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Abstract

In patients with post-traumatic stress disorder (PTSD), a decrease in the brain reward function was reported in
behavioral- and in neuroimaging studies. While pathophysiological mechanisms underlying this response are unclear,
there are several lines of evidence suggesting over-recruitment of the brain reward regions by aversive stimuli
rendering them unavailable to respond to reward-related content. The purpose of this study was to juxtapose brain
responses to functional neuroimaging probes that reliably produce rewarding and aversive experiences in PTSD
subjects and in healthy controls. The stimuli used were pleasant, aversive and neutral images selected from the
International Affective Picture System (IAPS) along with pain-inducing heat applied to the dorsum of the left hand; all
were administered during 3T functional magnetic resonance imaging. Analyses of IAPS responses for the pleasant
images revealed significantly decreased subjective ratings and brain activations in PTSD subjects that included
striatum and medial prefrontal-, parietal- and temporal cortices. For the aversive images, decreased activations were
observed in the amygdala and in the thalamus. PTSD and healthy subjects provided similar subjective ratings of
thermal sensory thresholds and each of the temperatures. When 46 °C (hot) and 42 °C (neutral) temperatures were
contrasted, voxelwise between-group comparison revealed greater activations in the striatum, amygdala,
hippocampus and medial prefrontal cortex in the PTSD subjects. These latter findings were for the most part mirrored
by the 44 vs. 42 °C contrast. Our data suggest different brain alterations patterns in PTSD, namely relatively diminished
corticolimbic response to pleasant and aversive psychosocial stimuli in the face of exaggerated response to heat-
related pain. The present findings support the hypothesis that brain sensitization to pain in PTSD may interfere with
the processing of psychosocial stimuli whether they are of rewarding or aversive valence.

Introduction feature of post-traumatic stress disorder (PTSD) docu-

Reward deficiency, that is to say, hypofunctionality of
the brain reward circuitry manifested in the diminution of
drives and in inability to experience joy or pleasure' is
considered by some™” to be the most specific diagnostic*
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mented in preclinical studies® along with behavioral®” and
neuroimaging®”® clinical research. Although such neu-
ropsychopathology is rather resistant to conventional
therapies'®! and is also associated with chronicity and
severe disability'"', its pathophysiological mechanisms
remain poorly understood. One possibility is that reward
hypo-responsivity is driven by an enduring brain altera-
tion whether it be preexisting or acquired. A second
possibility is that it is derived from a functional reciprocity
between reward and stress reactivity®.
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With regard to the former possibility, individuals
afflicted with reward deficiency may perceive their life as
bland and unfulfilling and possess a character trait of
novelty seeking'®'*, which could drive their engagement
in stressogenic situations with an elevated potential for
trauma exposure and subsequent PTSD'>'®. This caus-
ality could run in the opposite direction'”. That is to say,
besides potent vasoconstriction'®, chronic stress can
exerts neurotoxic effects'®*® via a mix of related, but
conceptually and operationally different mechanisms such
as aggregation of platelets®', upsurge of intracellular cal-
cium®* and acceleration of apoptosis®® evident in struc-
tural gray matter volume changes of the key corticolimbic
structures®™**, Inherent in these structural changes are
alterations in neural connectivity and/or neurochemisitry.
For instance, reward deficiency is caused by dampening
reward circuitry neurotransmission by way of enhanced
dopamine metabolism®®, its inhibited synthesis®’ or
extracellular release®®*” in conjunction with the reduction
in dopamine receptors’ number®* and activity®"*>,

It may as well be plausible that reward and stress
alterations arising in the context of PTSD are temporally
related owing to conspicuous neuroanatomical and
functional overlap between the respective neurocircui-
tries®>*, Specifically, dopamine terminal fields, including
amygdala, striatum and medial prefrontal cortex that are
involved in the reward and motivational processing®” also
play key roles in stress and aversion®®. In patients with
PTSD these areas®”*® become hypersensitive to trauma-
conditioned environmental cues®*’, a mounting process
leading to the generalization of fear*®*! that is added or
synergized by the anti-reward cross-sensitization neu-
roadaptation amplifying responses to other aversive yet
not necessarily conditioned stimuli**~**, Like so, in PTSD
the same brain regions may be over-recruited by the
aversive stimuli rendering them unavailable to respond to
reward-related content and in the reversed order in
people with low reward function aversive experiences
(e.g., pain) are not buffered by reward and a consequence
is the heightened pain experience***®, These are testable
hypothesis that could be evaluated by juxtaposing
responses to functional neuroimaging probes that reliably
produce rewarding and aversive experiences®.

Inquiry into aversion mechanisms in humans is limited
in part by paucity of laboratory-based procedures that
bring about strong and reproducible activation of major
systems and that can be controlled with respect to the
‘amount’ of the administered stimulus. A paradigm well
suited for examining aversive responses in humans is a
common stressor®’, experimentally-induced pain*®. Con-
sistent with the reward-aversion continuum con-
ceptualization®’, the brain’s pain system is embedded
within extensive reward/motivation circuitry indis-
pensable for the survival mechanisms via pursuit of
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nourishment while avoiding/escaping threats**. Even mild
pain poses a sufficient aversive experience resulting in
reliable brain and subjective responses®’. Moreover, this
procedure is not associated with performance confounds,
so that equal ‘amounts’ of aversion are given to, both
healthy subjects and to patients with a neuropsychiatric
condition potentially entailing motivational* and atten-
tional®" deficits such as PTSD. Pain is also an ecologically
valid stimulus to be used in PTSD patients as numerous
epidemiological surveys indicate that the prevalence of
chronic pain in PTSD patients exceeds that of the general
population®® with up to a third of pain clinics’ patients
afflicted with comorbid PTSD**** compared to a 4—12%
PTSD rate in the general population®”.

