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Abstract

Objective. Standard of care for opioid use disorder (OUD) includes medication and counseling. However, there is an
unmet need for complementary approaches to treat OUD patients coping with pain; furthermore, few studies have
probed neurobiological features of pain or its management during OUD treatment. This preliminary study examines
neurobiological and behavioral effects of a virtual reality-based meditative intervention in patients undergoing
methadone maintenance treatment (MMT). Design. Prospective, non-blinded, single-arm, 12-week intervention with
standardized assessments. Setting. Academic research laboratory affiliated with an on-site MMT clinic. Methods.

Fifteen (11 female) MMT patients completed a virtual reality, therapist-guided meditative intervention that included
breathing and relaxation exercisessessions were scheduled twice weekly. Assessments included functional mag-
netic resonance imaging (fMRI) of pain neuromatrix activation and connectivity (pre- and post-intervention), saliva
cortisol and C-reactive protein (CRP) at baseline and weeks 4, 8 and 12; and self-reported pain and affective symp-
toms before and after each intervention session. Results. After each intervention session (relative to pre-session), rat-
ings of pain, opioid craving, anxiety and depression (but not anger) decreased. Saliva cortisol (but not CRP) levels
decreased from pre- to post-session. From pre- to post-intervention fMRI assessments, pain task-related left post-
central gyrus (PCG) activation decreased. At baseline, PCG showed positive connectivity with other regions of the
pain neuromatrix, but this pattern changed post-intervention. Conclusions. These preliminary findings demonstrate
feasibility, therapeutic promise, and brain basis of a meditative intervention for OUD patients undergoing MMT.
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Introduction

Opioid misuse, overdose, and opioid use disorder (OUD)

constitute a public health emergency that is persistent [1]

and projected to escalate [2]. In 2018, about 2 million

individuals in the US had an OUD [3], which is associ-

ated with a high mortality rate (6130 daily deaths in the

US), comorbid psychiatric disorders (e.g., anxiety), and

other poor health outcomes [4]. Further interventions are

needed to reduce the impact of opioid misuse, OUD, and

overdose.

Chronic pain affects >100 million individuals in the

United States and opioids prescribed to treat pain can in-

crease risks of misuse, physiological dependence, and

OUD [5]. Previous research indicates 64.4% of OUD

patients report chronic pain [6], which may occasion re-

lapse [7], reduce adherence to OUD treatment, and re-

duce quality of life [8]. Additionally, prevalence of OUD

among patients with chronic pain is 34.9% [9]. Standard
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of care for OUD includes medication, such as methadone

maintenance therapy (MMT), and counseling. Given ad-

verse effects of chronic pain among patients with OUD,

there is an unmet need for complementary approaches to

assist OUD patients with pain.

One potential complementary approach for reducing

pain in OUD is mindfulness-based therapies (e.g.,

breathing, meditation). Mindfulness is the practice of

focusing on the present moment to improve control over

one’s own sensations, feelings, and thoughts.

Mindfulness approaches have been shown to reduce

pain intensity and pain-related psychological conse-

quences, and to improve functional status and quality of

life [10]. Findings from studies in healthy populations

suggest that meditative interventions can mitigate pain,

independent of the endogenous opioid system [11, 12].

Previous controlled studies report that mindfulness

meditation can reduce self-reported pain in patients

with chronic pain conditions [13] and in opioid-using

chronic pain patients [14].

Although meditation-based therapies show promise

for reducing pain in individuals with OUD and other

groups, neurobiological mechanisms underlying these

analgesic effects remain unclear. The “pain neuro-

matrix” is a core set of brain regions recruited when an

individual experiences physical pain [15]. The pain neu-

romatrix includes primary nociceptive processing

regions including the thalamus, anterior insula, caudate,

postcentral gyrus (PCG), anterior midcingulate cortex

(aMCC), and posterior cingulate cortex (PCC). The

pain neuromatrix also includes regions involved in sen-

sory/affective appraisal, for example, dorsolateral pre-

frontal cortex [16, 17], polymodal regions that are not

specifically related to nociception such as the ACC, and

primary and secondary somatosensory cortices [18].

Relevant to the present study, regions of the pain neuro-

matrix are engaged when one person watches another

person experiencing physical pain [19]. Importantly,

meditation has been shown to modulate activity and

connectivity within the pain neuromatrix [20]. Prior

studies reported lower prefrontal activation and higher

insula and PCG activation to pain-related processing

following a meditation intervention [21, 22]. The pain

neuromatrix has also been implicated in the develop-

ment and maintenance of OUD [4]. Thus, interventions

that target the pain neuromatrix may be beneficial for

addressing mechanisms involved in pain and OUD

etiology.

This pilot study examined neurobiological and behav-

ioral effects of a novel meditative intervention in OUD

patients undergoing MMT. We hypothesized that partici-

pation in this meditative intervention would lead to less

task-induced activation and resting-state connectivity of

the pain neuromatrix; lower saliva levels of cortisol (in-

dex of hypothalamic-pituitary-adrenal [HPA] axis re-

sponse) and C-reactive protein ([CRP], inflammatory

biomarker); and less self-reported pain, opioid craving,

and affective symptoms.

Methods

Setting
We recruited participants enrolled in an urban,

academic-affiliated MMT program. This not-for-profit,

evidence-based practice, treatment research-oriented

clinic (unique in the Detroit metropolitan catchment

area) had a census of about 150 patients at the time of

this study. Services are primarily funded by Medicaid or

Block grants. The majority of patients in this clinic are

African American, have comorbid medical and psychiat-

ric conditions, and report prior (often multiple) OUD

treatment episodes. Most patients in this clinic are main-

tained on methadone, and a few on buprenorphine.

Participants
Participants were enrolled and completed the study from

October 8, 2018, through September 20, 2019. All par-

ticipants were �18 years old, met criteria for OUD, and

were stabilized on their methadone dose for >1 month

before screening. We excluded individuals who were

pregnant or lactating, had a current severe Axis I psychi-

atric disorder (e.g., psychosis, bipolar), past-year suicidal

ideation/attempt, and contraindications to the interven-

tion (e.g., cognitive or physical disability, unwillingness

to undergo the procedures) or magnetic resonance imag-

ing (MRI). Demographic and substance use history data

were obtained from patients’ clinical charts. All partici-

pants provided informed consent following approvals

from Wayne State University and State of Michigan

IRBs. The study was registered at ClinicalTrials.gov

(NCT03595007).

