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Methamphetamine (MA) can cause functional abnormalities in the brain. However, the correlations 
between the abnormal brain activity and relapse in abstinent MA-dependent individuals (MADIs) 
were still unclear. This study aimed to explore the changes of regional brain activation associated with 
relapse in early abstinent MADIs, which could provide potential neuroimaging markers for predicting 
the relapse susceptibility. Twenty-seven individuals who relapsed to MA within 1 year after abstaining 
from MA, as well as 28 healthy controls (HCs), were enrolled in this study. Resting-state functional 
magnetic resonance imaging (rs-fMRI) collected from all HCs, and MADIs when they were abstinent 
from MA (Stage I) and relapsed to MA (Stage II). The measures for evaluating regional brain activity 
including regional homogeneity (ReHo) and fractional amplitude of low-frequency fluctuation (fALFF) 
were calculated for all participants. ReHo and fALFF values were compared between MADIs at Stage I, 
Stage II and HCs. Finally, relationships between altered brain regions and duration of MA use, duration 
of relapse were evaluated by Pearson correlation analysis. Compared with HCs, MADIs at Stage I 
demonstrated decreased brain activity in three cortical regions and increased brain activity in several 
subcortical regions, especially bilateral putamen. In addition, MADIs at Stage II exhibited a wider range 
of brain regions with abnormal activity, which presented as decreased activity mainly in the middle 
cingulate gyrus, parietal and occipital regions, and increased activity mostly in the subcortical regions 
(striatum, thalamus and hippocampal structure) and several prefrontal regions. Moreover, MADIs at 
Stage II showed decreased activity in the parietal regions and increased brain activity in the prefrontal 
and subcortical regions, especially bilateral caudate nucleus. The fALFF values of left and right caudate 
nucleus were negatively associated with duration of relapse. There were still abnormal activities in the 
brain of MADIs even when they were abstinent from MA. Increased activity in the bilateral putamen 
might be associated with early relapse in abstinent MADIs. Relapse to MA use could cause more wider 
range of abnormal brain activity, especially increased activity in the striatum, which might lead to 
more higher relapse rate of MA use.
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Methamphetamine (MA) abuse has emerged as a pervasive global issue, affecting approximately 27  million 
individuals worldwide1. This highly addictive psychostimulant drug is particularly widespread in East and 

1Physical Education and Sports School of Soochow University, Soochow University, Suzhou, China. 2Health 
Management Center, School of Medicine, Zhongda Hospital, Southeast University, Nanjing, China. 3Department 
of Radiology, School of Medicine, Zhongda Hospital, Southeast University, Nanjing, China. 4Jiangsu Jurong 
Compulsory Isolation and Drug Rehabilitation Center, Zhenjiang, China. 5Department of Rehabilitation, Nanjing 
Central Hospital, Nanjing, China. 6Department of Rehabilitation, School of Medicine, Zhongda Hospital, Southeast 
University, Nanjing, China. 7Department of Rehabilitation, Nanjing Drum Tower Hospital, The Affiliated Hospital of 
Nanjing University Medical School, Nanjing, China. 8Department of Andrology, Jiangsu Province Hospital of Chinese 
Medicine, Affiliated Hospital of Nanjing University of Chinese Medicine, Nanjing, China. 9Ming Ma and Guoxiang 
Wang contributed equally to this work. email: jianhuaichen@126.com; gxwang2023@126.com

OPEN

Scientific Reports |        (2025) 15:26657 1| https://doi.org/10.1038/s41598-025-11438-4

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-11438-4&domain=pdf&date_stamp=2025-7-22


Southeast Asia, where its use has escalated into a major social and public health crisis2,3. MA abuse not only 
disrupts individuals’ physical and mental health but also places a significant burden on families, communities, 
and healthcare systems. The consequences of prolonged MA use include cognitive deficits, emotional instability, 
and severe psychiatric conditions, with relapse remaining one of the most persistent challenges in addiction 
recovery4,5. Alarmingly, up to 60% of individuals relapse within the first year of abstinence, underlining the 
urgent need for effective strategies to prevent recurrence6. Given these alarming relapse rates and their 
devastating consequences, understanding the neurobiological mechanisms underlying MA addiction and 
relapse has become imperative for developing more effective treatment strategies.

The neural mechanisms underlying MA addiction and relapse have garnered significant attention in 
neuroscience research5,7. Chronic MA use is known to induce widespread structural and functional changes 
in the brain, with key alterations observed in regions associated with reward processing, decision-making, and 
emotional regulation8–10. Studies have highlighted the role of the striatum, prefrontal cortex, and limbic system 
in mediating the reinforcing effects of MA and its impact on cognitive control11,12. Importantly, these neural 
changes often persist long after cessation of MA use, resulting in heightened vulnerability to relapse13,14. Such 
findings suggest that the brain’s reward and executive systems may serve as critical targets for predicting and 
mitigating relapse risk.

