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Risk for opioid misuse in chronic pain patients is associated
with endogenous opioid system dysregulation
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µ-Opioid receptors (MOR) are a major target of endogenous and exogenous opioids, including opioid pain medications. The
µ-opioid neurotransmitter system is heavily implicated in the pathophysiology of chronic pain and opioid use disorder and, as
such, central measures of µ-opioid system functioning are increasingly being considered as putative biomarkers for risk to
misuse opioids. To explore the relationship between MOR system function and risk for opioid misuse, 28 subjects with chronic
nonspecific back pain completed a clinically validated measure of opioid misuse risk, the Pain Medication Questionnaire (PMQ),
and were subsequently separated into high (PMQ > 21) and low (PMQ ≤ 21) opioid misuse risk groups. Chronic pain patients
along with 15 control participants underwent two separate [11C]-carfentanil positron emission tomography scans to explore
MOR functional measures: one at baseline and one during a sustained pain-stress challenge, with the difference between the
two providing an indirect measure of stress-induced endogenous opioid release. We found that chronic pain participants at high
risk for opioid misuse displayed higher baseline MOR availability within the right amygdala relative to those at low risk. By
contrast, patients at low risk for opioid misuse showed less pain-induced activation of MOR-mediated, endogenous opioid
neurotransmission in the nucleus accumbens. This study links human in vivo MOR system functional measures to the
development of addictive disorders and provides novel evidence that MORs and µ-opioid system responsivity may underlie risk
to misuse opioids among chronic pain patients.
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INTRODUCTION
Chronic pain is a serious, prevalent, worldwide health problem [1].
Chronic nonspecific back pain is the most common chronic pain
syndrome, impacting around 38% of the global population [2].
Opioids remain the frontline treatment for chronic pain condi-
tions, contributing to what the Centers for Disease Control and
Prevention have declared to be an opioid epidemic. In concert
with a steady rise in prescription opioids, nonmedical use of these
medications has also increased, with opioids now reportedly the
most commonly abused drugs in the country [3]. In 2019, 9.7
million people (3.5%) aged 12 or older had misused prescription
pain relievers in the past year [4]. Orthopedic pain (34.8%) was the
primary reason for an opioid prescription, followed by dental
conditions (17.3%), back pain (14.0%), and headache (12.9%) [5].
Nearly one-third of chronic pain patients endorse opioid misuse
behaviors [6], but not every chronic pain patient prescribed
opioids develops a problematic pattern of use. Accordingly,
identifying individuals who are at risk for opioid misuse prior to
beginning opioid therapy is of significant clinical value. Unfortu-
nately, the processes which underlie enhanced misuse and
addiction risk are not currently understood.
While multiple neurotransmitter systems likely contribute to the

risk of misuse of pain medications, opioid systems are of particular

interest. Activation of the endogenous mu-opioid receptor (MOR)
system has been long known to reduce both sensory and affective
responses to pain and stress [e.g. [7, 8]], and disruptions in this
system are suspected to be involved in the pathogenesis of
chronic pain. Human and animal studies indicate substantial
interindividual variations in MOR activation and/or endogenous
opioid system function. Such differences are further influenced by
chronic pain [9–16], introducing varying capacity to respond to
exogenous opioid treatment or perhaps even a predisposition to
develop persistent pain.
The MOR neurotransmitter system also mediates the reinforcing

and hedonic effects of both natural and artificial rewards [17–21].
MORs robustly modulate activity within the mesolimbic pathway—a
critical reward circuit consisting of dopamine neuron projections from
the ventral tegmental area (VTA) to the nucleus accumbens (NAc)
[22]. Activation of MORs located on VTA GABAergic interneurons
produces hyperpolarization [23, 24]. This results in disinhibition of DA
neurons projecting to the NAc, causing enhanced NAc dopamine
release and concomitant increases in reward learning and seeking
[see review, [25]]. MOR activation contributes to drug reinforcement
and addiction processes, where enhanced MOR activity is associated
with heightened drive, increased consumption, and enhanced
hedonic reactivity to reward [25].
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The present study examines the role of MOR-mediated
neurotransmission in risk for prescription opioid misuse in
humans. Previous reports have investigated the effects of opioid
medications on the MOR system in persons with opioid use
disorders (OUD) [26, 27], which likely include adaptations of MOR
signaling as a result of chronic opioid use and/or binge/
deprivation patterns of use; however, no study to date has
examined an at-risk population without current OUD. Here, we
utilized [11C]-carfentanil positron emission tomography (PET) with
the radiotracer [11C]carfentanil, a selective μ-opioid receptor
radioligand [28] to examine relationships between baseline MOR
concentrations (non-displaceable binding potential, BPND) and
endogenous opioid release in response to a standardized
sustained pain challenge, as a function of misuse risk. Misuse risk
was calculated from the Pain Medication Questionnaire (PMQ)—a
clinical screening instrument used to assess potential for opioid
medication misuse in the context of chronic pain [29]—in a
sample of chronic nonspecific back pain patients. We initially
hypothesized that individuals at high risk for opioid misuse would
exhibit higher levels of baseline MOR BPND, possibly secondary to
chronic of lower endogenous opioid function in regions (i.e., NAc,
amygdala) previously shown to be dysregulated in chronic pain
[15] and further associated with addiction [30].

METHODS AND MATERIALS
Participants
We studied 28 chronic pain patients (11 males, 17 females, mean ± SD
age, 38.0 ± 10.1) recruited from a pain clinic, and 15 healthy controls
(HC; 6 males, 9 females, age 40.5 ± 9.5) recruited via advertisement.
[11C]-carfentanil PET data from 16 chronic pain patients have been
reported previously [15] and reanalyzed here. All participants were
right-handed, non-smoking adults. Patients were excluded if they
endorsed lifetime substance dependence, current nicotine dependence,
or use of antipsychotics, stimulants, or recreational drugs. Power
analyses examining group differences in MOR BPND between persons
with fibromyalgia and controls indicated n= 27 would have 90% power
to detect an effect at α= 0.05. All participants provided written
informed consent. All procedures adopted were approved by the
Investigational Review Board and Radioactive Drug Research Committee
at the University of Michigan.