Study Design
This pilot study was a single-arm, 12-week virtual reality

(VR) meditative intervention. Upon enrollment, we

obtained pre-intervention baseline measures of chronic

pain, affective distress (i.e., anxiety, depression), emotion

regulation and self-efficacy. Intervention sessions were

scheduled twice weekly on methadone clinic attendance

days. Before and after each session, participants rated

their pain and other symptom severity using visual ana-

log scales (VASs). Saliva samples were collected before

and after four sessions (baseline and weeks 4, 8, and 12).

Two MRI scans were performed, before (baseline) and

after the 12-week intervention, to measure pain neuro-

matrix activity and connectivity. Participants were com-

pensated for completing research visits using electronic

payments.

Pre-Intervention Baseline Measures
Chronic pain severity and functional interference was

measured using the Brief Pain Inventory (BPI) [23], which
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has been validated in MMT patients [24] Participants

also completed the Beck Depression Inventory-II (BDI-II)

[25, 26], which measures past 2-week depression symp-

toms; State-Trait Anxiety Inventory (STAI) [27], which

differentiates state anxiety from more chronic trait anxi-

ety; Distress Tolerance Scale [28], which measures the

ability to remain drug abstinent in the face of difficulties

[29, 30]; Perceived Stress Scale [31], which measures the

degree to which the subject views past-month situations

in his/her life as stressful; Difficulties with Emotion

Regulation Scale [32], which measures non-acceptance of

emotional responses, difficulties in engaging in goal-

directed behavior, impulse control difficulties, lack of

emotional awareness, limited access to emotion regula-

tion strategies, and lack of emotional clarity; and

Alcohol and Drug Use Self-Efficacy Scale [33], which

assesses self-efficacy and responses to high-risk situations

that can precipitate substance use. Items are grouped into

negative affect, social positive withdrawal/urges, and

physical/other concerns; subjects indicate how “tempted”

and “confident” they would be in each situation, yielding

two scores.

Virtual reality Meditative Intervention
Meditative interventions, including martial arts, yoga,

and mindfulness-based approaches, are a promising ap-

proach for attenuating pain [34]. Martial arts, in particu-

lar, as a therapeutic model leverages the popular notion

that associates martial artists as being powerful. This is

an attractive theme to children diagnosed with, and being

treated for, life-threatening illness [35, 36]. It may also

resonate with patients exhibiting diminished self-

regulation and perceived loss of self-agency including

substance use disorders [37]. Although hundreds of mar-

tial arts styles are taught worldwide (e.g., Tai Chi, Chi

Gung, Karate), limb movements, controlled breathing

and mental focus (e.g., meditation) are unifying factors.

The approach described here differs from other modali-

ties of meditation, mindfulness, and fighting-oriented

martial arts, as it blends key elements from such modali-

ties, uses VR, and is individually tailored [35, 36].

Using narration and VR technology to teach and en-

gage the participant, the intervention coordinates physi-

cal (arms, hands, upper body) movements with a specific

breathing technique, and meditative exercises (which are

neither distracting nor dissociative) to vividly imagine

and act as a powerful martial arts “warrior” who must

face down his/her internal personal struggles. The physi-

cal movement/breathing sequence uses the Breath

BrakeVR , which involves three cycles of inhaling (3-second

duration) while hands are raised, palms up from waist to

shoulders, breath-holding (3-second duration) while

hands are rotated to palms facing down, and exhaling (3-

second duration) while palms are lowered from shoulders

to waist, each time envisioning “breathing in the light

and breathing out the darkness.” This breathing process

is accompanied by upward body movement during inha-

lation, lowering the body while relaxing muscles during

exhalation, toward propagating a gentle, fluid wavelike

motion throughout the cycle. At the end of exhalation,

the participant forcefully expels the breath, which

engages vagal responses shown beneficial in many disease

states [38, 39]. This motor sequence decouples the auto-

matic breathing rhythm into distinct quanta, and is

intended to promote active engagement and control, in

contrast to being passively receptive in conventional

therapy.

The 12-week intervention consisted of 30-min sessions

scheduled twice-weekly. Participants completed 16–24

sessions (M¼ 21.7, SD¼ 2.1). Sessions occurred in a pri-

vate, soundproof room. The trained therapist worked 1:1

with the participant to teach VR-assisted martial arts-

based movements, breathing and meditative techniques.

Participants learned the Kids Kicking Cancer (KKC;

www.kidskickingcancer.org) mantra “Power. Peace.

Purpose.” and practiced the Breath BrakeVR [35, 36] as de-

scribed above. The VR platform used a Windows Mixed

Reality headset attached to a gaming laptop with an ad-

vanced processor and video card that assured a seamless

360’ immersive audio and video experience. During ses-

sions, the therapist first asked the participant to recount

past-week events, whether they used the Breath BrakeVR

or other techniques for stressful life events, and reminded

them to use the Breath BrakeVR the next time a stressful

event arose. The participant then underwent a 15-minute

VR-guided meditation. The first meditation introduces

the KKC program, presented with eight KKC children.

Author EG explains to the participant that the children

have less pain when they know others are learning from

them. The participant is put in the position of helping

children with cancer by doing the Breath BrakeVR , and

that the therapist will report their progress to the chil-

dren. The next scene takes place with the children as ava-

tars teaching the participant how to do a Breath BrakeVR .

The children also inform the participant that the greatest

opponent to any martial artist lies within oneself. The

children explain that parts of our brains can turn into a

beast that can seek to destroy us. In the next scene the

participant is brought back, through the optic nerve into

his/her brain, to face the beast. The limbic system twirls

and turns into a beast, which demands the participant get

rid of the children. “You love me. I am everything to

you.” The child appears next to the beast and reminds

the participant to use his/her breath to destroy the beast.

“Your beast is a liar,” the child informs the participant.

As the participant breathes in, the VR fills with a power-

ful light. As the participant exhales, he/she can see his/her

breath as smoke that makes holes in the beast. The beast

begins to shrink. The beast is fully washed away in the

next section during a waterfall meditation. The partici-

pant is warned the beast will return but that when we

continue to use our light to defeat it, the beast will no

longer have the power to destroy us. Participants were
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also issued a mobile phone-based application for their

own use at home. Using the voice of a child cancer pa-

tient in the KKC program, the software issued reminders

to the participant, encouraging him/her to take Breath

BrakesVR at scheduled intervals (default was every 2 hours,

but this could be adjusted by the participant).

VAS ratings
Before and after each intervention session, the participant

rated his/her momentary level of “pain,” “opioid

craving,” “anxiety,” “anger,” and “depression” using a

VAS (0–10; 0¼ not at all; 10¼ extremely).

