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Abstract

Preclinical studies have shown effects of chronic exposure to addictive drugs on glutamatergic-

mediated neuroplasticity in frontostriatal circuitry. These initial findings have been paralleled by 

human fMRI research demonstrating weaker frontostriatal resting-state functional connectivity 

(rsFC) among individuals with psychostimulant use disorders. However, there is a dearth of human 

imaging literature describing associations between long-term prescription opioid use, frontostriatal 

rsFC, and brain morphology among chronic pain patients. We hypothesized that prescription 

opioid users with chronic pain, as compared to healthy control subjects, would evidence weaker 

frontostriatal rsFC coupled with less frontostriatal gray matter volume (GMV). Further, that those 

opioid use-related deficits in frontostriatal circuitry would be associated with the negative affect 

and drug misuse. Prescription opioid users with chronic pain (n = 31) and drug-free healthy 

controls (n =30) underwent a high-resolution anatomical and an eyes-closed resting-state 

functional scan. The opioid group, relative to controls, exhibited weaker frontostriatal rsFC and 

less frontostriatal GMV in both L.NAc and L.vmPFC. Frontostriatal rsFC partially mediated group 

differences in negative affect. Within opioid users, L.NAc GMV predicted opioid misuse severity. 

The current study revealed that prescription opioid use in the context of chronic pain is associated 

with functional and structural abnormalities in frontostriatal circuitry. These results suggest that 
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opioid use-related abnormalities in frontostriatal circuitry may undergird disturbances in affect that 

may contribute to the ongoing maintenance of opioid use and misuse. These findings warrant 

further examination of interventions to treat opioid pathophysiology in frontostriatal circuitry over 

the course of treatment.
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INTRODUCTION

Opioid misuse and addiction are endemic in the U.S. and adversely impact public health and 

economic productivity [1, 2]. Long-term use and misuse of opioids in the context of chronic 

pain may dysregulate affective processes [3], significantly elevating risk of opioid use 

disorder (OUD) [4] and overdose-related mortality and morbidity [1]. Although current first 

line FDA-approved medication-assisted treatments effectively attenuate withdrawal 

symptom severity (e.g., Buprenorphine, Methadone), it remains questionable as to whether 

or not they treat the underlying neuropathology of OUD [5], as evidenced by >50% of 

participants relapsing after discontinuing opioid maintenance therapy [6]. Therefore, further 

mechanistic research on prolonged opioid use among individuals with and without chronic 

pain is needed to elucidate neurobiological mechanisms to be targeted by new treatment 

approaches.

The extant literature on animal models of addiction reveals that chronic exposure to drugs of 

abuse produces glutamatergic neuroplasticity in frontostriatal circuitry [7], suggesting a 

transdiagnostic mechanism in addiction and therefore a potential target for treating 

substance use disorders. Across drugs of abuse, transition into the compulsive stage of 

addiction is associated with glutamatergic-mediated, synaptic- and meta-plasticity in 

frontostriatal circuity [7, 8] comprising the medial prefrontal cortex (mPFC)—a region 

coding for the appraisal of environmental stimuli [9]—and the nucleus accumbens (NAc) —

a region coding for the predictive value of a rewarding stimulus (e.g., food, sex, drugs) [10]. 

Opiates [11], nicotine [12, 13] and cocaine [14] each dysregulate glutamatergic homeostasis 

in the NAc, which mediates the reinstatement of drug-seeking behavior upon exposure to 

conditioned drug cues in animal models [15–18].

Analogous to electrophysiological methods used in preclinical models, resting-state 

functional connectivity (rsFC) of neural networks [19] has provided utility in characterizing 

substance use disorder pathophysiology (for review, see [20, 21]). Paralleling preclinical 

findings, human fMRI research has demonstrated weaker frontostriatal rsFC among 

individuals with nicotine-use disorder [22] and polysubstance abuse [23]; however, findings 

are mixed among treatment-seeking [24–26] and non-treatment-seeking opioid use disorder 

(OUD) [27] samples. The prior failure to replicate findings across studies of opioid addiction 

may be, in part, due to participants within- and across-samples varying with regard to stage 

of use vs. abstinence, use of opioid-replacement therapy, small sample sizes and presence vs. 

absence of chronic pain. Therefore, the present investigation was designed to address these 
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limitations by studying a larger sample drawn from a population at risk of developing OUD 

[2] – i.e., chronic pain patients engaged in long-term use of prescription opioid analgesics – 

in order to ascertain the extent to which prolonged opioid use in the context of chronic pain 

is associated with disruptions in frontostriatal circuitry similar to those observed in other 

substance use disorders.

