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Introduction: Continuous positive airway pressure (CPAP) therapy improves clinical symptoms in patients with obstructive sleep 
apnea (OSA); however, the mechanism of this clinical improvement and how it may be associated with the restoration of white matter 
(WM) structures in the brain is unclear. Therefore, this study investigated the relationship between the structural recovery of brain WM 
and improvements in cognitive function and emotion after long-term (12 months) CPAP treatment in patients with OSA.
Methods: We collected data from 17 patients with OSA before and 12 months after CPAP treatment, including sleep monitoring, 
clinical assessment, and diffusion tensor imaging (DTI) magnetic resonance imaging.
Results: We observed a partial reversible recovery of brain WM (mean and radial diffusion coefficients) after treatment. This recovery 
involved the commissural fibers (cingulum, body of corpus callosum), projection fibers (retrolenticular part of the internal capsule, 
posterior thalamic radiation, posterior limb of the internal capsule, superior corona radiata, posterior corona radiata), association fibers 
(external capsule, superior longitudinal fasciculus, inferior longitudinal fasciculus), and other regions. In addition, the improvements in 
WM fibers in one part of the brain significantly were correlated with the Hamilton Anxiety Scale and Hamilton Depression Scale scores.
Discussion: Our results suggest that reversible recovery of reduced brain WM integrity due to OSA may require longer CPAP 
treatment. Moreover, changes in the integrity of the commissural fibers were associated with emotion regulation. These restored WM 
areas may explain the cognitive and mood improvements observed after OSA treatment.
Keywords: obstructive sleep apnea, continuous positive airway pressure, diffusion tensor imaging, tract-based spatial statistics

Introduction
Obstructive sleep apnea (OSA) is a common sleep disorder with serious health implications. Approximately 936 million 
people worldwide have OSA, which is a significant medical and social problem.1 OSA manifests as frequent episodes of 
intermittent apnea during sleep, leading to arousal, sleep fragmentation, and poor sleep quality.2 These clinical signs are 
associated with the narrowing of the airways, impairment of muscular responses, and respiratory drive, leading to 
pharyngeal collapse.3 Chronic sleep disorders such as OSA can lead to cognitive and affective dysfunction, including 
reduced learning ability, poor concentration, memory, executive function, attention, visuospatial skills, anxiety, and 
depression.4 Sleep fragmentation and intermittent nocturnal hypoxia are major contributors to cognitive and affective 
impairment.5 Intermittent hypoxia can cause oxidative stress and hypercapnia, which can lead to neurological damage in 

Nature and Science of Sleep 2024:16 531–542                                                                531
© 2024 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Nature and Science of Sleep                                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 26 February 2024
Accepted: 14 May 2024
Published: 27 May 2024

N
at

ur
e 

an
d 

S
ci

en
ce

 o
f S

le
ep

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-6631-123X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


patients with OSA, including neuronal loss and reduced structural stability of the synapses.6 However, the neuroimaging 
mechanisms underlying cognitive impairments and mood disorders are not fully understood.

Surgical and non-invasive procedures have been used to treat patients with OSA.7 Currently, continuous positive airway 
pressure (CPAP) is the gold standard in the treatment of OSA; its mechanism of action is to improve airway collapse in patients by 
applying airflow pressure during sleep,8 which can effectively improve sleep quality and reduce daytime sleepiness and emotional 
and neurocognitive abnormalities.9 Recent evidence suggests that CPAP has a positive effect on cognitive and mood 
improvement,10 but not in all patients.11 Although some of the reasons may be poor patient compliance, resulting in poor 
CPAP efficacy,12 this does not explain the efficacy response in some patients with significantly improved clinical parameters.13,14 

Additionally, variability in the degree of neuronal degeneration in patients with OSA of different severities may explain the 
heterogeneity in recovery from cognitive impairment with CPAP treatment.15 These differences in cognitive recovery and 
reversible changes in brain function and structure after CPAP treatment in patients with OSA have become a popular research 
topic.

