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Abstract

Chronic pain may alter both affect and value related behavior, which represents a potentially
treatable aspect of the chronic pain experience. Current understanding of how chronic pain
influences the function of brain reward systems, however, is limited. Using a monetary incentive
delay (MID) task and functional magnetic resonance imaging (fMRI), we measured neural
correlates of reward anticipation and outcome in female participants with the chronic pain
condition of fibromyalgia (N=17) and age-matched, pain-free, female controls (N=15). We
hypothesized that patients would demonstrate lower positive arousal, as well as altered reward
anticipation and outcome activity within cortical-striatal circuits implicated in reward processing.
Patients demonstrated lower arousal ratings as compared with controls, but no group differences
were observed for valence, positive arousal or negative arousal ratings. Group fMRI analyses were
conducted to determine predetermined region of interest (ROI), nucleus accumbens (NAcc) and
medial prefrontal cortex (mPFC), responses to potential gains, potential losses, reward outcomes,
and punishment outcomes. Compared with controls, patients demonstrated similar, though slightly
reduced, NAcc activity during gain anticipation. Conversely, patients demonstrated dramatically
reduced mPFC activity during gain anticipation -- possibly related to lower estimated reward
probabilities. Further, patients demonstrated normal mPFC activity to reward outcomes, but
dramatically heightened mPFC activity to no-loss (non-punishment) outcomes. In parallel to NAcc
and mPFC responses, patients demonstrated slightly reduced activity during reward anticipation in
other brain regions, which included the ventral tegmental area, anterior cingulate cortex, and
anterior insular cortex. Together, these results implicate altered cortical-striatal processing of
monetary rewards in chronic pain.
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INTRODUCTION

Chronic pain conditions embody, in part, dysfunctional neurophysiological and
psychological processes [30]. Comorbid negative affective symptoms (e.g., anxiety and
depression) are common in patients with chronic pain [62,78], and reward processing may
also be altered in many patients with chronic pain [12]. Dysfunctional reward processing and
motivational deficits may together play an important role in the maintenance of chronic pain
and associated symptoms.

Neural processing of reward anticipation, choice, and outcomes recruit activity in deep
subcortical structures and connected prefrontal and parietal cortical circuits [33]. A key
neural component of reward processing involves dopaminergic projections from the
midbrain ventral tegmental area (VTA) to the nucleus accumbens (NAcc). These neurons
fire in the presence of reward cues, and NAcc activity is classically implicated in reward
anticipation [40,74]. Brain reward circuits also include the medial prefrontal cortex (mPFC),
which receives input from VTA and other cortical and subcortical regions [24]. mPFC
activity is associated with evaluation of anticipated reward magnitude and probability
[47,87], as well as reward outcomes and consumption [21,36,44]. Additional regions less
directly involved in reward processing include the anterior insular cortex (aINS), and
anterior cingulate cortex (ACC), among other regions [46]. Altered activity in these regions
has been observed in individuals with chronic pain [48,58], further suggesting possible
influences of altered reward processing in pain and comorbid affective disorders.

Neurobiological and clinical alterations exist and interact between brain reward systems,
acute pain processing, and chronic pain (for reviews, see [10,12,54,66]). Relief from acute
noxious stimuli is rewarding in itself and can increase NAcc activity [7]. Persons with
chronic pain demonstrate altered brain responses to anticipated pain relief [56]. Persons with
chronic low back pain demonstrate structural and functional alterations in reward pathways,
particularly NAcc-mPFC connectivity [4], which correlate with pain chronicity [5]. Persons
with chronic pain also show altered reward-seeking and risky behavior (e.g.,[2]), as well as
altered brain dopaminergic activity [1,52,84,85]. Despite these findings, current
understanding of dysfunctional reward processing in chronic pain is limited, and few studies
have directly assessed neurobehavioral responses to non-nociceptive rewards and
punishments in patients with chronic pain.

To enhance understanding of the neural processing of reward in chronic pain, patients with
the chronic pain condition called fibromyalgia were evaluated using a monetary incentive
delay (MID) task combined with functional magnetic resonance imaging (fMRI). The MID
task is a validated experimental paradigm that quantifies anticipatory and outcome responses
to varying levels of monetary reward and punishment [40,45]. Based on previous evidence
of cortico-striatal alterations in chronic pain, we hypothesized that patients would
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demonstrate: 1) blunted positive arousal and reduced NAcc activity during reward
anticipation and 2) altered mPFC activity during reward anticipation and outcome in
comparison with controls. Post-hoc analyses were conducted on additional regions of
interest (VTA, aINS, and ACC) as well as to identify relationships between neural activity
and self-reported behavioral and clinical individual differences.

Eighteen individuals diagnosed with fibromyalgia and 17 healthy individuals participated in
the study. All patients met inclusion criteria as follows: modified American College of
Rheumatology 2011 criteria for fibromyalgia [(1) widespread pain index (WPI) score = 7 +
symptom severity (SS) score = 5, or WPI score 3-6 + SS score = 9, (2) symptoms have been
present at a similar level for at least 3 months, (3) the patient does not have a disorder that
would otherwise explain the pain] [83]. Additionally, patients were required to have pain in
all 4 quadrants of the body, have an average pain score of at least 2 (0-10 verbal scale) over
the previous month, not be pregnant or nursing, have no MRI contraindications (e.g., metal
in body, claustrophobia), and have no uncontrolled depression or anxiety. Because opioids
can alter brain reward processing [79], patients were required to not be taking any opioid
medications as part of their treatment regimen. Additionally, they were required not to have
taken any opioids for a period of 90 days prior to study participation and never to have taken
opioid medications for a period of greater than 30 days during their lifetime. Patients were
allowed to continue their normal use of medications during participation in the study.
Control participants met inclusion criteria for no chronic pain, not pregnant or nursing, no
MRI contraindications, and no depression or anxiety. All participants signed written
informed consent acknowledging that they were willing to participate in the study,
understood all study procedures, and could withdraw from the study at any time. All study
procedures were approved by the Stanford University Institutional Review Board.

Medication Usage

All patients reported less than 1 month of opioid use within their lifetime and no opioid use
within 90 days prior to study participation. Control participants were taking no medications
for pain at the time of study and had no history of chronic pain. Thirteen of the control
participants reported not taking any medications for pain or mood-altering medications. One
control participant with premenstrual symptoms (2 days per month) reported taking
gabapentin (100 mg/day) and fluoxetine (40 mg/day), and another control participant
reported taking celecoxib (200 mg) 3 weeks prior to the study visit due to a sports-related
ankle injury. Exclusion of data from the 2 control subjects taking these medications did not
significantly alter group results, and so these data were retained in the final analysis. Four of
the patients were taking no pain or mood-altering medications. The remaining 13 patients
were taking nonsteroidal anti-inflammatory drugs (NSAIDs, N = 7), serotonin-
norepinephrine reuptake inhibitors (SNRIs, N = 4), selective serotonin reuptake inhibitors
(SSRIs, N = 2), tricyclic antidepressants (TCAs, N = 3), other anxiolytics (e.g., buspirone
hydrochloride, N=2), anticonvulsant drugs (N = 2), muscle relaxants (N = 2), gamma-
aminobutyric acid (GABA) analogs (e.g., pregabalin and gabapentin, N = 6), low dose
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naltrexone (LDN, N = 2), medical cannabis (N = 1), and using topical lidocaine patches (N =
1). Exclusion of data from the patient taking medical cannabis did not significantly alter the
group results and so these data remained in the final analysis.

