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Abstract: Introduction: While methadone maintenance therapy (MMT) is well established in opioid use disorder, its potential

modulatory effects on brain network dynamics in methamphetamine use disorder (MUD) remain unclear. This study
aimed to evaluate the association of MMT with normalization of disrupted brain network activity in MUD.
Methods: In this cross-sectional study, resting-state functional magnetic resonance imaging (MRI) data were obtained
from healthy controls, untreated methamphetamine users, and methamphetamine users receiving MMT who also met
diagnostic criteria for opioid use disorder and were enrolled in supervised MMT programs. Dynamic functional con-
nectivity was assessed using dynamic independent component analysis within the CONN toolbox. Clinical status was
evaluated using the Positive and Negative Syndrome Scale (PANSS) and Brief Assessment of Cognition in Schizophrenia
(BACS). Group comparisons were performed using general linear models controlling for age, education level, duration
of methamphetamine use, and head-motion parameters. Results: 110 participants (35 healthy controls, 45 untreated
individuals with methamphetamine use, and 30 individuals with methamphetamine use receiving MMT) were studied.
Cognitive performance assessed using BACS differed significantly across groups (p = 0.002, n? = 0.332), with untreated
methamphetamine users demonstrating the lowest scores (19.88 + 6.20), healthy controls the highest scores (30.38
+ 5.85), and MMT-treated participants showing intermediate performance (22.48 + 7.61). Compared with untreated
methamphetamine users, MMT-treated participants showed higher BACS scores, although the methamphetamine ver-
sus MMT effect was small-to-moderate (Cohen’s d = -0.38, 95% confidence interval (CI): -0.85 to 0.08). PANSS positive,
negative, and general psychopathology scores differed significantly across groups (all p < 0.001), with large effect sizes
(n? range = 0.802-0.913). Untreated methamphetamine users exhibited the greatest symptom severity (Cohen’s d = 2.74,
95% CI: 2.10-3.38), whereas MMT-treated participants showed lower symptom burden than untreated users (Cohen’s d =
2.26,95% CI: 1.67-2.85), although scores remained elevated relative to healthy controls (d =4.22, 95% CI: 3.34, 5.11). The
methamphetamine versus MMT effect sizes were large for PANSS positive (Cohen’s d = 2.74, 95% CI: 2.10-3.38), PANSS
negative (Cohen’s d = 2.26, 95% CI: 1.67-2.85), and PANSS general psychopathology (Cohen’s d = 1.64, 95% CI: 1.11-2.18).
Conclusion: Methamphetamine use is associated with disrupted and unstable brain network dynamics that may un-
derlie acute neurobehavioral disturbances seen in emergency settings. MMT was associated with partial stabilization of
these alterations, suggesting a potential neurobiological benefit beyond opioid substitution. Persistent network abnor-
malities, however, indicate the need for adjunctive therapeutic strategies. Dynamic connectivity measures may offer a
novel biomarker for risk stratification and management of substance-related emergencies.
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1. Introduction

Methamphetamine use disorder (MUD) is a significant pub-
lic health problem characterized by neurocognitive impair-
ment, psychotic symptoms, and high rates of relapse(1).
Chronic methamphetamine exposure disrupts dopaminer-
gic and glutamatergic neurotransmission, leading to changes
in functional connectivity (FC) in brain networks involved
in cognitive control, emotional regulation, and sensory in-
tegration(2). While pharmacological interventions such
as methadone maintenance therapy (MMT) have shown
efficacy in opioid addiction, their potential effects on
methamphetamine-associated cognitive and psychotic im-
pairments remain poorly understood (3). Recent advances in
dynamic connectivity analysis using resting-state functional
magnetic resonance imaging (rs-fMRI) offer a new lens to
study temporally varying network interactions and provide
deeper insights into the neural mechanisms of addiction and
recovery(4).

