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Abstract

Compared with healthy controls, heroin users (HUs) show evidence of structural and

functional brain alterations. However, little is known about the possibility of brain

recovery after protracted heroin abstinence. The purpose of this study was to investi-

gate whether brain recovery is possible after protracted abstinence in HUs. A total of

108 subjects with heroin addiction completed structural and functional scans, and

61 of those subjects completed 8-month follow-up scans. Resting-state data and 3D-

T1 MR images were collected for all participants, first at baseline and again after

8 months. Cognitive function and craving were measured by the Trail Making Test-A

(TMT-A) and Visual Analog Scale for Craving, respectively. The cortical thickness and

resting-state functional connectivity (RSFC) differences were then analyzed and com-

pared between baseline and follow-up, and correlations were obtained between neu-

roimaging and behavioral changes. HUs demonstrated improved cognition (shorter

TMT-A time) and reduced craving at the follow-up (HU2) relative to baseline (HU1),

and the cortical thickness in the bilateral superior frontal gyrus (SFG) was significantly

greater at HU2 than at HU1. Additionally, the RSFC of the left SFG with the inferior

frontal gyrus (IFG), insula, and nucleus accumbens and that of the right SFG with the

IFG, insula and orbitofrontal cortex (OFC) were increased at HU2. The changes in

TMT-A time were negatively correlated with the RSFC changes between the left SFG

and the bilateral IFG, the bilateral caudate, and the right insula. The changes in
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craving were negatively correlated with the RSFC changes between the left OFC and

the bilateral SFG. Our results demonstrated that impaired frontal-limbic neuro-

circuitry can be partially restored, which might enable improved cognition as well as

reduced craving in substance-abusing individuals. We provided novel scientific evi-

dence for the partial recovery of brain circuits implicated in cognition and craving

after protracted abstinence.
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1 | INTRODUCTION

Heroin addiction is a relapsing brain disorder that has been a major

public and social concern for many decades. As an opioid receptor

agonist (Volkow, Michaelides, & Baler, 2019), heroin binds to the

μ-opioid receptors on GABAergic neurons, suppressing the inhibitory

effects of GABA and leading to elevated reward effects by increasing

the release of dopamine (DA; Darcq & Kieffer, 2018; Volkow, Wang,

Fowler, Tomasi, & Telang, 2011). Chronic heroin use leads to dysfunc-

tion in DA systems, especially those in the prefrontal cortex (PFC) and

the striatum (Koob & Volkow, 2010, 2016). In recent decades, neuro-

scientists have devoted extensive effort to understanding the brain

damage caused by addiction (Koob & Volkow, 2010); specifically,

structural deficits and dysfunction in the PFC (e.g., orbitofrontal cor-

tex [OFC], inferior frontal gyrus [IFG], dorsolateral prefrontal cortex

[DLPFC], ventromedial prefrontal cortex [vmPFC]), striatum, insula,

and thalamus related to abnormal reward processing, cognitive control

impairments, and craving have been found in substance use disorder

(SUD; Jiang et al., 2011; Li et al., 2014; Liu et al., 2011; Qiu

et al., 2013; Wang et al., 2021; Yang et al., 2021; Zhang et al., 2021).

Complementing previous work, attention to long-term recovery could

improve addiction-focused clinical care as well as public policy and

open new frontiers in the brain research field Humphreys and

Bickel (2018). Along these lines, protracted abstinence has been

shown to enhance cognition and reduce craving in SUD (Parvaz

et al., 2017; Yang et al., 2008). Brain recovery has also been detected

following periods of protracted abstinence; for example, increased

levels of DA receptors (Volkow et al., 2001) and an increased density

of DA transporters (Witt et al., 2020) have been reported in the stria-

tum in abstinent cocaine and methamphetamine users. Furthermore,

longitudinal recovery of PFC gray matter volume (GMV) and brain

metabolism has been detected in abstinent cocaine users (He

et al., 2018; Volkow et al., 1992). In addition, recovery from alcohol-

and withdrawal-related methylation has been observed after several

weeks of abstinence following acute alcohol dependence Volkow

et al. (1994). Discovering the neuroadaptation processes involved in

long-term addiction recovery might therefore illuminate fundamental

brain functions relevant to addiction. However, limited evidence has

been observed for brain structural and functional recovery caused by

long-term abstinence in heroin users (HUs).

