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Original Article

White matter microstructural alterations are associated with 
cognitive decline in benzodiazepine use disorders: a multi-shell 
diffusion magnetic resonance imaging study
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Background: Benzodiazepine use disorders (BUDs) have become a public health issue that cannot be 
ignored. We aimed to demonstrate that patients with BUDs might undergo changes in white matter (WM) 
integrity, which are related to impaired cognitive function.
Methods: We used diffusion tensor imaging (DTI), diffusion kurtosis imaging (DKI), neurite orientation 
dispersion and density imaging (NODDI), and mean apparent propagator (MAP) to observe changes in WM 
structure from 29 patients with sleep disorders with BUD (SDBUD), 33 patients with sleep disorders with 
non-BUD (SDNBUD), and 25 healthy participants. We also compared the diagnostic performance of the 
diffusion metrics and models in predicting the status of BUDs and evaluated the relationship between WM 
changes and cognitive impairment.
Results: BUD was closely associated with WM damage in the corpus callosum (CC) and pontine crossing 
tract (PCT). There were 14 main diffusion metrics that could be used to predict BUD status (P=0.001–0.023). 
DTI, DKI, NODDI, and MAP had similar satisfactory performance for predicting BUD status (P=0.001–
0.021). Pearson correlation analysis showed a close relationship between the Trail Making Test B (TMT-B) 
and DTI/NODDI metrics in the splenium of the CC and PCT and between the Montreal Cognitive 
Assessment (MoCA) and MAP metrics in the splenium of the CC in the SDBUD group (P=0.008–0.040).
Conclusions: Our findings provide evidence for the neurobiological mechanism of benzodiazepine 
addiction and a novel method for the clinical diagnosis of BUDs.
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Introduction

Chronic sleep disorders can cause symptoms such as fatigue, 
dizziness, lethargy, and general malaise, which seriously 
affect the social functions of patients. The first-line medical 
treatment for sleep disorders is benzodiazepines (1).  
Although short-term use of benzodiazepines is relatively safe, 
long-term use can lead to drug dependence (2,3). Addiction, 
abuse, harmful use, and dependence on benzodiazepines 
are collectively referred to as benzodiazepine use disorders 
(BUDs) (4). Approximately half of the patients who use 
benzodiazepines daily for more than 1 month will become 
dependent on them (4). The increasing prevalence of 
BUDs among patients with sleep disorders has become a 
public health issue that cannot be ignored. Currently, our 
understanding of the neurobiological mechanisms behind 
BUDs in these patients is extremely limited. Furthermore, 
the assessment of these disorders still relies heavily on 
patients’ self-reports and clinicians’ judgments, which often 
involve substantial subjectivity and variability and lack 
precision in prediction and classification (5). Therefore, 
there is an urgent need for more objective and accurate 
noninvasive biomarkers to identify the presence and severity 
of BUDs in patients with sleep disorders.

To date, there is scant neuroimaging research on BUDs 
in patients with sleep disorders. The existing neuroimaging 
studies on other substance use disorders have mainly 
focused on drugs, alcohol, and nicotine. Many of these 
studies suggest a relationship between substance abuse and 
the integrity of white matter (WM) (6-8). A preponderance 
of evidence indicates that individuals who abuse alcohol 
or opiates generally exhibit lower coherence in connective 
WM, most often in the major WM fiber pathways such 
as the corpus callosum (CC) and the superior and inferior 
longitudinal fasciculus, which are closely related to executive 
function and metacognition (9-11). Patients with BUDs 
have also been confirmed to experience a series of cognitive 
impairments, which may persist even after drug withdrawal 
(12,13). Benzodiazepines have similar pharmacological 
effects to alcohol (both act on the γ-aminobutyric acid sub-
type A receptor) and are the preferred alternative treatment 
for patients with alcohol use disorders in the acute phase 
(14,15). We therefore hypothesize that patients with BUDs 

may also undergo changes in WM integrity similar to those 
in patients with alcohol use disorders.

To test this hypothesis, we used multi-shell diffusion 
imaging, including diffusion tensor imaging (DTI), diffusion 
kurtosis imaging (DKI), neurite orientation dispersion and 
density imaging (NODDI), and mean apparent propagator 
(MAP) to compare the integrity of WM in patients with sleep 
disorders with BUD (SDBUD), patients with sleep disorders 
with non-BUD (SDNBUD), and healthy participants. As 
discussed in some previous studies, the relative advantages 
of categorical and dimensional criteria for classifying the 
substance use disorders have been debated for many years. 
At present, the diagnostic criteria of the Diagnostic and 
Statistical Manual for Mental Disorders Version 5 (DSM-V) 
mainly rely on behavioral patterns and lack biological 
validation. This makes the diagnosis of substance use 
disorders more subjective than objective biomarkers, which 
can lead to misdiagnosis or missed diagnosis. Thus, we also 
compared the diagnostic performance of the main diffusion 
metrics and the four diffusion models in predicting the 
status of BUDs. Furthermore, we evaluated the relationship 
between WM structural changes and cognitive impairment in 
SDBUD and SDNBUD patients. We present this article in 
accordance with the STROBE reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/qims-
24-1516/rc).

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was registered at the Chinese Clinical Trial Register (No. 
ChiCTR2200057967) and was approved by the institutional 
ethics review board of The First Affiliated Hospital of 
the University of South China (No. 2021KS-FS-17-02). 
The experimental process was clearly explained to the 
participants, and they signed an informed consent form. A 
brief summary of the study procedures is shown in Figure 1.

Participants

Sleep disorders group
In this study, patients with sleep disorders were recruited 
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from the outpatient psychological department of The 
First Affiliated Hospital of the University of South China 
from January 2021 to December 2022. They were all of 
Han nationality and right-handed, were between 18 and  
70 years old, and had a Pittsburgh Sleep Quality Index 
(PSQI) score ≥6 points (16). They had normal intelligence 
and an education level of primary school or above. They 
did not have neurological disorders, severe chronic disease, 
serious mental diseases, or contraindications to magnetic 
resonance imaging (MRI). None of the patients took any 
other types of psychiatric drugs except benzodiazepines.

According to the diagnostic criteria for sedative drug 
use disorders in the DSM-V, the sleep disorders group 
was subdivided into an SDBUD group and an SDNBUD 

group. After excluding 2 patients with claustrophobia,  
29 participants were finally enrolled in the SDBUD group. 
After excluding 6 patients with severe motion artifacts,  
33 participants were included in the SDNBUD group, 
which contained patients with several simple sleep disorders.

