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ARTICLE INFO ABSTRACT

Keywords: Background and hypothesis: Methamphetamine (MA)-associated psychosis has become a public concern. However,
Methamphetamine its mechanism is not clear. Investigating similarities and differences between MA-associated psychosis and
Methamphetamine-associated psychosis schizophrenia in brain alterations would be informative for neuropathology.

Schizophrenia

Study design: This study compared gray matter volumes of the brain across four participant groups: healthy
controls (HC, n = 53), MA users without psychosis (MA, n = 22), patients with MA-associated psychosis (MAP, n
= 34) and patients with schizophrenia (SCZ, n = 33). Clinical predictors of brain alterations, as well as asso-
ciation of brain alterations with psychotic symptoms and attention impairment were further investigated.
Study results: Compared with the HC, the MAP and the SCZ showed similar gray matter reductions in the frontal
cortex, particularly in prefrontal areas. Moreover, a stepwise extension of gray matter reductions was exhibited
across the MA — MAP - SCZ. Duration of abstinence was associated with regional volumetric recovery in the
MAP, while this amendment in brain morphometry was not accompanied with symptom’s remission. Illness
duration of psychosis was among the predictive factors of regional gray matter reductions in both psychotic
groups. Volume reductions were found to be associated with attention impairment in the SCZ, while this asso-
ciation was reversed in the MAP in frontal cortex.

Conclusions: This study suggested MA-associated psychosis and schizophrenia had common neuropathology in
cognitive-related frontal cortices. A continuum of neuropathology between MA use and schizophrenia was
tentatively implicated. Illness progressions and glial repairments could both play roles in neuropathological
changes in MA-associated psychosis.

Gray matter
Neural imaging

1. Introduction

Methamphetamine (MA) abuse constitutes a serious global public
health issue. MA-associated psychosis is a psychotic disorder caused by
MA use. MA users have been reported to be 11 times more likely to
develop psychosis than general population (Voce et al., 2019; Arunogiri
et al., 2018). About 10 % to 64 % of MA users suffered from the drug
associated psychosis (Glasner-Edwards and Mooney, 2014); (Hsieh
et al., 2014). Similar to those of schizophrenia, the symptoms of MAP
include hallucinations and delusions, with auditory hallucinations,
persecutory and reference delusions presented most frequently (Yang

et al., 2020). The course of the disorder varies across users. Some pa-
tients experience acute and transient psychotic syndrome, whereas
others maintain symptoms even after MA use has been discontinued for
many months or years, or they experience recurring episode of the
syndrome without the drug use (Glasner-Edwards and Mooney, 2014;
Chiang et al., 2019). Patients with MA-associated psychosis are involved
in violence, crime and suicide, and suffered from poorer prognoses than
those MA users without psychosis (Glasner-Edwards and Mooney, 2014;
Darke et al., 2019; McKetin et al., 2014; Grant et al., 2012); while
mechanisms underlying this condition are not clear yet (Chen et al.,
2019).
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MA-associated psychosis resembles schizophrenia in clinical symp-
toms, and has been proposed as a pharmacological model of schizo-
phrenia in animal studies (Winship et al., 2019; Oka et al., 2020).
Antipsychotics for schizophrenia had also been evidenced to be effica-
cious in treatment of severe symptoms of psychotic disorders induced by
MA use (Fluyau et al., 2019). However, connections of the two disorders
in neuropathology of clinical subjects have seldom been investigated.

Several neuroimaging studies have shown brain deficits in patients
with MA-associated psychosis (Aoki et al., 2013; Uhlmann et al., 2016;
Uhlmann et al., 2016; Yang et al., 2021; Ipser et al., 2018), including
volumetric/thickness reductions in the frontal or temporal gray matter
(Aoki et al., 2013; Uhlmann et al., 2016), regional homogeneity (ReHo)
alterations in resting-state brain activity (Yang et al., 2021), connec-
tivity dysregulation within intrinsic brain networks (Ipser et al., 2018),
as well as widespread impairment in the white matter integrity. And
some of the brain deficits have been reported to be specific to patients
with MA-associated psychosis in contrast to those MA patients without
psychosis (Uhlmann et al., 2016; Uhlmann et al., 2016; Ipser et al., 2018;
Fassbender et al., 2015). For example, Uhlmann et al. (Uhlmann et al.,
2016) demonstrated in their study that the impairment in white matter
integrity was shown in MA use participants with associated psychosis,
while not in non-psychotic MA use participants relative to control par-
ticipants. Furthermore, some previous studies have indicated that brain
regions affected in patients with MA-associated psychosis could be also
involved in the brain abnormalities of schizophrenia (Aoki et al., 2013;
Uhlmann et al.,, 2016). However, far less study up-to-date have
compared MA-associated psychosis with schizophrenia directly among
clinical subjects in brain alterations. In addition, researches currently
available in this direction have yield inconstant findings.

Previously, applying task-based near-infrared spectroscopy, Yama-
muro et al reported patients with MA-associated psychosis and those
with schizophrenia were differential in prefrontal activities when per-
forming verbal fluency tasks. While Okada et al. demonstrated that MA-
associated psychosis and schizophrenia participants were similar in
activation reductions in bilateral ventrolateral prefrontal cortex, while
they were differential activated in the frontopolar, with participants
suffered MA-associated psychosis showing less actived in this specific
area when performing a stop-signal inhibitory task (Okada et al., 2016).
Of more recent studies using magnetic resonance imaging (MRI) tech-
niques, Zhang and colleagues (Mancuso et al., 2020) demonstrated that
patients with MA-associated psychosis and schizophrenia showed
different changes in regional gray matter density, regional homogeneity
and seed-based functional connectivity in the brain’s resting-state. In
contrast, one of our previous studies showed that MA-associated psy-
chosis and schizophrenia had a same direction of ReHo alterations in the
brain, both in bivariate frontal-temporal cortex and left putamen (Yang
et al., 2021). Inconsistency relating to results and methodologies be-
tween studies prevent conclusive evidence to illustrate connections as
well as differences in neuropathology between the two psychotic con-
ditions. Furthermore, to the best of our knowledge, none of available
studies had compared brain alterations in MA-associated psychosis
parallelly with both schizophrenia and non-psychotic MA users.

Structural magnetic resonance imaging (MRI) can present volu-
metric changes of the brain in clinical subjects and had been applied to
multiple neuropsychiatric disorders (Mancuso et al., 2020; Pando-
Naude et al., 2021). With structural MRI, voxel-based morphometry
(VBM) approach provides the voxel-wise estimation of local amount or
volume of a specific tissue compartment, and is most often applied to
investigate local distributions of gray matter (Christian, 2020). In this
current study, structural MRI with VBM approach was used to investi-
gate and compare brain alterations in gray matter across patients with
MA-associated psychosis, patients with schizophrenia and those MA
users without psychosis. In addition, clinical factors associated with
brain alterations, as well as the association of gray matter changes with
psychometric variables, particularly with respect to psychotic symptoms
and impaired attention vigilance in psychotic patients (Nuechterlein
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et al., 2015; Klein et al., 2020), were further investigated.

