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Background: Repetitive transcranial magnetic stimulation (rTMS) has therapeutic effects

on craving in methamphetamine (METH) use disorder (MUD). The chronic abuse of METH

causes impairments in executive function, and improving executive function reduces

relapse and improves treatment outcomes for drug use disorder. The purpose of this

study was to determine whether executive function helped predict patients’ responses

to rTMS treatment.

Methods: This study employed intermittent theta burst stimulation (iTBS) rTMS

modalities and observed their therapeutic effects on executive function and craving

in MUD patients. MUD patients from an isolated Drug Rehabilitation Institute in China

were chosen and randomly allocated to the iTBS group and sham-stimulation group.

All participants underwent the Behavior Rating Inventory of Executive Function - Adult

Version Scale (BRIEF-A) and Visual Analog Scales (VAS) measurements. Sixty-five

healthy adults matched to the general condition of MUD patients were also recruited

as healthy controls.

Findings: Patients with MUD had significantly worse executive function. iTBS

groups had better treatment effects on the MUD group than the sham-stimulation

group. Further Spearman rank correlation and stepwise multivariate regression analysis

revealed that reduction rates of the total score of the BRIEF-A and subscale scores

of the inhibition factor and working memory factor in the iTBS group positively

correlated with improvements in craving. ROC curve analysis showed that working

memory (AUC = 87.4%; 95% CI = 0.220, 0.631) and GEC (AUC = 0.761%; 95%

CI = 0.209, 0.659) had predictive power to iTBS therapeutic efficacy. The cutoff values

are 13.393 and 59.804, respectively.

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2021.774192
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2021.774192&domain=pdf&date_stamp=2021-12-02
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jdl3925697@163.com
mailto:huashan985@163.com
https://doi.org/10.3389/fpsyt.2021.774192
https://www.frontiersin.org/articles/10.3389/fpsyt.2021.774192/full


Wang et al. Methamphetamine Addiction and iTBS

Conclusions: The iTBS rTMS had a better therapeutic effect on the executive function

of patients with MUD, and the improved executive function had the potential to become

a predictor for the efficacy of iTBS modality for MUD treatment.

Clinical Trial Registration: ClinicalTrials.gov, identifier: ChiCTR2100046954.

Keywords: methamphetamine, repetitive transcranial magnetic stimulation, intermittent theta burst stimulation,

executive function, craving

INTRODUCTION

Methamphetamine (METH) is an extremely dependent
psychoactive substance with a high relapse rate for addiction,
and the search for an effective treatment against it has been
a challenge in the field of addiction medicine (1). Repetitive
transcranial magnetic stimulation (rTMS) is a widely used
physiotherapy technique for brain stimulation; several previous
studies have found it to be effective against substance use
disorder (SUD) (2–5). With the increasing emphasis on the
problem of SUD, a large number of researchers have conducted
several explorations on the modified aspects of rTMS treatment
methods; for example, in recent clinical practice of addiction,
a new rTMS modality, theta burst stimulation (TBS), has
come into use (6, 7) TBS mainly consists of two modalities:
intermittent theta burst stimulation (iTBS) and continuous
theta burst stimulation (cTBS), which promote and inhibit
excitation, respectively. The TBS modality is well tolerated and
safe (8). The reports evaluating the stimulation modality of
iTBS for treating depression have demonstrated its potential
of being no less than high-frequency rTMS mode (9). In
recent decades, iTBS has also been gradually used in the field
of SUD. It was previously studied in patients with cocaine
addiction where the amount of cocaine and frequency of its
use were reduced after 30 sessions of iTBS treatment (10). In
treating METH use disorder (MUD), iTBS stimulation was
recently reported to reduce craving and improve cognition
in MUD patients (7, 11, 12). Previous studies have shown
that iTBS has a shorter duration of treatment (iTBS for 3–
5min vs. 10Hz for 15min), thus allowing treatment of more
patients and reducing the rates of discomfort (13). However,
the research on iTBS in the field of SUD treatment is still in
its infancy.

Craving is a core characteristic of SUD and a major driver
influencing relapse (14, 15). Craving is also effective in predicting
the risk of relapse in SUD individuals and is often targeted
for treating SUD. Also, it is critical to find predictors effective
against craving, in-depth understand the mechanisms of craving,
and further provide a basis for evaluating clinical therapeutics.
Executive function, as an important part of cognitive function,
has gained increasing attention in studies on SUD, which
has found that long-term drug abuse would cause widespread
impairment of executive function (16, 17). Lower executive
function has been reported to be associated with relapse (18),
and improving executive function reduces relapse and improves
treatment outcomes for SUD (19). Executive function may
therefore be an effective novel therapeutic target for improving

drug addiction and relapse and a valid predictor of treatment
efficacy for SUD.

This study employed iTBS rTMSmodalities for treatingMUD,
explored the therapeutic efficacy of iTBS modes for craving
and executive function in MUD patients, and further explored
whether executive function can predict the therapeutic effect of
rTMS on MUD.

METHODS AND MATERIALS

Participants
Sixty-six MUD subjects (MUD group; within 3 months of
detoxification) from Bengbu Drug Rehabilitation Center met the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5)
diagnostic criteria. The conformance to these diagnostic criteria
was confirmed by an expert psychiatrist (associate professor). The
study flowchart is shown in Figure 1.

The MUD group met the following inclusion criteria:
(1) age 18–49 years; (2) normal eyesight and hearing; (3)
received no other treatment during the experimental period;
and (4) within 3 months of detoxification. The exclusion

criteria for these subjects were as follows: (1) serious mental

or neurological illness (e.g., schizophrenia, affective disorders,

epilepsy, or Parkinson’s disease); (2) dependence on substances

other than nicotine (e.g., alcohol, heroin, and cocaine); and (3)
any contraindications to rTMS. They were randomly assigned
(using a computer-generated sequence of numbers) to the
sham rTMS (n = 33) and iTBS groups (n = 33). Nine
patients in the iTBS group who were transferred to other
Drug Rehabilitation Centers for criminal reasons before study
completion were not included in the dataset. Finally, there
were 24 participants in the iTBS group. We did not find
considerable differences in demographics and drug use history
(e.g., age, years of education, age of onset, the numbers of
relapse, METH use before abstinence, duration of METH
use, baseline craving, and baseline executive function between
finishers and non-finishers).

Individuals from a local community were included in the
healthy control (HC) group (65 men). There was no difference
between the HC andMUD groups in terms of demographics such
as age, sex, marital status, and years of education. All the subjects
volunteered to participate and signed an informed consent form
for receiving rTMS treatment.

The Bengbu Medical College Institutional Review Board
authorized this study (approval number: 2018-049). All
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FIGURE 1 | Flowchart of the study. HC, healthy control group; MUD,

methamphetamine use disorder; iTBS, intermittent theta burst stimulation.

experiments were performed in compliance with the
regulatory approval.

