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Abstract. The objective of the present study was to deter-
mine whether methadone maintenance treatment (MMT) 
in heroin‑dependent patients affects inhibitory control, 
whether any MMT‑induced changes correlate with metha-
done dose and MMT duration, and whether these changes 
depend on the psychological characteristics of patients, such 
as depression, anxiety and impulsivity. Response inhibi-
tion in the GO/NO‑GO test was combined with functional 
magnetic resonance imaging (fMRI) scanning data to 
examine whether MMT affects inhibitory control in 21 
heroin‑addicted patients who had already undergone at least 
three months of MMT. Patients were evaluated one year 
prior to and after the MMT period. Participants exhibited no 
difference in their GO/NO‑GO reaction time and accuracy 
rate, or in their false alarm rate under NO‑GO conditions. 
However, increased activation was detected in numerous 
brain regions in their 12‑month fMRI scans, although these 
were not in the frontal‑striatal loop. Increased fMRI activa-
tion in the left precentral gyrus and superior temporal gyrus 
were negatively correlated with the daily methadone dose 
and total methadone dose during the one‑year study period. 
In conclusion, these results suggested that MMT over one 
year does not significantly change the behavioral indicators 
of inhibitory control function in heroin‑dependent patients. 
The increase in activation leads to the hypothesis that MMT 
over one year may increase cognitive inhibitory control, 
which may be the result of the combined negative effect of 
methadone and the positive effect of functional recovery 
after withdrawal of heroin.

Introduction

Heroin addiction is a global problem with widespread social 
and public health implications. Methadone maintenance treat-
ment (MMT) has been widely used to treat patients addicted to 
heroin. However, it remains controversial whether methadone 
is effective or not.

Behavioral studies (1‑4) have demonstrated that patients 
dependent on heroin or other opioids have a significantly lower 
inhibitory control function than normal volunteers. Animal 
experiments in mice have revealed that methadone treatment 
(2.5‑10 mg/kg) once daily for three weeks with repeated with-
drawals on Saturdays and Sundays has a negative impact on 
cognitive function, regardless of whether methadone is detect-
able in brain tissues (5). In addition, neural apoptotic damage 
caused by chronic methadone administration occurs in mouse 
brain white matter (6) and correlates with memory dysfunc-
tion and depression in former heroin users receiving MMT (7).

Certain studies provided behavioral evidence that MMT 
improves inhibitory control. Using a reaction time test based 
on a stop‑signal task (SST), one study (8) revealed that prior to 
MMT, the reaction time in opioid‑dependent individuals was 
significantly longer than that in healthy controls. However, 
this difference disappeared after these dependent indi-
viduals had been opioid‑abstinent for two months with MMT. 
Another study used the digit symbol substitution task and 
continuous performance task to assess psychomotor speed, 
and selective attention/impulsivity assessment revealed that 
methadone‑maintained individuals performed worse than 
controls after <1 year of MMT. However, their performance 
approached that of controls after longer treatment (1). A study 
that used the Stroop Color‑Word test to examine verbal learning, 
visuospatial memory and psychomotor speed suggested that 
opioid‑dependent subjects exhibit significant improvement in 
cognitive function after two months of MMT (9).

The disagreement between studies regarding whether 
MMT affects inhibitory control function likely reflects the 
inadequate consideration of numerous factors that may affect 
it, including social support, personality and cognitive as well 
as neural factors (10). For instance, depression is ubiquitous 
among patients receiving MMT, although different studies 
report a wide variety of prevalence rates (11) and depressive 
disorders are associated with interference control  (12). A 
voxel‑based morphometric study revealed that MMT patients 
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have structural deficits in the emotion control circuit and 
cerebellum, which are associated with depression, anxiety and 
cognitive dysfunction (13). Using diffusion tensor imaging, 
MMT patients were found to have more memory and emotional 
deficits than healthy subjects (7). Furthermore, significant 
differences were also found in the white matter content of 
the reward circuit and in depression‑ and memory‑associated 
regions. Individuals with high impulsivity and low inhibitory 
control are more likely to become dependent on drugs (14). In 
addition, few event‑associated functional magnetic resonance 
imaging (fMRI) studies have directly examined how therapy 
curbs the addictive thoughts and behaviors of patients. Another 
noteworthy phenomenon is that most former studies on MMT 
have been cross‑sectional, preventing investigators from 
adequately controlling for possible effects of previous addic-
tive drug use. Understanding whether and how MMT affects 
inhibitory control function is essential for improving efficacy, 
which is particularly important, as therapy is associated with a 
relatively high rate of relapse (15).

