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Posttraumatic stress disorder (PTSD)—a chronic, debilitating condition, broadly characterized by emotion dysregulation—is prevalent
among US military personnel who have returned from Operations Enduring Freedom (OEF) and Iragi Freedom (OIF). Selective serotonin
reuptake inhibitors (SSRIs) are a first-line treatment for PTSD, but treatment mechanisms are unknown and patient response varies. SSRIs
may exert their effects by remediating emotion regulatory brain activity and individual differences in patient response might be explained, in
part, by pre-treatment differences in neural systems supporting the downregulation of negative affect. Thirty-four OEF/OIF veterans, |7
with PTSD and |7 without PTSD underwent 2 functional magnetic resonance imaging scans |2 weeks apart. At each scan, they performed
an emotion regulation task; in the interim, veterans with PTSD were treated with the SSRI, paroxetine. SSRI treatment increased activation
in both the left dorsolateral prefrontal cortex (PFC) and supplementary motor area (SMA) during emotion regulation, although only
change in the SMA over time occurred in veterans with PTSD and not those without PTSD. Less activation of the right ventrolateral PFC/
inferior frontal gyrus during pre-treatment emotion regulation was associated with greater reduction in PTSD symptoms with SSRI
treatment, irrespective of pre-treatment severity. Patients with the least recruitment of prefrontal emotion regulatory brain regions may

INTRODUCTION

Posttraumatic stress disorder (PTSD) is a chronic condition
characterized by intrusive memories, hyperarousal, and severe
deficits in negative affect regulation (APA, 2000). Among US
military personnel who have returned from overseas deploy-
ment, rates of PTSD are especially high; for instance, of the
2.2 million US soldiers deployed in Operations Enduring
Freedom (OEF), Iraqi Freedom (OIF) and New Dawn (IOM,
2013), 14%-16% have developed PTSD (Hoge et al, 2004).
Selective serotonin reuptake inhibitors (SSRIs) are an
evidence-based pharmacological treatment for PTSD; how-
ever, treatment mechanisms are not fully understood and
individual patients differ in therapeutic response. For instance,
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benefit most from treatment with SSRIs, which appear to augment activity in these regions.
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only about 60% of PTSD patients respond to treatment with
SSRIs, with just 20%-30% of those in treatment achieving
complete remission of symptoms (Berger et al, 2009). Neural
measures of emotion regulatory function may be useful in
determining mechanisms of treatment change and in
identifying predictors of treatment outcome.

Among psychiatrically healthy individuals, emotion regula-
tion is known to engage prefrontal brain regions such as the
dorsolateral prefrontal cortex (dIPFC), the dorsomedial PFC,
the ventrolateral PFC (VIPFC), and the ventromedial PFC
(vmPFC; Buhle et al, 2013; Frank et al, 2014). These regions
are implicated in PTSD pathophysiology such that individuals
with PTSD exhibit reduced activation in the lateral PFC
(Rabinak et al, 2014; Vermetten et al, 2007), vmPFC (Bremner
et al, 1999), and other frontal areas during the provocation of
anxious states and negative affect. In addition, some studies
have found evidence of increased amygdala reactivity to
negative stimuli in individuals with PTSD (eg, Shin et al, 2004,
but see Phan et al, 2006). Thus, the overall pattern of effects
observed for PTSD seems to be reduced recruitment of
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prefrontal emotion regulatory regions, with some evidence for
increased activity in limbic regions (Hayes et al, 2012;
Simmons and Matthews, 2012).