Neuroimaging techniques have introduced new ideas to the study of neural mechanisms using structural and functional 
magnetic resonance imaging (MRI) to explore the relationships between cognitive function, emotion, and the brain.16 Resting- 
state functional magnetic resonance imaging (fMRI) studies have shown that improvements in cognitive dysfunction in patients 
with OSA treated with CPAP are associated with functional changes in local brain regions, between brain regions, and between 
brain networks,17–19 involving the default network,20 sensorimotor network21 and limbic system.22 While these studies provide 
evidence of improved brain function after CPAP treatment, improved function does not imply reversible restoration of brain 
structure. Several morphological studies have provided new evidence for structural brain recovery associated with CPAP 
treatment. Canessa et al found that increased hippocampal and frontal gray matter volume in patients with OSA after treatment 
was associated with improved memory and attention and attributed the reversible restoration of brain structure to improved 
intermittent hypoxia.23 Kim et al reported that structural atrophy in the frontal lobes and hippocampus was partially restored after 
CPAP treatment, with a compensatory recovery of structures in other brain regions.24 Kumar et al observed that MRI showed 
significantly higher T2 relaxation values in more brain regions (the amygdala and hippocampus) in a patient with OSA with 
anxiety symptoms, confirming that the presence of anxiety symptoms may be associated with structural damage to the limbic 
system.25

Tract-based spatial statistical analysis (TBSS), a technique for analyzing diffusion tensor imaging (DTI) metrics across the 
white matter (WM) fiber tract skeleton of the brain without a priori assumptions,26 allows for a more reliable alignment of WM 
fiber tracts, alleviating the problem of obtaining optimal anatomical correspondence between subjects.This technique has been 
applied to investigate the relationship between changes in WM fiber tracts in the brains of patients with OSA and cognitive 
function and mood disorders.27,28 However, few treatment-related DTI studies have considered CPAP. Zhang et al observed an 
association between reversible changes in WM fiber tracts and residual somnolence after one month of CPAP treatment in 
patients with OSA based on DTI analysis; that is, the poor treatment response in the residual somnolence group was associated 
with decreased in WM fiber tract integrity in a specific brain region.29 Another DTI-based study found that three months of 
CPAP treatment only partially restored the reduced integrity of diffuse WM fiber tracts in patients with OSA compared with 
that before treatment.30 However, we did not observe similar results in our previous study, including no reversible restoration 
of WM fiber bundle integrity in patients with OSA after short-term (three months) CPAP treatment.31 Moreover, few studies 
have investigated whether the structure of WM fiber tracts is reversed after long-term CPAP treatment.

Based on these findings, we hypothesized that long-term CPAP treatment reversibly restores the reduced integrity of cerebral 
WM fibers in patients with moderate-to-severe OSA and that these reversibly restored cerebral WM fibers may be related to 
cognitive function and emotional disorders. To test this hypothesis, we used the TBSS technique to investigate reversible changes 
in cerebral WM fiber structure after long-term (12-month) CPAP treatment in patients with moderate-to-severe OSA. We then 
assessed the correlation between reversible changes in cerebral WM fiber structure and clinical scale scores in these patients.

Materials and Methods
This study adhered to the tenets of the principles of the Declaration of Helsinki and was approved by the Medical Ethics 
Committee of the First Affiliated Hospital of Nanchang University [2020 (94)]. Written informed consent was obtained 
from all participants.
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Figure 1 shows the recruitment flowchart for this longitudinal study. From August 2020 to August 2023, all patients 
with OSA were enrolled in the Sleep Monitoring Centre of the Department of Respiratory Medicine, First Affiliated 
Hospital of Nanchang University, and all patients underwent polysomnography on the same night. The diagnostic criteria 
were the 2017 American Academy of Sleep Medicine Clinical Practice Guidelines for Obstructive Apnea in Adults. 
Inclusion criteria were apnea-hypopnea index (AHI) >15, age 20–60 years, right-handed, and standard CPAP treatment 
for 12 months (4 hours per night, at least 5 days per week). The exclusion criteria were (1) sleep disorders other than 
OSA, such as insomnia and narcolepsy; (2) respiratory diseases, diabetes mellitus, hypothyroidism, and history of 
previous CPAP treatment; (3) history of central nervous system disorders, including neurodegenerative disorders, 
epilepsy, brain tumors, cerebral infarction, and traumatic brain injury; (4) abuse of prohibited drugs or current use of 
psychotropic medications; (5) psychiatric disorders, including depression and bipolar disorder; (6) MRI contraindications 
such as internal metal implants and claustrophobia; (7) motion artefacts; and (8) missed examination visits. Finally, this 
study included 17 patients with OSA who had been treated with CPAP for 12 months.