In order to address these gaps in the literature, the present 
study combined behavioral experiments with fMRI and exam-
ined whether MMT alters particular neuronal circuits associated 
with inhibitory control. This technique has been demonstrated 
to provide sufficient temporal resolution to capture changes in 
inhibitory control (16,17). Previous fMRI studies have indicated 
that significant activation of inhibitory control primarily occurs 
in the bilateral medial prefrontal cortex, anterior cingulate cortex 
and inferior frontal gyrus (IFG) in healthy controls (18‑20). 
Experiments using fMRI have already revealed that fewer brain 
regions and smaller overall brain areas are activated under 
conditions of inhibitory control in heroin‑dependent individuals 
compared with those in healthy controls (18).

The objective of the present study was to determine 
whether MMT in heroin‑dependent patients affects inhibi-
tory control, whether any MMT‑induced changes correlate 
with the methadone dose and MMT duration, and whether 
these changes depend on the psychological characteristics of 
patients such as depression, anxiety and impulsivity.

Materials and methods

Design. In the present study, performance in the classical 
GO/NO‑GO task at baseline and after one year of MMT was 
assessed. Similar to SST, this is often used to assess the inhibi-
tory control of the motor response (21‑24). These tests were 
complemented with several standard behavioral assessments 
of inhibitory function, including the Hamilton anxiety scale 
(HAMA) (25), the Beck Depression Inventory‑II (BDI‑II) (26), 
the Protracted Withdrawal Symptoms Scale (PWSS) (27) and 
the Barratt Impulsivity Scale 11 (BIS‑11) (28).

Participants. The study protocol was approved by the 
Tangdu Hospital Review Board (the Fourth Military Medical 
University, Xi'an, China). MMT subjects were recruited from 
outpatients receiving standard treatment at one of the Baqiao 
methadone substitution treatment centers in Xi'an (China). 
All participants provided written informed consent prior to 
entering into the study. These patients underwent behavioral 
tests and fMRI scans between October and December 2012, 
and these were taken again one year later.

Inclusion criteria were as follows: i) Right‑handedness, 
normal vision and an age of 18‑50 years; ii) heroin dependence 
according to the Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition, Text Revision (DSM‑IV‑TR) 
criteria (29); iii) a score of >90 points on Raven's intelligence 
test, with no clinically significant deficits in intelligence or 
language communication; iv) a history of heroin use followed 
by complete detoxification; v)  intake of a stable dose of 
methadone for at least three months prior to enrollment into 
the study.

Subjects were excluded from the study if they presented 
any of the following: i) history of using cocaine or other drugs 
of abuse besides heroin; ii)  current alcohol intake of >15 
drinks (210 g alcohol; 1.5 oz of liquor or 12 oz of beer) per 
week; iii) cerebral organic disease; iv) positivity for human 
immunodeficiency virus; v) neurological signs and/or history 
of neurological disease in the patient or first‑degree relatives; 
vi) decreased hepatic, renal, or cardiac function, and history 
of long‑term use of associated drugs; vii) claustrophobia or 
other MRI contraindications; viii) a history of cardiovascular 
or endocrine disease; ix) a current medical illness or recent 
medicine use; x) fMRI data showing >1.5 mm of displacement 
and/or >1.5˚ rotation in any of the axes during any of the task 
repetitions; or xi) a combined accuracy rate <90% on the GO 
and NO‑GO tasks and an error rate of >50% on the NO‑GO 
task.

Procedure. The test took 50 min to complete. In the first 
step, clinico‑demographic and psychological scale data were 
collected (Tables I and II). In the second step, fMRI scans and 
the GO/NO‑go task were simultaneously performed. Once 
fMRI data were acquired, participants were paid and verbally 
debriefed.

Assessments. Clinico‑demographic data collection. 
Clinico‑demographic characteristics of patients, as well as 
their history of heroin use and methadone treatment prior to 
the start of the one‑year MMT period, were recorded. Patients 
were also assessed at baseline for severity of psychological 
characteristics using HAMA, BDI, PWSS and BIS‑11. Patients 
were assessed again one year later using the same instruments.