In two recent studies, New et al (2009) and Rabinak et al
(2014) examined individuals with PTSD during volitional
attempts to reduce their negative affect evoked by aversive
images using cognitive reappraisal, a highly effective emotion
regulation strategy that involves changing the meaning of
emotional stimuli (Gross, 1998). New et al (2009) found that
females with PTSD related to a sexual trauma showed reduced
recruitment of the precentral gyrus/lateral PFC and the
supplementary motor area (SMA) during reappraisal of
negative affect. In the Rabinak et al (2014) study, OEF/OIF
veterans suffering from military-related PTSD showed reduced
recruitment of the dIPFC during reappraisal of negative affect.
Therefore, results from these studies converge to suggest that
individuals with PTSD may be characterized by deficient
recruitment of lateral prefrontal regions critical for cognitive
control and negative affect regulation (Buhle et al, 2013).

SSRI treatment may in part ameliorate negative affect
regulation difficulties in PTSD (Robert et al, 2006; Seedat
et al, 2002). Moreover, work conducted in depressed patients
has suggested that treatment with SSRIs may increase
activation in the lateral PFC (Ma, 2014). Despite these
observations, no study to date has examined whether SSRI
treatment for PTSD might work by enhancing brain emotion
regulatory function or whether individual differences in SSRI
treatment response may be explained, in part, by brain
emotion regulatory function before treatment. One prior
study in PTSD found that 8 weeks of treatment with SSRI,
citalopram, reduced resting state activation in the left medial
temporal cortex, whereas greater activation in the medial
PFC (left paracingulate cortex) post-treatment was found to
be associated with greater symptom reduction (Seedat et al,
2004). A second study reported that a single PTSD patient
showed normalization of activation in the insula, PFC,
inferior frontal gyrus (IFG), cerebellum, precuneus and SMA
following treatment with the SSRI, fluoxetine (Fernandez
et al, 2001). Results from these studies are consistent with the
idea that treatment with SSRIs may restore functioning in the
PEC. Importantly, however, results differ somewhat between
studies (ie, subregion of the PFC involved), neither study
used a task designed to probe emotion regulatory brain
function, and predictors of treatment outcome (ie, at
baseline) were not identified.

The current study reports on OEF/OIF veterans with
PTSD, who received an initial scan (Rabinak et al, 2014),
followed by 12 weeks of treatment with the SSRI, paroxetine;
all participants (both with and without PTSD) were invited
to return for a second scan 12 weeks later, in which they
performed the same reappraisal task. We hypothesized that
SSRI treatment would increase reappraisal-related activation
in the dIPFC, found to be deficient in OEF/OIF veterans with
PTSD at baseline (Rabinak et al, 2014). Based on the findings
observed in depression, we thought it possible that either less
(Miller et al, 2013) or more (Fu et al, 2004) pre-treatment
activation in reappraisal-related prefrontal regions (ie,—
precentral gyrus, lateral (dIPFC and vIPFC) and medial
PEC, angular gyrus, IFG, and SMA; Kohn et al, 2014) would
correspond to greater benefits from treatment with an SSRI.
Rabinak ef al (2014) did not observe M > R group differences
at pre-treatment in the amygdala. Therefore, we
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hypothesized that treatment would not affect M >R
amygdala activity.

MATERIALS AND METHODS
Participants

A detailed description of inclusion and exclusion criteria and
recruitment procedures can be found in Rabinak et al (2014).
In brief, 64 right-handed OEF/OIF male veterans were initially
enrolled in the study (36 treatment-seeking veterans with a
diagnosis of PTSD and 28 non-treatment-seeking veterans
who had been exposed to combat trauma but were free
from PTSD—combat-exposed controls (CECs)). Of these, 20
participants with PTSD completed a full course of SSRI
treatment and 17 of these returned for a second scan and had
useable functional magnetic resonance imaging (fMRI) data at
both pre- and post-treatment (eg, <3 mm of head motion); 20
CEC participants completed the study and 17 of these had
useable fMRI data for both scans (eg, <3 mm of head motion).
Therefore, the final sample consisted of 17 veterans in the
PTSD group and 17 in the CEC group. Participant character-
istics are presented in Table 1. Compared with the CEC group,
the PTSD group was younger (#(32) =2.08, p =0.05) and had
fewer years of education (#(32) =5.17, p<0.001).

