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Abstract

Individuals with posttraumatic stress disorder (PTSD) show deficits in recruiting neural regions
associated with cognitive control. In contrast, trauma exposed individuals (TEIs) show increased
recruitment of these regions. While many individuals who experience a trauma exhibit some PTSD
symptoms, relatively few develop PTSD. Despite this, no work has examined the relationship
between changes in PTSD symptoms and changes in neural functioning in TEIs longitudinally.
This study examined the neural correlates of changing PTSD symptom levels in TEIs. Twenty-one
military service members completed the affective stroop task while undergoing fMRI within 2
months of returning from deployment and a second scan 6-12 months later. Participants with
PTSD or depression at baseline were excluded. PTSD symptom improvement was associated with
greater increase in response to incongruent relative to congruent negative stimuli in dorsal anterior
cingulate cortex and inferior frontal gyrus/anterior insula and increased BOLD response over time
to emotional relative to neutral stimuli in inferior parietal cortex. Improvement in PTSD symptoms
were not associated with changes in amygdala responsiveness to emotional stimuli. In short, the
current data indicate that TEIs who become more able to recruit regions implicated in cognitive
control show greater reductions in PTSD symptom levels.
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1. Introduction

Posttraumatic stress disorder (PTSD) impacts approximately 15 million individuals each
year in the United States alone (Kilpatrick et al., 2013). Neuroimaging work has begun to
describe at least some of the pathophysiology underpinning PTSD. Individuals with PTSD
show an increased amygdala response to emotional stimuli (Blair et al., 2013; EI Khoury-
Malhame et al., 2011; Hayes et al., 2012; Rauch et al., 2006; Shin and Liberzon, 2010), as
well as disrupted recruitment of regions implicated in cognitive control, including emotion
regulation (Blair et al., 2013; New et al., 2009; Pannu Hayes et al., 2009; Rabinak et al.,
2014; Xiong et al., 2013) and response control (Offringa et al., 2013; Shin et al., 2001).
PTSD treatment studies using emotionally evocative tasks suggest that successful
intervention is associated with i) reduced amygdala response to emotional stimuli (Aupperle
etal., 2013; Felmingham et al., 2007; Peres et al., 2011; Roy et al., 2010) and ii) increased
recruitment of regions implicated in cognitive control including medial prefrontal (Peres et
al., 2011; Roy et al., 2010), dorsal anterior cingulate cortex (dACC; Roy et al., 2010) and
lateral prefrontal cortex (Lansing et al., 2005; Roy et al., 2010). It has been suggested that
PTSD, at least with respect to some symptoms, is the result of hyperresponsivity to
emotional information that interferes with cognitive control processes, including emotional
regulation (Blair et al., 2013; New et al., 2009) and response control (Shin et al., 2001).

Critically, however, most individuals exposed to traumatic events do not go on to develop
PTSD (Kilpatrick et al., 2013). Indeed, while reporting some symptoms immediately
following a trauma, only about 20% of individuals go on to develop PTSD (McFarlane et al.,
1997; Osofsky et al., 2015; Shalev and Yehuda, 1998; Yehuda et al., 1998). Despite this,
relatively little is known about the neural correlates of PTSD symptoms in trauma-exposed
individuals who do notgo on to develop PTSD (TEISs). In some respects, TEIs appear to
simply show a less severe response to trauma than patients with PTSD. When passively
viewing emotional stimuli, TEIs show reduced amygdala response to emotional stimuli
relative to patients with PTSD (Felmingham et al., 2010). Moreover, within TEls, BOLD
response in the amygdala to emotional stimuli has been reported to increase with PTSD
symptom severity during passive viewing (White et al., 2015). TEIs do show greater
amygdala response to emotional stimuli relative to healthy controls (van Wingen et al.,
2011).