Intake measures
Pain-related measures. Chronic pain subjects’ pain experiences were
assessed using the McGill Pain Questionnaire (MPQ, [31]), a self-report
measure used to quantify the sensory and affective qualities of pain and
the Brief Pain Inventory (BPI, [32]), which characterizes pain severity and
impact of pain on daily life. As pain fluctuates day to day, patients were
asked to complete the BPI each day for a week. These data were
averaged and used to compute pain severity and interference. For
patients taking prescription opioids (n= 14), morphine milligram
equivalent (MME) for total daily opioid dose was calculated using CDC
guidelines (Table 1).

Opioid misuse risk. Opioid misuse risk was assessed prior to scanning
using the PMQ, a 26-item self-report measure with good internal
consistency and test-retest reliability in the context of persistent pain
[33]. The PMQ has demonstrated superior predictive utility out of 14 similar
assessment tools [34]. Individuals with high, relative to low, PMQ scores
exhibit greater risk of OUD and likelihood to prematurely request opioid
prescription refills [35]. Patients with PMQ scores >21 were classified as
high risk (PMQ-H, n= 13), and those with PMQ scores ≤21 were grouped
as low risk (PMQ-L, n= 15) [35].

Personality. Participants completed the Zuckerman-Kuhlman Personality
Questionnaire (ZKPQ) prior to scanning to assess dimensions of impulsivity
(ZKPQ-Impulsivity), a tendency to act without planning, and sensation
seeking (ZKPQ-Sensation Seeking), a preference for novelty and excite-
ment, which have both been previously associated with risk taking [36].
Three PMQ-L participants did not complete the ZKPQ and were excluded
from these analyses.

Neuroimaging
PET. [11C]-carfentanil data were acquired with a Siemens HR+ scanner
(Knoxville, TN). Radiotracer synthesis, image acquisition, and preprocessing
protocols have been described in detail elsewhere [7, 37, 38]. Briefly, fifty
percent of the [11C] carfentanil dose was administered as a bolus, and the
remaining 50% as a continuous infusion using a computer-controlled
pump to achieve steady-state tracer levels. The total activity of [11C]-
carfentanil administered during each scan was 15.6 ± 0.6 mCi with a mass
injection of <0.03 μg/kg per scan (Table 2). PET data were corrected for
decay, attenuation, and motion [39]. A modified Logan graphical analysis
[40] using the occipital cortex as a reference region was used to transform
dynamic image data on a voxel-by-voxel basis into two sets of parametric
maps: a tracer transport measure (K1 ratio) and a measure of receptor
availability in vivo (non-displaceable binding potential, BPND). The Logan
method together with the bolus-continuous infusion allows for linearity in
the plot typically 5–7min after radiotracer administration, allowing for the
calculation of BPND values early during scanning. Data obtained from 45 to
90min post-tracer administration was utilized for the analyses presented
here, as previously described [7, 15, 41, 42].
For spatial normalization, T1-weighted magnetic resonance imaging

(MRI) scans were obtained on a General Electric (GE) Sigma 3 T scanner or
GE Discovery 3 T scanner (number of slices= 154; voxel resolution=
1 mm3; flip angle= 15°; FOV= 250 × 260mm2; TR= 9.2 ms; TE= 1.9 ms).
MRI and PET images were coregistered to each other using SPM12 (www.
fil.ion.ucl.ac.uk/spm/) and normalized into Montreal Neurological Insti-
tute (MNI) space using the advanced normalization tools (ANTs) software
package [43]. PET data were then smoothed with a 6-mm FWHM
Gaussian kernel.

Pain-stress challenge. Participants underwent two randomized and
counterbalanced PET scans: a pain scan, where participants experienced
moderate levels of sustained pain over 20min, and a baseline scan. This
challenge has been described in detail previously [7, 15, 42]. Briefly, pain
was induced via infusion of hypertonic saline (5%) into the left masseter
muscle 45-min post-radiotracer administration. Every 15 s, participants
rated their pain on a VAS scale of 0 (no pain) to 100 (most intense pain
imaginable) and the infusion rate was adjusted via a computer-controlled
closed-loop system targeting an average VAS rating of about 40 [44, 45]. At
the completion of the pain challenge, subjects completed the MPQ to
describe their experimentally-induced pain. Prior to scanning and
immediately after the pain challenge, participants completed the Positive
and Negative Affectivity Schedule (PANAS, [46]), and the Profile of Mood
States (POMS, [47]) to changes in affective state and expressed as percent
change. One subject in the PMQ-L group did not complete their pain scan
and two subjects in both the PMQ-H and control group experienced
technical problems and their data could not be utilized, resulting in n= 38
for pain analyses.

Image analysis. We used an a priori region of interest (ROI) approach to
explore differences in MOR-related measures between groups. We focused
on the NAc and amygdala due to their corresponding functionality in pain,
negative affect and, more broadly, their prominent roles in addiction
[7, 25, 30, 48, 49]. Additionally, alterations in MOR activity within these
regions have been previously described in both animal and human models
of addiction [e.g. [50, 51]]. ROIs were defined using the Harvard-Oxford
atlas (http://www.cma.mgh.harvard.edu/) using a probability threshold of
25% (see Fig. 1).

Table 1. Chronic back pain characteristics.