Based on current literatures and the dopaminergic hypothesis in
schizophrenia (Chen et al., 2019; Mubarik and Tohid, 2016); and given
the acute dopaminergic effects of MA use (Jan et al., 2012), we hy-
pothesized that both MA-associated psychosis and schizophrenia have
similar gray matter alterations compared to healthy individuals,
particularly in brain regions involved in the mesocortico-limbic
pathway. We also expected an association of MA use indices with
brain alterations in MA-associated psychosis.

2. Methods
2.1. Participants

All participants were recruited from Shenzhen Kangning Hospital
and local communities, with online and poster advertisements, or by
invitation with mouth. Participants were enrolled into four groups: pa-
tients with MA-associated psychosis (MAP, n = 34), patients with
schizophrenia (SCZ, n = 34), MA users without psychosis (MA) (n = 22),
and healthy controls (HC) (n = 54). The participants were required to
have normal or corrected-to-normal vision, normal hearing, aged from
18 to 59, and belongs to Chinese Han in ethnicity. Clinical diagnoses
were assessed applying the Structured Clinical Interview for DSM-IV
Axis I Disorders (SCID-I) (First et al., 2002). The SCZ met the DSM-IV
diagnostic criteria (First et al., 2002) after hospitalized treatment for
their first episode of the disorder. The MAP met a lifetime diagnosis of
MA-induced psychosis, while the course of symptoms could be longer
than 6 months. The MA received a diagnosis of MA dependence or abuse,
without current or past psychotic symptoms. Participants in the HC were
also assessed with SCID-I for being free of any DSM-IV axis I diagnosis.

Subjects were excluded if they had any severe neurological disease,
head trauma, cardiovascular disease and physical illness. Those with
other psychiatric disorders in the DSM-IV axis I, or abuse of other sub-
stances, except for tobacco, coffee, and alcohol drinking without alco-
holism, were also excluded. Females in pregnancy, and participants who
were incompatible with MRI (claustrophobia, metal objects in body,
etc.) were further excluded. All participants received physical exami-
nations, routine blood tests, AIDS/HIV screening and electrocardio-
graphic check. Urine toxicology screens for amphetamine,
methamphetamine, cocaine, morphine and cannabis were conducted for
each participant to confirm his/her drug use report.

All procedures contributing to this work comply with the ethical
standards of the relevant national and institutional committees on
human experimentation and with the Helsinki Declaration of 1975, as
revised in 2008 (World Medical Association. Declaration of Helsinki,
2008). All procedures involving human subjects were approved by
approved by the Research Ethics Committee of Shenzhen Kanging
Hospital (2019-k003-01). All the participants had provided written
informed consent after receiving a full explanation of the study.

2.2. Clinical assessment

A research assistant conducted initial contacts with potential par-
ticipants. The formal study interview and the MRI scan were arranged on
a consultative basis. Clinical assessment and SCID-I were administered
by a trained attending psychiatrist (Kong Z, one of the co-authors) in the
study interview during 24 h before the MRI scan. After general (de-
mographic and clinical) information collection and the SCID-I (Swanson
et al.,, 2011) assessment for DSM-IV diagnoses, patient groups were
evaluated for psychotic symptoms using the Positive and Negative
Syndrome Scale (PANSS) (Kay et al., 1987). MA use patients (including
the MA and the MAP) also completed a timeline follow back of the UCLA
Natural History Interview (NHI) to collect drug use information in
detail; and their current drug use severity were furtherly assessed with
drug use subscale of the Addiction Severity Index (ASI-drug). When
available, medical records were consulted and family members were



X. Jia et al.

interviewed to aid in the assessment for patients. After completion of the
study, 200 Chinese yuan was paid to each participant in appreciation to
his/her time consumption.

2.3. Attention vigilance measurement

Cogstate card-based identification test was administered to assess
participant’s attention vigilance, on a personal desktop computer. The
test was performed among the Cogstate Schizophrenia Battery (CSB).
Cogstate is a commercial based digital cognitive testing system,
returning measure outcomes online (https://www.cogstate.com/). The
CSB has been validated under diverse cultures as well as in multiple
countries, including China (Zhong and Zhao, 2019). Accuracy (ACC,
arcsine transformation of the square root of the proportion of correct
responses) and speed (LMN, mean of the logl0 transformed reaction
times for correct responses) of the test performance were select as the
outcome measures.

2.4. MRI acquisition

MRI data were acquired on a 3.0 Tesla Magnetic Resonance (MR)
system (Discovery MR750 System, GE Healthcare) with an eight-
channel phased-array head coil. The subject’s head was cushioned
with attached earmuffs. The 3D high-resolution structural images were
acquired using a T1-weighted fast spoiled gradient echo (SPGE)
sequence. The following parameters were used: TR = 6.7 msec, TE = 2.9
msec, TI = 450 msec, Flip Angle (deg) = 12°, FOV = 256 x 256 mm
(Arunogiri et al., 2018), matrix = 256 x 256, slice thickness = 1 mm,
gap = 0 mm, NEX = 1, iPAT/Aset = 2, Voxel size =1 x 1 x 1 mm,
Orientation = Sagittal, Bandwidth = 31.25 kHz, Slice Num. = 176.

2.5. Image preprocessing

Image data were preprocessed and analyzed using the CAT12
(Christian Gaser and Robert Dahnke, Jena University Hospital, Jena,
Germany; https://dbm.neuro.uni-jena.de/cat/), an extension to SPM12
(Wellcome Centre for Human Neuroimaging, UCL Queen Square Insti-
tute of Neurology, London, UK; https://www.fil.ion.ucl.ac. uk/spm/
software/spm12/). For preprocessing, pre-set parameters in accordance
with standard protocol of VBM in the CAT12 (https://www.neuro.uni-j
ena.de/cat12/CAT12-Manual.pdf) were employed, used as default set-
tings unless indicated otherwise. Data quality was controlled with three-
steps: first, all images were visually inspected for artifacts (prior to pre-
processing); second, between-subject homogeneity of the modulated
normalized gray matter segments derived from the pre-processing was
checked for each participant group (with “check sample homogeneity”
module), and outliers were carefully inspected for artifacts or pre-
processing errors. Lastly, after the pre-processing, a visual inspection
was again conducted for each subject’s gray matter image (with
“display-one slice for all images” module), to check whether the process
yielded reasonable results, excluding any newly introduced artifacts,
and adjusting any biased orientations of the images. After the quality
controls, two participants (1 HC and 1 SCZ) were excluded, yielding a
sample of 142 for statistical analysis (53 HC, 22 MA, 34 MAP and 33
SCZ). Finally, the modulated normalized gray matter images were
smoothed with an 8 mm FWHM Gaussian kernel before entering sta-
tistical analysis. Moreover, the total intracranial volume (TIV) for each
scan was estimated (with “get TIV” module™) to serve as an adjusting
covariate for volumetric variances.

