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Background: Heroin use disorder (HUD) remains one of the gravest public health issues in China.
Methadone maintenance treatment (MMT) and protracted abstinence (PA) are the most commonly used
treatments for HUD. Although both treatment approaches can alleviate heroin cravings, a previous study
found that MMT patients had stronger cue-induced brain activation than patients undergoing PA; however,
the changes associated with long-term treatment are unclear.

Methods: Male patients with HUD who had been undergoing either PA (n=24) or MTT (n=21) for
approximately 12 months, together with 20 demographically matched healthy controls, completed an event-
related functional magnetic resonance imaging (fMRI) task. The subjective craving for heroin was evaluated
using a visual analog scale.

Results: Compared to the healthy controls, the MMT and PA groups demonstrated significantly higher
brain activation in the left pallidum, middle occipital gyrus, postcentral gyrus, anterior cingulate cortex,
middle cingulate cortex, inferior parietal lobule, superior parietal lobule, amygdala, hippocampus, right
inferior temporal gyrus, inferior frontal gyrus triangularis, and caudate during exposure to heroin-related
cues. Compared to those undergoing PA, patients in the MMT group demonstrated significantly higher
brain activation in all of these regions. Except for the left inferior parietal lobule and left superior parietal
lobule, there were no statistically significant differences between the PA and healthy control groups. The
MMT patients showed significantly higher subjective cravings before and after exposure to heroin cues
than the PA group, but there was no significant difference in the change in subjective cravings between the
2 groups.

Conclusions: The results suggested that although the HUD patients receiving long-term MMT complied
with the treatment, they still had higher subjective cravings and cue-induced brain activation than those
undergoing PA. Therefore, long-term PA appears to be more beneficial than MMT in reducing the salience
value of drug cues in patients with HUD.
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Introduction

Drug addiction is defined as a “chronic, relapsing disorder”
characterized by a compulsion to seek and use drugs (1). The
current opioid epidemic is one of the most severe public
health crises facing China. According to the latest Annual
Report on Drug Control in China, methamphetamine has
become the most abused drug in China. However, opioid
abuse causes serious harm, and the number of patients
with heroin use disorder (HUD) remains large (2,3).
Responding effectively to the opioid epidemic has proved
difficult, because of its changing nature, its geographic and
demographic diversity, the multiplicity of its causes, and the
severity of adverse outcomes associated with opioid use and
opioid use disorder (OUD) (4). The high relapse rate for
compulsive drug use is a notable feature of drug addiction
and is one of the biggest obstacles to abstinence (5-7).

Methadone maintenance treatment (MMT) and
protracted abstinence (PA) are the 2 most commonly used
treatments for HUD in China. Methadone acts as an
opioid receptor agonist, and its effect of reducing cravings,
physical withdrawal symptoms, and relapse behavior in
individuals with HUD has been well documented (8,9).
MMT is reported to be one of the most effective treatments
for HUD (10). PA is another major treatment method used
in China; HUD patients are prohibited from using any
illegal drugs while undergoing treatment with effective
psychological interventions, which are used to improve their
drug avoidance behavior (11,12). A good treatment strategy
aims to reduce the craving for drugs and prevent relapse,
and both of these treatments have shown modest effects
in reducing the occurrence of craving and other related
behaviors (11,12). However, as a long-acting synthetic
opioid drug, emerging evidence suggests that methadone
may have negative consequences for the integrity of brain
white matter and brain metabolism and function when used
for long periods of time (13). Meanwhile, the effect of long-
term MMT on cue-induced craving and brain activation
remains poorly understood.