However, during paradigms with cognitive control demands, TEIs show increased response
in some regions relative to PTSD patients. TEIs, relative to patients with PTSD, show
increased recruitment of dorsal (New et al., 2009; Rabinak et al., 2014) and lateral prefrontal
cortex (Morey et al., 2009; New et al., 2009) during cognitive reappraisal and increased
recruitment of lateral frontal and parietal cortices during an automatic emotion regulation
task (Blair et al., 2013; White et al., 2015). TEIs, compared to PTSD patients, also show
increased activation in dACC during incongruent relative to congruent trials (Bremner et al.,
2004; Offringa et al., 2013; Shin et al., 2001) and when inhibiting a primed response
(Stevens et al., 2016). Indeed, TEI’s have been reported to show heightened recruitment of
these regions not only relative to patients with PTSD but also comparison healthy adults
(Blair et al., 2013; New et al., 2009). Notably, successful treatment of PTSD is associated
with an increased in activity within medial frontal, lateral prefrontal and parietal cortices (as
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well as decreased amygdala responsiveness; Peres et al., 2007). Thus, while TEIs show less
amygdala response to emotional stimuli than PTSD patients, TEIs show greater recruitment
of regions implicated in cognitive control completing paradigms with task demands.

The relationship between change in neural functioning within cognitive control regions and
change in PTSD symptom severity has not, however, been examined in the literature. In a
series of studies, van Wingen and colleagues (2011) reported increased post-relative to pre-
combat deployment amygdala and insula response, as well as disrupted functional
connectivity between amygdala and dACC and lateral prefrontal cortex, to emotional stimuli
in military personnel relative to military controls. These effects, however, were not directly
related to PTSD symptomology and, as they were largely absent at long-term follow-up,
may have been related to combat as opposed to PTSD symptoms.

The current study examined TEls, recently returned from military deployment to a war zone,
during fMRI. Participants were scanned at baseline and then again 6-12 months later. Given
that the severity of PTSD symptoms fluctuates over time (e.g. Hussain et al., 2013), it was
expected that some individuals would show improving and others worsening levels of PTSD
symptoms. The goal of the current study was to leverage this naturally occurring variability
in order to determine the neural correlates of changing PTSD symptom levels using the
affect stroop task. The affective stroop paradigm includes “task trials,” where participants
see a positive, negative or neutrally valenced distractor image, followed by a numerical
display, followed by another distractor image (Blair et al., 2007). During task trials,
participants must indicate how many digits are presented. During view trials, the distractor
images bracket a blank screen and no participant response is required. During task trials,
healthy participants show increased activation of cognitive control regions and do not show
increased amygdala response to the emotional distractors, which is presumed to be a
function of implicit emotion regulation (Blair et al., 2007). However, during emotional view
trials, when no emotion regulation is required to complete the task, healthy participants
show greater amygdala response to emotional stimuli (Blair et al., 2007). The affective
stroop task has been used several times to identify neural dysfunction within regions
implicated in cognitive control in both patients with PTSD and TEls (Blair et al., 2013;
White et al., 2015). We made two predictions: First, given previous research, we predicted
reductions in PTSD symptom levels would be associated with reductions in amygdala
responsiveness to emotional stimuli. Second, we predicted reductions in PTSD symptom
levels would be associated with increased activation in regions involved in cognitive control
(lateral prefrontal cortex, parietal cortex, dACC, dIPFC, alC/iFG).

2. Methods

2.1

Participants

Study participants were 21 military service members (4 female) who were initially scanned
within 8 weeks of returning from at least a 90-day deployment to either Iraq or Afghanistan
and for a second time between 6 and 12 months later. The data from the first scan for these
participants has been reported previously (White et al., 2015). Participants were 17
European-Americans (80.95%), 1 African-American (4.76%), 2 Asian-American/Pacific
Islander (9.52%) and 1 Hispanic American 4.76%) with an average age of 30.64 (21.0-44.8
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years, standard deviation = 7.72). All participants were exposed to relatively severe
traumatic experiences that met Criterion A of PTSD (according to DSM-IV or DSM-5). The
most commonly reported type index trauma was being on a base that was being attacked
(e.g. mortar or rocket fire, 7= 10), followed by being in combat (e.g. firefights, hit by
improvised explosive device [IED], 7= 6), witnessing combat related violence (e.g.
watching truck in convoy be hit by an IED, 7= 3) and dealing with comrades being either
killed-in-action or missing-in-action (n7= 2). Participants endorsed a moderate number of
PTSD symptoms at the time of the initial scan [mean PTSD checklist-military version =
25.76, standard deviation = 6.89, range= 17-48] and at the follow-up scan [mean PTSD
checklist-military version = 23.24, standard deviation = 6.90, range = 17-44]. Participants
mostly showed modest change over time [mean PTSD checklist-military version change =
2.52, standard deviation=4.87, range = —7 to 11]. Exclusion criteria included Glasgow Coma
Scale scores of less than 14, any loss of consciousness greater than 60 min, or post-
concussive syndrome. Participants were also excluded if they met criteria for PTSD, major
depression or active/past psychosis at the time of enrollment as determined by a clinician.
No participants reported receiving either psychotherapeutic or pharmacological treatment for
mental health problems between the baseline and follow-up scans. No participants met
criteria for either PTSD or major depressive disorder at follow-up. Participants were also
excluded if they were taking calcium channel or alpha-blockers. The Uniformed Services
University of the Health Sciences and Walter Reed National Military Medical Center
Institutional Review Boards approved this study.