Saliva Samples
At pre-intervention baseline and weeks 4, 8, and 12, pre-

and post-session saliva samples were collected using a

non-stimulated, passive drool method, collected with a

salivette held under the tongue for 3 min. Samples were

frozen at �20� C prior to analysis.

MRI Scanning

Scan Parameters

MRI data were collected before and after the 12-week in-

tervention using a single Siemens 3 T MAGNETOM

Verio system (Siemens, Erlangen, Germany) equipped

with a 32-channel head coil. BOLD fMRI data were ac-

quired using a multi-echo T2*-weighted, multiband-

accelerated EPI sequence with 51 near-axial 64 � 65 sli-

ces (voxel size 2.9-mm isotropic; TR¼ 1500-ms;

TEs¼ 15, 31, 46-ms; flip angle¼ 83, FOV¼ 186 � 186;

GRAPPA factor¼ 2, multi-band factor¼ 2). High-

resolution structural (anatomical) images were acquired

each session using a T1-weighted MP-RAGE sequence

(voxel size: 0.7 � 0.7 � 1.3-mm; TR¼ 1680-ms;

TE¼ 3.51-ms; flip angle¼ 9; FOV¼ 256 � 256; 128 sli-

ces; 1.34-mm slice thickness).

Functional Tasks

During fMRI scans, participants completed a 10-minute

resting-state task. They were instructed to remain still

with eyes closed during a functional localizer task that re-

liably isolates neural activity in the pain neuromatrix

without inducing physical pain [19]. This task involves

passively viewing a 5-minute 36-second video clip from

the animated short film “Partly Cloudy” (Pixar

Animation Studios). The movie clip includes events that

evoke mental states and physical sensations of characters,

including the character undergoing a physically painful

event (e.g., electrocuted by an electric eel). In addition to

pain-related events, other movie events were coded as

non-pain conditions: control (e.g., no character-related

events), social (characters interacting), and mentalizing

(e.g., viewer is led to think about the character’s

thoughts, such as when a character falsely believes he has

been abandoned by his companion). Due to technical

problems, post-intervention data were missing for two

participants for the pain task and for two participants for

the resting-state task.

Data analysis

VAS Scores

To account for missing data, VAS responses (pain, opioid

craving, anxiety, anger, depression) were averaged across

protocol weeks to create four bins (i.e., weeks 1–3, 4–6,

7–9, 10–12), separately for pre- and post-session scores.

Parallel session (pre/post) � bin repeated-measures

ANOVAs were conducted for each VAS score in IBM

SPSS v.26. Follow-up t-tests were conducted following

significant main effects or interactions, and all results

were considered significant at P < .05 (two-tailed).

Greenhouse-Geisser correction was used for sphericity

violations.

Cortisol and C-Reactive Protein (CRP)

Saliva samples were analyzed by Salimetrics LLC (State

College, PA) using radioimmunoassays for cortisol and

CRP levels. To reduce skewness of distributions, raw cor-

tisol and CR P values were log10 transformed prior to

parallel session (pre/post) � week (baseline and weeks 4,

8, 12) repeated-measures ANOVAs in SPSS. Follow-up t-

tests were conducted following significant main effects or

interactions, and all results were considered significant at

P < .05 (two-tailed).

fMRI Preprocessing

Preprocessing and denoising steps were performed for

BOLD fMRI data (pain neuromatrix task, resting-state

task) using multi-echo independent components analysis

(ME-ICA) software (v.2.5; https://github.com/ME-ICA/

me-ica) [40]. ME-ICA leverages quantitative T2* decay

measures to separate BOLD from non-BOLD (e.g., head

motion) signals using ICA. This step circumvents rela-

tively arbitrary preprocessing steps and reduces signal

dropout by acquiring an early echo (15-ms) and optimal

combination of echoes. Multi-echo imaging can increase

signal-to-noise ratio and fMRI effect sizes compared to

standard denoising approaches, which is useful for pilot

studies [41]. Preprocessing steps in ME-ICA include core-

gistration to anatomical images and normalization to

Montreal Neurologic Institute (MNI) standard space.

FMRI scan quality was assessed using framewise dis-

placement (FD), a measure of frame-to-frame movement

[42]. Mean FD in the unprocessed data for the pain neu-

romatrix task was 0.37 mm (SD¼ 0.25) at baseline and

0.45 mm (SD¼ 0.3) at post-intervention. For the resting-

state task, raw mean FD was 0.33 mm (SD¼ 0.23) at

baseline, and 0.4 mm (SD¼ 0.26) at post-intervention.

ME-ICA preprocessing and denoising for task and

resting-state data significantly reduced head motion com-

pared to the raw data (ts> 10, ps<0.001).
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Pain Neuromatrix Task

The optimally combined and denoised task BOLD fMRI

time-series data sets were submitted to Statistical

Parametric Mapping software (SPM8; https://www.fil.

ion.ucl.ac.uk/spm/software/spm8/) for analysis. Data

were modeled using a general linear model (GLM), fol-

lowing prior work [19]. First-level models included con-

dition regressors associated with the four event types in

the movie (pain, control, social, and mentalizing). These

events were modeled as boxcar functions and convolved

with a canonical hemodynamic response function.

Pain neuromatrix activation was isolated using the

contrast, pain > mentalizing. Group-level analyses were

conducted using complementary region-of-interest (ROI)

and whole-brain exploratory approaches. ROI and

whole-brain analyses both used well-established

approaches to correct for multiple tests (i.e., GLM across

all brain voxels). The ROI approach restricts the search

space to a priori ROIs implicated in neural processes of

interest (here, pain-related processing), then controls for

multiple comparisons within that search space by

extracting single-value summary measures (e.g., weighted

mean neural activation; 40]. The whole-brain approach

applied cluster correction, a common correction method

in fMRI analyses, which relies on the fact that voxels are

not completely independent [43]. This approach controls

familywise error (FWE) rate. We also used Monte Carlo

simulations to identify a minimum cluster size (i.e., mini-

mum number of contiguous voxels that are significant) at

a conservative voxel-wise threshold (P< 0.001), follow-

ing prior recommendations [43].

For the ROI approach, we analyzed five pain neuro-

matrix ROIs from Jacoby et al. [19] using the same task

in healthy individuals and the same contrast. We created

spherical ROIs (12-mm radii) centered on peak activa-

tion (pain > mentalizing) for the aMCC, right and left

anterior insula (AI), right and left PCG (Figure 1). For

each participant, we extracted and analyzed from base-

line and post-intervention scans the first principal com-

ponent of the pain > mentalizing activation in each ROI

(b-estimates). First, we conducted one-sample t-tests to

evaluate whether activation in each ROI significantly dif-

fered from 0 at baseline and post-intervention scans, sep-

arately. Then, we applied paired-sample t-tests to assess

activation change in each ROI between baseline and

post-intervention. Pearson bivariate correlations were ap-

plied to test whether baseline pain severity or functional

interference (BPI), modulated pain-related activity in

pain neuromatrix ROIs at baseline or post-intervention.