Reducing craving behavior is at the core of all addiction
therapy strategies. Cue-induced drug cravings play an
important role underlying relapse. Conditioned cues can
elicit drug-seeking behavior, even after prolonged periods
of abstinence (14), and dysfunction of the mesolimbic,
visuospatial-attention, prefrontal cortex, and cerebellum
regions are shown to be involved in heroin-related cues (15-21).
Using an event-related functional magnetic resonance
imaging (fMRI) paradigm, our previous studies found that
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short-term MMT patients demonstrated higher drug-cue-
related brain activation than those undergoing PA (22),
and that HUD patients showed decreased brain activation
after approximately 6 months of abstinence when compared
to 1 month of abstinence (17). We also found that long-
term MMT can reduce former heroin users’ induced
response of the bilateral dorsal striatum to heroin cues (18).
These results suggested that during abstinence periods of
different lengths, MMT and PA patients have different
brain activation responses to drug cues; both MMT and
PA patients have higher drug-cue-related responses during
short-term treatment, whereas with long-term treatment,
PA patients show reduced brain activation. However, the
difference between long-term MMT and PA is still unclear.

The present study aimed to identify the difference in
brain activation induced by heroin cues between long-
term MMT and PA patients using an event-related fMRI
paradigm. We hypothesized that long-term MMT may lead
to adaptive functional changes in some regions related to
heroin-cue exposure, and that long-term PA is helpful in
reducing brain activation and subjective craving related to
heroin cues.

Methods
Subjects

In total, 71 participants were recruited. Twenty-five
HUD patients undergoing outpatient long-term PA were
recruited from the Drug Rehabilitation Center in Lantian,
Xi’an, and 24 HUD patients receiving outpatient long-term
MMT were recruited from the Bagiao MMT clinic, Xi’an.
A control group comprising 22 healthy controls (HCs) from
the local district around Tangdu Hospital was also recruited.
The inclusion criteria for HUD subjects included: (I)
meeting the diagnostic criteria of DSM-V-TR (Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition)
for HUD; (II) undergoing PA or MMT for approximately
12 months; and (III) right handed. The exclusion criteria
included: (I) abuse of an illegal drug other than heroin; (II)
neurological signs and/or a history of neurological disease;
(IIT) current chronic medical illness; (IV) daily consumption
of alcohol; (V) a history of head trauma; (VI) cardiovascular,
pulmonary, or systemic disease; (VII) claustrophobia; and
(VIII) any contraindications for MRI. All subjects were
cigarette smokers; to avoid the acute effects of cigarette
smoking on the brain, we required all subjects to refrain
from smoking for 24 hours prior to the start of the MRI
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scan. HCs were included if they had no history of substance
abuse or neuropsychiatric disorder.

Design and procedure

This study adopted an event-related design (15-19).
"Twenty-four heroin-cue pictures and 24 neutral pictures
were used. Heroin-cue pictures included heroin injection,
paraphernalia, and preparation, and neutral pictures
included household objects or chores (Figure S1). The
pictures were projected onto a mirror fixed on the head
coil in a pseudo-randomized order with E-Prime 2.0
software (Psychology Software Tools, Inc., Pittsburgh, PA,
USA). The pictures were presented for 2 seconds with a
variable inter-stimulus interval ranging from 4-12 seconds
(mean=8 seconds), during which a crosshair was presented.
The entire task was completed in 1 session and lasted
490 seconds (Figure S2). To avoid the acute effect of
methadone, the fMRI scan was conducted at least 5-8 hours
after daily methadone use (8). Consumption of any tea,
alcohol, caffeine, or medicine was prohibited within the
12 hours before the scan. A 0-10 visual analog scale was
used to assess subjective heroin cravings in the HUD
patients (15-19). Craving ratings were acquired before and
shortly after each fMRI scan. The HUD patients were
given a debriefing interview after the fMRI scan to reduce
the influence of the heroin-cue exposure.

As co-morbidity of drug addiction with psychiatric
disorders is widely reported, the Beck Depression Inventory
IT (BDI) and the Hamilton Anxiety Scale (HAMA) were
used to assess the presence of co-morbid depression and
anxiety.

