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Abstract

Methamphetamine (MA) abuse has become a global public health problem due to
damage to various systems throughout the body, especially the central nervous sys-
tem. However, the differences in resting-state brain function between short-term
and long-term abstinence, the pros and cons of treatments, and the relationship
between resting-state brain function and behavioral tests are unknown. Sixty-three
MA abstinent individuals were followed up for nearly 1 year and treated with three
different methods. The amplitude of low-frequency fluctuation (ALFF) and regional
homogeneity (ReHo) based on the Harvard-Oxford atlas (HOA) were measured by
resting-state functional magnetic resonance imaging (fMRI). Impulsivity was evalu-
ated by the Barratt Impulsivity Scale-11 (BIS-11). Brain regions with significant
increases in ALFF and ReHo values in the long-term abstinent group compared to the
short-term abstinent group were around the right frontal pole (McKetin et al., 2012,
https://doi.org/10.1111/j.1360-0443.2012.03933.x) and right middle frontal gyrus
(Wang et al., 2015, https://doi.org/10.1371/journal.pone.0133431). There were no
significant differences among the three groups that experienced long-term absti-
nence. The changes in ALFF and ReHo in the right middle frontal gyrus were signifi-
cantly associated with BIS total scores, BIS attention scores, and BIS nonplanning
scores. The right middle frontal gyrus is a critical region in MA long-term abstinent
individuals exposed to therapeutic intervention, and this region may be useful, when
combined with BIS-11, as a potential biomarker to identify the effect of abstinence

with therapeutic intervention in MA individuals.
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1 | INTRODUCTION

Methamphetamine (MA) is one of the highly addictive
psychostimulants. According to the 2020 World Drug Report by the
United Nations, up to 2018, the total number of MA abusers is
approximately 27 million, which was ranked second to marijuana in
illegal drug use worldwide. The Annual Report on Drug Control
in China described that the number of MA users has surpassed heroin,
becoming the most popular drug of abuse in China at the end of
2017. MA abuse can lead to infectious diseases, including HIV,
hepatitis B, hepatitis C, and even premature death. Furthermore, MA
has been of particular attention for its association with strong neuro-
toxicity, high risk of relapse, and psychiatric comorbidities.* ™

Substantial scientific research has shown changes in the structure
and function of the brain caused by MA abuse became available and
that these changes can be improved to a certain extent after a period
of abstinence and methadone maintenance treatment.*® Resting-
state functional magnetic resonance imaging (fMRI) is a noninvasive
method for evaluating hemodynamic changes caused by neural activ-
ity.21° Amplitude of low-frequency fluctuation (ALFF) and regional
homogeneity (ReHo) measures can be used to evaluate the spontane-
ous neuronal activity in blood oxygenation level dependent (BOLD)
signal by computing the regional intensity at rest.**'2 Hence, ALFF
and ReHo have been widely used in studies of chemical substance
addiction. ™15

Previous animal works have revealed damage in multiple regions,
including the striatum, amygdala, and hippocampus.?®~*® Consistent
with the study of the brains of MA abusers, the levels of dopamine
transporter (DAT) in the nucleus accumbens, caudate nucleus, and
putamen were reduced.’ In addition, the number of cigarettes
smoked per day was only correlated with the metabotropic glutamate
receptor 5 (MGIuR5) distribution volume ratio (DVR) in the brainstem
based on nicotine addiction research.2°

The Harvard-Oxford atlas (HOA) is a probabilistic atlas covering
96 cortical and 21 subcortical structural areas, and Anatomical Auto-
matic Labeling atlas (AAL) has a total of 116 regions, 90 of which
belong to the cerebrum and the remaining 26 belong to the cerebellar
structure. However, compared with the AAL, the HOA includes the
brainstem (97: left brainstem, 98: right brainstem), which allows an
evaluation of potential changes in MA abstinent individuals in the
brainstem. Impulsivity is considered to be the core of addictive behav-
jor, leading to poor recovery and relapse.?! Interestingly, one study
demonstrated that all parameters related to MA use, such as the age
of first use, the duration of MA use, the dosage of MA use, and the
length of withdrawal, indicate the potential role of other factors in
psychomotor, and attention domains.?? Taken together, to explore
the neural basis of impulsivity in MA abstinent subjects, ALFF and
ReHo values in brain areas showing significant differences based on
the HOA following long-term withdrawal were correlated with all MA
use parameters and the Barratt Impulsivity Scale-11 (BIS-11) in the
present study.