Healthy control (HC) group
The HC group participants were recruited from the 
community through advertising during the same period as 
the recruitment of the sleep disorders group. They were all 
of Han nationality and right-handed, were between 18 and  
70 years old, and had PSQI scores <6 points. They had 
normal intelligence and an education level of primary school 
or above. The exclusion criteria were the same as those for the 
sleep disorders group. After excluding 2 patients with a history 
of cerebral infarction and 3 patients with claustrophobia,  
25 participants were included in the HC group.

Clinical scale evaluation

The scales administered and evaluated in this study were 
completed by two trained residents with 3 years of work 
experience. The Hamilton Anxiety Scale (HAMA) (17) 
and Hamilton Depression Scale (HAMD) (18) were used 
to assess the severity of anxious and depressive states. The 
Mini-Mental State Examination (MMSE) (19), Montreal 
Cognitive Assessment (MoCA) (20), and Trail Making Test 
A and B (TMT-A and TMT-B) (21) were administered to 
assess changes in the cognitive function of participants.

MRI parameters and image processing

All imaging data were acquired on a Siemens MAGNETOM 
Prisma 3.0 T scanner (Erlangen, Germany) with a 
64-channel head-neck coil at the Radiology Department 
of The First Affiliated Hospital of the University of South 
China. All participants underwent T1-weighted (T1W) 
structural and multi-shell diffusion-weighted imaging 
(DWI). T1W imaging (T1WI) used a magnetization-
prepared rapid gradient-echo (MPRAGE) sequence 
with the following parameters: resolution =1×1×1 mm3, 
repetition time (TR) =2,400 ms, echo time (TE) =2.13 ms,  
inversion time (TI) =1,000 ms, field of view (FOV) 
=256×256 mm2, thickness =1 mm, number of slices =192, 
flip angle =8°, acquisition time (TA) =5 minutes 45 seconds. 
DWI scans were acquired using a single-shot echo-
planar imaging (EPI) sequence with a multiband, multi-
shell acquisition protocol with the following parameters: 

Figure 1 Flowchart of the study procedures. dMRI, diffusion 
magnetic resonance imaging; DSM-V, Diagnostic and Statistical 
Manual for Mental Disorders Version 5; PSQI, Pittsburgh Sleep 
Quality Index; SDNBUD, sleep disorders with non-benzodiazepine 
use disorder; SDBUD, sleep disorders with benzodiazepine use 
disorder.

Participants with dMRI between
Jan 2021 and Dec 2022 (n=100)

Recruiting non-sleep disorders (n=30) 
Recruiting sleep disorders (n=70)

Imaging data collection,  
processing and analysis

Clinical information
DSM-V & PSQI

Excluded:
•	 Severe motion artifacts (n=6)
•	 Cerebral infarction (n=2)
•	 Claustrophobia (n=5)

Healthy controls (n=25)

SDNBUD group (n=33)

SDBUD group (n=29)
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resolution =2×2×2 mm3, TR =2,800 ms, TE =86 ms, FOV 
=256×256 mm2, thickness =2 mm, number of slices =76, TA 
=9 minutes 41 seconds, multiband acceleration factor =4, 
phase-encoding direction = posterior to anterior. A total of 
202 separate volumes were acquired: 10 b=0 s/mm2 volumes 
and 192 diffusion-weighted images with three diffusion-
weighted shells at b=1,000, 2,000, and 3,000 s/mm2 (each 
b-value shell contained 64 diffusion-weighted images). The 
gradient encoding schemes for multi-shell diffusion MRI 
(dMRI) data collection were generated using the multi-
shelled sampling method reported by Caruyer et al. (22). 
We also acquired another four b=0 s/mm2 images with the 
opposite phase-encoding direction (anterior to posterior) 
to correct for susceptibility distortions. Diffusion-weighted 
images were preprocessed with the MRtrix3 software 
package (https://www.mrtrix.org/) as follows: first, denoising 
and removal of Gibbs ringing were performed. Second, 
distortion correction, eddy current distortion, and slice-
to-volume motion correction were performed by FMRIB’s 
Software Library (FSL) package (https://fsl.fmrib.ox.ac.uk/
fsl/docs/). Third, bias field corrections were performed by 
advanced normalization tools (ANTs).

A total of 16 diffusion metrics from four diffusion models 
were calculated from multi-shelled diffusion-weighted 
images. We extracted the b=1,000 s/mm2 single shell to fit 
DTI by FSL, used both the b=1,000 and 2,000 s/mm2 shells 
to fit DKI by diffusion imaging in Python (DIPY) and 
used the entire multi-shell dataset to fit NODDI-Bingham 
by computing the unified device architecture diffusion 
modeling toolbox (cuDIMOT) and MAP by DIPY. DTI 
scans were used to calculate fractional anisotropy (FA), mean 
diffusivity (MD), radial diffusivity (RD), and axial diffusivity 
(AD) (23). DKI scans were fitted with mean kurtosis (MK), 
axial kurtosis (AK), and radial kurtosis (RK) by DIPY (24). 
For NODDI, we calculated the total orientation dispersion 
index (ODItot), primary direction orientation dispersion 
index (ODIp), secondary direction orientation dispersion 
index (ODIs), intracellular volume fraction (Vic), and 
volume fraction of isotropic water molecules (Viso) (25). 
For MAP, we evaluated the non-Gaussianity (NG), return-
to-origin probability (RTOP), return-to-axis probability 
(RTAP), and return-to-plane probability (RTPP).

For region of interest (ROI) analysis, first, we extracted 
all B0 volumes and extracted the brain from preprocessed 
diffusion-weighted images by MRtrix3. Second, T1W 
images were bias field corrected by N4 bias field correction, 
and brain tissue was extracted by a brain extraction tool via 
ANTs. Third, we registered T1W images to the MNI152 

standard brain with nonlinear affine registration and 
registered B0 brains to T1W images with affine methods 
by ANTs. Then, we applied the Johns Hopkins University 
(JHU) WM template atlas to transform MNI152 standard 
space into individual space and extracted the ROIs to obtain 
the mean value of DWI metrics in individual space.