Study Procedures

MRI Scans

All study procedures were conducted at the Richard M. Lucas Center for Imaging at
Stanford University. Prior to scanning, participants 1) were screened for any magnetic
resonance contraindications, 2) received detailed instructions regarding the monetary
incentive delay (MID) task, 3) practiced the MID task and the arousal and valence rating
task, and 4) completed psychological, clinical, and behavioral questionnaires.

Instruction in and practice of the MID task was performed in a waiting room (outside of the
MRI scanner) prior to the scan session. Participants practiced the MID task on a laptop
computer for approximately 5 minutes. The practice was repeated if necessary until the
participant was confident in her understanding of the task and able to respond to the target
stimulus successfully. Also prior to the scanning session, participants were trained on the
rating scales for arousal and valence. Written instructions were presented on the laptop
screen and explained to the participants by trained research coordinators.

Patients completed questionnaires including the Beck Depression Inventory (BDI) [9], State-
Trait Anxiety Inventory (STAI-State, STAI-Trait) [76], Behavioral Inhibition System/
Behavioral Approach System (BIS/BAS Scales) [17], Profile of Mood States (POMS) [61],
Positive and Negative Affect Schedule (PANAS) [82], Fibromyalgia Assessment Form
(FAF) based on the Wolfe et al. 2011 Fibromyalgia Diagnostic Criteria [83], Brief Pain
Inventory (BPI) [39], and PROMIS Fatigue [18]. Additional questionnaires were collected
which were not included in the present analysis.

MRI scans were conducted on a 3T General Electric scanner using an 8-channel head coil
(GE Systems, Chicago, Illinois) at the Stanford University Richard M. Lucas Imaging
Center. The scan session consisted of initial preparatory localizer and asset calibration scans,
followed by 2 MID task fMRI scans. The 2 MID task scans were acquired sequentially with
no breaks in between. The fMRI scan parameters were as follows: Gradient Echo Pulse
Sequence using spiral in-out acquisition, flip angle 76°, echo time (TE) 30 seconds,
repetition time (TR) 2 seconds, sequential descending slice order, 32 oblique slices, 4 mm
slice thickness, 0.5 mm slice spacing (gap), pixel size 3.43 mm. The spiral in-out scan
sequence reduces orbitofrontal signal drop-out [31] and was used to improve acquisition of
medial prefrontal and orbitofrontal cortices. The MID 1 scan was 266 volumes and the MID
2 scan was 302 volumes, excluding lead-in (12 s) and lead-out times (8 s). A T1 anatomical
scan [3D FSPGR (fast spoiled gradient-echo) IRprep BRAVO] was acquired for registration
of functional images with parameters as follows: whole brain coverage including the
brainstem and cerebellum, 1 mm slice thickness, 22 mm frequency field of view (FOV),
frequency direction anterior/posterior, number of excitations (NEX) 2, flip angle 11°, TR
6.8, TE 2.6, frequency 256, phase 256, bandwidth 50.00.
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Monetary Incentive Delay (MID) Task

The MID task was run in Matlab (Matlab R2012b, MathWorks, Natick, MA), using the
Psychophysics Toolbox extensions for presentation of the visual stimuli (Psychtoolbox-3
[13]). A custom designed button box was used to collect participants’ responses. Participants
viewed MID task stimuli via a mirror placed above the head coil; the mirror reflected images
that were displayed via projector on a screen behind the scanner. Heart rate and respiration
rate were collected using the MRI scanner pulse oximetry and plethysmography,
respectively. Physiological data were not regressed due to an insufficient quantity of usable
physiological data, however, previous MID task analyses do not typically regress out
physiological data [47] (and a subset of data might be used in later validation analyses). The
scanner sequence was programmed to send a “spacebar” to the Macintosh laptop running
Matlab/Psychtoolbox to initiate the MID task.

The two MID task scans together consisted of 90 trials, with a similar design as used
previously [41] (Fig. 1). At the beginning of each trial, participants were shown a cue
indicating the amount of money that they could either gain (+$5.00, +$1.00, +$0.00) or lose
(-$5.00, —$1.00, —$0.00). Cue amounts were indicated with accompanying symbols (i.e.,
circles for gains, squares for losses with horizontal lines indicating the amount at stake).
Symbols were used in addition to the monetary amounts to reduce the degree of potential
confounds due to experience and/or learning that might occur with only numeric or word
cues and to make the task more generalizable to people from different clinical groups and
cultures. After each cue, a fixation cross was presented for a delay period of 2 seconds.
Then, a target (triangle) was presented to initiate a response (button press) from the
participants to either win (if the cue was positive) or avoid losing (if the cue was negative)
the amount shown in the cue. Button presses were required to occur before target offset in
order for participants to succeed (“hit”) on any given trial; if the button press occurred after
target offset this resulted in a “miss”. The outcome was then presented as the amount gained
(e.g., +$5.00), not gained (+$0.00), not lost (-$0.00), or lost (e.g., —$5.00). The target was
presented for variable durations based on each participant’s calculated reaction time. An
initial target duration was set at the beginning of each scan (typically 250 ms) and then
adjusted continuously and automatically by the Matlab program to achieve a target “hit” rate
of approximately 66% across trials.

After the MID task functional scans, all participants rated levels of arousal and valence for
each cue. Ratings of arousal (low — medium — high) and valence (negative — neutral —
positive) were presented on 7-point Likert scales. Button presses moved the rating selection
left or right until participants selected a final rating for each cue. Each rating scale (arousal,
valence) was presented once for each of the 6 cues (total = 12 ratings).