The studies described above were either cross-sectional studies

with small sample sizes (MA individuals <30) or animal experiments.
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Moreover, there are few studies combining ALFF and ReHo methods
to investigate differences in longitudinal MA imaging data in the
whole brain based on the HOA and few studies comparing the influ-
ences of different treatment methods on withdrawal effects.

Therefore, the present study combined all MA use parameters,
behavioral tests, and resting-state fMRI of 63 MA abstinent individ-
uals and put forward the following three hypotheses: the first hypoth-
esis is that the ALFF and ReHo values following short-term and long-
term withdrawal are different in some brain regions based on HOA,
the second hypothesis is that different treatments have different
effects following long-term withdrawal in individuals, and the third
hypothesis is that there are correlations between abnormalities in
ALFF and ReHo values in some brain regions, MA use parameters, and
BIS-11 scores.

2 | MATERIALS AND METHODS

21 | Participants

The study was approved by the ethics committee of the Second
Xiangya Hospital of Central South University (Hunan, China). All par-
ticipants provided written informed consent before entering the
study. Our study included 63 MA-dependent participants, and they
were recruited from drug rehabilitation centers in Changsha, Zhuzhou,
and Yueyang (Hunan, China) where the participants were treated
without MA but with medicine, education, and physical exercise dur-
ing abstinence. The inclusion criteria were as follows: (1) had a posi-
tive urine test for MA and negative urine test for other drugs; (2) met
the criteria for the diagnosis of addiction in the Fourth Edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV);
(3) had normal visual acuity, hearing, and right-handedness; (4) had no
history of structural brain disease, epilepsy, head trauma, mental, or
psychiatric illness; and (5) had no contraindications to MRI, and fMRI
data showed <2.0 mm of displacement and/or <2.0° rotation in any of
the axes. The patients who met the aforementioned criteria provided
information regarding demographic characteristics, which included
age, sex, educational attainment, age of first use MA, duration of MA
use, regular addiction dose per day, Fagerstrom Test for Nicotine
Dependence (FTND) score,?* and Alcohol Use Disorders Identification
Test (AUDIT) score.?> The patients also performed the behavioral
tests of BIS-11 and underwent fMRI scans after the compulsory
short-term abstinence (3-54 days). The patients were assessed again
after the compulsory long-term abstinence (131-439 days) using the
same scale and instruments. Finally, after excluding 13 participants
due to severe head motion, the study included 50 MA abstinent right-
handed people and collected the abovementioned data of short-term
and long-term withdrawal of each person, for a total of 100 copies.
Based on withdrawal time, they were divided into a short-term absti-
nent group (N = 50) and long-term abstinent group (N = 50). More-
over, the 50 participants who experienced long-term withdrawal were
divided into three groups based on different treatment methods,

including the traditional Chinese medicine group (Group1), Western
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medicine group (Group?2), and combination group (Group3). The three
groups included 16, 18, and 16 persons respectively. The experimen-

tal design flowchart was shown in Figure 1.

2.2 | MR imaging acquisition

All imaging data were acquired on a 3T Siemens Skyra MRI scanner
(Magnetom Skyra, Siemens, Germany) with a 32-channel head coil.
During the scans, participants remained still, kept their eyes close, and
without thinking about anything in particular. In addition, participants
lay supine with foam padding between their head and the coil to mini-
mize head movements. The MRI scanning included T1-weight imaging
(TIWI), T2-weight imaging (T2WI), three-dimensional magnetically
prepared rapid acquisition gradient echo (3D MPRAGE) sequences,
and resting-state fMRI sessions (BOLD). The scanning parameters of
3D MPRAGE and BOLD are as follows: 176 sagittal slices, TR
1450 ms, TE 2.03 ms, flip angle 30°, voxel size 1 x 1 x 1 mm?, slice
thickness 1 mm, Field of View (FOV) 256 mm x 256 mm? and
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36 axial slices, TR 2000 ms, TE 30 ms, flip angle 80°, voxel size
4 x 4 x 4 mm?, slice thickness 4 mm, FOV 220 mm x 220 mm?.