Methamphetamine-associated psychosis (MAP) has clinical
similarities to schizophrenia, including hallucinations, delu-
sions, and thought disorder, but arises from a different neu-
robiological pathway. In resting-state fMRI studies, metham-
phetamine users were found to have aberrant connectivity
in the default mode network (DMN), salience network (SN),
and frontoparietal network (FPN), with cross-network hypo-
connectivity (e.g., DMN-FPN) correlating with the sever-
ity of positive symptoms on the Positive and Negative Syn-
drome Scale (PANSS)(5). For example, reduced connectiv-
ity between the sensory-somatomotor network (SMN) and
attention networks has been associated with impaired sen-
sory integration and attention deficits in MAP. These find-
ings emphasize the role of large-scale network dysregulation
in methamphetamine-related psychosis, but most studies fo-
cus on static FC and neglect the temporal dynamics of net-
work interactions that might better reflect fluctuating cogni-
tive states and symptom severity(6, 7).

While MMT is a cornerstone of treatment for opioid depen-
dence, its applicability to methamphetamine use disorder is
less clear(8). Emerging evidence suggests that neuromodu-
latory interventions such as repetitive transcranial magnetic
stimulation (rTMS) can normalize FC patterns in addiction-
related networks, particularly in the prefrontal cortex and re-
ward circuits(9). For example, rTMS has been shown to in-
crease beta-band connectivity and improve cognitive out-
comes in methamphetamine users, emphasizing the poten-
tial for targeted therapies to restore network efficiency. Sim-
ilarly, MMT may have similar effects by normalizing neuro-
transmitter systems, although its effects on dynamic network
reconfiguration remain unexplored(10).

Conventional rs-fMRI analyses often overlook the millisec-
ond fluctuations in FC that characterize real brain function.
Dynamic connectivity approaches, on the other hand, cap-
ture transient network states and provide a more nuanced
understanding of addiction-related dysregulation(11). For

example, EEG microstate studies in methamphetamine users
show impaired temporal dynamics in microstate classes A
(auditory processing) and B (visual attention), which corre-
late with attention bias and drug use history(12). Transfer-
ring these results to fMRI, dynamic connectivity could shed
light on how methamphetamine and MMT modulate tran-
sient network interactions, such as the uncoupling of DMN
and SMN during cognitive tasks, or normalize aberrant con-
nections associated with psychosis(13).

This study employed dynamic functional connectivity (dFC)
analyses within the CONN toolbox framework to com-
pare large-scale brain network dynamics among untreated
methamphetamine users, methamphetamine users receiv-
ing MMT, and age-matched healthy controls. In addition, as-
sociations between dynamic connectivity alterations, cogni-
tive performance, and psychotic symptom severity were in-
vestigated to identify potential neuroimaging biomarkers of
treatment response and neurobehavioral dysfunction.

2. Methods
2.1. Study design and setting

In this cross-sectional study, long-term methamphetamine-
dependent subjects were analyzed together with healthy,
subjects.
dependent participants were recruited between 2024

age-matched control Methamphetamine-
and late 2025 from MMT clinics and emergency depart-
ments (EDs) affiliated with Shahroud University of Medical
Sciences, Iran. Participants with methamphetamine use
met DSM-5 criteria for methamphetamine use disorder(14).
MMT participants also met clinical criteria for opioid use
disorder and were enrolled in supervised methadone main-
tenance programs.

To address important gaps in the current literature, we: (A)
compare the dynamic connectivity patterns of untreated
methamphetamine users, MMT-treated patients, and con-
trols using a validated dynamic independent component
analysis(dICA) approach in the CONN framework; and (B)
assess the extent to which MMT modulates large-scale net-
work dynamics and attenuates psychotic symptoms as mea-
sured by the Positive and Negative Syndrome Scale (PANSS),
supporting its potential neuroregulatory effect in stimulant
dependence. Healthy control subjects were screened to
ensure that no substance use disorders or other medical
or neurological conditions were present. Written informed
consent was obtained from all participants, and ethical
approval was granted by the Ethics Committee of Isfahan
University of Medical Sciences (IR.MUL.MED.REC.1402.453).

2.2. Participants

Healthy controls were age-matched participants with no
substance use disorder, neurological disorder, chronic sys-
temic illness, or contraindication to MRI. The inclusion cri-
teria for participants with methamphetamine use disorder
were age between 25 and 40 years and methamphetamine
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use for more than five years. Participants in the MMT group
had maintained abstinence from methamphetamine for ap-
proximately two months before imaging. In contrast, par-
ticipants in the untreated METH group had recent metham-
phetamine use confirmed by urine screening. Participants
in the untreated METH group were not receiving methadone
maintenance therapy or other regular psychoactive medica-
tions at the time of assessment. All participants provided
written informed consent in accordance with the Institu-
tional Review Board.