Relapse detection. To detect relapse events, participants were 
interviewed monthly and their urine was tested for heroin.

GO/NO‑GO test. The GO/NO‑GO tasks were performed in 
two runs (18,24,30), which consisted of 316 GO blocks and 
20 NO‑GO blocks, which lasted for 346 sec. The tasks were 
performed during each testing session. Participants lay quietly 
in the MRI scanner during testing. They were presented with 
a text description of the task for 10 sec prior to commence-
ment. During the GO trials, participants were presented with 
the letters ‘X’ or ‘Y’ alternately. Letters appeared in white 
on a black background at a resolution of 640x640; the letter 
appeared for 900 msec, followed by a black screen that lasted 
for 100 msec (stimulus interval). Participants were instructed 
to press button ‘1’ on their keypad as soon as they saw the 
letter ‘X’, and press button ‘2’ when they saw the letter ‘Y’. 
If the alternate rule was broken (as in the NO‑GO trials), 
they were instructed not to press any button. NO‑GO trials 
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were pseudo‑randomly interspersed throughout the GO trials. 
Performance measures on the GO/NO‑GO task, including 
reaction time, accuracy rate and error rate, were collected and 
analyzed using E‑prime version 2.0 (Psychology Software 
Tools, Pittsburgh, PA, USA).

Participants were instructed to stop taking methadone 20 h 
prior to the GO/NO‑GO task, which was performed between 
8:00 a.m. and 12:00 p.m.

MRI data acquisition. fMRI data were acquired from partici-
pants during the performance of the GO/NO‑GO tasks. All 
imaging data were acquired on a 3.0T MRI scanner (GE Signa 
Excite HD; GE Healthcare, Little Chalfont, UK) equipped 
with an 8‑channel head coil. After localizer and conven-
tional anatomical scans, GO/NO‑GO blood oxygenation 
level‑dependent (BOLD) responses were measured as 

a function of time using a T2*‑weighted, single‑shot, 
echo‑planar imaging sequence to acquire T2*‑weighted image 
volumes with approximate AC‑PC alignment [repetition time 
(TR), 2,000 msec; echo time (TE), 30 msec, flip angle, 90˚]. 
Each brain volume consisted of 32 transverse slices with the 
following characteristics: Matrix, 64 tri; field of view (FOV), 
256x256 mm2; thickness, 4 mm; no gap; spatial resolution, 
4x4x4 mm3. Each patient performed two GO/NO‑GO task 
run, 168 echoplanar volumes were collected in each run, 
therefore a total of 336 volumes were collected for each 
patient. A high‑resolution T1‑weighted structural image was 
acquired using a 166‑slice, high‑resolution, fast‑spoiled, 
gradient‑echo 3‑dimensional T1‑weighted imaging sequence 
with the following characteristics: TR, 7.8 msec; TE, 3.0 msec; 
matrix, 256x256 mm2; FOV, 256x256 mm2; spatial resolution, 
1x1x1 mm3.

Table I. Demographic characteristics of heroin‑dependent Han Chinese patients undergoing methadone maintenance treatment.

Characteristic	 Value	 Range

Age, years	 35.8±8.0	 22‑48
Education, years	   9.3±2.1	   6‑12
Cigarette use
  Overall duration, years	 17.2±8.2	   2‑30
  Daily amount, n	 19.0±8.2	   5‑45
  Lifetime amount, n	 123,839.2±77,947.6	 3,650‑306,600
Heroin use
  Overall duration, years	   7.3±6.5	 0.5‑19
  Daily dose, g/day	   0.5±0.4	 0.1‑2.0
  Lifetime dose, g	   1,105.2±1,525.1	 78‑6,852
Methadone use
  Overall duration, years	   2.3±1.4	 0.3‑4.7
  Daily dose, mg	   42.2±16.7	 12‑80
  Lifetime dose, mg	   50,994.7±35,460.4	 9,480‑162,425
  Total dose during the 1‑year study period, mg	 15,188.6±6,000.9	 4,320‑28,440

Table II. Personality and psychological characteristics of heroin‑dependent Han Chinese patients prior to and after 1‑year metha-
done maintenance treatment.