Exploratory correlations were conducted to examine

whether saliva cortisol or CRP levels were related to

pain-related neuromatrix activation. Within SPM8, a

complementary whole-brain FWE corrected threshold

pFWE < 0.05 was applied for exploratory purposes, to

evaluate overall patterns of pain-related activation sepa-

rately at baseline and post-intervention (one-sample t-

tests), and for changes in activation between baseline and

post-intervention (paired-samples t-tests). The whole-

brain corrected threshold was determined using AFNI’s

(version AFNI_19.2.24: linux_openmp_64) 3dFWHMx

(compile date: September 14, 2019, https://afni.nimh.nih.

gov/pub/dist/doc/program_help/3dFWHMx.html) and

3dClustSim (voxelwise P < .001; cluster threshold¼ 5

voxels). This approach accurately models the spatial au-

tocorrelation inherent in fMRI data [44]. All xyz coordi-

nates provided in this report are in MNI convention.

Resting-State Connectivity

We also examined resting-state functional connectivity of

the pain neuromatrix. Resting-state functional connectiv-

ity is based on measurement of spontaneous fluctuations

in fMRI signals and is commonly used to probe stable

patterns of brain network organization at rest, or inde-

pendent of task-specific constraints. Prior research dem-

onstrates that resting-state connectivity patterns

correspond highly with brain activation and connectivity

patterns observed during tasks [45–47], are reliable

across contexts (e.g., at rest or across various tasks; 45],

vary between neurotypical and abnormal individuals,

and correspond with measures of chronic pain or acute

pain sensitivity [48, 49]. These findings suggest resting-

state patterns reflect underlying synaptic efficacies in

brain networks and thus correspond to a canonical or

“intrinsic” state of functional brain organization [50].

Here, we focused on resting-state connectivity of pain

neuromatrix ROIs that showed significant pain-task acti-

vation, that is, left and right PCG (see Results). These

analyses were performed using multi-echo independent

components regression (ME-ICR) [40]. Rather than using

the optimally combined BOLD time series, ME-ICR uses

the independent BOLD components derived from ME-

ICA as the effective degrees of freedom for each subject

to control for false positives [40]. BOLD components

were submitted to the MATLAB-based program CONN

software v.19.c [51] for seed-based connectivity of left

and right PCG ROIs using Pearson bivariate correlation.

The correlation was calculated between the extracted

vector of weights for each ROI and every other brain

voxel. Fisher’s r-to-Z transform was then applied to the

resulting correlation image. At the group level, we first

performed one-sample t-tests to examine patterns of con-

nectivity for left and right PCG at baseline and post-

intervention. Next, paired-sample t-tests were used to ex-

amine changes in left and right PCG connectivity be-

tween baseline and post-intervention. Finally, regression

was used to test whether baseline pain severity or func-

tional interference was associated with left and right

PCG connectivity at baseline or post-intervention, or

change in connectivity between baseline and post-

intervention. Results were considered significant using a

whole-brain corrected threshold determined using

3dFWHMx and 3dClustSim (voxelwise P < .001; cluster
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threshold¼ 5 voxels). Resulting test statistics are given as

Z-scores, which refers to the z statistic at the peak coor-

dinate location. For baseline connectivity patterns, the Z-

score was computed from the t- and P values derived

from the group-level one-sample t-test. Higher Z-scores

represent stronger connectivity between brain regions.

For pre-post changes in connectivity, the Z-score was

computed from the t- and P values derived from the

group-level paired-samples t-test. Higher Z-scores repre-

sent greater pre-post intervention changes in functional

connectivity between regions.

Results

Baseline Characteristics
Fifteen participants completed the study (Table 1). The

sample was primarily female, balanced on race and injec-

tion drug use; several participants had co-occurring sub-

stance use or mental health problems. Participants were

chronic opioid users (primarily heroin) and were receiv-

ing an average methadone dose of about 95 mg at entry

into the study.

Baseline pain severity ranged from 0 to 32, and base-

line pain functional interference ranged from 0 to 59

(Table 1). Location of the most severe chronic pain var-

ied across participants; however, most patients (93.3%)

reported low-back pain. Maximum pain in the past 24-hr

was 4.8 of 10 (SD¼ 3.8), with 10 being “the most ex-

treme pain imaginable”. BPI pain severity and functional

interference scores were positively correlated,

r(15)¼0.69, P ¼ .004, but not associated with age, sex,

race, years of education, state anxiety or depression

scores, methadone dose during the intervention (max,

min, average, modal), nor baseline scores for Alcohol

and Drug Use Self-Efficacy, or Difficulties in Emotion

Regulation, ps>0.05.

Session and Week-Related Changes in VAS

Scores
Session (pre/post) � week (binned) repeated-measures

ANOVA demonstrated a significant main effect of ses-

sion for VAS pain scores: post-session levels were lower

than pre-session levels (F(1, 42)¼5.04, P ¼ .042,

gp2¼0.265; Figure 2A). There was also a significant

main effect of session on opioid craving, anxiety, and de-

pression scores: post-session levels were lower than pre-

session levels (ps<0.05). For craving, there was also an

effect of week, F(1.85, 25.84)¼4.59, P ¼ .022, such that

craving decreased from weeks 1–6, increased from weeks

7–9, and decreased again from weeks 10–12 (ps<0.05).

There were no significant main effects or interactions for

anger (ps>0.05).

Session and Week-Related Changes in Salivary

Cortisol and CRP
Session (pre/post) � week repeated-measures ANOVA

for saliva cortisol and CRP showed a significant main ef-

fect of session on cortisol, F(1, 14)¼22.69, P < .001,

gp2¼0.62 (Figure 2B). Post-session cortisol levels were

lower than pre-session. There were no significant main

effects or interactions for CRP (ps>0.05).

