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Abstract
Background: Both methamphetamine use disorder (MAUD) and heroin use disorder (HUD) were related to
the activation of the dopamine transmission, while the psychological symptoms caused by HUD and
MAUD were signi�cantly different. The topological organization of structural connection that may
underlie these differences remains unknown.

Methods: Demographic matched 23 male MAUD patients, 20 HUD patients, and 21 healthy controls (HC)
participated in the analysis. Diffusion tensor imaging and probabilistic tractography were used for white
matter network construction. Psychological symptoms were evaluated by the Symptom Checklist-90.
Differences of graph-level and nodal-level properties among groups were explored. The network Hubs
distribution and the relationship between the network alteration and psychological status were identi�ed.

Results: MAUD patients demonstrated signi�cantly increased scores in anxiety, hostility, and
schizophrenia nuclear symptoms. HUD group showed signi�cantly increased global e�ciency and
network strength than HC and increased network strength than MAUD. Compared with HUD, the MAUD
group showed signi�cantly decreased nodal strength and e�ciency distributed mainly in the temporal,
parietal and occipital regions. We also found the network Hubs were decreased in MAUD group but
increased in HUD group. The nodal strength in right superior temporal gyrus was signi�cantly correlated
with the psychological scores in MAUD patients.

Conclusion: These �ndings re�ect the signi�cant differences in topological structural connection between
HUD and MAUD patients. These pieces of evidences help shed some light on the neurobiological
mechanisms of the psychological difference between HUD and MAUD, and extend our understanding of
the structural disruption underline the MAUD related psychological symptoms.

Background
Drug use disorder was de�ned by Diagnostic and Statistical Manual Disorders 5th edition (DSM-5) as a
chronically relapsing brain disorder and characterized by compulsive drug seeking and taking despite
serious negative consequences, and the emergence of a negative emotional state during withdrawal [1].
According to the 2019 World Drug Report and Annual Report on Drug Control in China, about 270 million
people worldwide use drugs each year, methamphetamine (MA) is the most abused drug in China and the
second across the globe. MA and heroin are primary abused drugs in China, 55.2% MA use disorder
(MAUD) and 37.5% heroin use disorder (HUD) in all of the drug abuse. Both MAUD and HUD can result in
direct health consequences and secondary social costs, such as violent behavior and drug-related crime,
which gained attention as a serious public health concern.

Although most drug addiction is related to the activation of the dopamine transmission, the mechanisms
can be different depending on the drug class [2]. MA, heroin, cocaine, cannabis, alcohol and sedatives
have all been implicated in substance induced psychosis [3], while the psychological symptoms caused
by HUD and MAUD are signi�cantly different. HUD can result in obvious physical symptoms and reduced
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willpower [4], but MAUD usually caused schizophrenia-like symptoms, such as anxiety, depression,
delusion, hallucination and hostility [5, 6]. However, the underlying neuromechanism of these
psychological symptoms related to HUD and MAUD was still unclear, and there is no government-
approved medication to treat MAUD, the existing psychological interventions need much improvement in
e�cacy[7]. Identify the difference of structural and functional alteration between HUD and MAUD and the
relationship with the psychological symptoms may useful for improving the strategy of MAUD treatment.

Neuroimaging research has advanced our understanding of the neurobiological mechanism of drug use
disorder and psychotic disorder. Diffusion tensor imaging (DTI) is a non-invasive neuroimaging technique
that can provide relative quantitative measurement for investigating the pathological characteristics of
white matter microstructure by measuring the random movement of water molecules in neural tissue [8].
A few DTI studies have reported abnormal white matter integrity in HUD and MAUD patients. Decreased
white matter integrity were reported in HUD patients in speci�c brain regions, such as corpus callosum,
frontal white matter, temporal white matter, thalamic radiation, superior and inferior longitudinal fasciculi,
cerebellar, and cingulate gyrus [9–12]. Regional white matter de�cits in HUD patients appear to implicate
damage to tracts connecting cortico-limbic-striatal regions, speci�cally the cingulum and the short range
�bers of the superior longitudinal fasciculus were reported by a meta-analysis [13]. MAUD patients
showed persistent microstructure de�cits of white matter surrounding the basal ganglia [14], decreased
white matter integrity in anterior callosal and prefrontal white matter [15–18], and even globally
diminished white matter integrity [19]. However, most of the previous studies were based on the voxel-
wised or tract-based methods, only detecting the alterations in some speci�ed regions or white matter
tracts. As been identi�ed by previous studies, the human brain is a highly complex and interconnected
network, balancing the regional segregation and special information integration [20].