Measure PMQ-H PMQ-L t p

Pain intensity 56.9 ± 21.7 58.0 ± 24.0 0.12 0.90

Pain unpleasantness 62.0 ± 21.9 60.3 ± 26.0 0.18 0.86

MPQ sensory 10.9 ± 6.2 14.2 ± 7.3 1.27 0.22

MPQ affective 2.0 ± 2.3 1.9 ± 2.4 0.15 0.88

BPI severitya 5.5 ± 1.8 5.3 ± 1.8 0.31 0.76

BPI interferencea 4.6 ± 1.9 4.8 ± 2.4 0.16 0.87

MME 22.7 ± 43.0 18.5 ± 22.2 0.33 0.74

Mean ± 1 SD of psychophysical measures at baseline.
a1 subject from the PMQ-H & PMQ-L groups failed to provide BPI data.
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Two measures of endogenous opioid system function were examined:
Baseline MOR BPND and pain-induced changes in MOR BPND, defined as the
percent change in MOR BPND from baseline to the pain stress condition.
The latter measure, reflects processes associated with endogenous opioid
release, such as competition between the radiotracer and endogenous
neurotransmitter and reduction in receptor affinity after the activation of
MORs by the endogenous ligand [7, 8, 15].
We also conducted whole-brain exploratory analyses to determine

whether we could detect group differences in baseline BPND or in pain-
induced changes in MOR BPND outside our a priori defined regions of
interest. We examined the effects of group on baseline and pain-induced
changes to MOR BPND by applying a general linear model on a voxel-by-
voxel basis using SPM12 (Wellcome Department of Cognitive Neurology,
London, United Kingdom) for Matlab (MathWorks, Natick, Massachusetts).
A cluster-forming threshold of p < 0.001 and a peak level significance
threshold of p < 0.05 FWE (family-wise error) with a minimum cluster size of
10 voxels was used to define significant peaks.

Statistical analysis
All statistical analyses were conducted using SPSS 26 (Armonk, NY, USA).
Correlations between MOR BPND and changes in psychophysical

measures were calculated using Kendall’s Tau-b coefficients due to the
skewed distribution of these measures [52]. Comparisons between
groups were performed using one-way analysis of variance (ANOVA)
and t-tests. ROI analyses were corrected for multiple comparisons using a
Bonferroni correction, with a significance threshold to p= 0.0125 to
account for the 4 ROIs.

RESULTS
There were no significant differences in age (mean ± SD: Control,
40.5 ± 9.5, PMQ-H, 33.9 ± 10.3, PMQ-L 41.5 ± 8.6) between groups
(F(2,40)= 2.7, p= 0.08). Baseline clinical pain characteristics includ-
ing pain severity, pain intensity and pain interference, and
morphine equivalents are shown in Table 1. The number of
individuals being prescribed opioids (χ2(1,28)= 1.3, p= 0.26) also
did not significantly differ between PMQ-H and PMQ-L groups.
A one-way ANOVA revealed significant group differences in

ZKPQ-Sensation Seeking (F(2,37)= 4.19, p= 0.02) with Tukey’s post-
hoc comparisons indicating significantly higher ZKPQ-Sensation
Seeking in PMQ-H compared to PMQ-L (p= 0.03), but only a
trending toward significance when compared to the HC group
(p= 0.08). However, there were no significant group differences in
ZKPQ-Impulsivity observed (F(2,37)= 1.07, p= 0.35).
As it may be expected that opioid misuse risk scores may track

ZKPQ-Sensation Seeking and ZKPQ-Impulsivity scores, correlations
between ZKPQ-Sensation Seeking, ZKPQ-Impulsivity and PMQ
scores were examined. There were no significant relationships
detected between PMQ scores and ZKPQ-Impulsivity (τb= 0.16,
p= 0.30); however, a significant positive relationship was
observed for ZKPQ-Sensation Seeking (τb= 0.40, p= 0.01).

Baseline MOR BPND in chronic pain patients and controls
PMQ. A one-way ANOVA showed significant differences in MOR
BPND in the right amygdala (F(2,40)= 5.58, p= 0.01), with Tukey’s
post-hoc comparisons indicating the PMQ-H group exhibited
higher BPND compared to the PMQ-L group (p= 0.01) and HC
group (p= 0.09) (see Fig. 2). A similar trend was noted in the left
amygdala (F(2,40)= 2.98, p= 0.06). Consistently, we also noted a
significant positive correlation between PMQ scores and MOR

Table 2. Psychophysiological measures.

Scan Measure Controls PMQ-H PMQ-L F p

Baseline scan

[11C]-carfentanil injected dose (mCi) 15.9 ± 0.5 15.4 ± 0.6 15.7 ± 0.4 2.98 0.06

[11C]-carfentanil mass injected (μg/kg) 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.005 0.48 0.62

PANAS positive 32.5 ± 6.6 29.5 ± 6.9 27.7 ± 9.2 1.45 0.25

PANAS negative 11.5 ± 2.0 15.0 ± 3.6 14.1 ± 5.5 3.05 0.06

POMS-TMD −3.0 ± 10.2 23.8 ± 19.7 15.9 ± 18.9 9.76 <0.001

Pain scan

[11C]-carfentanil injected dose (mCi) 15.4 ± 0.5 15.4 ± 1.2 15.6 ± 0.4 0.36 0.70

[11C]-carfentanil mass injected (μg/kg) 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.89 0.42

ΔPANAS positive 8.8 ± 7.7 3.7 ± 3.0 5.3 ± 10.3 1.36 0.27

ΔPANAS negative 0.4 ± 1.9 0.9 ± 3.0 −1.2 ± 8.5 0.52 0.60

ΔPOMS-TMD −8.4 ± 11.3 8.8 ± 16.4 −0.4 ± 21.5 3.02 0.06

Pain intensity 30.2 ± 17.0 42.73 ± 13.9 43.9 ± 23.0 2.16 0.13

Pain unpleasantness 35.8 ± 30.5 46.4 ± 26.1 45.0 ± 24.4 0.57 0.57

MPQ sensory 17.8 ± 8.0 16.2 ± 7.4 18.9 ± 7.7 0.39 0.68

MPQ affective 1.5 ± 2.1 1.8 ± 2.8 1.9 ± 2.2 0.11 0.89

Average 15-sec VAS 26.1 ± 13.5 39.5 ± 10.3 32.6 ± 16.3 2.79 0.08

Mean ± 1 SD of psychophysical measure of pain during the pain-stress challenge. VAS intensity refers to the average ratings of momentary pain acquired every
15 s for the duration of the pain-stress challenge (20 min). The remainder of the scales (MPQ; PANAS; and POMS-TMD) were obtained immediately after
completion of the pain-stress challenge.

