptoms 0.09 .68 —0.22 32

Note: None of the correlations in this analysis were significant at p <.05.
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with the PTSD avoidance and numbing cluster (r=
—.51, p=.012; see Table 5). However, when correcting
for multiple comparisons, only rIFG activation
remained significantly negatively associated with
PTSD re-experiencing symptoms.

4, Discussion

The current study was the first to use an fMRI scan to
examine unique roles of reactive (outright stopping)
and proactive (anticipation of stopping based on con-
textual cues) inhibition in predicting the development
of PTSD symptoms following acute trauma exposure.
In line with our hypothesis, we found that less acti-
vation in rIFG and vmPFC during reactive inhibition
was related to higher PTSD symptoms at 6-months.
Our hypotheses regarding behavioural responses and
proactive inhibition neural activation patterns with
bilateral hippocampus and rIFG were not supported.
While the sample was small, this longitudinal study
supports and extends earlier findings suggesting that
impaired neural response patterns in rIFG and
vmPFC during reactive inhibition may help to identify
those at risk for the development of PTSD symptoms.

Our finding that reduced activation in vmPFC
during reactive inhibition trials was related to the
development of PTSD symptoms is supported by pre-
vious cross-sectional results showing decreased acti-
vation in PFC regions during inhibition trials in
PTSD+ individuals compared to controls using a
Go/NoGo paradigm (Falconer et al., 2008; Jovanovic
et al., 2013). More generally, the vmPFC is implicated
in response to emotional conflict Etkin, 2006, 2007)
and inhibition of the fear response (Jovanovic et al.,
2013; Milad et al., 2007), and has consistently been
found to be impaired in PTSD using different fMRI
paradigms. For example, PTSD patients show reduced
vmPFC activation during fear extinction (Rougemont-
Biicking et al., 2011) and reduced functional connec-
tivity with the amygdala in response to threat cues
(Stevens et al., 2013). It is critical to note that our
vmPFC findings did not hold after controlling for
age and gender or Bonferroni correction and thus
was not as strong as rIFG findings and should be
taken with caution.

The rIFG has less often been implicated in PTSD,
but our finding that reduced activation in rIFG during
reactive inhibition trials was related to later PTSD
symptoms supports a prior cross-sectional study
using the SSAT. Veterans with PTSD, but not combat
or healthy controls, showed reduced activation in rIFG
during proactive inhibition trials (van Rooij et al.,
2014), and this impairment did not improve with suc-
cessful treatment suggesting a more trait-like or pre-
existing risk factor. The current study further supports
the hypothesis that reduced rIFG functioning is a risk
factor for PTSD development; however, here we
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A. Right inferior frontal gyrus (rIFG)

rlFG contrast estimate
o

B. Ventromedial prefrontal cortex
(vmPFC)

vmPFC contrast estimate

PTSD symptoms (PSS) at 6 months

PTSD symptoms (PSS) at 6 months

Figure 3. Region of Interest correlation analyses. Left, the two regions of interest are displayed in red. Right, activation results of
region response during reactive inhibition with PTSD symptoms six months post-trauma, p < .05. Scatter plot graph shows the
correlation between mean contrast estimate across voxels in the rlIFG and vmPFC clusters and PTSD symptoms (rlFG: r=

—0.57, p=.005; vmPFC: r=—0.45, p =.033).

observed lower activation during reactive and not
proactive inhibition suggesting a somewhat different
impairment in the development of PTSD versus main-
tenance of PTSD. These results withstood Bonferroni
correction. Exploratory follow-up analyses between
rIFG and vmPFC activation and severity of symptoms
across the three PTSD symptom clusters demon-
strated a robust association between less rIFG acti-
vation and PTSD re-experiencing symptoms at six
months. None of the other exploratory results
remained after the Bonferroni correction. Future lar-
ger-scale studies are necessary to further evaluate
potential differential effects across symptom clusters.

Table 3. Linear regression model predicting PTSD symptoms
at six months following index trauma from rlFG (Model 1)
and age, gender, PTSD at time of MRI, and rIFG (Model 2).

