Drug and Alcohol Dependence 200 (2019) 6-13

Contents lists available at ScienceDirect

Drug and Alcohol Dependence

journal homepage: www.elsevier.com/locate/drugalcdep

Full length article

Check for
updates

Sensitized brain response to acute pain in patients using prescription opiates
for chronic pain: A pilot study

Logan T. Dowdle™", Jeffrey J. Borckardt™“, Sudie E. Back™, Katherine Morgan®, David Adams®,
Alok Madan', Wendy Balliet”, Colleen A. Hanlon™"%*

2 Department of Psychiatry and Behavioral Sciences, Medical University of South Carolina, Charleston, SC, USA
Y Department of Neurosciences, Medical University of South Carolina, Charleston, SC, USA

¢ Center for Biomedical Imaging, Medical University of South Carolina, Charleston, SC, USA

dRalph H. Johnson VA Medical Center, Charleston, SC, USA

€ Department of Surgery, Medical University of South Carolina, Charleston, SC, USA

f Houston Methodist Behavioral Health, Houston, TX, USA

ARTICLE INFO ABSTRACT

Keywords: Background: Chronic opiate use leads to a sensitized behavioral response to acute pain, which in turn, leads to
Pain escalating doses of opiates. This study was designed to test the hypothesis that chronic opiate usage is also
fMRI associated with a sensitized neurobiological response to acute pain in individuals that have used prescription

Prescription opiates
Opioids
Hyperalgesia

opiates for 6 or more months.

Methods: Fourteen patients with non-alcoholic chronic pancreatitis that have been taking prescription opiates
for 6 or more months and 14 gender matched, non-opiate using controls were enrolled. Functional neuroimaging
data was acquired while participants received blocks of thermal stimulation to their wrist (individually-tailored
to their pain threshold).

Results: Self-reported pain was significantly greater in opiate using patients (3.4 = 3.4) than controls
(0.2 = 0.8: Brief Pain Inventory p < 0.005), however no significant difference between groups was observed in
the individually-tailored pain thresholds. Opiate using patients evidenced a significantly greater response to pain
than controls in two established nodes of the “Pain Matrix”: somatosensory cortex (prwg=<0.001) and anterior
cingulate cortex (p < 0.01). This response was positively correlated with prescribed morphine equivalent do-
sages (average: 133.5 + 94.8 mg/day).

Conclusion: The findings suggest that in chronic pancreatitis patients, a dose of opiates that normalizes their
behavioral response to acute pain is associated with an amplified neural response to acute pain. Further long-
itudinal studies are needed to determine if this neural sensitization hastens a behavioral tolerance to opiates or
the development of an opioid use disorder.

1. Introduction

In 2014, there were 245 million prescriptions for opiates written in
the United States (Volkow and McLellan, 2016). Unfortunately, the
widespread availability of these powerful analgesic drugs has led to a
public health crisis and increases in mortality and morbidity associated
with chronic prescribing. In 2015, 33,000 individuals had fatal over-
doses caused by licit and illicit opioids (Rudd et al., 2016). Despite
recent success in reducing the overall number of prescriptions, pre-
scribing rates have remained high (Guy et al., 2017). The increased
availability of opiates places many individuals at risk of conversion to
opiate use disorder (Volkow et al., 2018), and with chronic use

individuals are susceptible to a paradoxical increased sensitivity to pain
known as opioid-induced hyperalgesia (Lee et al., 2011; Nusrat et al.,
2012).