Participants receiving MMT were additionally screened for
opioid use disorder through structured clinical interviews
and treatment records obtained from affiliated methadone
maintenance clinics. Enrollment in an active MMT pro-
gram was verified through medical documentation. Al-
though MMT participants had maintained abstinence for
at least two months before imaging, previous studies sug-
gest that methamphetamine-associated neurobiological al-
terations, cognitive deficits, and psychotic symptoms may
Therefore, the
present findings are interpreted as reflecting enduring neu-

persist long after cessation of drug use.

rofunctional consequences of prior methamphetamine ex-
posure rather than acute drug effects.

Participants receiving methadone maintenance therapy were
treated with a stable maintenance dose ranging from 60 to
90 mg/day (mean: 72 + 15 mg/day) for a minimum of eight
weeks before MRI acquisition.

2.3. Data gathering and measurements

Demographic data were collected for all participants, includ-
ing age, education level, and duration of methamphetamine
use. Right-handedness was confirmed using the Edinburgh
Handedness Inventory. Methamphetamine dependence was
validated by a rapid urine test with a detection limit of =500
ng/ml.

Standardized clinical instruments were used to assess partic-
ipants’ psychological and cognitive status, including PANSS,
which quantifies symptom severity across psychotic do-
mains. These measures were used to explore associations
between clinical outcomes and dynamic connectivity pat-
terns(15), as well as the Brief Assessment of Cognition in
Schizophrenia (BACS)(16), which assesses verbal memory,
working memory, motor speed, fluency, attention, and exec-
utive function.

MMT participants had received methadone for a minimum
of eight weeks before MRI acquisition. Methadone treatment
status was verified using clinical treatment records. Treat-
ment adherence and continuity were confirmed via clinic
documentation.

2.4. Image acquisition and analysis

Functional and anatomical images were acquired using a
Siemens 1.5T Avanto MRI scanner with an 18-channel head
coil. Resting-state fMRI parameters (rs-fMRI) included Rep-
etition Time (TR) = 3300 ms, Time to Echo (TE) = 45 ms,
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slice thickness = 3.5 mm, and matrix size = 64x64, with
200 measurements over 11 minutes. T1-weighted structural
data were collected with TR = 2400 ms, TE = 3.79 ms, and
slice thickness = 1.2 mm. Participants were instructed to re-
main awake and close their eyes during the scans. Analy-
ses of the fMRI data were performed using CONN(17).(RRID:
SCR_009550) release 22.v2407(18) and SPM12 (19) (RRID:
SCR(07037)Releasel2.7771inM AT LABR2018b.

2.5. Preprocessing

The anatomical data were segmented into the tissue classes
grey matter, white matter, and cerebrospinal fluid using
the uniform segmentation and normalization algorithm
SPM12(20) (21) With the default IXI-549 tissue probability
map template.

2.6. Denoising

In addition, the functional data were denoised using a stan-
dard denoising pipeline(22) including regression of poten-
tial confounding effects introduced by white matter time se-
ries (5 component based noise correction method (Comp-
Cor) noise components), cerebrospinal fluid (CSF) time se-
ries (5 CompCor noise components), session effects and their
first-order derivatives (2 factors), and linear trends (2 fac-
tors) within each functional run, followed by bandpass fre-
quency filtering of the blood oxygenation level-dependent
(BOLD) time series(23, 24) between 0.008 Hz and 0.09 Hz.
CompCor(25) . The noise components within the white mat-
ter and CSF were estimated by calculating the average BOLD
signal and the largest principal components orthogonal to
the BOLD average within the eroded segmentation masks of
each subject. Based on the number of noise terms included
in this denoising strategy, the effective degrees of freedom of
the BOLD signal after denoising were estimated to be 91.5 to
100.7 (average 100.4) across all subjects(26).