Psychiatric diagnoses were established using the Struc-
tured Clinical Interview for Diagnostic and Statistical
Manual of Mental Disorders, DSM-IV (SCID-NP; First
et al, 2002). Psychiatric comorbidities at the initial scanning
in the PTSD group were n =2 major depressive disorder and
n =2 alcohol abuse (when the two participants in the PTSD
group who met criteria for current alcohol abuse were
excluded, fMRI results did not change substantially); in the
CEC group, n=1 generalized anxiety disorder. Dimensional
clinical measures included the Clinician-Administered PTSD
Scale (CAPS; Blake et al, 1995), the PTSD Checklist: Military
(PCL-M; Blanchard et al, 1996), the Combat Exposure Scale
(CES; Keane et al, 1989), the Hamilton Anxiety Scale (HAM-
A; Maier et al, 1988), the Hamilton Depression Inventory
(HAM-D; Hamilton, 1960), and the Beck Depression Inven-
tory (BDI-II; Beck et al, 1996). The PTSD group reported
higher scores on the CAPS (#(23.22)=19.93, p<0.001),
PCL-M (#(32)=1139, p<0.001), HAM-A (#26.39)=8.87,
p<0.001), HAM-D (#(26.71)=8.09, p<0.001), BDI (#(32)=
748, p<0.001), and CES (#(32)=2.12, p<0.05) scales
compared with the CEC group (when one CEC participant
was removed from analyses, groups did not significantly differ
on age and CES scores, and fMRI results did not change
substantially).

Exclusion criteria for PTSD participants were as follows:
(1) a history of bipolar disorder, psychotic disorder, mental
retardation, or developmental disorders; (2) current psy-
chotherapy treatment of any kind; (3) intolerance or
contraindication to taking paroxetine or another SSRI, and
(4) previous failure to respond to SSRI treatment (for PTSD
or another disorder). Combat control subjects were excluded
if they had a history of PTSD or partial/subthreshold PTSD
preceding their most recent deployment. None of the
subjects had a history of a major medical or neurological
illness, or a history of traumatic brain injury. All subjects
were right-handed and were required to be free from
psychotropic medications for at least 8 weeks at the time
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CEC (n=17) PTSD (n=17)

M SD M SD

Age 3535 9.79 29.53 6.16

Years of education 1559 1.54 13.06 1.30

Combat exposure scale 20.29 4.38 24.18 6.17

Pre-treatment Post-treatment

M SD M SD
Beck depression inventory 4.94 6.26 2247 7.36 8.71 644
Hamilton depression |.65 229 10.18 370 6.06 451
Hamilton anxiety 223 251 12.65 4.14 6.71 498
Clinician administered PTSD scale 529 5.69 67.94 I'1.64 26.59 4.06
PTSD checklist (military version) 2435 7.71 5271 6.78 3124 941
GAF 80.12 6.03 66.65 395 7229 4.06

Abbreviations: CEC, combat-exposed control; GAF, global assessment of functioning; M, mean; PTSD, posttraumatic stress disorder.

of study entry, with negative urine toxicology screens at each
scan. Study procedures were in compliance with the Helsinki
Declaration of 1975 (as revised in 1983) and were approved
by the University of Michigan and VA Ann Arbor
Healthcare System institutional review boards.

SSRI Paroxetine Treatment

Treatment for PTSD consisted of administration of the SSRI,
paroxetine, in an open-label, fixed-dosing design over
12 weeks. The study psychiatrist (KLP) assessed patients at
1, 2, 4, 8, and 12 weeks, to evaluate symptom change and
adverse events, with the target dose of 20 mg/day reached at
2 weeks. Although blood was not taken to assess paroxetine
levels, the psychiatrist inquired about missed pills and pill
counts were performed. No subject reported missing more
than two consecutive doses throughout the entire study and
no subject regularly (more than 3 times) failed to take the
medication. At 8 weeks, medication dosage was increased to
40 mg/day (maximum dose) if the subject failed to show
improvement using the Clinical Global Impression—Im-
provement scale (ie, CGI-I score >2). At study completion,
all subjects were on stable doses of paroxetine for at least
4 weeks before their final fMRI scan at 12 weeks. Median
dosage of paroxetine at 12 weeks was 20 mg.