Graph theory enables analyses of the whole brain e�ciency of information processing and speci�c
network properties [21]. The white matter connectivity can re�ect the integration of the brain structure, but
only a few network-based studies focus on the alteration of the white matter network organization in drug
use disorders. Sun et al. found that HUD patients had widespread abnormalities in structural connectivity,
including the default-mode, attentional and visual systems, and the non-planning impulsivity was
negatively correlated with the increase in the connection strength within-temporal [22]. Zhang et al. found
signi�cantly increased connections were located in the paralimbic, orbitofrontal, prefrontal and temporal
regions [23]. In our previous resting functional magnetic resonance imaging (MRI) study, we found that
MAUD patients had increased brain activity in the thalamus, right inferior temporal gyrus and bilateral
postcentral gyrus, and decreased brain activity in the cerebellum and left middle frontal gyrus [24], but the
structural basis of these functional network changes was still unclear. The alterations in structural brain
connections may underlie the functional and psychological difference between HUD and MAUD patients,
while the whole-system-level of the understanding was still lacking.

A deeper understanding of neurobiological determinants of global structure integration/segregation may
thus have promising clinical implications, including the identi�cation of potential new biomarkers and
therapeutic targets [20]. Therefore, the present study aimed to identify the difference in the topological
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organization of white matter structural connectome between MAUD and HUD patients, and identify the
relationship to the psychological symptoms. We hypothesized that there are signi�cant differences in
global and regional characteristics of white matter network between MAUD and HUD patients, the speci�c
white matter network properties of MAUD are related to their psychological symptoms.

Methods
Ethics statement

The present study was approved by the Institutional Board of Tangdu Hospital, Air Force Medical
University, Xi’an (Number: TDLL-2017008). All participants were informed of the research content in
advance and sighed informed consent. All methods were performed in accordance with the Declaration
of Helsinki.

Participants

Twenty-�ve male MAUD and 25 male HUD patients were recruited from the community in Xi’an, Shaanxi,
China. Twenty-one demographically matched male healthy controls (HC) were recruited from the same
community. The inclusion criteria for drug use disorders were as follows: (1) aged 18-50 years old; (2)
meeting the diagnostic criteria for substance use disorder in the DSM-5; (3) MA or heroin use duration
longer than 12 months and no history of mixed drug abuse; (4) being strongly right-handed as judged by
the Edinburgh handedness inventory. The inclusion criteria for HC were the same as the drug use disorder
patients except for the items for drug use. Exclusion criteria for all participants were (1) history of
craniocerebral trauma or neurological disease and/or neurological signs; (2) any current medical illness;
(3) daily consumption of alcohol; (4) claustrophobia or any MRI contraindications. All the participants in
present study were cigarette smokers.

Psychological evaluation

The Symptom Checklist-90 (SCL-90) was used for the evaluation of self-reported psychological status in
all participants under the guidance of physicians before MRI scanning. The rating scale consisted of 10
categories and grouped along nine symptom dimensions re�ecting broad psychological symptom status,
include somatization, obsession-compulsion, interpersonal sensitivity, depression, anxiety, hostility, terror,
paranoid, and psychoticism [25]. Schizophrenia nuclear symptoms dimension was adopted, which
obtained adding the four items (7,16, 35 and 62) of the SCL-90, represent delusions of control, auditory
hallucinations, thought-broadcasting and thought-intrusion [25], it brings together milder versions of the
core diagnostic symptoms of psychosis [25, 26].