Before engaging in the MID task, all participants were informed that the task difficulty level
was set to ensure a proportion of both gains and losses in order to determine how the brain
responds to both gaining and losing money. To produce an experience of immediate (i.e.,
“today”) and tangible rewards [60], and to ensure incentive compatibility, participants were
informed that an Amazon electronic gift card would be sent to their email address
immediately after completion of the scan session in the amount of their cumulative gains and
losses.
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MID fMRI Scan: Preprocessing

All neuroimaging data were preprocessed using AFNI software (Analysis of Functional
Neuroimages) [precompiled binary macosx_10.7_Intel_64: Jun 10 2016 (Version
AFNI_16.1.21)] using custom scripts, and as performed previously [47]. Each MID scan
was cropped to exclude 6 read-in and 9 read-out volumes. The MID1 and MID2 scans were
then concatenated (3dTcat) into one image series of volumes to match the likewise
concatenated trial output (generated by the Matlab script). Slice time correction (3dTshift -
segminus), transformation of oblique to axial slices (3dWarp — deoblique), and alignment of
anatomical and functional images (align_epi_anat.py) were performed. Motion correction
(3dvolreg) included 6 degrees of movement [translation (X, y, z) and rotation (roll, pitch,
yaw)]. Functional images were spatially smoothed (3dmerge) with a 4 mm (full-width half-
maximum, FWHM) Gaussian kernel [72]. Intensity normalization was applied by
calculation of the percent signal change at each voxel and division by the average (3dcalc).
A high-pass filter (to eliminate low-frequency noise/signal drift) was applied to the
functional data with a threshold of 0.011 Hz (3dFourier). Anatomical images were warped to
Talairach space and functional images were warped to the Talairach warped anatomical
images (AFNI’s @auto_tlrc, 3drefit, and 3dfractionize). White matter (WM) and
cerebrospinal fluid (CSF) masks were created for each subject’s Talairach-warped functional
image based on seed loci in WM and CSF regions, respectively (3dmaskave).

fMRI Task Contrasts

As used previously [41,47], four separate orthogonal regressors were designed to contrast
responses to gain and loss during anticipation and outcome versus neutral conditions (i.e.,
no-gain and no-loss anticipation and outcome): gain versus no-gain anticipation (GVNant),
loss versus no-loss anticipation (LVNant), gain versus no-gain outcome (GVNout), and no-
loss versus loss outcome (NVLout). Specifically, these orthogonal regressors contrasted the
following trials and outcomes:

GVNant: gain (+$5 anticipation) trials versus no-gain (+/-$0 anticipation) trials
during the anticipation period;

LVNant: loss (—=$5 anticipation) trials versus no-loss (+/-$0 anticipation) trials during
the anticipation period,;

GVNout: gain (+$5 anticipation) trials: hits (+$5 outcome) versus misses (+$0
outcome) during the outcome period;

NVLout: loss (-$5 anticipation) trials: hits (—$0 outcome) versus misses (—$5
outcome) during the outcome period.

Although the LVVNant regressor was included as part of the data processing pipeline, it was
not included in either of the predetermined hypotheses. However, the L\ Nant contrast was
analyzed for post-hoc ROl analyses of the aINS and ACC as described below. Additionally,
the +$1 and -$1 trials were not included in the regressors because NAcc and mPFC
activation is less pronounced in response to smaller incentives [44,47]. The regressors were
convolved with a single gamma function for regressors of interest to approximate the
hemodynamic response, with approximately 6 second delay. Motion censoring was applied
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to the regressors (1d_tool.py) to conservatively censor each volume (and preceding volume)
showing motion greater than 0.5 mm. Resulting activation maps represented blood
oxygenation level dependent (BOLD) signal (a correlate of blood oxygenation levels which
are a correlate of neural activity in fMRI) response corresponding to the regressor for each
contrast separately, within tested ROIs and masked regions as described further below.
Therefore, “activity” used throughout the text refers to the measured BOLD fMRI signal.

Region of Interest Analyses

Region of interest (ROI) analyses were restricted to the NAcc and mPFC due to strong
predetermined hypotheses that we would observe in patients: 1) decreased NAcc activity
during gain anticipation (GVNant), and 2) altered mPFC activity during gain anticipation
(GVNant) and in response to outcomes (GVNout and NVLout). To expand upon our
interpretation of the main results, additional post-hoc ROI analyses included the midbrain
ventral tegmental area (VTA) with GVVNant contrast, anterior insular cortex (aINS) with
GVNant and LVVNant contrasts, and anterior cingulate cortex (ACC) with GVNant and
LVNant contrasts.

The bilateral NAcc ROI was created from the Desai Atlas included in AFNI [23]. First, the
DKD_Desai_ MPM atlas was queried (AFNI’s whereami) for the “Left-Accumbens” and
“Right-Accumbens”. Then, the two regions of interest were saved as image files and merged
into one mask image file (AFNI’s 3dcalc). Finally, the mask image was resampled to
functional image resolution (AFNI’s 3dresample) using a resampled standard space image as
the template (TT_N27f+tlrc) resulting in a mask of 52 voxels.

The mPFC ROI was created with two conjoined 4mm radius spheres at +/-4, 50, —=3 within
Brodmann Area 10 (frontal pole). These coordinates were primarily based on coordinates
from a previous MID task mPFC ROI assessed in controls and patients with major
depressive disorder (MDD) (4, 50, —4) [41], and then slightly adjusted inferiorly to overlap a
mPFC region of altered functional connectivity to the NAcc in chronic pain patients (+/-2,
52, =2) [5]. (We furthermore chose the more lateralized (x=+/-4) and less anterior (y=50)
coordinates derived from the former (MDD) study to extend lateral coverage/reduce overlap
of the spheres and avoid potential prefrontal (more anterior) signal dropout.) Despite the
selected region being superior and anterior to previous meta-analytic findings [46], the
selected ROI region was less susceptible to potential fMRI artifacts than regions in the
orbitofrontal cortex [22]. The mPFC mask image was first created with spheres drawn in
AFNI over the TT_N27+tlrc image. Then, the mask image was resampled to match the
fMRI data image dimensions (AFNI’s 3dfractionize, clip 0.1) resulting in a mask of 42
voxels.

Statistical Analysis

Based on previous results of MID task fMRI data, peak NAcc reward anticipatory activation
for +$5 versus +$0 results in a large reported effect size of 2 = 3.07, which requires at least
6 subjects to detect group effects at power equal to .80 (p < 0.05) [47,86]. Previous

investigations have measured between-group differences with sample sizes ranging from 12
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to 19 per group [8,41]. Therefore, our group sample sizes are large enough to detect group
differences in fMRI activation in response to the MID task design.

After completing the MID task functional scans, participants rated their arousal and valence
responses to each cue. Positive arousal and negative arousal were calculated from these
ratings (i.e., mean-deviated and rotated) as described previously [47]. Group by cue
ANOVASs were conducted separately for arousal, valence, positive arousal, and negative
arousal (Matlab). Due to missing data, one control was excluded from analyses of arousal
ratings and another control was excluded from analyses of valence ratings. This resulted in 2
control subjects being excluded from analyses of positive arousal and negative arousal.

Group and between-group level statistics for fMRI data were conducted by extracting
averaged beta values (parameter estimates) for each ROI and contrast combination using
custom Matlab scripts calling AFNI commands. The extracted beta values were compared
between groups using unpaired t-tests in Matlab. The significance threshold was set at p <
0.0125 (initial p < 0.05 threshold Bonferroni corrected for 4 predetermined ROI x contrast
comparisons: NAcc GVNant, mPFC GVNant, mPFC GVNout, mPFC NVLout).

For visualization of the fMRI data, AFNI’s 3dttest++ was used to create within-group and
between-group activation maps. Activation maps of the resulting t-statistics for each
regressor/ROI were transformed to z-scores, spatially smoothed (4mm), and warped to the
standard Talairach template. Activation maps showing ROI group results and group
differences were thresholded at a voxelwise threshold of p < 0.05 or p < 0.01 for
visualization purposes.