The purpose of the present study was to determine,
employing functional magnetic resonance imaging
(fMRI), whether PTSD is associated with primary vs.
secondary alterations in reward processing. Two chal-
lenges used were (1) aversive or pleasant (i.e., rewarding)
and neutral images™ selected from the International
Affective Picture System (IAPS) and (2) pain-inducing
noxious thermal stimuli®’. The value of using these types
of challenges is a more conclusive interpretation of the
findings. Increased aversive stimuli (pain and negative
IAPS images) responses in pain-free PTSD patients
associated with signal decrements during rewarding
(positive IAPS images) stimuli would support the notion
that reward responsivity and pain sensitization are
inversely related phenomena. Alternatively, if PTSD
patients present the same directionality of the fMRI signal
changes during both rewarding and aversive visual sti-
muli, it may be concluded that altered brain reward
responses are not secondary to the over-recruitment of
the brain reward regions by the aversive stimuli and a case
for primary alterations in the brain reward and aversion
function may be supported. Moreover, normal activity
during pain, but not during aversive images’ processing,
would suggest intact brain pain mechanisms and that
fMRI signal differences are secondary to performance of
the visual task. In a similar fashion, control level activity
on both challenges would indicate that the respective
brain circuitries are essentially intact with regard to their
response to diverse rewarding and aversive challenges.
Given that theoretical considerations on the above scores
are not unambiguous directional prediction on rewarding
vs. aversive stimuli responses was not sufficiently justified.
Therefore, the hypothesis was formulated in terms of
PTSD-related differences in the brain processing of both
visual- and thermal-type of stimuli.

Methods
Subjects

Twelve subjects meeting the DSM-IV-TR criteria for
PTSD, diagnosed via the Structured Clinical Interview for
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DSM-IV*® and Clinician-Administered PTSD Scale
(CAPS)*, and 12 mentally healthy subjects were recruited
by advertisement. After the procedures were fully explained,
each subject gave written informed consent to the protocol
approved by the McLean Hospital Institutional Review
Board. All subjects were right-handed as assessed with
Edinburgh Handedness Inventory;’° they were pain-free
and in good physical health as determined by respective
Brief Pain-®" and Cornell Medical Index Health Ques-
tionnaires®®. Subjects with cognitive impairment or head
trauma accompanied by amnesia or loss of consciousness
greater than 10 min were excluded, as well as those with a
history of schizophrenic-, paranoid-, other psychotic-,
bipolar-, non-PTSD anxiety-, or substance dependence
disorder. Given the high rate of depressive comorbidity in
PTSD®, subjects with onset of major depressive disorder
after the traumatic event that caused the PTSD were
allowed to participate. Recent drug and alcohol consump-
tion was ruled out by negative results on urine toxicology
screen and breathalyzer. We also excluded the use within
the previous month of any potentially confounding medi-
cations or drugs (e.g., opioids, psychostimulants, cannabi-
noids, dopaminergic or antidopaminergic agents, and mood
stabilizers, antidepressants with prominent catecholami-
nergic effects such as tricylclics, buproprion, mirtazepine,
venlafaxine, and duloxetine).

Visual stimulation

Similar to our prior studies in mentally healthy subjects,
emotional responses were probed using images selected
from the IAPS®*. Based on normative ratings for affective
valance (unpleasant to pleasant) and arousal (calm to
excited), three categories of images were selected: “plea-
sant”, “neutral”, and “aversive” categories. The pleasant
images were the 90 pictures with the highest normative
arousal scores selected from the 120 pictures with the
highest normative valence intensity scores. Similarly, the
aversive images were the 90 pictures with the highest
normative arousal score selected from the 120 pictures
with the lowest normative valence scores. Neutral images
were 120 pictures with the highest normative arousal
score selected from pictures with valence scores between
4.5 and 5.5 (range 1-9).

IAPS images were presented in blocks of nine for each
of the three categories (Fig. 1). Every subject had three
fMRI scans, each with a total of nine visual stimulation
blocks; three blocks of positive images, three blocks of
aversive images and three blocks of neutral images. Each
scan consisted of a 60 s baseline followed by nine visual
stimulation blocks (20 s long) presented in pseudorandom
order. Each image was only presented once. After each
scan, subjects verbally rated the average valence experi-
enced for the Pleasant and Aversive blocks using visual
analog scale (VAS).
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Quantitative sensory testing

Prior to scanning, heat and cold thresholds were
determined using a 3 x 3 cm contact thermode (TSA-II,
Medoc Advanced Medical Systems). The temperature
increased from a 32 °C baseline at the 1°C/s rate until
stopped by the subject at the first onset of pain. To
determine cold pain thresholds, the skin was cooled down
linearly at a slow rate (1°C/s) until pain sensation was
perceived (method of limits).

Similar to our prior studies in healthy subjects®®, pain
responses were probed by heat stimuli to the dorsum of
the left hand delivered with a 3 x 3 cm contact thermode
(TSA-II, Medoc Advanced Medical Systems). The ther-
mode had a baseline temperature of 32 °C, and was rapidly
heated (temperature rise =+44°C/s) to 42, 44, or 46°C.
The target temperature was maintained for 20 s and then
returned to baseline (-4 °C/s) to end the stimulus event.
Every subject received a total of nine thermal stimuli,
three at each temperature, with an inter-stimulus interval
of 30 s. During each thermal stimulus, subjects rated pain
intensity and unpleasantness using a rating dial in their
right hand to adjust a VAS presented using the software
package LabVIEW 5.1 (National Instruments Corp). Pain
intensity was rated on a 0 to 10 VAS anchored at “No
Pain” to “Max Pain”, unpleasantness was anchored at
“Min” 0 to “Max” 10. To reduce expectancy confounds the
stimuli were presented in a random order.

Imaging protocol

A Siemens Trio 3 Tesla MRI scanner with a circularly
polarized head coil was used for all scans. Brain structure
was acquired with a magnetization prepared rapid gra-
dient echo (MPRAGE) sequence [128 slices 1.33 mm
thick, with an in-plane resolution of 1 mm (256 x 256)].
Blood-Oxygen-Level Dependent (BOLD) contrast func-
tional scans were collected using an echo planar imaging
sequence (echo time/repetition time (TE/TR)=30/
2500 ms for heat pain runs, TE/TR=30/3000 ms for
IAPS). The repetition times were optimized to the timing
of the heat and visual probes. Both heat pain and visual
functional scans consisted of 41 slices, with 3.5 mm iso-
metric resolution. Eighty-four volumes were captured for
each of the 42, 44 and 46 °C fMRI scans (3:30 each), and
199 volumes were captured for the IAPS fMRI scans
(9:57). Visual and thermal stimuli were administered in a
double blind counterbalanced fashion at least 15 min
apart (Fig. 1).