2.7. First-level analysis RRC 01

Dynamic independent component analyses (dyn-ICA)(22)
were performed to estimate the first 10 temporal modula-
tion factors that characterize the observed dynamic changes
in functional connectivity within each functional run, to-
gether with the circuits (groups of connections) modulated
by each of these factors. Blood oxygen level-dependent
(BOLD) time series were extracted from predefined regions
of interest (ROIs) Human Connectome Project independent
component analysis (HCP-ICA) networks (17) and Harvard-
Oxford Atlas ROI(27)were concatenated across all subjects.
Functional connectivity between each pair of regions was
modelled by a generalized psychophysiological interaction
model (gPPI) (28, 29). With 10 unknown psychological factors
and an interactive dual regression algorithm using a Han-
ning regularization kernel with a 30s full-width half maxi-
mum (FWHM), maximum likelihood estimates of these fac-
tors were computed. Finally, a fast-ICA fixed-point algo-
rithm(30). The hyperbolic tangent contrast function was ap-
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plied to the regression coefficients of the resulting group-
level gPPI model interaction terms to identify spatially in-
dependent group-level circuits. A separate gPPI model was
used for each subject to compute subject-specific ICA maps
associated with the same circuits.

2.8. Second-level analysis RRC_02

Group-level analyses were performed using general linear
models (GLM). Age, education level, duration of metham-
phetamine use, and head-motion parameters were included
as covariates where appropriate to minimize potential con-
founding effects. In addition to p-values, effect sizes and 95%
confidence intervals (ClIs) were calculated to facilitate inter-
pretation of the magnitude of group differences(31). A sepa-
rate GLM was estimated for each compound, with first-level
connectivity measures at that compound as dependent vari-
ables (one independent sample per subject and one mea-
sure per task or experimental condition, if applicable) and
subject-level groups or other identifiers as independent vari-
ables. Link-level hypotheses were assessed using multivari-
ate parametric statistics with random effects between sub-
jects and covariance estimation for the sample across mea-
sures. Inferences were made at the individual cluster level
(groups of similar compounds). Cluster-level inference was
based on parametric statistics within and between each pair
of networks (functional network connectivity)(32), where
the networks were identified using a hierarchical clustering
method with complete linkage(33). based on the anatomical
proximity of ROI to ROI and functional similarity metrics(18).
The results were assessed using a combination of a threshold
of p < 0.05 at the linkage level and a family-wise corrected
threshold of p-FDR < 0.05 at the cluster level(34).

2.9. Statistical analysis

Sample size was determined based on feasibility and pre-
vious resting-state fMRI studies in substance use disorders
reporting medium-to-large effect sizes. A post-hoc power
analysis indicated that the current sample (n = 110) provided
greater than 80% statistical power to detect medium effect
sizes (Cohen’s d = 0.50) at =0.05.

Group differences in demographic, cognitive, and clinical
variables were assessed using one-way analysis of variance
(ANOVA) for continuous variables and 2 tests for categori-
cal variables. Homogeneity of variance was evaluated using
Levene’s test. Post hoc comparisons were performed using
Tukey’s honestly significant difference (HSD) test when ap-
propriate. Covariates included age, education, duration of
methamphetamine use, and head-motion parameters. The
sample size (n = 110) provided adequate statistical power
(>80%) to detect medium effect sizes at = 0.05 based on
prior neuroimaging studies of methamphetamine use disor-
der. Statistical analyses were conducted using SPSS version
26 and MATLAB R2020a.

3. Results

3.1. Clinical and demographic characteristics

This cross-sectional study recruited 110 participants: 35
healthy controls, 45 untreated individuals with metham-
phetamine use, and 30 individuals with methamphetamine
use receiving MMT. Table 1 compares the demographic, cog-
nitive, and clinical characteristics of the studied participants.
Significant group differences were observed in cognitive and
psychopathological measures.
sessed using BACS differed significantly across groups (p =
0.002, n? = 0.332), with untreated methamphetamine users
demonstrating the lowest scores (19.88 + 6.20), healthy con-
trols the highest scores (30.38 + 5.85), and MMT-treated par-
ticipants showing intermediate performance (22.48 + 7.61).
Compared with untreated methamphetamine users, MMT-
treated participants showed higher BACS scores, although
the methamphetamine versus MMT effect was small-to-
moderate (Cohen’s d = -0.38, 95% CI: -0.85 to 0.08).