Correlations between fMRI beta values and questionnaire measures were tested across both
patient and control groups combined using SPSS (IBM SPSS Statistics for Macintosh,
Version 22.0. Armonk, NY). Correlations of ROl fMRI beta values were restricted to those
ROIs/conditions that revealed group differences in the initial analysis comparing patients
and controls: NAcc GVNant, mPFC GVNant, and mPFC NVLout. Behavioral and clinical
variables included arousal (ratings to +$5 cues), behavioral drive (BIS/BAS, BAS drive
subscale), behavioral reward responsiveness (BIS/BAS, BAS reward responsiveness
subscale), behavioral fun seeking (BIS/BAS, BAS fun seeking subscale), behavioral
inhibition (BIS/BAS, BIS subscale), positive affect (PANAS, PAS subscale), negative affect
(PANAS, NAS subscale), total mood disturbance (POMS), depression (BDI), trait anxiety
(STAI Trait), state anxiety (STAI State), pain severity (BPI), pain interference (BPI), and
fatigue (PROMIS Fatigue). Correlations between ROI fMRI beta value measures resulted in
2 independent measures: (1) NAcc GVNant, mPFC GVNant (p = 0.025); (2) mPFC
NVLout. Correlations between clinical/behavioral variables resulted in 3 independent
measures: (1) arousal (not correlated with other measures); (2) BAS subscales (all p <
0.007); (3) BDI, STAI State, STAI Trait, BIS, PAS, NAS, POMS, BPI pain severity, BPI
pain interference, and PROMIS Fatigue (all p < 0.025). Therefore, the sum of these
independent measures was used to calculate corrections for multiple hypothesis testing, so
that the final correlations tested were Bonferroni corrected for a total of 5 multiple
comparisons and determined to be significant at the level of p < 0.01 (corrected threshold).
Significant correlations (p < 0.01) from the initial across group analyses were then assessed
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post-hoc for within-group correlations separately for patients and controls. The standard
BIS/BAS questionnaire uses a 4-point response scale (1 indicates strong agreement and 4
indicates strong disagreement) and no neutral response option. Our BIS/BAS questionnaire
used unintentionally included a neutral response option resulting in a 5-point response scale;
this discrepancy was realized after all data had been collected and thus our findings related
to BIS/BAS measures may reflect central tendency influences (e.g., individuals may tend to
select the neutral response option). All significant and nonsignificant associations are
reported in Supplementary Table 1.

Additional ROIs for Post-hoc Analysis

Our predicted analyses resulted in unpredicted findings -- specifically with respect to similar
NAcc reward anticipatory activity inpatients and controls. Because of this we implemented
additional exploratory analyses (focused on specific questions) to test for potential
mechanisms related to these unpredicted findings. For these post-hoc exploratory analyses,
we selected three additional regions that directly project to NAcc (i.e., VTA, anterior insular
cortex (aINS), and ACC), and we focused our analyses on specific ROIs within these regions
based on previous studies [41].

The VTA projects directly to both the NAcc and mPFC [77]. We anticipated that altered
VTA reward anticipatory response might be reduced in our patients. Hypothetically, such a
finding might suggest reduced functionality of dopaminergic VTA-NAcc projections despite
the overall unaltered NAcc reward anticipatory response in our patients (indicating possible
increased inputs to NAcc from other sources (e.g., aINS or ACC)). The VTA ROI for post-
hoc analysis was created previously based on structural landmark demarcation as part of a
mask of the dopaminergic midbrain, which included both the VTA and substantia nigra, as
used and described in detail in a previous publication [35]. The VTA subdivision of the
original dopaminergic midbrain mask was used in the current analyses. The VTA ROI was
resampled to functional image dimensions (3dfractionize, clip 0.1), and transformed back to
Talairach space (AFNI’s adwarp).

The NAcc/ventral striatum also receives direct input from the aINS [19], therefore, we
anticipated identifying altered (enhanced or reduced) reward anticipatory activity in the
alNS that might potentially explain our observations in the NAcc. Additionally, the aINS is
involved in risk processing [70], therefore we analyzed the loss anticipation response of the
alNS to corroborate other post-hoc findings (i.e., the NAcc NVLant response). The bilateral
alNS ROI for post-hoc analysis was created as from the DKD_Desai_ MPM Atlas included
in AFNI [23]. First, the atlas was queried (AFNI’s whereami) for the “Left-Anterior Insula”
and “Right-Anterior Insula”. Then, the two ROIs were saved as image files and merged into
one mask image file (AFNI’s 3dcalc). Finally, the mask image was resampled to functional
image resolution (AFNI’s 3dresample) using a resampled standard space image as the
template (TT_N27f+tlrc).

The ACC also sends direct projections to the NAcc [49], and we included this post-hoc ROI
as a third region to probe our unexpected NAcc findings. Furthermore, due to the lack of
initial observed correlations between activity in the predicted ROIs (NAcc and mPFC) with
results and clinical/behavioral measures, we aimed to more directly compare our results with
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a previously published patient sample of unipolar depressed patients (MDD, [41]. Similar to
the current findings, MDD patients showed similar NAcc reward anticipatory activity as
controls but did show unexpectedly increased ACC reward anticipatory activity but
decreased ACC loss anticipatory activity. Therefore, given the similarity of the current NAcc
results to previous MDD NAcc results, we targeted the same ACC ROI to determine whether
chronic pain patients might show a similar pattern.

The ACC ROI for post-hoc analysis was created with two 4mm radius spheres centered on
the same coordinates identified in previous comparisons of MDD patients and controls (i.e.,
+/-8, 11, 34) [41]. The selected location of the ACC ROI is potentially relevant to pain
because it co-localized near a peak focus of ACC activation in the Neurosynth.org “pain”
reverse inference map (peak z-score = 11, coordinates 1, 11, 34) [88]. The mask image was
created in AFNI with spheres drawn over the TT_N27+tlrc underlay image. Then, the edited
mask image was resampled to match the fMRI image dimensions (AFNI’s 3dfractionize,
clip0.2).

Whole Brain Post-hoc Analysis

A post-hoc whole brain analysis was conducted to 1) confirm the ROI findings, and 2)
potentially inform future research. A whole brain mask excluded all voxels outside of the
brain fromstatistical comparison (TT_N27f.nii). Statistical analysis was performed as
described above (AFNI’s 3dttest++ with 3D Clustsim). Resulting images were normalized to
mean levels of activation using z-score transformation. Whole brain analysis results were
initially thresholded at a level corresponding to p = 0.01 (z = 2.57). Cluster correction was
set at a minimum cluster size of 20 voxels and required all voxels to share a face for
inclusion in a cluster (NN set to = 1). Based on AFNI’s Clustsim algorithm results, any
clusters exceeding an alpha < 0.05 (false positive rate) were excluded from the activation
maps.