2.6 vol. -based morphometry analysis

Differences in gray matter volumes of the brain were examined with
one-way ANOVA across the four participant groups (i.e., HC, MA, MAP
and SCZ), followed by a set of post-hoc two-sample t-tests. The ANOVA
was conducted in whole-brain, and the following post-hoc tests were
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conducted within the subset of clusters as a whole showing significant
main effect in the ANOVA. To avoid possible edge effects between
different tissue types, all voxels with gray matter value < 0.2 were
excluded (absolute threshold masking). All comparisons were conducted
while controlling for the variables of sex, age, education, smoking and
drinking, as well as TIV. Threshold-free cluster enhancement (TFCE)
with 5000 permutations and family-wise error (FWE) correction was
conducted to control false positive results. Any clusters with voxel-wise
TFCE-FWE corrected p < 0.05 was consider to be significant. The
automated anatomical labeling atlas 3 (AAL3) was used to label brain
regions.

For following association and comparison studies, mean volume
value (averaged voxel strength) of each cluster derived from above VBM
analyses were extracted out for each participant with ROI Signal
Extractor in DPABI (https://rfmri.org/DPABI) (AAPP et al., 2022).

In addition, a set of subgroup comparisons in gray matter volumes
with VBM among the MAP (subjects ever received antipsychotic treat-
ment vs subjects ever not; subjects taking antipsychotics currently vs
subjects currently not; subjects with current psychotic symptoms
(defined in this study as PANSS-positive score > 13 with at least two
items for positive symptoms > 3) vs subjects without (PANSS-positive
scale score < 9), respectively) was performed to account for effects of
antipsychotics treatment on gray matter volumes, and to examine if
volumes associated to current psychotic symptoms presented in the
MAP. For these subgroup comparisons, t-tests with controlling for sex,
age, education, smoking and drinking, as well as TIV were employed.
Significance threshold for these comparisons was set at voxel-wise p <
0.05 and cluster p < 0.05 with Gaussian Random Field (GRF) correction
in whole-brain level.

Complementarily, a validating VBM analysis for the dataset con-
ducted in the CAT12 was carried out in the FSL-PALM. The analysis was
first with ANOVA, while followed up with a set of independent t-tests for
group-paired comparisons. TFCE (5000 permutations)-FWE correction
was also employed for the re-VBM-analysis.

2.7. Other analysis

Descriptive statistics were used to report demographic and clinical
information, attention vigilance measures, and TIV, with y? (Arunogiri
et al., 2018) (for dichotomous variables), and t test or one-way ANOVA
with Tukey’s pos-hoc test (for continuous variables) for group compar-
isons. If a variable was highly skewed in distribution, Mann-Whitney U
or Kruskal-Wallis H test was used instead.

Mean volume values in clusters obtained from the main ANOVA for
brain images were further compared across groups with analysis of
covariance (ANCOVA), sex, age, education, smoking, drinking and TIV
set as controlling covariates. Sidark correction was used for multiple
comparisons of post-hoc tests, with corrected p < 0.05 (two-tailed)
considered to be significant.

Predictive factors of gray matter volume alterations were investi-
gated with multiple regression analysis with stepwise selection (p-in =
0.05, p-out = 0.1) within regions of interest (ROI) in each patient group.
MA use variables (age of first MA use, years of chronic use, duration of
abstinence and ASI-drug), psychotic course and treatment variables
(illness duration of psychosis, duration of antipsychotic treatment and
current daily antipsychotic dose (quantified as chlorpromazine equiva-
lent doses (AAPP et al., 2022; NHS Foundation Trust, 2009), see Sup-
plemental table 1 for detailed information)), as well as other potential
influential factors, including age, sex, education, smoking, drinking,
other illicit drug ever used and TIV were included in the list of inde-
pendent variables (as not applicable, psychotic course and treatment
variables were exempted in analysis for the MA, while MA use variables
and other illicit drug ever used were exempted in analysis for the SCZ).
Volume measure (the value of mean volume) in each ROI was put as the
single dependent variable respectively in any individual analysis. ROIs
were significant clusters in the main ANOVA comparing brain images,
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Table 1
Participant characteristics.
Variables HC MA MAP scz Statistics®
(n = 53) (n = 22) (n=34) (n=33) XZ orFort p- multiple
orZ value comparisons
Demographic
Sex (male/ female) 41/12 19/3 30/4 25/8 2.61 0.455 -
Age (years), M + SD 34.9 £89 39.2 +£ 8.2 35.7 £ 6.8 31.2+86 4.45 0.005 SCZ < MA
Education (years), M + SD 12.2 + 3.0 11.6 £ 3.0 10.7 £ 3.0 10.6 + 3.0 2.71 0.047 No group-paired
differences
Right handedness (yes/no) 47/6 20/2 30/4 32/1 2.07 0.559 -
Methamphetamine
Age of first MA use (years), M + SD - 29.5 + 9.0 27.1 £+ 6.4 - 1.18 0.242 -
Duration of MA use (years)® 0.24 0.816
M + SD - 4.0+ 34 42+27 - -
Median (range) - 2.5(0.3-13.1) 3.5(0.3-10.3) -
ASI-drug®, - -
M + SD 0.024 + 0.034 +
Median (range) 0.061 0.061 1.82 0.070 -
0 (0-0.200) 0 (0-0.250)
Duration of abstinence (months)® -
M + SD - 56.7 £ 47.7 33.9+£29.3 - 2.22 0.030 -
Median (range) 40.3 27.5 - 2.22 0.027
(1.4-222.0) (0.6-141.6)
Other substance
Cigarette smoking (1 = not at all, 2 = less than one pack per 1.38 + 2.09 + 0.61 2.24 +0.43 1.73 + 16.78 0.000 MA, MAP & SCZ >
day, 3 = at least one pack per day), M + SD 0.49 0.84 HC
MAP > SCZ
Alcohol drinking (1 = not at all, 2 = occasionally, 3 = often, 4 1.75 + 2.59 +£1.10 2.47 +£1.08 1.39 + 15.99 0.000 MA & MAP > HC &
= at least 3 times per week), M + SD 0.55 0.50 SCZ
Other illicit drug ever used? (yes/no) 0/53 7/15 12722 0/33 0.07¢ 0.788 -
Psychosis course and treatment
Iliness duration (years)®, M & SD - - 5.20 + 3.19 5.82 + 0.55 0.582 -
5.62
Ever received antipsychotic medications (yes /no) 0/53 0/22 18/16 33/0 20.40 0.000 -
Duration of antipsychotic treatment (month)&, M + SD - - 10.66 + 45.56 + - -
10.25 53.71
Taking antipsychotics currently” (yes/no) 0/53 0/22 11/23 33/0 97.75 0.000 -
Current daily antipsychotic dose (chlorpromazine-equivalent - - 227.3 + 283.3 + - -
doses, mg/day)’, M + SD 110.4 122.1
Other psychotropic medications taken currently’
Mood stabilizers (yes/no) 0/53 0/22 0/34 1/32 - —
Antidepressants (yes/no) 0/53 3/19 2/32 1/32 - -
Benzodiazepines (yes/no) 0/53 1/21 1/33 3/29 - -
TIV (ml), M + SD 1447.3 + 1470.2 + 14479 + 1414.0 + 0.97 0.408
137.9 115.1 119.8 116.1
Psychotic symptoms and attention vigilance
Symptom severity (PANSS score) -
Positive, M + SD - - 9.85 + 6.91 19.73 + 5.57 0.000 -
7.60
Negative, M &+ SD - - 9.62 + 6.24 14.94 + 3.03 0.004 -
8.01
General psychopathology, M + SD - - 22.82 +9.56 22.82 + 5.24 0.000 -
9.56
Total, M + SD - - 42.29 + 70.39 + 5.54 0.000 -
19.93 21.56
Current psychotic symptoms (with/without/ambiguous)® 6/28/0 26/4/3
Attention vigilance (identification test performance)
Accuracy, M £ SD 1.27 + 1.13 + 0.40 1.00 + 0.49 0.98 + 1.03 0.007 HC > MAP & SCZ
0.39 0.45
Speed, M + SD 2.79 £ 2.77 £0.11 2.80 £0.11 2.82 + 4.22 0.378 -
0.09 0.13

