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Opioid use disorder (OUD) has been linked to macroscopic structural alterations in the brain. The monthly injectable, extended-
release formulation of μ-opioid antagonist naltrexone (XR-NTX) is highly effective in reducing opioid craving and preventing opioid
relapse. Here, we investigated the neuroanatomical effects of XR-NTX by examining changes in cortical thickness during treatment
for OUD. Forty-seven OUD patients underwent structural magnetic resonance imaging and subjectively rated their opioid craving
≤1 day before (pre-treatment) and 11 ± 3 days after (on-treatment) the first XR-NTX injection. A sample of fifty-six non-OUD
individuals completed a single imaging session and served as the comparison group. A publicly available [¹¹C]carfentanil positron
emission tomography dataset was used to assess the relationship between changes in cortical thickness and μ-opioid receptor
(MOR) binding potential across brain regions. We found that the thickness of the medial prefrontal and anterior cingulate cortices
(mPFC/aCC; regions with high MOR binding potential) was comparable between the non-OUD individuals and the OUD patients at
pre-treatment. However, among the OUD patients, mPFC/aCC thickness significantly decreased from pre-treatment to on-
treatment. A greater reduction in mPFC/aCC thickness was associated with a greater reduction in opioid craving. Taken together,
our study suggests XR-NTX-induced cortical thickness reduction in the mPFC/aCC regions in OUD patients. The reduction in
thickness does not appear to indicate a restoration to the non-OUD level but rather reflects XR-NTX’s distinct therapeutic impact on
an MOR-rich brain structure. Our findings highlight the neuroplastic effects of XR-NTX that may inform the development of novel
OUD interventions.
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INTRODUCTION
Opioid use disorder (OUD) is a major contributor to the overall
morbidity and mortality in the US. Medication-assisted treatments
have emerged as a highly successful approach to treating OUD
and include full opioid agonist methadone, partial agonist
buprenorphine, and antagonist naltrexone [1]. Unlike the agonist
agents, naltrexone works by blocking μ-opioid receptors (MORs) in
the brain and does not produce opioid-like effects or physiological
dependence. The monthly injectable, extended-release formula-
tion of naltrexone (XR-NTX) is effective in reducing cravings and
preventing relapse in OUD patients and has demonstrated clinical
effectiveness comparable to agonist treatments [2–6].
OUD is characterized by altered brain functioning as revealed

by functional magnetic resonance imaging (MRI) [7]. Individuals
with OUD show heightened activity in the brain’s reward circuits
(e.g., striatum, prefrontal cortex) in response to drug-related
stimuli (i.e., drug cues) [8], and such activation is linked to elevated
opioid craving [9] and risk for relapse [10]. OUD patients also
exhibit behavioral impulsivity [11–13] and decreased prefrontal
engagement in inhibitory control, as compared to non-dependent
individuals [14–16]. There is some evidence that prolonged

abstinence and pharmacotherapy aid in reducing opioid cue-
reactivity [17–20], enhancing inhibitory control [21], and improv-
ing decision-making [22]. Specifically, XR-NTX has been shown to
reduce frontostriatal reactivity to opioid cues [19, 20]. However,
full restoration of normal neurocognitive functioning remains
challenging (e.g., cue-reactivity [23]; impulsivity [24]; decision-
making deficits [22, 25]), potentially due to lasting structural
[24, 26] and functional [27, 28] alterations in the brain as a result of
chronic opioid misuse.
Structurally, OUD patients show lower gray matter volumes

and/or lower cortical thickness compared to non-dependent
controls, particularly in the prefrontal and temporal cortices
[29–31]. Cortical thickness is a well-established and clinically
relevant metric of brain structural integrity [32–34] and has been
linked to OUD severity and treatment outcomes [29, 35].
However, research on the effect of abstinence and treatment
on brain morphology remains limited and has yielded incon-
sistent results [35–37]. Notably, no studies to date have
examined changes in brain structure during naltrexone/XR-NTX
treatment for OUD. Elucidating the neuroplastic effect of XR-NTX
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will offer crucial mechanistic insights into its clinical efficacy and
may inform on the long-term brain health of treated patients.
In this longitudinal observational study, we used structural MRI