Relapse, a hallmark feature of MA addiction, poses significant challenges for both researchers and clinicians3. 
Current intervention strategies often focus on pharmacological approaches, yet their efficacy remains limited15–17. 
Understanding the neural underpinnings of relapse is crucial to improving these interventions and designing 
more precise, personalized treatments18,19. Advances in neuroimaging technologies, particularly resting-state 
functional magnetic resonance imaging (rs-fMRI), offer a non-invasive approach to probing the brain’s functional 
dynamics during different stages of addiction and recovery. Measures such as regional homogeneity (ReHo) 
and fractional amplitude of low-frequency fluctuation (fALFF) have proven effective in characterizing localized 
neural activity20,21, providing critical insights into brain function alterations associated with addiction22.

While prior research has extensively explored brain dysfunction in active MA users and abstinent 
individuals, studies focusing on relapse-specific neural mechanisms during early abstinence remain limited23. 
Early abstinence represents a critical window in addiction recovery, during which individuals often experience 
heightened cravings, impaired decision-making, and emotional instability, factors that collectively increase 
relapse risk24. Furthermore, no longitudinal studies have examined brain function across multiple stages 
of MA addiction—namely, abstinence and relapse—within the same individuals. Such research is essential 
for identifying neuroimaging markers that not only predict relapse susceptibility but also inform targeted 
therapeutic interventions.

In this context, the current study aimed to address these gaps by investigating the neural correlates of relapse 
in early abstinent MA-dependent individuals (MADIs) using rs-fMRI. By examining changes in regional brain 
activity during abstinence (Stage I), following relapse (Stage II), and comparing these patterns to healthy controls 
(HCs), we sought to identify distinct neural signatures of relapse vulnerability. Specifically, we hypothesized 
that early abstinent MADIs might exhibit unique patterns of regional brain activity that were predictive of 
subsequent relapse and that these patterns underwent further alterations following relapse. The findings of this 
study could provide valuable neuroimaging markers for relapse prediction and contribute to the development of 
more effective, evidence-based interventions for MA addiction.

Materials and methods
Participants
This study was approved by the ethics committee of Zhongda Hospital, School of Medicine, Southeast University 
(2024ZDSYLL159-P01). In addition, this study was performed in accordance with the Declaration of Helsinki. 
All participants were informed of the experimental procedure and signed informed consents before participating 
in this study. The sample size was estimated using fMRI power software package 7 allowing for an 80% calculation 
power and a 0.05 type I error rate. Initially, 45 individuals meeting DSM-IV criteria for methamphetamine 
dependence were recruited from the drug rehabilitation center. Of these, 18 participants were excluded for the 
following reasons: 3 for abuse of substances other than methamphetamine, 2 for neurological disorders, 1 for 
severe head trauma history, 2 for psychiatric disorder history, 1 for MRI contraindications, 2 for excessive head 
motion (> 2.0 mm translation or > 2.0° rotation), and 7 were lost to follow-up during the study period. Finally, 
27 MADIs who relapsed within 1 year were included in the analysis. For healthy controls, 32 individuals were 
initially recruited, with 4 excluded due to excessive head motion, resulting in 28 HCs in the final analysis. This 
study included 27 MADIs who relapsed to MA (Stage II) within 1 year after abstaining from MA (Stage I), as 
well as 28 drug-free HCs matched for age, gender and education level. MADIs were recruited from the drug 
rehabilitation center in Jurong, Zhenjiang (Jiangsu, China) where the participants were treated without MA 
but with education, and physical exercise during abstinence. All MADIs fulfilled the Diagnostic and Statistical 
Manual of Mental Disorders, fourth edition (DSM-IV) criteria for MA dependence assessed by the Structured 
Clinical Interview (SCID). MADIs were excluded if they met criteria for other substance dependence at any 
time. The demographic characteristics were shown in Table 1.

The inclusion criteria were as follows: (1) right-handed, Han Chinese, between 20 and 60 years of age, no 
less than 9 years of education; (2) positive urine test for MA and negative urine test for other drugs; (3) met the 
criteria for the diagnosis of MA addiction in DSM-IV, and were abstinent from using MA for 1 months, which 
was confirmed by guardians of the patients; (4) had normal visual acuity and hearing.