Data processing and voxelwise statistical analyses
Analysis was carried out using FSL tools release 5.0
(FMRIB Analysis Group, Oxford University; http://www.
fmrib.ox.ac.uk/fsl/), specifically FEAT version number
5.92. Functional images were pre-processed using stan-
dard pipelines: motion correction, high pass temporal
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Fig. 1 Imaging and data analytic protocol. Pain responses were probed by heat stimuli to the dorsum of the left hand delivered with a 3 x3cm
contact thermode (TSA-Il, Medoc Advanced Medical Systems). The thermode had a baseline temperature of 32 °C, and was rapidly heated
(temperature rise = + 4 °C/s) to 42, 44 or 46 °C. The target temperature was maintained for 20 s and then returned to baseline (—4 °C/s) to end the
stimulus event. Every subject received a total of nine thermal stimuli, three at each temperature, with an interstimulus interval of 30's. To identify
brain regions that differed between PTSD and healthy subjects, we contrasted 46 and 44 °C evoked responses to 42 °C. IAPS images data comparison
was performed in an analogous fashion i.e, positive images minus neutral images and negative images minus neutral images. Both comparisons
were calculated for each group (patients and controls) and for between group differences

filtering (100s), spatial smoothing (5 mm). Scans were
inspected for gross motion with a threshold of 3 mm for
elimination of the scan from further analysis. Images were
registered to a standard atlas provided by FSL
(MNI152 standard brain).

Statistical Analysis was carried out using a univariate
general linear model approach; explanatory variables were
created to represent the temporal presentation of thermal
and visual stimuli. The resulting spatial parameter esti-
mates were registered to standard atlas for group analysis.
Group statistical analysis was carried out using a mixed-

model approach as implemented in FSL; parameter esti-
mate and variance images were included to perform the
group comparisons described below. Inference was car-
ried out using a Gaussian mixture model approach as
described in ref. ®. Group and comparison statistical
maps were subjected to alternative hypothesis testing
without assuming normal distribution. The Gaussian
mixture model approach produces posterior probability
maps for the different classes of the original z-statistics
map. Each voxel is associated with different classes with a
specific (posterior) probability of belong to each class.
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Posterior probability maps were thresholded at 0.5 to
determine brain regions statistically significant differences
between the groups.

To search for brain regions that differed between PTSD
and healthy subjects, we contrasted rewarding (pleasant)
versus aversive (unpleasant) IAPS images (rewarding
images minus neutral images and aversive images minus
neutral images). Similarly, evoked responses to 46 and
44°C were compared to 42 °C. Both comparisons were
calculated for each group (patients and controls) and for
between group differences. The t test results for each
voxel were converted to z scores and thresholded to p
<.01, at first uncorrected for multiple comparisons. All
voxels with less significant activations (or deactivations of
any magnitude) were excluded from further study.
Remaining voxels were then collected into contiguous
clusters. With Gaussian random field theory®’, a sig-
nificance level was associated with each cluster, this time
correcting for multiple comparisons across the whole
brain. Clusters with corrected significance at z> 2.3 and p
< .05 were rendered as colored regions, with the color at
each voxel indicating the corresponding z score.

The power analysis was based upon testing the IAPS
response differences, which were likely to require more
subjects consistent with a weaker response to psychoso-
cial vs. physiological stimuli®®. In our prior experiment
with a psychosocial task® the mean striatal BOLD signal
changes in response to monetary reward in PTSD subjects
was 0.05+0.17 (SD) compared to 0.33+0.35 in the
healthy controls, yielding an effect size of 1.02d. We
assumed the effect size for rewarding IAPS images to be
comparably large. With 12 subjects in each group, we had
80% power at the p < 0.05 significance level to detect such
an effect size for lower responses to reward in PTSD
subjects.

Results
Demographic and clinical data

Table 1 presents demographic and clinical data for the
study groups. These data demonstrate that PTSD subjects
were not significantly different from healthy controls with
respect to age, gender, years of education and perfor-
mance on the quantitative sensory testing, but they scored
significantly higher on the Harm Avoidance and Self-
Transcendence and lower on Self-Directedness. The
PTSD subjects also rated pleasant images significantly
lower than healthy controls. As planned, there were
conspicuous differences in the CAPS and Beck Depres-
sion Inventory-I1* scores.

Imaging data

Imaging data are displayed in Figs. 2—5 and Tables 2-5
as regions within the brain divided into Cortical, Sub-
cortical, and Brainstem/Cerebellum with x, y, and z
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Table 1 Demographic and clinical characteristics (mean
+ standard deviation)

Characteristic PTSD (n=12) Healthy (n=12)
Age (year) 389+119 396+102
Gender (M/F) 5/7 6/6
Education (year) 149+16 150+ 24
CAPS (score; range 0-136)*** 76.5+13.5 0.8+2.6
BDI-2 (score; range 0-63)*** 19.7+10.8 1.2+15
Temperament and character inventory (score)
Novelty seeking (range 0-40) 190£63 163£35
Harm avoidance** (range 0-35) 205+84 10.6 +4.9
Reward dependence (range 0-24) 144+37 173+34
Persistence (range 0-8) 63+1.1 54+18
Self-directedness** (range 0-44) 283+7.7 37.3+4.7
Cooperativeness (range 0-42) 308+86 376+3.1
Self-transcendence* (range 0-33) 16.6 + 6.6 11.3+59
Self-ratings
Quantitative sensory testing (threshold)
Heat (°C) 442+53 464+39
Cold (°O) 119+116 73+68
46 °C unpleasantness (mm; range 0-10) 53+40 63+24
44°C unpleasantness (mm; range 0-10) 32+30 41+£21
IAPS pleasantness (mm; range 0-10)* 6.1+1.3 7.2+1.0
IAPS unpleasantness (mm; range 0-10) 22+16 23+1.1

CAPS Clinician-Administered PTSD Scale, BDI-2 Beck Depression Inventory-Il, IAPS
International Affective Picture System

*p < 0.05, **p < 0.01, ***p < 0.001 (t-tests, independent by groups)

Significant group differences are bolded

coordinates in millimeters of the peak voxel and cluster
volumes. Significant activations are noted in terms of z-
statistics (z-stat). Because our prior work implicated
striatum in hypofunctional reward responsivity in PTSD
patients®, an a priori emphasis was placed on potential
activations and deactivations in that area.