2.2. Study measures

2.2.1. The affective stroop task—The affective stroop task used here was an adapted
version of a paradigm described previously (Blair et al., 2007). The baseline scan data for
the current participants were included in the report of a larger sample (White et al., 2015).
Each trial began with a fixation cross centrally presented for 400 ms (see Fig. 1). This was
followed by a 400 ms image presentation. In view trials, participants were then presented
with a blank screen for 400 ms. During task trials, a numerical display was presented for 400
ms. For both view and task trials, there was then a second 400 ms period when the first
image was presented again. This was followed by a blank screen for 1300 ms. The subjects
had to determine the quantity of digits in the numerical display. That is, how many of the
numbers were displayed, not the actual value of the numbers. For congruent trials, the
quantity of numbers displayed was the same as the number value (e.g., three 3 s and four 4
s). For incongruent trials, the quantity of numbers displayed did rot equal the number values
(e.g., three 2 s and four 3 s). Participants could respond at any time from the presentation of
the numerical display until the end of the blank screen. View trials required no response.

The individual numerical stimuli consisted of three, four, five, or six 3s,45s,5s,0r6s
randomly presented within a 9-point grid (see Fig. 1). The emotional stimuli consisted of 32
positive, 32 negative, and 32 neutral pictures selected from the International Affective
Picture System (Lang et al., 2005). The normative mean valence and arousal values on a 9-
point scale were respectively 3.35 £ 0.77 and 5.97 £+ 1.07 for negative pictures, 7.43 + 0.52
and 4.99 + 1.10 for positive pictures, and 4.87 £+ 0.28 and 2.66 * 0.54 for neutral pictures.
There were nine trial types: view, congruent, and incongruent trials involving negative,
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positive, and neutral emotional stimuli. Subjects completed 2 runs each consisting of 16
trials of each of the nine trial classes and 48 fixation-point trials to generate a baseline. Each
image was presented once in a congruent trial, once in an incongruent trial and once in a
view trial. Each image appeared only in one run. There were 32 trials of each of the nine
conditions presented and 96 fixation-point trials. Trials were randomized within each run for
each participant and counterbalanced between participants.

2.2.2. Post-traumatic stress disorder checklist-military version (PCL;
Weathers, et al. 1993)—The PCL is a self-administered screen for PTSD. The PCL has
demonstrated good internal consistency (Cronbach’s alpha = 0.96) and convergent validity
with both self-and clinician-report measures (Forbes et al., 2001; Weathers et al., 1993). The
military version has minor differences in wording to focus more specifically on military
experiences, compared to the civilian version. For the current study, a change score (PCL
scores at baseline minus PCL scores at follow-up) was used to operationalize change in
PTSD symptomology over time. Mean PCL scores at baseline were 25.76 (range = 17 to 48;
standard deviation = 6.89). Mean PCL scores at follow-up were 23.24 (range = 17 to 44;
standard deviation = 6.90). Average change in PCL scores was 2.52 (range = -8 to 11;
standard deviation = 4.87). Change scores were entered into the model as a covariate-of-
interest in order to continuously examine the relationship between change in neural
responses and changes in PTSD symptomology over time.