MRI data acquisition

All imaging data were acquired on a 3.0 T GE-Signa Excite HD
MRI scanner (GE Healthcare, Milwaukee, USA). T',-weighted
images (T, WIs) were collected and checked by an experienced
radiologist to exclude any gross structural abnormality.
Gradient Echo Planar Imaging was used for the collection
of the fMRI images (repetition time =2,000 milliseconds,
echo time =30 milliseconds, flip angle =90°, matrix =64x64,
field of view =256x256 mm’, slice thickness =4 mm, gap =
0 mm, spatial resolution =4x4x4 mm”) (22).

Data preprocessing

The Processing Assistant for Resting-State fMRI (DPARSF)
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software was used for the data processing. The fMRI
data analysis was conducted using Statistical Parametric
Mapping 12 software (SPM12) (http://www.fil.ion.ucl.
ac.uk/spm). The data preprocessing was performed in
the same manner as that in our previous study (22). First,
fMRI images were slice-time-corrected with reference to
the first slice, corrected for motion, registered to the high-
resolution 3-dimensional T'-weighted images (T, WIs), and
then normalized to a standard SPM T, template. Subjects
with head motion of more than 1.5 mm in translation or
1.5° in rotation were excluded. A statistical model for each
subject was computed by applying a canonical response
function. Regionally specific condition effects were tested
by employing linear contrasts for each subject and different
conditions. The critical contrast of interest was the heroin-
related versus neutral cues, which would reveal brain
activity related to the processing of heroin-related cues (23).
Correction for multiple comparisons was conducted using
DPABI software (http://rfmri.org/DPABI)via the Gaussian
Random Field (GRF) Theory correction program within
the whole brain (voxel P<0.001, cluster P<0.05, 2-tailed).

A region of interest (ROI)-based correlation analysis was
performed on all HUD patients to assess the relationship
between changes in cravings and brain activation. Peak
coordinate voxels of each differential cluster were defined
as centers for the sphere-shaped ROIs (radius =3 mm).
Changes in brain activation within the ROIs of the HUD
subjects were extracted and their relationships with the
changes in craving were identified through Pearson’s
correlation analysis. Statistical significance was set as P<0.05
(corrected by false discovery rate).

Results
Demographic and bebavioral characteristics

Six participants were excluded due to excessive head motion
(2 MMT, 1 PA, and 1 HC) and gross brain abnormality in
T,WIs (1 MMT and 1 HC). Therefore, 24 PA patients,
21 MMT patients, and 20 HCs were included in the final
analysis. As presented in 7able 1, there were no statistical
differences in age, education, or cigarette use among the
3 groups. No significant difference was found in heroin
use history or duration of therapy in the HUD patients.
However, there were significant differences in the BDI and
HAMA scores among the 3 groups. Compared with the
HCs, PA patients had significantly increased depression
and anxiety scores, and MM'T patients had significantly
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Group differences

Characteristics HC (n=20) MMT (n=21) PA (n=24)
F/t P
Age (years) 35.2+7.0 35.1+9.3 33.0+6.8 F=0.589 0.558
Years of education 10.2+2.3 9.2+1.7 10.3+3.1 F=1.305 0.279
Duration of heroin use (months) NA 57.8+66.5 78.8+50.4 t=1.179 0.246
Average heroin dose (g/day) NA 0.4+0.3 0.8+0.9 t=1.901 0.068
Total heroin dose (g) NA 510.9+495.2 1,880.2+2,105.7 t=1.559 0.061
Average methadone dose (mg/day) NA 43.6+18.5 NA NA NA
Total methadone dose (mg) NA 15,109.6+7,024.7 NA NA NA
Duration of MMT/PA (months) NA 11.5+2.1 11.8+1.4 t=0.685 0.498
Cigarettes (per day) 15.1£4.5 20.2+8.9 17.0£7.9 F=1.979 0.147
HC, healthy control; MMT, methadone maintenance treatment; PA, protracted abstinence; NA, not available.
Table 2 BDI and HAMA Scores in the PA, MM, and HC groups
Post Hoc/P value

ltems P value (from ANOVA)

HC vs. PA HC vs. MMT MMT vs. PA
BDI Score 0.000" 0.000" 0.047* 0.213
HAMA Score 0.000* 0.000* 0.257 0.029*

*, P<0.05, statistically significant difference. ANOVA, analysis of variance; BDI, Beck Depression Inventory; HAMA, Hamilton Anxiety
Rating Scale; HC, healthy control; MMT, methadone maintenance treatment; PA, protracted abstinence.