2.3 | MR imaging processing

Data Processing Assistant for Resting-State fMRI (DPABI, 4.3,
Advanced edition) software (http://rfmri.org/dpabi)*® based on
MATLAB 2016b was used to conduct MR imaging preprocessing.
DPABI can automatically process MR images through the following
steps: (1) Digital Imaging and Communications in Medicine (DICOM
MRI) data files were converted into neuroimaging informatics technol-
ogy initiative (NIFTI) images; (2) the initial 10 scan volumes were dis-
carded to allow for steady-state magnetization; (3) slice timing and
realignment was conducted, and participants with head movement
>2 mm or rotation >2° were excluded; (4) after registering resting-
state images with each subject's T1 structural images, all the images
were manually reoriented to the AC-PC axis; (5) nuisance covariates
regression: regressing out nuisance variables including the Friston

63 MA-dependent participants

[
short-term abstinence (3-54 days)

I
long-term abstinence (131-439 days)

collected the demographic characteristics, assessed BIS-11 and underwent fMRI scans

Inclusion criteria:

or psychiatric illness;

(1) positive urine test for MA and negative urine test for other drugs;
(2) meet the criteria for the diagnosis of addiction in the Fourth Edition
of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV);
(3) normal visual acuity, hearing, and right-handedness;

(4) no history of structural brain disease, epilepsy, head trauma, mental

(5) no contraindications to MRI; fMRI data showing < 2.0 mm of
displacement and/or < 2.0° rotation in any of the axes.

13 participants severe head movement

50 MA-abstinent right-handed people
(short-term abstinent group and long-term abstinent group)

long-term abstinence

short-term abstinence

traditional Chinese Western combination
medicine group medicine group group

changes in ALFF and ReHo Values of MA individuals based on Harvard-Oxford Atlas

FIGURE 1 Experimental design flowchart
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24-parameter of head motion, the WM and the CSF signal to further
reduce nonneuronal signal confounds; and (6) normalization: images
were spatially normalized to Montreal Neurological Institute (MNI)
space with the diffeomorphic anatomical registration through the

exponential lie algebra (DARTEL) registration method.?”

24 | ALFF and ReHo values calculation

ALFF and ReHo analysis was carried out with DPABI. We obtained
ALFF value as follows: First, the 6-mm full-width half-maximum
(FWHM) Gaussian kernel was used to complete the smoothing pro-
cess, and the resampled image was spatially smoothed to reduce spa-
tial noise. Then each voxel of the filtered time series was transformed
into the frequency domain with a Fast Fourier Transform and the
power spectrum was calculated. After measuring the square root of
the signal across 0.01-0.08 Hz for each voxel, subtracting the average
value and dividing by the whole brain voxel deviation, the ALFF value
was converted to an m-distribution to achieve standardization. Finally,
we obtained a standardized whole brain ALFF map.

ReHo values were calculated as follows: First, to reduce the low-
frequency drift and high-frequency noise, the spatially standardized
data were passed through a 0.01-0.08 Hz bandpass filter. Then,
Kendall's Coefficient of Concordance (KCC, also called the ReHo
value) was applied to calculate the similarity between a single voxel
and the surrounding 27 voxels.?® Subsequently, the data were
smoothed with a 6-mm FWHM Gaussian kernel to reduce noise.
Finally, the individual's ReHo image was divided by the average ReHo
value of all the subjects in each group.

Furthermore, the whole brain ALFF and ReHo values for partici-
pants following short-term and long-term abstinence were separately
extracted from the HOA.

2.5 | Statistical analysis

Statistical analysis was performed using SPSS 24.0 (SPSS, Inc,
Chicago, IL, USA) and MATLAB, and the threshold of significance was
P < 0.05.