Regarding brain morphology, chronic opioid use has been linked to reductions in total 

cerebrum volume [28] and, among regions containing monosynaptic inputs to the nucleus 

accumbens, decreased gray matter volume (GMV), for example the: amygdala [27, 29], 

hippocampus[29], and vmPFC [30]. However, to the best of our knowledge, no studies have 

reported on associations between prescription opioid use, frontostriatal rsFC, morphology 

and clinical variables relevant to chronic pain (i.e., affect, opioid misuse, opioid dosing, and 

pain severity/interference). The current study utilized functional and structural imaging 

techniques to compare a group of prescription opioid users with chronic pain (OUG) (N=31) 

to drug-free healthy controls (N=30). We hypothesized that the OUG, as compared to 

healthy control subjects, would evidence weaker frontostriatal rsFC and less frontostriatal 

GMV that would in turn be significantly associated with the magnitude of affective 

disturbances and opioid misuse.

MATERIALS AND METHODS

Participants

Participants (N = 63) were recruited via community advertisements and referrals from 

primary care and pain clinics, attended an in-person screening visit to determine eligibility 

and then an experimental fMRI visit. Participants gave written informed consent and 

received financial compensation for study participation. Inclusion criteria were: being age 18 

years or higher and being able to comply with protocol requirements (e.g. fMRI 

compatibility, indicate having reliable transportation to the laboratory). Among the opioid 

use group (OUG: n = 33), current use of prescription opioids for >3 consecutive months for 

treating chronic pain and a positive urine drug screen for opioids were also inclusion criteria, 

and participants were instructed to maintain their typical use of opioids over the course of 

the study and not abstain from using on the day of the lab visit. Exclusion criteria were: 

presence of unstable medical illness, history of major neurological illness or significant head 

injury with resultant loss of consciousness, any contraindication to MRI, current cancer 

diagnosis, use of illicit substances within the last month as evidenced by a positive drug 

screen (other than opioids among the OUG), and among females, a positive urine pregnancy 

test. Additional exclusion criteria for the healthy control group included: history of chronic 

opioid use (i.e., self-report history of ≥ 3 months of opioid use) or current use within the past 

3 months, history of chronic pain or self-report of pain lasting ≥ 3 months [31]. The study 

was approved by the institutional review boards of the Medical University of South Carolina 

and the University of Utah. Individuals meeting criteria for OUG (n=33) and a healthy 

control group (n=30) were scanned on Siemens 3T MRI scanners at the University of Utah 

(n = 20) and University of South Carolina systems (n=43). One subject was excluded due to 

poor structural image quality and another for in-scanner motion, resulting in a final N of 61 

(OUG = 31, control = 30).
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Self-Report Measures

All participants completed the 20-item positive and negative affect schedule (PANAS) [32]. 

Among the OUG, daily Morphine Milligram Equivalence (MME) was calculated via 

participant report [33]; pain (over the past 24 hours) was assessed with the Brief Pain 

Inventory (BPI) [34]; opioid misuse assessed with the Current Opioid Misuse Measure 

(COMM) [35]; and self-reported craving for opioids using a 10-point visual analog scale.

Neuroimaging Data Acquisition

At each site, a high-resolution 3-dimensional, spoiled gradient recalled acquisition structural 

sequence (3D-MPRAGE) was acquired, followed by an eyes-closed, resting-state scan using 

an echo-planar gradient-echo pulse fMRI-BOLD sequence (Supplemental Methods).

Image Processing

All functional and structural images were preprocessed using the computational anatomy 12 

(CAT12 - www.neuro.uni-jena.de/cat) and statistical parametric mapping 12 (SPM12 - 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) MATLAB 2018a toolboxes according to 

a standard pipeline employing default settings (Supplemental Methods). Structural quality-

control was performed visually and quantitatively by using CAT12’s homogeneity of 

covariance function across unsmoothed gray matter volumetric maps, excluding those that 

exceeded 3 SD from the mean sample covariance. One subject’s data was omitted due to 

poor structural imaging data quality.