Decades of preclinical work has elucidated several mechanisms by
which opiate usage can lead to states of hyperalgesia (Angst and Clark,
2006; Ossipov et al., 2005; Roeckel et al., 2016; Simonnet and Rivat,
2003). One commonly uncovered mechanism operating at the periph-
eral and spinal levels is NMDA-dependent, long-term potentiation (LTP)
(Drdla et al., 2009; Zhou et al., 2010) at nociceptive afferents. These
findings have been translated to clinical practice, with meta-analyses
supporting the effectiveness of ketamine, an NMDA antagonist, in re-
ducing post-surgical pain (Wu et al., 2015). Preclinical work has also
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uncovered alterations at the supraspinal level, with evidence for fa-
cilitory, pronociceptive activity within the rostral ventromedial me-
dulla and periaqueductal gray (Rivat et al., 2009; Vanderah et al.,
2001), as well as increases in protein kinase activity across the cortex
(Sanna et al., 2014). In humans, the supraspinal mechanisms through
which chronic prescription opiate usage alters brain reactivity to pain
are not well understood, though neuroimaging is uncovering the re-
gions involve in pain processing. Functional magnetic resonance ima-
ging (fMRI) studies of acute pain in healthy individuals demonstrate
that there is a reliable network of brain regions (the “Pain Matrix”)
which are engaged by an acutely painful stimulus (Apkarian et al.,
2005; Cauda et al., 2014; Tanasescu et al., 2016; Wager et al., 2013).
These brain regions include: (1) the anterior cingulate cortex (ACC) and
insula, which are primary nodes in the “Salience Network” (Seeley
et al., 2007); (2) the somatosensory cortex and thalamus, which are
primary sensory processing areas and their subcortical afferent; (3) as
well as prefrontal regions and brainstem nuclei (Melzack, 2001;
Petrovic et al., 2004). Positron emission tomography (PET) studies
demonstrate that several of these areas have high endogenous opiate
receptor levels, including the ACC (Vogt et al, 1995), insula
(Baumgartner et al., 2006), and thalamus. Additionally, acute experi-
mental pain evoked with the application of a thermal stimulus leads to
an increase in opiate receptor binding specifically in the ACC and insula
among healthy individuals (Sprenger et al., 2006). A recent meta-ana-
lysis demonstrated that the brain response to acute pain in chronic pain
patients is similar to healthy controls (Tanasescu et al., 2016). Notably,
however, none of these studies examined how opiate usage affects the
pain response, with many studies excluding patients who use opiates.
Given that the brain regions involved in processing acute pain contain
high levels of opiate receptors, it is possible that chronic opiate use in
individuals with chronic pain may lead to homeostatic dysregulation in
this system.

The purpose of this pilot study was to evaluate the pattern and
amplitude of neural activity associated with acute pain in a sample of
chronic pancreatitis patients that have been using opiates daily for 6 or
more months. Chronic pancreatitis is a particularly intransigent con-
dition associated with visceral pain. Similar to other chronic pain
conditions, pain originates from a specific location, but over time the
etiology of this pain spreads. In part, this may be due to alterations in
central processing, as chronic pancreatitis is associated with changes in
brain structure in pain processing regions (Bouwense et al., 2013;
Dimcevski et al., 2007a, 2006; Dimcevski et al., 2007b), mimics neu-
ropathies (Dimcevski et al., 2007a; Drewes et al., 2008; Staahl et al.,
2007), and surgical intervention is not guaranteed to resolve pain
symptoms (Cahen et al., 2007; Rosch et al., 2002). Given these diffi-
culties, opiates are frequently prescribed to treat chronic pancreatitis
(Goulden, 2013; Kleeff et al., 2017). Little is known, however, about the
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effects of chronic opiate use on the processing (behavioral and neuro-
biological) of acute pain in this population. Given the need to develop
non-opiate based therapeutics for patients with chronic pain, evaluating
the neural response to pain in these patients may elucidate potential
treatment targets and inform future interventions.

2. Methods
2.1. Participants and questionnaires

All procedures for this research were reviewed and approved by the
Medical University of South Carolina’s (MUSC) Institutional Review
Board. Individuals with chronic non-alcoholic pancreatitis (‘patients’,
n = 14, 10 female) currently using chronic opiates (> 6 months) were
recruited from the MUSC Pancreatitis Clinic. Non-opiate using control
individuals (‘controls’, n = 14, 10 female) were recruited from the local
community. Following informed consent, participants completed a de-
mographic questionnaire, the Brief Pain Inventory (BPL (Cleeland and
Ryan, 1994)), and the Current Opioid Misuse Measure (COMM; (Butler
et al., 2007)). The Medoc Pathway System (Medoc Ltd, Ramat Yishai,
Israel) was used to identify a hot temperature (°C) that each participant
rated as a 7 out of 10, corresponding to an intense pain that could be
tolerated without moving. This testing was done using a slightly
adapted model of hot allodynia (Petersen and Rowbotham, 1999).
Specifically, 0.1% capsaicin cream was applied to a 40 X 40 mm area of
the skin 12 cm from the wrist on the left volar forearm. After 30 min the
cream was removed, and 7 out of 10 testing was performed in the
capsaicin sensitized region. Heat was delivered using a 30 X 30 mm
ATS thermode.