Fig. 1 Regions of interest. Location of regions of interest.
Visualizations were created with MRIcroGL (http://www.cabiatl.
com/mricrogl/).
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BPND in the same region (right amygdala, τb= 0.31, p= 0.02; left
amygdala, τb= 0.34, p= 0.01), indicating higher baseline MOR
availability was associated with higher risk for opioid misuse.
No group differences in NAc MOR BPND were noted (right NAc:
F(2,40)= 1.41, p= 0.26; left NAc: F(2,40)= 0.28, p= 0.76).
Exploratory whole-brain analyses revealed significant regional

effects of group within an area corresponding to the left
extended amygdala (x, y, z coordinates, −10, −6, −8; F= 15.72,
cluster size= 90 mm3; pFWE= 0.04, Fig. 3) in line with the results
of our ROI analyses. No other regional differences as baseline were
noted. Post-hoc analyses in SPSS revealed significantly lower MOR
BPND in the PMQ-L group relative to both the PMQ-H group (p <
0.001) and the Control group (p= 0.003). No differences were
observed between PMQ-H and Control groups (p= 0.163).

Affect. Both PMQ-H (p < 0.001) and PMQ-L (p= 0.01) groups
showed significantly higher POMS-TMD scores than HC partici-
pants (F(2,40)= 9.76, p < 0.001). These differences are unsurprising
given the historic association between mood disturbance and
chronic pain. No significant group differences in pre-scan positive
affect were observed (F(2,40)= 1.45, p= 0.25) though there was a
trend (F(2,40)= 3.05, p= 0.06) for higher negative affect among
PMQ-H participants relative to controls (Table 2). There were no

significant relationships detected between any of the affective
measures and binding.

Back pain. Significant negative relationships between MPQ
sensory back pain and MOR BPND in the right amygdala (τb=
−0.29, p= 0.03) and left amygdala (τb=−0.31, p= 0.02) were
observed. No other significant relationships were observed
between MOR BPND and back pain intensity, unpleasantness, or
among MPQ affective ratings.

Personality. There were no significant relationships between
ZKPQ-Sensation Seeking and baseline MOR availability for any
group. We did, however, observe significant positive relationships
between ZKPQ-Impulsivity and MOR availability within the left
NAc (τb= 0.29, p= 0.02), right NAc (τb= 0.31, p= 0.01), left
amygdala (τb= 0.27, p= 0.03), and a trend in the right amygdala
(τb= 0.22, p= 0.06).

Pain stress-induced changes in MOR BPND
PMQ. A one-way ANOVA indicated group differences in the
capacity to activate endogenous opioid neurotransmission in
response to the pain stressor (F(2,35)= 4.30, p= 0.02), with Tukey’s
post-hoc comparisons indicating MOR release was lower in the
PMQ-L group than in the HC group in the left NAc (p= 0.03),
however, this was not significant after our stringent Bonferroni
correction for multiple comparisons (p < 0.0125). There was a trend
towards a positive relationship between PMQ scores and pain-
induced changes in MOR BPND within the left NAc (τb= 0.28, p=
0.05). No other group differences or relationships between PMQ
scores and pain-induced changes in MOR BPND were noted.
We did not observe any significant effects of group within our

whole-brain pain analyses. However, though not significant
after correction for multiple corrections, we did observe a
peak within an area corresponding to the extended amygdala
(x, y, z coordinates, −10, −4, −8; F= 11.39, cluster size=
27mm3; puncorrected < 0.001).

Affect. There were no significant group differences in the pain-
induced changes in POMS-TMD (F(2,35)= 0.94, p= 0.40), positive
affect (F(2,35)= 0.15, p= 0.86), or negative affect (F(2,35)= 0.83, p=
0.44) scores. We detected negative relationships between ΔPOMS-
TMD and pain-induced changes in MOR BPND in the left amygdala
(τb=−0.27, p= 0.02), left NAc (τb=−0.24, p= 0.04). A negative
relationship between ΔPANAS negative affect and MOR release
within the left NAc was also observed (τb= 0.29, p= 0.01). Hence,
increases in distress and negative affect during the pain stress

Fig. 2 Regional differences in Mu-opioid receptor binding between individuals at high and low opioid misuse risk. A Significant
differences in baseline MOR BPND between groups was obtained in the right amygdala, with individuals in the high-risk for opioid misuse
group (PMQ-H) exhibited the highest mu-opioid receptor MOR BPND. B Significant relationships between opioid misuse risk scores and
baseline µ-opioid BP were also observed.

F
15.50

8.25y = -7

Fig. 3 Whole-brain group differences in Mu-opioid receptor
binding potential. Significant differences (pFWE < 0.05) in baseline
MOR BPND between groups was observed in the left extended
amygdala, with individuals in the low-risk for opioid misuse group
(PMQ-L) exhibiting lower mu-opioid receptor availability relative to
PMQ-H and Control groups.
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challenge were associated with lower endogenous opioid release.
No other relationships between change in affect and MOR release
were observed.

Back pain. No significant relationships were observed between
pain-induced changes in MOR BPND and back pain intensity,
unpleasantness, or MPQ ratings.

Experimental pain. We then examined the relationships between
pain-induced changes in MOR BPND and experimental pain
ratings. One-way ANOVAs indicated no significant group differ-
ences in pain intensity (F(2,35)= 2.16, p= 0.13), pain unpleasant-
ness (F(2,35)= 0.57, p= 0.57), average 15-sec VAS ratings (F(2,35)=
2.79, p= 0.08), or MPQ sensory (F(2,35)= 0.39, p= 0.68) or MPQ
affective (F(2,35)= 0.11, p= 0.89) ratings following the pain
challenge. There were no significant relationships between any
of the experimental pain measures and pain-induced changes in
MOR BPND.