Note: ¥ Chi-square tests were conducted for dichotomous variables; t-tests or one-way ANOVA with Tukey’s post hoc tests were conducted for continuous variables,
while if a variable was highly skewed in distribution, Mann-Whitney U or Kruskal-Wallis H test was applied instead; p-values were two-tailed, with p < 0.05 set to be
significant. In the column of variables: ® Duration of MA use refers to the total number of years from first MA use to the study interview, subtracting out months of
continued abstinence within this time period; ® ASI-drug is the drug use subscale score of ASI, assessing severity of drug use during one month before the study
interview; ¢ Duration of abstinence refers to the number of months from last time MA use to the study interview; ¢ In the MA group, 4 participants had used heroin, 5
had used other opioids, and 3 used cannabis; in the MAP group, 10 had used cannabis, 1 had used cocaine, 3 used heroin and 1 other opioids; comparison for this
variable was conducted between the MA and MAP; © Illness duration refers to time coverage between the onset of first psychotic symptoms and the study interview; f
Comparative statistics were conducted only between the MAP and the SCZ; 8 Duration of antipsychotic treatment refers to the number of months an individual had
taken antipsychotics before the study interview; data presented in the MAP were only for the 18 participants who had ever received antipsychotic medications; "
Currently means during the month before the study interview; comparative statistics was conducted only between the MAP and the SCZ; ! Current daily antipsychotic
dose was quantified as chlorpromazine equivalent doses per day during the month prior to the study interview; data presented in the MAP were only for the 11
participants who were taking antipsychotics during the month before the study interview; J Other psychotropic medications refer to antidepressants, benzodiazepines
and mood stabilizers; taken currently means taken by the participants during the month before the study interview; see more detailed information in Supplemental
Table 1; ¢ Subject with current psychotic symptoms defined as the PANSS-positive score > 13, with at least two items for positive symptoms scored > 3, while subject
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without defined as the PANSS-positive score < 9, whereas subjects ambiguous defined as the PANSS-positive scored between 10 and 12. Abbreviations: HC, healthy
controls; MA, methamphetamine users without psychosis; MAP, patients with methamphetamine-associated psychosis; SCZ, patients with schizophrenia; ASI,
Addiction Severity Index; TIV, total intracranial volume; PANSS, the Positive and Negative Syndrome Scale; M + SD, mean + standard deviation.

while with mean volume values altered from the HC in the specific group
to be analyzed. In complementary, significant clusters in the post-hoc
tests following ANOVA were also used as ROIs.

Associations of volume measures in each ROI with psychotic symp-
toms (PANSS scores) and attention impairment (identification test out-
comes) were examined for both psychotic groups (the MAP and SCZ)
respectively, applying partial correlation analysis with controlling for
age, sex, education, smoking, drinking, current daily dose of antipsy-
chotics and TIV. While analysis in the MAP were further controlled for
ASI-drug to exclude acute effect of drug use. Significant level was set at
two-tailed p < 0.05.

3. Results
3.1. Participant characteristics

As shown in Table 1, the 4 groups were matched in sex distribution.
All patient groups (the MA, MAP and SCZ) matched the HC in age, while
the SCZ were younger than the MA. Education years showed marginal
group effect in ANOVA, while no group-pair differences in host-hoc
tests.

The MAP had less abstinence months than the MA. All patient groups
smoked severer than the HC, with the MAP severer than the SCZ in
smoking. The MA and MAP consumed alcohol more frequently than the
HC and SCZ respectively. Other illicit drugs had ever been used by 12 of
the MAP and 7 of the MA.

Eighteen of the MAP and all participants in the SCZ had ever used
antipsychotic medications, with1l MAP and all SCZ subjects taking
antipsychotics currently. Other psychotropic medications, including
antidepressants, benzodiazepines and mood stabilizers, were adminis-
tered by a small number of clinical participants during the month before
the study interview (see Supplemental table 1 for more detailed
information).

The MAP had less severe psychotic symptoms than the SCZ, as re-
flected in all PANSS sub-scale scores as well as in the PANSS-total score.
Twenty-eight of the 34 MAP participants actually showed no explicit
psychotic symptoms at the time of interview. While both psychotic
groups presented with poorer accuracy in identification test compared
to the HC.