The statistical analysis process for the short-term and long-term
abstinent groups was as follows: normally distributed data were
expressed as the mean * standard deviation. Significant differences in
BIS-11 data, ALFF values, and ReHo values between the short-term
and long-term abstinent groups were evaluated using the paired sam-
ple t-test based on SPSS and MATLAB code, respectively, and the
ALFF and ReHo results were corrected for multiple comparisons by
false discovery rate (FDR) correction.

The statistical analysis process of the three groups that experi-
enced long-term abstinence was as follows: sex, smoking, and
drinking using chi-square tests. Afterward, one-way ANOVA was
used to calculate the demographic characteristics and statistical
differences in the brain region of ALFF and ReHo from paired sam-

ple t-tests.
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2.6 | Correlation analyses

Bivariate Pearson correlation analyses were applied to examine possi-
ble associations between areas with significant changes based on the
HOA over the nearly 1-year abstinent period, as well as the BIS-11
data, duration of MA use, and age of first use MA. Significance levels
were set at P < 0.05.

3 | RESULTS

3.1 | Demographic characteristics and BIS-11 data

Fifty subjects who underwent testing after short-term abstinence
(25.22 + 14.99 days) as well as long-term abstinence (329.33
+ 90.18 days) later were included in the study. The data for these
50 participants (34 male and 16 female) were shown below: the mean
+ standard deviation of age, years of education, age of first use MA,
duration of MA wuse, dosage of MA use, FTND score, and
AUDI score were 33.14 + 8.47 (range: 16-50 years), 8.96 +2.92
(range: 1-50 years), 26.16 +8.90 (range: 1-50 years), 6.42 +5.41
(range: 1-25 years), 0.44 + 0.41 (range: 0.02-2.00 g/day), 4.89 + 2.09
(range: 0-9), and 4.84 + 5.39 (range: 0-18), respectively (Table 1). The
BIS-11 scores in the short-term and long-term abstinent groups were
similar (Table 2). There were no significant differences among group1,
group2, and group3 in age (36.31 + 10.18 for groupl; 33.22 + 7.09
for group2; 29.88 + 7.17 for group3; Z = 4.386, P = 0.112), years of
education (8.88 +4.00 for groupl; 8.72 £ 2.74 for group2; 9.31
+ 1.78 for group3; Z = 0.986, P = 0.611), age of first use MA (28.69
+ 10.53 for groupl; 26.89 + 8.44 for group2; 22.81 + 6.92 for group3;
Z = 2.855, P=0.240), the duration of MA use (7.69 +5.78 for
groupl; 4.72 + 3.18 for group2; 7.06 + 6.73 for group3; Z = 3.056,
P = 0.217), dosage of MA use (0.39 + 0.38 for group1; 0.36 + 0.29 for
group2; 0.58 +0.53 for group3; Z = 1.243, P = 0.537), short-term
abstinence period (26.06 + 17.53 for groupl; 28.22 +17.61 for

TABLE 1 Demographic characteristics of MA abstinent subjects
Characteristic Value (mean * SD) Range
Age (years) 33.14 + 8.47 16-50
Gender (male/female) 34/16 -
Education (years) 8.96 + 292 1-50
Age of first use (years) 26.16 + 8.90 10-43
Duration of MA use (years) 6.42 + 541 1-25
Dosage of MA use (g/day) 044 £ 041 0.02-2.00
Nicotine use (yes/no) 47/3 -

FTND 4.89 +2.09 0-9
Alcohol use (yes/no) 23/27 -
AUDIT 4.84 +5.39 0-18
Handedness 50R -

Abbreviations: AUDIT, Alcohol Use Disorders Identification Test; FTND,
Fagerstrom Test for Nicotine Dependence; MA, methamphetamine.
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TABLE 2 BIS-11 data of short-term and long-term abstinent groups
Survey Short-term abstinent group (N = 50) Long-term abstinent group (N = 50) t P
Abstinence period (days) 25.22 + 14.99 329.33 + 90.18 —22431 0.000*
BIS total score 87.30 + 14.32 88.0 + 015.42 —-0.621 0.538
BIS motor score 26.57 + 5.62 25.14 + 6.60 1.369 0.178
BIS attention score 31.73 £ 6.37 32.55 +7.06 —1.258 0.215
BIS nonplanning score 29.23 £ 8.90 30.32 + 8.61 -1.201 0.236

Note: Differences between the two groups were assessed for significance using the paired sample t-test. Data were superscripted with asterisks (*)

indicates significant differences between groups.
Abbreviations: BIS, Barratt Impulsivity Scale; N, number of subjects.