Pre-processing of resting-state fMRI images included: slice-time correction (for non-

multiband data) and realignment; motion outlier detection (framewise displacement > 1mm) 

www.nitrc.org/projects/artifact_detect) and correction (via nearest-neighbor interpolation); 

coregistration of functional images to structural image; warping to MNI space using forward 

deformations and resampling to (1.5mm)3 voxel size (i.e., 3.375µL). Art toolbox (https://

www.nitrc.org/projects/artifact_detect/) was used to define “rapid motion” as motion across 

a volume with a frame-wise displacement exceeding 1mm. Volumes identified by art were 

then “corrected” via ArtRepair toolbox via nearest neighbor interpolation (https://

www.nitrc.org/projects/art_repair/). Exclusion threshold for rapid motion was 20% of run 

length; one subject was excluded for excessive head motion. All preprocessed fMRI images 

and segmented tissue maps were smoothed with a (10mm)3 FWHM Gaussian filter prior to 

modeling (Supplemental Methods). Publication images were created using MRIcroGL 

(http://www.mccauslandcenter.sc.edu/mricrogl/home).

Frontostriatal Network rsFC Mask

The primary rsFC hypotheses of this study were tested within a regions of interest (ROI) 

mask derived from Wake Forest University (WFU) PickAtlas (http://fmri.wfubmc.edu/

software/PickAtlas) (Figure 1). This included bilateral ROIs for anterior and middle 

cingulate cortices, rectus and olfactory gyri, medial-superior prefrontal cortices (PFC), and 

mid-frontal orbital PFC, along with 3mm-radius sphere around the nucleus accumbens (±12, 

8, −8) [36, 37] (http://marsbar.sourceforge.net/).
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Statistical Analyses

General Statistical Considerations.—Statistical significance was defined at α = .05 

for all tests. Homogeneity of covariance was assessed via Levene’s test. Marginal means 

were reported from ANCOVA. Cohen’s d statistic was computed for each ANCOVA using 

an online calculator (https://bit.ly/2tUiLLc). Post hoc ‘observed power’ from SPSS is 

reported where applicable for the convenience of the reader. Given the use of covariates as 

described below, t- and F-statistics are presented with degrees of freedom and significant 

regression findings further include unstandardized beta coefficients. Mean (M) and standard 

error (±) reported where appropriate.

Covariates.—For the purposes of cluster detection, the second-level, seed-to-voxel, rsFC 

model included each subject’s image-quality rating (IQR), derived from CAT12 structural-

image processing, as a nuisance covariate. This indicator is an aggregate, weighted measure 

of image and preprocessing quality, including measures of resolution, noise and bias [38]. 

Controlling for IQR allows for the removal of variance related to scanner field homogeneity 

and any influences of structural image quality on the functional data normalization process. 

To account for potentially confounding scanner effects, the following series of analyses were 

performed. First, IQR was assessed via ANOVA and, as expected, shown to differ as a 

function of Scanner (F(1,59)=7.76, p = 0.007) but did not differ by Group (F(1,59)=1.59, p = 

0.212) nor associated with rsFC (r=.062, p=.637). Next, an ANOVA was conducted to 

examine the effects of each scanner—irrespective of participant group—on rsFC and no 

significant effect of scanner was observed (F(1,58)=.176, p=0.676). Next, to rule out the 

potential confound associated with the control group being scanned only at one site 

(MUSC), a within opioid group only ANOVA was conducted comparing rsFC in the opioid 

group data collected at MUSC as compared to the opioid group collected from outside 

MUSC, revealing no significant differences in rsFC as a function of scanner F(1,30) = 1.01, 

p=0.323. Despite no observed significant effects of scanner on rsFC differences, IQR was 

included as a nuisance covariate to control for scanner variance in image quality. Overall, 

OUG subjects tended to be older, less educated, and exhibited lower total intracranial 

volume (TIV) than the control group but sexes were evenly matched between groups (Table 

1). All subsequent between-subjects statistical models included age and education as 

covariates; additionally, models including brain findings (i.e., rsFC and VBM) included IQR 

as a nuisance covariate, and VBM models further included TIV [38].