PANSS positive, negative, and general psychopathology

Cognitive performance as-

scores differed significantly across groups (all p < 0.001),
with large effect sizes (n? range = 0.802-0.913). Untreated
methamphetamine users exhibited the greatest symptom
severity (Cohen’s d = 2.74, 95% CI: 2.10-3.38), whereas MMT-
treated participants showed lower symptom burden than
untreated users (Cohen’s d = 2.26, 95% CI: 1.67-2.85), al-
though scores remained elevated relative to healthy controls
(d = 4.22, 95% CI: 3.34, 5.11). The methamphetamine ver-
sus MMT effect sizes were large for PANSS positive (Cohen’s
d = 2.74, 95% CI: 2.10-3.38), PANSS Negative (Cohen’s d =
2.26, 95% CI: 1.67-2.85), and PANSS General Psychopathol-
ogy (Cohen’s d = 1.64, 95% CI: 1.11-2.18).

3.2. ROI to ROI dynamic independent analysis

This study was an exploratory research with a small sample
size examining dynamic functional connectivity differences
associated with MMT for methamphetamine dependence
over an eight-week post-treatment period from the perspec-
tive of dynamic functional connectivity assessed across 10
dynamic conditions using the CONN toolbox.

Subjects included methamphetamine abusers and MMT
post-treatment subjects who were compared to age-matched
healthy controls in the dynamic functional connectivity do-
main. The results showed contrasts between subjects in
Group A (healthy controls and methamphetamine users)
(Figure 1) across components 1, 4, 6, and 8, along with
the corresponding effect sizes for each cluster. Indepen-
dent component (IC)1 showed a significant difference be-
tween the two clusters. Cluster 1 primarily comprises the
hippocampus, dorsal attention network, and superior senso-
rimotor cortex. Cluster 2 includes the default mode PCC, pre-
cuneus cortex, medial visual cortex, and temporal fusiform
cortex. IC4 showed significant differences in Clusters 2 and
5. Visual Occipital, Cerebellar Anterior, Default Mode MPFC,
and Cingulate Gyrus in Cluster 2 and Lingual Gyrus Right,
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Temporal Fusiform Cortex, Occipital Fusiform Gyrus, and
Vermis in Cluster 5 change the dynamic connectivity prop-
erties. In IC6, we observed significant differences in Cluster
2, which includes the frontoparietal LPFC, temporal fusiform
cortex, parahippocampal gyrus, and other regions. In IC8,
distinct differences were evident in Clusters 2 and 3: Clus-
ter 2 involved the lateral sensorimotor cortex and language-
related areas, while Cluster 3 included the posterior superior
temporal gyrus (pSTG) and superior temporal gyrus.
Dynamic connectivity analysis contrasting healthy controls
(HC) and treated subjects is presented in Figure 2. Results
demonstrate significant between-group differences in inde-
pendent components IC2, IC3, IC4, IC5, IC6, and IC8 across
multiple clusters.

4, Discussion

4.1. Key findings and network implications

The present study demonstrates impaired dynamic func-
tional connectivity (dFC) in methamphetamine users, in
both untreated METH and MMT groups, spanning multiple
large brain networks. These results emphasize the complex-
ity of addiction-related neuroadaptations and suggest that
MMT may have partial restorative effects. Participants in the
METH group showed reduced dFC in core regions of the
DMN, especially in the posterior cingulate cortex and pre-
cuneus, as well as in the hippocampus, compared to healthy
controls (HC). The DMN is central to self-referential cogni-
tion and introspective awareness; its dysregulation has been
repeatedly linked to craving and reduced self-monitoring in
methamphetamine use. The changes observed here in the
hippocampus may reflect memory impairment caused by
methamphetamine neurotoxicity, which is consistent with
previous volumetric studies (35, 36). The partial restoration
of connectivity in these regions after MMT (Figure 3: MMT vs
METH in IC2, IC5) suggests an improvement in internal state
regulation. Nevertheless, the persistent deviations compared
to HC (Figure 2) indicate remaining impairments and incom-
plete recovery pathways.

The connectivity of the frontoparietal network (FPN), which
is involved in cognitive control and adaptive regulation, was
impaired in both the MMT and METH groups. The per-
sistent deficit in MMT subjects suggests that MMT alone is
not sufficient to address executive dysfunction, which has
been shown to contribute to relapse susceptibility(37). Pre-
vious reports confirm that flexibility within FPN is associated
with decision-making ability and the sustainability of absti-
nence(38).