TMS Procedures
rTMS was administered by using the CCY-I TMS instrument
(Yiruide Co., Wuhan, China). The figure-of-eight coil was
applied in the iTBS protocol. The resting motor threshold (RMT)
was identified by using the standardized procedure (20). At the
beginning of each treatment session, the patient will be asked
to wear a cloth EEG cap, and the position of intervention was
determined by locating the positions of the F3 electrode for left
DLPFC. Patients received 4 weeks of iTBS stimulation over the
left DLPFC (5 days/week, 20 sessions). The iTBS parameters in
this study were based on the previous safe parameters (11, 12).
The iTBS group received 100% RMT 2 s on and 8 s off for
3min with 600 pulses, three-pulse 50-Hz bursts every 200ms
(at 5Hz). The sham rTMS group received the same parameters
with the coil rotated 90◦ away from the skull. Patients in
the sham group could hear the sound of the coil, but felt
no real stimulation across the cortex. After treatment, patients
were asked if they knew whether they received real or sham

stimulation; all patients answered “real.” All participants were
treated in separate rooms. All patients were assessed at every
treatment session to record adverse events, including headache,
insomnia, seizures, and dizziness.

Blinding
Sixty-six patients who met the inclusion criteria were assigned
to the two rTMS groups according to a computer-generated
sequence of numbers. In this single-blinded study, all the
participants were blinded to the truth or falsity of the stimulation
received. One experimenter (who assessed the results) was
also blinded to the acceptance of rTMS treatment received by
the subjects.

Assessments
Sixty-six MUD patients and 65 HCs were requested to complete
a questionnaire, including demographics (age, education, etc.),
and later complete the Behavior Rating Inventory of Executive
Function - Adult Version Scale (BRIEF-A) in a separate, quiet
room. Only MUD patients underwent a visual analog scale
(VAS) evaluation, and details about their drug use history
[age of onset (years), numbers of relapse, METH use before
abstinence (g/every time), and duration of METH use (years)]
were recorded.

Cue-induced craving: the VAS was used as a tool to determine
the level of craving in MUD individuals. According to the
methods reported in previous literature (21), we created a
presentation consisting of 34 METH-related pictures, such as
drug use sites, drug paraphernalia, drug powder, and drug use
scenarios. Thirty-four pictures were presented each time for
5min and played twice, and after stimulation the participants
were asked to use a VAS to assess according to their own
subjective feelings. The VAS is a straight line of about 10 cm in
length, with 0 indicating no craving and 10 indicating extreme
craving for METH. Cue-induced craving was used to allow
participants to rate their current craving for the drug and was
evaluated before and after TMS stimulation.

Chinese BRIEF-A was used to evaluate the executive function,
which includes 75 items on nine subscales: inhibit, shift,
emotional control, self-monitor, initiate, working memory, plan
or organize, task monitor, and organization of materials. The
first four constitute the Behavioral Regulation Index (BRI), the
last five constitute the metacognitive index (MI), and the sum
of the two index scores is the total score of the global executive
composite (GEC). In this study, the internal consistency of
Cronbach’s α of this scale was 0.918, and the KMO test coefficient
(Bartlett’s test, p < 0.05) was 0.936, indicating that the scale had
good reliability and validity.

Four weeks after rTMS treatment, 57 MUD patients were
retested using the BRIEF-A and VAS.

Statistical Analysis
Changes in craving = pre-experiment score of VAS – post-
experiment score of VAS. The BRIEF-A reduction rate (RR)
algorithm is listed as follows: when post-experiment score >

pretreatment score, reduction rate = (pre-experiment score –
post-experiment score)/(max – pre-experiment score) × 100%.
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When pre-experiment score = post-experiment score, reduction
rate = 0; when post-experiment score < pre-experiment score,
reduction rate = (pre-experiment score – post-experiment
score)/(pre-experiment score – min) × 100%. “Max” and
“min” indicate the upper and lower limits of the value range,
respectively (22).

Data according with normal distribution were given as mean
±standard deviation (M±SD). Data according with skewness
distribution were given as median (quartile spacing). Two-
group differences were compared using the Student t test for
continuous variables and the chi-square test for categorical
variables, and the non-parametric Mann–Whitney U test for
abnormally distributed variables. To investigate relationships
between changes in craving (1Craving) and reduction rate in
BRIEF-A, METH use history (age of onset, the number of
relapse, METH use before abstinence, duration of METH), and
demographics, Spearman correlation analysis was conducted in
the MA group. A stepwise multivariate regression analysis of
1Craving as a dependent variable was performed to investigate
the effect of reduced rates of BRIEF-A and drug use history in
the iTBS group. Receiver operating characteristic (ROC) curves
were constructed at the most discriminating cutoff point values
aiming at documenting the predictive power of 1Craving for the
iTBS therapeutic efficacy. The values of p were two-sided for all
statistical tests. A value of p < 0.05 was considered statistically
significant. The SPSS program (version 25.0, SPSS, Chicago, IL,
USA) was used for statistical analyses.

RESULTS

Demographics, Drug Use History, and
BRIEF-A Data in MUD and HC Groups
There were no differences between the MUD (n = 66) and
HC groups (n = 65) in terms of years of education, age, and
marital status (p> 0.05). TheMUDgroup had significantly worse
executive function than the HC group (p < 0.05) in addition to
initiate, plan or organize, task monitor, organization of materials,
and MI (p > 0.05) (Table 1).

The Impairment of Executive Function Was
Related to METH Use
Pearson correlation analysis was performed to determine the
relationship between baseline BRIEF-A and METH use history
in the MUD group (n = 66). The correlation analysis showed
a significant and positive association with METH use before
abstinence and baseline scores of BRIEF-A (inhibit, emotional
control, self-monitor, initiate, plan or organize, BRI, MI, and
GEC) (Table 2). Because the higher the BRIEF-A score is, the
worse the executive function. The results of correlation analysis
showed that the damage of executive function is positively
correlated with the use of METH.

iTBS rTMS Treatments Exhibited Good
Effects on MUD
Before the treatment, there were no differences between the
sham and iTBS groups in terms of age, education, marital status,

METH use history (age of onset, the number of relapse, METH
use before abstinence, duration of METH), baseline executive
function (inhibit, shift emotional control, self-monitor, initiate,
working memory, plan or organize, task monitor, organization of
materials, BRI, MI, GEC), and baseline craving (Table 3).

Comparisons of the reduction rate of BRIEF-A and changes
of 1Craving in the sham and iTBS groups after treatment were
conducted. The Mann–Whitney U test showed that the iTBS
group had an obvious improvement in1Craving and a reduction
rate of inhibit, shift, emotional control, self-monitor, initiate,
working memory, BRI, and GEC compared with the sham group
(p < 0.05) (Table 4).

Correlation Analyses of the Changes in
Craving (1Craving) and Reduction Rate in
BRIEF-A, METH Use History, and
Demographics
Spearman rank correlation analysis showed a significant and
positive relationship between changes in craving (1Craving) and
reduced rates of subscale scores of inhibit (r = 0.44, p = 0.03),
working memory (r = 0.58, p = 0.003), and GEC (r = 0.41,
p = 0.04) in the iTBS group (n = 24). Other data showed no
significant correlation (Figure 2).