Chronic drug use is characterized by persistent seeking and taking

of a drug despite its harmful effects; this behavior is driven by

disrupted functioning of the PFC Goldstein and Volkow (2011), which

mediates the regulation of control circuits (cognition) and craving

through strong connections to other cortical and subcortical brain

regions (e.g., the striatal circuit, involved in the rewarding effect of

heroin; the DLPFC circuit, which plays a vital role in inhibitory control;

the insula and medial OFC [mOFC], which are related to craving; and

the vmPFC, documented to play major roles in foresight and decision-

making; Goldstein & Volkow, 2011; He et al., 2018). During pro-

tracted abstinence in cocaine and methamphetamine users, increased

PFC GMV and increased resting-state functional connectivity (RSFC)

between the PFC and limbic regions have been consistently docu-

mented (Balodis et al., 2016; Berlingeri et al., 2017; Gowin

et al., 2014; Parvaz et al., 2017). These findings highlight the impor-

tant roles of PFC circuits in the effects of protracted abstinence on

people with addictions. In HUs, task functional magnetic resonance

imaging (fMRI) has shown reduced brain activation of prefrontal and

limbic regions in response to drug cues after protracted abstinence (Li

et al., 2013; Lou, Wang, Shen, & Wang, 2012). However, the possibil-

ity of alterations in PFC morphometry and/or PFC-related circuitry

after protracted abstinence in HUs remains unclear, and little is known

about the association between altered brain functional changes and

behavioral changes (reduced craving and enhanced cognition).

Thus, a longitudinal study (8 months) was performed during

short-term abstinence in HUs (n = 61). Cognition function and craving

were measured by the Trail Making Test A (TMT-A) and the Visual

Analog Scale for Craving (VASc), respectively (Mottola, 1993). Behav-

ioral data and multimodal neuroimaging data were collected twice:

first at baseline and again 8 months later. Cortical thickness changes

were evaluated using FreeSurfer, and RSFC alterations were investi-

gated by choosing specific PFC regions that showed significant corti-

cal thickness changes as the seeds. We also examined whether any

brain recovery induced by abstinence was associated with behavioral

improvement (enhanced cognition and reduced craving). Impaired

cognitive function and increased craving have been consistently docu-

mented in heroin use disorder in previous studies (Ma et al., 2015;

Zhang et al., 2016) and were reported to be associated with dysfunc-

tion of the neurocircuitry centered on the PFC Koob and

Volkow (2010); Li et al. (2014); Schluter, Daams, van Holst, and
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Goudriaan (2018). Based on these findings, we hypothesized that HUs

would demonstrate structural and functional plasticity changes in the

PFC after protracted abstinence, as well as correlations between brain

recovery and behavioral improvement. We expect that our efforts to

investigate long-term recovery in heroin could improve addiction-

focused clinical care and deepen the understanding of the neurosci-

ence underlying recovery from addiction.

2 | MATERIALS AND METHODS

2.1 | Subjects

A total of 108 subjects with a history of heroin use were recruited

from inpatient drug rehabilitation centers in Xinkaipu, Pingtang and

Zhuzhou (three cities in Hunan Province, China) isolation drug rehabil-

itation center were recruited between September 2016 and

December 2018. The subjects met the diagnostic criteria for heroin

dependence according to the fifth edition of the Diagnostic and Sta-

tistical Manual on Mental Disorders (DSM-V) and had a positive urine

test for heroin. All subjects (n = 108) signed written consent forms

prior to participation in the experiment during the first MRI session,

and a follow-up interview was conducted approximately 8 months

later to invite subjects to participate in the second MRI session

(of whom n = 61 accepted). During this 8-month period, the patients

were admitted to the detoxification centers and treated with educa-

tion and physical exercise; methadone maintenance treatment was

not used. We used the VASc, which ranges from 0 (no craving) to

10 (extreme craving), to assess the craving scores of the HUs just

before each of the two MRI scans. The TMT-A was used to assess

cognitive dysfunction or recovery in abstinent HUs; this test was car-

ried out after the MRI scan. Three subjects were excluded because of

the poor quality of their MRI data. Thus, 31 male and 27 female HUs

(age: 43.2 ± 7.1 years) were enrolled in this study. The mean number

of days of abstinence was 65 at the time of the baseline MRI scan

(HU1) and 318 at the 8-month follow-up scan (HU2; Table 1). Drug

use history, that is, the duration of heroin use and abstinence and the

dose consumed, was also collected from the HUs (Table 1). Additional

inclusion criteria for HUs included negative urine tests for metham-

phetamine and ketamine. None of the subjects had a history of struc-

tural brain disease, epilepsy, head trauma, mental or psychiatric illness,

or contraindications for MRI. All subjects were right-handed individ-

uals of Han ancestry.