Figure 1. Pain neuromatrix regions of interest (ROIs) from Jacoby et al. (2016). Left ¼ sagittal view; right: coronal view from front.
Red: right anterior insula; yellow: left anterior insula; green: anterior middle cingulate cortex; white: right postcentral gyrus; blue:
left postcentral gyrus. ROIs defined using 12 mm spheres around pain neuromatrix peaks reported in Jacoby et al. (2016).
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Pain Neuromatrix Activation
At baseline, left and right PCG showed significantly posi-

tive activation, t(14)¼4.69, P < .001, and t(14)¼2.88, P

¼ .012, respectively (Figure 3A). No other ROIs showed

activation that significantly differed from zero at baseline

or post-intervention (ps>0.05). Activity in left PCG sig-

nificantly decreased from baseline to post-intervention,

t(12)¼2.61, P ¼ .023 (Figure 3B). No other ROIs

showed a significant change in activation from baseline

to post-intervention (ps>0.05). No regions showed sig-

nificant activation at baseline or post-intervention, or

between baseline and post-intervention, at the explor-

atory corrected whole-brain threshold pFWE<0.05.

Higher baseline pain functional interference was asso-

ciated with higher pain-related activation only in left

PCG at baseline, r(15)¼0.56, P ¼ .03 (Figure 3C). Pain

severity was not associated with activation in any ROI at

baseline or post-intervention.

We also conducted exploratory correlation analyses to

examine whether saliva biomarkers were related to task

activation. Higher baseline pre-session cortisol was asso-

ciated with higher pain-related activation in left PCG at

baseline, r(15)¼0.591, P ¼ .02. Higher baseline pre- and

post-session cortisol levels were associated with higher

pain-related activation in right and left AI at post-

intervention (rs¼ 0.56–0.7, ps<0.05). Higher baseline

pre-session CRP was associated with higher pain-related

activation in left PCG at baseline, r(14)¼0.557, P ¼
.037, and higher baseline post-session CRP was associ-

ated with higher pain-related activation in the right PCG

(r(12)¼0.652, P ¼ .021) and left AI (r(12)¼0.640, P ¼
.025) at post-intervention. However, none of the above

results survived correction for multiple comparisons.

Pain Neuromatrix Functional Connectivity
At baseline, PCG was positively connected with other

pain neuromatrix regions including dorsal posterior

insula, inferior frontal gyrus, precentral gyrus, middle

frontal gyrus, superior temporal gyrus, inferior parietal

Table 1. Participant demographic characteristics and substance
use history (n¼15)

Variable n %

Sex

Female 11 73

Male 4 27

Age

19–29 years 2 13.33

30–49 years 5 33.33

50þ years 8 53.33

Race

White 8 53.3

Black 7 46.7

Disabled 2 13.3

Injection opioid use 7 46.7

Marital status

Single/widowed/divorced 11 73.3

Married or cohabitating 4 26.7

Unemployed 13 86.7

Comorbid substance use disorder 8 53.3

Cocaine 5 33.3

Benzodiazepines 2 13.3

Comorbid current mental health diagnosis 7 46.7

Major depressive disorder 5 33.3

Anxiety disorder 2 13.3

M SD

Average methadone dose (mg) 94.9 30.6

Years of opioid use 22.6 16.4

Years of education 11.4 1.6

Pain severity (BPI) 15.2 10.0

Pain functional interference (BPI) 20.9 19.5

State anxiety (STAI-S; range, 0–80) 49.3 2.7

Depression symptoms (BDI-II; range, 0–63) 12.5 10.1

Distress tolerance (DTS; range, 0–75) 58.7 11.1

Perceived stress (PSS; range, 0–40) 23.2 6.2

Difficulties with emotion regulation (DERS;

range, 0–180)

82.1 10.6

Alcohol and drug use self-efficacy (ADUSE);

tempted (range, 0–50)

39.7 19.4

Alcohol and drug use self-efficacy (ADUSE);

confident (range, 0–50)

71.5 25.2

Baseline pain (VAS; range, 0–10) 6.6 2.4

Baseline opioid craving (VAS; range, 0–10) 5.2 1.3

Baseline anxiety (VAS; range, 0–10) 8.2 2.6

Baseline anger (VAS; range, 0–10) 3.8 0.8

Baseline depression (VAS; range, 0–10) 4.0 1.13

Pain severity and functional interference measured using the Brief Pain

Inventory (BPI); state anxiety measured using the State-Trait Anxiety

Inventory (STAI-S); depressive symptoms measured using the Beck

Depression Inventory-II (BDI-II); VAS, visual analog scale. DTS data missing

for one participant; PSS data missing for two participants.

Figure 2. (A) Significant pre-post session reductions in self-rat-
ings of pain, opioid craving, anxiety, and depression. (B)

Significant pre-post session reduction in salivary cortisol. Raw
values for cortisol and C-reactive protein (CRP) are given but
analyses performed on log10 transformed values. *P < .05.

Meditative Intervention Modulates Pain Neuromatrix 7

D
ow

nloaded from
 https://academ

ic.oup.com
/painm

edicine/advance-article/doi/10.1093/pm
/pnab162/6270796 by R

utgers U
niversity Libraries user on 13 July 2021



lobe, and cerebellum (Table 2). At baseline, PCG showed

negative connectivity with posterior cingulate cortex

(PCC) and with clusters in the superior temporal gyrus

and middle frontal gyrus that differed from those with

positive connectivity. These patterns are consistent with

prior studies showing positive connectivity between the

PCG and other regions of the pain neuromatrix at rest

and during noxious stimulation (e.g., [48, 49]).

Next, we examined changes in PCG connectivity be-

tween baseline and post-intervention (Table 2). PCG and

other pain neuromatrix regions exhibited lower connec-

tivity strength (in terms of magnitude and spatial extent)

at post-intervention compared to baseline, including the

superior temporal gyrus, inferior frontal gyrus, caudate,

and aMCC (Figure 4). In contrast, PCG connectivity

with inferior parietal lobe and contralateral PCG was

higher at post-intervention compared to baseline.

Next, we tested whether baseline pain severity and

functional interference was associated with PCG connec-

tivity at baseline and post-intervention (Table 3). Higher

pain severity at baseline was associated with stronger

PCG connectivity with cerebellum and medial frontal gy-

rus, and lower PCG connectivity with precentral gyrus

and superior frontal gyrus at baseline. Pain interference

was not associated with PCG connectivity at baseline.

Higher baseline pain severity was associated with

stronger PCG connectivity with middle temporal gyrus

and inferior parietal lobe, and lower PCG connectivity

with occipital lobe and medial inferior parietal lobe at

post-intervention. Higher baseline functional interference

was associated with stronger PCG connectivity with infe-

rior parietal lobe and inferior temporal lobe, and lower

PCG connectivity with a lateral region of inferior parietal

lobe and precentral gyrus at post-intervention.

Finally, we tested whether baseline pain severity or in-

terference was associated with changes in PCG connec-

tivity between baseline and post-intervention (Table 3).