Stepwise Multivariate Regression Analysis
of Changes in Craving (1Craving) as a
Dependent Variable to Determine the
Effect of Reduced Rate of BRIEF-A and
Drug Use History
A stepwise multivariate regression analysis of 1Craving as a
dependent variable was performed to investigate the effect of
reduced rates of BRIEF-A and drug use history in iTBS groups.
Multivariate regression analysis showed that the reduction rates
of GEC (β = 0.414, t = 2.134, p = 0.044) and subscale scores of
inhibition (β= 0.523, t= 2.876, p= 0.009) and working memory
(β = 0.500, t = 2.707, p = 0.013) were independently associated
with 1Craving in the iTBS group (n= 24) (Table 5). It indicated
that improvement in inhibition, working memory subscale, and
GEC could predicate the improvement in craving.

ROC Curve Analysis for Predictive Power
of 1Craving to iTBS Therapeutic Efficacy
1Craving ≤ 2 was regarded as ineffective treatment, and
1Craving > 2 was regarded as effective treatment. The
results of ROC curve analysis showed that inhibition subscale
scores had no predictive power, and working memory subscale
scores and GEC had predictive power to iTBS therapeutic
efficacy. Finally, AUC, p value, 95% confidence interval (CI),
sensitivity, specificity, and cutoff value are shown in Table 6.
Working memory (AUC = 87.4%; 95% CI = 0.220, 0.631)
had higher predictive power than GEC (AUC = 0.761%; 95%
CI = 0.209, 0.659). The cutoff values are 13.393 and 59.804,
respectively (Figure 3).
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TABLE 1 | Demographics, drug use history, and BRIEF-A data in MUD and healthy control groups.

MUD group HC group t/χ2 p

(n =66) (n = 65)

Age (years) 35.287 ± 6.243 34.154 ± 6.323 1.033 0.304

Years of education (years) 8.075 ± 3.416 7.554 ± 2.699 0.969 0.334

Married (%) 48.485 55.384 0.625 0.429

Age of onset (years) 26.485 ± 6.869

The numbers of relapse 0.955 ± 0.867

METH use before abstinence (g/ever time) 0.468 ± 0.320

Duration of METH use (years) 8.803 ± 4.379

BRIEF-A

Inhibit 12.818 ± 3.229 10.892 ± 3.052 3.507 0.001

Shift 9.288 ± 2.332 8.200 ± 2.360 2.654 0.009

Emotional control 15.470 ± 3.900 13.554 ± 4.847 2.549 0.014

Self-monitor 9.364 ± 2.594 8.000 ± 2.250 3.212 0.002

Initiate 12.409 ± 2.893 11.646 ± 3.048 1.468 0.144

Working memory 12.258 ± 2.841 11.139 ± 2.936 2.217 0.028

Plan or organize 15.136 ± 3.867 13.908 ± 3.860 1.820 0.071

Task monitor 9.439 ± 2.240 9.385 ± 2.517 0.132 0.895

Organization of materials 11.849 ± 3.287 11.185 ± 3.716 1.083 0.281

BRI 46.394 ± 10.915 40.646 ± 11.393 3.239 0.002

MI 61.091 ± 13.528 57.262 ± 14.202 1.580 0.116

GEC 108.030 ± 23.626 97.908 ± 25.041 2.380 0.019

Data according with normal distribution were given as mean ± standard deviation (M±SD). MUD, methamphetamine use disorder; HC, healthy control; BRIEF-A, Behavior Rating

Inventory of Executive Function; BRI, Behavioral Regulation Index; MI, metacognitive index; GEC, global executive composite.

TABLE 2 | Baseline executive dysfunction was mainly related to METH use before abstinence (N = 66).

Baseline BRIEF-A Age of onset (years) The numbers of relapse METH use before abstinence (g/ever time) Duration of METH use(years)

Inhibit −0.206 0.024 0.304* 0.061

Shift −0.022 0.144 0.113 −0.032

Emotional control −0.109 0.111 0.273* 0.164

Self-monitor −0.149 −0.020 0.290* 0.047

Initiate 0.034 −0.091 0.283* −0.079

Working memory −0.046 −0.008 0.170 0.146

Plan or organize −0.008 −0.049 0.343** <0.001

Task monitor −0.144 0.105 0.135 0.123

Organization of materials −0.009 −0.051 0.146 0.006

BRI −0.140 0.073 0.280* 0.081

MI −0.031 −0.030 0.252* 0.036

GEC −0.082 0.017 0.274* 0.058

BRI, Behavioral Regulation Index; MI, metacognitive index; GEC, global executive composite. * p < 0.05, **p < 0.01.

It indicated that improvement in executive function in the
iTBS group might become a predictive factor for treatment
efficacy in MUD patients.

DISCUSSION

MUD Patients Exhibited Significant
Impairment of Executive Function
Executive function, often viewed as a complex cognitive function
primarily regulated by the prefrontal cortex, is a flexible set

of cognitive abilities used by individuals in achieving a given

goal. It includes a range of functions such as planning, working

memory, control of impulses, inhibition, action generation,

and monitoring (23). Impairment of executive function has
an important role in the formation, maintenance, cessation,
and relapse of SUD (24). Long-term substance abuse can lead
to pervasive impairment of executive function, resulting in
increased impulsive behavior and decreased self-control, in turn
affecting the treatment effects of SUD and leading to an increased
likelihood of relapse (25, 26).
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TABLE 3 | Demographics, drug use history, BRIEF-A, and VAS scores in two MUD groups before treatment had no difference.

Sham group iTBS group t/χ2 p

(n = 33) (n = 24)

Demographics

Age (years) 36.030 ± 6.626 34.545 ± 5.842 0.966 0.338

Years of education (years) 7.818 ± 3.770 8.333 ± 3.058 −0.610 0.544

Married (%) 57.575 39.393 2.184 0.139

Drug use history

Age of onset (years) 27.545 ± 7.124 25.424 ± 6.538 1.260 0.212

The numbers of relapse 1.000(1.000) 1.000(0.500) −0.864 0.387

METH use before abstinence (g/ever time) 0.481 ± 0.301 0.454 ± 0.341 0.341 0.735

Duration of METH use (years) 8.484 ± 4.528 9.121 ± 4.270 −0.587 0.559

Baseline BRIEF-A

Inhibit 12.818 ± 3.504 12.818 ± 2.983 <0.001 1.000

Shift 8.848 ± 2.209 9.727 ± 2.401 −1.547 0.127

Emotional control 15.121 ± 3.747 15.818 ± 4.065 −0.724 0.472

Self-monitor 9.151 ± 2.762 9.575 ± 2.437 −0.662 0.511

Initiate 12.393 ± 3.009 12.454 ± 2.851 −0.042 0.966

Working memory 11.818 ± 2.822 12.697 ± 2.833 −1.262 0.211

Plan or organize 15.030 ± 4.171 15.242 ± 3.597 −0.221 0.826

Task monitor 9.151 ± 2.279 9.727 ± 2.267 −1.045 0.300

Organization of materials 12.060 ± 3.161 12.575 ± 3.345 −1.829 0.072

BRI 45.939 ± 10.985 47.939 ± 10.919 −0.742 0.461

MI 60.454 ± 13.809 62.697 ± 13.412 −0.946 0.348

GEC 106.393 ± 23.658 110.636 ± 23.832 −0.884 0.380

Baseline craving 2.848 ± 2.840 3.515 ± 3.571 −0.839 0.405

Data according with normal distribution were given as mean ±standard deviation (M±SD). Data according with skewness distribution were given as median (quartile spacing). BRIEF-A,

Behavior Rating Inventory of Executive Function. BRI, Behavioral Regulation Index; MI, metacognitive index; GEC, global executive composite.