Cognitive Reappraisal Task

A detailed description of the task is provided in Rabinak et al
(2014). In brief, there were 64 unpleasant and 32 neutral
International Affective Picture System images (Lang et al,
2008). In the ‘Look’ condition, participants viewed neutral
pictures. In the ‘Maintain’ condition, participants viewed
unpleasant pictures and were instructed to experience these
images naturally. During the ‘Reappraise’ condition, partici-
pants viewed unpleasant pictures and were instructed to use
the cognitive strategy of reappraisal to reduce negative affect.
Before beginning the experiment, participants were trained

in the strategy of cognitive reappraisal (Ochsner et al, 2002;
Phan et al, 2005).

There were eight 20-s blocks of each condition (compris-
ing four images presented for 5s each), which were
interspersed with 20-s baseline blocks (comprising a white
fixation cross presented on a black background). At the
beginning of each block, the word ‘Look’, ‘Maintain,” or
‘Reappraise’ appeared in white text on a black screen for 5.
Block order was pseudo-randomized over four separate runs
of 5min each.

Image Acquisition

fMRI based on BOLD contrast was performed on a 3T GE
Signa System (General Electric, Milwaukee, WI) using a
standard radiofrequency coil at the University of Michigan
Functional MRI Laboratory. A standard T2*-sensitive
gradient-echo reverse spiral sequence was used (2s TR,
30 ms TE, 90° flip, 64 x 64 matrix, 22 cm FOV, 43 axial, 3 mm
slices, 600 volumes). Data from all participants included in
the analyses met our criteria for image quality with minimal
motion correction (all movements <3 mm in any direction
across functional runs).

fMRI Data Analysis

The first four volumes from each run were discarded to allow
for the magnetization to reach equilibrium. Statistical
Parametric Mapping (SPM 8) software (Wellcome Trust
Centre for Neuroimaging, London, www.filion.ucl.ac.uk/
spm) was used to perform conventional preprocessing steps.
In brief, slice-time correction was performed to account for
temporal differences between slice collection order, images
were spatially realigned to the first image of the first run,
functional images were normalized to a Montreal Neurolo-
gical Institute (MNI) template using the EPI template,
resampled to 2 mm? voxels, and smoothed with an 8-mm
isotropic Gaussian kernel.
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The time-series data were subjected to a general linear
model, convolved with the canonical hemodynamic response
function, and filtered with a 128-s high-pass filter. Conditions
of interest were the Reappraise and Maintain trials, which
were modeled separately, with effects estimated for each voxel
for each participant. Following processing at the first-level,
Reappraise >Maintain (R>M) contrasts, created separately
for each scan, were taken to the second level for random-
effects analysis; Rabinak et al (2014) validated the ERT
showing that both CEC and PTSD groups activated dorsal and
lateral PFC, IFG, and SMA during reappraisal (R>M),
consistent with recent meta-analyses of reappraisal-based
emotion regulation (Buhle et al, 2013; Kohn et al, 2014).

Group differences were not examined in the present
analysis but are reported in prior work (Rabinak et al, 2014).
At the second level, we performed two sets of analyses. First,
to examine overall neural correlates of treatment in the
PTSD group, we assessed R>M brain activity elicited
after treatment (‘Post’) compared with before treatment
(‘Pre’) using a paired t-test. To determine whether Post > Pre
change was specific to the PTSD group, we extracted
R>M f weights from each area of activation and
performed a 2 (Group: CEC, PTSD) x 2 (Time: Pre, Post)
mixed-measures analysis of variance (ANOVA). Second, we
examined whole-brain R>M brain activity before treatment
that covaried with individual differences in treatment
response (PreCAPS>PostCAPS score), controlling for
baseline symptomatology (PreCAPS score). That is, partici-
pants’ Pre R>M hemodynamic activity was regressed onto
participants’ Pre>PostCAPS score change, controlling for
PreCAPS.