Personality. Consistent with the baseline findings, there were no
significant relationships between ZKPQ-Sensation Seeking or
ZKPQ-Impulsivity and pain-stress-induced change in MOR avail-
ability for any group.

DISCUSSION
The present study provides the first evidence in humans that risk
for opioid misuse is associated with variations in endogenous
opioid functional measures. Here we observe that individuals at
high risk to misuse opioids (PMQ-H) have higher MOR BPND at rest
within regions implicated in emotion and reward processing
relative to individuals at lower risk (PMQ-L). Further, that following
a standardized pain stressor, lower levels of endogenous opioid
release were observed among individuals in the PMQ-L group,
relative to controls, within the NAc, however, this difference did
not reach our stringent a priori significance threshold. We also
show that subjective pain experiences and emotional states are
distinctly related to in vivo measures of MOR neurotransmission.
Among chronic pain patients, back pain severity ratings were
inversely related to baseline MOR BPND, while enhanced negative
affect during the pain stressor was related to blunted endogenous
opioid system activity. These data may yield insight into the
means by which chronic pain and dysregulated pain processing
are reciprocally related to one another, and for the first time
elucidate the neurobiological validity of a subjective measure of
risk for opioid misuse.
The amygdala has long been recognized to play a significant role

in pain regulation. MORs in the amygdala have been shown to inhibit
nociceptive signaling in preclinical models [53, 54], and activation of
endogenous opioid, MOR-mediated neurotransmission in the
amygdala is associated with reductions in pain ratings in healthy
human subjects [7, 38]. Previous research has posited that regional
deficits in MOR-mediated neurotransmission are likely contributors to
insufficient endogenous opioid pain control, amplified acute pain
sensitivity, and risk for development of additional chronic pain
disorders [15, 55, 56]. Indeed, we find both lower MOR availability
among the PMQ-L patients relative to controls, as well as significant
inverse relationships between self-reported sensory back pain
symptoms and amygdala MOR BPND among chronic pain patients.
Interestingly, in our ROI analyses, we noted significant differences
between groups within the right amygdala but only a trend within
the left amygdala. While the origin of such hemispheric differences is
not known, there are well described functional asymmetries in the
processing of negative emotions within the amygdala, with the right
side playing a more prominent role [57, 58]. In addition, hemispheric
asymmetries in MOR BPND have been previously noted in large scale
PET studies with the amygdala and a NAc displaying higher MOR
BPND within the left hemisphere [59].

While lower MOR BPND has been associated with deficient pain
control, higher MOR BPND has been associated with risk-taking
phenotypes such as high impulsivity and low deliberation [42]. In
part, higher MOR BPND among PMQ-H patients may be associated
with risk for substance misuse as a function of the opioid system’s
influence over preferences for immediate rewards. In humans,
greater preference for immediate monetary rewards and greater
discounting of probabilistic gains and losses [60] is noted among
individuals with opioid addictions relative to non-addicted
individuals [61–63]—a preference which is exacerbated following
mild opioid deprivation [64]. Preclinical models in rodents have
demonstrated dose-dependent increases in delay discounting
rates [65] and impulsive responding to the five-choice serial
reaction time task [66] following morphine administration, while
studies in mice have revealed reductions in motor impulsivity [67]
and in perseverative responses to obtain reward [68] among MOR
knockouts. Here, we observed the highest MOR BPND among those
at highest risk to misuse opioids and among those reporting the
highest levels of impulsivity but, interestingly, we did not observe
any relationships between PMQ scores and impulsivity. This
implies these constructs may be capturing distinct information
about addiction and misuse vulnerability. But these data, along
with previous work [42], demonstrate that even when using
unique measures of risk, enhanced risk for substance misuse and
addiction is related to endogenous opioid system functioning.
A comparatively lower magnitude pain-induced change in MOR

BPND was observed in the left NAc among patients in the low risk
group. The endogenous opioid system is heavily implicated in
both pain and stress [e.g. [7, 38]]. Several lines of evidence indicate
lower MOR reactivity in response to a painful challenge reflects
lower capacity to effectively regulate responses to stress and may
partially underlie the pathophysiology of chronic pain [15]. Here,
we find that endogenous opioid activation of MOR-mediated
neurotransmission in response to the pain challenge was
relatively, though not significantly, blunted in the PMQ-L group
relative to controls; an effect not observed in the PMQ-H group.
These effects were noted in the absence of significant group
differences in either sensory or affective responses to the
challenge, indicating that while pain-induced endogenous opioid
system activity varied, the experience of pain was similar across
groups. We also noted a trend towards a positive relationship
between PMQ scores and change in MOR BPND within the left NAc.
This suggests that the capacity to activate the endogenous opioid
system in response to pain may be an overlapping but also
distinctive biomarker of chronic pain and risk for opioid misuse.
Finally, we noted inverse relationships between total mood
disturbance, negative affect, and endogenous opioid system
activation by the experimental challenge, within the left NAc,
indicating greater attenuation of negative affect is associated with
greater recruitment of the MOR system during the challenge. This
is consistent with previous PET studies that have shown MOR
system activation in this region is involved in the modulation of
not only pain, but also human affective responses [7, 38].
The present study provides the first evidence in humans that risk

for opioid misuse is related to interindividual variations in the
function of the endogenous opioid system. While previous PET
studies have reported alterations in MOR system markers among
persons with addictive disorders, including individuals with nicotine
dependence [69], alcohol dependence [70], and gambling disorders
[71], the present findings are the first to report altered endogenous
opioid activity in persons at risk for opioid misuse. A few limitations
should be noted in consideration of these results. First, these data
were derived from a sample of non-neuropathic pain patients and
the results may not be generalizable to populations with other forms
of clinical pain, such as generalized muscular (e.g., fibromyalgia) or
neuropathic pain. Second, the sample size is relatively small and
cross-sectional, however well-controlled through specialized pain
clinics. Future studies with larger, more heterogeneous samples will
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allow for more nuanced examinations of causal effects and aid in
unpacking the unique contributions of psychological and neurobio-
logical variables to risk for opioid misuse in the context of persistent
pain. Additionally, our chronic pain sample included individuals at
risk for opioid misuse, but did not include persons with a history of
opioid misuse. Prevalence of opioid misuse within chronic pain
populations is estimated to be as high as 29% [72]. It will be
important for future investigations to determine how MOR signaling
varies according not only to misuse risk but also according to misuse
status. Despite these limitations, the present study contributes novel
findings to the existing body of literature on neurobiological features
of risk for opioid misuse.