to examine changes in regional cortical thickness in patients
receiving XR-NTX treatment for OUD. To examine whether such
changes represented reversal of impairments caused by OUD, we
compared the cortical thickness of non-OUD individuals to that of
OUD patients before and during XR-NTX treatment. We then
investigated the association between the change in cortical
thickness and the clinical efficacy of XR-NTX as indexed by the
reduction in opioid craving in OUD patients. Lastly, given the MOR
antagonism property of XR-NTX, we examined whether XR-NTX-
induced cortical thickness changes were related to interregional
variation in MOR binding potential. We hypothesized that cortical
regions with higher MOR binding potential (e.g., the prefrontal,
anterior cingulate, and anterior insular cortices [38]) would show
more pronounced cortical thickness change during XR-NTX
treatment in OUD patients and that the change in cortical
thickness would be associated with reductions in opioid craving.

METHODS
Participants
Detoxified OUD patients were recruited from the greater Philadelphia
region between 2012–2014 and were offered up to 3 monthly XR-NTX
injections. Of the 113 individuals that were initially enrolled, we excluded
fifty-two who dropped out before receiving XR-NTX, fourteen who did not
complete MRI, and two with poor MRI data quality, leaving a total of forty-
seven participants in the final analysis that completed at least one XR-NTX
injection as well as MRI assessments immediately before (pre-treatment)
and 11 ± 3 (mean ± SD) days after (on-treatment) the first injection [19, 20].
A subset of 25 participants completed post-treatment MRI 44 ± 17
(mean ± SD) days after the third injection (see Procedure). The DSM-IV-TR

diagnosis of opioid dependence was established with history and physical
exam and the Mini International Neuropsychiatric Interview (MINI) for
DSM-IV [39]. Inclusion criteria were ages between 18 and 60 years; a
DSM-IV-TR diagnosis of opioid dependence confirmed by self-report and
medical records documenting daily opioid use for more than 2 weeks in
the past 3 months; evidence of detoxification from opioids before XR-NTX
injections as established by urine drug screen (UDS) (Redwood Toxicology
Laboratory) and a negative naloxone challenge test; and good physical
health ascertained by history and physical examination, blood chemistry,
and urinalysis. Exclusion criteria were current use of medications that could
confound blood oxygen level-dependent brain response, such as
antidopaminergic agents, anticonvulsants, and β-blockers; current psy-
chosis, dementia, intellectual disability, or lifetime history of schizophrenia;
clinically significant cardiovascular, hematologic, pulmonary, hepatic, renal,
metabolic, gastrointestinal, neurologic, or endocrine abnormalities; preg-
nancy or breastfeeding; history of clinically significant head trauma;
contraindications for XR-NTX, such as medical conditions requiring opioid
analgesics such as chronic pain disorder, planned surgery, obesity,
elevated liver enzymes >3 times the upper limit of normal, or failure to
complete opioid detoxification; contraindications for MRI, such as
indwelling magnetically active foreign bodies, or fear of enclosed spaces.
A convenience cohort of fifty-six non-OUD individuals who completed

one single MRI session was included as a comparison group [31]. The
inclusion and exclusion criteria for the non-OUD group were similar to
those for the OUD group, with the exception that all non-OUD individuals
were tobacco cigarette smokers, and diagnosis of opioid dependence and
eligibility for XR-NTX were not required. The non-OUD group was
comparable to the OUD group with regard to demographics (except for
race), tobacco smoking severity, comorbid non-opioid substance use
disorders (except for stimulant use disorder), and current substance use
verified by urine toxicology (see Table 1).
The study was approved by the University of Pennsylvania Institutional

Review Board (No. 814234/819008/819597). Informed consent was
obtained from all participants. All methods were performed in accordance
with the relevant guidelines and regulations.

Table 1. Participant characteristics (count or mean ± SD).