Changes in sensorimotor and language-associated regions,
particularly in the superior temporal gyrus (IC8), may be
associated with deficits in coordination and social commu-
nication. These areas are frequently impaired in stimulant
dependence and have been associated with network-level
dysconnectivity in both preclinical and clinical studies(39-
41). The persistence of these differences after MMT (Figure

Archives of Academic Emergency Medicine. 2026; 14(1): e41

2) suggests long-term neurological adaptations that may re-
quire multimodal rehabilitation.

The connectivity impairments in the visual and cerebellar
circuits (IC4, IC5) are consistent with the neurotoxic pro-
file of methamphetamine. Dysfunction in these regions be-
fore treatment reflects impaired sensory integration and mo-
tor sequencing. The partial recovery patterns observed in
MMT (Figure 3: MMT vs. METH comparison) may reflect ei-
ther detoxification-induced neuroplasticity or reduced neu-
rochemical burden(13). However, the extent and duration of
these improvements remain unclear, given the limited dura-
tion of treatment.

4.2. MMT effects and partial normalization

In MMT participants, additional connectivity shifts com-
pared to HCs (IC2, IC3, IC5) suggest that MMT may induce
compensatory or adaptive reorganization within the affected
circuits(42, 43).

The intermediate connectivity profile observed in the MMT
group, which shares features with both METH and HC, opens
the possibility of partial normalization, especially in regions
involved in affective regulation and interoceptive perception.
Although the therapeutic mechanism of MMT in metham-
phetamine dependence remains uncertain, several hypothe-
ses should be considered. Because participants in the MMT
group had comorbid opioid use disorder, methadone may
have exerted indirect stabilizing effects via -opioid receptor
agonism and downstream modulation of glutamatergic sys-
tems(44, 45). Alternatively, off-target effects on dopamin-
ergic pathways could influence reward and stress regula-
tion circuitry, consistent with the observed shifts in SN-DMN
coupling following treatment.(46) The observed partial nor-
malization of DMN and cerebellar connectivity in the MMT
group suggests that methadone may exert stabilizing effects
on intrinsic neural dynamics disrupted by chronic stimulant
exposure. However, the persistent abnormalities in the fron-
toparietal and sensorimotor networks indicate that higher-
order executive and motor systems remain vulnerable even
after treatment. This pattern aligns with previous findings
emphasizing that executive dysfunction in stimulant depen-
dence requires extended recovery periods and often persists
despite pharmacological intervention.

Although MMT is not a standard treatment for metham-
phetamine use disorder, the intermediate connectivity pro-
file of the treated group, positioned between untreated users
and healthy controls, suggests potential neuromodulatory
impacts on large-scale brain systems. Nevertheless, given
the cross-sectional design and relatively short treatment win-
dow, these findings should be interpreted cautiously. Com-
plementary therapeutic approaches such as cognitive reme-
diation, neuromodulation, or mindfulness-based interven-
tions may be required to target residual deficits in cognitive
control and network flexibility.

Disrupted dynamic functional connectivity in metham-
phetamine users may underlie acute psychiatric manifesta-
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tions frequently seen in emergency departments, including
agitation, psychosis, and impaired decision-making. Par-
tial normalization with MMT suggests that time-resolved
connectivity measures could serve as biomarkers to identify
high-risk patients, guide early management, and triage in-
terventions. These findings highlight the need for integrat-
ing neuroimaging-informed strategies with clinical assess-
ment in acute care settings. Alternative explanations should
also be considered. Because treatment assignment was not
randomized, baseline differences between treated and un-
treated participants may have influenced the observed find-
ings. Individuals who engage successfully in MMT pro-
grams may differ in motivation, treatment adherence, psy-
chosocial support, or illness severity. These factors could
partially account for differences in dynamic connectivity
patterns. Furthermore, the selective normalization of de-
fault mode and cerebellar networks compared with persis-
tent abnormalities in frontoparietal and sensorimotor sys-
tems may reflect differential rates of neurobiological recov-
ery. Networks supporting higher-order executive functions
are known to demonstrate prolonged vulnerability follow-
ing chronic stimulant exposure and may require longer pe-
riods of abstinence or adjunctive interventions for recovery.
The persistence of abnormalities within executive-control
and sensorimotor networks despite treatment may indicate
that some methamphetamine-related neural alterations are
less responsive to current pharmacological interventions and
may require longer recovery periods or complementary ther-
apeutic approaches.