For both analyses, we used a region-of-interest (ROI)
approach to test our a priori hypotheses that treatment
would increase activity in emotion regulatory prefrontal
brain regions. For these analyses, precentral gyrus, lateral
PEC, IFG, SMA, and inferior parietal and angular gyri—all
regions considered bilaterally—comprised the ROI partial-
brain mask (volume =290 cm?®) and were chosen based on an
up-to-date meta-analysis of fMRI studies of emotion
regulation (Kohn et al, 2014). An ROI mask encompassing
coordinates reported by Kohn et al (2014) was created using
anatomical landmarks taken from the automated anatomical
labeling atlas (Tzourio-Mazoyer et al, 2002). Clusters of
activation were initially identified using an uncorrected voxel
threshold of p<0.005 and then subjected to correction for
multiple comparisons within the ROI mask as determined
via simulation using the 3dClustSim utility (10000 iterations;
http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClust
Sim.html). Given smoothness estimates of the data within the
mask, a family-wise error correction at «<0.05 was realized
using a voxel threshold of p <0.005 with minimum cluster size of
96 voxels (volume=768 mm®) for the Post>Pre analysis and
usin% a minimum cluster size of 125 voxels (volume= 1000
mm”) for the analysis examining predictors of treatment-related
symptom change. In addition to this ROI mask, we examined
treatment effects using anatomically defined ROIs for each of the
left and right amygdala, and a p-value corrected for multiple
comparisons (ie, small-volume correction). For both analyses, we
also examined whole-brain activation that occurred outside these
a priori ROI regions and surpassed a threshold of p<0.05, FDR
corrected; however, no additional clusters of activation surpassed
this threshold and thus are not reported here. To clarify the
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direction of significant results from each analysis, we extracted
BOLD signal responses (parameter estimates, J-weights in
arbitrary units of activation) averaged across all voxels within a
10-mm radius sphere surrounding the peak maxima voxel.

RESULTS
Treatment Effect on PTSD Symptoms

Twelve weeks of paroxetine treatment was effective in
reducing PTSD symptomatology, as indexed by the CAPS
(Pre Mean (M) =67.94, Standard Deviation (SD)=11.64;
Post M =26.59, SD =16.33; #(16)=12.57, p<0.001). Post-
treatment, more than two-thirds of the sample (12 out of 17)
showed at least a 50% reduction in their CAPS scores.

fMRI BOLD Response

Treatment effects. First, we examined the Post (R>M)
> Pre (R>M) contrast within the PTSD group, to deter-
mine whether SSRI treatment effectively increased emotion
regulatory brain activity. Results showed that compared
with pre-treatment, individuals with PTSD showed greater
R>M activation following treatment in the left dIPFC (peak
MNI coordinate, —44, 18, 28; 1104 mm’; Z=3.77, p<0.05,
corrected; Figure 1a) and in the SMA (peak MNI coordinate, 4,
14, 70; 1624 mm?®; Z =3.37, p<0.05, corrected; Figure 2a). No
other regional brain activity surpassed our cluster size threshold
corrected for multiple comparisons. Follow-up inspection of
ROI-extracted BOLD signal (ff weights) from the left dIPFC and
SMA confirmed the direction of increased Post>Pre dIPFC
and SMA activation during R>M trials (left dIPFC: Pre R> M,
M=044, SD=097 and Post R>M, M=1.02, SD=1.01,
Figure 1b; SMA: Pre R>M, M=0.28, SD=1.01 and Post
R>M, M =1.35, SD = 1.39, Figure 2b). There was also a trend
for Pre to Post change in the left dIPFC to correlate with
symptom change (Pearson’s r(15)=0.47, p =0.06), such that
greater change in this region corresponded to greater improve-
ment with treatment; the same correlation did not approach
significance for the SMA (Pearson’s r(15) =0.22, p = 0.40).