2.2. MRI data acquisition

Each participant was positioned supine in a Siemens 3 T TIM Trio,
with their head positioned in a 12-channel head coil and secured by
foam. Up to three runs of blood oxygen dependent signal (BOLD) data,
reflecting functional brain activation, were acquired (TA: 13:12 36
slices, TR 2.2, 35ms TE, FA: 90°, 3 X 3 x 3mm). A high resolution
T1l-weighted, MPRAGE anatomical image was also collected (TE:
4.18 ms, TR 1.75s, 1mm°> voxels).

2.3. Pain task

2.3.1. Task design

The experimental design is illustrated in Fig. 1. During each ex-
perimental run, the thermode was placed on the capsaicin sensitized
region of the left forearm and response buttons were positioned on both
hands. During the first 5min and 57 s of each run, the temperature

Fig. 1. Experimental Overview. Following consent,
subjects completed the Brief Pain Inventory (BPI), and
Current Opioid Misuse Measure (COMM). Next, a

temperature that corresponded to a 7/10 (‘intense, but
tolerable pain’) on self-reported pain intensity was
found for each participant. This temperature was used
during the functional imaging session. The baseline for

all subjects was identical: 32 °C. Temperature events
during functional imaging had a duration of 14s. Each
of the three sessions of thermal stimulation lasted

4 min, 28s. There were 8 thermal events per session,
for a total of 24 thermal events.

Brief Pain Current Opioid Determine 7/10’
Inventory Misuse Measure Temperature
7/10’ °C 14 seconds MRI TaSk
/
y After each run:
=4 =4 = :
X collect overall pain
1 7 intensity and
[ 7 unpleasantness scores
7 (0-10)
Baseline: 32°C Button press follows pain block.
| 8 thermal events in each run, 3 Sessions |
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Thermal Pain GLM: R
Patients vs Controls

L 5 3.1

T 31 5 R

Fig. 2. Between group difference in brain reactivity to heat pain. A) areas in which patients had greater activity during thermal stimulation compared to controls
(cluster forming threshold p < 0.01). These areas include pre and postcentral regions (prwr < 0.005) and the anterior cingulate (Pyncorr = 0.011). There were no
areas in which patients had less activity. B) within-group responses to thermal stimulation (cluster forming threshold p < 0.001). Both groups showed activation in
canonical pain processing areas, such as the insula and anterior cingulate cortex. For coronal and axial slices, the right side of the image corresponds to the right side

of the brain. Faded areas indicate regions that were not available for analysis.

alternated between a baseline of 32° (195), or each participant’s 7/10
temperature (14s). Following each block of heat, participants per-
formed an control task (button press) to ensure they were remaining
awake, with their eyes opened. These tasks were repeated 8 times per
run, after which participants self-reported overall pain intensity and
pain unpleasantness. There were three sequential runs of the task. All
participants completed all three runs with the exception of four patients
and two controls (who completed two runs due to a delay in starting the
fMRI acquisition).

2.3.2. fMRI data processing

The data were converted from DICOM format to NIfTI using
dem2niix. SPM12 running in Matlab 2017a (Mathworks) was used for
rigid-body timeseries realignment. The mean images produced by rea-
lignment were used to perform normalization directly to MNI space
using the EPI template provided with SPM, which may improve regis-
tration outcomes (Calhoun et al., 2017). Images were smoothed using
an 8 mm FWHM gaussian kernel and exported to the CONN functional
connectivity toolbox version 17.f (Whitfield-Gabrieli and Nieto-
Castanon, 2012). Consistent with prior work (Flodin et al., 2016; Kucyi
et al., 2014; Zeidan et al., 2015a), we extracted the first 5 principle
components (PCs) from eroded white matter and cerebral spinal fluid
regions. These PCs were then regressed from the smoothed timeseries
(i.e. CompCor; (Behzadi et al., 2007). Simultaneously high pass filtering
(cutoff 100s) and the 6 realignment parameters with first order deri-
vatives were also regressed.