TABLE 3 Demographic characteristics of three groups of long-term abstinent subjects

Characteristic Groupl (N = 16) Group2 (N = 18) Group3 (N = 16) Z/y? P

Age (years) 36.31 +10.18 33.22+7.09 29.88 +7.17 4.386 0.112%
Gender (male/female) 12/4 12/6 10/6 0.597 0.742°
Education (years) 8.88 +4.00 872274 9.31+1.78 0.986 0.6117
Age of first use (years) 28.69 + 10.53 26.89 + 8.44 2281+ 6.92 2.855 0.240?
Duration of drug use (years) 7.69 £ 578 472 +3.18 7.06 £ 6.73 3.056 0.2172
Dosage of MA use (g/day) 0.39 +0.38 0.36 +0.29 0.58 +0.53 1.243 0.537%
Abstinent period (days)

Short-term abstinence 26.06 £ 17.53 28.22 +17.61 26.00 + 16.66 0.112 0.9452
Long-term abstinence 304.00 + 113.70 311.11 + 117.41 336.94 £ 82.28 0.613 0.736%
Nicotine use (yes/no) 16/0 15/3 16/0 5.674 0.059°
Alcohol use (yes/no) 7/9 9/9 7/9 0.181 0.913°
Handedness 16R 18R 16R = =

Abbreviation: MA, Methamphetamine; N, number of subjects.
#One-way ANOVA.

bChi-square test. A significant level was set at P < 0.05. There were no statistically significant differences between the three groups. Group1, traditional
Chinese medicine group. Group2, Western medicine group. Group3, combination group.

group2; 26.00 + 16.66 for group3; Z = 0.112, P = 0.945), long-term
abstinence period (304.00 + 113.70 for groupl; 311.11 + 117.41 for
group2; 336.94 + 82.28 for group3; Z = 0.613, P = 0.736), smoking
(16 subjects in groupl smoke; 15 subjects in group2 smoke; 16 sub-
jects in group3 smoke; 2 = 5.674, P = 0.059) and drinking (7 subjects
in group1 drink; 9 subjects in group2 drink; 7 subjects in group3 drink;
x2 = 0.181, P = 0.913) as shown in Table 3.

3.2 | ALFF and ReHo results

Brain region changes based on the HOA in ALFF and ReHo values
(FDR-corrected P < 0.05) between the short-term and long-term
abstinent groups are shown in Tables 4 and 5, and Figure 2. The fol-
lowing brain regions had significantly higher ALFF values in the long-
term abstinent group than in the short-term abstinent group: right
frontal pole (2), insular cortex (4), middle frontal gyrus (8), inferior fron-
tal gyrus, pars triangularis (10), inferior frontal gyrus, pars opercularis
(12), paracingulate gyrus (56), cingulate gyrus, anterior division (58),
frontal operculum cortex (82), and occipital pole (96); in contrast, the

ALFF values in the long-term abstinent group in the bilateral inferior
temporal gyrus, posterior division (29, 30), and inferior temporal gyrus,
temporooccipital part (31, 32) were lower (Table 4). The ReHo values
in the long-term abstinent group were significantly higher than those
in the short-term abstinent group in a wide range of bilateral frontal
poles (1, 2), left superior frontal gyrus (5), and right middle frontal
gyrus (8); in contrast, the long-term abstinent group showed signifi-
cantly lower ReHo values in the right middle temporal gyrus (26),
temporooccipital part, parietal operculum cortex (86), and brainstem
(97, 98) (Table 5). In summary, compared to the short-term abstinent
group, the long-term abstinent group had significantly increased ALFF
and ReHo values around the right frontal pole (2) and right middle
frontal gyrus (8) (Figure 3). In addition, there were no significant differ-

ences among the three groups that experienced long-term abstinence.