Visual stimuli

For the processing of reward (Fig. 2, Table 2), between-
group analyses of responses to the presentation of
rewarding vs. neutral IAPS images in PTSD- vs. healthy
subjects displayed 31 clusters of deactivation including
cortical (cingulate, frontal occipital, parahippocampal,
parietal and temporal), sub-cortical (right putamen and
left pallidum), brainstem and cerebellum areas. Separate
analyses in healthy and PTSD subjects revealed significant
clusters of activations in the above regions for both
groups; the clusters volumes and the level of significance
were smaller in the PTSD group. For psychosocially
aversive stimuli (Fig. 3, Table 3), between-group analyses
of negative versus neutral IAPS images produced 12
clusters of activation (frontal occipital, parietal and tem-
poral cortices and in cerebellum) and 9 clusters of deac-
tivation (frontal parietal and temporal cortices, bilateral
amygdala and thalamus). Separate analyses in healthy
subjects detected large significant clusters of activation to
negative minus neutral IAPS images that comprised
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PTSD < Controls (Rewarding— Neutral Pictures)

ACC

+36

Fig. 2 Clusters of deactivation obtained from voxelwise contrasts of IAPS positive-minus neutral images in PTSD and in healthy subjects (n =12 in
each group) projected onto a background (grayscale) representing subjects’ mean high-resolution anatomic image. Coordinates are in accordance
with the Montreal Neurological Institute (MNI) space. ACC anterior cingulate cortex, Cau caudate, Gob orbitofrontal cortex, IPC inferior prefrontal

cortex, Pal pallidum, PCC posterior cingulate cortex, PreCu precuneus, and Put putamen

PreCu/PCC

PTSD > Controls (Aversive — Neutral Images)

-20

GOb

PTSD < Controls (Aversive~ Neutral Images)

Fig. 3 Clusters of activation and deactivation (respectively colored in red and blue) obtained from voxelwise contrasts of IAPS negative-minus neutral
images in PTSD and in healthy subjects (n = 12 in each group) projected onto a background (grayscale) representing subjects’ mean high-resolution
anatomic image. Coordinates are in accordance with the Montreal Neurological Institute (MNI) space. Amy amygdala, Gob orbitofrontal cortex, MCC
midcingulate cortex, MTG middle temporal gyrus, Ins insula, PrC parietal cortex, Th thalamus

bilateral frontal, temporal, occipital striatal and brainstem
areas. Analyses in PTSD subjects observed small sig-
nificant clusters of activation in bilateral temporal lobes
and in thalamus.

Thermal stimuli

Pair-wise group (PTSD-subjects vs. healthy subjects)
comparison between noxious heat (46°C) and mildly
warm temperature (42 °C) (Fig. 4, Table 4) uncovered 60

clusters of activation in cortical (cingulate, frontal, hip-
pocampal, occipital, parahippocampal, parietal, temporal
and insular), sub-cortical (right amygdala, left caudate, left
nucleus accumbens, right pallidum and right putamen),
brainstem (periaqueductal gray) and cerebellar areas and
32 clusters of deactivation in the cortical (cingular, fron-
tal, insular, occipital, parietal, temporal), sub-cortical (left
amygdala and right hypothalamus) and cerebellar areas. In
healthy subjects the 46 vs. 42°C contrast resulted in a
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PTSD > Controls (46°C-42°C)
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PTSD < Controls (46°C-42°C)

Fig. 4 Clusters of activation and deactivation (respectively colored in red and blue) obtained from voxelwise contrasts of 44 °C-minus 42 °C in PTSD
and in healthy subjects (n = 12 in each group) projected onto a background (grayscale) representing subjects’ mean high-resolution anatomic image.
Coordinates are in accordance with the Montreal Neurological Institute (MNI) space. ACC anterior cingulate cortex, Amy amygdala, Cau Caudate, Ce
cerebellum, Gob orbitofrontal cortex, Hi hippocampus, Hy hypothalamus, mPFC medial prefrontal cortex, MTG middle temporal gyrus, NAc nucleus

accumbens, Pal Pallidum, Put putamen, Th thalamus, TP Temporal pole

PreCu/PCC

mPFC

mPFC Cau/Pal

PTSD < Controls (44°C-42°C)

i # k— P

Pons

Fig. 5 Clusters of activation and deactivation (respectively colored in red and blue) obtained from voxelwise contrasts of 46 °C-minus 42 °C in PTSD
and in healthy subjects (n = 12 in each group) projected onto a background (grayscale) representing subjects’ mean high-resolution anatomic image.
Coordinates are in accordance with the Montreal Neurological Institute (MNI) space. ACC anterior cingulate cortex, Amy amygala, Cau caudate, Ce
cerebellum, Gob orbitofrontal cortex, Hi hippocampus, Hy hypothalamus, mPFC medial prefrontal cortex, MTG middle temporal gyrus, Pal pallidum,

PreCu Precuneus, Put putamen
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Table 2 Contrast analysis for rewarding IAPS stimuli
(PTSD: IAPS positive-PTSD: IAPS neutral)-(Control: IAPS
positive-Control: IAPS Neutral)
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Table 3 Contrast analysis for aversive IAPS images (PTSD:
IAPS Aversive-PTSD: IAPS Neutral)-(Control: IAPS
Aversive-Control: IAPS Neutral)

Brain region Coordinates (mm) Volume cm?