The data were then used in subject-level general linear models to

determine BOLD signal change due to (1) pain and (2) button pressing.
Contrast maps produced by regression against a double gamma hemo-
dynamic response function convolved with the task design were carried
forward to a two-sample t-test. To examine other effects on pain re-
sponse in the patient group, we performed a within-group model that
included age, 7/10 temperature, current pain, morphine mg equivalents
(MME) and total COMM score as covariates. Due to the slice prescrip-
tion in some subjects, much of the occipital cortex and cerebellum were
excluded. Statistical analyses followed typical fMRI methods, applying
an initial threshold to limit the analyses to a subset of all the voxels
(voxel threshold) and then determining significance by examining
contiguous collections (‘clusters’) of voxels that survive that threshold.
Within-group analyses used a voxel threshold of p < 0.001, reporting
clusters that were prwr < 0.05. Between-group analyses used a voxel
threshold of p < 0.01, reporting clusters > 150 voxels. The covariate
analyses used a voxel threshold of p < 0.005, reporting clusters that
were prwe < 0.05.

2.3.3. Self-report data

The effect of the thermal stimulation on self-reported pain sensation
(intensity, unpleasantness) was evaluated using a general linear model
with group (patients vs. controls) as the between-subjects factor and
fMRI run (1-3) and self-report type (“Intensity” or “Unpleasantness”) as
within-subject factors (SPSS software Ver. 25, IBM).
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3. Results
3.1. Demographics and pain characteristics

No group differences in gender were revealed (10 women and 4 men
in both groups), however patients were older than controls (patients
48.8 + 8.2 years vs. controls 37.1 = 13.2 years, p < 0.05). In com-
parison to the control group, the patient group had significantly higher
scores on the BPI, including subscales for current (patients 3.4 = 3.4
vs. controls 0.2 + 0.8) and average pain (patients 5.1 * 2.3 vs. con-
trols 0.8 = 1.2; p’s < .005; Supplementary Table S1 for details). No
group differences in the individual-tailored pain threshold were re-
vealed (patients 42.4 + 3.0 vs. controls 41.9 * 4.3). The patient
group was prescribed 133.5 + 94.8 mg morphine equivalents at the
time of the study, with medication taken an average of 13.7 = 20.2h
prior to scanning (self-reported range: 1-77 h).

3.2. fMRI GLM results

3.2.1. Within-Group fMRI responses

During pain processing, the control group and the patient group had
elevated BOLD responses in several established nodes of the “Pain
Matrix” including the left motor/sensory cortex, insula, prefrontal
areas, and the ACC (voxel threshold p < 0.001, cluster pgwg < 0.05;
see Fig. 2). Detailed coordinates are included in Supplemental Table S2.
During the button pressing task, both controls and patients had elevated
activity in the primary motor and sensory cortices, anterior cingulate
cortex, bilateral thalamus and insula (ppwg < 0.05; Supplemental Fig.
S1).

3.2.2. Between-group fMRI responses

Relative to controls, patients had significantly greater activity
during the thermal stimulation blocks in 3 clusters: bilateral primary
somatosensory cortices (cluster ppwg < 0.01), left lingual gyrus and
calcarine sulcus (cluster prwg < 0.05), and the bilateral anterior and
middle cingulate (cluster pupcorr = 0.011) (voxel threshold p < 0.01,
see Fig. 2A). There were no areas in which patients showed significantly
less activation compared to controls. For the button press task there
were no significant differences in brain activation or reaction time
(Controls 727.4 + 163.8 ms; Patients 759.6 = 132.2ms (p = 0.37))
between groups.