REFERENCES
1. Deyo RA, Dworkin SF, Amtmann D, Andersson G, Borenstein D, Carragee E, et al.

Focus article: report of the NIH Task Force on Research Standards for Chronic Low
Back Pain. Eur Spine J. 2014;23:2028–45.

2. Hoy D, Bain C, Williams G, March L, Brooks P, Blyth F, et al. A systematic review of
the global prevalence of low back pain. Arthritis Rheum. 2012;64:2028–37.

3. Boudreau D, Von Korff M, Rutter CM, Saunders K, Thomas Ray G, Sullivan MD,
et al. Trends in long-term opioid therapy for chronic non-cancer pain. Pharma-
coepidemiol Drug Saf. 2009;18:1166–75.

4. SAMHSA. Results from the 2019 National Survey on Drug Use and Health.
Rockville, MD: Substance Abuse and Mental Health Services Administration. 2020.

5. Janakiram C, Fontelo P, Huser V, Chalmers NI, Lopez Mitnik G, Brow AR, et al.
Opioid prescriptions for acute and chronic pain management among Medicaid
beneficiaries. Am J Prev Med. 2019;57:365–73.

6. Shaheed CA, Maher CG, Williams KA, Day R, McLachlan AJ. Efficacy, Tolerability,
and Dose-Dependent Effects of Opioid Analgesics for Low Back Pain: A Sys-
tematic Review and Meta-analysis. JAMA Intern Med. 2016;176:958–68.

7. Zubieta JK, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM, et al. Regional mu
opioid receptor regulation of sensory and affective dimensions of pain. Science.
2001;293:311–5.

8. Zubieta J-K, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM, et al. mu-opioid
receptor-mediated antinociceptive responses differ in men and women. J Neu-
rosci. 2002;22:5100–7.

9. DosSantos MF, Martikainen IK, Nascimento TD, Love TM, Deboer MD, Maslowski
EC, et al. Reduced basal ganglia μ-opioid receptor availability in trigeminal
neuropathic pain: a pilot study. Mol Pain. 2012;8:74.

10. Brown CA, Matthews J, Fairclough M, McMahon A, Barnett E, Al-Kaysi A, et al.
Striatal opioid receptor availability is related to acute and chronic pain perception
in arthritis: does opioid adaptation increase resilience to chronic pain? Pain.
2015;156:2267–75.

11. Klega A, Eberle T, Buchholz H-G, Maus S, Maihöfner C, Schreckenberger M, et al.
Central opioidergic neurotransmission in complex regional pain syndrome.
Neurology. 2010;75:129–36.

12. Maarrawi J, Peyron R, Mertens P, Costes N, Magnin M, Sindou M, et al. Differential
brain opioid receptor availability in central and peripheral neuropathic pain. Pain.
2007;127:183–94.

13. Sprenger T, Willoch F, Miederer M, Schindler F, Valet M, Berthele A, et al.
Opioidergic changes in the pineal gland and hypothalamus in cluster headache:
a ligand PET study. Neurology. 2006;66:1108–10.

14. Thompson SJ, Pitcher MH, Stone LS, Tarum F, Niu G, Chen X, et al. Chronic
neuropathic pain reduces opioid receptor availability with associated anhedonia
in rat. Pain. 2018;159:1856–66.

15. Martikainen IK, Peciña M, Love TM, Nuechterlein EB, Cummiford CM, Green CR,
et al. Alterations in endogenous opioid functional measures in chronic back pain.
J Neurosci. 2013;33:14729–37.

16. Jones AKP, Watabe H, Cunningham VJ, Jones T. Cerebral decreases in opioid
receptor binding in patients with central neuropathic pain measured by [11C]
diprenorphine binding and PET. Eur J Pain. 2004;8:479–85.

17. Skoubis PD, Matthes HW, Walwyn WM, Kieffer BL, Maidment NT. Naloxone fails to
produce conditioned place aversion in mu-opioid receptor knock-out mice.
Neuroscience. 2001;106:757–63.

18. Le Merrer J, Becker JAJ, Befort K, Kieffer BL. Reward processing by the opioid
system in the brain. Physiol Rev. 2009;89:1379–412.

19. Fields HL, Margolis EB. Understanding opioid reward. Trends Neurosci.
2015;38:217–25.

20. Hnasko TS, Sotak BN, Palmiter RD. Morphine reward in dopamine-deficient mice.
Nature. 2005;438:854–7.

21. Moles A, Kieffer BL, D’Amato FR. Deficit in attachment behavior in mice lacking
the mu-opioid receptor gene. Science. 2004;304:1983–6.

22. Ikemoto S. Dopamine reward circuitry: two projection systems from the ventral
midbrain to the nucleus accumbens-olfactory tubercle complex. Brain Res Rev.
2007;56:27–78.

23. Garzón M, Pickel VM. Plasmalemmal mu-opioid receptor distribution mainly in
nondopaminergic neurons in the rat ventral tegmental area. Synapse.
2001;41:311–28.

24. Johnson SW, North RA. Opioids excite dopamine neurons by hyperpolarization of
local interneurons. J Neurosci. 1992;12:483–8.

25. Darcq E, Kieffer BL. Opioid receptors: drivers to addiction? Nat Rev Neurosci.
2018;19:499–514.

26. Zubieta J, Greenwald MK, Lombardi U, Woods JH, Kilbourn MR, Jewett DM, et al.
Buprenorphine-induced changes in mu-opioid receptor availability in male
heroin-dependent volunteers: a preliminary study. Neuropsychopharmacology.
2000;23:326–34.