Resting-State Functional Connectivity.—Preprocessed resting-state fMRI data were 

uploaded into the CONN functional connectivity toolbox (http://www.nitrc.org/projects/

conn) for denoising and connectivity analysis, along with unsmoothed, segmented tissue 

images and functionally-defined regions of interest (ROIs), i.e., bilateral nucleus accumbens 

(NAc) spheres (http://marsbar.sourceforge.net) (Supplemental Methods). Frontostriatal rsFC 

was assessed using a seed (NAc)-to-voxel (within a vmPFC search mask) approach 

separately for the right and left NAc seed ROIs, and then modeled voxel-wise using a 

nonparametric, HRF-weighted GLM. Results were thresholded using cluster-level inference 

at pvoxel < 0.001, pcluster < 0.05 FWE using a priori directional hypothesis t-test (Control > 

OUG). Fisher-transformed correlation coefficients (rZ values) were extracted from the 
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significant target cluster and imported into SPSS for further analyses via ANCOVA, 

regression and exploratory path-analysis.

Voxel-Based Morphometry.—A priori L.NAc seed and significant target cluster from the 

rsFC analyses were used to derive absolute, weighted-mean GMV values from each 

significant region of interest (ROI), converted from proportion per voxel to µL per voxel by 

multiplying the volume of the voxel by the percent of gray matter per voxel to yield an 

absolute volumetric measure of gray matter within a voxel or as an average over a cluster in 

microliters [39].

Brain-Behavior and Post-hoc Analyses.—Planned a priori and additional unplanned 

post-hoc brain-behavior relationships were explored in SPSS v25 and PROCESS v2.16.3 

(processmacro.org/) via ANCOVA, correlation, regression, and path analysis. All tests are 

two-tailed unless otherwise specified. Mediation analyses were performed to test the post-
hoc hypothesis that the strength of frontostriatal rsFC mediates group differences in trait 

negative affect using bootstrapping (10,000) with bias-corrected and accelerated (BCa) 95% 

CI.

RESULTS

Behavioral Measures

The OUG reported significantly higher negative affect than the control group (F(1,57) = 

14.79, p < 0.001, d = .98; OUG Mean (M) = 18.25 ±1.21, control group M = 10.98 ±1.24). 

No significant main effect of Group was observed for positive affect (F(1,57) = .482, p = 

0.49). Among the OUG, self-reported negative affect was neither associated with craving (r 

= .184, p = .323) nor with pain severity (r=.056, p=.767).

Frontostriatal Resting-State Functional Connectivity

A main effect of Group (F(1,56) = 8.69, p = 0.005, d = .76) was observed for the left 

frontostriatal pathway—between the L.NAc and L.vmPFC (Figure 2, Table 2), revealing 

significantly weaker rsFC among the OUG (M = .009 ±.03) as compared to the control 

group (M= .137 ±.03). Connectivity within the OUG group was not significantly different 

from zero (t(30) = .282, p = 0.78). No significant effects were observed for the R.NAc-

vmPFC pathway.

Association between frontostriatal rsFC and behavior measures.

Self-reported affect.—Strength of frontostriatal rsFC as associated with lower self-

reported negative affect (t (56) = −2.9, β = −16.71, p = 0.005). No significant associations 

were found between frontostriatal rsFC and positive affect (t (56) = .98, p = 0.33).

Opioid Misuse and Craving.—Frontostriatal rsFC was not associated with COMM 

scores (t (28) = .246, p = 0.81); opioid dose (MME) (t (28) = −.166, p = 0.88); nor with 

craving (r=.150, p=.421).
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Pain.—Frontostriatal rsFC was not associated with BPI pain severity (t (28) = .454, p = 
0.65) nor pain interference (t (28) = −.172, p = 0.87).

Frontostriatal Morphology

The opioid user group showed significantly less average GMV (µL / voxel) than the control 

group across both rsFC ROIs: L.NAc (F(1,55) = 10.89, p = 0.002, d = .85; OUG M = 1.77 

±0.04, Control = 1.96 ±.04); and, L.vmPFC (F(1,55) = 140.70, p < 0.001, d = 3.04; OUG M 

= 1.4 ±0.03, Control = 1.8 ±.03).

Association between frontostriatal morphology and behavior measures.

Self-reported affect.—L.vmPFC volume was negatively associated with self-reported 

negative affect (t (55) = −2.22, β = −25.38, p = 0.03) while L.NAc volume was not 

associated with negative affect (t (55) = −.559, p = 0.58). Neither L.vmPFC (t(55) = .75, p 
= .45) nor L.NAc (t(55) = .74, p = 0.46) were independently associated with positive affect.