Expanded Anterior Medial Prefrontal Cortex Mask Post-hoc Analysis

A large anterior mPFC region, automatically functionally defined (by De La Vega et al.)
[81], was used for post-hoc confirmatory and exploratory analyses. The mask was created
using the following steps: The “kmeans_3.nii” image was downloaded from the cited Github
source, converted to AFNI format (BRIK/HEAD), resampled to functional image
dimensions (AFNI’s 3dfractionize, clip 0.1), and transformed into Talairach space (AFNI’s
adwarp).

Results were initially thresholded at p < 0.05 (z = 1.975). This threshold was set to allow for
detection of any between-group and within-group activations. Cluster correction was set at a
minimum cluster size of 20 voxels and required all voxels to share a face for inclusion in a
cluster (NN set to = 1). Based on the AFNI’s Clustsim algorithm results, any clusters
exceeding alpha < 0.05 were excluded from the activation map.

Motion Covariate Analysis

In addition to conservative motion scrubbing and correction applied as part of the
preprocessing pipeline in AFNI, results were checked for effects of motion using motion as
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covariates in the fMRI and statistical analyses as follows. Euclidean norm (enorm,
calculated as the square root of the sum of squares for values across 6 motion rigid-body
motion parameters) values for each fMRI volume were generated in AFNI. These values
were used to calculate average motion during the MID task scans for each participant.
Motion estimates were included as a covariate of no interest in post-hoc fMRI group
analyses (using 3dttest++ with covariate option). Statistical analysis of the extracted beta
values were analyzed across groups using a univariate ANCOVA by group with motion
estimate as the covariate of no interest (SPSS). Inclusion of the motion estimate as a
covariate of no interest did not change the main findings of group fMRI results.
Additionally, prior to plotting raw time course data, volumes with signal exceeding > 4
standard deviations from mean activity were removed from the raw preprocessed time
course data [73].

Eighteen patients with fibromyalgia and 17 healthy control participants signed informed
consent for the study. Data from three participants were excluded because of an incomplete
scanning session due to artifacts (N = 1 patient) and excessive head motion (N = 2 controls).
Thus, data from 17 patients and 15 controls were included in the final analysis and results
presented (Table 1).

Clinical, Behavioral, and Psychological Measures

Based on questionnaire data, and as expected, patients differed from controls on several
behavioral measures including mood, fatigue, anxiety, depression, pain distribution across
the body (i.e., number of painful body areas), pain severity, and pain interference (Table 2).
Notably, however, most participants with fibromyalgia average BDI score was in the mild
range. Furthermore, those with fibromyalgia did not demonstrate severe levels of depression
(i.e., no BDI scores greater than 30) or severe levels of anxiety (i.e., no STAI scores greater
than 62).

Patients’ reported painful areas spanned all regions of the body validating the presence of
distributed pain across the body in our patient population (Supplementary Fig. 1). The
number of painful areas per patient ranged from 9 — 19 out of a total 19 regions listed in the
Fibromyalgia Assessment Form. The duration of pain symptoms reported by patients ranged
from 2 — 28 years with an average duration of 11.5 years (standard deviation of 7.7 years).

Reaction Times and Accuracy Rates

As expected, more salient gain (+$5 anticipation) and loss (—$5 anticipation) trials elicited
shorter reaction times [F(5,150)=9.9, p = 0.000] for both groups. No group [F(1,150)=0.0, p
= 0.959] or group by trial interaction effects [F(5,150)=1.9, p = 0.101] were observed
indicating similar performance and engagement between patients (N=17) and controls
(N=15) across conditions.
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The adaptive MID task algorithm targeted 66% accuracy rates (based on cumulatively
tracked performance). Despite this adjustment, percent hits were greater for large gain (+$5
anticipation) and loss (=$5 anticipation) trials [F(5,150)=5.90, p < 0.000]. However, no
group [F(1,150)=0.1, p = 0.805] or group by trial interaction effects [F(5,150)=1.0, p =
0.442] were observed, indicating objectively similar performance and engagement across
patients (N=17) and controls (N=15). These results are consistent with previous
implementations of the MID task in healthy and clinical populations [41], implying
comparable levels of task engagement across groups.

Cue Ratings: Arousal, Valence, Positive Arousal, Negative Arousal

Arousal—A group by cue ANOVA on arousal ratings revealed an effect of group
[F(1,140)=8.7, p = 0.006], indicating lower arousal ratings overall in patients (N=16) relative
to controls (N=14). A cue effect [F(5,140)=24.5, p = 0.000] was also observed for arousal,
as expected, but no group by cue interaction was observed [F(5,140)=0.0, p = 0.999] (Fig.
2A).

Valence—A group by cue ANOVA for valence ratings revealed no significant effect of
group [F(1,140)=0.3, p = 0.577] indicating similar valence ratings between patients (N=16)
and controls (N=14). A cue effect [F(5,140)=43.7, p = 0.000] was observed for valence, as
expected, but no group by cue interaction was observed [F(5,140)=0.9, p = 0.494] (Fig. 2B).

Positive Arousal—A group by cue ANOVA for positive arousal ratings revealed no effect
of group [F(1,135)=0.0, p = 1.0], indicating similar positive arousal ratings in patients
(N=16) and controls (N=13). A cue effect [F(5,135)=52.2, p = 0.000] was observed for
positive arousal, as expected, but no group by cue interaction was observed [F(5,135)=0.6, p
= 0.676] (Fig. 2C).

Negative Arousal—A group by cue ANOVA for negative arousal ratings revealed no
effect of group [F(1,135)=0.6, p = 0.453] indicating similar negative arousal ratings in
patients (N=16) and controls (N=13). A cue effect [F(5,135)=11.9, p = 0.000] was observed
for negative arousal, as expected, but no group by cue interaction was observed
[F(5,135)=0.7, p = 0.652] (Fig. 2D).

ROI Activation: Nucleus Accumbens

Both patient and control groups demonstrated similar NAcc responses. Robust NAcc activity
was observed for both groups during gain anticipation (GVNant) (Fig. 3), consistent with
extensive previous literature [46]. We had initially hypothesized that patients would
demonstrate reduced NAcc activity during gain anticipation relative to controls. Our
hypothesis was not supported by the results, however, slight reductions in NAcc BOLD
signal (GVNant) were observed in patients [F(1,0)=1.9, p = 0.175], but these did not reach
the corrected statistical threshold of p < 0.0125 (Fig. 3). GVNant fMRI beta values were
positively correlated with behavioral drive across patient and control groups combined (BAS
drive subscale, N = 32, r = 0.484, p = 0.007). Post-hoc within-group analyses identified
positively correlated NAcc GV Nant activity with behavioral drive in controls (r = 0.566, p =
0.035) but only trendwise in patients (r = 0.43, p = 0.097). Although NAcc activity has been
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observed in the context of avoiding anticipated losses (e.g., [16,42,50]), this activity
typically does not scale with the magnitude of anticipated loss and is less than that observed
for anticipation of gains of the same magnitude (also see Supplementary Fig. 5A). Post-hoc
analyses confirmed no notable NAcc activity during loss anticipation (LVNant), gain
outcome (GVNout), and no-loss outcome (NVLout) in either group, consistent with previous
literature [40].