Statistical analysis

Continuous variables were expressed as the means ± standard 
deviations. Count variables were presented as frequencies. 
The normality of the data distribution was determined by 
the Shapiro-Wilk test, with variance equality checked by 
Levene’s test. When the Shapiro-Wilk test and Levene’s 
test P values were ≥0.05, the continuous variables between 
each pair of two groups were compared by parametric test. 
When the Shapiro-Wilk test or Levene’s test P value was 
<0.05, the continuous variables between each pair of groups 
were compared by the nonparametric test. All the P values 
were corrected by Bonferroni. The count variables were 
compared by Chi-squared tests. Univariate and multivariate 
logistic analyses were used to determine independent 
predictors of BUD status from dMRI parameters and dMRI 
models. The cutoff value, sensitivity, specificity, confidence 
interval (CI), and area under the curve (AUC) of the dMRI 
parameters were analyzed and calculated. Correlation 
analysis was performed between the dMRI parameters and 
the MMSE, MoCA, TMT-A, and TMT-B scores. The 
statistical analyses were conducted using SPSS software 
(version 25.0; IBM Corp., Armonk, NY, USA) and the R 
software package (version 4.3.0; R Foundation for Statistical 
Computing, Vienna, Austria). Statistical significance was set 
as a two-sided P value of less than 0.05.

Receiver operating characteristic (ROC) curves were 
used to assess the ability of dMRI parameters and dMRI 
models to predict BUD status. The DeLong test was used 
to observe the difference in the area under the ROC curve 
using software (MedCalc, version 20.218; MedCalc, Ostend, 
Belgium). Statistical significance was set as a two-sided P 
value of less than 0.05.

To investigate the distribution characteristics of the 
P values of 16 diffusion parameters between each pair of 
groups in 50 brain regions, a heatmap was created. In the 
heatmap, each brain region is represented by a row, and 
each diffusion parameter statistical difference between the 
two groups is represented by a column. The color at the 
intersection between the row and column depicts the P 
value. Color grading is used to visualize the P value, with a 
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lighter color representing a lower P value.

Results

Demographic and clinical characteristics of participants

The demographic and clinical characteristics of the participants 
are shown in Table 1. Overall, 87 participants (36 men,  
51 women; mean age, 52.57±9.17 years) were included. The 
PSQI score was significantly different between any pair 
of groups. There were statistically significant differences 
between the HC group and the SDBUD group in age, sex, 
prevalence of diabetes, and HAMD scores (P=0.013, 0.029, 
0.002, and 0.014, respectively). There were statistically 
significant differences between the HC group and the 

SDNBUD group in sex and education levels (P=0.009 
and 0.036). A statistically significant difference was found 
for TMT-B scores between the SDBUD group and the 
SDNBUD group (P=0.049). The participants in the 
SDBUD group had longer completion times on the TMT-B 
test than those in the SDNBUD group. There were no 
statistically significant differences in the use of cigarettes 
and alcohol; the prevalence of hypertension, hyperlipemia, 
and coronary artery disease; or the HAMA, MMSE, MoCA, 
and TMT-A scores among the three groups (P≥0.05).

Comparisons of dMRI parameters

The heatmap (Figure 2) indicated that the statistically 

Table 1 Demographic and neuropsychological data across all participants

Demographic and scale evaluation
Groups

P values
HC (n=25) SDNBUD (n=33) SDBUD (n=29)

Age (years) 52.00±10.62 54.00±7.95 57.00±7.36¶ 0.011†

Gender (F/M) 8/17 23/10§ 20/9¶ 0.006‡

Education levels (years) 12.00±5.26 9.00±2.88§ 9.00±2.23 0.002†

Cigarette use (yes/no) 8/17 8/25 5/24 0.450‡

Alcohol use (yes/no) 7/18 4/29 2/27 0.081‡

Diabetes (yes/no) 9/16 8/25 1/28¶ 0.009‡

Hypertension (yes/no) 1/24 5/28 4/25 0.406‡

Hyperlipemia (yes/no) 2/23 4/29 2/27 0.810‡

Coronary artery disease (yes/no) 1/24 0/33 1/28 0.524‡

HAMA (scores) 8.29±6.88 11.32±5.92 12.17±8.35 0.106†

HAMD (scores) 6.67±4.95 11.32±7.28 13.69±9.87¶ 0.014†

PSQI (scores) 5.00±1.68 11.00±2.37§ 14.00±2.37¶,ǁ <0.001†

MMSE (scores) 27.00±2.29 26.00±2.93 27.00±1.93 0.071†

MoCA (scores) 25.00±4.86 22.00±5.30 23.00±3.84 0.202†

TMT-A (s) 45.17±16.89 50.18±22.64 51.07±24.14 0.270†

TMT-B (s) 52.80±28.89 69.36±22.69 70.31±32.79ǁ 0.049†

Unless indicated, all continuous variables were presented as mean ± standard deviation and all count variables were presented as 
frequency. †, P values were obtained by one-way ANOVA test among three groups. ‡, P value was obtained by χ2 test. When the Shapiro-
Wilk test and Levene’s test P≥0.05, P values between each two groups were acquired by Bonferroni correction. When the Shapiro-
Wilk test or Levene’s test P<0.05, P values between each two groups were acquired by Kruskal-Wallis test. §, statistical difference 
was detected between HC group and SDNBUD group. ¶, statistical difference was detected between HC group and SDBUD group.  
ǁ, statistical difference was detected between SDNBUD group and SDBUD group. HC, healthy control; SDNBUD, sleep disorders with  
non-benzodiazepine use disorders; SDBUD, sleep disorders with benzodiazepine use disorders; F, female; M, male; HAMA, Hamilton 
Anxiety Scale; HAMD, Hamilton Depression Scale; PSQI, Pittsburgh Sleep Quality Index; MMSE, Mini-Mental State Examination; MoCA, 
Montreal Cognitive Assessment; TMT-A, Trail Making Test A; TMT-B, Trail Making Test B; ANOVA, analysis of variance.
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Figure 2 Comparisons of dMRI parameters between each pair of groups. (A) Visualization of the three parts of CC and PCT. (B) Heat map 
of P values distribution characteristic of 16 diffusion parameters between each two groups in 50 brain regions. *, P value <0.05, Bonferroni 
corrected. 1 vs. 2, HC vs. SDNBUDs; 1 vs. 3, HC vs. SDBUDs; 2 vs. 3, SDNBUDs vs. SDBUDs. CC, corpus callosum; R, right; L, left; ILF, 
inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; MCP, middle cerebellar peduncle; FA, fractional anisotropy; AD, axial 
diffusivity; RD, radial diffusivity; MD, mean diffusivity; MK, mean kurtosis; RK, radial kurtosis; AK, axial kurtosis; Vic, intracellular volume 
fraction; Viso, volume fraction of isotropic water molecules; ODIs, secondary direction orientation dispersion index; ODIp, primary direction 
orientation dispersion index; ODItot, total orientation dispersion index; RTAP, return-to-axis probability; RTOP, return-to-origin probability; 
RTPP, return-to-plane probability; NG, non-Gaussianity; dMRI, diffusion magnetic resonance imaging; PCT, pontine crossing tract; HC, 
healthy control; SDNBUD, sleep disorders with non-benzodiazepine use disorder; SDBUD, sleep disorders with benzodiazepine use disorder.
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significant changes in diffusion metrics between each pair 
of groups were divided into four brain clusters: cluster 1, 
the genu of the CC; cluster 2, the body of the CC; cluster 3, 