3.3 | Correlation analyses

The changes in right middle frontal gyrus (8) based on the HOA in
ALFF and ReHo values following long-term abstinence were positively
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TABLE 4 Region details with group difference in ALFF value
Brain region (HOA) Name of the brain areas R/L t PrDR-corr
2 Frontal pole R 2.718 0.028
4 Insular cortex R 3.341 0.008
8 Middle frontal gyrus R 4.210 0.002
10 Inferior frontal gyrus, pars triangularis R 4.237 0.003
12 Inferior frontal gyrus, pars opercularis R 3.007 0.016
29 Inferior temporal gyrus, posterior division L —-3.566 0.009
30 Inferior temporal gyrus, posterior division R -3.231 0.010
31 Inferior temporal gyrus, temporooccipital part L —2.435 0.045
32 Inferior temporal gyrus, temporooccipital part R —-3.476 0.007
56 Paracingulate gyrus R 2.618 0.034
58 Cingulate gyrus, anterior division R 2454 0.046
82 Frontal operculum cortex R 3.508 0.008
96 Occipital pole R —2.942 0.017

Note: Differences between short-term and long-term abstinent group were assessed for significance using the paired sample t-test, and the statistical
threshold of P < 0.05 was corrected for multiple comparisons with FDR correction.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; FDR, false discovery rate; HOA, Harvard-Oxford atlas; L, left hemisphere; R, right

hemisphere.

TABLE 5 Region details with group difference in ReHo value

Brain region (HOA) Name of the brain areas R/L t PrDR-corr
1 Frontal pole L 2.904 0.041
2 Frontal pole R 2.922 0.050
5 Superior frontal gyrus L 3.345 0.026
8 Middle frontal gyrus R 3.306 0.023
26 Middle temporal gyrus, temporooccipital part R -3.036 0.043
86 Parietal operculum cortex R —-2918 0.044
97 Brainstem - —3.428 0.041
98 Brainstem = —3.368 0.033

Note: Differences between the short-term and long-term abstinent group were assessed for significance using the paired sample t-test, and the statistical
threshold of P < 0.05 was corrected for multiple comparisons with FDR correction.
Abbreviations: FDR, false discovery rate; HOA, Harvard-Oxford atlas; L, left hemisphere; R, right hemisphere; ReHo, regional homogeneity.

correlated with BIS total scores (r = 0.373, P = 0.013, Pepr = 0.039
for ALFF value; r = 0.425, P = 0.004, Prpr = 0.048 for ReHo value),
BIS attention scores (r = 0.323, P = 0.032, Prpr = 0.077 for ALFF
value; r = 0.403, P = 0.007, Prpr = 0.042 for ReHo value), and BIS
nonplanning score (r = 0.305, P =0.044, Prpr = 0.088 for ALFF
value; r = 0.396, P = 0.008, Prpr = 0.032 for ReHo value) (Table 6
and Figure 4). Nevertheless, no significant correlations were found in
the right frontal pole (2) in the short-term abstinent group.

4 | DISCUSSION

To the best of our knowledge, this is the first longitudinal neuroimag-
ing study to investigate brain function differences with MA absti-
nence in the resting state. The main findings of this research were as
follows: (a) compared with the short-term abstinent group, the long-

term abstinent group showed only two areas where both ALFF and
ReHo values increased: right frontal pole (2) and right middle frontal
gyrus (8); (b) there were no significant differences among the three
different treatments that experienced long-term abstinence; (c) the
changes in ALFF and ReHo values in the right middle frontal gyrus
(8) with long-term abstinence were positively correlated with BIS total
scores, BIS attention scores, and BIS nonplanning scores.