27. Greenwald MK, Johanson C-E, Moody DE, Woods JH, Kilbourn MR, Koeppe RA,
et al. Effects of buprenorphine maintenance dose on mu-opioid receptor avail-
ability, plasma concentrations, and antagonist blockade in heroin-dependent
volunteers. Neuropsychopharmacology. 2003;28:2000–9.

28. Frost JJ, Wagner HN Jr, Dannals RF, Ravert HT, Links JM, Wilson AA, et al. Imaging
opiate receptors in the human brain by positron tomography. J Comput Assist
Tomogr. 1985;9:231–6.

29. Adams LL, Gatchel RJ, Robinson RC, Polatin P, Gajraj N, Deschner M, et al.
Development of a self-report screening instrument for assessing potential opioid
medication misuse in chronic pain patients. J Pain Symptom Manag.
2004;27:440–59.

30. Koob GF. Addiction is a Reward Deficit and Stress Surfeit Disorder. Front Psy-
chiatry. 2013;4:72.

31. Melzack R, Torgerson WS. On the language of pain. Anesthesiology.
1971;34:50–59.

32. Cleeland CS, Ryan KM. Pain assessment: global use of the Brief Pain Inventory.
Ann Acad Med Singap. 1994;23:129–38.

33. Dowling LS, Gatchel RJ, Adams LL, Stowell AW, Bernstein D. An evaluation of the
predictive validity of the Pain Medication Questionnaire with a heterogeneous
group of patients with chronic pain. J Opioid Manag. 2007;3:257–66.

34. Lawrence R, Mogford D, Colvin L. Systematic review to determine which vali-
dated measurement tools can be used to assess risk of problematic analgesic use
in patients with chronic pain. Br J Anaesth. 2017;119:1092–109.

35. Holmes CP, Gatchel RJ, Adams LL, Stowell AW, Hatten A, Noe C, et al. An opioid
screening instrument: long-term evaluation of the utility of the Pain Medication
Questionnaire. Pain Pr. 2006;6:74–88.

36. Zuckerman M. Zuckerman-Kuhlman Personality Questionnaire (ZKPQ): an Alter-
native Five-Factorial Model. In: de Raad B, Perugini M, editors. Kirkland, WA:
Hogrefe and Huber Publishers. 2002:377–96.

37. Dannals RF, Ravert HT, Frost JJ, Wilson AA, Burns HD, Wagner HN Jr. Radio-
synthesis of an opiate receptor binding radiotracer: [11C]carfentanil. Int J Appl
Radiat Isot. 1985;36:303–6.

38. Zubieta J-K, Ketter TA, Bueller JA, Xu Y, Kilbourn MR, Young EA, et al. Regulation
of human affective responses by anterior cingulate and limbic mu-opioid neu-
rotransmission. Arch Gen Psychiatry. 2003;60:1145–53.

39. Minoshima S, Koeppe RA, Mintun MA, Berger KL, Taylor SF, Frey KA, et al.
Automated detection of the intercommissural line for stereotactic localization of
functional brain images. J Nucl Med. 1993;34:322–9.

40. Logan J, Fowler JS, Volkow ND, Wang GJ, Ding YS, Alexoff DL. Distribution volume
ratios without blood sampling from graphical analysis of PET data. J Cereb Blood
Flow Metab. 1996;16:834–40.

41. Zubieta JK, Dannals RF, Frost JJ. Gender and age influences on human brain
mu-opioid receptor binding measured by PET. Am J Psychiatry.
1999;156:842–8.

42. Love TM, Stohler CS, Zubieta J-K. Positron emission tomography measures of
endogenous opioid neurotransmission and impulsiveness traits in humans. Arch
Gen Psychiatry. 2009;66:1124–34.

43. Avants BB, Tustison N, Song G. Advanced normalization tools (ANTS). Insight J
2009;2:1–35.

44. Stohler CS, Kowalski CJ. Spatial and temporal summation of sensory and affective
dimensions of deep somatic pain. Pain. 1999;79:165–73.

45. Zhang X, Ashton-Miller JA, Stohler CS. A closed-loop system for maintaining
constant experimental muscle pain in man. IEEE Trans Biomed Eng.
1993;40:344–52.

46. Watson D, Clark LA, Tellegen A. Development and validation of brief measures of
positive and negative affect: the PANAS scales. J Pers Soc Psychol.
1988;54:1063–70.

47. McNair DM, Lorr M, Droppleman LF. Profile of Mood States. San Diego, CA:
Educational and Industrial Testing Services. 1971.

48. Sharp BM. Basolateral amygdala and stress-induced hyperexcitability affect
motivated behaviors and addiction. Transl Psychiatry. 2017;7:e1194.

J. Ballester et al.

6

Translational Psychiatry           (2022) 12:20 



49. Martikainen IK, Nuechterlein EB, Peciña M, Love TM, Cummiford CM, Green CR,
et al. Chronic back pain is associated with alterations in dopamine neuro-
transmission in the ventral striatum. J Neurosci. 2015;35:9957–65.

50. Emery MA, Akil H. Endogenous Opioids at the Intersection of Opioid Addiction,
Pain, and Depression: The Search for a Precision Medicine Approach. Annu Rev
Neurosci. 2020;43:355–74.

51. Reed B, Butelman ER, Kreek MJ. Endogenous opioid system in addiction and
addiction-related behaviors. Curr Opin Behav Sci. 2017;13:196–202.

52. Kruskal WH. Ordinal measures of association. J Am Stat Assoc. 1958;53:814–61.
53. Gear RW, Levine JD. Antinociception produced by an ascending spino-

supraspinal pathway. J Neurosci. 1995;15:3154–61.
54. Manning BH. A lateralized deficit in morphine antinociception after unilateral

inactivation of the central amygdala. J Neurosci. 1998;18:9453–70.
55. Giesecke T, Gracely RH, Grant MAB, Nachemson A, Petzke F, Williams DA, et al.

Evidence of augmented central pain processing in idiopathic chronic low back
pain. Arthritis Rheumatism. 2004;50:613–23.