the splenium of the CC; and cluster 4, the pontine crossing 
tract (PCT). Table 2 shows the quantitative comparison of 
the main dMRI parameters in the four brain areas of the 

Table 2 Comparisons of quantitative main diffusion parameters in CC and PCT between groups

Brain clusters dMRI parameters
Groups

P value†

HC (n=25) SDNBUD (n=33) SDBUD (n=29)

Genu of CC FA 0.51±0.05 0.51±0.05 0.46±0.08‡ 0.016

MD (×10−3·mm2·s−1) 0.97±0.13 0.95±0.10 1.10±0.22 0.050

RD (×10−3·mm2·s−1) 0.68±0.14 0.66±0.12 0.81±0.25‡ 0.037

AD (×10−3·mm2·s−1) 1.54±0.11 1.52±0.09 1.61±0.17 0.137

MK 0.90±0.06 0.90±0.07 0.85±0.09‡ 0.019

RK 1.34±0.13 1.35±0.16 1.24±0.21‡ 0.022

AK 0.64±0.04 0.63±0.03 0.62±0.04 0.090

Vic 0.61±0.03 0.59±0.04 0.60±0.03 0.181

Viso 0.18±0.06 0.16±0.04 0.22±0.10 0.090

ODItot 0.16±0.02 0.16±0.02 0.18±0.04‡ 0.010

ODIp 0.26±0.02 0.25±0.02 0.28±0.04‡ 0.011

ODIs 0.11±0.01 0.10±0.02 0.12±0.03‡ 0.012

NG 0.57±0.06 0.56±0.06 0.52±0.07‡ 0.006

RTOP (×105·mm−3) 3.66±4.98 4.69±3.17 4.49±2.58 0.860

RTPP (×10·mm−1) 5.01±0.29 4.93±0.24 5.25±0.59 0.057

RTAP (×103·mm−2) 4.83±11.69 7.35±6.94 7.50±6.90 0.919

Body of CC FA 0.54±0.04 0.55±0.05 0.50±0.09 0.067

MD (×10−3·mm2·s−1) 0.92±0.10 0.91±0.12 1.10±0.32‡ 0.035

RD (×10−3·mm2·s−1) 0.62±0.11 0.60±0.13 0.79±0.35‡ 0.025

AD (×10−3·mm2·s−1) 1.53±0.10 1.53±0.12 1.66±0.25 0.071

MK 0.94±0.05 0.94±0.07 0.89±0.10‡ 0.020

RK 1.52±0.12 1.55±0.18 1.41±0.24‡ 0.012

AK 0.64±0.03 0.63±0.03 0.62±0.05 0.182

Vic 0.62±0.02 0.61±0.03 0.63±0.05 0.181

Viso 0.16±0.05 0.16±0.05 0.23±0.13 0.073

ODItot 0.16±0.02 0.15±0.02 0.16±0.03 0.128

ODIp 0.24±0.02 0.23±0.03 0.25±0.04 0.132

ODIs 0.11±0.01 0.10±0.02 0.12±0.03 0.143

NG 0.60±0.05 0.60±0.05 0.56±0.07‡ 0.010

RTOP (×105·mm−3) 4.90±5.36 5.21±3.76 5.65±3.97 0.841

RTPP (×10·mm−1) 4.95±0.31 4.85±0.27 5.37±0.10‡ 0.017

RTAP (×103·mm−2) 7.24±13.39 8.38±9.32 9.86±9.63 0.580

Table 2 (continued)
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Table 2 (continued)

Brain clusters dMRI parameters
Groups

P value†

HC (n=25) SDNBUD (n=33) SDBUD (n=29)