Because the ALFF and ReHo values following short-term and
long-term abstinence in MA withdrawal patients were significantly
different in the right middle frontal gyrus (8) based on the HOA and
the ALFF and ReHo values following long-term withdrawal in this
brain area were related to the behavioral results, the right middle
frontal gyrus is the focus of this research. Previous studies have rev-
ealed that the structure and function of the right middle frontal gyrus
in MA withdrawal subjects were abnormal compared with heroin

abusers, MA abstinent subjects in different stages or healthy



DU et AL

FIGURE 2
(ReHo) values based on Harvard-Oxford atlas (HOA)

FIGURE 3 Schematic
diagram of common brain regions
with differences in amplitude of
low-frequency fluctuation (ALFF)
and regional homogeneity (ReHo)
values

controls.2>272% Compared to the heroin group, the MA group had
decreased brain activity in the left middle frontal gyrus.®> Kim et al
found that long-term abstinent MA abusers (18 subjects, abstinent
period 2 6 months) had a smaller right middle frontal cortex gray-
matter density decrease than short-term abstinent MA abusers
(11 subjects, abstinent period < 6 months), although neither period
revealed recovery to the level of healthy comparison subjects.?’ Then,
a fast event-related fMRI design to examine trial-to-trial reaction time
(RT) adjustments was employed, and compared to healthy controls,
MA abusers (12 subjects; mean abstinence time: 2.8 months) had
reduced RT adjustments along with decreased activation in the right
prefrontal cortex.3° The middle frontal gyrus is mainly related to moti-
vation. In the study of drug addiction, increased activity in the middle
frontal gyrus was suggested to be related to a greater desire for drugs
and a desire to frequently find and use drugs.®**2 However, in the
current study, ALFF and ReHo values in the long-term abstinent

group, compared with the short-term abstinent group, demonstrated

Addiction Biolo;

Schematic diagram of brain regions with differences in amplitude of low-frequency fluctuation (ALFF) and regional homogeneity

a significant increase in the right middle frontal gyrus. It may be of
great importance that MA abusers with nearly 1 year of abstinence
have stronger cravings for the drug, and if they stop compulsory absti-
nence at this time, they may be at a high risk of relapse easily leading
to addiction. We believe that the following reasons may have caused
different results regarding the reduction in craving for drugs after
long-term withdrawal in the previous study: (a) The present study
followed up the same group of withdrawal subjects and assessed the
changes in brain function from short-term to long-term withdrawal.
However, the previous study either compared short-term withdrawal
patients with healthy controls or compared two groups of subjects
with different withdrawal times; (b) the sample size of the previous
study participants was too small (<20); (c) the participants in this study
used drugs for a longer period (mean: 6.42 years) than those in previ-
ous studies (mean: 5.25 years), which may have caused more severe
damage to the middle frontal gyrus; (d) the present study had shorter
short-term and long-term withdrawal times (mean: 25.22 days and
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TABLE 6 Correlations between the change in different brain regions of ALFF and ReHo based on HOA, BIS-11 data and demographic
characteristics

ALFF ReHo

Frontal pole (R) Middle frontal gyrus (R) Frontal pole (R) Middle frontal gyrus (R)
Items r P r P Prpr r P r P Prpr
Short-term abstinent group (50)
BIS total score -0.126 0.415 0.258 0.091 —0.080 0.604 0.191 0.214
BIS motor score -0.152 0.324 —0.146 0.343 0.257 0.092 0.262 0.085
BIS attention score 0.036 0.818 0.269 0.077 -0.076 0.626 0.072 0.643
BIS nonplanning score -0.135 0.383 0294 0.053 -0.182 0.237 0.142 0.359
Duration of MA use (years) 0.203 0.157 0.082 0.571 —0.006 0.968 0.063 0.662
Age of first use MA 0.006 0.969 -0.017 0.907 —-0.225 0.116 -0.189 0.189
Long-term abstinent group (50)
BIS total score 0.240 0.116 0.373 0.013* 0.039* 0.060 0.701 0.425 0.004* 0.048*
BIS motor score 0.040 0.797 0.129 0.404 0.485 -0.012 0.938 0.045 0.771 0.771
BIS attention score 0.201 0.191 0.323 0.032* 0.077 —0.008 0.958 0.403 0.007* 0.042*
BIS nonplanning score 0.235 0.124 0.305 0.044* 0.088 0.123 0.427 0.396 0.008* 0.032*
Duration of MA use (years) 0.070 0.628 0.225 0.116 0.199 -0.123 0.393 0.072 0.618 0.674
Age of first use MA —0.115 0.426 —-0.126 0.384 0.512 —0.089 0.537 —0.182 0.205 0.308