Opioid Misuse.—L.NAc volume was positively associated with greater opioid misuse 

severity (COMM scores) (t (27) = 2.08, β = 56.77, p = 0.047). vmPFC volume was not 

associated with COMM scores (t (27) = .945, p = 0.353). Neither L.NAc (t (27) = .232, p = 
0.82) nor L.vmPFC (t (27) = −.69, p = 0.5) were associated with opioid dose.

Pain.—L.NAc volume was positively associated with both BPI pain severity (t (27) = 2.24, 

β = 12.69, p = 0.034) and BPI pain interference (t (27) = 2.49, β = 18.84, p = 0.019). 

L.vmPFC volume was positively associated with BPI pain interference (t (27) = 2.3, β = 

21.03, p = 0.031), but not with BPI pain severity (t (27) = .59, p = 0.56).

Post hoc Analyses.

Morphology and Connectonomic Relationships.—Across all subjects, L.vmPFC 

volume was positively associated with frontostriatal rsFC (t (55) = 2.81, β = .68, p = 0.007), 

while L.NAc volume was not (t (55) = 1.12, p = 0.266).

Mediation.—Path-analysis revealed a partial mediation effect whereby strength of 

frontostriatal rsFC (L.NAc and L.vmPFC: β = 1.26, SE = .92, CI [.04 – 3.92]) mediated the 

association between opioid use and heightened negative affect (Figure 3). Connectivity 

explained 19.4% of the group differences in negative affect (ratio of indirect/total effect).

DISCUSSION.

In the current study, we examined associations between prescription opioid use in the 

context of chronic pain and functional/structural abnormalities in frontostriatal circuitry 

through a combination of fMRI resting-state functional connectivity and MRI voxel-based 

morphometry. Results of this study demonstrate that prescription opioid use among chronic 

pain patients is associated with both deficits in frontostriatal connectivity and reduced 

frontostriatal GMV. Moreover, exploratory analyses revealed that reduced frontostriatal rsFC 

mediated the association between chronic opioid use and negative affect, whereas 

frontostriatal morphology was associated with opioid misuse and pain severity.
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Opioid users evidenced weaker frontostriatal rsFC.

Repeated exposure to drugs of abuse produces glutamatergic neuroplasticity in frontostriatal 

circuitry which serves to bias reward processing towards drug consumption and away from 

the pursuit of natural rewards [40–43]. Resting-state studies have also implicated the 

frontostriatal vmPFC → NAc pathway in impulsivity [44, 45], compulsivity [44, 46], 

adaptive decision making [47–49] and the regulation of hedonic tone [50–53] and pain [54]. 

Weaker frontostriatal resting-state functional connectivity has previously been shown among 

individuals with tobacco [22, 36], opioid [27, 55], cocaine [56] and polysubstance [23] use 

disorder- but other studies have reported evidence of hyperconnectivity [57] in the context of 

cocaine [44] and opioid use [24–26, 58–61], some of which were confounded by abstinence 

[24, 25, 60, 61] or ongoing methadone treatment [25, 26, 58, 59]. In the present study, which 

controlled for treatment-related confounds (i.e. abstinence, medication assisted treatment of 

OUD), frontostriatal rsFC partially mediated the association between opioid use in the 

context of chronic pain and elevated negative affect, suggesting that frontostriatal 

dysconnectivity may undergird disruptions in hedonic tone and emotion regulation evident 

in opioid (mis)using chronic pain patients [62].

Frontostriatal rsFC partially mediated opioid users’ increased negative affect.

Negative emotionality is included as one of the core domains in the newly developed 

Addictions Neuroclinical Assessment [41] and is considered as one of the primary drivers of 

relapse during withdrawal [40]. Negative affect is traditionally considered to be mediated 

through frontolimbic pathways (i.e., anterior cingulate cortex/vmPFC → amygdala) with 

frontostriatal circuitry involved in ventral-striatal inhibition; yet, previous fMRI 

investigations into associations between frontostriatal activation, connectivity and affect in 

addiction have primarily focused on appetitive processing [63] and revealed associations 

with positive affect (and the lack thereof, i.e., anhedonia or hypo-hedonia) [36, 40, 64–67]. 

Here, the opioid user group reported elevated negative affect relative to the control group. 