3.3. Self-reported pain measures during the MRI task

The average pain intensity after each fMRI run was 6.9 *+ 1.6 in the
controls and 6.7 * 1.3 in the patients. The average pain unpleasant-
ness was 6.7 * 1.7 in the controls and 5.8 * 2.1 in the patients (see
Supplemental Table S3 for all ratings). There was no interaction be-
tween group and fMRI run, nor a main effect of group or run. There was
a significant main effect of self-report type (“Intensity” and
“Unpleasantness”, p = 0.043), as well as increasing self-report values
over sessions (p = 0.047), however there were no group interactions.

3.4. Relationship between pain and opiate dose on the brain response to
acute pain

Morphine milligram equivalents (MME) were positively correlated
with the response to pain in several clusters (prwg < 0.05). These in-
cluded (1) the bilateral anterior and middle cingulate (a node in the
“Pain Matrix” which was also different between controls and patients
(Section 3.2, Fig. 3A), (2) the right supramarginal/angular gyrus, (3)
bilateral superior frontal cortex, (4) left primary motor/sensory cortex,
(5) left supramarginal/angular gyrus, and (6) right primary motor/
sensory cortex. In order to place the results in a more interpretable
context, we determined the correlation between each participants MME
and the average beta from the anterior cingulate cluster. MMEs
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explained 32% of the variance in the beta values, which reflect the
magnitude of the brain response. With the most extreme MME values
(> 250) removed, 47% of the variance was explained.

Current scores on the BPI were negatively correlated with the re-
sponse to pain in one cluster: the right insula (also a node in the “Pain
Matrix”, prpwg = 0.011, Fig. 3B). We examined the correlation between
the Current Pain measure of the BPI and the average beta in the right
insula cluster. The Current Pain scores on the BPI explained 53% of the
variance in the brain activity in that location. With the most extreme
value removed (BPI 0, Beta > 0.3) the correlation remains significant,
explaining 58% of the variance. There were no significant correlations
between the brain response to acute pain and age, individually cali-
brated pain threshold, or COMM score.

4. Discussion
4.1. Summary

While acute opiate usage is associated with acute pain relief,
chronic opiate usage leads to a sensitized behavioral response to pain.
Acute pain leads to elevated activity in a network of neural regions
(e.g., the ACC, insula, and thalamus) that also have high opiate receptor
concentrations. Very little is known, however, about the effects of
chronic opiate usage on the brain response to acute pain. This study is
the first to demonstrate that a dose of opiates that normalizes the be-
havioral response to acute pain in chronic pancreatitis patients is as-
sociated with an amplified neural response to acute pain. As expected,
and consistent with prior reports, acute pain evoked a similar pattern of
neural activity in the “Pain Matrix,” with particularly high levels in the
somatosensory cortex, but the amplitude of this response was elevated
in opiate using patients. Furthermore, the higher levels of activity in the
ACC and insula associated with acute pain were positively correlated
with morphine equivalent dose. That is, the higher the prescribed dose
of opiates, the larger the pain response. The findings suggest that, while
these patients are taking a dose of opiates that normalizes their beha-
vioral response to pain (e.g., they did not report feeling more intense
pain than controls), there is a sensitized brain response to pain in
several key neural nodes which are not only key elements of pain
processing circuitry but also locations of high opiate receptor binding.
The findings provide a foundation for future longitudinal investigations
which may seek to investigate if this homeostatic dysregulation may, in
turn, contributes to the dangerous process of behavioral tolerance and
opioid dose escalation.

4.2. Increased responses in patients using chronic opiates

In the present study, both patients and controls showed typical re-
sponses to pain, with activation in somatosensory areas, the insula and
the ACC. However, the patient group had amplified brain responses
compared to the control group. One cluster encompassed somatosen-
sory regions, which provide information about the location and in-
tensity of pain (Apkarian et al., 2005; Lee and Tracey, 2010). These
areas, including the secondary somatosensory cortex (SII), also showed
a positive relationship between opiate dose and pain-related activity.
The SII has previously been targeted with an inhibitory form of non-
invasive brain stimulation which led to reduced pain scores compare to
a sham stimulation (Fregni et al., 2011). These overlapping findings
may reflect changes in sensory processing from continued use of opi-
ates. Future longitudinal work will be needed to determine if these
somatosensory responses are indicative of an increased risk of hyper-
algesia development. The cluster showing elevated activity in posterior
regions of the brain suggests that there may also be changes in other
aspects of sensory systems, including the representations within the
cerebellum or visual processing areas, but interpretation of these find-
ings is made difficult by the limited field of view.