TABLE 4 | Comparisons of reduction rate of BRIEF-A and changes of craving in sham group and iTBS group after treatment.

Sham group iTBS group Z p

(n = 33) (n = 24)

Changes of craving

1Craving 0(2.5) 1(3) −2.112 0.045

BRIEF-A (reductive rate, %)

Inhibit −7.692(43.062) 38.750(74.107) −3.528 <0.001

Shift 0(73.000) 50.000(100.000) −2.378 0.017

Emotional control −15.000(28.205) 41.428(72.916) −4.019 <0.001

Self–monitor 0(44.446) 26.785(71.250) −2.448 0.014

Initiate −5.778(9.829) −0.625(7.158) −2.664 0.008

Working memory 0(53.109) 13.393(47.500) −2.032 0.042

Plan or organize 0(68.611) 4.545(89.285) −1.719 0.086

Task monitor 0(50.278) 17.143(66.250) −1.946 0.052

Organization of materials 0(59.127) 5.555(68.750) −1.143 0.253

BRI −0.113(19.285) 33.772(60.162) −3.969 <0.001

MI 9.093(56.681) 23.411(41.623) −1.843 0.065

GEC 2.393(42.556) 30.308(45.166) −3.071 0.002

Data according with skewness distribution were given as median (quartile spacing). 1Craving, changes of craving. BRI, Behavioral Regulation Index; MI, metacognitive index; GEC,

global executive composite. Compared with the sham group.
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FIGURE 2 | Correlation analyses show the positive relationship between changes in craving (1Craving) and reduced rates of subscale scores of inhibition, working

memory, and GEC. Spearman rank correlation analysis between the changes of craving (1Craving) and reduction rate of BRIEF-A, METH use history data, and

demographics, respectively, in two MUD groups showed a significantly and positively relationship between 1Craving and reduction rate of inhibition and reduction rate

of working Memory in the iTBS groups (N = 24). Other data showed no significant correlation. 1Craving, changes of craving, RR, reduction rate.

TABLE 5 | Stepwise multivariate regression analysis with changes of craving (1Craving) as dependent variables to explore the effect of the reduction rate of BRIEF-A and

drug use history.

Group Dependent variables Independent variable Unstandardized coefficients Standardized coefficients t p

β SE β

iTBS 1Craving Reductive rate of inhibition 0.032 0.011 0.523 2.876 0.009

(n = 24) Reductive rate of working memory 0.035 0.013 0.500 2.707 0.013

Reductive rate of GEC 0.033 0.015 0.414 2.134 0.044

Multivariate regression analysis showed that the reduction rates of GEC, inhibition, and working memory were independently associated with 1Craving in the iTBS group. 1Craving,

changes of craving; GEC, global executive composite.

TABLE 6 | ROC curve analysis for predictive power of reduction rates of inhibition, working memory, and GEC to iTBS therapeutic efficacy.

Parameter AUC p 95% CI Sensitivity (%) Specificity (%) Cutoff value

Reduction rate of inhibition 0.710 0.112 0.294–0.871 57.1 88.2 0.453

Reduction rate of working memory 0.874 0.005 0.220–0.631 100 70.6 13.393

Reduction rate of GEC 0.761 0.049 0.209–0.659 57.1 94.1 59.804

ROC curve analysis showed that inhibition subscale scores had no predictive power, and working memory subscale scores and GEC had a predictive power to iTBS therapeutic efficacy.

AUC, area under the curve; CI, confidence interval; GEC, global executive composite.
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FIGURE 3 | Working memory subscale scores and GEC had predictive power to iTBS therapeutic efficacy. RR, reduction rate; GEC, global executive composite;

AUC, area under the curve; iTBS, intermittent theta burst stimulation.

Our study found that MUD patients exhibited significant
impairment of executive function, which correlated with the dose
of METH used. This result is consistent with previous research
(16, 27).

iTBS rTMS Treatments Exhibited Good
Effects on MUD
Currently, researchers have conducted therapeutic explorations
using rTMS for psychoneurological disorders and SUD. Previous
studies have made continuous attempts for treatment modalities,
from low frequency (28, 29) to high frequency (18, 30), and
from rTMS to TBS or from the original stimulation site
(e.g., L-DLPFC) to other sites (e.g., mPFC) (11). Current
research suggested that the stimulation of the DLFPC region
(area within the executive control network) by modalities
such as high-frequency rTMS or iTBS effectively reduced
craving, which might be associated with enhanced executive
function (12, 31, 32).

Also, previous studies showed that using the iTBS parameter
[three-pulse 50-Hz bursts at every 200ms (i.e., at 5Hz)], 2 s on
and 8 s off for 5min once per day, with 900 pulses in total,
at 100% RMT, 5 days/week, 20 daily sessions, over the left
DLPFC (12), or parameter [three-pulse 50-Hz bursts at every
200ms (i.e. at 5Hz)], 2 s on and 8 s off for 3min once per
day, with 600 pulses in total, at 70% RMT, twice-daily TBS
over five consecutive days for a total of 10 sessions, over the
left or right DLPFC (33), all reduced the craving scores of
MUD patients compared with those before intervention and
control groups.

We used the iTBS parameter [three-pulse 50-Hz bursts at
every 200ms (i.e., at 5Hz), 2 s on and 8 s off for 3min once
per day, with 600 pulses in total, at 100% RMT, 5 days/week,
20 daily sessions, over the left DLPFC] to treat MUD patients,
and the result showed that these modalities had an improved
effect on impaired executive function and cue-induced craving.

During this procedure, we did not observe seizures or other
serious adverse reactions, and the safety of iTBS has been stated
in previous reports (34, 35).

Executive function is primarily correlated with prefrontal
lobe function; previous studies found that METH abuse caused
prefrontal lobe damage, and prefrontal lobe damage was the
biological basis by which METH caused impairment of executive
function (16, 17, 36). Therefore, the therapeutic effect of iTBS on
executive function can be achieved by activating DLPFC (major
executive control network) and improving the function of the
prefrontal lobe.

RTMS may improve executive function by increasing
GABAergic levels in the prefrontal cortex (PFC). PFC is
involved in executive function processes (37, 38). In PFC,
the GABAergic interneurons maintain the normal functions
of the PFC pyramidal cells through their inhibitory effects
on the dopaminergic neurotransmitter (projecting from
the VTA) and glutamatergic neurotransmitters (projecting
from the thalamus) (39, 40). Therefore, reduced function
of the GABA system can lead to executive dysfunction (41–
43). Previous studies have found that the use of METH
increases the glutamate level (44, 45) and dopamine level
(46) in the PFC. Overactivation of the glutamatergic neurons
and dopamine neurons by METH could produce excitatory
neurotoxicity and cause cell apoptosis, finally resulting
in executive dysfunction (47, 48). The PFC GABAergic
interneurons suppress overactivation of the dopaminergic
and glutamatergic neurons, and METH exacerbates these
effects by disturbing the inhibitory function of the GABAergic
interneurons (49, 50). More and more studies have found
that theta-burst stimulation or 10-Hz rTMS can improve
the level of GABA in PFC (51–53). It could be hypothesized
that improving the function of the GABA system induced by
rTMS would have a protective effect against METH-induced
executive dysfunction.
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Improvement in Executive Function in the
iTBS Group Might Become a Predictive
Factor for Treatment Efficacy in MUD
Patients
Previous research identified deficits in executive function and
decision-making ability as significant predictors of relapse of
SUD (19). This study found that the iTBS modality produced
therapeutic efficacy for the executive function of MUD patients,
which might predict the therapeutic efficacy of iTBS for
METH addiction.