ROI Activation: Medial Prefrontal Cortex

In the context of reward and value, mPFC activity is strongly associated with reward
outcomes [43,47], but also with the estimated probability of expected rewards [40,47]. We
hypothesized that mPFC might demonstrate altered activation during reward anticipation and
reward outcomes in patients. For reward anticipation responses, increased mPFC activity
during gain anticipation (GVVNant) was observed in the control group, but this response was
strikingly absent in the patient group (Fig. 4). The mPFC GV Nant fMRI beta values were
positively correlated with positive affect (PANAS, PAS subscale, r = 0.471, p = 0.006)
across patient and control groups combined. mPFC GVNant fMRI beta values were also
negatively correlated with trait anxiety (STAI Trait, r = —0.517, p = 0.002), pain severity
(BPI, r =-0.539, p = 0.001), and pain interference (BPI, r —0.588, p = 0.001) across patient
and control groups. Among these correlated measures, however, post-hoc analyses within
groups revealed no significant correlations when patient and control groups were assessed
separately for positive affect, trait anxiety, pain severity, or pain interference (see
Supplementary Table 1). The mPFC GVNant beta values were not significantly correlated
with depression (BDI) based on our predetermined significance criteria (i.e., p < 0.01
corrected) (Supplementary Table 1 and Supplementary Fig. 6A). Further analysis of the BDI
scores indicated greater loading on the somatic factor of the BDI than the negative view of
self factor as defined in Morley et al. [63] (Supplementary Fig. 6B). A separate analysis (i.e.,
two-sample t-test in AFNI) excluding 4 patients with moderate depressive symptoms (BDI >
19) provided similar mPFC ROI results as the original analysis (Supplementary Fig. 6C,D).

For reward outcome responses, both groups demonstrated increased mPFC BOLD signal in
response to gain outcomes (GVNout). Thus, both groups showed responses consistent with
previous evidence of mPFC in response to reward (gain) outcomes [44] (Fig. 5).

Consistent with previous observations, mPFC activity in controls did not significantly
change in response to no-loss versus loss outcomes (NVLout). In sharp contrast, mPFC
activity in patients robustly increased in response to no-loss outcomes (NVLout) (Fig. 6).
NVLout extracted beta values were positively correlated with trait anxiety (STAI Trait, N =
32, r=0.537, p = 0.002), negative affect (PANAS subscale, N = 32, r = 0.468, p = 0.007),
mood disturbance (POMS, N=32, r = 0.454, p = 0.009), and fatigue (PROMIS Fatigue, r =
0.488, p = 0.005) across patient and control groups combined. Among these correlated
measures, post-hoc within-group analyses identified a positive correlation trend for mPFC
NVLout activity with trait anxiety in patients (r = 0.482, p = 0.05), but no other within-group
correlations were observed. As expected, post-hoc analyses confirmed minimal changes in
mPFC activity during loss anticipation (L\VVNant) in both groups.
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Post-hoc fMRI Analysis

Across all additional ROIs investigated (VTA, aINS, ACC), activity during gain anticipation
(GVNant) was slightly reduced in patients relative to controls, as described in detail below
(Supplementary Fig. 2).

The VTA sends direct projections to the NAcc [77] and the mPFC [24,27]. As a post-hoc
analysis, to better understand altered mPFC activity in patients, we conducted an ROI
analysis on the VTA for the GVNant contrast. Extracted beta values from the VTA ROI
revealed no significant differences between patients and controls during anticipation of gains
(p=0.24) (Supplementary Fig. 2).

The anterior insula (aINS) is involved in value processing, arousal, and risk assessment [70]
and projects directly to the NAcc [19]. Post-hoc ROI analyses of the bilateral aINS were
conducted for GVNant and LVVNant contrasts. Extracted beta values from the aINS ROI
revealed no significant differences between patients and controls during anticipation of gains
(p =0.09) (Supplementary Fig. 2) or anticipation of losses (p = 0.76).

The anterior cingulate cortex (ACC) is involved in pain [28,68] and value processing [15]
and also directly projects to the NAcc [49]. Post-hoc ROI analyses of ACC activity were
conducted for GVNant and LVVNant contrasts to better understand our NAcc findings and to
test for a pattern observed in previous studies of depressed individuals. Specifically, patients
with MDD show enhanced ACC response during gain anticipation but reduced ACC
response during loss anticipation during the MID task [41]. In contrast to the ACC
alterations observed in MDD, extracted beta values from the ACC ROI revealed reduced
ACC activity in patients relative to controls during anticipation of gains (p = 0.04)
(Supplementary Fig. 2) and no group difference during anticipation of losses (p = 0.94).
Additionally, GVNant ACC extracted beta values were not correlated with depression (BDI)
among patients and controls combined (BDI, r = —=0.118, p = 0.520), among patients (BDI, r
= -0.357, p = 0.159), or among controls (BDI, r = -0.091, p = 0.748), thus supporting
distinct alterations in neural correlates in reward processing in our chronic pain patient
sample relative to previously studied MDD patients.

Confirming the findings of the ROI analyses, whole brain analyses revealed group
differences in the extent of activation during gain anticipation (GVNant) across multiple
brain regions (Supplementary Fig. 3). No clusters with alpha < 0.05 were identified within
whole brain activation maps for LVNant, GVNout, and NVLout contrasts, therefore the
results for these post-hoc analyses are not displayed or discussed further.

The expanded mPFC mask analysis revealed that mPFC activation extended beyond the
boundaries of the initially targeted ROI for both GVNant and NVLout contrasts
(Supplementary Fig. 4).

DISCUSSION

We identified altered neural correlates of monetary rewards and non-punishments in patients
with fibromyalgia. Considerable alterations in mPFC activity to both reward anticipation and
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outcome were observed and may reflect dysregulated reward processing in chronic pain.
These observations were not observed in NAcc activity, which showed a slight but
nonsignificant blunting to anticipated reward also observed in ACC activity. Together, these
observations indicate that brain reward processing in response to non-drug rewards, and
apart from the context of pain itself, are altered in individuals with fibromyalgia.

Reduced Brain and Behavioral Response to Anticipated Rewards

In the presence of increased negative affective symptoms prevalent in chronic pain [29], our
patients demonstrated decreased arousal to all monetary cues. Despite not observing
differences in both arousal and valence as initially hypothesized, lower arousal ratings (in
particular to less salient +$1 cues) in patients may represent a reduction in the valuation
threshold in patients with chronic pain and may parallel decreases in motivation in chronic
pain as observed in rodent models [75].