This study included only male participants for the following reasons: (1) In our rehabilitation center, male 
methamphetamine users constitute the vast majority (> 95%) of the population; (2) Gender differences in 
brain function and addiction mechanisms are well-documented, and including mixed gender could introduce 
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significant heterogeneity in neuroimaging results; (3) Restricting the sample to males helps reduce confounding 
variables and increases sample homogeneity for this initial investigation.

The exclusion criteria were as follows: (1) abused harmful substances other than MA; (2) any general medical 
condition or neurological disorders that could confound brain function; (3) history of epileptic seizure, stroke, 
structural brain disease, severe head trauma or injury; (4) any current or previous psychiatric disorder, or were 
delirious; (5) family history of psychiatric disorder; (6) any contraindication for MRI including implanted 
metallic devices, ferromagnetic material or claustrophobia.

MRI data acquisition and preprocessing
All participants underwent MRI scans using a 3.0 Tesla Siemens MRI scanner. The T1-weighted images were 
acquired with the following parameters: repetition time (TR) = 1900ms; echo time (TE) = 2.48ms; flip angle 
(FA) = 9°; field of view (FOV) = 250  mm×250  mm; acquisition matrix = 250 × 250; slice thickness = 1  mm; 
number of slices = 176. The rs-fMRI data were acquired with the following parameters: TR/TE = 3000/40ms; 
FA = 90°; FOV = 240 mm×240 mm; acquisition matrix = 64 × 64; slice thickness = 4 mm; number of slices = 32; 
number of volumes = 133.

MRI data preprocessing was conducted using Data Processing and Analysis for Brain Imaging (DPABI) 
software in MATLAB25, which were according to our previous study26, including: (1) data format conversion; 
(2) removal of first 10 time points; (3) slice timing; (4) realignment; (5) T1 reorientation; (6) brain extraction; 
(7) segmentation; (8) normalization using T1 image unified segmentation. In this study, participants with head 
motion exceeding 2.0 mm or rotation greater than 2.0° were excluded.

Calculation of fALFF and ReHo values
The calculation of ReHo and fALFF values were performed by the software of DPARSF25, which were according to 
our previous study26. Finally, both ReHo and fALFF values were standardized using Fisher’s r-to-z transformation 
(zReHo and zfALFF), which could improve the normality. The zfALFF values were used for subsequent analysis. 
The smoothed zReHo (szReHo) values and zfALFF values were used for subsequent analysis.

Statistical analysis
AlphaSim is a Monte Carlo simulation-based multiple comparison correction program implemented in REST 
software27. This method estimates the probability of false positive clusters by generating random noise datasets 
and calculating the family-wise error rate under specified statistical thresholds and cluster sizes. The simulation 
process involves creating 1000 random datasets with the same dimensions and smoothness as the original data, 
applying the same statistical threshold, and determining the cluster size threshold that maintains the family-wise 
error rate below 5%.

The minimum cluster size of 13 voxels was determined through AlphaSim simulation results. Under the 
voxel-level threshold of P < 0.005, this cluster size effectively controls the family-wise error rate below 5%. This 
parameter setting is consistent with previous methamphetamine neuroimaging studies and represents a balance 
between sensitivity and specificity in detecting meaningful brain activation patterns.

Two simple t-tests and Chi-square tests were applied to explore the differences of demographic characteristics 
between MADIs and HCs using the Statistical Package for the Social Sciences (SPSS Inc, Chicago, IL, United 
States). P < 0.05 was considered statistically significant differences.

Considering that there were two different groups of participants in the comparison, but their demographic 
characteristics were generally matched, two simple t-tests were used to compare the differences of ReHo and 
ALFF values between MADIs and HCs using demographic characteristics including age, educational level, 
height, weight, smoking and drinking as covariates by the REST Software (State Key Laboratory of Cognitive 
Neuroscience and Learning, Beijing Normal University, Beijing, China)27. In addition, considering that 