The third cluster differentiating patients from controls encompasses
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Current Opiate Dose and Pain Affect the Brain
Response to Pain

ACC Beta

0.6
0.5
0.4
0.3
0.2
0.1

r?=0.3172

-3.4

Right Insula Beta

0.35

0.25

r2=0.53

BPI: Current Pain

Fig. 3. Correlation between clinical variables and the brain response to pain. A) Red clusters indicate areas in which the BOLD response to pain was positively
correlated (prwr < 0.05) with morphine mg equivalence (MME) values (cluster forming threshold p < 0.005). Color maps indicate T values. These areas include
somatosensory and cingulate regions. A plot is shown indicating the relationship between the effect size (average beta from indicated cluster) and MME. MMEs
explained nearly 32% of the variance in the brain response within the cingulate. The correlation remains significant following the removal of the most extreme
values, with an R? of 0.47. B) The blue cluster shows an area in the right insula in which the response to pain was negatively correlated (prwg < 0.05) with the
Current Pain score, as derived from the Brief Pain Inventory. Color maps indicate T values. A plot is shown indicating the relationship between the effect size (average
beta from cluster) and the Current Pain score. Current pain explained 53% of the variance in the brain response. The correlation remains significant following the
removal of the first extreme value, with an R? of 0.58. No other correlations were significant (Age, COMM score, 7/10 Temp). For the axial slice, the right side of the
image corresponds to the right side of the brain. Faded areas indicate regions that were not available for analyses.

the middle and anterior cingulate cortex (ACC). Activity in these re-
gions is associated with motivational-affective processing of pain and
tracks the unpleasantness of the stimulus (Apkarian et al., 2005; Price,
2000; Rainville et al., 1997). The affective dimension of pain may be a
key component of visceral pain. For example, an EEG study in pan-
creatitis patients found decreased latencies of pain-related event po-
tentials in the ACC (Dimcevski et al., 2007a), and research in irritable
bowel syndrome, found increased ACC blood perfusion in response to
painful stimuli (Mayer et al., 2005).

4.3. Relationship between prescription, pain and the pain response

The positive relationship observed between the amount of opiates
prescribed and the neural response to pain highlights the potential risks
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associated with chronic opiate use. The cluster showing a positive
correlation between dose and pain response in the ACC and middle
cingulate directly overlaps with an area showing elevated activity in
patients relative to controls. Although preliminary, these findings offer
a functional correlate for previously found structural changes (Frokjaer
et al., 2012). Collectively, the findings from this line of research support
the idea that differences between groups in pain responses may be
driven, in part, by increased opiate usage. This may reflect homeostatic
dysregulation of the opiate system, such as the cingulate, as well as
other areas such as the insula, thalamus and brain stem which are
highly enriched with opiate receptors (Baumgartner et al., 2006; Corder
et al., 2018; Vogt et al., 1995). Positive correlations were also found in
motor and sensory cortices. As similar regions also differentiated the
patient group from the controls, this may reflect the role that
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Locations of endogenous
opioid binding during painful
stimuli relative to rest
(Sprenger, T. et al 2006).

Locations of increased BOLD

signal in the during blocks of
painful stimuli relative to rest
(Current study).