Image acquisition

Imaging data was acquired on a 3.0T GE Signa Excite HD whole-body MRI system in Tangdu hospital,
with a gradient strength of 40 mT/m, a slew rate of 150 T/m/sec, and an eight-channel head coil (GE
Medical Systems, Milwaukee, WI, USA). Foam padding was used to minimize the head movement and ear
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plugs were used to reduce the noise. A routine T2-weighted imaging was collected to obviate the gross
structure abnormalities. DTI data were collected using a spin-echo echo-planar sequence, the parameters
were as follows: repetition time=7600 ms, echo time=61.5 ms, number of gradient orientations=25,
matrix=128 × 128, �eld of view=24 × 24 cm, number of excitations=2, slice thickness=4 mm with no gap,
and b value=1000 s/mm2. The total scanning time for each participant took about 10 min.

DTI data processing

The image data were processed using FSL6.0 (https://fsl.fmrib.ox.ac.uk/). Head motion and image
distortions induced by eddy currents were corrected by eddy package in FSL[27]. Bayesian estimation of
diffusion parameters obtained using sampling (bedpostx) and probabilistic tractography (probtrackx)
techniques were used to generate white matter connectivity network[28]. The parameter for bedpostx
method was set as the toolbox’s default. For probtrackx method, parameters were: the number of
samples was 5000 per voxel, curvature threshold set at 0.2, with loop-check option on[29]. A total of 90
cortical regions were de�ned as regions of interest (ROI) using the AAL90 atlas and warped into
individual diffusion space for each subject. These ROIs were used as waypoint and termination masks
when running probtrackx in network-mode. To accelerate the calculation process, we used the graphics
processing units version of bedpostx and probtrackx[30, 31].

This network mode probabilistic tractography calculates a 90×90 connectivity matrix, in which the value
of each element represents the number of streamlines connecting two corresponding ROIs. These
matrices were then normalized to eliminate the differences in the seed‐ROI sizes, through dividing each
row of the matrix for the corresponding waytotal number. In this way, an anatomical connectivity index
was obtained for each reconstructed tract, which is an indirect measure of tract integrity.

To explore the network properties of the whole cortex, a bunch of the graph metrics were calculated using
the brainGraph package in R (https://github.com/cwatson/brainGraph), including the graph-level metrics
(network strength (Sp) and global e�ciency (Eglob)), and the nodal-level metrics (nodal strength and nodal
e�ciency (Enod)). Applying graph analysis to normalized connectivity matrices requires the choice of a
speci�c connection density. The in�uence of inter-subject variability in the total number of reconstructed
streamlines should be considered. In this work, we adopted both “subject” threshold and “matrix”
threshold, the same as previous publications[32, 33]. The “subject” threshold was chosen to only accept
connections which are present in at least 50% of the subjects of a given group, thus reducing the
individual anatomy in�uences. The “matrix” threshold was chosen over a range of probability values
from 0.001 to 0.01[33]. To reduce the risk of erroneous discoveries due to the presence of spurious
connections, a strict threshold of 0.01 was chosen for subsequent graph-level and nodal-level metrics
calculations.

Statistical analyses

One-way ANOVA was used for demographic characteristics and psychiatric symptoms evaluations using
SPSS 19.0 software. To determine the group differences in graph-level and nodal-level metrics, the

https://github.com/cwatson/brainGraph
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general linear models (GLMs) were performed using brainGraph. Partial correlation analysis was
conducted in MAUD patients between the SCL-90 scores and the graph/nodal metrics, performed by
SPSS 19.0 software, using age, education and cigarettes smoked per day as covariates. All statistical
results were corrected for multiple comparisons using the false discovery rates (FDR) method if needed.
The statistical signi�cance was set as P < 0.05 in all analyses.

Results
Demographic and clinical characteristics

Five participants (2 MAUD and 5 HUD) were excluded due to the gross structure abnormalities in T2WI
images or head movement. Finally, 23 MAUD, 20 HUD, and 21 HC participated in the analyses. No
signi�cant differences were found in age, education level, and cigarette smoke among groups. The
duration of drug abuse between MAUD and HUD had no signi�cantly different, but the dosage of heroin
use in HUD was signi�cantly higher than MA use in MAUD patients (Table 1).