Variable OUD Non-OUD P-value¹

pre-treatment on-treatment

N 47 56 –

Sex 26 male, 21 female 31 male, 25 female >0.99

Age (years) 29.04 ± 8.72 30.09 ± 10.81 0.59

Years of education 13.77 ± 2.12 13.81 ± 2.29 0.91

Race 44 White, 2 AA, 1 Asian 23 White, 19 AA, 4 Asian, 10 other <0.001

Ethnicity 3 Hispanic 7 Hispanic 0.34

Years of opioid use 5.83 ± 5.95 – –

Alcohol use disorder2 9 9 >0.99

Stimulant use disorder2 13 2 0.001

Cannabis use disorder2 15 14 0.66

Prescription opioid use 32 – –

Heroin use 33 – –

Number of days since last opioid use 18.23 ± 17.01 29.66 ± 17.50 – –

Number of cigarettes smoked per day3 13.23 ± 8.56 9.83 ± 8.18 12.84 ± 7.34 0.81; 0.060

UDS positive for stimulant4 5 8 3 0.47; 0.11

UDS positive for cannabis4 17 20 23 0.55; >0.99

Opioid craving (0–9)5 3.62 ± 2.89 2.12 ± 2.50 – –

OUD opioid use disorder, AA African American, UDS urine drug screen.
1P-values were obtained from independent t-tests for numeric variables and Fisher’s exact tests for categorical variables. Separate tests were performed on
pre- and on-treatment sessions when applicable.
2Diagnosis of alcohol, stimulant, and cannabis use disorder was missing in 5 non-OUD participants.
3Number of cigarettes per day at on-treatment was missing in 3 OUD participants.
4Urine toxicology data were missing in 2 non-OUD participants.
5Opioid craving at on-treatment was missing in 1 OUD participant.
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Study medication
To ensure completeness of opioid detoxification, XR-NTX was preceded by
a challenge with 0.6 mg of naloxone hydrochloride IV. The OUD
participants were offered up to three monthly intramuscular injections of
XR-NTX (380mg of naltrexone-HCl gradually released from dissolvable
polymer microspheres over a period of one month, manufactured by
Alkermes Inc, Cambridge, MA, under the brand name Vivitrol®). As part of
the consent procedure, participants were briefed about the expected loss
of pharmacological effects of opioids resulting from the XR-NTX treatment,
and the dangers of attempting to overcome the opiate receptor blockade
with higher than usual opioid doses [40, 41]. Medication was provided in
the context of ongoing psychosocial support (two weekly sessions of
professional drug counseling and anti-relapse strategies by trained clinical
psychologists) and twice-weekly UDS monitoring. Plasma concentrations
of naltrexone and 6β-naltrexol (an active metabolite of naltrexone) were
measured on the day of the on-treatment session using established liquid
chromatography and tandem mass spectrometry technique [19, 42]. Upon
study completion, continuation of care was discussed with the patients,
and they were given referrals to treatment providers in the community.

Procedure
The OUD individuals completed baseline assessments including demo-
graphics, history and physical exam, UDS, and the MINI. Eligible OUD
participants were offered a total of three monthly injections of XR-NTX. MRI
scans and craving assessments were performed both before and after the
first XR-NTX injection. Specifically, immediately before the first XR-NTX
injection (i.e., pre-treatment), the OUD participants completed an MRI
session and reported craving for opioids. Craving was measured by the
question “To what degree are you feeling any craving/desire for opiates”
using a 10-point scale (0=none; 9=extremely). An average of 11.36
(SD= 3.09) days after the first XR-NTX injection (i.e., on-treatment), MRI
and craving assessments were repeated. Craving scores were missing in
one OUD participant at on-treatment. An average of 44.00 (SD= 17.06)
days after the third and last XR-NTX injection (i.e., post-treatment), a
subsample of 25 OUD participants completed a third session of MRI and
craving assessments. Timing of the study sessions was based on a prior
pharmacokinetic study showing that plasma concentrations of naltrexone
and its primary metabolite 6β-naltrexol reach a plateau at approximately
7–14 days following XR-NTX injection and return to baseline after
approximately one month [43]. Details on the post-treatment session are
reported in the Supplementary Information (see Figure S1 and Table S2).
The non-OUD individuals completed assessments of demographics, UDS,
the MINI, and one MRI session.