The Institutional Review Board at the Second Xiangya Hospital/

Central South University approved the protocol (number:

8167071216). Written informed consent was obtained after the

experimental procedure was explained and after the participants had

read the consent form.

2.2 | MRI data acquisition

All MRI data were acquired on a 3 T MRI scanner (MAGNETOM

Skyra, Siemens) equipped with a 32-channel head receiving coil at the

Second Xiangya Hospital of Central South University, Changsha,

China. To obtain high-quality MRI data, participants were instructed

to remain still with their eyes open, and their heads were restricted by

a pad and head restraint belt during the MRI scan. Conventional

T1-weighted imaging (T1WI) and T2-weighted imaging (T2WI) scans

were acquired to rule out visible brain structural lesions. High-

resolution T1-weighted MRI was acquired using a 3D fast gradient

echo sequence, repetition time (TR) = 1,450 ms, echo time

(TE) = 2.0 ms, inversion time (TI) = 900 ms, field of view

(FOV) = 256 � 256 mm, slices = 176, slice thickness = 1 mm, flip

angle = 12�, and voxel size = 1 � 1 � 1 mm3. The resting-state fMRI

parameters were as follows: 36 axial slices, thickness = 4 mm,

FOV = 220 mm � 220 mm, TR = 2,000 ms, TE = 30 ms, flip

angle = 80�.

2.3 | MRI data analysis

FreeSurfer 6.0 (http://surfer.nmr.mgh.harvard.edu) was used to exam-

ine the structural changes in the brain as described in our previous

studies Wang et al. (2021); Zhang et al. (2021). The main processes

included (a) removal of nonbrain tissue, (b) automatic Talairach trans-

formation, (c) segmentation of subcortical white matter and deep

GMV structures, (d) intensity normalization, (e) gray/white matter

mosaic boundary delineation, (f) automatic topology correction,

(g) surface deformation, and (h) registration of the subject's brain to a

common spherical atlas.

Then, we used Analysis of Functional NeuroImages software

(http://afni.nimh.nih.gov/) and FMRIB's Software Library (FSL 5.0.0,

http://www.fmrib.ox.ac.uk/fsl/) to analyze fMRI resting-state imaging

data. The main steps were as follows: (1) slice-timing correction; (2) rigid-

TABLE 1 Characteristics of the participating HUs

N = 58 HU1 HU2

Age (years) 43.2 ± 7.1a 43.2 ± 7.1a

Gender (male/female) 31/27 31/27

Handedness 58 R 58 R

Duration of drug use (years) 15.8 ± 6.8a 15.8 ± 6.8a

Duration of abstinence

(days)

65 (1,381)b 318 (244,395)b

Interval between MR2 and

MR1

254 ± 85 254 ± 85

Drug dosage (g/day) 0.5 (0.01, 1.5)c 0.5 (0.01, 1.5)c

Trail Making Test-A (s) 11.8 ± 7.8

(N = 28)

9.6 ± 4.7

(N = 28)

Note: Characteristics of the participating heroin users (HUs). HU1:

abstinent heroin users at baseline; HU2: abstinent heroin users at the

8-month follow-up; MR1: time of baseline MR scan; MR2: 8-month

follow-up MR scan.
aAverage ± SD.
bAverage (Q1, Q3).
cMedian (range).
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body head motion correction (head motion exceeding 2 mm or rotation

exceeding 2� was excluded); (3) removal of the skull; (4) spatial smooth-

ing; (5) affine coregistration to the skull-stripped structural image; (6) spa-

tial normalization to the Montreal Neurological Institute 52 (MNI152)