Using extracted f-weights, we failed to observe a significant
Group x Time interaction for the left dIPFC (p>0.14).
Nevertheless, we found that CEC participants failed to show a
change in R> M activation in the left dIPFC over the 12-week
period (Pre R>M, M=1.02, SD=144 and Post R>M,
M=0.95, SD =1.29, #(16) =0.17, p = 0.87, Figure 1b). We did
observe a significant Group x Time interaction for the SMA: F
(1,32) =528, p=0.03, 7> = 0.14. CEC participants failed to
show a change in R>M activation in the SMA over the
12-week period (Pre R>M, M=1.09, SD=2.31 and Post
R>M, M=0.72, SD =1.62, #(16) =0.69, p=0.50, Figure 2b)
(Using a whole-brain, 2 (Group: CEC, PTSD) x 2 (Time: Pre,
Post) mixed-measures ANOVA performed on R>M activa-
tion, we did not observe clusters of activation that surpassed
our AlphaSim or FDR p <0.05 whole-brain thresholds for the
Group X Time interaction.).

Treatment-related modulation of M >R amygdala activity
was not observed (data not shown).

Predictors of symptom change. There was a negative corre-
lation between Pre-Post symptom change and pre-treatment
R>M activity in the right VIPFC/IFG (peak MNI coordinate,
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(> Pre-treatment) difference in left dorsolateral prefrontal cortex (dIPFC) activation during Reappraise (> Maintain).

(@) One-sample voxel-wise statistical t-map overlaid on a canonical brain rendering (Montreal Neurological Institute (MNI) sagittal), showing increased
Post-treatment > Pre-treatment left dIPFC reactivity during Reappraise (> Maintain) in the PTSD group. Threshold for displaying the image is set at p =0.05
and masked; color bars represent statistical t-scores. (b) Mean BOLD response ( weights, arbitrary units (a.u.)) from the left dIPFC (=44, 18, 28) showing
increased Post-treatment> Pre-treatment activation during Reappraise > Maintain in the PTSD group. CEC, combat-exposed control (green bars); PTSD,
posttraumatic stress disorder (red bars); R>M, Reappraise > Maintain; Tx, Treatment. Error bars indicate SEM.
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Figure 2 Post-treatment (> Pre-treatment) difference in supplementary motor area (SMA) activation during Reappraise (> Maintain). (a) One-sample
voxel-wise statistical t-map overlaid on a canonical brain rendering (Montreal Neurological Institute (MNI) sagittal), showing increased Post-treatment > Pre-
treatment SMA reactivity during Reappraise (> Maintain) in the PTSD group. Threshold for displaying the image is set at p =0.05 and masked; color bars
represent statistical t-scores. (b) Mean BOLD response (B weights, arbitrary units (a.u.)) from the SMA (4, 14, 70) showing increased Post-treatment > Pre-
treatment activation during Reappraise > Maintain in the PTSD group. CEC, combat-exposed control (green bars); PTSD, posttraumatic stress disorder (red

bars); R>M, Reappraise > Maintain; Tx, Treatment. Error bars indicate SEM.

46, 44, -10; 2152 mm3; Z=396, p<0.05, -corrected,
Figure 3a). Participants with less pre-treatment R > M activity
in the right vIPFC/IFG showed greater treatment-related gains
(PTSD symptom reduction) (Figure 3b). No other regional
brain activity surpassed our cluster size threshold for
correction for multiple comparisons.