Higher pain severity at baseline was associated with

lower connectivity of PCG with the superior parietal

lobe, cerebellum, and PCC from baseline to post-

intervention (Figure 5, upper row), and with stronger

PCG connectivity with middle frontal gyrus, contralat-

eral PCG, hippocampus, and a separate cluster in the cer-

ebellum. Higher pain interference at baseline was

associated with decreased PCG connectivity with supe-

rior parietal lobe and increased PCG connectivity with

inferior parietal lobe, superior temporal gyrus, posterior

PCG, and brainstem from baseline to post-intervention

(Figure 5, lower row).

Discussion

This pilot investigation demonstrates the feasibility, ther-

apeutic promise, and brain basis of a 12-week meditative

approach for OUD patients undergoing MMT. We found

reductions in self-reported pain, opioid craving, anxiety,

depression, and saliva cortisol in OUD patients after

treatment sessions. Further, pain task-related activation

in a key region of the pain neuromatrix—the PCG—de-

creased from pre- to post-intervention. At baseline, the

PCG showed positive resting-state connectivity with

other regions of the pain neuromatrix, but this pattern

changed post-treatment. Baseline pain severity scores

were associated with PCG connectivity both at pre- and

post-treatment, and with the change from pre- to post-

treatment. Our preliminary findings that this intervention

can reduce self-reported pain and modulate the pain neu-

romatrix suggest a promising complementary approach

to assist OUD patients burdened with pain.

On average, OUD patients in our sample reported

substantial pain (4.8 of 10), consistent with previous

findings that many OUD patients endorse chronic pain.

Higher pain levels have been associated with worse out-

comes among patients with substance use disorders, in-

cluding relapse and reduced quality of life [8]. Here, we

observed that a meditative intervention with relaxation

exercises can reduce pain, anxiety, depression, and opi-

oid craving among OUD patients on MMT. Notably, we

found that initial decreases in craving rebounded mid-

way through treatment, then decreased again; reasons for

these changes remain unclear but could be related to tem-

porary setbacks that are normal during the course of

MMT. This pattern highlights the clinical importance of

Figure 3. (A) Activation in the left and right postcentral gyrus
(PCG) regions of interest (ROIs) during the Partly Cloudy task
for the contrast pain > mentalizing during pre-intervention
baseline. Image thresholded at P < .05 uncorrected, masked
within the five pain neuromatrix ROIs (see Figure 1) for display
purposes. (B) Reduction in pain-related activity in the left PCG
at post-intervention, compared to pre-intervention baseline
(contrast: pain > mentalizing), *P < .05. (C) Higher self-
reported pain functional interference at baseline is associated
with higher pain-related activation in the left PCG (contrast:
pain > mentalizing) at baseline.
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monitoring drug craving and mood measures throughout

treatment; such data could be used as input to tailor this

intervention. We also found pre-to post-session reduc-

tions in cortisol, a marker of HPA axis function [52].

Interestingly, prior treatment studies in chronic pain

patients have revealed parallel reductions in self-reported

pain severity and cortisol levels [53]. Previous studies

have also linked elevated cortisol levels with a higher rate

of relapse among individuals with substance use disor-

ders [54]. A study of this meditative intervention in

Table 2. Resting-state functional connectivity results for left and right postcentral gyrus (PCG) at pre-intervention baseline, and
from pre- to post-intervention

Contrast Seed Direction Target Region
Brodmann
Area x y z

Cluster
Extent Z-Score

All participants: Functional connectivity at baseline (i.e., pre-intervention)

Left PCG Positive

Left PCG 2 �58 �32 44 168 3.85

Left inferior parietal lobe 40 �42 �36 44 43 3.76

Right inferior parietal lobe 40 60 �26 26 22 3.51

Left PCG 3 �44 �26 40 14 3.71

Left PCG 40 �62 �24 20 14 3.56

Left inferior parietal lobe 2 �52 �28 34 12 3.27

Left inferior frontal gyrus 9 �50 6 14 12 3.91

Right inferior parietal lobe 40 60 �34 40 10 3.51

Left inferior parietal lobe 2 �52 �38 40 10 3.41

Left cerebellum (anterior lobe) N/A �32 �44 �32 8 3.15

Left PCG 40 �52 �32 52 8 3.47

Left cerebellum (anterior lobe) N/A �18 �50 �32 8 3.43

Left inferior frontal gyrus 44 �58 8 22 8 3.18

Left middle frontal gyrus 9 �52 12 34 6 3.18

Left precentral gyrus 9 �52 2 38 6 3.53

Right PCG Positive

Right inferior parietal lobe 40 66 �34 22 169 3.92

Right PCG 3 60 �26 44 12 3.50

Left PCG 40 �62 �28 20 11 3.71

Left inferior parietal lobe 1 �62 �26 �26 9 3.59

Right brainstem N/A 8 �32 �52 8 3.13

Right middle temporal gyrus 22 48 �58 2 8 3.43

Left inferior parietal lobe 40 �58 �28 34 6 3.27

Left dorsal posterior insula 13 �42 �6 �2 5 3.44

Right PCG Negative

Left middle frontal gyrus 9 �37 22 40 12 3.45

Right frontal lobe 24 20 2 28 8 3.13

Left PCG Negative

Right superior temporal gyrus 22 48 �18 2 8 3.22

Right posterior cingulate cortex 29 8 �58 8 8 3.48

All participants: Change in functional connectivity from pre- to post-intervention

Left PCG Pre > Post

Right superior temporal gyrus 38 34 8 �38 8 3.46

Right inferior frontal gyrus 47 54 22 2 8 3.31

Right PCG Pre > Post

Left caudate N/A �18 �18 22 8 3.46

Left anterior middle cingulate

cortex

24 �6 8 28 8 3.15

Left PCG Post > Pre

Left inferior parietal lobe 40 �52 �28 48 216 3.97

Right PCG 2 60 �32 40 8 3.09

Right PCG Post > Pre

Right PCG 1 66 �20 32 266 4.18

Left PCG 40 �62 �14 20 5 3.23

All reported results are significant at the whole-brain corrected threshold (familywise error corrected using Monte Carlo simulations; voxel-wise threshold