B t p R R F p
Model 1 57 32 997  .005**
rlFG -57 =3.16 .005**
Model 2 69 47 406 .016*
Age 16 0.89 .39
Gender .26 135 .19
Baseline PTSD .18 082 .42
rlFG -45 =227 .04*

Links between pre-trauma cognitive control deficits
and the development of PTSD have been found in
twin studies (Gilbertson et al., 2006). Worse neuropsy-
chological performance on response inhibition was
related to reduced functional connectivity between
mPFC and rostral anterior cingulate cortex (ACC)
and IFG regions in veterans with PTSD, suggesting
potential widespread dysregulation across both cogni-
tive and emotional processing in PTSD patients that
includes dysfunction in the IFG region (Clausen
et al,, 2017). Additionally, a study comparing individ-
uals with recent trauma exposure to non-trauma
controls found increased white matter volume near
rIFG, potentially reflecting the response to pre-

Table 4. Linear regression model predicting PTSD symptoms
at 6 months following index trauma from vmPFC (Model 1)
and age, gender, and vmPFC (Model 2).

B t p R R F p
Model 1 45 .20 5.19 .03*
vmPFC —.45 -2.23 .03*
Model 2 .56 31 2.84 .07
Age 13 0.44 67
Gender 33 1.69 11
vmPFC -36 —1.80 .09

*p <.05, **p < .01.

*p <.05, **p < .01.



Table 5. Exploratory bivariate correlations between reactive
inhibition neural activation of rlFG and vmPFC during stop
signalling anticipation task with PTSD symptom clusters at
six months post-trauma.

rIFG vmPFC
R r
Re-experiencing symptoms —61%*F —0.38
Avoidance/Numbing symptoms -.51* -0.51*
Hyperarousal symptoms —.49% —0.33

**p <.01; *p < .05; *Bonferroni correction p <.008.

trauma inhibitory control deficits (Wermuth et al.,
2021). Evidence of increased rIFG-parahippocampal
connectivity in PTSD patients compared to no-
PTSD controls during a memory suppression task
suggests the potential for a compensatory mechanism
in PTSD trying to gain inhibitory input in the memory
retrieval process (Steward, Das, Malhi, Bryant, & Fel-
mingham, 2020). Similar findings were shown during
an intrusive memory suppression task with trauma-
exposed civilians, where PTSD- individuals showed
reduced IFG-parahippocampal functional connec-
tivity but not PTSD+ individuals, supporting a poten-
tial disruption of the regulation signal that helps to
control activation of unwanted memories in individ-
uals with PTSD (Mary et al, 2020). Importantly,
there is evidence that rIFG activation and connectivity
with other fear-related brain regions can improve with
trauma-focused treatment (Rousseau et al., 2019) and
may improve emotion and fear regulation when tar-
geted using transcranial direct current stimulation
(tDCS) (Herrmann, Beier, Simons, & Polak, 2016),
although findings are mixed (Smits, Geuze, Schutter,
van Honk, & Gladwin, 2021). A recent resilience
model of PTSD has been suggested whereby post-
trauma biomarkers of cognitive control, specifically
dorsolateral PFC structural integrity, promotes resili-
ence (Roeckner, Oliver, Lebois, van Rooij, & Stevens,
2021). Our findings suggest that the rIFG may be
another cognitive control region likely implicated in
resilience.

We did not find evidence of altered neural acti-
vation patterns during proactive inhibition predicting
PTSD symptoms in this sample. This was contrary to
our hypothesis and prior evidence suggesting that
rIFG activation during proactive inhibition is associ-
ated with PTSD (van Rooijj et al., 2014). Furthermore,
given the hippocampus’ role in context processing we
expected to see differences in hippocampal function-
ing to be related to PTSD development. There are a
couple of possible explanations. First, the current ver-
sion of the task differs from prior versions such that
only three levels of stop chances are indicated by
signs (0, *, **) compared to five levels indicated by
the colour of the line. This difference may be less
noticeable to participants and therefore more subtle.
Yet, we did observe the overall expected effect of
proactive inhibition on the behavioural level. Second,
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given that the change in stop signal probability
between the three levels is subtle, we may be under-
powered to detect differences in neural activation
related to the development of PTSD. Finally, it is poss-
ible that proactive inhibition is not a risk factor for the
development of PTSD, but instead reflects a deficit
present in the context of PTSD; however, due to our
small sample size, clear conclusions regarding this
cannot be determined at this time.

Behaviourally, our results showed a positive effect
of stop-signal probability levels on reaction time
across trials, demonstrating that proactive inhibition
did occur in this sample. However, in contrast to
our hypothesis and prior cross-sectional findings of
associations between PTSD and response inhibition
(Falconer et al., 2008; Swick, Honzel, Larsen, Ashley,
& Justus, 2012; van Rooij et al., 2014), behavioural
responses of both reactive and proactive inhibition
were not related to later development of PTSD symp-
toms in this sample. It is critical to replicate this study
in a larger prospective sample to further clarify the
unique roles of reactive and proactive inhibition in
risk for PTSD following trauma exposure.