MRI data acquisition and preprocessing
MRI data were collected using a Siemens Tim Trio 3T system at the
University of Pennsylvania. High-resolution T1-weighted whole-brain
images were acquired using the magnetization-prepared rapid acquisition
gradient echo (MPRAGE) sequence with repetition time/echo time = 1510/
3.71ms, field of view = 256 × 192mm², matrix = 256 × 192, slice
thickness/gap = 1/0mm, 160 slices, effective voxel resolution = 1 × 1 ×
1mm³, and flip angle = 9°.
MRI images were processed using the volume-based cortical thickness

pipeline implemented in Advanced Normalization Tools (ANTs) [34, 44].
Details of the pipeline can be found in Tustison et al. [34]. Specifically, N4
bias field correction was performed on the raw structural images to
minimize the impact of low-frequency field inhomogeneity [45]. Bias-
corrected images were subjected to brain extraction via optimized
template registration and Atropos three-tissue segmentation. Atropos
six-tissue segmentation was then performed iteratively with N4 bias field
correction using atlases derived from the Open Access Series of Imaging
Studies (OASIS) dataset [46]. Voxelwise cortical thickness was estimated
within the volumetric domain using the diffeomorphic registration-
based cortical thickness (DiReCT) algorithm that measures of the
distance between the gray matter-white matter interface and the gray
matter-cerebrospinal fluid interface while taking into consideration
neuroanatomical constraints [47]. Cortical thickness measure from ANTs
has shown high test-retest reliability and external validity [34].
Individual-level cortical thickness maps were created and spatially
smoothed with full width at half maximum (FWHM) set to 4 mm using
SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK). For
confirmatory purpose, we repeated the main analyses using cortical
thickness data that were unsmoothed and smoothed with 12-mm FWHM

as well as using voxel-based morphometry data that were estimated by
the Computational Anatomy Toolbox (CAT) (see the Supplementary
Information).

Data analysis
A whole-brain paired t-test examined the change in regional cortical
thickness from pre-treatment to on-treatment among the OUD individuals.
Significant changes were determined using the threshold-free cluster
enhancement (TFCE) algorithm at cluster-level familywise error-corrected
p < 0.05 [48]. Regions showing a significant change were defined as the
regions of interest (ROIs). Mean cortical thickness were extracted from the
ROIs and subjected to subsequent statistical analyses in R (www.R-
project.org). Specifically, we performed two-sample t-test to compare the
cortical thickness at the ROIs between the non-OUD and OUD individuals
(for both pre-treatment and on-treatment timepoints). However, given that
the non-OUD group completed only one MRI session, comparisons
between the two groups should be treated as exploratory. We also
performed Pearson correlation to test for the association between the
change in cortical thickness and the change in opioid craving among the
OUD individuals. Exploratory whole-brain analyses were conducted to
examine the group difference and the correlation with the change in
craving in brain regions beyond the ROIs.
We further examined whether cortical thickness change was correlated

with MOR binding potential across brain regions in the OUD cohort. A
whole-brain MOR binding potential map was obtained from a previous
study in which 204 adults underwent [¹¹C]carfentanil positron emission
tomography (PET) [38]. A polynomial regression analysis was performed to
test the association between mean cortical thickness change and MOR
binding potential across the 360 cortical regions defined by the Human
Connectome Project multimodal parcellation (HCP-MMP) atlas of the
cerebral cortex [49]. Starting with a basic model that only included the
constant term, we added linear, cubic, quadratic, and subsequent higher-
order terms to the model one at a time. F-test was used to determine
whether the addition of each term significantly improved the fit of the
model. The process was continued until the improvement in the model fit
was no longer significant.
We performed additional exploratory analyses to examine (1) the

association between cortical thickness change and the duration of
abstinence (i.e., the number of days since last opioid use), (2) the
association between cortical thickness change and data quality, and (3)
cortical thickness at post-treatment. We also performed confirmatory
analyses on un-smoothed data as well as data that were smoothed using
12-mm FWHM. Details of these analyses are in the Supplementary
Information.