Lat.  Zstat X y z
Negative
Cortical
Frontal
Superior R 20839 4 52 42 2.888
Rectus L 15644 0 46 —18 0464
Superior_Medial L 2.1896 -2 40 56 0416
Rectus L 23799 -8 34 —-18 196
Rectus L 22608 0 22 —24 0.64
Precentral L 3.5891 —54 10 32 26.856
Superior_Orbital R 24536 26 2 64 1464
Precentral L 24556 —44 =2 32 0.592
Parietal
Angular R 1.7078 54 —50 32 0.376
Inferior L 30534  —48 52 56 12472
Angular R 2.6085 44 —52 36 136
Angular R 33173 46 —58 24 532
Precuneus L 2.898 -8 —60 38 8624
Precuneus L 1.8879 —4 —60 58 0.856
Occipital
Calcarine R 2.0683 4 —62 18 0.576
Temporal
Pole_Middle L 2.1849 —46 10 -32 1.344
Inferior L 2111 —46 8 —36  08%
Inferior L 20172 —64 —34 -22 144
Inferior R 2.1406 56 —48 —10 0.344
Middle R 22183 56 54 =2 0.544
Inferior R 2.0425 64 —56 —4 0416
Middle L 31146  —-60 —62 0 296
Cingulum
Anterior L 1.9482 —8 38 20 0.856
Middle L 2.2833 -10 26 32 1.16
Parahippocampus
Parahippocampal R 1.6731 18 —4 —18 0232
Sub-Cortical
Putamen R 2215 28 2 2 1.096
Pallidum L 18068 —20 O 6 0224
Brainstem/Cerebellum
Cerebellum_Crus2 R 2.254 40 —40  —42 0456
Cerebellum_8 R 21839 36 —52 —50 0.352
Cerebellum_8 R 20246 24 —60 —48 0456
Cerebellum_7b R 25839 42 —64 =52 1592

cluster of activation in the anterior cingulate and a
bilateral cluster of deactivation in the hippocampus.
When the PTSD group was considered in isolation, the
46°C vs. 42°C contrast detected bilateral activation
clusters in the ventral and dorsal striatum comprised of
nucleus accumbens and pallidum along with the clusters
in the anterior cingulate and other cortical areas; deacti-
vations were observed bilaterally in the hippocampus.
Other than the prominent thalamic activations in the
PTSD group that were not apparent in the 46 °C vs. 42 °C

Brain region Coordinates Volume cm®
(mm)
Lat. Zstat x y z

Positive

Cortical

Frontal

Superior_Orbital R 2.56 34 54 10 0.456
Superior_Orbital L 40537 =26 50 -8 0968
Middle L 32352 =24 50 8 0928
Middle_Orbital R 25548 28 40 26 0.224
Parietal

Postcentral R 26503 30 —26 56 0.336
Angular L 25476  —44 =50 22 0312

Occipital

Rolandic_Operculum R 28717 40 —14 18 0.296
Temporal

Superior R 27187 64 —16 0 1.744
Superior R 28439 42 —36 18 0272
Middle L 24763 =50 =52 22 0.24
Brainstem/Cerebellum

msn R 28358 16 —30 —40 0576
spV L 28349 -2 —36 —60 0456
Negative

Cortical

Frontal

Inferior_Triangular R 36038 50 28 14 0.664
Precentral R 37138 62 8 20 0.736
Parietal

SupraMarginal L 35245 —64 28 32 0496
Temporal

Inferior R 44946 48 —50 —=22 148
Inferior L 37104 =54 =54 =20 0.752
Inferior R 44622 60 —-60 —4 2976
Middle L 39094 -5 —-62 0 0.696
Sub-Cortical

Amygdala R 39166 22 0 —18 068
Thalamus L 42201 -2 =12 =2 168

contrast potentially due to activation of the descending
modulation system’’, the 44.°C vs. 42 °C contrast (Fig. 5,
Table 5) produced by and large a similar to the 46 °C vs.
42°C contrast pattern of activations (62 clusters) and
deactivations (20 clusters) in the cortical, subcortical and
brainstem regions on both between groups and within
group analyses.

Discussion

To our knowledge, this is the first study to integrate
reward and aversion subjective rating and neuroimaging
data in patients with PTSD. The present results replicate
others? and our earlier behavioral®, self—report7 and

neuroimaging®  work  uncovering ~ PTSD-related
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Table 4 Contrast analysis for pain i.e., Noxious Heat
(PTSD: 46 °C-PTSD: 42 °C)-Control: 46 °C-Control: 42 °C)

Brain region Lat.  Zstat X y z m?®
Positive

Cortical

Frontal

Middle R 45149 4 52 —12 6.216
Superior L 33138 —-14 50 34 2912
Middle_Orbital R 4.1583 28 48 22 5.256
Inferior_Triangular R 3.088 50 46 -2 4576
Superior_Medial L 44573 —10 44 44 5.184
Middle R 36398 6 44 -2 2672
Inferior_Orbital L 42308 —50 44 -8 6.816
Superior_Medial L 3.2365 -8 42 24 1.888
Middle_Orbital L 36153 —6 42 —14 088
Inferior_Orbital L 33324 —34 38 —18 9248
Rectus L 38512 2 36 —24 4568
Middle L 3.0899 —30 34 42 2.344
Superior_Medial L 36588 -6 32 40 2976
Middle_Orbital R 31365 40 32 22 11.888
Inferior_Triangular L 3.2889 —-50 32 14 3.848
Inferior_Orbital R 36127 28 30 —24 2392
Superior_Orbital R 3.8527 14 28 52 3488
Middle L 31438  —-50 20 40 284
Supp_Motor_Area L 4.8875 -2 18 50 32.792
Precentral L 31636 —46 2 40 948
Precentral L 36611 —-38 16 58 9.592
Precentral R 32171 32 —-20 58 4.032
Parietal

Angular R 3.1444 48 -50 30 4.584
Inferior L 3.7698 —54 =56 36 4.592
Angular R 34722 46 —60 30 2.368
Angular R 3.3966 44 —62 26 2.136
Angular L 39151 -52 =62 26 3.192
Occipital

Rolandic_Operculum L 31518 =54 10 0 5.248
Temporal

Middle L 3.0839 -50 4 —22 1.664
Middle L 41141 —42 2 -30 6.616
Inferior L 3.1285 —38 —24 -30 10.24
Inferior R 38777 48 —48 -8 6.768
Middle L 34588 —44 =52 16 6.072
Inferior R 3.2829 54 —52 -8 1.856
Middle L 3.5635 —56  —60 —4 8.112
Inferior R 3.7377 58 —60 —18 6.792
Cingulum