3.2. Gray matter volume comparisons

As shown in Fig. 1 and Table 2, eight clusters were found to be sig-
nificant in the 4-group ANOVA of VBM analysis, which distributed
mostly in the frontal cortex, with peak coordinates located in the left
medial superior frontal gyrus, left middle frontal gyrus, orbital part of
the right inferior frontal gyrus, right gyrus rectus, triangular part of the
right inferior frontal gyrus, right precuneus, and orbital part of the right
middle frontal gyrus, respectively; while one of the clusters was located
in the left middle temporal gyrus (Fig. 1 A-C). When comparing volume
measures within the clusters, both the MAP and the SCZ showed
decreased mean volume in all the frontal clusters as well as all the
frontal clusters combined when compared to the HC, whereas the SCZ
further had lower mean volume than the HC in the temporal cluster
(Fig. 1 D). Relative to the HC, the MA showed an overall trend of mean
volume decrease, while only marginally significant (at the level p <
0.05) in two small clusters in the right orbital and triangular part of
inferior frontal gyrus.

Post-hoc tests following the main ANOVA in VBM analysis showed
that compared with the HC, the MA had decreased gray matter volume
in two very small clusters (cluster size < 70 voxels each) in the left
medial superior frontal gyrus, which were also involved in the brain

regions affected in the MAP, while the MAP exhibited a much more
extended cluster (cluster size = 4229 voxels) with reduced gray matter
volume in the frontal cortex, prefrontal in particular, with peak co-
ordinates in the left medial superior frontal gyrus. The SCZ showed the
most extensive gray matter decrease among the patient groups, with
affected brain regions encompassing the frontal and temporal lobes,
while they were overlapped with the MAP in gray matter decrease in the
frontal cortex (Fig. 1 B-C). No other group-pair differences in gray
matter volumes were detected out.

3.3. Predictive factors of gray matter reductions in patient groups.

Regression analyses found that in the MAP, duration of abstinence
was a predictor of gray matter volume in three affected clusters, with
longer periods of abstinence associated with greater mean volumes.
Similar predictive effect also presented in one affected cluster in the MA,
while with marginal significant level (Fig. 2, see Supplemental table 3
for more detailed data). Illness duration of psychosis also showed an
effect on the volume values of the affected regions in the MAP as well as
in the SCZ, with longer duration predicting smaller mean volumes in
some of the ROIs (Fig. 3, see Supplemental table 3 for more detailed
data).

Antipsychotic treatment duration was also a predictor of gray matter
volume among affected regions in the SCZ, with longer duration of
antipsychotic treatment associated with lower gray matter volumes
(Fig. 4, see Supplemental table 3 for more detailed data); while anti-
psychotic treatment variables were not predictive in the MAP, either by
regression analysis within ROIs (Supplemental table 3) or through VBM
analysis comparing gray matter volumes between subgroups among the
MAP (subjects ever received antipsychotics vs subjects ever not, and
subjects taking antipsychotics currently vs subject currently not,
respectively; data were not shown for negative findings).

Additionally, TIV and age was revealed to relate to regional gray
matter volumes positively and negatively respectively in the SCZ and the
MA; whereas MA use duration was associated with greater volume in
one affected region in the MAP (see Supplemental table 3).

3.4. Associations of volume measures with psychotic symptoms and
attention impairment

Correlations were not shown to be significant between psychotic
symptoms (PANSS and its subscale scores) and regional gray matter
volumes in any ROIs or in ROIs combined in both psychotic groups
respectively (data not shown). Subgroup comparisons among the MAP
between participants with and without current psychotic symptoms also
didn’t show any regional gray matter volumes that were associated with
psychotic symptoms.

Volume reductions were associated with attention impairment (ac-
curacy decrease in identification test performance) in the SCZ in most
affected brain regions (Fig. 5 A), while a reversed association was
observed in the MAP in frontal cortex (Fig. 5 B).

3.5. Validating VBM analysis

With the same dataset for VBM analysis, brain alterations in gray
matter volume in the patient groups resulted from FSL-PALM (Fig. 6)
were quite similar to those derived from CAT12 (see Fig. 1), while
regional gray matter volumes were not altered in the MA when
compared to healthy controls.
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Fig. 1. Regions with gray matter volume different
among the HC, MA, MAP and SCZ. Significant
clusters were resulted from 4-groups ANOVA for
whole-brain gray matter volume comparison and its
post-hoc group-pair tests in VBM analysis, while
controlling for sex, age, education, smoking,
drinking and TIV. TFCE (5000 permutations) with
family-wise error (FWE) was employed to correct
for multiple tests. Significance was thresholded at
TFCE-FWE corrected voxel-wise p < 0.05 with
cluster size > 10. HC: healthy controls (n = 53); MA:
MA users without psychosis (n = 22); MAP: patients
with MA-associated psychosis (n = 34); SCZ: pa-
tients with schizophrenia (n = 33). A. Significant
clusters obtained from the 4-groups ANOVA, pre-
sented in glass brain view (sagittal, coronal and
axial respectively) and numbered as the same as in
Table 2. Gray intensity represents significant levels.
The region of peak coordinates located in for each
cluster: 1: left medial superior frontal gyrus; 2: left
middle frontal gyrus; 3: right inferior frontal gyrus,
orbital part; 4: right gyrus rectus; 5: right inferior
frontal gyrus, triangular part; 6: right precuneus; 7:
right middle frontal gyrus, orbital part; 8: left mid-
dle temporal gyrus. B. Significant clusters obtained
from the 4-groups ANOVA and its post-hoc group-
pair tests, presented in axial brain slices. ANOVA
(HC, MA, MAP, SCZ): regions with gray matter
volume showed group effects in the ANOVA; MA <
HC: regions with gray matter volume decreased in
the MA when compared to the HC in post-hoc tests;
MAP < HC: regions with gray matter volume
decreased in the MAP when compared to the HC in
post-hoc tests; SCZ < HC: regions with gray matter
volume decreased in the SCZ when compared to the
HC in post-hoc tests; MA vs MAP: no region was
significantly different in post-hoc comparisons be-
tween the MA and MAP; MAP vs SCZ: no region was
significantly different in host-hoc comparisons be-
tween the MAP and SCZ. MA vs SCZ: no region was
significantly different in post-hoc comparisons be-
tween the MA and SCZ. Regions of significance were
colored; Numbers upper the brain slices were z co-
ordinates in MNI space; Color-bars with values un-
derneath denote -log p-value. L: left side of the
brain; R: right side of the brain. C. Significant clus-
ters obtained from the 4-groups ANOVA and its
post-hoc group-pair tests, rendering into brain sur-
face. ANOVA (HC, MA, MAP, SCZ): regions with
gray matter volume showed group effects in the
ANOVA; MA < HC: regions with gray matter vol-
ume decreased in the MA when compared to the HC
in post-hoc tests; MAP < HC: regions with gray
matter volume decreased in the MAP when
compared to the HC in post-hoc tests; SCZ < HC:
regions with gray matter volume decreased in the
SCZ when compared to the HC in post-hoc tests;
Regions of significance were coloured. D. Compar-
isons of volume measure (mean volume value) in
significant clusters obtained from the 4-groups
ANOVA. Left: Comparisons between groups in
mean volume in each cluster, respectively; Numbers
in the X-axis represent clusters numbered as the
same in panel A. Right: Comparisons between
groups in mean volume in all the frontal clusters
combined (the combination of cluster 1-7
numbered in panel A). Volume measure was pre-
sented by bar plot with mean =+ standard error (SE).
Comparisons across groups were conducted with
univariate ANCOVA followed by Sidark post-hoc
tests, with sex, age, education, smoking, drinking
and TIV being controlled for as nuisance covariates.
*p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 2
Brain clusters resulted from VBM analysis showing gray matter volume different among the HC, MA, MAP, and SCZ.
Cluster L/ Lobe Gyrus Region Peak MNI Kg Prwe- PEpR- Puncorr  TFCE BA
No. R coordinates corr corr value
(xyz)