Splenium of CC FA 0.57±0.05 0.60±0.04 0.54±0.08‡ 0.002

MD (×10−3·mm2·s−1) 0.93±0.19 0.88±0.11 1.03±0.29‡ 0.008

RD (×10−3·mm2·s−1) 0.61±0.20 0.55±0.12 0.72±0.31‡ 0.003

AD (×10−3·mm2·s−1) 1.57±0.20 1.56±0.12 1.66±0.25 0.109

MK 0.90±0.08 0.92±0.08 0.86±0.09‡ 0.011

RK 1.40±0.17 1.47±0.18 1.31±0.19‡ 0.004

AK 0.60±0.04 0.59±0.03 0.58±0.04 0.124

Vic 0.64±0.03 0.64±0.04 0.65±0.04 0.664

Viso 0.17±0.09 0.15±0.05 0.22±0.13‡ 0.013

ODItot 0.14±0.20 0.13±0.20 0.14±0.20‡ 0.008

ODIp 0.23±0.03 0.22±0.03 0.23±0.03‡ 0.016

ODIs 0.08±0.02 0.08±0.02 0.09±0.02‡ 0.013

NG 0.63±0.06 0.65±0.05 0.60±0.06‡ 0.006

RTOP (×105·mm−3) 13.00±6.48 12.48±7.95 17.11±6.65‡ 0.028

RTPP (×10·mm−1) 4.94±0.68 4.68±0.27 5.12±0.82‡ 0.003

RTAP (×103·mm−2) 25.87±15.58 24.16±19.58 36.59±15.31‡ 0.013

PCT FA 0.41±0.02 0.41±0.03 0.39±0.03‡ 0.004

MD (×10−3·mm2·s−1) 0.96±0.08 0.96±0.09 1.03±0.13‡ 0.009

RD (×10−3·mm2·s−1) 0.74±0.09 0.74±0.10 0.83±0.14‡ 0.007

AD (×10−3·mm2·s−1) 1.39±0.08 1.38±0.08 1.44±0.11‡ 0.025

MK 0.92±0.04 0.91±0.06 0.89±0.06 0.148

RK 1.28±0.09 1.24±0.13 1.21±0.11 0.140

AK 0.71±0.02 0.71±0.02 0.70±0.03 0.067

Vic 0.60±0.02 0.59±0.03 0.60±0.03 0.216

Viso 0.17±0.04 0.17±0.04 0.20±0.05‡ 0.005

ODItot 0.24±0.02 0.23±0.02 0.23±0.02 0.111

ODIp 0.35±0.02 0.35±0.02 0.34±0.02 0.203

ODIs 0.14±0.01 0.14±0.01 0.15±0.01‡ 0.047

NG 0.49±0.04 0.48±0.04 0.46±0.03 0.051

RTOP (×105·mm−3) 3.36±3.20 3.31±1.67 3.95±1.98 0.698

RTPP (×10·mm−1) 5.54±0.31 5.41±0.33 5.65±0.45‡ 0.029

RTAP (×103·mm−2) 4.66±7.32 4.79±3.75 6.46±4.50 0.753

All continuous variables were presented as mean ± standard deviation. †, P values were obtained by comparing among three groups; ‡, 
statistical difference was detected between the SDNBUD group and SDBUD group. CC, corpus callosum; PCT, pontine crossing tract; dMRI, 
diffusion magnetic resonance imaging; HC, healthy control; SDNBUD, sleep disorders with non-benzodiazepine use disorders; SDBUD, sleep 
disorders with benzodiazepine use disorders; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; AD, axial diffusivity; MK, 
mean kurtosis; RK, radial kurtosis; AK, axial kurtosis; Vic, intracellular volume fraction; Viso, volume fraction of isotropic water molecules; 
ODItot, total orientation dispersion index; ODIp, primary direction orientation dispersion index; ODIs, secondary direction orientation 
dispersion index; NG, non-Gaussianity; RTOP, return-to-origin probability; RTAP, return-to-axis probability; RTPP, return-to-plane probability.
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HC group, SDNBUD group, and SDBUD group. In the 
genu of the CC, FA, MK, RK, and NG were lower in the 
SDBUD group than in the SDNBUD group (P=0.028, 
0.027, 0.037, and 0.030, respectively), whereas the RD, 
ODItot, ODIp, and ODIs were higher (P=0.046, 0.008, 
0.012, and 0.009, respectively). In the body of the CC, 
the MK, RK, and NG were lower in the SDBUD group 
than in the SDNBUD group (P=0.020, 0.013, and 0.018, 
respectively), whereas the MD, RD, and RTPP were higher 
(P=0.033, 0.021, and 0.013, respectively). In the splenium 
of the CC, the FA, MK, RK, and NG were lower in the 
SDBUD group than in the SDNBUD group (P=0.001, 
0.009, 0.002, and 0.005, respectively), whereas the MD, RD, 
Viso, ODItot, ODIp, ODIs, RTOP, RTPP, and RTAP were 
higher (P=0.009, 0.002, 0.020, 0.011, 0.039, 0.015, 0.038, 
0.004, and 0.016, respectively). In the PCT, the FA values 
were lower in the SDBUD group than in the SDNBUD 
group (P=0.023), whereas the MD, RD, AD, Viso, ODIs, 
and RTPP were higher (P=0.008, 0.007, 0.030, 0.006, 
0.042, and 0.024, respectively). No statistically significant 
differences were found in other dMRI parameters among 
the three groups in the three parts of the CC and the PCT 
(P≥0.05).

Diagnostic performance

ROC analyses of the dMRI parameters in different parts 
of the CC and the PCT in discriminating BUD status are 
shown in Table 3. We analyzed only the dMRI parameters 
that presented statistically significant differences between 
the SDBUD and SDNBUD groups. In the genu of the CC, 
FA, RD, MK, RK, ODItot, ODIp, ODIs, and NG were 
independent predictors of BUD status (P<0.05). The AUCs 
of these dMRI parameters ranged from 0.669 to 0.725. 
Among all the above parameters, ODItot had the highest 
AUC of 0.725. In the body of the CC, MD, RD, MK, RK, 
NG, and RTPP were independent predictors of BUD status 
(P<0.05). The AUCs of these dMRI parameters ranged 
from 0.673 to 0.704. Among all the above parameters, 
RTPP had the highest AUC of 0.704. In the splenium of 
the CC, FA, MD, RD, MK, RK, Viso, ODItot, ODIp, 
ODIs, NG, RTOP, RTPP, and RTAP were independent 
predictors of BUD status (P<0.05). The AUCs of these 
dMRI quantitative parameters ranged from 0.681 to 0.748. 
Among all the above parameters, FA had the highest AUC 
of 0.748. In the PCT, FA, MD, RD, AD, Viso, ODIs, and 
RTPP were independent predictors of BUD status (P<0.05). 
The AUCs of these dMRI quantitative parameters ranged 

from 0.323 to 0.730. Among all the above parameters, RD 
had the highest AUC of 0.730. There were no statistically 
significant differences in the capacities of the above dMRI 
parameters for predicting BUD status in the three parts of 
the CC and the PCT (P≥0.05).

Figure 3A shows that in the genu of the CC, DTI, DKI, 
NODDI, MAP, and the combined model were independent 
predictors of BUD status (P<0.05). The AUCs of the dMRI 
models ranged from 0.671 to 0.746. Among all the models, 
the combined model had the highest AUC of 0.746. In the 
body of the CC, DTI, DKI, MAP, and the combined model 
were independent predictors of BUD status (P<0.05). The 
AUCs of these dMRI models ranged from 0.692 to 0.724 
(Figure 3B). Among all these models, the combined model 
had the highest AUC of 0.724. In the splenium of the CC, 
DTI, DKI, NODDI, MAP, and the combined model were 
independent predictors of BUD status (P<0.05). The AUCs 
of the dMRI models ranged from 0.704 to 0.866 (Figure 3C).  
Among all the models, the combined model had the 
highest AUC of 0.866. In the PCT, DTI, NODDI, MAP, 
and the combined model were independent predictors of 
BUD status (P<0.05). The AUCs of these dMRI models 
ranged from 0.676 to 0.734 (Figure 3D). Among all these 
models, the combined model had the highest AUC of 0.734. 
There were no statistically significant differences among 
these models, either individually or in combination, in the 
capacity to predict BUD status (P≥0.05).