Table 1
Demographic and clinical characteristics of participants (mean ± S.D.)

Characteristics MAUD

(n = 23)

HUD

(n = 20)

HC

(n = 21)

P value

from ANOVA/

Two-sample T-
test

Age (years) 28.26 ± 5.08 31.50 ± 7.84 31.48 ± 
7.05

0.189

Education level (years) 9.39 ± 2.23 10.80 ± 2.76 10.57 ± 
2.25

0.125

Number of cigarettes (per
day)

18.83 ± 9.89 17.25 ± 4.99 14.05 ± 
6.82

0.119

Duration of drug use
(months)

30.30 ± 18.55 41.25 ± 25.68 N.A. 0.114

Total dosage of drug use
(gram)

139.51 ± 
249.42

863.62 ± 
567.74

N.A. 0.001*

Note: MAUD: methamphetamine use disorder; HUD: heroin use disorder; HC: healthy controls; N.A.: not
applicable; *: P < 0.05.

Psychological difference among groups

There was signi�cant difference in anxiety, hostility, and schizophrenia nuclear symptoms among the
three groups. The MAUD patients showed higher score in anxiety, hostility, and schizophrenia nuclear
symptoms compared with HC. The higher hostility score was found in MAUD patients compared with
HUD (Table 2).
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Table 2
Mean scores and group comparison of SCL-90 (mean ± S.D.)

Item Group P value

from
ANOVA

Multiple comparisons

MAUD HUD HC MAUD
vs HC

HUD
vs HC

MAUD vs
HUD

Total average score 0.76 ± 
0.63

0.55 ± 
0.30

0.42 ± 
0.48

0.085 N.A. N.A. N.A.

Somatization 0.64 ± 
0.67

0.45 ± 
0.30

0.38 ± 
0.50

0.237 N.A. N.A. N.A.

Obsession-compulsion 0.92 ± 
0.75

0.54 ± 
0.31

0.57 ± 
0.63

0.092 N.A. N.A. N.A.

Interpersonal
sensitivity

0.81 ± 
0.78

0.64 ± 
0.38

0.47 ± 
0.60

0.191 N.A. N.A. N.A.

Depression 0.79 ± 
0.68

0.74 ± 
0.46

0.45 ± 
0.57

0.180 N.A. N.A. N.A.

Anxiety 0.73 ± 
0.68

0.51 ± 
0.37

0.30 ± 
0.41

0.029* 0.008* 0.202 0.172

Hostility 1.16 ± 
1.05

0.53 ± 
0.53

0.62 ± 
0.85

0.036* 0.039* 0.754 0.019*

Terror 0.42 ± 
0.58

0.28 ± 
0.26

0.22 ± 
0.32

0.289 N.A. N.A. N.A.

Paranoid 0.86 ± 
0.94

0.46 ± 
0.37

0.41 ± 
0.52

0.053 N.A. N.A. N.A.

Psychoticism 0.55 ± 
0.62

0.50 ± 
0.34

0.42 ± 
0.48

0.689 N.A. N.A. N.A.

Additional items 0.82 ± 
0.67

0.80 ± 
0.42

0.43 ± 
0.52

0.043* 0.023* 0.038* 0.895

Schizophrenia nuclear
symptoms

0.65 ± 
0.68

0.38 ± 
0.28

0.23 ± 
0.28

0.011* 0.003* 0.310 0.053

Note: MAUD: methamphetamine use disorder; HUD: heroin use disorder; HC: healthy controls; N.A.: not
applicable; *:P < 0.05 (Bonferroni-corrected).