ANOVA (HC, MA, MAP, SCZ)

1 L Frontal Medial Frontal Medial superior frontal gyrus —347 35 6492 0.001 0.002 0.000 15382.47 9, 8,10, 11,
Gyrus 6, 32

2 L Frontal Middle Frontal Middle frontal gyrus 423821 928 0.004 0.002 0.000 12159.24 46, 10
Gyrus

3 R Frontal Inferior Frontal Inferior frontal gyrus, orbital ~ 51 35 -5 213 0.024 0.002 0.000 8005.68 47
Gyrus part

4 R Frontal Medial Frontal Gyrus rectus 1159 -18 67 0.036 0.002 0.000 7075.44 10
Gyrus

5 R Frontal Middle Frontal Inferior frontal gyrus, 44 24 30 65 0.037 0.002 0.000 7013.55 9
Gyrus triangular part

6 R Frontal Paracentral Precuneus 8-47 58 52 0.034 0.002 0.000 7020.09 5
Lobule

7 R Frontal Superior Frontal Middle frontal gyrus, orbital 30 60 -9 10 0.049 0.002 0.000 6417.56 11
Gyrus part

8 L Temporal  Middle Temporal Middle temporal gyrus —65-320 116 0.032 0.003 0.000 7376.85 46, 10
Gyrus

MA < HC

a L Frontal Medial Frontal Medial superior frontal gyrus ~ —9 45 33 61 0.040 0.037 0.000 247.92 9
Gyrus

b L Frontal Medial Frontal Medial superior frontal gyrus ~ —9 42 50 67 0.042 0.053 0.001 240.94 8
Gyrus

MAP < HC

a’ L Frontal Medial Frontal Medial superior frontal gyrus —347 21 4229 0.000 0.001 0.000 1050.78 9,10, 8, 6,
Gyrus 32

SCZ < HC

1 L Frontal Medial Frontal Anterior cingulate and 33827 6481 0.000 0.000 0.000 1506.10 8,9,10,11,
Gyrus paracingulate gyri 6, 32

I L Frontal Middle Frontal Middle frontal gyrus —44 39 20 928 0.000 0.000 0.000 969.63 46, 10
Gyrus

11 R Frontal Inferior Frontal Inferior frontal gyrus, orbital 50 35 -3 117 0.000 0.000 0.030 187.17 47
Gyrus part

v R Frontal Superior Frontal Gyrus rectus 1157 -18 35 0.000 0.000 0.031 185.48 -
Gyrus

A R Frontal Middle Frontal Inferior frontal gyrus, 44 24 30 38 0.000 0.000 0.037 167.29 9
Gyrus triangular part

VI L Temporal  Middle Temporal Middle temporal gyrus —65-320 43 0.000 0.000 0.040 159.14 21, 22
Gyrus

Note: Significant clusters were resulted from 4-groups ANOVA for whole-brain gray matter volume comparison and its according post-hoc group-pair tests in VBM
analysis, while controlling for sex, age, education, smoking, drinking and TIV. TFCE (5000 permutations) with family-wise error (FWE) was employed to correct for
multiple tests. Significance was thresholded at TFCE-FWE corrected voxel-wise p < 0.05 with cluster size > 10. All data was corresponded to Fig. 1, while negative
results were not shown in the table. L/R: left (L) or right (R) side of the brain that the cluster primarily located in; Lobe: brain lobe that the cluster primarily located in;
Gyrus: brain gyrus that the cluster primarily located in; Region: the specific region of peak coordinates located in, labeled with the automated anatomical atlas 3
(AAL3); MNI: the Montreal Neurological Institute coordinate system; Kg = number of continued voxels; Prwg.corr: FWE-corrected p-value; Pepg.corr: FDR-corrected p-
value; Pyncorr: uncorrected p-value; BA: Brodmann’s areas that the cluster was involved in; HC: healthy controls (n = 53); MA: methamphetamine users without
psychosis (n = 22); MAP: patients with MA-associated psychosis (n = 34); SCZ: patients with schizophrenia (n = 33).

4. Discussion

To our knowledge, this is the first study comparing patients with MA-
associated psychosis in parallel with schizophrenia patients, MA users
without psychosis and healthy controls in brain alterations. This current
study demonstrated that patients with MA-associated psychosis had
similar gray matter decrease in the frontal cortex as patients with
schizophrenia, while schizophrenia individuals showed more extensive
gray matter loss than patients with MA-associated psychosis. This sug-
gests the two psychotic conditions could share common neuropathology
in the frontal cortex, although they might be differed in overall
mechanisms.

It is interesting that gray matter reductions in the psychotic groups
distributed mainly in prefrontal regions, where the dopamine pro-
jections arisen from the ventral tegmental area (VTA) of midbrain are
concentrated. A critical action of dopamine on its targets is modulating
glutamate transmission (Gardoni and Bellone, 2015). Glutamatergic
projections from cortex in turn repress dopamine release from the VTA
to limbic area with a top-down control manner (Jauhar et al., 2018). In
the perspective of neural circuitry, acute exposure to MA would foster

excessive dopamine release. Excessive dopamine within synaptic clefts
in long-term is neural toxic (Jan et al., 2012), and cortical neurons could
be damaged under this neurotoxicity (Hsieh et al., 2014; Jan et al., 2012;
Yamamuro et al., 2015). As a consequence of cortical neuronal damage,
glutamate projected downward from the cortex would be dysregulated,
leading to a disinhibition of mesolimbic dopaminergic activity (Tost
etal., 2010). In light of this thinking, gray matter reductions in patient’s
frontal cortices may reflect a pathological state of neuronal cell death in
the cortical dopaminoceptive areas. Positive symptoms in the patients
with MA-associated psychosis during their abstinence could be generate
from a secondary hyperactivity of the mesolimbic dopaminergic
pathway (Pletnikov and Waddington, 2015). This perspective provides
an explanation why psychotic symptoms associated with MA use pro-
tracted long or recurred spontaneously after the drug has been quit, and
the dopamine receptor antagonists are effective for this condition during
the patient’s abstinence (Chiang et al., 2019; Grant et al., 2012). How-
ever, as cross-sectional study in nature, the observed reduced gray
matter volumes in MA use patients could alternatively represent pre-
existed brain deficits predisposing psychosis development. Longitudi-
nal studies are warranted to further explain the mechanisms.
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Fig. 2. Regression lines indicating predictive effects of abstinence duration on regional volume measures in the MAP (A) and in the MA (B), respectively. Clusters
were numbered as the same in Table 2. See Supplemental table 3 for more detailed data.