Post-hoc analyses revealed that the increased negative affect observed in opioid users was 

partially mediated by the strength of frontostriatal connectivity. These findings are consistent 

with the literature that highlights vmPFC as a central node in negative affect regulation [49, 

68–72] and may inform the ongoing scientific debate regarding the role of vmPFC in the 

acquisition, maintenance and extinction of opioid vs. psychostimulant (e.g., nicotine, 

cocaine) drug-seeking behaviors [73].

Dysregulated hedonic tone (i.e. anhedonia), a major feature of mood and addiction disorders 

[74], has been linked with morphological and functional changes in the NAc, such as 

volumetric reductions [71], blunted responsivity to natural rewards [71] and abnormal 

connectonomic profiles [53]; but, there has been an ongoing debate as to whether or not 

anhedonia results from a reduced capacity for experiencing pleasure [71] or rather reflects 

an underlying neurobiological deficit in sustaining positive affect over time [51]. Blunted 

responsivity to natural rewards has been observed among prescription opioid misusers with 

chronic pain [3, 75]. However, heightened negative affect has also been observed in this 

population, with opioid craving mediating the association between negative affect and opioid 

misuse [76]. Relationships between positive and negative affect, anhedonia and pain are 
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tightly intertwined, making for a complex phenotype in prescription opioid using chronic 

pain patients [77].

Opioid users exhibited less frontostriatal gray matter volume.

In line with prior findings, less vmPFC [30] and NAc [78, 79] GMV was observed in opioid 

using chronic pain patients. The vmPFC is not a discrete anatomical structure but rather 

heterogeneous in terms of cytoarchitecture, function and structural connectivity [49]. 

Domains most frequently associated with vmPFC include: (a) reward-processing and value-

based decision making (via frontostriatal circuitry) (b) negative affect generation and 

regulation (via amygdalofrontal circuitry) and (c) placebo- and expectancy-manipulated pain 

alleviation (amygdala-periaqueductal grey [PAG], anterior cingulate cortex [ACC])[49]. 

Negative affect generation is primarily mediated through vmPFC projections to the 

amygdala [49] although complementary inhibition within frontostriatal circuitry is also 

thought to be involved. In primates, lesions to vmPFC gray matter, while sparing white 

matter, were shown to increase negative affective responses to aversive cues [80]. Clinical 

research with lesion patients has revealed further evidence of vmPFC-mediated frontostriatal 

dysfunction whereby vmPFC lesions were shown to correlate positively with attenuated 

striatal response during reward anticipation and inversely with NAc GMV [47]. In addition, 

opioid use—in the form of codeine-containing cough syrup—has been shown to be 

associated with less vmPFC GMV and aberrant connectivity with the default mode network 

that were associated with higher impulsivity. The current study findings, when placed in 

context of the broader literature, suggest that compromised frontostriatal morphology among 

prescription opioid users with chronic pain may serve as a neuroendophenotype of opioid 

dependence in this population and also as a marker of dysregulated negative affective 

processing and behavior control over drug use.

Nucleus accumbens morphology predicts opioid misuse and pain.

Dissociating effects of opioid use from chronic pain has proven challenging because neural 

circuits for pain regulation overlap those involved in drug addiction – including the 

frontostriatal pathway [81–83]. The present study was not designed to disentangle these 

phenomena, but instead aimed to examine the neural correlates of the comorbidity of chronic 

pain and prolonged opioid use. Findings from the current study revealed that opioid using 

pain patients, as compared to the control group, exhibited less GMV in bilateral nucleus 

accumbens and vmPFC. This is consistent with prior literature that reported chronic pain 

plus opioid treatment, compared to chronic pain alone, was associated with atrophy in the 

vmPFC [84]; and findings [85] that opioid users exhibit less L.NAc volume than controls but 

within the opioid group, increased individual NAc volume predicted greater pain severity, 

interference, and opioid misuse. The findings form Jahari et al, [84] are consistent with the 

relationship between L.NAc volume, pain, and opioid misuse observed in the present study. 