Anterior L 3.648 —6 42 8 6.88
Anterior L 3.2944 —6 30 24 1432
Anterior L 4.1817 —6 22 22 5728
Post L 3.6965 —6 —48 28 8.08
Insula

Insula_Anterior R 3.1325 30 22 —16 1.992
Insula_Anterior R 3.1263 36 4 16 3.96
Sub-Cortical

Putamen R 3.5437 26 14 0 4.256
Caudate L 32604 12 14 0 0.712
NAc L 3.9158 —10 8 —6 4928
Pallidum L 34741 14 2 -2 2.168
Amygdala R 3.7746 32 —6 —12 5.96
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Table 4 continued
Brain region Lat.  Zstat X y z m’®
Pallidum R 39179 28 —14 -2 5952
Hippocampus L 37027 -22 16 —16 7408
Brainstem/Cerebellum
PAG 3.179 -2 —26 —6 3456
Cerebellum_8 L 31324 =22 -38 —50 1432
Cerebellum_6 R 6.2048 36 —46 —26 21496
Cerebellum_Crus2 L 35623 —42 =56 —42 5088
Cerebellum_8 R 36938 34 —56 —54 7368
Vermis_4_5 3.1742 0 —60 —10 7.072
Cerebellum_6 R 33647 14 —60 —-20 2216
Cerebellum_Crus1 L 4.0219 -32 —62 —34 2904
Cerebellum_Crus1 L 40019 —-36 —62 —34 192
Cerebellum_6 L 3717 -36  —62 -24 3816
Cerebellum_Crus1 R 3.7558 52 —64 —-32 28
Negative
Cortical
Frontal
Inferior_Orbital L 2.1532 -30 34 -6 1416
Rectus L 29197 -6 26 —-18 132
Middle_Orbital R 20634 30 18 40 1.104
Precentral L 19161 —36 0 30 0.336
Paracentral_Lobule R 22028 8 —30 64 0.824
Parietal
Postcentral L 21779 —-58 =10 40 0816
Postcentral R 24261 48 —18 40 1.344
Postcentral R 27418 34 —30 40 1.192
Fusiform R 20777 24 —-30 -20 1.504
Postcentral R 2.9956 22 —36 80 2.152
Postcentral L 2.0547 —26  —40 78 1.624
Precuneus L 20737 —16 —42 68 1.024
Precuneus L 2.1096 -8 —44 78 0424
Precuneus R 23315 26 —50 2 0.968
Superior R 20322 22 —50 70 0424
Inferior L 1.8085 —-32 =52 48 0.256
Occipital
Middle L 21494 =28 —60 32 1432
Temporal
Superior R 20631 62 2 -2 0.664
Superior R 19796 66 —14 10 0424
Superior L 1.9296 —66 =26 6 0456
Superior R 23064 44 —42 1.152
Superior R 1.856 62 —44 20 0448
Lingual R 20713 16 —46 —6 0.752
Middle R 26184 64 —52 10 1.92
Cingulum
Middle R 2.8207 14 10 42 3448
Middle R 2.7638 12 —-20 46 1.92

Insula
Insula_Posterior L 2.2091 —-46  —10 4 0616
Sub-Cortical
Amygdala L 22135 —24 =2 —22 048
Hypothalamus R 22421 4 —4 —14 0616

Brainstem/Cerebellum
Cerebellum_Crus2 L 2.742 —52 —44 —42 1112
Cerebellum_4_5 L 1.788 -8 —44 —4 0.232
Cerebellum_9 L 1.7861 —-12 —52 —42 0216
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Table 5 Contrast analysis for mild heat (PTSD: 44 ° Table 5 continued

C-PTSD: 42 °C) - (Control: 44 °C-Control: 42 °C)

Brain region Coordinates Volume cm?®

Brain region Coordinates Volume cm?® (mm)
(mm)
Lat. Zstat x y z
Lat. Zstat x y z -