2.3. MRI parameters

2.4,

Participants were scanned using a 3T Siemens Magnetom scanner. A total of 166 functional
images per run were taken with a gradient echo planar imaging (EPI) sequence (repetition
time = 2900 ms; echo time = 27 ms; 64*64 matrix; 90° flip angle; 22 cm field of view).
Whole-brain coverage was obtained with 44 axial slices (thickness, 2.5 mm; .5 mm spacing;
in-plane resolution, 3.44*3.44 mm). A high-resolution anatomical scan (3-dimensional
spoiled gradient recalled acquisition in a steady state; repetition time=2530 ms; echo
time=3.03 ms; 25.6 cm field of view; 7° flip angle; 176 axial slices; thickness, 1.0 mm;
256*256 matrix) in register with the EPI data set was obtained covering the whole brain.

Imaging data preprocessing

Data were analyzed within the general linear model framework using analysis of functional
neuroimages (AFNI; Cox, 1996). Each scan series began after equilibrium magnetization
was reached through a Siemens automated process. Functional images from the time series
were despiked, slice-time corrected, motion corrected and spatially smoothed with a 6mm
full-width half-maximum gaussian filter. The time series were normalized by dividing the
signal intensity of a voxel at each point by the mean signal intensity of that voxel for each
run and multiplying the result by 100. Resultant regression coefficients represented a
percentage of signal change from the mean. The participants’ anatomical scans were then
individually registered to the Talairach and Tournoux atlas (Talairach and Tournoux, 1988).
The individuals’ functional EPI data were then registered to their Talairach anatomical scan.

Following this, nine regressors were generated and included in the model: (i) negative
congruent, (ii) negative incongruent, (iii) negative view, (iv) neutral congruent, (v) neutral
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incongruent, (vi) neutral view, (vii) positive congruent, (viii) positive incongruent and (ix)
positive view. There was also a regressor for incorrect trials. All regressors were created by
convolving the train of stimulus events with a gamma variate hemodynamic response
function to account for the slow hemodynamic response. Linear regression modeling was
performed using the 9 regressors described above plus regressors to model a first-order
baseline drift function. This produced a g coefficient and associated ¢statistic for each voxel
and regressor.

fMRI data analysis

The group analysis of the BOLD data was then performed on the change regression
coefficients from individual subject analyses. These were created by, at the voxel level,
subtracting BOLD at follow-up baseline scanning from BOLD at baseline scanning. These
change scores were examined with a 3 (emotion; negative, positive, neutral) x 3 (condition;
congruent, incongruent, view) repeated measures analysis of covariance (ANCOVA) with
PCL change score [baseline minus follow-up] as a covariate-of-interest within specific
regions of interest (ROI). PCL change scores were mean centered before being entered into
the ANCOVA. ROI included the amygdala, lateral frontal cortex, inferior parietal cortex,
dACC and alC/iFG. The amygdala was interrogated using an anatomically defined mask
(Eickhoff-Zilles Architectonic Atlas: 50% probability mask; Amunts et al., 2005). Bilateral
ROIs were defined by 15 mm spheres centered on coordinates from Blair et al (2007) in
lateral frontal cortex (x,y,z= +/-40, 38, 33), inferior parietal cortex (x,y,z= £ 61, -26, 19),
dACC (x,),z=+8, 16, 28), dIPFC (x,),z= % 36, 36, —6) and alC/iFG (x,y,z=+ 37, 21, 0).
Blair et al (2007) utilized the same paradigm as the current study, but in a sample of healthy
adults.

The AFNI 3dClustSim autocorrelation function (-acf) was used to generate small-volume
corrected (SVC) extant thresholds for the ROIs for a corrected p value of 0.05. Due to its
small size, the amygdala SVC was established at an initial p value of 0.02 for the amygdala
which yielded an extent threshold of 7 voxels. The SVCs for the remaining ROIs were
established at an initial p value of 0.005 which yielded an extent threshold of 8 voxels (range
k=1.9to 8.1). Furthermore, in order to facilitate future meta-analytic work, effect sizes for
all clusters/follow-up #tests are reported. Post hoc analyses of significant main effects and
interactions were assessed with planned #tests within SPSS 22.0 (IBM, 2012). Key
interactions and main effects are presented below. Remaining effects and whole-brain results
are reported in the Supplemental Results.