There are a number of limitations to consider in
interpreting the results of this study. First, 22% of par-
ticipants (n = 5) met for a probable diagnosis of PTSD
and so we were primarily looking at subthreshold
PTSD symptom severity. Second, PTSD symptoms
and probable diagnosis were assessed using a self-
report measure of PTSD and it would be beneficial
for future studies to include clinician-administered
scales (e.g. Clinician Administered PTSD Scale).
Third, our measure only included DSM-IV-TR
PTSD symptoms and so could not look at the four
symptom clusters and additional symptoms now
included in DSM-5. Fourth, reactive and proactive
inhibition were measured after the trauma occurred,
and so causality regarding if inhibition deficits were
present prior to the trauma or was a result of exposure
to the trauma cannot be disentangled. We did find that
activation of rIFG during reactive inhibition was
related to PTSD symptoms at the time of scan, and
so how the presence of trauma or PTSD symptoms
may influence inhibition versus the other way around
remains unclear. Fifth, we did not find significant
associations between behavioural responses of both
reactive and proactive inhibition to be significantly
associated with 6-month PTSD symptoms and there-
fore, the theoretical basis for conducting additional
neural results is lacking. Sixth, because the main goal
of this study is to replicate and extend prior findings,
we used ROIs that were previously defined (Jovanovic
etal., 2012; van Rooij et al., 2016; Zandbelt et al., 2010)
and used (Stevens et al., 2021; Van Rooij et al., 2015,
2014, 2016, 2018) in earlier studies. One limitation
with this approach is that these ROIs were constructed
using different methods in the different prior studies
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(i.e. task-based mask for rIFG, anatomical ROI for the
hippocampus, creating a sphere around the peak voxel
for vimPFC). This approach allows for direct compari-
sons, however, we acknowledge that using the same
method of ROI definition in one study would be
more straightforward. Moreover, our findings may
be excessively conservative, as whole brain analyses
were not conducted and we may have missed a poten-
tial association using this hypothesis driven approach
following prior ROIs. Finally, the sample size for this
study was small, not only contributing to a lack of
power to find an effect but also potentially inflating
the significant effects found. Although data did not
include extreme outliers, potential, and probable out-
liers were identified and those may have influenced
study results (see Supplemental Table 1). In spite of
this, the current findings are in line with previous neu-
roimaging studies examining response inhibition in
PTSD.

In conclusion, results from this study showed that
impaired rIFG activation to response inhibition
measured two months after trauma was related to
higher levels of PTSD symptoms in recently trauma-
tised adults. This effect was also found to a lesser
extent with impaired vmPFC response. Neural acti-
vation patterns during reactive inhibition may serve
as one important indicator to consider when identify-
ing trauma patients most at risk for the development
of PTSD and who would likely benefit from post-
trauma intervention. Since deficits in inhibitory con-
trol can have substantial detrimental effects on daily
functioning in addition to the development of PTSD
(Aupperle, Melrose, Stein, & Paulus, 2012), offering
interventions that are best suited to help trauma
patients directly address these deficits warrants further
consideration. One such option could be behavioural
interventions to improve mechanisms related to
response inhibition. Another approach is the use of
non-invasive neurostimulation such as tDCS or tran-
scranial magnetic simulation (TMS) to directly target
brain regions of interest. In addition to the vmPFC,
this is one of the first studies showing the rIFG as a
potential target for (early) interventions. The rIFG
has been targeted in non-invasive neurostimulation
studies, and was shown to reduce skin conductance
responses to threatening stimuli (Herrmann et al.,
2016), suggesting its importance for fear-related
emotion regulation. Thus, rIFG is a potential interest-
ing target for neurostimulation interventions for the
development of PTSD and addressing deficits in
response inhibition.

Notes

1. One participant did not understand the directions of
the task, resulting in unusable data.

2. When one probable outlier from reactive rIFG was
removed, the correlation with 6-month PTSD symp-
toms remained significant (see Supplemental Table
2).

3. When one probable outlier from reactive rIFG and
one probable outlier from re-experiencing symptoms
were removed, the correlation between rIFG and
PTSD symptom clusters were significant for avoid-
ance/numbing and hyperarousal but no longer for
re-experiencing symptoms (see Supplemental Table
2).
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