Characteristics MADIs (n = 27) HCs (n = 28) t/χ2 P

Gender (male/female) 27/0 28/0 - -

Age (years) 43.22 ± 6.72 43.82 ± 8.38 −0.29 0.77

Educational level (years) 13.67 ± 2.54 13.86 ± 2.73 −0.27 0.79

Height (cm) 170.00 ± 5.39 169.25 ± 6.16 0.48 0.63

Weight (kg) 69.15 ± 5.35 71.36 ± 6.28 −1.40 0.17

Marital status (Divorced/Married/Single) 5/18/6 2/20/6 2.98 0.39

Employment (Employed/Unemployed) 20/7 26/2 4.85 0.09

Smoking (NO/YES) 15/12 12/16 2.24 0.33

Drinking (NO/YES) 14/13 11/17 2.20 0.33

Duration of MA use (years) 6.74 ± 3.10 - - -

Relapsed to MA from Abstinence (days) 160.81 ± 72.037 - - -

Table 1.  Comparison of demographic characteristics between MADIs and HCs. MA: methamphetamine; 
MADIs: MA-dependent individuals; MADIs at Stage I: MADIs when they were abstinent from MA; MADIs at 
Stage II: MADIs when they relapsed to MA; HCs: healthy controls. P values were obtained by two simple t-tests 
or Chi-square tests. The level of statistical significance was P < 0.05.
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the comparisons involved the same group of participants at different time periods, paired t-tests were used 
to compare the differences of ReHo and ALFF values between MADIs at Stage I and Stage II. The significant 
differences were set at P < 0.005 (a minimum cluster size of 13 voxels, corrected for multiple comparisons using 
the AlphaSim program in REST software). Finally, relationships between altered brain regions and duration of 
MA use, duration of relapse were evaluated by Pearson correlation analysis.

Results
Comparison of demographic data between MADIs and HCs
There were no significant differences in the age, gender, educational level, height, weight, marital status, 
employment and drinking between MADIs and HCs (P > 0.05). The duration of MA use was 6.74 ± 3.10 years in 
MADIs and the days that MADIs relapsed to MA from abstinence were 160.81 ± 72.037.

Comparison of ReHo and fALFF values between MADIs at stage I and HCs
Compared with HCs, MADIs at Stage I demonstrated decreased ReHo values in the left superior parietal gyrus 
and left middle temporal gyrus, increased ReHo values in the left inferior temporal gyrus, right inferior temporal 
gyrus and right insula. MADIs at Stage I also exhibited decreased fALFF values in the right precentral gyrus, 
increased fALFF values in the left putamen and right putamen. (Table 2; Fig. 1)

Comparison of ReHo and fALFF values between MADIs at stage II and HCs
In comparison with HCs, decreased ReHo values were identified in the left middle cingulate gyrus, left 
postcentral gyrus, left superior temporal gyrus, left middle occipital gyrus, left cuneus, right postcentral 
gyrus, right superior temporal gyrus, right calcarine fissure and increased ReHo values were found in the left 
opercular part of inferior frontal gyrus, left caudate, left hippocampus, right precuneus, right hippocampus, 
right parahippocampal gyrus of MADIs at Stage II. In addition, MADIs at Stage II had decreased fALFF values 
in the left middle cingulate gyrus, left precuneus, left postcentral gyrus, left paracentral lobule, right postcentral 
gyrus, right superior occipital gyrus, right angular gyrus, right lingual gyrus and increased fALFF values in 
the left parahippocampal gyrus, left putamen, left thalamus, right opercular part of inferior frontal gyrus, right 
anterior cingulate gyrus, right putamen, right hippocampus. (Table 2; Fig. 2)

Comparison of ReHo and fALFF values between MADIs at stage II and stage I
MADIs at Stage II demonstrated decreased ReHo values in the left inferior temporal gyrus and increased ReHo 
values in the left fusiform gyrus, left olfactory when compared with those at Stage I. Moreover, decreased fALFF 
values in the left paracentral lobule, right postcentral gyrus and increased fALFF values in the left opercular part 
of inferior frontal gyrus, left caudate nucleus, right caudate nucleus were revealed in MADIs at Stage II. (Table 2; 
Fig. 3)

Relationships between altered brain regions and duration of MA use, duration of relapse
The fALFF values of left (r=−0.51; P < 0.01) and right (r=−0.39; P = 0.04) caudate nucleus were negatively 
associated with duration of relapse. (Fig. 4)

Discussion
In this comprehensive investigation of the neural mechanisms underlying MD addiction, we have uncovered 
distinctive patterns of brain activity changes that systematically progress from early abstinence through 
relapse28,29. The fALFF values of left and right caudate nucleus were negatively associated with duration of 
relapse. Through detailed analysis of both ReHo and fALFF measures, our findings reveal a complex evolution 
of neural circuit dysfunction that may explain both the persistent nature of addiction and the high rates of 
relapse observed among MADIs. These stage-specific neural adaptations provide unprecedented insights into 
the neurobiological basis of addiction vulnerability and suggest potential therapeutic targets for intervention at 
different stages of the addiction cycle.