template (with a 6 mm full width at half maximum Gaussian kernel); and

(7) intensity normalization. In addition, wavelet despiking was used in the

RSFC analyses to regress out the nuisance signals containing head

motions and the principal components from white matter and cerebro-

spinal fluid regions Patel et al. (2014). The denoising process consisted of

time-series despiking (wavelet domain), nuisance signal regression

(14-parameter regression), and temporal Fourier filtering (0.009–

0.10 Hz) Patel et al. (2014).

F IGURE 2 (a) Structural differences between HU1 and HU2. HU1: abstinent heroin users at baseline. HU2: abstinent heroin users at the
8-month follow-up. Compared with HU1, HU2 demonstrated significantly increased cortical thickness in the bilateral SFG and significantly
decreased cortical thickness in the left pericalcarine, left postcentral, left fusiform, left paracentral, bilateral superior temporal, bilateral
supramarginal, and right precentral regions. Monte Carlo simulation cluster analysis with 5,000 iterations and a cluster threshold of p < .05 was
performed to correct for multiple comparisons. (b) SFG cortical thickness difference between HU1 and HU2; the mean bilateral SFG cortical
thickness for HU2 was greater than that for HU1. (c) Transformation of the label file in fsaverage space to the NIFTI file in MNI standard space.
* indicates significant cortical thickness differences between HU1 and HU2. HU, heroin user; MNI, Montreal Neurological Institute; SFG, superior
frontal gyrus

F IGURE 1 (a) The TMT-A
time for HU2 was significantly
higher than that for HU1
(p = .027). (b) The craving score
for HU2 was significantly lower
than that for HU1 (p < .001).
* indicates significant differences
(TMT-A time) in HU1 and HU2.
HU, heroin user; TMT-A, Trail

Making Test-A
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To investigate the potential functional changes in the brain regions

that showed structural changes, the clusters that changed in the paired

t test during the structural analysis were selected as regions of interest.

These changed clusters were transformed from the label file in fsaverage

space to the NIFTI file in Montreal Neurological Institute (MNI) standard

space using the following steps (Figure 2c). First, mri_label2label was

used to transfer the label file from fsaverage space to ch2 space. Next,

tkregister2 was used to obtain the parameters used to map from

fsaverage space to MNI standard space. Then, mri_label2vol was used to

convert the label file in ch2 space to the NIFTI file in MNI standard

space. Finally, we resliced the NIFTI file to align the data to the 2 mm

standard template in MNI standard space.

2.4 | Statistical analysis

Statistical analyses of the behavioral data were conducted using SPSS

21.0. We adopted the paired t test to evaluate the differences in

TMT-A and craving scores at a significance level of p < .05. Addition-

ally, the paired t test was performed to assess the significance of alter-

ations in cortical thickness, subcortical volume and RSFC. For the

structural results, a Monte Carlo simulation cluster analysis with 5,000

iterations and a cluster threshold of p < .05 (false discovery rate

corrected) was performed to correct for multiple comparisons. The

volumes of the striatum subsets, including the putamen, NAc, caudate

and pallidum, were extracted, divided by the intracranial volume and

then compared (p < .05/8, Bonferroni corrected). Subsequently, RSFC

differences between HU1 and HU2 were assessed at a cluster thresh-

old of p < .05 (familywise error [FWE] corrected). Whole brain

regression analysis was used to study the relationship between the

changes in RSFC and the changes in TMT-A and craving scores.

3 | RESULTS

3.1 | Behavioral results

The TMT-A time for HU2 was significantly shorter than that for HU1

(p = .027; Figure 1a). The craving score for HU2 was significantly

lower than that for HU1 (p < .001; Figure 1b).

3.2 | Structural results

Compared with HU1, HU2 showed significantly increased cortical

thickness in the bilateral superior frontal gyrus (SFG) and significantly

decreased cortical thickness in the left pericalcarine, left postcentral,

left fusiform, left paracentral, bilateral superior temporal, bilateral sup-

ramarginal, and right precentral regions (Figure 2a; Table 2). No signifi-

cant differences were observed in the volumes of the striatum

subsets between HU1 and HU2.