Partial correlation analysis

In this study, after excluding the effects of age, sex, 
educational  level ,  drinking and smoking history, 
underlying diseases, and degrees of anxiety and depression, 
we conducted a partial correlation analysis of dMRI 
parameters with cognitive function scales in the SDBUD 
and SDNBUD groups. We analyzed only the dMRI 
parameters that presented statistically significant differences 
between the SDBUD and SDNBUD groups. There was 
no correlation discovered between the diffusion metrics 
and cognition scale scores in the SDNBUD group. In 
the SDBUD group, Pearson correlation analysis in the 
splenium of the CC (Figure 4A) showed that ODItot 
and ODIp were positively correlated with TMT-B scale 
scores (r=0.440, P=0.022; r=0.470, P=0.009), and Viso 
and MD were negatively correlated with TMT-B scale 
scores (r=−0.470, P=0.008; r=−0.460, P=0.009). RTAP was 
positively correlated with the MoCA scale scores (r=0.390, 
P=0.027). In the PCT (Figure 4B), AD, MD, RD, and 
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Table 3 ROC analyses of dMRI parameters of CC and PCT in discriminating BUDs status

Brain clusters dMRI parameters Cutoff value Sensitivity (%) Specificity (%) AUC 95% CI P values

Genu of CC FA 0.489 58.62 72.73 0.687 0.5531–0.8199 0.012

RD (×10−3·mm2·s−1) 0.680 65.52 69.70 0.680 0.5432–0.8174 0.015

MK 0.788 34.48 100 0.669 0.5315–0.8060 0.023

RK 1.363 79.31 48.48 0.669 0.5328–0.8047 0.023

ODItot 0.165 68.97 78.79 0.725 0.5933–0.8571 0.002

ODIp 0.261 65.52 78.79 0.719 0.5905–0.8473 0.003

ODIs 0.106 68.97 84.85 0.716 0.5804–0.8511 0.004

NG 0.564 82.76 54.55 0.671 0.5356–0.8061 0.021

Body of CC MD (×10−3·mm2·s−1) 0.900 65.52 69.70 0.687 0.5520–0.8221 0.012

RD (×10−3·mm2·s−1) 0.557 79.31 54.55 0.701 0.5697–0.8316 0.007

MK 0.973 89.66 45.45 0.690 0.5558–0.8235 0.010

RK 1.619 89.66 45.45 0.692 0.5593–0.8242 0.010

NG 0.582 68.97 66.67 0.673 0.5366–0.8093 0.020

RTPP (×10·mm−1) 4.993 55.17 87.88 0.704 0.5702–0.8384 0.006

Splenium of CC FA 0.593 86.21 63.64 0.748 0.6236–0.8727 0.001

MD (×10−3·mm2·s−1) 0.884 68.97 66.67 0.722 0.5957–0.8474 0.003

RD (×10−3·mm2·s−1) 0.568 68.97 75.76 0.747 0.6248–0.8684 0.001

MK 0.918 86.21 60.61 0.713 0.5814–0.8438 0.004

RK 1.450 86.21 60.61 0.732 0.6039–0.8590 0.002

Viso 0.135 82.76 51.52 0.698 0.5686–0.8275 0.008

ODItot 0.124 82.76 63.64 0.713 0.5816–0.8437 0.004

ODIp 0.217 75.86 63.64 0.690 0.5557–0.8236 0.010

ODIs 0.078 72.41 69.70 0.701 0.5694–0.8329 0.007

NG 0.632 79.31 66.67 0.729 0.6031–0.8556 0.002

RTOP (×105·mm−3) 14.910 65.52 66.67 0.681 0.5478–0.8148 0.014

RTPP (×10·mm−1) 4.669 68.97 69.70 0.738 0.6144–0.8611 0.001

RTAP (×103·mm−2) 33.288 58.62 75.76 0.694 0.5624–0.8253 0.009

PCT FA 0.459 34.00 96.90 0.323 0.1884-0.4591 0.018

MD (×10−3·mm2·s−1) 0.951 79.30 75.00 0.729 0.5941-0.8642 0.002

RD (×10−3·mm2·s−1) 0.738 79.30 71.90 0.730 0.5973-0.8631 0.002

AD (×10−3·mm2·s−1) 1.383 65.50 71.90 0.697 0.5621-0.8312 0.008

Viso 0.168 79.30 68.70 0.717 0.5833-0.8541 0.004

ODIs 0.140 89.70 46.90 0.682 0.5435-0.3665 0.015

RTPP (×10·mm−1) 5.335 75.90 68.70 0.676 0.5456-0.8238 0.014

ROC, receiver operating characteristic; dMRI, diffusion magnetic resonance imaging; CC, corpus callosum; PCT, pontine crossing tract; 
BUD, benzodiazepine use disorder; AUC, area under the curve; CI, confidence interval; FA, fractional anisotropy; RD, radial diffusivity; 
MK, mean kurtosis; RK, radial kurtosis; ODItot, total orientation dispersion index; ODIp, primary direction orientation dispersion index; 
ODIs, secondary direction orientation dispersion index; NG, non-Gaussianity; MD, mean diffusivity; RTPP, return-to-plane probability; Viso, 
volume fraction of isotropic water molecules; RTOP, return-to-origin probability; RTAP, return-to-axis probability; AD, axial diffusivity.
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Figure 3 Diagnostic performance of dMRI models to predict BUD status. (A) ROC curves of diffusion models for predicting BUDs status 
in the genu of CC. (B) ROC curves of diffusion models for predicting BUDs status in the body of CC. (C) ROC curves of diffusion models 
for predicting BUDs status in the splenium of CC. (D) ROC curves of diffusion models for predicting BUDs status in the PCT. ROC curves 
were drawn by Prisma. Data in brackets are presented as 95% CI. DTI, diffusion tensor imaging; AUC, area under the curve; DKI, diffusion 
kurtosis imaging; NODDI, neurite orientation dispersion and density imaging; MAP, mean apparent propagator; dMRI, diffusion magnetic 
resonance imaging; BUD, benzodiazepine use disorder; CC, corpus callosum; ROC, receiver operating characteristic; PCT, pontine crossing 
tract; CI, confidence interval.