The early abstinence period represents a critical window of vulnerability in addiction recovery, characterized 
by distinctive patterns of regional brain activity alterations that suggest disruption of multiple neural systems 
governing executive control, sensory processing, and reward-related behaviors30,31. Our analyses revealed 
decreased ReHo values in the left superior parietal gyrus and left middle temporal gyrus, reflecting compromised 
function in regions crucial for attention allocation and sensory integration. The superior parietal gyrus, 
serving as a key node in the dorsal attention network, normally facilitates voluntary control of attention and 
goal-directed behavior through its extensive connections with frontal executive regions and its role in spatial 
processing and action planning31,32. Its reduced activity during abstinence suggests impaired ability to maintain 
focus on recovery-related goals and resist drug-related distractions33. Similarly, the middle temporal gyrus plays 
an essential role in integrating complex sensory information and semantic processing, and its dysfunction may 
disrupt the normal processing of environmental stimuli, potentially biasing attention toward drug-related cues 
while diminishing the salience of natural rewards34,35.

Concurrent with these cortical alterations, we observed increased ReHo values in the left and right inferior 
temporal gyrus and right insula, alongside increased fALFF values in the bilateral putamen. This pattern of 
enhanced activity in specific brain regions provides crucial insights into the neural mechanisms that may 
promote relapse vulnerability. The heightened activity in inferior temporal regions suggests altered processing 
of visual and semantic information, potentially enhancing the cognitive processing of drug-related cues in the 
environment36,37. The right insula’s enhanced activity is particularly significant given its well-established role in 
interoceptive awareness and craving states38. This hyperactivity may reflect heightened sensitivity to internal 
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Brain regions (AAL)

Peak MNI 
coordinates

Clusters Peak T valuesx y z

ReHo

MADIs at Stage I vs. HCs

Left superior parietal gyrus −27 −51 57 34 −4.19

Left middle temporal gyrus −57 −15 −3 49 −4.65

Left inferior temporal gyrus −42 −18 −27 42 5.21

Right inferior temporal gyrus 39 −9 −33 116 5.01

Right insula 42 −15 0 20 4.91

MADIs at Stage II vs. HCs

Left middle cingulate gyrus −6 −39 48 13 −3.42

Left postcentral gyrus −51 −12 27 36 −4.10

Left superior temporal gyrus −60 −12 6 27 −4.07

Left middle occipital gyrus −42 −81 9 28 −4.13

Left cuneus −12 −84 21 18 −3.74

Right postcentral gyrus 48 −9 39 66 −4.36

Right superior temporal gyrus 66 −42 21 15 −4.62

Right calcarine fissure 15 −84 15 73 −3.85

Left opercular part of inferior frontal gyrus 36 9 12 20 3.49

Left caudate −6 12 −6 17 3.35

Left hippocampus −27 −30 −6 42 5.07

Right precuneus 21 −54 24 27 4.21

Right hippocampus 39 −9 −27 156 5.07

Right parahippocampal gyrus 30 −33 −9 17 3.57

MADIs at Stage II vs. Stage I

Left inferior temporal gyrus −54 −18 −24 19 −4.21

Left fusiform gyrus −24 −39 −15 22 3.72

Left olfactory 0 18 −6 13 4.11

fALFF

MADIs at Stage I vs. HCs

Right precentral gyrus 42 −24 63 13 −4.64

Left putamen −21 3 −3 124 4.98

Right putamen 27 9 0 97 5.16

MADIs at Stage II vs. HCs

Left middle cingulate gyrus1 −9 −42 36 76 −4.23

Left middle cingulate gyrus2 −6 −42 48 16 −4.77

Left precuneus −9 −42 69 14 −3.94

Left postcentral gyrus −54 −12 39 22 −4.32

Left paracentral lobule −3 −30 72 46 −4.43

Right postcentral gyrus 48 −9 33 25 −4.46

Right superior occipital gyrus 21 −81 39 15 −3.69

Right angular gyrus 42 −69 39 28 −4.11

Right lingual gyrus 9 −54 0 29 −4.58

Left parahippocampal gyrus −30 −6 −30 13 3.93

Left putamen −21 15 3 358 7.12

Left thalamus −12 −15 6 18 3.93

Right opercular part of inferior frontal gyrus 42 18 9 14 4.22

Right anterior cingulate gyrus 9 27 24 16 4.65

Right putamen 27 12 0 318 6.51

Right hippocampus 30 −6 −21 26 4.76

MADIs at Stage II vs. Stage I

Continued
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physiological states that often trigger drug-seeking behavior, representing a potential mechanism through which 
bodily sensations may more readily precipitate craving and relapse during early abstinence.