3. Results

3.1

Behavioral results

Initially, we examined the impact of emotion and task condition on changes in accuracy and
response latencies across the sample over time, through two 3 (emotion; negative, positive,
neutral) x 2 (condition; congruent, incongruent) repeated measures ANOVAS. With respect
to accuracy, there was a significant PCL change score-by-task condition interaction effect
[A1,19)=5.73, p= 0.027]. Improvement in PTSD symptoms was associated with greater
increases in accuracy in congruent relative to incongruent trials [ Steiger’s Z= 2.32, p= 0.02].
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With respect to change in response latencies over time for correct responses, no significant
main effects or interactions were observed [F(1,19) = 0.16 to 1.52, p >0.23].

fMRI results

3.2.1. PCL change score-by-emotion-by-task condition interaction—
Significant PCL Change Score-by-Emotion-by-Task Condition interactions were observed in
dACC and left iFG/alC (Table 1, Fig. 2). In order to break down the interaction, the group
was divided into those showing above average change (average change = 2.5, n=12) and
those showing below average change (7= 9). In both regions, individuals showing above
average change showed a greater increase in response to incongruent relative to congruent
negative stimuli [dACC: £(20) = 2.99, p=0.008; iFG/alC: £20) = 3.51, p=0.002].
However, there was not a significant change in response to neutral [dACC: #(20) = 0.68, p =
0.504; iFG/alC: 20) = 1.56, p= 0.129] or positive stimuli [dACC: £20) = 0.82, p =0.422;
iFG/alC: #20) = 0.17, p=0.864]. A significant interaction was not observed in dIPFC.

3.2.2. PCL change score-by-emotion interaction—A significant PCL change
score-by-emotion interaction was observed in left inferior parietal cortex (Table 1).
Improvement in PTSD symptoms was significantly associated with increased BOLD
response over time to negative relative to neutral [ Steiger’s Z= 2.89, p= 0.004] and positive
relative to neutral stimuli [Stefger’s Z= 2.62, p= 0.008]. Improvement in PTSD symptoms
was not significantly associated with increased BOLD response over time to negative
relative to positive stimuli [ Steiger’s Z=0.05, p= 0.958]. A significant interaction was not
observed in lateral frontal cortex or amygdala ROIs.

3.2.3. PCL change score-by-task condition interaction—No significant
interactions were observed in this contrast.

4. Discussion

The goal of the current study was to determine the neural correlates of changing PTSD
symptom levels using the affect stroop task in those with recent exposure to combat stress.
Consistent with predictions, greater improvement in PTSD symptoms was associated with
greater activation in regions involved in cognitive control. TEIs experiencing above average
PTSD symptom improvement showed a greater increase in response to incongruent relative
to congruent negative stimuli in dACC and iFG/alC. Furthermore, improvement in PTSD
symptoms was significantly associated with increased BOLD response over time to
emotional relative to neutral stimuli in inferior parietal cortex. Despite finding evidence of
increased activation in regions involved in cognitive control, improvement in PTSD
symptoms was not associated with changes in amygdala responsiveness to emotional
stimuli.

Consistent with predictions, reductions in PTSD symptom levels were associated with
increased recruitment of elements of the frontoparietal cognitive control network during
emotional relative to neutral trials (inferior parietal cortex) and during incongruent relative
to congruent negative trials (dACC, iFG/alC). Reductions in PTSD symptoms were also
associated with improved response accuracy in congruent trials. Cognitive control is thought
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to be generated via a fronto-parietal network (including inferior parietal cortex, dACC and
iFG/alC) involved in top-down modulatory processes (Cole and Schneider, 2007;
Cromheeke and Mueller, 2014). Selective attention of visual stimuli is achieved when task
relevant stimuli (here, numerical displays) are primed by top-down control regions and are
represented more strongly in temporal cortex than task-irrelevant stimuli (here, images;
Pessoa and Ungerleider, 2004). Top-down priming by this fronto-parietal network is also
implicated in priming working memory representations of task relevant stimuli during
response selection/response control (Gazzaley and Nobre, 2012). It has been argued that one
way in which emotion regulation occurs is when non-emotional stimuli/stimulus features are
primed at the expense of emotional features (Ochsner and Gross, 2005). This process
inhibits the representation of emotional informational and is associated with reduced
representation of emotion in amygdala (Blair et al., 2007; Mitchell et al., 2007). Increased
activation of top-down control regions has been associated with improvement in PTSD
symptoms in previous work (Offringa et al., 2013; Peres et al., 2011; Roy et al., 2010; Shin
et al., 2001). It is possible that the improved behavioral performance and improvement in
PTSD symptoms associated with increased recruitment of frontoparietal cognitive control
network regions reflects increased effort during cognitive control in TEIs. However, it is
possible that these regions are involved in some other form of processing during this task
and this is reflected in the increased BOLD response observed over time. Future work will
need to examine this possibility directly.