Thus, striatal hypertrophy may index escalating appetitive reactivity to opioids, 

compensatory pain regulatory processes in the attempt to maintain hedonic homeostasis, 

and/or an Opioid X Pain interaction. Initial prescription opioid use targets pain alleviation 

but chronic use has not been proven effective in long-term, non-cancer pain management 

[86, 87] and may actually potentiate hyperalgesia, particularly in patients prone to misuse 

[88].
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In conclusion, long-term prescription opioid use among chronic pain patients is associated 

with aberrant frontostriatal circuit morphology and function. Importantly, frontostriatal rsFC 

partially mediated group differences in negative affect, thus providing a potential neural 

biomarker for evaluating the efficacy of pharmaco-behavioral treatments aimed at 

ameliorating negative affective precipitants of prescription opioid misuse and OUD. While 

the specific molecular pathways affected during the entrenchment of addiction differ 

substantially between drugs of abuse, these results, in accordance with current scientific 

thinking, support the tenet that allostatic neuroplasticity in glutamatergic, ventromedial 

prefrontal cortex-mediated signaling pathways represents a common pathway that drives 

addiction maintenance [89]. The primary findings of this study are largely consistent with 

our hypotheses and the broader addiction literature suggesting that frontostriatal resting-state 

functional connectivity deficits may be a transdiagnostic biomarker of addiction and/or 

addiction vulnerability. Despite numerous design strengths, such as multimodal 

neuroimaging, a matched control group, and a homogenous, actively-using opioid-user 

group -- this study was not without limitations, including: the lack of a chronic pain group 

not receiving opioid therapy and data acquisition across different scanner sites influenced 

image quality; however, analysis of site did not reveal significant differences in neural 

outcomes and, in terms of ecological validity, we find this to be a strength.

These limitations notwithstanding, findings from the current study support the hypothesis 

that prolonged prescription opioid use in the context of chronic pain is marked by deficits in 

frontostriatal morphology and resting-state functional connectivity, similar to chronic use of 

other drugs with significant abuse liability. These findings will help guide further research 

into frontostriatal-targeted pharmacotherapies producing glutamate homeostasis (e.g., N-

acetylcysteine[90]) and/or behavioral interventions for substance use disorders [91, 92]) that 

may modulate frontostriatal circuitry function [93]. For example, in a double-blind, placebo 

(PBO)-controlled N-acetylcysteine (NAC) study in smoking-abstinent, nicotine dependent 

smokers, NAC was associated with stronger frontostriatal rsFC, less craving and affective 

disturbances, and remaining smoking abstinent over the medication period [36]. If indeed 

corticostriatal rsFC is a transdiagnostic indicator of substance use disorder pathophysiology, 

then research on pharmacotherapies for treating glutamatergic corticostriatal circuitry in 

OUD is warranted. Further, studies of Mindfulness-oriented recovery enhancement (MORE)

—a manualized behavioral treatment for opioid misuse and OUD in chronic pain patients, 

has been shown to decrease opioid attentional bias [94] and opioid misuse related deficits in 

autonomic response (i.e., heart-rate variability, HRV) [75], a proxy of frontostriatal function 

[95], were demonstrably remediated following MORE treatment [96]. Finally, future 

research is needed to evaluate more spatially-distributed, systems-level neurodynamics 

beyond the a priori hypothesized frontostriatal pathway in the current study among samples 

of opioid using chronic pain patients, as well as to systematically evaluate whether 

modulating frontostriatal circuitry translates to improved treatment outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Frontostriatal Network rsFC Mask.
Frontostriatal network mask for resting-state functional connectivity. Medial prefrontal 

regions above are shaded red while the bilateral nucleus accumbens spheres are shaded 

green.
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Figure 2. Group Differences in Frontostriatal rsFC
The opioid use group (OUG), relative to control group, evidenced weaker resting-state 

functional connectivity (rsFC) between the L.Nucleus Accumbens [NAc] (SEED; green 

sphere) and the L.ventromedial prefrontal cortex [vmPFC] (TARGET; red cluster). Error 

bars = +/− 1 SE of the mean. Note that the OUG connectivity within this pathway is not 

significantly different from zero.
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Figure 3. Frontostriatal mediation of groups differences in negative affect.
The opioid-user group (OUG) reported greater negative affect than the healthy control group 

(F(1,57) = 14.79, p < .001, d = .98; OUG M = 18.25 ±1.21, Control = 10.98 ±1.24). The 

greater reported negative affect by the OUG was partially mediated by weaker frontostriatal 

resting-state functional connectivity (rsFC) between the left nucleus accumbens (NAc) and 

the left ventromedial prefrontal cortex (vmPFC) (β = 1.26, SE = .92, CI [.04 – 3.92]). Level 

of confidence intervals was 95% and error bars represent ± standard error (SE).
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