Previous studies demonstrate a direct relationship between positive arousal and expected
value (e.g., increasing monetary rewards) which is tracked by NAcc activity [46]. We did not
observe this relationship, potentially due to the retrospective nature of arousal and valence
ratings. However, NAcc gain anticipatory activity was correlated with behavioral drive
implicating motivation (e.g., individual differences in behavioral activation; as in [86]. Thus,
our hypothesis that patients would demonstrate reduced positive arousal and reduced NAcc
reward anticipatory activity was only partially supported. Instead, patients demonstrated
reduced arousal to all cues and only slightly reduced NAcc activity during reward
anticipation that did not meet our pre-established significance criteria. Similarly reduced
reward anticipatory response was observed in the ACC, with a trend for a similar pattern in
the aINS, but no reduction in the VTA.

The mPFC encodes probabilistic aspects of the expected value of reward [47], and several
potential explanations exist for mPFC recruitment during reward anticipation. Although
reward anticipation has more commonly been linked to NAcc dopamine release (e.g., [11]),
the mPFC also receives dopaminergic projections from the VTA [33]. Our observation of
reduced mPFC reward anticipatory activity in patients relative to controls is consistent with
previous evidence of altered cortical and subcortical dopamine function in fibromyalgia
[84,85]. VTA-mPFC projections excite GABAergic mPFC interneurons but inhibit
pyramidal mPFC neurons, and loss of this inhibitory circuit can increase perseverative
behavior with no changes in attention or impulsivity in mice [37]. Our observation of
reduced mPFC activity during reward anticipation may represent reduced VTA-mPFC input
in patients, which could be compensatory to maintain perseverance during the task.
Alternatively, reduced mPFC reward anticipatory activity may reflect inflexibility in
updating reward estimates [42] which might influence approach behavior in chronic pain
[46]. Subjective value and working memory demands are reflected by mPFC activity during
intertemporal choice tasks [38], and our findings may also relate to deficits in working
memory and extending subjective value over time. Lastly, the group differences might reflect
higher reward probability estimates in the controls, since reward probability can modulate
mPFC activity [47]. This account is consistent with the positive association of mMPFC gain
anticipatory activity with positive affect and negatively correlated with trait anxiety.
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Nonetheless, future investigations will need to determine the relative plausibility of these
hypotheses.

Increased Brain Response to No-Loss Outcomes

Reward outcome and related consumption behaviors represent the terminal components of
reward processing and also recruit the mPFC [36,44]. Similar mPFC reward outcome
activity between patients and controls suggests intact processing of reward gains in patients.
In contrast, in response to no-loss outcomes, patients demonstrated robust increases in
mPFC activity relative to controls. Specifically, controls appeared to process no-loss
outcomes as “zero sum” (i.e., no net gain/loss) while patients appeared to process no-loss
outcomes as a reward, relief, or surprise. Additionally, across both groups, mPFC no-loss
outcome response was correlated with individual differences in negative affect, mood
disturbance, and trait anxiety suggesting a contribution of negative expectations to the mPFC
response during loss avoidance. Counterfactual processes involve regions of prefrontal
cortex that include the mPFC [6,44,80]. Therefore, another possibility is that no-loss
outcomes evoked thoughts about contrasting past or future events or imagined alternative
outcomes in patients. Together, these observations suggest an altered experience of outcomes
in patients, specifically related to avoidance of punishment. Previous investigations have
demonstrated analgesia by monetary reward in circuits including the medial and
orbitofrontal cortex [10]. Based on our observations, unexpected no-loss outcomes, if indeed
perceived as relief or escape from punishment, may interact with regions along the medial
wall of the frontal cortex regions to decrease the experience of pain.

Comparing Brain Responses to Pain Offset and Monetary Reward

Altered reward processing may interact with the experience of both acute and chronic pain.
A balanced relationship between pain and reward circuits may be evident at the confluence
of painful and pleasurable experience [54] as well as the combination of descending
networks which can inhibit and facilitate pain [26,53]. Overall, the altered mPFC response in
patients, reduced during gain anticipation but increased in response to loss avoidance, may
be related to reduced expectation of reward but enhanced relief to avoiding punishment.
These responses may relate to the chronic pain experience — both expectations of reduced
reward and enhanced surprise at relief from punishment. Other research suggests that
midbrain (i.e., VTA) and striatal (i.e., NAcc) fMRI responses are inverted in patients in
response to painful heat onset and offset [7,56]. Pain relief may induce a reward experience
via opioidergic and dopaminergic responses in the ventral striatum [65]. Further, chronic
pain patients show reduced pain relief to small decreases in noxious heat intensity [67]
suggesting altered adjustments to changes in nociceptive information [59,89]. While pain
relief related to these small decreases is largely opioid-independent [57,67] and involves
central and supraspinal processes [64], it remains to be determined how brain reward
systems and associated expectations can modulate the experience of pain in healthy and
chronic pain populations.

Limitations and Future Directions

The present study represents one of the first studies using the MID task in chronic pain
patients. Given the importance of scientific reproducibility [69], the validity of these initial
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results will need to be confirmed in additional studies, as well as in other chronic pain
patient samples of varying ethnicities, and races. Both reduced [84,85] and increased [52]
striatal dopamine response has been observed in patients with fibromyalgia. While our
observations indicate relatively normal striatal reward anticipatory response in our patients,
we did not observe correlations between striatal reward anticipatory response and positive
arousal ratings. Future investigations with peripheral physiological measures of arousal (e.g.,
skin conductance recordings, pupillometry) may more robustly document these relationships
than retrospectively reported arousal and valence ratings.

Our interpretation of mPFC reward anticipation response is limited because we did not
explicitly ask our participants about perceived probability of reward, assess working
memory function, or directly measure brain dopamine response in the present study.
However, behavioral drive was correlated with mPFC (as well as NAcc) anticipatory
responses, imparting a motivational relevance for these findings. Future investigations could
include task designs involving varying levels of reward probability and distinguishing
between valence and motivation (e.g., [71]).

Additionally, the present findings may be influenced by comorbid affective conditions and
medications, although it should be noted that our patients BDI scores averaged in the mild
range. Reward processing may be altered by depression and anxiety [3,14,34], and sleep
disturbance [32,55]. However, our observations in patients with fiboromyalgia contrast with
previous findings in affective disorders, since our fibromyalgia patients demonstrated an
opposite ACC response to anticipated gain than MDD [41]. Thus, these contrasting results
support distinctly altered reward processing in fibromyalgia as compared with affective
disorders.

Lastly, we cannot infer directionality of neural alterations observed from the current data.
Altered top-down cortical influences from the mPFC to NAcc may drive cortico-striatal
circuit dysfunction [66] [25]. Alternatively, bottom-up subcortical influences from the VTA
may modulate mPFC activity and are relevant for motivational and affective disorders [20].
Further, the VTA extends distinct projections to NAcc versus mPFC regions [51]. Future
investigations in humans using higher resolution fMRI and complementary animal models
could elucidate specific mechanisms that contribute to the presently observed alterations
[25].