Table 3 Subjective craving scores in the PA and MMT groups

Characteristics PA MMT t p
Before cue exposure 1.05+1.12 3.04+2.44 3.44 0.001*
After cue exposure 2.00+1.97 4.33+3.15 2.92 0.006*
Change in craving 1.00+1.45 1.29+1.57 0.65 0.52

*, P<0.05, statistically significant difference. MMT, methadone maintenance treatment; PA, protracted abstinence.

increased depression scores. Compared with the MMT
patients, those undergoing PA had significantly increased
anxiety scores (Tuble 2).

Subjective craving

Both before and after heroin-cue exposure, MMT patients
showed significantly higher subjective craving than PA
patients, although there was no statistical difference in the
change in subjective craving between the 2 groups (Table 3).
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Imaging results

The PA, MMT, and HC groups showed significant
differences in heroin cue-induced brain activation.
Compared to the HCs, the MMT and PA groups
demonstrated significantly higher brain activation in the left
pallidum, middle occipital gyrus, postcentral gyrus, anterior
cingulate cortex (ACC), middle cingulate cortex (MCC),
inferior parietal lobule (IPL), superior parietal lobule (SPL),
amygdala, hippocampus, right inferior temporal gyrus,
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F value 13.72

Wei et al. Cue-induced activation difference between MMT and PA

Figure 1 Analysis of variance results of the differences in brain activation during exposure to heroin-related cues in the MMT, PA, and

HC groups (P<0.05, corrected for GRF simulations; L: left, R: right). HC, healthy control; MMT, methadone maintenance treatment; PA,

protracted abstinence.

inferior frontal gyrus triangularis (IFG-triang), and caudate
(Figure 1, Tuble 4). Compared with the HCs, MMT patients
showed significantly higher heroin-cue-induced brain
activation in all of the regions, including the mesolimbic
region (left hippocampus, cingulate cortex, and amygdala),
reward-related region (right caudate and left pallidum),
visuospatial-attention region (right IFG-triang, left SPL,
left IPL, and left middle occipital gyrus), somatosensory
cortex (left postcentral gyrus), and auditory cortex region
(right inferior temporal gyrus). No difference was found
in brain activation between the HC and MMT groups.
MMT patients also showed significantly higher heroin-cue-
induced brain activation in all of the regions mentioned
above relative to the PA group. Compared with the HCs, the
PA groups showed significantly higher heroin-cue-induced
brain activation in the left IPL and left SPL (Figure 2).

Correlation

The relationship between the changes in craving and
changes in brain activation intensity was analyzed; however,
no correlation results survived multiple comparison
correction.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Discussion

The present study attempted to investigate the difference
in heroin-cue-related brain activation between individuals
undergoing long-term PA and MMT, in order to identify
which treatment strategy is more conducive to reducing the
heroin-cue-induced craving response so as to be beneficial
in rehabilitating brain function. Several different treatment
methods exist for different addictive substances. For
instance, a previous study reported on the immediate effects
of acupuncture on craving after tobacco cessation based
on the fractional amplitude of low-frequency fluctuation
(fALFF) (24). Our research used event-related fMRI and
found that although patients receiving long-term MMT
complied with the treatment, they still reported relatively
higher subjective cravings and demonstrated higher heroin-
cue-induced brain activation than PA patients. In contrast,
long-term PA for HUD patients appears to be more
beneficial than MMT in reducing subjective cravings and in
lowering the salience value of drug-related cues.