RESULTS
Participant characteristics
Participant characteristics of the OUD and the non-OUD groups
are summarized in Table 1. The OUD and non-OUD groups
significantly differed in race and diagnosis of stimulant use
disorder, which were controlled for in subsequent comparisons
between the two groups. The OUD individuals showed a
significant reduction in opioid craving from pre-treatment to on-
treatment (difference = 1.39, 95% confidence interval [CI]= [0.49,
2.30], t(45)= 3.10, p= 0.003). There was also a significant
reduction in the number of cigarettes smoked per day (difference
= 2.94, 95% CI= [1.34, 4.54], t(43)= 3.70, p < 0.001), a finding that
we have reported elsewhere [50]. Positive UDS results for
stimulant and cannabis did not differ between pre- and on-
treatment sessions (McNemar’s test, χ²(1)= 0.36 & 0.57,
p= 0.55 & 0.45).

Cortical thickness change across time in the OUD individuals
Whole-brain comparison between the pre-treatment and on-
treatment sessions showed a significant reduction in the cortical
thickness of the medial prefrontal cortex (mPFC) and the adjacent
anterior cingulate cortex (aCC) among the OUD individuals
(whole-brain TFCE-corrected p < 0.05; see Fig. 1a and Table S1).
The opposite contrast for increased cortical thickness from pre-
treatment to on-treatment did not reveal any significant clusters.
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Given the spatial proximity of the mPFC and aCC clusters, we
combined them into a single ROI in the subsequent analyses. For
visualization purposes, we extracted and plotted the cortical
thickness of the mPFC/aCC ROI at pre-treatment and on-treatment
(see Fig. 1b).
The observed change in mPFC/aCC thickness was not

attributable to duration of abstinence or imaging data quality.
Exploratory analysis showed that mPFC/aCC cortical thickness at
the post-treatment session was significantly lower than the pre-
treatment session but did not differ from the on-treatment session
(see Fig. S2). Details of these analyses are reported in the
Supplementary Information.

Exploratory comparisons between the OUD and non-OUD
individuals
Compared to the non-OUD group (mean ± SD= 2.96 ± 0.34), the
OUD group had comparable mPFC/aCC ROI cortical thickness at
pre-treatment (2.92 ± 0.39, t(92.8)= 0.55, p= 0.58) but signifi-
cantly lower thickness at on-treatment (2.75 ± 0.36, t(96.2)= 2.98,
p= 0.004) (see Fig. 1b and S2). Linear regression analyses that
controlled for race and stimulant use disorder similarly showed
differences between non-OUD and OUD in mPFC/aCC thickness
(pre-treatment, coefficient=0.10, standard error [SE]= 0.09,
t(96)= 1.13, p= 0.26; on-treatment, coefficient = 0.29, SE= 0.09,
t(96)= 3.42, p= 0.001). Whole-brain exploration showed wide-
spread, lower frontal, parietal, and temporal cortical thickness in
the OUD than the non-OUD group for both pre-treatment and on-
treatment (see Fig. S3 and Tables S3 & S4).

Association between changes in cortical thickness and opioid
craving
There was a significant positive correlation between the reduction in
opioid craving and the reduction in mPFC/aCC thickness from pre-
treatment to on-treatment in the OUD group (r= 0.44, p= 0.002)
(see Fig. 2b). Whole-brain regression analysis was performed to
explore regions beyond the mPFC/aCC ROI and showed that the
change in opioid craving was positively associated with the change
in cortical thickness of several additional regions including the
bilateral insula, bilateral inferior frontal gyrus, left precentral and
postcentral gyrus, left temporoparietal junction, and left middle
temporal gyrus (corrected p < 0.05; see Fig. 2a and Table S5). There
was no significant negative correlation between the change in
opioid craving and the change in cortical thickness.

Mapping of MOR binding potential to cortical
thickness change
We conducted a polynomial regression analysis to examine the
relationship between MOR binding potential and cortical

Fig. 1 Cortical thickness change across time. a Significant reduc-
tion in cortical thickness from pre-treatment to on-treatment in the
OUD group revealed by whole-brain paired t-test, thresholded at
corrected p < 0.05. b Cortical thickness of the mPFC/aCC region of
interest in the non-OUD group and the OUD group at the pre-
treatment and on-treatment sessions. OUD opioid use disorder,
mPFC medial prefrontal cortex, aCC anterior cingulate cortex.