In this current study, the MA users without psychosis showed a
general trend but not significant gray matter decrease in clusters that
were affected in the psychotic groups. While two very small clusters in
the right superior frontal gyrus reached significance when compared to
the healthy controls in post-hoc analyses after the ANOVA, these sig-
nificances were not replicated in the validating VBM analysis with FSL-
Palm. MA users had often been reported to have reduced cortical vol-
umes than did control individuals (Hall et al., 2015) (London et al.,
2015). However, multiple of the studies did not excluded patients with
MA-associated psychosis from MA users without psychosis (London
etal., 2015). Addiction is conceptualized as a disorder of neuroplasticity
with long-lasting adaptive neural changes. Keeping this conception in
mind, it sounds also reasonable that the MA use subjects without
comorbidities had no apparent brain damages. However, chronic MA
exposure would still exert adverse effects on the brain. The trend or
marginal level of gray matter reductions in the MA are noteworthy, as
this could implicate a trend of neuropathology toward psychosis
development.

We had previously reported ketamine chronic users showed gray
matter reduced in the frontal cortex, specifically in the superior and
middle frontal gyrus (Liao et al., 2011). The frontal cortical reductions
were also found to be associated with total lifetime consumption of
ketamine (Liao et al., 2011). As a competitive N-methyl-p-aspartate
(NMDA) antagonist, ketamine has been shown to increase presynaptic
glutamate, and excessive glutamate is with excitotoxicity to neuronal
cells (Liao et al., 2011). This previous study together with ours currently
indicated that different psychoactive drugs would exert similar adverse
effects on the brain, although they could work through differential
pathways; and frontal cortices could be more vulnerable to drug effects
than other brain portions. In addition, glutamatergic neurotransmission

could also be crucial in mechanisms of psychosis development
(McCutcheon et al., 2020).

Gray matter reductions in the frontal and temporal regions in our
schizophrenia participants have been supported by multiple previous
studies (Honea et al., 2005) (Kuperberg et al., 2003; Haijma et al.,
2013). For example, Kuperberg et al. (Kuperberg et al., 2003) had
demonstrated that patients with chronic schizophrenia displayed
widespread cortical thinning that particularly affected the prefrontal
and temporal cortex. Gray matter reductions in the schizophrenia par-
ticipants were associated with longer illness course and older in age, as
well as smaller TIV, which implicate a combination of aberrant neuro-
developmental process (reflected by the relationship of TIV with
regional volumetric reductions) and illness progressions (illness course
and age-related regional gray matter reductions) in the neuropatho-
logical changes of schizophrenia (Haijma et al., 2013; Shenton et al.,
2001; Cropley et al., 2017; Nenadic et al., 2012). Medication factors,
antipsychotic treatment duration in particular, was also related to
regional gray matter reductions in the schizophrenia patients in our
current study. The role of antipsychotics play in brain morphometry
remains controversial, while several large-sample longitudinal studies
(Ho et al., 2011; Veijola et al., 2014; Yang et al., 2021), and a recent
large-sample real-world study (Chen et al., 2021) had demonstrated a
subtle but significant antipsychotic-related gray matter decrease in the
patients with schizophrenia.

Moreover, this current study exhibited a stepwise extension of gray
matter loss across the MA — MAP — SCZ (from the HC to MA, then to the
MAP, and lastly to the SCZ) as compared to the HC. The MAP and SCZ
actually did not differ in gray matter volumes when comparing these
two groups directly. Such findings could implicate a continuum of
neuropathological progression between MA use and schizophrenia,
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where brain alterations in the MAP could represent a lighter endophe-
notype of psychosis disorder. Corresponding to its brain alteration, the
MAP also had lighter psychotic symptoms than the SCZ. A recent study

by Alexander et al. (Alexander et al., 2019) has supported this, by
demonstrating less severe symptoms in subjects with stimulant-induced
psychosis than schizophrenia patients. It is difficult to say how MA work
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Fig. 5. Associations of mean volumes in ROIs with accuracy of identification test in the SCZ (A) and the MAP (B) respectively. The associations were examined by
partial correlation analysis while controlling for age, sex, education, smoking, drinking, current daily antipsychotic dose and TIV, with significant findings (p < 0.05)
to be presented. Clusters were numbered as the same in Table 2. IDN, identification test.

on the progression of neuropathology, with primary effects or alterna-
tively, based on a secondary hit. And etiology underlying the observed
brain alterations could heterogenous between the drug related and
primary psychoses. However, these two psychotic conditions could be
essentially homogenous in neuropathological process. While caution
should be carefully taken when interpretating the observed findings, for
this current study could not tease out effects of antipsychotic medica-
tions, as well as variability of drug use indices on the brain’s
morphometry.

Gray matter abnormalities were not explicitly observed in subcor-
tical brain regions in any of our patient groups. Previous studies had
often reported volume augmentations in striatal regions in both MA use
and schizophrenia population (London et al., 2015; Okada et al., 2016;
van Erp et al.,, 2016). For example, volume enhancements had been
reported in the caudate, putamen and pallidum respectively in both
patients (London et al., 2015; Okada et al., 2016); (van Erp et al., 2016).
However, findings in previous study are sometimes heterogeneous. In
agreement with ours, Zhang et al.’s (Zhang et al., 2018) study also didn’t
show subcortical alterations in both the patients with MA-associated
psychosis and the schizophrenia individuals. Contrary to usual reports,
Farnia et al. (Farnia et al., 2020) demonstrated in their study that pa-
tients with MA-associated psychosis had decreased volume in left
caudate, whereas schizophrenia individuals had volume decrease in left
putamen. Variability in subject characteristics between studies, such as
differentiations in drug use and abstinence duration, illness course and
treatment experience, could account partly for the diversity of study
findings. Furthermore, methodological discrepancy among VBM studies,
such as different sizes in smoothing kernel, linear versus affine in
automated preprocess and varied correction methods for p-value, could

10

also contribute to finding’s variability.