Viso were negatively correlated with TMT-B scale scores 
(r=−0.440, P=0.011; r=−0.420, P=0.015; r=−0.410, P=0.021; 
r=−0.490, P=0.040). Figure 4C,4D shows that there were 
no significant correlations between diffusion metrics and 
cognitive function scale scores in the genu and body of the 
CC, respectively (P≥0.05).

Discussion

In this study, the changes in dMRI parameters were a 
superior reflection of WM abnormalities in three parts of 
the CC and the PCT, which were related to changes in the 
cognitive function of the participants in the SDBUD group. 

Our results strongly supported our initial hypothesis. 
These findings provide evidence for the neurobiological 
mechanisms of BUDs. Moreover, our correlation analysis 
revealed potential clinical implications of these findings for 
SDBUD patients.

The human CC contains more than 200 million commissural 
fibers connecting the two hemispheres and is by far the 
largest WM fiber bundle in the brain (26). It plays a key 
role in the interhemispheric transmission of sensory, motor, 
and cognitive functions (27-29). Among these, the cognitive 
dysfunction caused by microstructural changes in the CC 
among individuals with alcohol addiction has received 
increasing attention in recent years (30,31). Several previous 
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Figure 4 Correlation coefficient between dMRI parameters and cognitive function scales. (A) Heat-map displaying the correlation 
coefficient between multi-shell diffusion parameters and cognitive function scales in the splenium of CC in SDBUDs. (B) Heat-map 
displaying the correlation coefficient between multi-shell diffusion parameters and cognitive function scales in the PCT in SDBUDs. (C) 
Heat-map displaying the correlation coefficient between multi-shell diffusion parameters and cognitive function scales in the genu of CC in 
SDBUDs. (D) Heat-map displaying the correlation coefficient between multi-shell diffusion parameters and cognitive function scales in the 
body of CC in SDBUDs. *, there is statistical correlation (P value ≤0.05). Different sizes of the blue and red dots: the larger the dot size, the 
greater the absolute value of the correlation coefficient. FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; MK, mean 
kurtosis; RK, radial kurtosis; Viso, volume fraction of isotropic water molecules; ODItot, total orientation dispersion index; ODIp, primary 
direction orientation dispersion index; ODIs, secondary direction orientation dispersion index; NG, non-Gaussianity; RTPP, return-to-
plane probability; RTOP, return-to-origin probability; RTAP, return-to-axis probability; MMSE, Mini-Mental State Examination; MoCA, 
Montreal Cognitive Assessment; TMT-A, Trail Making Test A; TMT-B, Trail Making Test B; Corr, correlation coefficient; AD, axial 
diffusivity; dMRI, diffusion magnetic resonance imaging; CC, corpus callosum; SDBUD, sleep disorders with benzodiazepine use disorder; 
PCT, pontine crossing tract.

dMRI studies have confirmed these microstructural changes 
in the CC, not only in patients with alcohol dependence, but 
also in those with other types of substance misuse (32-35).  
The PCT is a key component of the ascending reticular 
activating system from the pontine reticular formation to the 
thalamus. It is closely related to advanced brain functions 
such as attention, alertness, introspection, learning, and 

memory (36). Abnormalities in the WM of this tract are 
statistically associated with cognitive deficits detectable on 
neurocognitive testing (37,38).

Compared to the SDNBUD group, there was a reduction 
in FA of the CC (genu and splenium) and PCT, an increase 
in MD of the CC (body and splenium) and PCT, an increase 
in RD of the CC (genu, body, and splenium) and PCT, 
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and an increase in AD of the PCT in the SDBUD group. 
These CC findings were consistent with results reported in 
previous studies on alcohol dependence (32,39,40). Monnig 
et al. found a significant association between the severity 
of alcoholism ratings and WM FA (41). As alcohol use 
disorder ratings increased, FA values, as a measure of WM 
integrity, decreased. This relationship persisted even when 
controlling for the number of years of drinking. Reduced 
WM volume was also reported in the pons in normal 
aging and neuropsychiatric disorders (42). Chronic alcohol 
consumption can lead to specific neurological disorders 
involving WM, such as Marchiafava-Bignami disease and 
central pontine myelinolysis (43). Changes in MD reflect 
developmental or pathological alterations in the brain 
tissue caused by changes in the diffusion characteristics 
of the intracellular and extracellular water compartments, 
including restricted diffusion and water exchange across 
permeable boundaries. Reduced FA and increased MD are 
often detected in most WM regions of individuals exposed 
to alcohol prenatally, suggesting decreased WM integrity 
and increased axonal degradation (44,45). Similarly, DTI 
changes in the three parts of the CC and PCT possibly 
resulted from damage to WM fibers, which may be caused 
by edema, demyelination, and axonal loss, a pattern similar 
to the imaging of children with prenatal alcohol exposure 
(46,47).

DKI is an advanced, non-Gaussian diffusion imaging 
measurement that provides a highly accurate diffusion 
model for quantifying the deviation from the Gaussian 
distribution, known as kurtosis, in different directions. MK, 
AK, and RK are the three main kurtosis metrics. A higher 
kurtosis value indicates that more obstacles are encountered 
during diffusion and that the area of interest has a higher 
cell density or cell structure complexity, whereas a reduced 
peak may mean a loss of cellular structure. Local cerebral 
ischemic and hypoxic injury, cell membrane damage 
by massive oxygen radical and lipid peroxidation, and 
immunoreaction of the organization collaboratively lead to 
demyelination, reduce the limitation of the medullary sheath 
on water molecules, and thus decrease the MK value under 
acute alcohol exposure (48). Our study showed lower MK 
and RK values in the genu, body, and splenium of the CC 
in the SDBUD group than in the SDNBUD group. The 
reduction in diffusion kurtosis values in the SDBUD group 
may be a result of less synaptic refinement or decreased cell 
packing, which shares similar neural alterations to those in 
animal models of alcohol exposure (49,50).