P< .001 and cluster-level correction (cluster minimum ¼ 5 voxels). Cluster extent refers to the number of contiguous voxels in a cluster and the minimum cluster

size was determined to be 5 voxels. Coordinates (x, y, z) refer to the anatomical location in 3D brain space, reported in MNI convention, at the peak maximally

activated voxel within the cluster. Anatomical location of the peak location is reported using Brodmann areas. Note that separate target regions can have separate

significant clusters within the same target region, particularly for anatomically large cortical regions. Test statistic given as a Z-score, which refers to the z statistic

at the peak coordinate location. For baseline connectivity patterns, the Z-score was computed from the t- and P values derived from the group-level one-sample t-

test. Higher Z-scores represent stronger connectivity between brain regions. For pre-post changes in connectivity, the Z-score was computed from the t- and P val-

ues derived from the group-level paired-samples t-test. Higher Z-scores represent greater pre-post intervention changes in functional connectivity between

regions.
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children with cancer found that post- (vs. pre-) session

pain scores on a 0–10 VAS scale decreased among 85%

of those who received the intervention, and 96%

reported decreased post-session pain scores when pre-

session scores were >5; furthermore, median pain scores

decreased by 40%, more so for older than younger chil-

dren [36]. Our working hypothesis is that this interven-

tion may reduce pain and cortisol levels through active

engagement of intrinsic and extrinsic cognition/affective

processing, compared with more passive and self-focused

interactions [55]. Specifically, this therapist-assisted VR

intervention led the OUD patient to modify his/her own

internal psychobiological state and to believe that his/her

success in this regard was also helping others (i.e., chil-

dren with cancer).

It is important to distinguish this meditative interven-

tion from other modalities such as mindfulness and yoga.

Whereas mindfulness uses intentional and non-

judgmental conscious awareness of the present moment

and yoga incorporates physical postures, breathing con-

trol, and meditation/relaxation, Martial Arts Therapy

(while incorporating elements of both interventions) adds

core concepts of “Power, Peace, and Purpose”. Power

comes from introducing an expanded element controlling

one’s situation. The mind-body movements coalesce to

move the individual from passive acceptance of one’s pre-

dicament to active engagement toward change. Peace

derives from acceptance of one’s current situation and

can mitigate negative feelings that often create behavioral

stagnation. Purpose introduces elements of conviction

and positive value for one’s existence and situation. It

can help to transcend one’s situation and transform be-

nign activity into something greater than the sum of its

parts. Preliminary studies incorporating similar medita-

tive interventions inspired by martial arts have shown

promise in pain reduction [35, 36].

In addition to reductions in self-reported pain, there

was a pre- to post-intervention reduction in pain task-

related activation in the left PCG, a key region of the

pain neuromatrix. Resting-state connectivity of the pain

neuromatrix also changed from pre- to post-intervention,

with reductions in connectivity between the PCG and

other key regions (e.g., aMCC, caudate). The left PCG

was the only pain neuromatrix ROI that significantly de-

creased in pain task-related activation from pre- to post-

intervention. Left PCG activation was also positively cor-

related with baseline pain severity and cortisol levels.

The PCG is a major part of the somatosensory cortex,

implicated in perception of physical sensations from the

body, including pain. The PCG is involved in anticipating

and recognizing the location and intensity of pain [56],

and may be involved in the development and/or mainte-

nance of chronic pain [57].

Prior imaging studies have implicated the PCG in

chronic pain and substance use disorders, including mor-

phometric studies showing smaller PCG volume among

polydrug users compared to non-users [58]. Smaller PCG

volumes have also been reported in patients with chronic

pain [59], and the PCG is consistently activated in fMRI

studies of experimentally induced non-thermal pain [60].

Further, a study of individuals with cocaine use disorder

found a decrease in PCG activity during a cognitive con-

trol task (i.e., Stroop) following a 12-week cognitive-

behavioral therapy (CBT) and contingency management

intervention [61]. In a follow-up study, greater pre- to

post-CBT reductions in PCG activity were associated

with longer duration of drug abstinence [8]. These find-

ings suggest the PCG is relevant for both chronic pain

and addiction, and may be treatment-responsive. A re-

view of meditation interventions [10] suggested that

meditation can attenuate pain ratings via reduced pain-

related activation in the PCG, and experienced medita-

tors show larger PCG gray matter volumes compared to

less-experienced mediators. Results of the present study

suggest a meditative intervention can reduce pain and

modulate activity and connectivity of the PCG in OUD

patients.

At baseline, the PCG showed positive connectivity

with other regions of the pain neuromatrix, but this pat-

tern changed post-treatment. In particular, PCG connec-

tivity with the aMCC and caudate was lower post-

intervention. The aMCC is associated with cognitive con-

trol of movement generation and emotional awareness,

and encoding intensity of noxious pain [15]. The caudate

is involved in planning movement execution and in sens-

ing and suppressing pain [62, 63]. We also found higher

Figure 4. Reduced functional connectivity of the pain neuroma-
trix after the 12-week intervention (i.e., pre > post). Pain neuro-
matrix connectivity was estimated using seed-based resting-
state functional connectivity of the left and right postcentral gy-
rus (PCG) with the rest of the brain. Image thresholded at P <

.01 uncorrected for display purposes. Regions indicated with a
circle reach the whole-brain corrected threshold for reduced
(blue) strength of connectivity (pFWE < 0.05). See Table 2 for
full list of significant results. aMCC ¼ anterior middle cingulate
cortex; IFG ¼ inferior frontal gyrus; STG ¼ superior temporal
gyrus.
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Table 3. Baseline pain severity and functional interference (Brief Pain Inventory) scores associated with resting-state functional con-
nectivity of the postcentral gyrus (PCG) at pre- and post-intervention, and changes between pre- and post-intervention

Contrast Seed Direction Target Region Brodmann Area x y z Cluster Extent Z-score

Baseline pain severity associated with functional connectivity at baseline (i.e., pre-intervention)

Left PCG Higher pain severity,

higher connectivity

Left cerebellum N/A �46 �64 �24 8 3.39

Right PCG Higher pain severity,

higher connectivity

Medial frontal gyrus 32 0 6 48 12 3.91

Left PCG Higher pain severity,

lower connectivity

Left precentral gyrus 4 �38 �24 �46 8 3.11

Right PCG Higher pain severity,

lower connectivity

Right superior frontal

gyrus

6 20 8 54 8 3.14

Baseline pain functional interference associated with functional connectivity at baseline (i.e., pre-intervention)

Left PCG Higher pain interference,

higher connectivity

No significant clusters

Right PCG Higher pain interference,

higher connectivity

No significant clusters

Left PCG Higher pain interference,

lower connectivity

No significant clusters

Right PCG Higher pain interference,

lower connectivity

No significant clusters

Baseline pain severity associated with functional connectivity at the post-intervention time point