Group difference in Graph-level network organization

Within the scope of the global network, drug use disorder patients presented increased Sp than HC, after
corrected by FDR, only HUD group showed signi�cantly increase Sp than HC (t = 3.66, P = 0.0005), there
was no signi�cant difference between MAUD and HC. When compared with MAUD, the HUD group
showed signi�cantly increased Sp (t=-2.31, P = 0.024). Meanwhile, HUD group showed signi�cantly
increased Eglob than HC (t = 2.09, P = 0.041). There was no signi�cant difference between MAUD and HUD
or between MAUD and HC in Eglob (Figure. 1).
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Group difference in Nodal-level properties

In the nodal-level network measures, HUD group had signi�cantly increased nodal strength and Enod

compared with HC group, distributed mainly in the frontal, occipital, and temporal regions. Compared with
the HUD group, MAUD group showed signi�cantly decreased nodal strength and Enod distributed mainly
in the temporal, parietal and occipital regions (Table 3 and Table 4).
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Table 3
Brain regions with signi�cant difference in Nodal Strength

Comparisons Regions Hemisphere t P value

HUD HC Cuneus L 3.29 0.030*

Lingual R 3.71 0.010*

Inferior Occipital gyrus R 3.75 0.010*

Fusiform L 4.91 0.001*

SupraMarginal L 3.77 0.010*

MAUD HC Anterior Cingulum L 3.66 0.048*

HUD MAUD Rolandic Operculum R -3.09 0.021*

Middle Cingulum L -3.43 0.009*

Lingual L -3.42 0.009*

Lingual R -3.46 0.009*

Inferior Occipital gyrus L -4.39 0.001*

Inferior Occipital gyrus R -3.88 0.005*

Fusiform L -3.73 0.006*

Superior parietal gyrus R -4.46 0.001*

Inferior Parietal gyrus R -3.19 0.017*

SupraMarginal R -3.93 0.005*

Paracentral Lobule L -3.65 0.006*

Superior temporal gyrus L -2.83 0.037*

Superior temporal gyrus R -5.07 0.000*

Middle Temporal gyrus L -2.88 0.036*

Middle Temporal gyrus R -3.73 0.006*

Note: MAUD: methamphetamine use disorder; HUD: heroin use disorder; HC: healthy controls; *: P < 
0.05 (FDR corrected); L: left; R: right.
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Table 4
Brain regions with signi�cant difference in Enod

Comparisons Regions Hemisphere t P value

  Middle Frontal gyrus R 3.08 0.046*

HUD HC Lingual R 3.79 0.016*

  Fusiform L 4.18 0.008*

  Fusiform R 3.36 0.030*

  Middle Temporal gyrus L 3.08 0.046*

  Inferior Temporal gyrus L 3.38 0.030*

HUD MAUD Superior temporal gyrus R -4.08 0.012*

Note: MAUD: methamphetamine use disorder; HUD: heroin use disorder; HC: healthy controls; *: P < 
0.05 (FDR corrected); L: left; R: right.

Hubs distribution

Nine network Hubs were identi�ed in HC group, including the bilateral post cingulum, precuneus, cuneus,
right dorsal superior frontal cortex, right supplementary motor area, and right calcarine. Right
supplementary motor area and right calcarine turn to non-Hubs in MAUD patients compared with HC.
While HUD group had increased Hubs distributed in the right middle frontal cortex, left middle cingulate,
and right paracentral lobule compared with HC (Figure. 2).
Correlation between network metrics and clinical variables

At the graph-level, neither of the Sp nor the Eglob was signi�cantly correlated with the demographic and
SCL-90 in any drug use disorder group. At the nodal-level, nodal strength in the right superior temporal
gyrus in the MAUD group was positively correlated with total average score of SCL-90, depression,
anxiety, hostile, paranoid, and psychoticism score (Figure. 3). No correlation was found in Enod and SCL-
90 score.

Discussion
In the present study, we investigated the difference in the topological organization of white matter
networks between MAUD and HUD patients. The major �ndings are as follows:(1) MAUD patients
demonstrated signi�cantly increased anxiety, hostility, and schizophrenia nuclear symptoms score. (2)
HUD patients showed signi�cantly increased Sp and Eglob than HC, and signi�cantly increased Sp than
MAUD. (3) MAUD patients had signi�cantly decreased nodal strength and Enod than HUD. (4)Compared
with HC, MAUD had reduced Hubs, while HUD had increased Hubs. (5) Nodal strength in the right superior
temporal gyrus was positively correlated with the psychological scores in MAUD patients. These �ndings
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enhanced our understanding of the potential neurobiological foundation underlying the difference of
psychological symptoms between MAUD and HUD patients.