Survey	 Baseline value	 Value after 1‑year therapy	 t‑value	 P‑value 

BDI	 9.3±8.1	 7.7±8.3	 1.151	 0.263
HAMA	 6.4±7.6	 7.9±6.3	‑ 1.104	 0.283
PWSS	 12.3±14.4	 9.8±11.0	 0.826	 0.419
BIS				  
  Total	 62.1±9.9	 62.6±7.1	‑ 0.195	 0.847
  AI	 14.0±3.0	 14.3±2.8	‑ 0.255	 0.801
  MI	 28.9±3.5	 19.4±3.3	 0.850	 0.406
  NPI	 27.9±5.5	 28.9±3.5	‑ 0.708	 0.487

Differences between time‑points were assessed for significance using the paired sample t‑test. BDI, Beck Depression Inventory‑II; HAMA, 
Hamilton Anxiety scale; PWSS, Protracted Withdrawal Symptoms Scale; BIS, Barratt Impulsivity Scale; AI, attention impulsivity; MI, motor 
impulsivity; NPI, non‑planned impulsivity.
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MRI data processing. Structural data were first checked for 
abnormalities independently by two experienced radiologists 
(Yarong Wang and Wei Wang). Discrepancies were resolved 
through consultation. Data were then analyzed using Statistical 
Parametric Mapping 8 software (www.fil.ion.ucl.ac.uk/spm). 
A 6‑parameter rigid‑body transformation involving three rota-
tions and three translations was used to register images and 
correct for head motion. Re‑aligned datasets were spatially 
normalized to the standard stereotactic space of the Montreal 
Neurological Institute (MNI) using a 12‑parameter affine 
transformation and a voxel size of 3x3x3 mm3. Subjects that 
had >1.5 mm of head translation or >1.5˚ head rotation were 
excluded from the analysis. Data were spatially smoothed 
using an 8‑mm full‑width‑half‑maximum Gaussian kernel.

The smoothed data were then analyzed using a General 
Linear Model (17). Individual contrast images captured under 
NO‑GO conditions were compared with individual images 
taken under the GO condition. In the second‑level analysis, these 
images were compared between the two groups using a paired 
sample t‑test. Subtraction results were presented by overlaying 
the statistical maps onto the standardized MNI anatomical 
image, with a threshold of P<0.05 (AlphaSim‑corrected) and a 
cluster size of ≥12 voxels. For further analysis, regions of interest 
(ROIs) were defined by positioning spheres with a 2‑mm radius 
at the local maxima in the statistical map for each cluster.

Statistical analysis. Statistical analysis was performed using 
SPSS 16.0 (SPSS, Inc, Chicago, IL, USA), and the threshold 
of significance was P<0.05. Normally distributed data were 
expressed as the mean ± standard deviation and assessed for 
significant differences between baseline and after one year of 
MMT using the paired sample t‑test. Bivariate Pearson correla-
tion analysis was used to examine possible associations between 
the percentual change in ROI signal intensity over the 1‑year 
MMT period, as well as the clinico‑demographic characteristics 
and behavioral indicators of the inhibitory control.

Results

Participants. Recruitment information was distributed to 
139 heroin addicts undergoing regular MMT at Baqiao metha-
done substitution treatment centers in Xi'an (China). A total of 
78 subjects were initially recruited, of which 73 were males. 
However, 37 subjects failed to show up for baseline testing. 
Among the 41 subjects who performed baseline testing, 15 were 
lost to follow‑up. The remaining 26 subjects underwent testing 
at baseline as well as one year later. However, five subjects had 
to be excluded due to excessive motion during fMRI scanning 
or because their performance on the GO/NO‑GO task fell 
within the exclusion criteria. In the end, the data of 21 Han 
Chinese men (mean age, 35.8 years; range, 22‑48 years) were 
included in the final analysis (Table I).

During the one‑year study period, monthly urine testing 
detected 12 individuals who relapsed for an average of three 
times. The average relapse dose was 0.4 g based on follow‑up 
interviews.

Depression and anxiety characteristics. The BDI, HAMA, 
PWSS and BIS‑11 scores of the participants prior to and after 
the 1‑year MMT period were similar (Table II).

Inhibitory control behavior in the GO/NO‑GO task. 
Participants revealed no differences between baseline and 
at 12 months in terms of reaction time, accuracy rate under 
GO conditions, or false alarm rate under NO‑GO conditions 
(P<0.05; Table III).