The theta rhythm parameters for the iTBS modality
are developed according to the physiological functions of
rodents and the human brain, and theta rhythm was similar
to the physiological rhythm of the human cerebral cortex
compared with high-frequency stimulation. Theta rhythm
was found in multiple cerebral regions and was related to
multiple cognitive functions, e.g., working memory, episodic
memory, and executive function (54, 55). Normal theta rhythm
oscillation is considered a predictor of good performance
in executive function (56). Human brain imaging studies
have shown enhanced coupling of theta oscillations between
the hippocampus and DLPFC during cognitive activity
(57). Disrupted coupling of theta oscillations between the
hippocampus and DLPFC occurs in patients with psychiatric
disorders in which cognitive impairment is the predominant
feature (58). Clinical and animal experiments have also shown
that substance abuse causes abnormal theta oscillations in
multiple brain regions (59–61). Thus, iTBS patterns that fit
the endogenous theta rhythm pattern may be favorable for
modulating executive function.

rTMS can modulate cortical excitability, neuronal plasticity,
and brain functional connectivity (62, 63). The magnitude of
motor-evoked potentials elicited by the iTBS modality was
stronger than other stimulation modalities (64). The increased
number of pulses of iTBS stimulation had dose-dependent effects
on the resulting cortical excitability and functional connectivity
(65). The strong cortical excitability produced by iTBSmight lead
to a good therapeutic effect of executive function.

Limitations
(1) Because of regional limitations, we only examined male

MUD patients; further studies required that both male and
female MUD patients be included.

(2) A sole executive function scale was used in this study. In
future studies, a battery of neurocognitive function tests will
be employed to explore the predictive effects of executive
function on MUD treatment.

(3) In this study, we have tried to decrease the potential
deviation of the single blinding method and improve the
therapeutic comfort. In addition, all the subjects were
informed that they would not be allowed to reveal any
treatment details and not to discuss the details of treatment
with each other. However, there is still a common problem
in the rTMS clinical trial; that is, the slight irritant pain and
discomfort of treatment may weaken the blinding method.

In the future, it is significant to adopt more comprehensive
blinding methods and increase the sample size.

(4) This study assessed the short-term predictive role of
executive function. Further follow-up is needed to observe
the long-term predictive effect of executive function on the
chronic and repeating feature of MUD.

In summary, this study found that MUD could cause
impairment of executive function. iTBS rTMSmodality produced
therapeutic efficacy for craving and executive function of MUD
patients. The reduction rates of total score of the BRIEF-A
and subscale scores of the working memory factor might be a
predictor for the therapeutic efficacy of iTBS. In addition, this
study also provides new ideas for the treatment of MUD by
improving executive function.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Compulsory Isolated Drug Rehabilitation Center,
Bengbu, Anhui, China. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

L-JW, L-LM, and D-LJ: conceptualization and methodology.
YW, Y-DZ, and XS: data curation. D-LJ, H-SX, L-JW, and Z-
XR: formal analysis. D-LJ, L-JW, Z-XR, and W-JW: funding
acquisition. H-JT, QL,W-JW, P-PS, LZhu, TW, Y-JW, HG, LZha,
H-FW, L-XC, TW, YW, L-YL, and WZ: investigation. D-LJ and
H-SX: project administration, supervision, and validation. R-
DZ and LZha: resource and software. D-LJ, H-SX, and Z-XR:
visualization. H-SX and Z-XR: writing—original draft. D-LJ and
Z-XR: writing—review and editing. All authors contributed to
the article and approved the submitted version.

FUNDING

This project was supported by the Provincial Natural
Science Foundation of Anhui (1908085MH278), Shanghai
Key Laboratory of Psychotic Disorders Open Grant
(13dz2260500), Program of Bengbu Medical College Science
and Technology Development (2020byzd021, BYKF1820,
BYKF1818, 2020byzd022), Anhui Provincial Education
Department Humanities and Social Science Key Project
(SK2019A0181), Bengbu Medical College Innovative Training
Program for Postgraduate Students (Byycx20048, Byycx20008,
Byycx21025, Byycx21037, Byycxz21039), Innovative Training
Program for Chinese College Students (202010367024),
Natural Science Research Project of Anhui Educational
Committee (KJ2018A1017), Bengbu City - Bengbu Medical

Frontiers in Psychiatry | www.frontiersin.org 9 December 2021 | Volume 12 | Article 774192

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Wang et al. Methamphetamine Addiction and iTBS

College Joint Science and Technology Project (BYLK201822),
and Bengbu Medical College Key Laboratory of Addiction
Medicine (29-3). All funders did not interfere in the
study design, collection, analysis, interpretation, or writing
of manuscript.

ACKNOWLEDGMENTS

We would like to express our gratitude to the researchers who
carried out these experiments, to the Bengbu Drug Rehabilitation
Centre for their help, and to the subjects who cooperated with us.

REFERENCES

1. Paulus MP, Stewart JL. Neurobiology, clinical presentation, and treatment of

methamphetamine use disorder: a review. JAMA Psychiatry. (2020) 77:959–

66. doi: 10.1001/jamapsychiatry.2020.0246

2. Diana M, Fattore L. Editorial: the therapeutic potential of

transcranial magnetic stimulation in addiction. Front Neurosci. (2020)

14:614642. doi: 10.3389/fnins.2020.614642

3. Steele VR. Transcranial magnetic stimulation as an interventional tool for

addiction. Front Neurosci. (2020) 14:592343. doi: 10.3389/fnins.2020.592343

4. Yuan J, Liu W, Liang Q, Cao X, Lucas MV, Yuan TF. Effect

of low-frequency repetitive transcranial magnetic stimulation on

impulse inhibition in abstinent patients with methamphetamine

addiction: a randomized clinical trial. JAMA Netw Open. (2020)

3:e200910. doi: 10.1001/jamanetworkopen.2020.0910

5. Liu Q, Shen Y, Cao X, Li Y, Chen Y, Yang W, et al. Either at left or

right, both high and low frequency rTMS of dorsolateral prefrontal cortex

decreases cue induced craving for methamphetamine. Am J Addict. (2017)

26:776–9. doi: 10.1111/ajad.12638

6. Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta

burst stimulation of the human motor cortex. Neuron. (2005) 45:201–

6. doi: 10.1016/j.neuron.2004.12.033

7. Su H, Chen T, Jiang H, Zhong N, Du J, Xiao K, et al. Intermittent theta

burst transcranial magnetic stimulation for methamphetamine addiction:

a randomized clinical trial. Eur Neuropsychopharmacol. (2020) 31:158–

61. doi: 10.1016/j.euroneuro.2019.12.114

8. Grossheinrich N, Rau A, Pogarell O, Hennig-Fast K, Reinl M, Karch S, et

al. Theta burst stimulation of the prefrontal cortex: safety and impact on

cognition, mood, and resting electroencephalogram. Biol Psychiatry. (2009)