Fig. 2 Association between changes in cortical thickness and
opioid craving. a Significant correlation between the change in
opioid craving and the change in cortical thickness from pre-
treatment to on-treatment in the OUD group revealed by whole-
brain regression, thresholded at corrected p < 0.05. b Association
between the change in opioid craving and the change in cortical
thickness of the mPFC/aCC region of interest. OUD opioid use
disorder, mPFC medial prefrontal cortex, aCC anterior cingulate
cortex. Reduction = pre-treatment minus on-treatment. The shaded
area represents 95% confidence interval.

Z. Shi et al.

4

Translational Psychiatry          (2024) 14:360 



thickness reduction in the OUD group. Model comparison using
F-tests indicated a cubic model as the optimal model (linear vs.
quadratic, F(1,357)= 37.16, p < 0.001; quadratic vs. cubic,
F(1,356)= 13.38, p < 0.001; cubic vs. quartic, F(1,355)= 0.11,
p= 0.74). The curvilinear relationship was characterized by
significant linear, quadratic, and cubic effects of MOR binding
potential on cortical thickness reduction (F(1,356)= 93.64, 38.45, &
13.38, ps<0.001, R²= 0.29; see Fig. 3). Examination of the tangent
slopes and their 95% CIs suggests a positive association between
MOR binding potential and cortical thickness reduction in brain
regions with relatively high MOR binding potential (>0.33).

DISCUSSION
We found reduced cortical thickness in the mPFC and the adjacent
aCC among the OUD patients during the first two weeks of MOR
antagonist treatment with XR-NTX. An exploratory comparison of
the OUD and non-OUD individuals showed that the cortical
thickness in mPFC/aCC was comparable between the two groups
before XR-NTX but was lower in the former during and after XR-
NTX. The reduction in mPFC/aCC cortical thickness after treatment
correlated with patients’ reductions in craving for opioids, but not
with the duration of opioid abstinence. A multimodal analysis with
[¹¹C]carfentanil PET data suggests that the relationship between
MOR binding potential and cortical thickness reduction followed a
curvilinear pattern, with larger thickness reduction observed in
brain regions with higher MOR binding potential.

MRI-measured cortical thickness reflects the distance between
the cerebral cortex’s pial surface and the white matter-gray matter
boundary [34, 47, 51]. The cerebral cortex comprises of neuronal
cell bodies, glia cells, and neuropil – a network of axons, dendrites,
and synapses that facilitate neural communication [52]. Cortical
thickness correlates negatively with neuronal density [53] and
positively with dendritic arborization [54, 55] and density of glia
cells [56]. Gene expression studies have also associated variations
in cortical thickness with the cellular composition of the cortex,
including CA1 pyramidal cells, astrocytes, and microglia [57–59].
Therefore, a thicker cortex may reflect not only the number of
neurons but also a more intricate neuropil organization attribu-
table to dendritic arborization and support by glial cells that
enhance intracortical connectivity [52].
Preclinical evidence suggests a role for opioids in regulating

neurodevelopment. Perinatal blockade of opioid receptors with
naltrexone and naloxone was found to increase the number of
dendritic spines (i.e., protrusions that receive synaptic input)
[60, 61], whereas morphine decreased dendritic spine density [61]
and dendritic length [62]. Interestingly, in adult rats, repeated
morphine exposure upregulated the expression of genes involved
in intra- and inter-cellular signaling and synaptic morphology,
which may have implications for neuroadaptation and neuroplas-
ticity processes in the development of and recovery from OUD
[63].
Studies reporting reduced cortical thickness following a