Fig. 4. Comparing endogenous opioid
binding with BOLD responses. A) Adapted
from Sprenger et al. (2006). Eight healthy
controls were exposed to painful heat stimulus
while opiate receptor binding was evaluated
with a PET scan using [18F]DPN. These data
were then compared to a separate group of
healthy controls at rest. Endogenous opioid
binding was found in both the left and right
insula. B) In our study we evaluated the BOLD
signal associated with pain blocks versus no
pain (rest) blocks. Our findings within both the
right and left insula correspond spatially to the
locations of greater endogenous opiate binding
found in Sprenger et al. (2006).

prescription opiates play in reducing the intensity of pain. Positive
correlations in the supramarginal and angular gyrus may reflect al-
terations that opiates have on other aspects of pain processing. These
regions are not typical included in the “Pain Matrix,” but nevertheless
show relationships with pain, such as when expectations regarding pain
are violated (Kokonyei et al., 2018; Zeidan et al., 2015b), or partici-
pants evaluate pain intensity (Kong et al., 2006). Overall, the dis-
tribution of the correlations throughout the brain is likely related to the
widespread presence of pain processing activity (Atlas et al., 2014), and
is similar in extent to changes seen in white matter structure in in-
dividuals using prescription opioids (Upadhyay et al., 2010).

One other measure, current pain, as indexed by the Brief Pain
Inventory, also showed significant correlations with pain responses.
Specifically, pain on the day of scanning was negatively correlated with
a single cluster in the right posterior insula. This builds upon previous
reports that chronic pancreatitis patient’s pain responses were shifted to
a more posterior portion of the insula (Dimcevski et al., 2007a), and
may relate to structural changes in that area (Frokjaer et al., 2012).

4.4. Implications for opioid use disorder

The importance of these pilot data are underscored by the overlap in
neural regions involved in processing acute pain as well as those as-
sociated with processing drug-cue reactivity (Becker et al., 2012; Elman
and Borsook, 2016; Mitsi and Zachariou, 2016; Navratilova et al.,
2015). Many individuals continue to use opiates due to concerns about
pain (Barth et al., 2013). Previous work supported the idea that the
presence of pain was protective against the development of an addic-
tion phenotype (Colpaert et al., 1982, 2001; Lyness et al., 1989; Ozaki
et al., 2004), however there is growing evidence that this is not the case
(Ewan and Martin, 2013; Hou et al., 2015; Zhang et al., 2014) and
epidemiological studies find evidence of misuse and addiction among
individuals with chronic pain (Vowles et al., 2015). This study provides
possible targets for treating the pain that is associated with chronic
opiate usage. Building upon prior work that stimulated secondary so-
matosensory areas (Fregni et al., 2011), these findings support non-
invasive brain stimulation targeting primary somatosensory regions or
regions able to modulate the anterior cingulate cortex.
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4.5. Relationship with opioid receptor locations

Opioid receptors are highly distributed throughout the brain
(Corder et al., 2018), but the insula is particularly implicated in pain
processing and is also enriched with opiate receptors (Baumgartner
et al., 2006). To explore the relationship between the pain task used in
the current study and opioid receptor binding we have compared the
spatial extent of the BOLD response to pain (relative to rest) in healthy
controls with previous work using positron emission tomography (PET).
In Sprenger et al. (2006), [18F] DPN (a non-selective opioid ligand) was
used as a tracer to measure changes in endogenous opioid binding
during pain in 8 healthy controls, compared to 8 other control subjects
at rest. They found that both the left and right insula showed reduced
[18F] DPN ligand binding, suggesting endogenous opioid binding oc-
curred at those locations (Fig. 4A). These insula locations overlap with
the increased BOLD response found in the current work Fig. 4B), linking
the current pain task BOLD response with locations of pain-sensitive
opioidergic activity.

4.6. Limitations

The findings are preliminary with a relatively small sample size, and
did not capture pain responses in the brainstem and cerebellum. Future
work should leverage advances in fMRI sequences to determine if these
pain processing and modulating regions also show altered activity in
patients using chronic opiates. It will also be important to incorporate
other stimulus types (e.g., cold or mechanical pain) to confirm that the
findings are broadly applicable and not specific to heat-induced pain.

5. Conclusion

Individuals using chronic prescription opiates for pain have elevated
neural responses to a thermal pain stimulus relative to healthy controls.
The amount of opiates used, as measured by morphine milligram
equivalents, is positively associated with larger brain responses to pain.
These findings need to be explored in a larger sample and over a longer
period of time to determine whether and how chronic opiate usage may
increase risk for conversion to nonmedical prescription opioid use,
opioid use disorder, or opioid-induced hyperalgesia.
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