Perhaps most critically, the observed bilateral putamen hyperactivity represents a fundamental neural 
signature of relapse risk. The putamen, as a key component of the dorsal striatum, plays a pivotal role in habit 
formation and motor learning through its extensive connections with motor and premotor cortices and its dense 
dopaminergic innervation39,40. Its enhanced activity during abstinence suggests persistent sensitization of habit-
formation circuits that may maintain drug-seeking behavioral routines even in the absence of active drug use41. 
This finding provides a potential neurobiological explanation for the automatic, habitual nature of drug-seeking 
behaviors that often persist despite an individual’s conscious desire to maintain abstinence42.

The transition to relapse was marked by substantially more extensive neural disruptions, demonstrating 
the progressive and dynamic nature of addiction-related brain changes. Our ReHo analysis revealed decreased 
activity across an array of cortical regions, including the left middle cingulate gyrus, bilateral postcentral 
gyri, bilateral superior temporal gyri, left middle occipital gyrus, left cuneus, and right calcarine fissure. This 
widespread pattern of cortical hypoactivity suggests broad disruption of networks involved in multiple cognitive 
and sensory processes43,44. The middle cingulate gyrus, showing consistently reduced activity, serves as a crucial 
hub for error detection, behavioral adjustment, and emotional regulation through its extensive connections 

Fig. 1.  Comparison of ReHo and fALFF values between MADIs at Stage I and HCs. MA: methamphetamine; 
MADIs: MA-dependent individuals; MADIs at Stage I: MADIs when they were abstinent from MA; HCs: 
healthy controls; ReHo: regional homogeneity; fALFF: fractional amplitude of low-frequency fluctuation. The 
significant differences were set at P < 0.005 (a minimum cluster size of 13 voxels, corrected by the AlphaSim 
program in REST software).

 

Brain regions (AAL)

Peak MNI 
coordinates

Clusters Peak T valuesx y z

Left paracentral lobule −3 −30 72 20 −4.40

Right postcentral gyrus 48 −9 33 30 −5.68

Left opercular part of inferior frontal gyrus −36 15 12 13 4.52

Left caudate nucleus −15 18 3 22 5.05

Right caudate nucleus 18 21 3 21 4.54

Table 2.  Comparison of ReHo and fALFF values between MADIs at stage I, stage II and HCs. MA: 
methamphetamine; MADIs: MA-dependent individuals; MADIs at Stage I: MADIs when they were abstinent 
from MA; MADIs at Stage II: MADIs when they relapsed to MA; HCs: healthy controls; ReHo: regional 
homogeneity; fALFF: fractional amplitude of low-frequency fluctuation; AAL: anatomic automatic labeling; 
MNI: Montreal Neurological Institute; x, y and z: the coordinates of peak voxel of each cluster in the MNI 
space. The significant differences were set at P < 0.005 (a minimum cluster size of 13 voxels, corrected by the 
AlphaSim program in REST software).
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with the anterior cingulate cortex and prefrontal regions45–47. Its dysfunction may fundamentally impair an 
individual’s ability to monitor and regulate drug-seeking behaviors, potentially contributing to the persistence of 
addiction despite negative consequences48.

The observed reduction in activity across sensorimotor regions, including the bilateral postcentral gyri 
and visual processing areas, suggests compromised integration of sensory information that may affect how 

Fig. 3.  Comparison of ReHo and fALFF values between MADIs at Stage I and Stage II. MA: 
methamphetamine; MADIs: MA-dependent individuals; MADIs at Stage I: MADIs when they were abstinent 
from MA; MADIs at Stage II: MADIs when they relapsed to MA; ReHo: regional homogeneity; fALFF: 
fractional amplitude of low-frequency fluctuation. The significant differences were set at P < 0.005 (a minimum 
cluster size of 13 voxels, corrected by the AlphaSim program in REST software).

 

Fig. 2.  Comparison of ReHo and fALFF values between MADIs Stage II and HCs. MA: methamphetamine; 
MADIs: MA-dependent individuals; MADIs at Stage II: MADIs when they relapsed to MA; HCs: healthy 
controls; ReHo: regional homogeneity; fALFF: fractional amplitude of low-frequency fluctuation. The 
significant differences were set at P < 0.005 (a minimum cluster size of 13 voxels, corrected by the AlphaSim 
program in REST software).
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environmental stimuli are processed and interpreted49–51. This altered sensory processing could contribute 
to the enhanced salience of drug-related cues while diminishing the ability to engage with non-drug-related 
environmental stimuli28. The broad nature of these cortical alterations indicates that relapse involves not just 
discrete changes in reward-related circuits but rather a fundamental reorganization of how the brain processes 
and responds to both internal and external signals52,53.