clinically effective pharmacotherapy are a minority within the
literature pertaining to the treatment of mental disorders [64]. In
most cases, reduction in cortical thickness after early adulthood is
regarded as a manifestation or consequence of aging [65] and
conditions such as neurodegeneration [66], traumatic brain injury
[67], and mental disorders [68–71] (but see [72]). Reductions in
prefrontal cortical thickness, specifically, can be associated with
cognitive decline such as impaired executive functions [73]. The
observed decrease in mPFC/aCC cortical thickness in the current
study appears to contradict the absence of clinical evidence in the
literature that indicates any cognitive impairment during XR-NTX
treatment of OUD [2, 74, 75]. On the contrary, preclinical studies
show that naltrexone promotes early neurodevelopment [60] and
attenuates age-related decline in attentional set-shifting [76]. In
human subjects, naltrexone has been shown to increase cognitive
flexibility [77] and adaptive cognitive control [78]. The mPFC and
aCC are implicated in a range of cognitive functions (e.g., incentive
salience processing [8], impulsivity control [79], decision making
[80]), which either remain unchanged or show partial recovery as a
result of abstinence [25, 27, 81–84], psychotherapy [85–87], and
pharmacotherapy [20, 88–90] in individuals with substance use
disorders. The discrepancy between previous findings and the
observed mPFC/aCC thickness reduction raises intriguing ques-
tions about the mechanisms underlying XR-NTX’s effect on brain
structure and potential clinical implications of our findings.
One possible interpretation is that MOR blockade by XR-NTX

alters the neurotransmission within and thus morphology of
MOR-rich brain structures. A previous study showed that the
dopamine D2 antagonist haloperidol (a first-generation anti-
psychotic medication) reduced the volume of the striatum, a
region rich in D2 receptors, within 2 hours of administration [91].
Similarly, loss of brain gray matter has been associated with the
use of other first-generation antipsychotics such as chlorpro-
mazine and trifluoperazine which are high-affinity D2 antago-
nists [92, 93]. To be best of our knowledge, no prior research has
examined the effect of opioid antagonism on brain structure in
humans. Our finding of reduced cortical thickness in MOR-rich
regions during XR-NTX treatment appears to corroborate the D2
literature and suggests a link from neurotransmission and/or
receptor occupancy to brain morphology [94–96]. Nevertheless,
the molecular and cellular mechanisms underlying such a link
remain unclear.

Fig. 3 Mapping of MOR binding potential to cortical thickness
change. a Curvilinear association between MOR binding potential
and the change in cortical thickness (pre-treatment minus on-
treatment) across cortical regions in the OUD group. b MOR
receptor binding potential map obtained from a large sample
(N= 204) [¹¹C]carfentanil positron emission tomographic imaging
study (Kantonen et al. [38], NeuroImage). c Unthresholded map of
cortical thickness change (pre-treatment minus on-treatment) in the
OUD group. OUD opioid use disorder, MOR μ-opioid receptor.
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The reduced mPFC/aCC cortical thickness may also reflect
neuroplasticity that relates to changes in OUD patients’ responses
to external stimuli. The mPFC and the aCC play a key role in
processing rewards [97–100]. Individuals with substance use
disorders show heightened mPFC/aCC neural response to drug
cues [8, 100] that correlates with elevated drug craving
[9, 101, 102]. XR-NTX is highly effective in blunting opioid craving
[2–6] and reducing the neural response to opioid cues [19, 20].
The reduction in mPFC/aCC cortical thickness may be attributable
to the brain’s adaption (e.g., elimination of dysfunctional
synapses) to environmental drug cues whose incentive value
diminished as a result of XR-NTX treatment. Alternatively, it could
reflect changes in the environment (e.g., less exposure to drug
cues) that reinforced the craving-reducing effect of XR-NTX.
The observation that post-treatment mPFC/aCC cortical thick-

ness was comparable to on-treatment and lower than pre-
treatment suggests an acute effect of XR-NTX that occurred
during the first two weeks of treatment. Prior research showed
that craving for opioids immediately decreased following the first
injection of XR-NTX and remained stable throughout subsequent
injections. Given the similar temporal profiles, structural changes
of the mPFC/aCC may mediate XR-NTX-induced attenuation of
opioid craving. Such speculation was corroborated by the
observed positive correlation between the reduction in mPFC/
aCC cortical thickness and the reduction in opioid craving.
In an exploratory analysis, we compared the single session of