65:778–84. doi: 10.1016/j.biopsych.2008.10.029

9. Blumberger DM, Vila-Rodriguez F, Thorpe KE, Feffer K, Noda Y,

Giacobbe P, et al. Effectiveness of theta burst versus high-frequency

repetitive transcranial magnetic stimulation in patients with depression

(THREE-D): a randomised non-inferiority trial. Lancet. (2018) 391:1683–

92. doi: 10.1016/S0140-6736(18)30295-2

10. Steele VR, Maxwell AM, Ross TJ, Stein EA, Salmeron BJ. Accelerated

intermittent theta-burst stimulation as a treatment for cocaine

use disorder: a proof-of-concept study. Front Neurosci. (2019)

13:1147. doi: 10.3389/fnins.2019.01147

11. Chen T, Su H, Li R, Jiang H, Li X, Wu Q, et al. The exploration of optimized

protocol for repetitive transcranial magnetic stimulation in the treatment

of methamphetamine use disorder: a randomized sham-controlled study.

EBioMedicine. (2020) 60:103027. doi: 10.1016/j.ebiom.2020.103027

12. Chen T, Su H, Jiang H, Li X, Zhong N, Du J, et al. Cognitive and emotional

predictors of real versus sham repetitive transcranial magnetic stimulation

treatment response in methamphetamine use disorder. J Psychiatr Res. (2020)

126:73–80. doi: 10.1016/j.jpsychires.2020.05.007

13. Sanna A, Fattore L, Badas P, Corona G, Cocco V, Diana M. Intermittent theta

burst stimulation of the prefrontal cortex in cocaine use disorder: a pilot study.

Front Neurosci. (2019) 13:765. doi: 10.3389/fnins.2019.00765

14. Robinson TE, Berridge KC. The neural basis of drug craving: an incentive-

sensitization theory of addiction. Brain Res Brain Res Rev. (1993) 18:247–

91. doi: 10.1016/0165-0173(93)90013-P

15. Sinha R, Li CS. Imaging stress- and cue-induced drug and alcohol craving:

association with relapse and clinical implications. Drug Alcohol Rev. (2007)

26:25–31. doi: 10.1080/09595230601036960

16. Mizoguchi H, Yamada K. Methamphetamine use causes cognitive

impairment and altered decision-making. Neurochem Int. (2019)

124:106–13. doi: 10.1016/j.neuint.2018.12.019

17. Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry

analysis. Lancet Psychiatry. (2016) 3:760–73. doi: 10.1016/S2215-0366(16)

00104-8

18. Abdelrahman AA, Noaman M, Fawzy M, Moheb A, Karim AA, Khedr EM.

A double-blind randomized clinical trial of high frequency rTMS over the

DLPFC on nicotine dependence, anxiety and depression. Sci Rep. (2021)

11:1640. doi: 10.1038/s41598-020-80927-5

19. Verdejo-Garcia A, Garcia-Fernandez G, Dom G. Cognition

and addiction. Dialogues Clin Neurosci. (2019) 21:281–

90. doi: 10.31887/DCNS.2019.21.3/gdom

20. Borckardt JJ, Nahas Z, Koola J, George MS. Estimating resting motor

thresholds in transcranial magnetic stimulation research and practice: a

computer simulation evaluation of best methods. J ECT. (2006) 22:169–

75. doi: 10.1097/01.yct.0000235923.52741.72

21. Shen Y, Cao X, Tan T, Shan C, Wang Y, Pan J, et al. 10-Hz repetitive

transcranial magnetic stimulation of the left dorsolateral prefrontal cortex

reduces heroin cue craving in long-term addicts. Biol Psychiatry. (2016)

80:e13–4. doi: 10.1016/j.biopsych.2016.02.006

22. Jizuo W, Su B, Gao C. A new algorithm for reducing score rate. In: Chinese

Health Statistics. (1999). p. 62–63.

23. Fiske A, Holmboe K. Neural substrates of early executive function

development. Dev Rev. (2019) 52:42–62. doi: 10.1016/j.dr.2019.100866

24. Hester R, Lubman DI, Yucel M. The role of executive control

in human drug addiction. Curr Top Behav Neurosci. (2010)

3:301–18. doi: 10.1007/7854_2009_28

25. Melugin PR, Nolan SO, Siciliano CA. Bidirectional causality between

addiction and cognitive deficits. Int Rev Neurobiol. (2021) 157:371–

407. doi: 10.1016/bs.irn.2020.11.001

26. Newton TF, De La Garza R, Kalechstein AD, Tziortzis D, Jacobsen

CA. Theories of addiction: methamphetamine users explanations

for continuing drug use and relapse. Am J Addict. (2009)

18:294–300. doi: 10.1080/10550490902925920

27. Farhadian M, Akbarfahimi M, Hassani Abharian P, Hosseini SG, Shokri S.

Assessment of executive functions inmethamphetamine-addicted individuals:

emphasis on duration of addiction and abstinence. Basic Clin Neurosci. (2017)

8:147–53. doi: 10.18869/nirp.bcn.8.2.147

28. Li X, Malcolm RJ, Huebner K, Hanlon CA, Taylor JJ, Brady KT, et

al. Low frequency repetitive transcranial magnetic stimulation of the left

dorsolateral prefrontal cortex transiently increases cue-induced craving

for methamphetamine: a preliminary study. Drug Alcohol Depend. (2013)

133:641–6. doi: 10.1016/j.drugalcdep.2013.08.012

29. Wu XQ, Zan GY, Ju YY, Chen TZ, Guo LB, Jiao DL, et al. Low-frequency

repetitive transcranial magnetic stimulation inhibits the development of

methamphetamine-induced conditioned place preference. Behav Brain Res.

(2018) 353:129–36. doi: 10.1016/j.bbr.2018.07.004

30. MansouriyehN,Mahmoud-AlilooM, Rostami R. The effect of high-frequency

repetitive transcranial magnetic stimulation on reducing depression and

anxiety in methamphetamine users. Addict Health. (2020) 12:278–86.

doi: 10.22122/ahj.v12i4.288

31. Zhang JJQ, Fong KNK. Effects of repetitive transcranial magnetic stimulation

(rTMS) on craving and substance consumption in patients with substance

dependence: a systematic review and meta-analysis. Addiction. (2019)