Importantly, during the relapse phase, we observed a distinct pattern of increased activity in several key 
regions, including the left opercular part of inferior frontal gyrus, left caudate, bilateral hippocampus, right 
precuneus, and right parahippocampal gyrus. The fALFF analysis complemented these findings by revealing 
enhanced activity in additional regions, including the left putamen, left thalamus, right anterior cingulate 
gyrus, and right putamen. This complex pattern of subcortical hyperactivity suggests strengthened engagement 
of multiple parallel circuits involved in reward processing, memory formation, and behavioral control54. The 
enhanced activity in hippocampal and parahippocampal regions is particularly noteworthy, as these structures 
play crucial roles in contextual learning and memory consolidation55. Their hyperactivity during relapse 
may strengthen the associations between environmental contexts and drug-seeking behaviors, potentially 
contributing to the high rates of context-induced relapse observed in clinical settings56.

The direct comparison between relapse and abstinence stages revealed specific progression patterns in neural 
adaptation that provide crucial insights into the evolution of addiction-related brain changes. We observed 
decreased ReHo values in the left inferior temporal gyrus alongside increased values in the left fusiform gyrus 
and left olfactory region, suggesting altered processing of sensory and emotional information57–59. Most notably, 
the fALFF analysis demonstrated increased activity in the bilateral caudate nucleus, marking a significant shift in 
the locus of striatal involvement across addiction stages. This progression from predominantly putamen-centered 
alterations during abstinence to enhanced caudate nucleus activity during relapse represents a potential neural 
substrate for the transition from purely habit-based to more complex, goal-directed drug-seeking behaviors60,61. 
The caudate nucleus, as part of the associative striatum, integrates information from multiple cortical regions to 
guide goal-directed behavior, and its enhanced activation may reflect the increasing complexity of drug-seeking 
strategies as addiction progresses62.

These systematic neural adaptations provide crucial insights into the mechanisms underlying addiction 
chronicity and the challenges of maintaining long-term recovery. The progression from focused subcortical 
alterations during abstinence to more widespread circuit dysfunction following relapse suggests a cascade of 
neural adaptations that may increasingly strengthen drug-seeking behaviors while progressively weakening 
cognitive control mechanisms63,64. The bilateral nature of many observed changes, particularly in striatal regions, 
indicates systematic adaptation of parallel neural circuits that may contribute to the persistent and treatment-
resistant nature of addiction65.

Our findings show both convergent and divergent patterns when compared to neuroimaging studies of 
other substance addictions. Convergent findings include striatal dysfunction and prefrontal hypoactivity, which 
have been consistently reported across cocaine, alcohol, and opioid addiction studies31,66,67. The progression 
from subcortical to more widespread cortical involvement during relapse aligns with theories of addiction as a 
progressive brain disorder affecting multiple neural networks68. However, our study reveals methamphetamine-
specific patterns that distinguish it from other substances. The extent and persistence of cortical hypoactivity 
we observed appears more pronounced than typically reported in cocaine addiction studies, possibly reflecting 
methamphetamine’s unique neurotoxic effects55. Additionally, the specific putamen-to-caudate progression 
pattern, while theoretically consistent with habit-to-goal-directed transition models, has not been systematically 
documented in other substance addiction longitudinal studies65. These comparisons suggest that while addiction 
involves common neural mechanisms across substances, methamphetamine’s distinctive pharmacological profile 
necessitates substance-specific considerations in both research and treatment approaches. The broader cortical 

Fig. 4.  Relationships between altered brain regions and duration of MA use, duration of relapse. MA: 
methamphetamine. P values were obtained by Pearson correlation analysis.
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involvement we observed may explain the particularly challenging nature of methamphetamine addiction 
recovery and the high relapse rates associated with this substance69.

Our research provides a comprehensive framework for understanding methamphetamine addiction as a 
dynamic disorder involving progressive adaptation of multiple neural circuits. By combining ReHo and fALFF 
analyses, we revealed for the first time the dynamic progression of neural adaptations from abstinence to 
relapse, particularly the shift in striatal involvement from putamen to caudate nucleus. This transition reflects 
the evolution from habit-based to goal-directed drug-seeking behaviors, extending previous models of addiction 
progression. The systematic characterization of stage-specific changes suggests potential therapeutic targets at 
different stages of the addiction cycle, underscoring the importance of targeted, stage-specific interventions. 
While our findings highlight the critical importance of early intervention in preventing the cascade of neural 
adaptations that promote chronic addiction, the cross-sectional design limits causal inferences about their 
temporal sequence. Future longitudinal studies with higher temporal resolution could better characterize these 
neural dynamics and their relationship to clinical outcomes. Understanding how these circuit-level changes 
interact with environmental triggers could inform more effective prevention strategies and potentially improve 
long-term outcomes for individuals struggling with methamphetamine dependence.