3.3 | Functional connectivity results

Compared with HU1, HU2 was associated with increased RSFC

between the left SFG and the bilateral IFG (FWE correction, p < .05;

Figure 3; Table 3). No significantly increased RSFC of the right SFG

TABLE 2 Differences in cortical thickness between HU1 and HU2

Region Hemisphere

Talairach coordinates

Number of vertices Max. vertex

Clusterwise

Cohen's dx y z p value

Cortical thickness: HU1 < HU2

Superior frontal Left �7.4 11.4 58.2 856 152,796 .0002 1.2221

�10.9 8.9 63.4 534 140,568 .0006

Superior frontal Right 21.6 28.8 42.9 2,803 66,607 .0002 1.3721

7.9 56.1 30.1 406 98,477 .0052

Cortical thickness: HU1 > HU2

Pericalcarine Left �18.7 �73.3 8.6 11,500 87,350 .0002 1.3182

Postcentral Left �22.5 �31.8 61.0 5,496 6,149 .0002 1.3049

Fusiform Left �29.7 �72.0 �10.1 2,636 57,862 .0002 1.3079

Paracentral Left �11.3 �39.4 58.4 1,437 109,325 .0002 1.5302

Superior temporal Left �46.5 �38.3 10.4 776 33,558 .0006 1.5178

Supramarginal Left �57.0 �34.0 27.7 545 156,123 .0016 1.1571

Superior parietal Right 19.2 �78.8 40.6 22,680 54,165 .0002 1.3092

Superior temporal Right 62.1 �24.2 5.7 1,516 43,795 .0002 1.6020

Supramarginal Right 52.5 �31.8 42.9 1,047 57,507 .0002 1.3049

Precentral Right 34.6 �15.7 37.5 444 82,053 .0386 1.2984

Note: HU1: abstinent heroin users at baseline; HU2: abstinent heroin users at the 8-month follow-up.
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was found at HU2 relative to HU1 (p < .05, FWE corrected). No signif-

icantly decreased RSFCs of the bilateral SFG were found for HU2 rel-

ative to HU1 (p < .05, FWE corrected).

Compared with HU1, HU2 was associated with increased RSFC

between the left SFG and several regions (p < .005, no correction),

such as the bilateral IFG, bilateral insula, and bilateral NAc (Figure 4).

At HU2, subjects also demonstrated comparatively increased RSFC of

the right SFG with the left IFG, insula and OFC and right IFG and

insula (p < .005, no correction; Figure 5). No significantly decreased

RSFC of the bilateral SFG were found at HU2 relative to HU1

(p < .005, no correction).

3.4 | Correlation between RSFC changes and
behavior improvements

Resting-state functional connectivity changes between the left SFG

and the bilateral IFG (left: r = �.752, p < .0001; right: r = �.692,

p < .0001), the bilateral caudate (left: r = �.544, p = .0028; right:

r = �.720, p < .0001), the left pallidum (r = �.703, p < .0001), and the

right insula (r = �.778, p < .0001) were negatively correlated with

changes in the TMT-A duration (Figure 6). The changes in craving

were negatively correlated with RSFC changes between the left OFC

and the SFG in both hemispheres (left: r = �.810, p < .0001; right:

r = �.860, p < .0001; Figure 7).

4 | DISCUSSION

The purpose of this study was to examine possible behavioral, struc-

tural and functional recovery in heroin addiction using behavioral and

neuroimaging data as well as associations between changed behav-

ioral and neuroimaging measures observed in HUs after periods of

abstinence. The present longitudinal study revealed improved cogni-

tion, reduced craving, and increased SFG cortical thickness and RSFC

after abstinence in HUs, which indicated potential structural and func-

tional recovery in the SFG from baseline to 8 months. In addition, neg-

ative correlations were found between changes in the left SFG RSFC

and both the TMT-A time and craving scores. Our findings are consis-

tent with previous SUD studies showing recovered PFC GMV in

cocaine (Parvaz et al., 2017), methamphetamine and nicotine

(Morales, Lee, Hellemann, O'Neill, & London, 2012), and alcohol

(Demirakca et al., 2011) users after periods of abstinence. Here, we

extended the study of brain recovery after protracted abstinence from

F IGURE 3 Increased RSFC was observed between the L.SFG and the bilateral inferior frontal gyrus (FWE corrected) for HU2 relative to HU1.
FWE, familywise error; HU, heroin user; L.SFG: left superior frontal gyrus; RSFC, resting-state functional connectivity

TABLE 3 Significantly increased
RSFC with L.SFG from HU2 to HU1

Region Brodmann area

Peak voxel

Volume (mm3)

Peak

X Y Z p value

Left inferior frontal gyrus 45/46 24 �50 36 1,200 .02079

Right inferior frontal gyrus 9 174 56 4 160 .01419

Note: All the coordinates refer to Montreal Neurological Institute space.