114:2137–49. doi: 10.1111/add.14753

32. Gorelick DA, Zangen A, George MS. Transcranial magnetic stimulation in

the treatment of substance addiction. Ann N Y Acad Sci. (2014) 1327:79–

93. doi: 10.1111/nyas.12479

33. Zhao D, Li Y, Liu T, Voon V, Yuan TF. Twice-daily theta burst stimulation of

the dorsolateral prefrontal cortex reduces methamphetamine craving: a pilot

study. Front Neurosci. (2020) 14:208. doi: 10.3389/fnins.2020.00208

Frontiers in Psychiatry | www.frontiersin.org 10 December 2021 | Volume 12 | Article 774192

https://doi.org/10.1001/jamapsychiatry.2020.0246
https://doi.org/10.3389/fnins.2020.614642
https://doi.org/10.3389/fnins.2020.592343
https://doi.org/10.1001/jamanetworkopen.2020.0910
https://doi.org/10.1111/ajad.12638
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.euroneuro.2019.12.114
https://doi.org/10.1016/j.biopsych.2008.10.029
https://doi.org/10.1016/S0140-6736(18)30295-2
https://doi.org/10.3389/fnins.2019.01147
https://doi.org/10.1016/j.ebiom.2020.103027
https://doi.org/10.1016/j.jpsychires.2020.05.007
https://doi.org/10.3389/fnins.2019.00765
https://doi.org/10.1016/0165-0173(93)90013-P
https://doi.org/10.1080/09595230601036960
https://doi.org/10.1016/j.neuint.2018.12.019
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1038/s41598-020-80927-5
https://doi.org/10.31887/DCNS.2019.21.3/gdom
https://doi.org/10.1097/01.yct.0000235923.52741.72
https://doi.org/10.1016/j.biopsych.2016.02.006
https://doi.org/10.1016/j.dr.2019.100866
https://doi.org/10.1007/7854_2009_28
https://doi.org/10.1016/bs.irn.2020.11.001
https://doi.org/10.1080/10550490902925920
https://doi.org/10.18869/nirp.bcn.8.2.147
https://doi.org/10.1016/j.drugalcdep.2013.08.012
https://doi.org/10.1016/j.bbr.2018.07.004
https://doi.org/10.22122/ahj.v12i4.288
https://doi.org/10.1111/add.14753
https://doi.org/10.1111/nyas.12479
https://doi.org/10.3389/fnins.2020.00208
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Wang et al. Methamphetamine Addiction and iTBS

34. Oberman L, Edwards D, Eldaief M, Pascual-Leone A. Safety of theta burst

transcranial magnetic stimulation: a systematic review of the literature. J Clin

Neurophysiol. (2011) 28:67–74. doi: 10.1097/WNP.0b013e318205135f

35. Daskalakis ZJ, Christensen BK, Fitzgerald PB, Chen R. Transcranial magnetic

stimulation: a new investigational and treatment tool in psychiatry. J

Neuropsychiatry Clin Neurosci. (2002) 14:406–15. doi: 10.1176/jnp.14.4.406

36. London ED, KohnoM,Morales AM, Ballard ME. Chronic methamphetamine

abuse and corticostriatal deficits revealed by neuroimaging. Brain Res. (2015)

1628:174–85. doi: 10.1016/j.brainres.2014.10.044

37. Fuster JM. Executive frontal functions. Exp Brain Res. (2000) 133:66–

70. doi: 10.1007/s002210000401

38. Kasanetz F, Lafourcade M, Deroche-Gamonet V, Revest JM, Berson N, Balado

E, et al. Prefrontal synaptic markers of cocaine addiction-like behavior in rats.

Mol Psychiatry. (2013) 18:729–37. doi: 10.1038/mp.2012.59

39. Jones EG. GABAergic neurons and their role in cortical plasticity in primates.

Cereb Cortex. (1993) 3:361–72. doi: 10.1093/cercor/3.5.361-a

40. Gabernet L, Jadhav SP, Feldman DE, Carandini M, Scanziani

M. Somatosensory integration controlled by dynamic

thalamocortical feed-forward inhibition. Neuron. (2005) 48:315–

27. doi: 10.1016/j.neuron.2005.09.022

41. Yoon JH, Grandelis A, Maddock RJ. Dorsolateral prefrontal cortex GABA

concentration in humans predicts working memory load processing capacity.

J Neurosci. (2016) 36:11788–94. doi: 10.1523/JNEUROSCI.1970-16.2016

42. Lewis DA, Volk DW, Hashimoto T. Selective alterations in prefrontal

cortical GABA neurotransmission in schizophrenia: a novel target for the

treatment of working memory dysfunction. Psychopharmacology. (2004)

174:143–50. doi: 10.1007/s00213-003-1673-x

43. Beas BS, McQuail JA, Banuelos C, Setlow B, Bizon JL. Prefrontal cortical

GABAergic signaling and impaired behavioral flexibility in aged F344 rats.

Neuroscience. (2017) 345:274–86. doi: 10.1016/j.neuroscience.2016.02.014

44. Qi J, Yang JY, Wang F, Zhao YN, Song M, Wu CF. Effects of

oxytocin on methamphetamine-induced conditioned place preference and

the possible role of glutamatergic neurotransmission in the medial prefrontal

cortex of mice in reinstatement. Neuropharmacology. (2009) 56:856–

65. doi: 10.1016/j.neuropharm.2009.01.010

45. Stephans SE, Yamamoto BK. Methamphetamine-induced neurotoxicity:

roles for glutamate and dopamine efflux. Synapse. (1994)

17:203–9. doi: 10.1002/syn.890170310

46. Haber SN, Knutson B. The reward circuit: linking primate

anatomy and human imaging. Neuropsychopharmacology. (2010)

35:4–26. doi: 10.1038/npp.2009.129

47. Kuczenski R, Everall IP, Crews L, Adame A, Grant I, Masliah E. Escalating

dose-multiple binge methamphetamine exposure results in degeneration of

the neocortex and limbic system in the rat. Exp Neurol. (2007) 207:42–

51. doi: 10.1016/j.expneurol.2007.05.023

48. Deng X, Wang Y, Chou J, Cadet JL. Methamphetamine causes widespread

apoptosis in the mouse brain: evidence from using an improved

TUNEL histochemical method. Brain Res Mol Brain Res. (2001)

93:64–9. doi: 10.1016/S0169-328X(01)00184-X

49. Jiao D, Liu Y, Li X, Liu J, Zhao M. The role of the GABA system

in amphetamine-type stimulant use disorders. Front Cell Neurosci. (2015)

9:162. doi: 10.3389/fncel.2015.00162

50. Su H, Chen T, Zhong N, Jiang H, Du J, Xiao K, et al. Decreased GABA

concentrations in left prefrontal cortex of methamphetamine dependent

patients: A proton magnetic resonance spectroscopy study. J Clin Neurosci.

(2020) 71:15–20. doi: 10.1016/j.jocn.2019.11.021

51. Diederichs C, DeMayo MM, Cole J, Yatham LN, Harris AD,

McGirr A. Intermittent theta-burst stimulation transcranial magnetic

stimulation increases GABA in the medial prefrontal cortex: a

preliminary sham-controlled magnetic resonance spectroscopy

study in acute bipolar depression. Front Psychiatry. (2021)

12:665402. doi: 10.3389/fpsyt.2021.665402

52. Iwabuchi SJ, Raschke F, Auer DP, Liddle PF, Lankappa ST,

Palaniyappan L. Targeted transcranial theta-burst stimulation alters

fronto-insular network and prefrontal GABA. Neuroimage. (2017)

146:395–403. doi: 10.1016/j.neuroimage.2016.09.043

53. Dubin MJ, Mao X, Banerjee S, Goodman Z, Lapidus KA, Kang G, et al.

Elevated prefrontal cortex GABA in patients with major depressive disorder

after TMS treatment measured with protonmagnetic resonance spectroscopy.