Anterior L 36318 —4 38 14 0.664
Positive Anterior L 40637 -4 32 20 5536
Cortical Anterior L 3.1657 0 6 28 0.576
Frontal Post R 32097 10 —36 10 0976
Middle R 40704 6 48 -8 312 Post L 41616 -6 —48 28 4.648
Middle_Orbital R 32921 34 48 30 0.56 Parahippocampus
Superior L 31293 —12 44 40 0.744 Parahippocampal L 32434 —-18 —-40 -6 069
Rectus L 32064 -2 42 —16 1808 Sub-Cortical
Rectus R 37214 8 40 —18 1.056 Caudate L 32456 —12 14 0 1.072
Superior L 34373 =14 40 56 0.944 Putamen R 38053 24 10 —4 0424
Middle L 34842 —38 40 22 1.368 Hippocampus R 3593 26 -16 =20 1.176
Inferior_Triangular L 35237 =34 36 8 1.568 Thalamus L 4.299 —6 22 10 12.704
Inferior_Orbital L 38798 —34 36 —20 0912 Hippocampus R 3.1028 18 —24 =10 028
Superior_Medial L 36091 -4 34 40 2.208 Brainstem/Cerebellum
Middle L 34024 =22 30 40 1.112 Cerebellum_4_5 L 31 =20 —-38  —26 0808
Inferior_Orbital R 37141 28 30 —22 1192 Cerebellum_6 R 33558 36 —46 —26 0.888
Inferior_Triangular L 31173 =50 28 10 0.936 Cerebellum_9 R 32272 14 —48 =58 0992
Inferior_Orbital L 31268 —42 20 —4 0872 Cerebellum_8 R 35838 32 —54 =52 168
Supp_Motor_Area L 32645 -2 18 50 0.792 Cerebellum_9 R 41683 10 —56 —44 3232
Supp_Motor_Area L 34745 0 14 62 0.752 Cerebellum_8 R 33332 20 —58 —42 0304
Inferior_Operculum L 36119 —54 8 22 0.776 Cerebellum_6 R 36535 34 —66 —22 1536
Precentral L 34549 —54 4 26 0.44 Negative
Precentral R 34352 54 -2 36 0.84 Cortical
Precentral L 34675 =52 —4 44 1.184 Frontal
Superior_Orbital R 32762 22 -8 64 0.32 Middle_Orbital R 20443 40 30 30 032
Paracentral_Lobule L 40229 —-10 —14 78 1.16 Superior R 24918 12 24 44 0.296
Precentral L 37143 =38 —16 60 1.84 Inferior_Triangular L 31483 —58 24 26 1672
Paracentral_Lobule R 35266 2 —34 54 1.28 Middle_Orbital R 18327 34 20 50 1.232
Parietal Superior L 21947  —18 14 48 0.256
SupraMarginal L 34122 =56 =32 26 0.584 Middle_Orbital R 26315 30 14 40 1.12
Postcentral L 31039 —-30 —32 56 0216 Parietal
Postcentral L 31249 —-30 —-36 60 1.376 Postcentral R 26851 32 —30 40 0.776
Precuneus L 35055 —6 —48 10 2.16 Postcentral R 20626 38 —-30 52 0.552
Inferior L 31253 —-38 50 36 0312 SupraMarginal R 26399 50 —34 44 1.712
Precuneus R 31816 16 —58 24 0432 Postcentral R 31791 46 —40 64 2.384
Precuneus R 35186 14 —66 28 0.84 Inferior R 2471 40 —42 44 1.032
Precuneus R 3.227 4 —66 26 0.888 Inferior R 21527 40 —50 54 0416
Fusiform R 37049 32 —66 —18 0952 Superior R 35031 16 —56 56 0.96
Occipital Superior R 22789 30 —56 56 0.56
Rolandic_Operculum R 32399 52 4 6 0.296 Occipital
Temporal Rolandic_Operculum R 25939 66 12 10 0432
Middle L 36741 =58 =12 —16 0464 Middle L 1.956 —28 —60 32 0.376
Superior R 33562 58 —-22 12 0352 Temporal
Lingual L 36803 —14 -36 —4 14 Middle R 1.9479 66 =52 10 0.256
Lingual R 31735 10 —46 2 0.728 Cingulum
Inferior R 35948 48 —48 -8 0728 Middle R 24938 14 22 38 048
Middle L 32165 —56 —-50 -6 0256 Brainstem/Cerebellum
Middle L 33457 —44 =52 16 0.76 msn R 20307 8 —38 —48 0272
Inferior R 33425 52 —52 -8 0656 Cerebellum_8 L 19706 —18 —62 =52 0336
Inferior R 32641 48 —52 =12 0248
Cingulum
Anterior L 33772 0 48 0 2.136
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decrements in response to rewarding visual stimuli and
extend these prior findings by suggesting that, in addition
to been numb to rewards, PTSD subjects may also be
indifferent to some of the life’s discontents oper-
ationalized via aversive IAPS images as evidenced by
bilateral deactivations in the key reward and aversion
structure, amygdala. PTSD neuropsychopathology may
thus encompass both positive and negative valence pro-
cessing whether it is subserved by the same or by a dif-
ferent set of neurons’”.

Decrease in cerebral metabolism and blood flow when
exposed to natural reinforcers has been observed in a
number of neuropsychiatric conditions (e.g., addiction
and schizophrenia) characterized, like PTSD®, by dimin-
ished dopaminergic tone with corresponding decreases in
the tonic glutamatergic activity due to drugs or to the
disease process per se’>’*”%, On the background of this
diminished activity, respective exposure to drugs, to
conditioned cues or to psychotic contents leads to robust
augmentations of phasic corticolimbic responses’? akin to
pain-induced activations on the present study.

A prior neuroimaging investigation with the laboratory-
based pain induction found greater activations in hippo-
campus, putamen and insula and less activations in the
amygdala and prefrontal cortex of combat PTSD Veterans
during their exposure to a fixed and customized (to
subjective ratings) temperatures’®, That study did not,
however, obtain baseline pain assessments and subjective
pain thresholds. A subsequent study in women only
replicated the insular activations finding’®. The direction
of PTSD subjects’ subjective responses to experimentally-
induced pain varied and resting state hyperalgesia’®”’,
hypoalgesia’*”®”® and no differences’® when compared to
healthy subjects have been reported. Methodological
factors® such as inter-subject pain threshold varia-
bility’*”®, individualized vs. standardized magnitude of
the pain stimuli’*, concurrent PTSD symptoms reactiva-
tion”?, pain expectancy context®® and presence of
comorbid pain conditions”® may explain the divergent
pain effects in PTSD.

It has been previously suggested that PTSD patients are
not actually numb and that their capacity to experience
positive emotions is rather constrained by preferential
allocation of emotional, motivational and cognitive
resources to environmental threats including re-
experiencing of the traumatic episodes®®. Partially
overlapping hypo and hyper in the PTSD subjects (e.g.,
left pallidum®") respectively produced by the positive
IAPS images and by pain supports the possibility that
PTSD patients deactivate and activate the same brain
structures to respective rewarding and aversive stimuli.
However, even if such structures are identified in this and
prior functional and/or structural neuroimaging studies,
the microcircuits located within those structures may
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actually carry out discrete and non-overlapping tasks.
Emerging neuroscience technologies integrating viral
vectors with optogenetics in combination with in vivo
single cell recording, electrophysiology and neuroanato-
mical analyses®®® afford higher (than human neuroima-
ging) resolution of neural underpinning of normal
function and of pathopysiological processes. The present
findings thus provide a foundation for preclinical studies
applying concurrent reward and stress measurements in
PTSD models to further address the questions of reward
and stress circuitries’ interactions.

We also observed dissociation between brain activations
and quantified measures of pain valuation. Specifically,
pain free subjects with PTSD rated painful stimuli simi-
larly to healthy controls, but displayed greater brain
activations to the same stimuli. This group difference was
not explained by variability of pain thresholds. Such
heightened brain pain responses notwithstanding regular
self-reports may point to enhanced brain’s ability to
screen out/suppress responses to seemingly irrelevant®”
noxious and other types of stimuli from reaching con-
scious awareness®®®’ ie., “gating”®’. While disrupted
sensorimotor gating plays an important role in the course
of PTSD®, the present finding of similar unpleasantness
ratings of the aversive IAPS images in the face of
decreased activations in the PTSD group renders
enhanced gating an unlikely mechanism of the observed
dissociations between neuroimaging findings and sub-
jective ratings. Nonetheless, electroencephalography”’
and magnetoencephalography®® could be used in con-
junction with pain probes to examine further questions
concerning sensorimotor gating mechanisms underlying
PTSD symptomatology.