cortical thickness data of the non-OUD group to each of the pre-
treatment and on-treatment sessions of the OUD group. We found
that, relative to the non-OUD individuals, the OUD patients had
comparable pre-treatment mPFC/aCC cortical thickness but
significantly lower on-treatment and post-treatment thickness.
Hence, the observed thickness reduction in the OUD group may
not signify a restorative or normalization process but rather a
treatment-related effect that is independent of OUD diagnosis
itself. The results parallel those reported in patients with psychosis,
where antipsychotics modulate cortical thickness in brain regions
unaffected by the illness at baseline, suggesting treatment-
induced neuroanatomical alterations beyond the primary pathol-
ogy [93]. The exact significance of these alterations, whether they
are essential for the therapeutic effects or are mere side effects,
remains unclear. Our findings thus underscore the complex and
multifaceted effects of XR-NTX, whose impact extends beyond
mere reversal of impairments caused by OUD.
Our study has several limitations. First, the absence of

untreated, placebo-controlled, or agonist-treated OUD cohorts
for comparison limited our ability to determine whether the
observed reduction in mPFC/aCC cortical thickness was specific to
XR-NTX. Implementing a placebo control condition for XR-NTX
would pose challenges, as patients almost invariably test opioid
blockade in the early stages of treatment, which could increase
the risk of relapse and overdose under placebo [103]. Additionally,
we did not find an association between the duration of abstinence
and cortical thickness, suggesting that abstinence alone could not
fully account for the results. Secondly, the non-OUD cohort only
completed a single session of MRI, which prevented us from
isolating the main effect of time (i.e., pre vs. on). Potential
confounding variables, such as signals from non-cortical tissues,
would be better addressed with repeated MRI scans for both
cohorts. Moreover, the non-OUD cohort was a convenient sample
and was not well matched with the OUD cohort on variables
including race and comorbid stimulant use disorder (although
controlling for these variables produced similar results). Therefore,
caution is required in the interpretation of the wide-spread
cortical thickness differences between the two cohorts, which
were somewhat inconsistent with the results of a prior study [29].
Thirdly, the study did not examine the underlying cellular and
molecular processes. Prior research has highlighted the contribu-
tion of genetic factors to regional cortical thickness [57–59]. The

brain opioidergic system has also been implicated in shaping
brain morphology during both early development and adulthood
[60–63]. It would be interesting to examine the role of genetic
factors and opioidergic neurotransmissions in brain structural
changes during pharmacotherapy of OUD. Fourthly, a lack of
neuropsychological assessments prevented us from examining
the relationship between cortical thickness reduction and
potential cognitive functions. A significant reduction in cortical
thickness over a short period (e.g., ≈2 weeks) is uncommon and
can be of neurological concern [65–71]. Although cognitive
deterioration has not been reported in previous trials involving
XR-NTX treatment of OUD [2, 74, 75], the observed acute
reduction in mPFC/aCC thickness during the early phase of the
treatment underscores the need for more in-depth investigation
to determine if it constitutes a side effect. Specifically, future
research should combine neuroimaging and neuropsychological
assessments to investigate XR-NTX’s effects on cognitive functions
associated with the mPFC/aCC such as decision making [104],
inhibitory control [79], and social cognition [105]. Lastly, the three-
month duration of XR-NTX treatment was relatively short
compared to the extended period required for recovery from
OUD. Although a single on-treatment time point after the first
injection minimized the impact of patient dropout, it limited our
ability to fully characterize the time course of brain structural
changes during the three-month treatment. In addition, our data
were collected before the regional drug market became
dominated by fentanyl, a synthetic opioid with much higher
potency and cytotoxicity than heroin. Effective treatment of OUD
amid the fentanyl epidemic will likely require longer (>6 months)
treatment duration [106, 107]. It would be valuable to evaluate
brain structure at additional time points and their correlation with
long-term outcomes such as relapse and overdose.
In conclusion, we demonstrated that XR-NTX treatment is

associated with reduced cortical thickness among OUD patients in
the mPFC and the adjacent aCC, regions known for their high MOR
binding potential. Importantly, cortical thickness reductions covaried
with the clinical effectiveness of XR-NTX, as indexed by the reduction
in opioid craving. These findings present a novel neurobiological
phenomenon in XR-NTX treatment for OUD. Understanding the
impact of XR-NTX on cortical morphology and its relationship with
clinical outcomes contributes to our knowledge of the underlying
mechanisms of the treatment and may guide future interventions
aimed at improving the clinical management of OUD.
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