56. O’Neill S, Manniche C, Graven-Nielsen T, Arendt-Nielsen L. Generalized deep-tissue
hyperalgesia in patients with chronic low-back pain. Eur J Pain. 2007;11:415–20.

57. Kennedy SE, Koeppe RA, Young EA, Zubieta J-K. Dysregulation of endogenous
opioid emotion regulation circuitry in major depression in women. Arch Gen
Psychiatry. 2006;63:1199–208.

58. Lanteaume L, Khalfa S, Régis J, Marquis P, Chauvel P, Bartolomei F. Emotion
induction after direct intracerebral stimulations of human amygdala. Cereb
Cortex. 2007;17:1307–13.

59. Kantonen T, Karjalainen T, Isojärvi J, Nuutila P, Tuisku J, Rinne J, et al. Inter-
individual variability and lateralization of μ-opioid receptors in the human brain.
Neuroimage 2020;217:116922.

60. Garami J, Moustafa AA. Probability discounting of monetary gains and losses in
opioid-dependent adults. Behav Brain Res. 2019;364:334–9.

61. Madden GJ, Petry NM, Badger GJ, Bickel WK. Impulsive and self-control choices in
opioid-dependent patients and non-drug-using control participants: drug and
monetary rewards. Exp Clin Psychopharmacol. 1997;5:256–62.

62. Robles E, Huang BE, Simpson PM, McMillan DE. Delay discounting, impulsiveness, and
addiction severity in opioid-dependent patients. J Subst Abus Treat. 2011;41:354–62.

63. Baldacchino A, Balfour DJK, Passetti F, Humphris G, Matthews K. Neuropsycho-
logical consequences of chronic opioid use: a quantitative review and meta-
analysis. Neurosci Biobehav Rev. 2012;36:2056–68.

64. Giordano LA, Bickel WK, Loewenstein G, Jacobs EA, Marsch L, Badger GJ. Mild
opioid deprivation increases the degree that opioid-dependent outpatients dis-
count delayed heroin and money. Psychopharmacology. 2002;163:174–82.

65. Kieres AK, Hausknecht KA, Farrar AM, Acheson A, de Wit H, Richards JB. Effects of
morphine and naltrexone on impulsive decision making in rats. Psychopharma-
cology. 2004;173:167–74.

66. Moazen P, Azizi H, Salmanzadeh H, Semnanian S. Adolescent morphine exposure
induces immediate and long-term increases in impulsive behavior. Psycho-
pharmacology. 2018;235:3423–34.

67. Olmstead MC, Ouagazzal A-M, Kieffer BL. Mu and delta opioid receptors oppo-
sitely regulate motor impulsivity in the signaled nose poke task. PLoS One.
2009;4:e4410.

68. Boulos L-J, Nasseef MT, McNicholas M, Mechling A, Harsan LA, Darcq E, et al.
TouchScreen-based phenotyping: altered stimulus/reward association and lower
perseveration to gain a reward in mu opioid receptor knockout mice. Sci Rep.
2019;9:4044.

69. Nuechterlein EB, Ni L, Domino EF, Zubieta J-K. Nicotine-specific and non-specific
effects of cigarette smoking on endogenous opioid mechanisms. Prog Neu-
ropsychopharmacol Biol Psychiatry. 2016;69:69–77.

70. Hermann D, Hirth N, Reimold M, Batra A, Smolka MN, Hoffmann S, et al. Low μ-
Opioid Receptor Status in Alcohol Dependence Identified by Combined Positron
Emission Tomography and Post-Mortem Brain Analysis. Neuropsychopharma-
cology. 2017;42:606–14.

71. Mick I, Myers J, Ramos AC, Stokes PRA, Erritzoe D, Colasanti A, et al. Blunted
Endogenous Opioid Release Following an Oral Amphetamine Challenge in
Pathological Gamblers. Neuropsychopharmacology. 2016;41:1742–50.

72. Vowles KE, McEntee ML, Julnes PS, Frohe T, Ney JP, van der Goes DN. Rates of
opioid misuse, abuse, and addiction in chronic pain: a systematic review and data
synthesis. Pain. 2015;156:569–76.

ACKNOWLEDGEMENTS
The study was supported by National Institute on Drug Abuse Grants R01 DA 022520
and R01 DA 027494, and the Phil F. Jenkins Foundation. IKM was supported by the
Swedish Cultural Foundation in Finland, Helsinki, Finland. TML was supported by the
National Institute on Drug Abuse (T32 DA007267), the NARSAD Young Investigator
Award, the Ben B. and Iris M. Margolis Foundation, and the National Institute on
Alcohol Abuse and Alcoholism (K01 AA024167). We thank Emily B. Nuechterlein
whose help with data collection and organization was indispensable. We would also
like to thank the nuclear medicine technologists at the Center for Positron Emission
Tomography at the University of Michigan for their assistance in the collection and
reconstruction of the PET data.

AUTHOR CONTRIBUTIONS
AKB and JBG wrote the manuscript and analyzed the data in consultation with
TML. VK, IKM, JKZ, and TML provided guidance regarding statistical analysis. JKZ
conceived of and supervised the original project. TML and IKM helped plan and
carry out the experiments. All authors contributed to the interpretation of results
and helped shape the final manuscript. All authors read and approved the final
manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Tiffany M. Love.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

J. Ballester et al.

7

Translational Psychiatry           (2022) 12:20 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Risk for opioid misuse in chronic pain patients is associated with endogenous opioid system dysregulation
	Introduction
	Methods and materials
	Participants
	Intake measures
	Pain-related measures
	Opioid misuse risk
	Personality

	Neuroimaging
	Pain-stress challenge
	Image analysis

	Statistical analysis

	Results
	Baseline MOR BPND in chronic pain patients and controls
	PMQ
	Affect
	Back pain
	Personality

	Pain stress-induced changes in MOR BPND
	PMQ
	Affect
	Back pain
	Experimental pain
	Personality


	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