Another issue to consider is the cross-sensitization
phenomena®*®. This term pertains to a situation where
prior exposure to one stimulus (e.g., trauma and its
consequent re-experiencing) increases subsequent
response to itself and to a different stimulus (e.g., pain).
The cross-sensitization did not seem to include brain
responses to another aversive stimulus used on the study,
i.e., negative IAPS images, which may have been atte-
nuated because of a possible ‘floor effect’ given the low
subjective ratings. Emotional processing may be attrib-
uted to a two-system construct’ comprised of cortico-
limbic circuits mediating valence (ranging from aversive
to rewarding) in conjunction with closely linked networks
coding intensity-related arousal’!. Future research may
consider matching negative stimuli by the level of inten-
sity to address the generalizability of the cross-
sensitization processes.

The mechanisms of cross-sensitization may involve
conditioning. Thus, pain, paired with emotional trauma
and its recollections, can become a conditioned stimulus
that evokes fear and anxiety responses that in turn
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augment subjective pain perception and its neural corre-
lates”*®, and so mounts the “mutual maintenance”®’
cycle, leading to additional deterioration and avoidance of
pain- and trauma-related situations”®~'°!, Formulation of
PTSD treatment plans targeting emotional numbing
might then benefit from the habituation and extinction of
stressful re-experience techniques'®? along with provision
of potent positive stimuli®®.

In addition, increased central opiodergic tone
along with robust elevations of endogenous opiates con-
centrations in the cerebral spinal fluid'®* and in
plasma'®'% is a relatively consistent clinical finding in
PTSD. Therefore, similarly to chronic users of opioid pain
relievers'®”'%, PTSD-related exaggerated CNS opioider-
gic activity could contribute to sensitized brain pain
responses mediated via the amplification of the excitatory
(e.g, glutamtergic) neurotransmission'® "', If such
neurobiologic vulnerability factors could be identified,
they might be used to screen patients at risk for the
development of pain condition. Patients found to possess
high vulnerability for the development of pain owing to
PTSD-related heightened opioidergic tone function might
be counseled to avoid opioids (primary prevention), or
targeted for early intervention with non-opioid agents®
even in the presence of mild pain problems (secondary
prevention).

Yet, in order to prevent sensitization of the healthy
brain aggressive and timely analgesic treatment may
actually be indicated. In fact, peritraumatic pain is a
stressor recognized than an independent PTSD risk fac-
tor''* whereas chronic pain may be construed as a variant
of PTSD due to persistent relieving of stress, avoidance of
pain-related situations and negative cognitions and
affective states**. This may be why adequate mor-
phine**'** or ketamine''® analgesia reduces the severity
and may even prevent the appearance of PTSD. An
additional therapeutic implication of the opioidergic

79,103

mechanisms’ involvement in PTSD pathophysiol-
ogy’”''®!7 is the clinical use of opioid antago-
nists'®>#1% in some pain-free patients, that on the

whole appears to be safe and well tolerated and results in
significant improvements of various aspects of PTSD
symptomatology such as emotional numbing, startle
response, nightmares, flashbacks, intrusive thoughts and
comorbid alcoholism'*>! %120,

Caveats

Caveats that should be considered in interpreting our
data refer to the type of stimuli, the duration of the study
and the pilot nature of the study design. First, although
the aversive state created by the thermal stimuli is qua-
litatively different from environmentally-induced pain
that is implicated in PTSD pathophysiology''?, we believe
that our results may have clinical significance because real
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life pain affects similar brain areas to those produced by
the heated thermode'*’. Likewise, both aversive stimuli
employed may have been quantitatively different from
environmental stressors that have been implicated in
initiation and exacerbation of PTSD. While we involved
both psychosocial and sensory components, the subjective
ratings of averseness were only moderately affected.
Because various stressors may have diverse effects on
regulatory systems, future studies employing other types
of aversive stimuli than the ones previously used by our
group e.g., glucoprivation with 2-deoxyglucose'** or
adrenergic stimulation with yohimbine'*® may provide
unique information pertaining to general stress and cor-
ticolimbic responsiveness. Also, even though we
employed visual and sensory stimuli of aversive quality
they engage different behavioral and emotional systems
the overlap of which may not necessary be aversion pro-
cessing per se. This systems’ parameter can be isolated by
comparing brain response in subjects who do experience
versus who do not experience aversion from the presented
stimuli.

Second, the observed group differences in reward pro-
cessing may reflect a pre-existing risk factor rather than
an acquired neuropsychopathology resulting from trauma
exposure and subsequent PTSD. If this were the case, the
PTSD subjects would have displayed purportedly heri-
table personality traits that are suggestive of the reward
deficiency'**. The Temperament and Character Inven-
tory’s Novelty Seeking and Reward Dependence data
render this option unlikely and suggest that premorbid
reward function in PTSD subjects was similar to that in
the control group. Yet, the effects of premorbid factors
particularly related to Harm Avoidance, Self-Directedness
and Self-Transcendence that differentiated PTSD and
control groups on this study is an important consideration
for the future research regarding the origin of PTSD-
related reward deficits. Third, this study assessed only
acute pain response while evidence suggests that such
response tend to sensitize over time'**, Therefore, longer
study periods may have yielded different results. Finally,
these findings should be considered as preliminary
pending replication with a larger sample.

Conclusions

In conclusion, pilot data presented here suggest that
reward and pain activate partially overlapping cortico-
limbic areas. Patients with PTSD display reward hypo-
responsivity notwithstanding excessive responses to pain.
At the same time, subjective group differences in response
to aversive psychosocial images are not obvious. These
data shed light on pathophysiology of reward and aversion
disturbances to suggest their reciprocity in PTSD and call
for further research aimed at understanding the dis-
tinctive features of reward vis-a-vis pain alterations and
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their potential role in preventive efforts and in therapeutic

armamentarium for the respective patients.
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