J Psychiatry Neurosci. (2016) 41:E37–45. doi: 10.1503/jpn.150223

54. Griffiths BJ, Parish G, Roux F, Michelmann S, van der Plas M, Kolibius LD, et

al. Directional coupling of slow and fast hippocampal gamma with neocortical

alpha/beta oscillations in human episodic memory. Proc Natl Acad Sci U S A.

(2019) 116:21834–42. doi: 10.1073/pnas.1914180116

55. Thut G,Miniussi C. New insights into rhythmic brain activity from TMS-EEG

studies. Trends Cogn Sci. (2009) 13:182–9. doi: 10.1016/j.tics.2009.01.004

56. Sargent K, Chavez-Baldini U, Master SL, Verweij KJH, Lok A, Sutterland AL,

et al. Resting-state brain oscillations predict cognitive function in psychiatric

disorders: A transdiagnostic machine learning approach. Neuroimage Clin.

(2021) 30:102617. doi: 10.1016/j.nicl.2021.102617

57. Bahner F, Demanuele C, Schweiger J, Gerchen MF, Zamoscik V, Ueltzhoffer

K, et al. Hippocampal-dorsolateral prefrontal coupling as a species-

conserved cognitive mechanism: a human translational imaging study.

Neuropsychopharmacology. (2015) 40:1674–81. doi: 10.1038/npp.2015.13

58. Soltani Zangbar H, Ghadiri T, Seyedi Vafaee M, Ebrahimi Kalan A, Fallahi

S, Ghorbani M, et al. Theta oscillations through hippocampal/prefrontal

pathway: importance in cognitive performances. Brain Connect. (2020)

10:157–69. doi: 10.1089/brain.2019.0733

59. Nukitram J, Cheaha D, Kumarnsit E. Spectral power and theta-gamma

coupling in the basolateral amygdala related with methamphetamine-

induced conditioned place preference in mice. Neurosci Lett:. (2021)

135939. doi: 10.1016/j.neulet.2021.135939

60. Degoulet M, Tiran-Cappello A, Combrisson E, Baunez C, Pelloux Y.

Subthalamic low-frequency oscillations predict vulnerability to cocaine

addiction. Proc Natl Acad Sci U S A. (2021) 118. doi: 10.1073/pnas.2024121118

61. Li Y, Wang X, Li N, Qu L, Wang P, Ge SN, et al. The NAc

lesions disrupted the hippocampus-mPFC theta coherence during

intravenous cocaine administration in rats. Neurosci Lett. (2020)

729:134986. doi: 10.1016/j.neulet.2020.134986

62. Pascual-Leone A, Valls-Sole J, Wassermann EM, Hallett M. Responses to

rapid-rate transcranial magnetic stimulation of the human motor cortex.

Brain. (1994) 117:847–58. doi: 10.1093/brain/117.4.847

63. Eldaief MC, Halko MA, Buckner RL, Pascual-Leone A. Transcranial

magnetic stimulation modulates the brains intrinsic activity in a frequency-

dependent manner. Proc Natl Acad Sci U S A. (2011) 108:21229–

34. doi: 10.1073/pnas.1113103109

64. Di Lazzaro V, Dileone M, Pilato F, Capone F, Musumeci G, Ranieri

F, et al. Modulation of motor cortex neuronal networks by rTMS:

comparison of local and remote effects of six different protocols

of stimulation. J Neurophysiol. (2011) 105:2150–6. doi: 10.1152/jn.

00781.2010

65. Nettekoven C, Volz LJ, Kutscha M, Pool EM, Rehme AK, Eickhoff

SB, et al. Dose-dependent effects of theta burst rTMS on cortical

excitability and resting-state connectivity of the human motor

system. J Neurosci. (2014) 34:6849–59. doi: 10.1523/JNEUROSCI.4993-

13.2014

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Wang, Mu, Ren, Tang, Wei, Wang, Song, Zhu, Ling, Gao, Zhang,

Song,Wei, Chang,Wei,Wang, Zhao,Wang, Liu, Zhou, Zhou, Xu and Jiao. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Psychiatry | www.frontiersin.org 11 December 2021 | Volume 12 | Article 774192

https://doi.org/10.1097/WNP.0b013e318205135f
https://doi.org/10.1176/jnp.14.4.406
https://doi.org/10.1016/j.brainres.2014.10.044
https://doi.org/10.1007/s002210000401
https://doi.org/10.1038/mp.2012.59
https://doi.org/10.1093/cercor/3.5.361-a
https://doi.org/10.1016/j.neuron.2005.09.022
https://doi.org/10.1523/JNEUROSCI.1970-16.2016
https://doi.org/10.1007/s00213-003-1673-x
https://doi.org/10.1016/j.neuroscience.2016.02.014
https://doi.org/10.1016/j.neuropharm.2009.01.010
https://doi.org/10.1002/syn.890170310
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1016/j.expneurol.2007.05.023
https://doi.org/10.1016/S0169-328X(01)00184-X
https://doi.org/10.3389/fncel.2015.00162
https://doi.org/10.1016/j.jocn.2019.11.021
https://doi.org/10.3389/fpsyt.2021.665402
https://doi.org/10.1016/j.neuroimage.2016.09.043
https://doi.org/10.1503/jpn.150223
https://doi.org/10.1073/pnas.1914180116
https://doi.org/10.1016/j.tics.2009.01.004
https://doi.org/10.1016/j.nicl.2021.102617
https://doi.org/10.1038/npp.2015.13
https://doi.org/10.1089/brain.2019.0733
https://doi.org/10.1016/j.neulet.2021.135939
https://doi.org/10.1073/pnas.2024121118
https://doi.org/10.1016/j.neulet.2020.134986
https://doi.org/10.1093/brain/117.4.847
https://doi.org/10.1073/pnas.1113103109
https://doi.org/10.1152/jn.00781.2010
https://doi.org/10.1523/JNEUROSCI.4993-13.2014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Predictive Role of Executive Function in the Efficacy of Intermittent Theta Burst Transcranial Magnetic Stimulation Modalities for Treating Methamphetamine Use Disorder—A Randomized Clinical Trial
	Introduction
	Methods and Materials
	Participants
	TMS Procedures
	Blinding
	Assessments
	Statistical Analysis

	Results
	Demographics, Drug Use History, and BRIEF-A Data in MUD and HC Groups
	The Impairment of Executive Function Was Related to METH Use
	iTBS rTMS Treatments Exhibited Good Effects on MUD
	Correlation Analyses of the Changes in Craving (ΔCraving) and Reduction Rate in BRIEF-A, METH Use History, and Demographics
	Stepwise Multivariate Regression Analysis of Changes in Craving (ΔCraving) as a Dependent Variable to Determine the Effect of Reduced Rate of BRIEF-A and Drug Use History
	ROC Curve Analysis for Predictive Power of ΔCraving to iTBS Therapeutic Efficacy

	Discussion
	MUD Patients Exhibited Significant Impairment of Executive Function
	iTBS rTMS Treatments Exhibited Good Effects on MUD
	Improvement in Executive Function in the iTBS Group Might Become a Predictive Factor for Treatment Efficacy in MUD Patients
	Limitations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