Neuropsychological Assessment and Polysomnography
The patients completed neuropsychological assessments at baseline and at the 12-month follow-up, including the 
Montreal Cognitive Assessment (MoCA), Epworth Sleepiness Scale (ESS), Pittsburgh Sleep Quality Index (PSQI), 
Hamilton Anxiety Scale (HAMA), and Hamilton Depression Scale (HAMD).

The MoCA assesses eight cognitive domains: visuospatial and executive function, naming, memory, attention, 
language, abstract thinking, calculation, and orientation. The patients are assessed in a quiet environment. The scale 
has a total score of 30 points, with ≥26 points defined as normal and scores of <26 points suggesting cognitive 
impairment.32

The ESS contains eight different categories used to assess daytime sleepiness in patients with OSA and has a total 
score of 24 points (three points per category), with 0, 6, 11, and 16 points corresponding to four different levels of 
sleepiness. The PSQI is used to assess sleep quality on a scale of 0–21, with higher scores indicating poorer sleep 
quality.33

Figure 1 Schematic diagram of OSA patient collection in this study.
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The HAMA and HAMD are used to assess patients’ anxiety and depression symptoms, respectively. The HAMA 
consists of 14 items to assess somatic and psychogenic anxiety. Each item is scored on a five-point scale from 0 to 4, with 
a total score >29 indicating probable severe anxiety. The HAMD consists of 17 items to assess somatic and psychogenic 
anxiety. Each item is scored on a five-point scale ranging from 0 to 4, with scores >24, 17–23, 8–16, and 0–7 indicating 
severe, moderate, mild, and no depression, respectively.34

To exclude sleep disorders other than OSA, all participants underwent polysomnography (PSG) using a physiological 
monitoring system (Alice 5 LE; Respironics, Orlando, FL, USA), including electroencephalogram (EEG), electrooculo-
gram, electrocardiogram, body position, chest and abdominal respiratory movements and snoring. The PSG parameters 
assessed included AHI, mean oxygen saturation, minimum blood sample saturation, and percentage of total sleep time 
with oxygen saturation <90%. All participants avoided hypnotics, alcohol, and coffee the day before polysomnography, 
and the test was performed from 10 p.m. to 6 a.m. the following morning. According to the American Academy of Sleep 
Medicine’s Clinical Practice Guidelines for OSA in Adults, obstructive apnea was defined as a reduction in airflow of 
>90% or no airflow for at least 10s, while hypoventilation was defined as a reduction in airflow of ≥30% during sleep 
with a ≥4% drop in arterial oxygen saturation. The AHI refers to the total number of apnea and hypoventilation events 
occurring per hour of sleep in a patient. Patients with AHI values of 5–15/h, 15/h, and ≥30/h were classified as having 
mild, moderate, and severe OSA, respectively.35

CPAP Treatment
All patients were treated with standard CPAP for at least 12 months at a frequency of at least 4 hours per night, at least 5 
days per week. Patients using the device for >4 hours per night were considered compliant and effective.36 CPAP was 
administered using a standardized ventilator with an auto-tuning mode (YH-480; Yuwell, Jiangsu, China), with the 
treatment pressure set to 4–20 cmH2O and automatically programmed for nocturnal sleep. The ventilator has a built-in 
user identity module card that automatically stores and records user data, including the duration of use, AHI, mask 
leakage, and blood oxygen, which were analyzed by a professional institution after 12 months.