Notably, no relationship between change in PTSD symptoms and change in amygdala
response was observed. This is inconsistent with some previous work, (Felmingham et al.,
2010; White et al., 2015). However, Felmingham and colleagues (2010) used a passive,
backward-masked face viewing task with no task demands. This task, therefore, required no
emotion regulation. Furthermore, White et al (2015) found amygdala response only at a very
lenient threshold (o = 0.05 uncorrected). The absence of an amygdala finding in the current
study may be a result of type Il error, though it should be noted that a main effect of emotion
was observed within amygdala (see Supplemental Results). Alternatively, it is possible that
change in amygdala response over time is not related to changes in PTSD symptom reports.
Future work will need to examine these possibilities.

These data need to be interpreted in light of five caveats. First, the sample size was modest,
though larger than most studies involving pre/post-scanning of TEIs (Aupperle et al., 2013;
Laugharne et al., 2016; Lindauer et al., 2008; MacNamara et al., 2016; Peres et al., 2007; N
<20). Second, while a cut-off score of 50 on the PCL has been shown to distinguish those
likely to have a diagnosis of PTSD from those who likely do not (Forbes et al., 2001;
Weathers et al., 1993), the psychometric validity of the PCL as a continuous measure of
PSTD symptom severity has not been established. Third, while initial scans all occurred
within 8 weeks of returning from deployment, deployment length varied between
participants and the exact timing of traumatic events is unknown. Therefore, issues of timing
of PTSD symptom onset relative to the initial trauma cannot be addressed in the current
study. Fourth, the range for the timing of follow-up scans included in this analysis was rather
large (6—12 months from the baseline scan) due to the military obligations of the active-duty
military personnel participating in the study. Future work should examine a narrower follow-
up window. Fifth, the same task was used at baseline and follow-up. While this allowed for
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the direct comparison of task-performance at both time points, the possibility that practice
effects influenced the current results cannot be ruled out (anonymous reviewer suggestion).
The current study focuses on the brain regions that change with symptom change; it is
unlikely that practice effects would be selectively associated with brain regions that change
with symptom change.

The current study revealed a significant relationship between the degree of improvement in
PTSD symptoms over a 6-12 month period and the degree of increased activation within
cognitive control regions in a population of TEIs. Previous work (e.g. Blair et al., 2013; New
et al., 2009) suggests that TEIs who have not developed PTSD (trauma controls) more
strongly recruit regions involved in cognitive control relative to both PTSD patients and
healthy controls. The current data indicate that TEIs who become more able to recruit
regions implicated in cognitive control show greater reductions in PTSD symptom levels. Of
course, these data cannot address whether an increased recruitment of cognitive control
regions causes a reduction in PTSD symptoms or whether a reduction in PTSD symptoms
allows for increased recruitment of cognitive control regions. However, they suggest at least
that it would be useful to determine whether interventions designed to increase cognitive
control capacities might reduce symptom levels in patients with PTSD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The affective stroop task Participants were exposed to neutral, positive or negative images
followed either by a fixation cross (view trials), a screen showing digits congruent in their
value and quantity (e.g. three 3 s; congruent trials) or a screening digits incongruent in their
value and quantity (e.g. four 5 s; incongruent trials). The fixation/numeric images were
followed by a second exposure to the neutral positive or negative image. A negative image is

depicted here.
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Fig. 2.
PTSD checklist change score-by-emation-by-task condition interaction in dorsomedial

frontal cortex and anterior insula cortex/inferior frontal Gyrus in 21 trauma-exposed combat
veterans.

Participants showing above average improvement in PTSD symptoms also showed greater
difference in activation to incongruent relative to congruent negative trials over time in
dorsomedial frontal cortex and anterior insula cortex/inferior frontal gyrus.
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