In 2008, “The People’s Republic of China Anti-Drug
Law” extended the time of PA from 3-6 months to 1-3 years.
It also defined long-term abstinence for HUD patients
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Table 4 Activated brain regions in the 3 groups in response to heroin-related vs. neutral cues

Peak location

Brain regions Left (L)/right (R) Brodmann’s area Peak F,¢,score  Voxel numbers
X y z

Pallidum L 25 -12 3 -5 22.35 830
Middle occipital gyrus L 37 -42 -69 3 52.49 1450
Inferior temporal gyrus R 37 54 -60 -6 36.24 890
IFG-triang R 45 48 36 6 14.26 127
Postcentral gyrus L 48 -45 0 21 19.25 135
ACC L - -3 12 27 19.76 320
MCC L 23 -3 -36 39 16.79 58
IPL L 7 -33 -56 50 17.98 82
SPL L 40 -38 -47 58 13.88 95
Amygdala L 36 -26 -2 22 13.44 82
Caudate R 25 12 14 -10 12.35 82
Hippocampus L - -22 -21 -11 11.22 40

ACC, anterior cingulate cortex; IFG-triang, inferior frontal gyrus triangularis; IPL, inferior parietal lobule; MCC, middle cingulate cortex;

SPL, superior parietal lobule.

as more than 1 year of PA treatment. The main purposes
of the treatment are to improve the curative effect and to
prevent heroin relapse, although the effects of long-term
treatment and the potential neuromechanisms involved
remain unclear. In our previous study, we found that HUD
patients who received short-term MMT (for approximately
6 months) demonstrated higher heroin-cue-induced
activation in the mesolimbic, visuo-spatial attention regions,
memory retrieval related regions, and somatosensory cortex
compared to those receiving short-term PA (22). In the
present study, long-term MMT patients continued to show
significantly higher heroin-cue-induced brain activation,
mainly in the mesolimbic, reward-related, and visuospatial-
attention regions.

The limbic system plays an important role in the
regulation of memory and emotion. We found heroin-
cue-induced activation to be significantly increased in the
amygdala, cingulate cortex, and hippocampus of long-
term MMT patients when compared to that of the PA
and HC subjects. The cingulate cortex is one of the brain
regions most affected by heroin addiction. Ventral ACC
dysfunction may lead to drug-cue reactivity and decision-
making deficits, and affects the encoding of reward
expectations. The rostral part of the ACC is responsible
for inhibitory control (25), and in HUD patients, it shows
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decreased functional connectivity with the orbital frontal
gyrus, dorsolateral prefrontal lobe, and right temporal lobe,
which manifests as impaired inhibition and control over
decision-making (26). Some studies have indicated that the
ACC plays a significant role in behavioral regulation and
emotional responses, including reward and punishment
(27,28), and that emotional dysregulation is the initiating
factor for relapse (29). In addition to the ACC, this study
also found that the MCC showed increased activation in
response to heroin cues. We also found that MMT patients
had a higher subjective craving than the PA patients
both before and after exposure to cues. The potential
relationship between the higher subjective craving and
significantly increased activation in the cingulate cortex in
MMT patients should be investigated in future studies.
The amygdala is responsible for the acquisition,
consolidation, and expression of drug-cue learning, which
can induce cravings for drugs and drive relapse (30). One
study reported that memory-related brain regions, such as
the amygdala and hippocampus, were activated when drug-
dependent individuals were exposed to drug cues (31),
which is similar to our present findings. The amygdala
also plays an important role in reward processing, and a
previous study found that when smokers were exposed to
smoking-related stimuli, the activation of the amygdala was
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associated with a smoker’s level of craving (32). In this study,
we found that MMT patients have significantly higher
heroin-cue-induced activation in the limbic region, which
may be related to the specific distribution of methadone
in the brain. Methadone, as a synthetic opioid, is well
absorbed in the brain regions rich in p-opioid receptors (33),
which are predominately located in the limbic system in
humans (34,35). Although the relationship between the
specific distribution of methadone in the limbic system and
the increase of drug-cue-induced activity requires further
confirmation, we believe that MMT patients remain at a
higher risk of relapse caused by heroin-related cues.