Note: Differences between two groups were assessed for significance using the paired sample t-test, and the statistical threshold of P < 0.05 was
corrected with FDR correction. Data superscripted with asterisks (*) indicates significant differences between groups.

Abbreviations: ALFF; amplitude of low-frequency fluctuation; BIS, Barratt Impulsivity Scale; HOA; MA, Methamphetamine; R, right hemisphere; ReHo,
regional homogeneity.
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FIGURE 4 Correlations between the change in right middle frontal gyrus (8) of amplitude of low-frequency fluctuation (ALFF) and regional
homogeneity (ReHo) values and Barratt Impulsivity Scale (BIS) total scores, BIS attention scores, and BIS nonplanning score. These dots roughly
distribute as a positive correlation

329.33 days, respectively) than previous studies (mean: 78 days abilities of the middle frontal gyrus. Further research can explore the
and 918 days, respectively). We believe that this may be related to changes in ALFF and ReHo values in MA individuals after longer

the neurotoxic effects of MA temporarily exceeding the self-recovery periods of withdrawal.
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Meanwhile, the correlation between the increases in ALFF and
ReHo values in the right middle frontal gyrus and increased impulsiv-
ity is further demonstrated by the correlations between ALFF and
ReHo values and BIS-11 scores. Our research showed that for long-
term abstinent MA abusers, BIS total scores, attention scores, and
nonplanning scores were more sensitive than motor scores, reflecting
the increased impulsivity associated with long-term abstinence. Some
studies have reported significant positive associations between BIS
total scores and frontal lobe, but they did not obtain similar subscale
results.>33> One possible explanation for the differences was that
impulsivity includes at least three neurocognitive components,
response inhibition, reward discounting, and disadvantageous
decision-making, and different neurocognitive mechanisms have dif-
ferent neuroanatomical and neurochemical foundations. In addition,
different types of drugs, different research methods, and different
subjects may also be the reasons for the differences. There was an
interesting finding in this study: The correlations were all in the right
hemisphere but not in the left hemisphere. The potential mechanism
may be asymmetrical development of the brain,®® resulting in differ-
ential degrees of MA-induced damage and subsequent repair in the
bilateral cerebral hemispheres. Hence, further studies are needed to
understand the neural mechanisms underlying the correlations
between changes in brain function and the BIS-11 subscale scores.

The limitation of this study is that the outcomes may be attribut-
able to the effects of abstinence, treatment or both. A review
reported that the discontinuation of opioid use usually leads to severe
drug withdrawal symptoms, which can hinder drug abstinence and
ongoing treatment of drug use disorders, and effective treatment of
drug withdrawal symptoms is the critical first step in the successful
treatment of drug use disorders.>” Therefore, for the above reasons,
we have no way to distinguish whether the results were caused by
withdrawal or treatment or both without the inclusion of a treatment
placebo group. In addition, we will study changes in other indicators
of brain function.

In summary, this is the first study to explore local neuronal
activity in MA abusers that compares short-term abstinent and
long-term abstinent subjects using a resting-state fMRI study com-
bined with a behavioral test. We identified significant differences in
ALFF and ReHo values based on the HOA in the right middle fron-
tal gyrus (8) related to impulse suppression, and activity in this area
had a significant positive correlation with BIS total scores, BIS
attention scores, and BIS nonplanning scores, which may help shed
some light on the neurobiological mechanisms in MA participants
with long-term abstinence in the context of therapeutic interven-
tion. These findings are helpful to understand the changes in associ-
ated brain function in long-term MA withdrawal participants
experiencing a therapeutic intervention and provide a reliable theo-
retical basis for the cessation of compulsory withdrawal and
medication.
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