Abbreviations: HU, heroin user; L.SFG: left superior frontal gyrus; RSFC, resting-state functional

connectivity.
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cocaine, methamphetamine and alcohol users to HUs. Furthermore,

we provided novel evidence of this recovery at both the regional and

circuit levels of the PFC. These findings implicate the role of neuro-

adaptation after protracted abstinence and advance brain plasticity

research in the neuroscience field.

Previous studies have revealed the presence of cognitive impair-

ments among SUD (Fitzpatrick, Rubenis, Lubman, & Verdejo-

Garcia, 2020; Ramey & Regier, 2018; Sampedro-Piquero et al., 2019),

including deficits in decision-making, inhibition and flexibility cognitive

function. In this study, improved cognition was found in HUs after

long-term abstinence (8 months), which was reflected by shorter

TMT-A time at HU2 than at HU1. The TMT-A is a measure that

assesses cognitive function, evaluating cognitive function while per-

forming tasks associated with psychomotor performance, mental flexi-

bility, working memory, and executive function (Bowie &

Harvey, 2006; Yu et al., 2016). Our results suggest the possibility of

enhanced cognitive function to a certain extent in HUs after pro-

tracted abstinence. Notably, impaired cognitive function has been

consistently found to be accompanied by disruption of the PFC in

HUs (Zhang et al., 2016). Li et al. (2014) found decreased bilateral

SFG cortical thickness in HUs with respect to HCs, and we further

verified the involvement of the SFG in heroin addiction by showing

the longitudinal recovery of the SFG structure after protracted absti-

nence (Figure 2b). In addition, we found increased RSFC between the

SFG and the IFG, insula and NAc in this study (Figure 3), which was

correlated with cognitive improvement (reduced TMT-A response

time) in HUs after protracted abstinence (Figure 5). These neuroimag-

ing findings are consistent with previous findings on SUD (Jager,

Kahn, Van Den Brink, Van Ree, & Ramsey, 2006; Verdejo-Garcia &

Perez-Garcia, 2007; Steele et al., 2018). The IFG is involved in cogni-

tion (attention and flexibility); its dysfunction in SUD is reflected by

an attention bias toward drug-related stimuli while overlooking other

stimuli as well as by an inflexibility in goals to procure the drug (Dong

et al., 2021; Goldstein & Volkow, 2011). The NAc and insula are vital

parts of the limbic system that are closely related to addiction (Naqvi,

Rudrauf, Damasio, & Bechara, 2007; Seifert et al., 2015; Tanabe

et al., 2013). Decreased RSFC or regional resting-state measures

between frontal, limbic, and other regions have been consistently

F IGURE 4 (a, b) Increased RSFC was observed between the L.SFG and the left inferior frontal gyrus (IFG), left insula, left NAc, right IFG, right
insula, and right NAc (uncorrected) for HU2 relative to HU1. * indicates significant RSFC differences between HU1 and HU. HU, heroin user; L.
SFG: left superior frontal gyrus; NAc, nucleus accumbens; RSFC, resting-state functional connectivity
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demonstrated in short-term abstinent HUs or opioid users relative to

HCs in previous cross-sectional studies (Jiang et al., 2011, 2013;

Wang et al., 2013; Xie et al., 2011). Moreover, a longitudinal study

demonstrated increased structural connectivity in frontal and striatal

regions in HUs after 1 month of treatment and abstinence (Fahmy

et al., 2018). Taken together, these and our results suggest that these

SFG circuit RSFC changes can be potential neuroimaging biomarkers

for cognition improvement after protracted abstinence in HUs.

Reduced craving was also observed in HUs after protracted absti-

nence. Craving is the key to maintaining chronic drug-seeking and

drug-taking behaviors (Koob & Volkow, 2016) and is regulated via

interactions between the PFC (e.g., SFG and DLPFC) and several

regions, including the striatum, OFC and insula (Li et al., 2014, 2016;

Wilson, Sayette, & Fiez, 2004). Recently, our study on heroin use

demonstrated the presence of significant functional couplings

between the PFC and the OFC and striatum during a drug cue expo-

sure task (Liu et al., 2021). Consistently, we found that after pro-

tracted abstinence, reduced craving was correlated with improved

RSFC between the bilateral SFG and the left OFC (Figure 6). Our

results highlight the possible roles of SFG-OFC circuits in craving

Joffe, Winder, and Conn (2021). The OFC is a crucial region for con-

trolling goal-oriented behavior in SUD and is thought to be related to

the incubation of heroin craving (Altshuler et al., 2021) induced by

salient stimuli, which then leads to drug-seeking and drug-taking

behaviors. Additionally, the OFC is densely connected with the stria-

tum and limbic regions, which are associated with motivational behav-

ior and reward processing (Wilson et al., 2004). The current study

advances this field by illustrating the relationship between increased

SFG RSFC and reduced craving after protracted abstinence.