The reward circuit consists of the nucleus accumbens
and ventral pallidum. When a heroin user is stimulated
by cues, the brain’s response is affected by the expected
reward. The dopamine neurons projected into the reward
circuit increase the secretion of dopamine, which is in
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direct proportion to the individual’s level of euphoria (36).
The stronger the expectation of reward from the cue, the
greater the motivation and craving to obtain the drug.
This explains why the heroin-cue response in the pallidum
was significantly enhanced in the MMT and PA groups
compared to in the HC group, and is likely due to the
stronger cravings experienced by individuals with HUD.
The posterior central gyrus plays an extremely important
role in emotional management and visual recognition, and
is part of the somatosensory motor cortex (37). Increased
activation in the sensory and motor cortex has been shown
to be related to drug-cue-related relapse in cocaine abuse
patients (38). In the present study, the higher activation in
the left central posterior gyrus in long-term MMT patients
may reflect the potential for drug-cue-related relapse risk
during MMT treatment, which is in line with the higher
relapse rate in MMT patients.
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Our post-hoc analysis results showed that, except for the
left IPL and SPL regions related to visuospatial attention,
there were no statistical differences between the long-term
PA group and the HCs. This finding is in contrast with
that of our previous study in which short-term PA patients
showed extensive heroin-cue-induced brain activation
compared to the HCs (22). After long-term treatment in
this study, the reduced heroin-cue-related brain activation
may reflect the partial recovery of the abnormal brain
function. Rapeli ez al. reported that the therapeutic effect of
abstinence is related to its duration, and they further showed
that the duration of abstinence may affect the change in the
individual’s cognitive ability (39), which is in line with the
partial recovery of heroin-induced dysfunction observed in
the PA group in the present study. It should be noted that
significantly increased depression and anxiety symptoms
were detected in long-term PA patients in this study, and
depression and anxiety have previously been identified as
important factors for relapse following a period of drug
abstinence in HUD patients (40). Consequently, although
long-term PA contributes to the recovery of brain function,
patients with high anxiety and depressive symptoms should
be closely monitored, and effective behavioral interventions
should be implemented.

There are several limitations to this study. Firstly, only
males were included in the study, and therefore possible sex-
related differences between the 2 strategies may not have
been identified. Secondly, due to poor compliance, a high
loss rate, and difficulty in recruiting HUD patients, this
study is cross-sectional by design. A longitudinal design will
be considered for future experiments. Thirdly, the detection
of heroin relapse through a monthly fixed urine just a rough
estimate, the more exact method should be used in future
design. Although the patients in the study cooperated well,
they were all outpatients, and therefore the accuracy of their
heroin usage cannot be guaranteed.

Conclusions

In summary, long-term PA appears to be more beneficial
than MMT in lowering the salience value of drug-related
cues in HUD patients, although the higher anxiety and
depressive symptoms reported during PA treatment should
be of concern. Although MMT is regarded as the most
effective treatment for HUD, long-term MMT patients
have higher subjective craving and heroin-cue-induced
activation located mainly in the mesolimbic, reward-related,
and visuospatial-attention regions.
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Figure S1 An example of the event-related drug-cue response functional magnetic resonance imaging task. There are 2 types of image cues,
including 24 heroin-related and 24 neutral image cues. The former includes images of heroin injection, paraphernalia, and preparation, and
the latter includes household objects or chores.
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Figure S2 The 2 types of image cues were are presented in pseudorandom order, with each image presented for 2 seconds, followed by
an inter-stimulus interval (ISI) ranging from 4 to 12 seconds (mean 8 seconds), during which a white crosshair with black background is

presented while magnetic resonance imaging scanning is underway. The total experiment time lasted for 490 seconds.
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