Inhibitory control‑associated neural activity during the 
GO/NO‑GO task. Baseline fMRI scans taken prior to the 
one‑year MMT revealed numerous regions of increased acti-
vation during the GO/NO‑GO task (Fig. 1A). These included 
the bilateral occipital lobe (cuneus and superior occipital lobe), 
bilateral parietal lobe (superior parietal lobe, inferior parietal 
lobule and precuneus), bilateral frontal lobule (IFG, superior 
frontal gyrus, middle frontal gyrus and precentral gyrus), limbic 
system (anterior cingulated cortex, insula, back of the hippo-
campus and left parahippocampal gyrus), thalamencephalon 
(caudate nucleus, lentiform nucleus, claustrum and red nucleus), 
and cerebellum. Several regions of decreased activation were 
also observed. These included left cuneus, bilateral paracentral 
lobule, left precentral gyrus and left superior temporal gyrus.

On repeated fMRI scanning using the same protocol 
after one year of MMT, the levels of activation were found 
to be similar to those at baseline, although the overall area of 
activation was greater (Fig. 1B). By contrast, this decreased 
activation was observed in only two areas: Left postcentral 
gyrus and right precuneus.

Differential analysis revealed that the following regions 
had significantly higher activation levels at one year than at 
baseline (AlphaSim‑corrected P<0.005): Bilateral superior 
temporal gyrus, precentral gyrus and insula; left postcen-
tral gyrus, cuneus, supramarginal gyrus, inferior parietal 
lobule and lingual; right IFG and middle cingulate gyrus 
(Fig.  2; Table  IV). No brain areas were found to exhibit 
decreased activation after the one‑year MMT.

Correlations. Changes in fMRI signal intensities between 
baseline and at one year were found to significantly correlate 
with one of the clinico‑demographic characteristics (Fig. 3). 
These were negatively correlated with the total methadone 
dose during the one‑year study period and with the methadone 
dose per day in the left precentral gyrus (P=0.013, r=‑0.534) 
and in the left superior temporal gyrus (P=0.001, r=‑0.661).

At the same time, intensity changes in brain activation did 
not display any significant associations with the duration of 
heroin use, lifetime heroin dose or inhibitory control behavior 
(data not shown).

Discussion

The present study aimed to clarify the controversial question of 
whether MMT significantly affects inhibitory control function 
in heroin‑dependent patients, which was assessed in the present 
study using a classical GO/NO‑GO task. This behavioral task 
was coupled with fMRI to capture dynamic changes in neural 
circuit activation, which are potentially associated with inhibi-
tory control. In order to avoid certain limitations of previous 
studies, the present study performed behavioral and fMRI 
measurements at baseline and after one year of MMT. This did 
not compare patients with healthy participants, thereby helping 
to isolate the effects of methadone from those of heroin.
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The present results suggested that one year of MMT did 
not significantly change the personality inventory scores or 
behavioral indicators of the inhibitory control function in 
heroin‑dependent patients. This is inconsistent with findings 
of previous studies (3,8‑10). This apparent discrepancy may 
reflect the fact that these previous studies were cross‑sectional, 
whereas the present study was longitudinal, which provided a 
potentially more reliable assessment of the effects of MMT. In 
addition, previous studies compared their patients with healthy 

controls, which meant that the outcomes may have been attrib-
uted to the effects of heroin use, MMT or both. The present 
study included only patients with a history of heroin use, who 
had been undergoing MMT. Hence, the key difference between 
measurements at baseline and at one year may only be MMT.

As far as we are aware, the effects of methadone on inhibi-
tory control in humans have not been previously reported, 
although studies in animals suggested that the drug reduces 
inhibitory control (4). The observation of no significant change 
in inhibitory control behavior in the GO/NO‑GO task prior 
to or after one year of MMT may mean that MMT actually 
augments inhibitory control in the long term. If MMT initially 
induced such a decrease in the heroin‑dependent subjects of 
the present study, this would imply that there was a prompt 
recovery to offset the damage. The event‑associated fMRI 
results further confirmed this hypothesis.