Finally, we also found that the cortical thickness in the bilateral

superior temporal and supramarginal regions, the left pericalcarine and

postcentral, fusiform, paracentral regions, and the right precentral region

was decreased after protracted abstinence compared with the baseline.

The alterations in these brain regions were consistent with previous lon-

gitudinal structural studies in cocaine users (Li et al., 2018; Lou

et al., 2012; Xu et al., 2010; Zhang et al., 2015). These regions are

hypothesized to be associated with impulsivity and drug-seeking behav-

iors in HUs (Ma et al., 2015; Sun et al., 2017; Xie et al., 2011). In the cur-

rent study, the decreased cortical thickness of these regions might

reflect the impulsivity changes seen in HUs. Evidently, the lack of impul-

sivity scales in the current study makes it difficult to test these hypothe-

ses, which therefore needs to be confirmed in future studies.

In summary, we identified improved cognitive function and

reduced craving in HUs after protracted abstinence, as well as

F IGURE 5 (a, b) Increased RSFC of the right SFG was observed with the bilateral IFG, insula and OFC (uncorrected) for HU2 relative to HU1.
HU, heroin user; IFG, inferior frontal gyrus; OFC, orbitofrontal cortex; RSFC, resting-state functional connectivity; SFG: superior frontal gyrus
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increased SFG cortical thickness and enhanced SFG RSFC. The associ-

ation between changes in behavior and neuroimaging further implies

the potential for brain recovery in HUs after protracted abstinence.

Our results demonstrate that impaired frontal-limbic neurocircuits can

be partially recovered, which would support both cognitive improve-

ment and reduced craving. No correlation between the right SFG

RSFC and improved cognitive function or reduced craving was found,

which might be due to asymmetry of the brain. Since structural asym-

metry is one of the organizing characteristic of the cerebral cortex

(Roe et al., 2021), it is unknown whether chronic drug use alters

cortical structural or functional asymmetry and/or the asymmetric

interhemispheric recovery of structure or function.

4.1 | Limitations

This study had several limitations. First, a comparison with HCs was

lacking in this study. Second, only approximately 56% (61/108) of

subjects were included in the 8-month follow-up; that is, some HUs in

this study were lost to follow-up. Further work in larger follow-up

F IGURE 6 RSFC changes between the left SFG and the bilateral inferior frontal gyrus (left: r = �.752, p < .0001; right: r = �.692, p < .0001),
the bilateral caudate (left: r = �.544, p = .0028; right: r = �.720, p < .0001), the left pallidum (r = �.703, p < .0001), and the right insula
(r = �.778, p < .0001) were negatively correlated with changes in TMT-A scores. RSFC, resting-state functional connectivity; SFG: superior
frontal gyrus; TMT-A, Trail Making Test-A

F IGURE 7 Changes in craving scores in HUs were negatively correlated with RSFC changes between the left OFC in both hemispheres and
the left OFC in both hemispheres (left: r = �.810, p < .0001; right: r = �.860, p < .0001). HU, heroin user; OFC, orbitofrontal cortex; RSFC,
resting-state functional connectivity; SFG: superior frontal gyrus
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samples is warranted. Third, some subjects refused to complete both

the baseline and follow-up TMT and/or craving assessment, and only

a portion of subjects completed the TMT (28/58) and craving (18/58

assessment) at both time points, which limits the interpretability of

the results due to the very small sample size. Another limitation is that

we did not assess cognition or craving levels during acute abstinence.

Given the relatively especial nature of the population in this study,

this limited sample size is difficult to increase; thus, this is a prelimi-

nary study. In addition, treatment consisting of education and physical

exercise might be an effective way to maintain abstinence and cogni-

tive recovery. Finally, age- and gender-matched control groups are

needed to exclude the possible effect of time. Further work will be

needed to investigate the possible relationship between SFG RSFC

and craving in HUs after protracted abstinence to understand the

implications of the structural and functional recovery of the brain

after protracted abstinence.
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