Left PCG Higher pain severity,

higher connectivity

Left inferior parietal lobe 1 �52 �26 44 10 3.44

Right PCG Higher pain severity,

higher connectivity

Right middle temporal

gyrus

37 54 �64 0 12 3.66

Left PCG Higher pain severity,

lower connectivity

Left inferior parietal lobe 1 �46 �28 44 6 3.32

Right PCG Higher pain severity,

lower connectivity

Left occipital lobe 18 �32 �70 �6 8 3.10

Baseline pain functional interference associated with functional connectivity at the post-intervention time point

Left PCG Higher pain interference,

higher connectivity

Left inferior parietal lobe 2 �52 �26 46 34 4.30

Right PCG Higher pain interference,

higher connectivity

Right inferior temporal

lobe

20 44 �44 �18 20 4.00

Left PCG Higher pain interference,

lower connectivity

Left inferior parietal lobe 40 �64 �32 34 8 3.09

Right PCG Higher pain interference,

lower connectivity

Right precentral gyrus 6 40 �14 64 6 3.12

Baseline pain severity associated with changes in functional connectivity from pre- to post-intervention

Left PCG Higher pain severity,

greater pre- to post

reductions in

connectivity

Right cerebellum (posterior lobe) N/A 14 –58 -24 8 3.44

Left superior parietal lobe 7 –22 -52 48 6 3.45

Right PCG Higher pain severity,

greater pre- to post

reductions in

connectivity

Right posterior 23 8 –38 8 8 4.42

Cingulate cortex

Cerebellum (posterior lobe) N/A 0 –70 -18 8 3.38

Left PCG Higher pain severity,

greater pre- to post

increases in

connectivity

Right precentral gyrus 6 40 –14 60 8 3.31

Right middle frontal gyrus 11 20 40 –14 6 3.36

Right PCG Higher pain severity,

greater pre- to post

increases in

connectivity

Left hippocampus N/A -26 –18 -12 8 4.26

Left cerebellum N/A -18 –78 -52 8 3.09

Baseline pain functional interference associated with changes in functional connectivity from pre- to post-intervention

Left PCG Higher pain interference,

greater pre- to post

reductions in

connectivity

Left superior parietal lobe 7 –18 -60 48 8 3.39

Left superior parietal lobe 7 –12 -64 64 8 3.37

Left superior parietal lobe 7 –24 -64 60 8 3.72

(continued)
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baseline cortisol levels were associated with greater post-

treatment pain task-related insular activation. A primary

role of the insula is pain perception including arousal and

attention to nociceptive stimuli [20].

In addition to overall changes in PCG activation and

connectivity, we found that baseline pain severity and in-

terference scores were associated with changes in PCG

connectivity from pre- to post-intervention. Patients with

both higher pain severity and pain functional interference

showed greater reductions in PCG–superior parietal lobe

connectivity. The superior parietal lobe is involved in the

perception and modulation of painful somatosensory

sensations [64]. Furthermore, higher baseline pain sever-

ity was associated with less PCG–PCC connectivity.

Previous studies have reported the PCC’s possible role in

modulating the conscious experience of pain [65].

Specifically, higher PCC activity has been associated with

lower pain ratings [15]. Therefore, reduced PCG-PCC

connectivity may indicate greater regulatory control of

the PCC over sensory pain-related processing in the PCG

either over time or due to the meditative intervention.

Our investigation should be interpreted in the context

of limitations. This study was preliminary using a one-

arm, unblinded design with a small sample. Thus, ran-

domized controlled trials in larger samples are needed to

evaluate efficacy of this intervention and to explore its

mechanisms of effect. Also, the sample was predomi-

nantly female, which may relate to differences in pain

perception and pain neuromatrix activity. Sex effects

should be explored in future studies. Next, although all

OUD patients were on MMT, it is unclear whether simi-

lar effects would be found for patients receiving other

forms of OUD treatment. Furthermore, clinical

Table 3.. continued

Contrast Seed Direction Target Region Brodmann Area x y z Cluster Extent Z-score

Right PCG Higher pain interference,

greater pre- to post

reductions in

connectivity

No significant clusters

Left PCG Higher pain interference,

greater pre- to post

increases in

connectivity

Right precentral gyrus 4 40 –18 60 10 4.41

Right superior temporal gyrus 42 60 –32 14 8 3.47

Right PCG Higher pain interference,

greater pre- to post

increases in

connectivity

Left inferior parietal lobule. 40 –64 -24 34 12 3.27

Left Brainstem N/A -14 –34 -58 11 3.32

All reported results are significant at the whole-brain corrected threshold (familywise error corrected using Monte Carlo simulations; voxel-wise threshold

P< .001 and cluster-level correction (cluster minimum ¼ 5 voxels). Cluster extent refers to the number of contiguous voxels in a cluster and the minimum cluster

size was determined to be 5 voxels. Coordinates (x, y, z) refer to the anatomical location in 3 D brain space, reported in MNI convention, at the peak maximally

activated voxel within the cluster. Anatomical location of the peak location is reported using Brodmann areas. Note that separate target regions can have separate

significant clusters within the same target region, particularly for anatomically large cortical regions. Test statistic given as a Z-score, which refers to the z statistic

at the peak coordinate location. The Z-score was computed from the t- and P values derived from group-level regression analyses (BPI scores associated with func-

tional connectivity or changes in functional connectivity). Higher Z-scores represent stronger connectivity between brain regions in those with higher BPI scores,

or greater pre-post increases in connectivity in those with higher BPI scores. BPI ¼ Brief Pain Inventory.

Figure 5. Pain severity and pain functional interference at base-
line is associated with changes in connectivity of the pain neu-
romatrix from baseline to post-intervention. Higher pain
severity (upper row) and pain functional interference (lower
row) at baseline is associated with greater reductions (blue) or
increases (yellow) in pain neuromatrix connectivity from pre-
to post-intervention. Pain neuromatrix connectivity was esti-
mated using seed-based resting-state functional connectivity
of the left and right postcentral gyrus (PCG) with the rest of the
brain. Image thresholded at P < .01 uncorrected for display
purposes. Regions indicated with a circle reach the whole-
brain corrected threshold for reduced (blue) or increased (yel-
low) strength of connectivity (pFWE<0.05). See Table 3 for full
list of significant results. SPL ¼superior parietal lobe; STG ¼
superior temporal gyrus.
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heterogeneity of the sample may have restricted our abil-

ity to observed changes over time in cortisol or CRP lev-

els, and/or reported pain, anxiety, depression, and/or

opioid craving.

The results of this feasibility study suggest a VR-

based, meditative intervention is a promising approach

for reducing pain ratings and modulating pain neuroma-

trix activity and connectivity among OUD patients. This

intervention may be a beneficial part of a multidiscipli-

nary pain and addiction management program.
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