The fMRI scanning results of the present study demon-
strated greater activation in regions involved in inhibitory 
control function after one year of MMT than at baseline. This 
is consistent with the idea that one year of MMT increased 
inhibitory control processing at the level of neural circuits, 
which may reflect the increase in inhibitory control ability 
to a certain extent. However, methadone is an opioid, and 
numerous studies on the effects of MMT have reported that it 
may decrease certain cognitive functions in the long term (1‑4). 
These two inconsistent findings may be explained by dual 
functions, the negative methadone effect and the recovery of 
function after withdrawal of heroin. Functional recovery after 
withdrawal of opioids has also been confirmed by numerous 
studies (31‑34). This hypothesis was also supported by the 
correlation analysis results between the change in signal 
intensity of brain activation and the methadone dose found in 
the present study.

Increased BOLD intensity in the left precentral gyrus and 
superior temporal gyrus was negatively correlated with the 
methadone dose per day (mg/day) and the total methadone 
dose during the one‑year study period (mg), suggesting 
that methadone negatively affected the activity in these 
brain regions. The increase in signal may be explained by 
the functional recovery after the withdrawal of heroin. In 
addition, the negative effects of methadone appear to be 
outweighed by overall functional recovery. Studies have 
demonstrated that heroin abstainers gradually recover their 
inhibitory control function with increasing abstinence time 
during MMT (1,8). Consistent with these behavioral studies, 
an fMRI study revealed that certain brain regions linked to 
inhibitory control gradually became active with increasing 

Table III. Characteristics of inhibitory control behavior of patients during execution of the GO/NO‑GO task at baseline and after 
1 year of methadone maintenance treatment.

Items	 Baseline value	 Value after 1‑year therapy	 t‑value	 P‑value 

Average reaction time, msec	 407.33±71.99	 400.30±77.65	 0.337	 0.710
Average accuracy rate on GO, %	 0.98±0.03	 0.98±0.03	‑ 0.296	 0.770
False alarm rate on NO‑GO, %	 0.32±0.12	 0.28±0.14	 0.924	 0.366

Differences between time‑points were assessed for significance using the paired sample t‑test.

Figure 1. Average activation in the brains of 21 heroin‑dependent Han 
Chinese men (A) at baseline and (B) after 1 year of methadone maintenance 
treatment. Axial t‑maps of brain activation (AlphaSim‑corrected P<0.005) 
were superimposed on a standard Statistical Parametric Mapping anatomical 
template brain according to neurological conventions. The z coordinate in the 
Talairach space is presented for each slice. L, left; R, right.
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abstinence time (31). The recovery of inhibitory control in 
heroin‑abstinent individuals independent of MMT may 
be assessed by including an appropriate control arm in 
future studies. However, whether this would comply with 
international ethical standards remains controversial.

It was surprising that one‑year MMT increased the activa-
tion of brain regions associated with inhibitory control without 
affecting inhibitory control behavior in the GO/NO‑GO 
task. A possible explanation may be that one year of MMT 
exerts effects on brain regions associated with inhibitory 

Table IV. Clusters of significant differences in activation detected by functional magnetic resonance imaging in patients during 
execution of the GO/NO‑GO task at baseline and after 1 year of methadone maintenance treatment (AlphaSim‑corrected P<0.005).

Cluster	 L/R	 Brain region	 x	 y	 z	 Voxel	 BA	 t‑valuea

1	 L	 Superior temporal gyrus	‑ 60	 4	 2	 165	 22,41,42	 4.89
	 L	 Insula	‑ 44	‑ 6	 6	 34	 13	 3.68
2	 L	 Lingual	‑ 22	‑ 72	‑ 8	 103	 18,19	 5.24
	 L	 Cuneus	‑ 19	‑ 90	 34	 30	 19	 4.13
3	 L	 Postcentral gyrus	‑ 64	‑ 26	 20	 45	 40	 4.08
	 L	 Inferior parietal lobule	‑ 60	‑ 42	 28	 28	 40	 3.94
	 L	 Supramarginal gyrus	‑ 60	‑ 44	 30	 17	 40	 3.98
4	 R	 Superior temporal gyrus	 54	 6	 2	 45	 22	 4.22
	 R	 Inferior frontal gyrus	 60	 6	 30	 21	 48	 4.04
	 R	 Insula	 40	‑ 20	 12	 16	 13	 3.49
5	 L	 Precentral gyrus	‑ 58	 0	 7	 40	 6	 3.98
6	 R	 Precentral gyrus	 62	 2	 29	 48	 4,6	 4.21
7	 R	 Middle cingulate gyrus	 4	‑ 2	 45	 20	 24	 3.62

aFrom the paired t‑test performed on measurements at the peak voxel within a cluster, i.e., the voxel showing the greatest statistical difference 
from the other voxels in the same cluster. x, y, z, coordinates according to the Montreal Neurological Institute; BA, Brodmann area; L/R, 
left/right cerebrum. 