5. Methodological considerations and
limitations

This study has several limitations. First, the relatively small
sample size may limit statistical power and reduce generaliz-
ability. Second, the cross-sectional design precludes causal
inference regarding the effects of methadone maintenance
therapy on dynamic connectivity alterations. Third, residual
confounding related to psychiatric comorbidities, polysub-
stance exposure, medication history, and environmental fac-
tors cannot be completely excluded. Fourth, although exten-
sive denoising procedures and motion correction were ap-
plied, resting-state functional connectivity measures remain
susceptible to motion-related and physiological artifacts. Fi-
nally, the relatively short duration of MMT exposure may
not fully capture long-term treatment-related neuroplastic
changes. Future longitudinal studies incorporating larger
samples and multimodal neuroimaging approaches are war-
ranted. Furthermore, because MMT participants were ab-
stinent at the time of imaging, findings in this group cannot
distinguish residual effects of prior methamphetamine expo-
sure from long-term recovery-related neuroadaptations.

6. Clinical and future directions

Establishing robust behavioral correlates of dFC changes
would greatly enhance translational relevance. For exam-
ple, increased ECN flexibility and normalized DMN-SN tran-
sitions may correlate with reduced impulsivity, lower crav-
ing intensity, and better executive function(47, 48). Mul-
timodal imaging, combining rs-fMRI with DTI, structural
MRI, and PET, can elucidate the mechanistic basis of ob-
served changes, including white matter integrity and neu-
rotransmitter receptor availability. Interventions targeting
specific networks may complement pharmacological treat-
ment. Mindfulness-based therapies, cognitive control train-
ing, and neuromodulation (e.g., tACS, rTMS) have shown po-
tential in restoring DMN-FPN balance and mitigating cue re-
activity(36, 49). Together, these findings support a network-
level understanding of addiction and recovery. Future work
should prioritize longitudinal designs, individualized con-
nectivity profiling, and targeted modulation strategies to op-
timize outcomes in stimulant use disorder.

7. Conclusions

This study provides evidence that methamphetamine use
disorder is associated with substantial disturbances in dy-
namic functional connectivity across multiple large-scale
brain networks. Participants receiving methadone mainte-
nance therapy demonstrated partial normalization of several
connectivity abnormalities, particularly within default mode
and cerebellar systems, accompanied by improvements in
cognitive performance and psychotic symptoms. Neverthe-
less, persistent dysfunction within executive and sensorimo-
tor networks suggests that methadone alone may not fully re-
verse the neurobiological consequences of chronic metham-
phetamine exposure. While dynamic connectivity measures
show promise as potential biomarkers of treatment response
and disease severity, further longitudinal investigations are
required before these findings can be translated into routine
clinical practice or emergency medicine decision-making.
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IR Demographic characteristics of study participants (N = 10,000)

Variable HC (n=35) METH (n=45) |[MMT (n=30) P n? METH vs. MMT
Age (years)

Mean + SD 35.70 +7.97 34.00 +7.54 34.50 +8.03 0.80 0.009 -0.06 (-0.53, 0.40)
Education (years)

Mean + SD 11.80 £ 2.40 10.90 £ 2.50 11.10 £ 2.30 0.21 0.026 -0.08 (-0.54, 0.38)
Duration of dependence (years)t

Mean + SD — 5.50 £ 2.80 5.20 +2.60 0.62 0.003 0.11 (-0.35, 0.57)
BACS Composite Score

Mean + SD 30.38 £5.85 19.88 £ 6.20 22.48+£7.61 0.002 0.332 -0.38 (-0.85, 0.08)
Tests

Verbal memory 39.57 £10.95 31.37£10.94 32.44£7.22 0.013 0.119 -0.11 (-0.57, 0.35)
Serial number test 15.40 £4.75 12.60 £ 5.25 13.02 +5.18 0.015 0.058 -0.08 (-0.54, 0.38)
Verbal fluency 16.36 £4.19 15.96 + 6.63 16.87 + 5.45 0.20 0.004 -0.15 (-0.61, 0.32)
Token motor test 54.14 +2.94 34.25+2.90 40.53 +3.77 0.008 0.880 -1.92 (-2.48, -1.36)
PANSS