Based on these neurobiological insights, our findings suggest potential for developing personalized, stage-
specific therapeutic interventions. During early abstinence (putamen-dominant phase), treatment strategies 
should focus on habit disruption and automatic behavior modification, such as cue exposure therapy and 
response prevention techniques that specifically target the dorsal striatal habit system70,71. Interventions like 
cognitive behavioral therapy with emphasis on breaking automatic drug-seeking routines may be most effective 
during this phase72. In contrast, during the relapse phase (caudate-dominant phase), therapeutic approaches 
should shift toward enhancing goal-directed cognitive control and executive function. This could include 
working memory training, cognitive control enhancement programs, and motivational interviewing techniques 
that engage the associative striatum’s role in goal-directed behavior72. The caudate nucleus’s integration of 
cortical information for complex decision-making suggests that interventions targeting cognitive flexibility and 
decision-making processes may be particularly beneficial during this stage31. This neurobiologically-informed, 
stage-specific treatment approach represents a significant advancement over traditional one-size-fits-all 
addiction therapies and could potentially improve treatment outcomes by targeting the specific neural circuits 
most relevant to each recovery stage67,73.

An important limitation of this study is the inclusion of only male participants, which limits the 
generalizability of our findings to female populations. Future studies should include female participants to 
explore gender-specific neural mechanisms of methamphetamine addiction and relapse, as gender differences 
in addiction neurobiology are increasingly recognized as clinically significant74,75. Another important limitation 
of this study is the potential confounding effect of rehabilitation interventions, including education and physical 
exercise programs, on brain activity patterns. Previous research has demonstrated that physical exercise can 
improve striatal function and cognitive control abilities, potentially influencing the neural activity patterns 
we observed76,77. Similarly, educational interventions may affect cognitive networks and decision-making 
processes78. Finally, in rs-fMRI studies, many multiple comparison correction methods can be used for statistical 
analysis. Due to the limitation of sample size, this study adopted the AlphaSim correction method, however, in 
future research, we will further expand the sample size and use more multiple comparison correction method 
for statistical analysis to validate the results of this study, such as permutation test with Threshold-Free Cluster 
Enhancement (TFCE), a strict multiple comparison correction strategy, which can reach the best balance 
between family‐wise error rate and reproducibility79.

While all participants in our study received standardized rehabilitation protocols, we cannot definitively 
separate the neural effects of abstinence/relapse from those of therapeutic interventions. Future studies should 
implement more rigorous control conditions, such as comparing different rehabilitation protocols or including 
treatment intensity as a covariate in analyses80. Additionally, control groups receiving different intervention 
types (e.g., exercise-only vs. education-only vs. combined interventions) would help isolate the specific neural 
effects of abstinence and relapse from treatment-related changes. Despite this limitation, our findings remain 
valuable as they reflect the real-world clinical context in which recovery occurs, and the observed neural patterns 
may represent the combined effects of both neurobiological recovery processes and therapeutic interventions.

Conclusion
Our findings demonstrate persistent brain activity alterations in MADIs during abstinence, characterized by 
decreased ReHo values in attention-related regions alongside increased activity in the inferior temporal gyrus, 
right insula, and notably, the bilateral putamen. The enhanced putamen activity during abstinence represents 
a potential neural signature for early relapse risk. Relapse was marked by more extensive neural disruptions, 
progressing from focused putamen-centered changes to widespread network dysfunction, particularly enhanced 
activity across the striatum. This progression, especially the shift from putamen to caudate nucleus dominance, 
suggests a transition from habit-based to goal-directed drug-seeking behaviors. Our findings not only extend 
the current understanding of the neural basis of methamphetamine addiction but also provide a theoretical 
foundation for developing stage-specific therapeutic interventions. Early intervention targeting these distinct 
patterns of neural dysfunction might be crucial in preventing the cascade of maladaptive neural adaptations 
that characterize chronic addiction and contribute to high relapse rates. Future research should employ more 
intensive longitudinal designs with multiple assessment points (e.g., 1, 3, 6, and 12 months post-abstinence) 
to more precisely characterize the temporal dynamics of neural adaptation. Additionally, multimodal studies 
incorporating biomarkers, cognitive assessments, and environmental factors will be essential for developing 
comprehensive relapse prediction models. Long-term follow-up studies tracking participants beyond the first 
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year could provide insights into the stability of these neural patterns and their relationship to sustained recovery 
outcomes.

Data availability
The datasets used and analysed during the current study were available from the corresponding author on rea-
sonable request.
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