Figure 2. Maps of regions with differences in brain activation between baseline and after 1 year of methadone maintenance treatment. The 0‑6 scale indicates 
the t‑value of the activation intensity; the larger the t‑value, the more significant the statistical difference. The bilateral superior temporal gyrus, precentral 
gyrus and insula, left postcentral gyrus, cuneus, supramarginal gyrus, inferior parietal lobule and lingual, right inferior frontal gyrus and middle cingulate 
gyrus have significantly higher activation levels at one year than at baseline (paired sample t‑test, significant difference AlphaSim‑corrected, P<0.005).
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control earlier than on inhibitory control behavior. In 1995, 
Harnishfeger  (35) proposed that inhibition occurs in two 
stages: Cognitive inhibition and behavioral inhibition; and 
this distinction continues to drive the field (36). Although two 
contrasting loop theories have been proposed to explain inhibi-
tory control (37,38), each of the two viewpoints that inhibitory 
control is a top‑down process and moves from the back to the 
front of the brain have been confirmed (39). The interaction 
of the supplementary motor area with the subcortical brain 
and brain stem nuclei then completes the inhibitory control 
process (39). The forehead‑striatal loop, which participates 
in motion control and response inhibition, is of particular 
importance  (40‑44). The GO/NO‑GO task is expected to 
trigger cognitive as well as behavioral inhibition. All areas 
that display higher activation after MMT than at baseline 
are associated with the cognitive processes, including those 
occurring in the superior frontal gyrus, which is responsible 
for receiving and processing information (20,21,30,40,45,46). 
However, no significant activation changes were observed in 
the forehead‑striatal loop, particularly in the basal ganglia 
domain (47,48). This may explain why MMT patients demon-
strated no significant improvement in the behavioral test of 
inhibitory control. The possible interpretation of these findings 
is that MMT, for as short as one year, triggers improvement in 
the cognitive inhibitory control processes. However, this time 
may be too short to strengthen behavioral pathways. Future 
studies should examine the two types of inhibitory control in 
greater detail over a longer MMT.

The present study lays the groundwork for follow‑up 
studies to flesh out the effects of MMT at neural and behav-
ioral levels, but its results should be interpreted with caution. 
One major limitation is the small sample size and heteroge-
neity in patient characteristics, which may explain why the 
present study failed to observe correlations of brain activity 
with either the duration of heroin use, which ranged widely 
from 0.5 to 19  years, or the lifetime heroin dose, which 
ranged from 78 to 6,852 g. Low statistical power may also 
explain why the present study failed to observe significant 
changes in behavioral inhibitory controls. All study partici-
pants were male, highlighting the requirement to perform 
similar studies in females. Relapses were detected based on 

self‑report and monthly urine testing, which may underesti-
mate actual relapse events. A large sample would also allow 
subgroup analysis based on those who had relapsed and those 
who did not, thereby providing further insight into the effects 
of MMT. Finally, the present study assessed patients in a 
12‑month window, which may be insufficient for assessing 
the therapeutic potential of MMT.

Despite these limitations, the present study provided 
evidence that MMT increases inhibitory control function in 
heroin‑dependent patients and suggested that the therapy may 
initially work by strengthening cognition‑based inhibitory 
control processes, with behavior‑based processes modified 
in the longer term. This may have implications for deter-
mining the minimal effective MMT period. MMT should be 
beneficial for maintaining heroin withdrawal and inhibitory 
control function recovery after withdrawal. The present study 
also suggested that the psychological and emotional state of 
patients may affect the efficacy of MMT. However, the data 
did not reveal how the duration and the dose of heroin or 
methadone affect MMT efficacy. The findings highlight the 
requirement for more a detailed study with larger samples for 
periods longer than one year.
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