The most important behavioral effects of MA are the mood-altering properties. Psychosis is indued more
commonly by MA than by any other stimulants, perhaps because of the longer duration of action
produced by MA when compared with the shorter half-life of other stimulants [34]. In this study, we found
signi�cantly increased scores in anxiety, hostility, and schizophrenia nuclear symptoms in MAUD
patients. The hostility score in MAUD was higher than HUD. These �ndings are consistent with the
previous. After large doses or/and long-term abuse, MAUD patients may experience violent behavior than
any other psychoactive drugs, and they had higher scores on affective and positive symptoms, such as
hostility, anxiety, depression and hallucinations [35].

The strength of a network (Sp) is the average of the strength across all of the nodes in the network [22].
Sp is related to the connection density or the “wiring cost” of the brain networks, the larger of the Sp, the
more expensive of the “wiring cost” of the network [23]. Eglob is de�ned as the average of e�ciency for all
node pairs, measures the global e�ciency of parallel information transfer in the network [36]. Several
graph theoretic studies have revealed abnormal topological organization of structural networks in HUD
patients. Zhang et al. found HUD patients showed signi�cantly increased Eglob and Sp compared with HC
[23], which is consistent with the present study. Increased Sp and Eglob means increased global
integration, this may indicate that the white matter networks in HUD patients may keep high “wiring cost”
or break up the trade-off between the e�ciency and cost and may shift towards a random network [23].
However, there is an inconsistent �nding in Sun’s study, they found no signi�cant differences in any
global parameter of the whole brain white matter networks between HUD and HC [22]. This may be
caused by the abstinent from heroin use of their HUD patients, the functional and structural recovery
during heroin abstinence had been identi�ed in our previous studies [37–39].

Increased positive symptoms score in stimulant-induced psychosis were believed to re�ect the
dysregulation of the mesolimbic dopamine pathway [40, 41], and which may be mediated by frontal,
striatal and limbic regions [42]. In this study, we found signi�cantly increased positive symptoms in
MAUD patients present as increased schizophrenia nuclear symptoms score. Meanwhile, MAUD group
showed signi�cantly decreased nodal strength and Enod in cingulum, parietal, temporal, and occipital
regions than HUD. Decreased nodal strength and Enod in these regions may imply that the essentiality of
these brain regions and the information transformation in the network were decreased. The signi�cant
correlation between the nodal strength in the right superior temporal gyrus and the psychological scores
may indicate the essential function of the temporal cortices or limbic related regions underlying the
MAUD related psychological symptoms.

The role of the parietal cortices in the development of psychological symptoms in schizophrenia has
been established previously, and especially in the role of monitoring of internally generated thoughts and
actions [43, 44]. And this abnormal self-monitoring has been proposed as the neural basis for
hallucinations and delusions [45]. Reduced nodal strength in parietal regions may play an important role
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in the higher incidence of hallucinations and delusions in MAUD patients. A role for parietal cortices may
be an early-onset risk factor for both MAUD and schizophrenia [7]. And it has been reported that the gray
matter atrophy would begin in the parietal cortices and progress to the temporal and �nally the frontal
cortices accompany by the progress of schizophrenia [44, 46]. We found signi�cantly decreased nodal
strength and Enod in extensive temporal and parietal regions in MAUD patients when compared with HUD.
The previous study has also found the smaller volume in left parietal/temporal lobe in schizophrenia
patients with concurrent stimulant dependence [41], reduced gray matter in the parietal cortices in MAUD
patients [47]. The disconnection within the parietal, temporal and occipital regions or with other regions,
may be related to the abnormal neural response to visual and/or auditory stimuli in MAUD patients [48].