In behavioral aspect, impairment of attention vigilance is assumed to
be a core cognitive abnormality in schizophrenia (Klein et al., 2020).
Patients with schizophrenia generally demonstrate poor vigilance in
sustained attention tasks (Klein et al., 2020). Several brain regions in the
cortex are thought to be relevant to attention vigilance, including pre-
frontal and right frontal cortices, and the inferior parietal and superior
temporal gyri (Wikipedia, 2021; Sani et al., 2021). In this current study,
patients with MA-associated psychosis presented with impaired atten-
tion vigilance (reduced accuracy in identification test) as those patients
with schizophrenia, also suggesting a resemblance of underlying
neuropathology in both disorders. Meanwhile, decreased gray matter
volumes, particularly in the frontal lobe, were associated with decreased
attentional vigilance in the SCZ, whereas a reversed association was
observed in the MAP in the frontal cortex. These findings support a
corresponding relationship of the frontal areas with attention vigilance.
The negative correlation between regional gray matter volume and
attention vigilance in the MAP might be due to pathological gliosis after
the cortical impairment. Literatures have supported a linkage between
activity in the frontal cortex and attentional performance in MA use
individuals (London et al., 2015). For example; Fassbender and col-
leagues (Fassbender et al., 2015) demonstrated in their study that the
healthy subjects, non-psychotic MA users and subjects with MA-
associated psychosis showed different relationships between the pre-
frontal activity and intraindividual variability of reaction time to
incongruent stimuli on Stroop task.

Additionally, the cortical morphology appeared to be amended with
protracted abstinence in MA use individuals, reflecting by the observa-
tion that longer abstinence length predicted regional gray matter
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Fig. 6. Validating VBM analysis with FSL-PALM showing gray matter volume different among the HC, MA, MAP and SCZ. ANOVA (HC, MA, MAP, SCZ): regions with
grey matter volume different across the 4 groups obtained from ANOVA. MA vs HC: no region was significantly different in gray matter volume between the MA and
the HC; MAP < HC: regions with gray matter volume decrease in the MAP compared to the HC; SCZ < HC: regions with gray matter volume decrease in the SCZ
compared to the HC. Comparisons were conducted with the FSL-PALM by 4-groups ANOVA followed by a set of independent t-tests for group-pair comparisons,
controlling for age, sex, education, smoking, drinking and TIV. Significance thresholded at TFCE-FEW corrected p < 0.05 (two-tailed). Significant regions were
coloured. Numbers upper the axial brain maps were z coordinates in MNI space. Abbreviations: HC, healthy controls (n = 53); MA, MA users without psychosis (n =
22); MAP, patients with MA-associated psychosis (n = 34); SCZ, patients with schizophrenia (n = 33); L, left side of the brain; R, right side of the brain.

volume recovery in affected regions in the MAP whereas marginally in
the MA. However, this morphological amendment was not accompanied
with symptom remissions. With this end, the apparent amendment on
brain morphometry with abstinence persistence might not represent
neuropathological improvement, but could implicate a possible inef-
fective glial proliferation after the neuronal loss. Thinking with this way,
the paradoxical negative association between MA use duration and brain
volumes in affected regions in the MAP, as well as the negative associ-
ation of regional gray matter volume with attention vigilance in this
specific group could both reflect this type of glial repairment. Two
studies recently had also reported gray matter volumes reverse with
abstinence persistence, however regrettably, both studies did not
investigate the association of recovery in brain structure with alleviation
in clinical symptoms (Ruan et al., 2018; Nie et al., 2020).

Furthermore, illness duration of psychosis also showed predictive
effect on regional gray matter reductions in both the MAP and SCZ
(Fig. 3). As mentioned above, studies on brain imaging have supported
an association of gray matter reduction with longer illness duration in
schizophrenia, which implicates a progression of neuropathology in the
disorder (Haijma et al., 2013). It is the first time to report this associa-
tion also existed in patient with MA-associated psychosis, this associa-
tion in both psychotic disorders could further implicate similar
progressions of neuropathology underpinning both psychoses, although
they could be different in the progression stages. It is difficult to explain
this observation with purely drug effects; some other factors currently
unclear could contribute to the neuropathological progressions.

Taken together, this study contributed to the research field of psy-
chosis by indicating that both the psychotic disorders—the primary and
the secondary to MA use—have common neuropathology in the frontal
cortex. Moreover, a stepwise extension of gray matter reductions was
exhibited across the MA — MAP - SCZ in our current study, implicating
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tentatively a continuum of neuropathology between MA use and
schizophrenia.

Furthermore, in this current study, illness duration was shown to be
among the predictive factors of regional gray matter reductions in MA-
associated psychosis as well as in schizophrenia. Abstinence duration
was found to be associated with volumetric recovery in affected regions
in the MAP, however this amendment in brain morphometry was not
accompanied with symptom’s remission. These findings further sug-
gested illness progression and ineffective glial repairment could be both
involved in the process of neuropathological changes in MA-associated
psychosis. Regional gray matter volume decrease was not associated
with psychotic symptoms, but positively correlated with attentional
impairment in the SCZ and negatively correlated with the attentional
impairment in the MAP, particularly in the frontal cortex, supporting a
close relationship of the frontal areas with cognitive functions.

The major strength of this study is the direct comparisons across four
groups in parallel, with participants encompassing patients with MA-
associated psychosis, patients with schizophrenia, nonpsychotic MA
users, as well as healthy controls. Additionally, a validating VBM anal-
ysis with other software replicated the main results of brain alterations.

However, several limitations should be taken when interpreting the
study results. First of all, due to the cross-sectional design, findings in
this current study could not be inferred as any causality in a strict sense.
The second limitation is a relatively modest sample size in the current
study, which could weaken statistical power and therefore increase the
possibility of getting false negative findings. Subcortical alterations
could otherwise be observed in the clinical groups if more subjects could
be involved in. Thirdly, the groups were not well matched in terms of
age, education, smoking, drinking, and severity of psychotic symptoms,
which could affect our data’s comparability. We did control potential
confounding variables in the study analyses, however better designed
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research employing matched groups could result in more robust find-
ings. Moreover, variations in drug use indices (such as MA use duration,
abstinence duration and drug use severity evaluated by ASI-drug) were
large among MA use participants in the study. Such variations enlarged
within-group heterogeneities, enhancing the probability of getting false
negative results in between group comparisons. However, nevertheless,
this current study provided preliminary evidence indicating MA-
associated psychosis and schizophrenia had an overlapped neuropa-
thology reflected by gray matter loss in the frontal cortex.
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