DISCUSSION

The current study examined neural correlates and predictors
of treatment change in the context of a 12-week clinical trial
with the SSRI paroxetine in OEF/OIF veterans with PTSD.
Treatment with SSRIs increased reappraisal-related activa-
tion in the left dIPFC and SMA. In addition, lower pre-
treatment reappraisal-related right vIPFC/IFG activation was
predictive of increased treatment gain, controlling for

symptom severity before treatment. These findings suggest
that PTSD patients with the least emotion regulatory brain
function may stand to gain the most from SSRIs, which
appear to normalize BOLD response in prefrontal regions
during reappraisal.

The dIPFC is implicated in domain-general cognitive control
(Miller and Cohen, 2001) and plays a key role in the initiation
and maintenance of emotion regulation (eg, Kohn et al, 2014).
However, as the dIPFC is not directly connected to subcortical
emotion-processing regions such as the amygdala (Ghashghaei
et al, 2007), it likely exerts its effects on these regions indirectly.
A recent meta-analysis suggested that the SMA, which is
believed to be among the network of neural regions mediating
top-down control of negative affect (Ray and Zald, 2012) may
be involved in implementing dIPFC-initiated emotion regula-
tory effects (Kohn et al, 2014). The SMA is involved in
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Figure 3 Pre-treatment Reappraise (> Maintain) activation predictive of treatment gain. (a) One-sample voxel-wise statistical t-map overlaid on a canonical
brain rendering (Montreal Neurological Institute (MNI) sagittal), showing the location of the significant negative correlation between Pre-treatment right
ventrolateral prefrontal cortex (VIPFC)/ inferior frontal gyrus (IFG) activation during Reappraise > Maintain (46, 44, — 10) and Pre-treatment > Post-treatment
Clinician-Administered PTSD Scale (CAPS) scores, controlling for baseline symptom severity (ie, Pre-treatment CAPS scores) in the posttraumatic stress
disorder (PTSD) group. Threshold for displaying the image is set at p =0.05 and masked; color bars represent statistical t-scores. (b) Scatterplot depicting the
partial correlation between right VIPFC/IFG during Reappraise (> Maintain) and treatment-related symptom change (Pre-treatment — Post-treatment CAPS
scores), controlling for baseline symptomatology (Pre-treatment CAPS scores). R>M, Reappraise > Maintain; Tx, Treatment.

executive aspects of motor control (Eickhoff et al, 2011) and
has previously been implicated in emotion regulation success
(Wager et al, 2008).

Results observed here are broadly in line with prior findings.
For example, previous work in depressed patients found that
SSRI treatment increased activation in the right dIPFC during
an emotional interference task (Fales et al, 2009). In another
study, depressed patients with greater symptom reduction
over 6 months of SSRI treatment also showed greater
increases in reappraisal-related dIPFC activation (Heller
et al, 2013). In PTSD, prior work has been limited, with one
resting state study showing that treatment with SSRIs
increased activation in the left medial temporal cortex,
whereas greater medial PFC activation post-treatment was
associated with greater symptom change (Seedat et al, 2004).
Another single-subject study found that a patient treated with
SSRIs showed increased activation in the IFG, among other
regions (Fernandez et al, 2001). Thus, although the present
results differ somewhat from prior work in PTSD, when taken
together with the literature on depression, the current and
prior results suggest that SSRIs may exert their therapeutic
effects via enhancement of activity in prefrontal regions
known to be involved in the initiation and maintenance of
emotion regulation (eg, Buhle et al, 2013; Kohn et al, 2014).
Moreover, as shown here, SSRIs may also boost activation
in other regions of the brain—ie, the SMA—believed to
support the effective implementation of negative affect
downregulation (Ray and Zald, 2012).

Other work has suggested that SSRIs may reduce activity
in the amygdala in depression (Fu et al, 2004; Sheline et al,
2001) and certain anxiety disorders (Phan et al, 2013);
however, such results were not observed here or in prior
work in PTSD (Fernandez et al, 2001; Seedat et al, 2004).
One possibility is that SSRIs may primarily exert their effects
via the PFC in PTSD. Another possibility is that such results
are observed particularly in relation to cognitive reappraisal.
PTSD has been conceptualized as both a disorder of emotion
regulation and as a fear disorder (eg, Ehlers and Clark, 2000;
Foa et al, 1989). Therefore, future work may wish to use
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other tasks, such as fear conditioning and extinction
paradigms, to determine whether additional neural correlates
and predictors of response to SSRI treatment are revealed.