On the contrary, we found HUD patients have signi�cantly increased nodal strength and Enod in some
frontal, temporal and occipital regions compared with HC. Which was similar with the previous studies.
Zhang et al. found signi�cantly increased Enod in the frontal regions, altered white matter connectivity in
frontal regions may lead to the reduced cognitive control on craving and motivation in heroin users [23,
49]. Another study found increased structural connectivity within the DMN, attentional and visual
systems, and speci�c within-frontal and within-temporal connections were signi�cantly correlated with
the heroin dosage and the non-planning impulsivity in HUD patients [22]. These �ndings may reveal the
topological characteristic of heroin related white matter structure connectivity alterations, and suggested
a potential neural-foundation of heroin caused craving and cognitive impairment.

The regions with high centrality values are structural cores of the brain and usually de�ned as Hubs [50],
which plays a particularly important role toward integrating information across the system by accessing
different modules. Brain Hubs are central to brain disorders in general [51]. The largest declines in
function may occur when disease impinges on a Hub regions [52]. In the present study, nine Hubs were
identi�ed in HC group, the result was similar with previous studies [50]. We found two brain regions
located in right supplementary motor area (SMA) and right calcarine turn into nonHubs in MAUD group.
Network Hub has been considered important in how a disease spreads in a network [53]. We speculate
that the loss of Hubs in the medial frontal and visual regions in MAUD patients may mean the originally
disconnected in the network. Interestingly, we found three Hubs speci�c to HUD patients located in the
right middle frontal cortex, left middle cingulum and right paracentral lobule. Increased Hubs in
frontal/parietal regions was accompanied by increased nodal strength and Enod in these regions in HUD
patients, these �ndings may relate to abnormally enhanced heroin craving and impaired function in
cognition and decisions.

Some limitations should be noticed. Firstly, only males were included in this study, the potential gender
related in�uence to the white matter network and the course of psychological symptoms were not
identi�ed. Studies found that females showed more rapid progression from initial drug use to MAUD, and
female MAUD patients had smaller and thinner frontal cortices than males [54, 55]. Female substances
use disorder patients may experience a greater relative impact on the course of psychological symptoms
than males [56]. Thus, further studies include the gender related in�uence should be considered.
Secondly, the psychological evaluation is unspeci�c. More detailed evaluations such as the assessment
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of auditory and visual hallucinations as well as the positive and negative symptoms should be included
in the future study. Thirdly, Future studies may be needed to investigate the relationship between the
changes of structural network and functional network.

Conclusions
Taken together, our �ndings provide an interesting insight regarding the possible difference of white
matter structure network between MAUD and HUD patients. The results showed that HUD patients had
signi�cantly increased Sp, Eglob and increased nodal strength and Enod in frontal, temporal and occipital
regions, these may represent the abnormal structure connectivity caused by HUD. In particular, MAUD
showed signi�cantly decreased nodal strength and Enod in mesolimbic pathway, parietal, temporal, and
occipital regions than HUD, these results may suggest the speci�c brain structure alterations caused by
MAUD. These pieces of evidences help shed some light on the neurobiological mechanism of the
psychological difference between HUD and MAUD, and extend our understanding of structural disruptions
that underlie the MAUD related psychological symptoms.
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Figure 1

Network strength and global e�ciency in HC, HUD, and MAUD groups. MAUD: methamphetamine use
disorder; HUD: heroin use disorder; HC: healthy controls; Eglob: Global E�ciency; Sp: Network Strength.

Figure 2



Page 21/21

The Hubs distributions of the white matter network in HC, HUD, and MAUD groups. The size of the node
indicates the value of weighted Enod, bigger means higher e�ciency. CUN. L: left cuneus; CUN. R: right
cuneus; PCUN.L: left precuneus; PCUN. R: right precuneus; PCG.L: left post cingulum; PCG.R: right post
cingulum; CAL.R: right calcarine; SMA.R: right supplementary motor area; SFGdor. R: right dorsal superior
frontal cortex; PCL. R: right paracentral lobule; DCG. L: left middle cingulate; MFG. R: right middle frontal
cortex.

Figure 3

The correlations between the nodal strength in right superior temporal gyrus and SCL-90 scores in MAUD
patients. Corrected by FDR. TPOsup. R: right superior temporal gyrus.