Positive 8.86 £ 1.59 23.10£3.07 14.80 £ 2.96 <0.001 0.844 2.74 (2.10, 3.38)
Negative 9.52+1.89 22.15+3.24 15.34 £ 2.64 <0.001 0.802 2.26 (1.67, 2.85)
General psychopathology 18.76 £ 1.35 46.44 +£6.13 36.46 £ 6.00 <0.001 0.913 1.64 (1.11, 2.18)

Data are presented as mean + standard deviation (SD) or 95% confidence interval. HC: healthy controls;
METH: untreated methamphetamine users; MMT: methadone maintenance therapy receivers; BACS: Brief Assessment of
Cognition in Schizophrenia; PANSS: Positive and Negative Syndrome Scale.
+ Duration of dependence applies only to participants with methamphetamine use disorder.
Participants receiving methadone maintenance therapy were treated with a stable dose of 60-90 mg/day (mean 72 + 15 mg/day).
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Dynamic independent component (dICA) analysis: the ROI-to-ROI connectivity circle diagram across 10 IC spatial components.
Between-group contrasts (HC = 1 vs. METH = -1) revealed significant differences in IC1, IC4, IC6, and IC8, with corresponding effect sizes shown
for each cluster (p < 0.05, FDR-corrected). HC: healthy controls; METH: untreated methamphetamine users; IC: independent component; ROI:
region of interest; FDR: false discovery rate.

IC1: Hippocampal-dorsal attention—sensorimotor and posterior default-mode/visual circuit

IC4: Visual-occipital-cerebellar and medial prefrontal/cingulate circuit

ICé6: Frontoparietal-temporal-fusiform-parahippocampal circuit

IC8: Lateral sensorimotor-language—superior temporal circuit.
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Dynamic independent component analysis (dICA): the ROI-to-ROI connectivity circle diagram across 10 spatial ICs. Between-group
contrasts (HC = 1 vs. MMT = -1) revealed significant differences in IC2, IC3, IC4, IC5, IC6, and IC8, with corresponding effect sizes for each
cluster (p < 0.05, FDR-corrected). HC: healthy controls; MMT: MMT-treated participants; IC: independent component; ROI: region of interest;

FDR: false discovery rate; CI: confidence interval.

IC2: Default-mode-hippocampal/medial temporal circuit, primarily involving the posterior cingulate cortex, precuneus, and hippocampal

regions. IC3: Salience-limbic/interoceptive circuit, involving systems related to affective regulation and internal-state processing. This is an

operational label based on the network pattern and its interpretation in the manuscript.

IC4: Visual-occipital-cerebellar and medial prefrontal/cingulate circuit.

IC5: Visual-cerebellar circuit, reflecting connectivity involved in visual integration, cerebellar processing, and motor sequencing.

1C6: Frontoparietal-temporal fusiform-parahippocampal circuit.

IC8: Lateral sensorimotor-language-superior temporal circuit, including language-related regions, posterior superior temporal gyrus, and

superior temporal gyrus.
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Dynamic independent component analysis (dICA): the ROI-to-ROI connectivity circle diagram across 10 spatial ICs. Between-group
contrasts (MMT =1 vs. METH = -1) revealed significant differences in IC2, IC5, and IC9, with corresponding effect sizes for each cluster (p < 0.05,
FDR-corrected). METH: untreated methamphetamine users; MMT: methadone maintenance treatment group; IC: independent component;
ROLI: region of interest; FDR: false discovery rate.

IC2: A default-mode-hippocampal/medial temporal circuit, primarily involving the posterior cingulate cortex, precuneus, hippocampus, and
related medial temporal regions.

IC5: A visual-cerebellar/sensorimotor integration circuit, reflecting interactions involved in visuospatial processing, sensory integration, and
motor coordination.

IC9: A frontostriatal-limbic-sensorimotor integration circuit, involving prefrontal and parietal regions together with the insula, basal ganglia,
hippocampal/parahippocampal regions, and posterior midline structures. IC9 was one of the components distinguishing MMT-treated from
untreated METH participants.
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