Lanius et al (2010) have distinguished between emotional
undermodulation and emotional overmodulation in PTSD.
Whereas emotional undermodulation is believed to involve
hyperarousal and the reliving of traumatic experiences, and
is characteristic of individuals with non-dissociative PTSD,
emotional overmodulation is thought to involve emotional
detachment, hypoarousal, and depersonalization, and may
primarily characterize individuals with dissociative PTSD.
Prior work suggests that emotional undermodulation
involves reduced prefrontal activation and therefore reduced
inhibition of limbic regions, whereas emotional overmodula-
tion involves increased prefrontal activation and excessive
inhibition of limbic regions (Nicholson et al, 2015). By
finding that SSRI treatment increases prefrontal activation,
the present results support an emotional undermodulation
conceptualization of PTSD. Importantly, however, Lanius
et al (2010) suggest that individuals with PTSD are best
thought of as a heterogenous group rather than a single
group. Therefore, future work may wish to examine how
results would differ for different subtypes of PTSD (eg,
dissociative versus non-dissociative).

This is the first study to identify fMRI predictors of SSRI
treatment response in PTSD. A recent meta-analysis found
that increased baseline activation in the insula and the
striatum was predictive of poorer response to pharmacolo-
gical or psychotherapeutic treatment in depression (Fu et al,
2004). In addition, one previous study found that anxious
children (most with generalized anxiety disorder) who
showed less baseline amygdala reactivity benefitted more
from treatment with either SSRIs or psychotherapy (McClure
et al, 2007). Thus, prior work is not directly comparable to
the present study. The vIPFC/IFG has been implicated in
inhibition and response control (for a review, see Bari and
Robbins, 2013) and in emotion regulation (for a meta-
analysis, see Buhle et al, 2013), and IFG activation during
cognitive-affective tasks has been observed to be deficient in



PTSD (for a meta-analysis, see Hayes et al, 2012). Therefore,
initial deficits in this region might mean more room for
improvement with SSRI treatment. Given the paucity of
treatment prediction work in PTSD compared with other
disorders, more work is needed as to how the neural
correlates of SSRI treatment may differ in PTSD, anxiety,
stressor-related disorders, and depression.

Limitations of this study include the lack of a placebo-
control condition for the PTSD group and an all-male,
relatively small sample. We also studied only PTSD related to
combat trauma and thus the findings cannot be generalized
to PTSD from other types of trauma or to other anxiety
disorders. Lastly, we focused on reappraisal-based emotion
regulatory brain function and it remains unknown how the
neural correlates and predictors of SSRI treatment relate to
other forms of emotion regulation and/or emotion/fear
reactivity in PTSD. Finally, the CEC and PTSD groups
differed in age, education, and level of combat trauma
exposure, which could have affected results in our post-hoc
ANOV As that examined Group x Time interactions in SMA
and dIPFC R> M activation.

In sum, SSRI treatment for PTSD enhanced activation in
the left dIPFC and SMA during reappraisal, and less
pre-treatment right vIPFC/IFG activation during reappraisal
predicted greater treatment gains, irrespective of baseline
symptom severity. Therefore, SSRIs may enhance reappraisal-
related activation in the PFC for patients with PTSD and
patients with the greatest initial deficits in this region may
stand to benefit the most from treatment. The results add to a
growing literature seeking to understand treatment mechan-
isms and predictors in the service of developing new and
improved interventions and to a clinical science aimed at
developing a more personalized approach to treatment
decision making. More work involving randomized assign-
ment, comparative treatment, and transdiagnostic approaches
are needed to further progress on these fronts.
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