NODDI is based on a “three-compartment tissue 

model”, which allows the distinction of the three types of 
microstructure environments: intracellular, extracellular, and 
cerebrospinal fluid chambers. Due to the different molecular 
diffusion in different chambers, the microstructural changes 
can be obtained through MRI quantitative metrics. Our 
results found higher ODItot, ODIp, and ODIs in the CC 
(genu and splenium) and increased ODIs in the PCT in 
the SDBUD group compared to the SDNBUD group. 
Viso in the splenium of the CC and the PCT increased 
in the SDBUD group compared to the SDNBUD group. 
In binge drinkers, neurite density was higher in cortical 
WM in adjacent regions of lower ODI (51). A recent study 
suggested that although there was a weak relationship 
between ODI and neurite density, they exhibited a joint 
disturbance in binge drinkers (52). Increases in ODI in 
WM regions are indicative of axonal disorganization, 
degeneration, and dispersion (51,53). Increased Viso is 
likely indicative of neurodegeneration, wherein the ratio of 
intracellular to extracellular space is reduced, leading to an 
increase in the measured fractional volume of extracellular 
fluid (54).

MAP is a novel diffusion model based on q-space 
sampling and Hermite function computation that provides 
several novel, measurable parameters for capturing 
previously concealed inherent properties of nervous tissue 
microstructure (55). In our study, a lower NG was found 
in the genu, body, and splenium of the CC in the SDBUD 
group than in the SDNBUD group. Similar to MK, 
decreased NG suggested reduced tissue complexity and was 
likely a sensitive marker of axonal loss and demyelination, 
which is related to WM degeneration in AD patients (56). 
In addition, the RTOP, RTAP, and RTPP in the splenium of 
the CC in this study showed a slight increase in the SDBUD 
group relative to the SDNBUD group. The RTPP in the 
body of CC and the PCT were also observed to be slightly 
increased in the SDBUD group relative to the SDNBUD 
group. The zero-displacement probability measures 
(RTOP, RTAP, and RTPP) are more specific biomarkers 
for cellularity, the size of cell bodies and processes, or the 
presence of restricting barriers than MD or the tensor 
eigenvalues derived with DTI (57). The RTOP parameter 
can be decomposed in the local anatomical reference system 
according to the direction of the diffusion tensor into axial 
and radial. Increased RTPP and RTAP reflect the added 
presence of restrictive barriers in the axial orientation and 
radial orientation, respectively (58).

The CC and PCT are characterized not only by 
demyelination and axonal loss but also by axonal 
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disorganization and more axonal restricting barriers in the 
SDBUD group compared with the SDNBUD group. The 
above pathological changes possibly coexist rather than 
occur in isolation, which may explain the contradictory and 
complicated diffusion features. As few studies have assessed 
WM integrity in BUDs, especially using a multi-shell 
diffusion approach, our findings are difficult to compare 
with prior work. The significant differences in dMRI 
parameters in these three parts of the CC and the PCT 
were only present between the SDBUD group and the 
SDNBUD group. There were no significant differences in 
dMRI parameters between the SDBUD/SDNBUD group 
and the HC group. This finding is suggestive of the fact 
that the magnitude of WM damage in the CC and PCT in 
SDBUD patients is perhaps at a very early stage and is too 
slight to be captured. Further research is needed to validate 
and interpret this supposition.

We also investigated the capacities of the dMRI 
parameters and the four diffusion models to predict BUD 
status. Except for Vic and AK, the other 14 diffusion 
metrics in our study could be individually used to predict 
BUD status. The predictive capacities of those dMRI 
parameters showed no statistically significant differences. 
Similar to the diffusion parameters, all the models could 
also be used to detect BUD status individually and in 
combination. Our results showed that the predictive 
capacities of the four models,  individually and in 
combination, showed no statistically significant differences. 
The diagnostic performances of the diffusion parameters 
and diffusion models in this study were similar to the 
results of previous studies carried out by Gao et al. and 
Crombe et al. (59,60). The interpretation of the use of the 
diffusion metrics and models to confirm BUD status is 
complicated because different diffusion metrics and models 
can represent different pathologies and describe different 
possible attributes. According to the results of our research, 
DKI, NODDI, and MAP can provide directional and 
functional complementary information to DTI. However, 
some prior studies have shown that DKI, NODDI, 
and MAP are more sensitive than DTI for detecting 
WM microstructural changes to better understand the 
process of brain development and aging and for detecting 
pathological modifications in neurological disorders (61-63).  
However, these advantages were identified based on 
technical principles and indirect results, without the direct 
pathological basis of point-by-point results, indicating the 
necessity for further research.

The TMT-B scores were slightly elevated in the SDBUD 

group compared to the SDNBUD group. To some extent, 
this suggests a minor decline in cognitive function (especially 
“processing speed” and “cognitive agility”) in patients in the 
SDBUD group. The Pearson correlation analysis showed 
a close relationship between TMT-B scores and changes in 
DTI/NODDI metrics in the splenium of the CC and the 
PCT in the SDBUD group. Additionally, the RTAP of the 
splenium of the CC had a positive correlation with MoCA 
scores in the SDBUD group. However, similar correlations 
were not found in the SDNBUD group. We speculate that 
the degree of WM structural changes in the splenium of 
the CC and the PCT may illustrate the severity of cognitive 
function regression in the SDBUD group.

There are several limitations to this study. Firstly, the 
relatively small sample size, which cannot be analyzed in 
different layers, may have introduce bias in comparisons. 
Secondly, there was a significant variation in the distribution 
of age and gender between groups, which may have 
introduced a certain degree of confounding bias. Thirdly, 
it may be beneficial to analyze additional dMRI metrics to 
gain a more detailed understanding of brain microstructure, 
rather than focusing solely on the main metrics in each 
diffusion model. Finally, it would be of great interest to 
examine changes in other regional brain areas, including 
individual functional regions. Therefore, future studies 
should aim to optimize the entire experimental process.

Conclusions

We report evidence of subtle WM abnormalities in 
the genu, body, and splenium of the CC and the PCT. 
Multi-shell diffusion imaging techniques, such as DTI, 
DKI, NODDI, and MAP, show promise. They have 
similar satisfactory performance, both individually and in 
combination, in predicting the status of BUDs. Thus, our 
findings may provide a novel perspective for the clinical 
diagnosis and differentiation of BUDs. Changes in DTI, 
NODDI, and MAP metrics in the splenium of the CC and 
DTI and NODDI metrics in the PCT are associated with 
cognitive function damage in SDBUD patients. This may 
assist in guiding potential clinical treatment strategies in the 
future.
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