Conclusions

Our findings begin to fill a critical gap in the chronic pain literature distinguishing
anticipation and outcomes of both gains and losses. We directly probed reward circuits using
a validated task and predetermined hypotheses in patients with fibromyalgia. Altered reward
processing may interact with chronic pain to initiate and maintain maladaptive and pain-
enhancing brain and behavioral processes. Ultimately, increased understanding of the
bidirectional influences of reward processing and chronic pain may improve treatment
options and selection. Further study of brain value systems in chronic pain may determine
whether circuits modulated by reward, such as the mPFC, may provide potential neural
targets for behavioral and pharmacological therapies designed to treat chronic pain.
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Figure 1. Monetary Incentive Delay Task
Example trials of the monetary incentive delay (MID) task depict both gain and loss, and

anticipation and outcome phases. Trial periods were TR-locked so that for each trial TR 1 =
Cue (Anticipation), TR 2 = Fixation (Anticipation), TR 3 = Target, TR 4 = Feedback
(Outcome), TR(s) 5~7 = Variable Duration Inter-trial Interval. Cues (2 s duration) were
circles (potential gains) or squares (potential losses) with monetary values under the shape
images. Each fixation period (2 s duration) was followed by a target period (2 s duration)
during which a triangle was presented for variable duration (~250 ms) depending on prior
accuracy of responses to obtain an average 66% hit rate. Monetary gain or loss values were
presented as win/loss feedback (2 s duration) at the end of each trial. Trials were separated
by a black screen for a pseudo-randomized inter-trial interval period (2, 4, or 6 s durations).
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Figure 2. Ratings of Arousal, Valence, Positive Arousal, Negative Arousal
(A) Across all cues arousal ratings were lower in patients as compared with controls (p =

0.006). Post-hoc t-tests for individual cue between-group differences are marked with
asterisks (p<0.05 uncorrected for multiple comparisons). Valence (B), positive arousal (C),
and negative arousal (D) ratings were similar in patients and controls. One patient did not
provide any ratings, one control subject was missing data for arousal, and a second control
subject was missing data for valence; these subjects were excluded from the associated
analyses.
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A-NAcc ROI

NAcc GVNant by Behavioral Drive

EEEERNEEEEERE
Seconds

Figure 3. Nucleus Accumbens Activity during Reward Anticipation
(A) Bilateral ROI of the NAcc. (B) Raw time course plots of NAcc ROI activity (group

means and standard error) to $0 and +$5 anticipation trials. The shaded period of reward
anticipation (ant) fMRI BOLD response was estimated to correspond to 4-8 seconds during
the raw time course plots [presentation of cue and fixation during TRs 1 and 2 (0—4 seconds)
plus 4 seconds to account for hemodynamic response function (HRF) delay]. (C) Contrast
(GVNant) beta values extracted from the bilateral ROI for NAcc reward anticipatory activity.
(D) Correlation between extracted NAcc GVVNant beta values and behavioral drive (BAS
drive subscale) for both groups (solid black line) with 95% confidence intervals (gray
shading), and correlation in controls only (dashed gray line, confidence intervals not shown).
All beta values shown as 1073, BAS, Behavioral Activation System.
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Figure 4. Medial Prefrontal Cortex Activity during Reward Anticipation
(A) The bilateral mPFC ROI is shown in red. White boxes denote areas of magnification in

sagittal and horizontal planes as depicted in later shown group activation maps. (B) Raw
time course plots of the mPFC ROI activity (group means and standard error) to $0 and +$5
anticipation trials. The shaded period of reward anticipation (ant) fMRI BOLD response was
estimated to correspond to 4-8 seconds during the raw time course plots [presentation of cue
and fixation during TRs 1 and 2 (0—4 seconds) plus 4 seconds to account for hemodynamic
response function (HRF) delay]. (C) Contrast (GVNant, +$5 > $0 trials) activation maps of
mPFC ROI activity during reward anticipation (p < 0.05, uncorrected). (D) Extracted ROI
beta values for mPFC reward anticipatory activity. (E, F, G, H) Correlation between
extracted mPFC GVNant beta values and positive affect (PANAS), trait anxiety (STAI Trait),
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pain severity (BPI), and pain interference (BPI) for both groups (solid black line) with 95%
confidence intervals (gray shading). All beta values shown as 1073. PANAS, Positive Affect
Negative Affect Schedule; STAI, State-Trait Anxiety Inventory, BPI, Brief Pain Inventory.
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Figure 5. Medial Prefrontal Cortex Activity in Response to Reward Gain Outcomes
(A) Raw time course plots of mPFC ROI activity (group means and standard error) split by

outcomes (hits or misses) for +$5 anticipation trials. The period of reward outcome (out)
fMRI BOLD response is estimated to correspond to 10-14 seconds during the raw time
course plots [presentation of outcome and post-outcome during TRs 4 and 5 (6—10 seconds)
plus 4 seconds to account for hemodynamic response function (HRF) delay]. (B) Contrast
(GVNout) beta values extracted from the ROI for mPFC reward outcome activity.
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Figure 6. Medial Prefrontal Cortex Activity in Response to Reward No-Loss Outcomes
(A) Raw time course plots of mPFC ROI activity (group means and standard error) split by

outcomes (hits or misses) for —$5 anticipation trials. The period of reward outcome (out)
fMRI BOLD response is estimated to correspond to 10-14 seconds during the raw time
course plots [presentation of outcome and post-outcome during TRs 4 and 5 (6—10 seconds)
plus 4 seconds to account for hemodynamic response function (HRF) delay]. (B) Contrast
(NVLout)) activation maps of mPFC ROI during reward outcome (hits versus misses) to —=$5
anticipation trials (p < 0.05, uncorrected). (C) Contrast (NVLout) beta values extracted from
the ROI for mPFC reward outcome activity. (D, E, F, G) Correlations between mPFC

NV Lout extracted beta values and trait anxiety (STAI Trait), negative affect (PANAS
subscale), mood disturbance (POMS), and fatigue (PROMIS Fatigue) for both groups (solid
black lines) with 95% confidence intervals (gray shading), and in patients only (dashed gray
line in trait anxiety plot, confidence intervals not shown). All beta values shown as 1073.
STAI, State Trait Anxiety Inventory; PANAS, Positive and Negative Affect Schedule;
POMS, Profile of Mood States.
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Table 1

Participant Demographics.

Patients  Controls

Total Participants (all female) 17 15
Righthanded 16 14

Self-ldentified Race

Asian 2 6

Caucasian 13 8

Other 2 1
Hispanic or Latina Ethnicity 3 1
Employment Status

Part-time employed 3 2

Full-time employed 6 10

Unemployed 8 3
Income Level

$0-$29,999 5 0

$30,000-$59,999 3 2

$60,000 or more 8 11
Education Level

High School 3 0

College/University 11 7

Advanced Degree 3 8

One control participant did not indicate handedness, one patient was left handed. No participants were of race categories for African American,
Pacific Islander or Alaskan, or Native American (i.e., “other” refers to race other than all of these categories). High school refers to “up to or
through high school”, college/university refers to “up to or through college/university”, and advanced degrees refer to “any amount of education
post college/university”.
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