MRI Data Acquisition
All imaging data were acquired using a SIEMENS 3.0-T Trio Tim MRI instrument. A) Conventional structural magnetic 
resonance (cMRI) data acquisition included axial T1-weighted imaging (T1WI) (repetition time [TR]=600 ms, echo time [TE] 
=10 ms, matrix=256×256; field of view [FOV]=240×240 mm; layer thickness=5 mm); axial T2-weighted imaging (T2WI) 
(TR=3000ms, TE=122 ms; matrix=256×256; FOV=240×240 mm; layer thickness=5 mm); axial T2- fluid-attenuated inversion 
recovery (FLAIR) (TR=3000 ms, TE=122 ms; matrix=256×256; FOV=240×240 mm; layer thickness=5 mm); axis position T2- 
FLAIR (TR=3000 ms, TE=122 ms; matrix=256×256; FOV=240×240 mm; layer thickness=5 mm). Gross structural lesions of the 
brain were excluded. B) DTI acquisition included whole-brain acquisition performed using single-shot echo planar imaging (SS- 
EPI) sequences (TR=5000 ms, TE=100 ms; NEX twice, matrix=256×256; FOV=240 mm×240 mm; layer thickness=30 mm; 30 
non-linear diffusion gradients (b values=0 and 1000 s/mm2). 240 mm; layer thickness=3.0 mm, no spacing; 30 non-linear 
diffusion gradients (b-values=0 and 1000 s/mm2).

Data Preprocessing
All DTI data were preprocessed using FSL V5.0.9 (FMRIB Software Library, http://www.fmri.ox.au.uk/fsl, Centre for 
Functional Magnetic Resonance Imaging, University of Oxford). Voxel-wise statistical analyses were performed using 
TBSS.37 The following preprocessing steps were performed. First, the raw DTI data were converted from DICOM to 
NIFTI format and the quality of the generated files was checked layer-by-layer to assess the basic parameters of the data, 
including image artefacts, image layers, and data head motion. Second, head eddy current and gradient orientation 
corrections were performed by aligning the data generated in the previous step to the B=0 image and performing the 
corresponding gradient orientation correction on the original dispersion gradient table.38 Third, the threshold was set to 
0.2 (using the BET tool in FSL) to remove images outside the brain. Finally, the DTI tensor index was calculated and 
fractional anisotropy (FA), mean diffusivity (MD), axial diffusion coefficient (AD), and radial diffusion coefficient (RD) 
were generated.
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DTI data processing was based on TBSS. (1) All FA values were aligned in standard Montreal Neurological Institute 
(MNI) space using non-linear alignment parameters and the FMRIB58_FA_1mm template from FSL as the alignment 
image. (2) An image of the average FA values for all test data was generated to extract and construct the WM fiber 
skeleton based on the self-generated data. (3) The FA images generated after the previous alignment were projected onto 
the WM fiber skeleton constructed from the data used in this study to generate separate FA maps for further statistical 
analysis. The mean FA threshold was 0.2. (4) A design comparison matrix was created and a randomization tool was used 
to perform permutation tests on the two sets of FA image data. We set the number of permutations to 5000 and used no- 
threshold clustering enhancement (to control for class I errors) to correct for multiple comparisons. (5) Differential WM 
areas in the FA maps were extracted (P<0.05). The locations of the differential WM areas were verified using the 
International Brain Mapping Consortium DTI-81 WM template.39 (6) Similarly, the non-FA DTI index based on the FA 
skeleton was used to calculate the MD, AD, and RD values for subsequent statistical analyses.

Statistical Analysis
Statistical analyses were performed using IBM SPSS Statistics for Windows, version 23.0, with statistical significance set 
at P<0.05. Demographic data and clinicopathological scores were expressed as mean ± standard deviation, and the 
Kolmogorov–Smirnov test was used to determine whether the data followed normal distributions. To compare differ-
ences in clinical indicators between the patients before and after CPAP treatment, paired t-test and Mann–Whitney U-test 
were used for normally and non-normally distributed data, respectively. To assess the relationship between FA, MD, AD, 
and RD values and clinical assessment scales for DTI after CPAP treatment, we analyzed non-normally distributed 
continuous data using Spearman correlation analysis.

Result
Characteristics of the demographic and clinical assessment information
Details on the demographic characteristics and clinical assessments of the patients with OSA are shown in Table 1. After 
12 months of CPAP treatment, the MoCA, HAMA, HAMD, PSQI, and ESS scores differed significantly among patients 
with OSA (P<0.05).

Table 1 Demographic and Clinical Data of Pre-CPAP and Post-CPAP

Category pre-CPAP post-CPAP t-value P-value

Gender(male/female) 16/1 16/1 n/a n/a
Age(year)a 41.00±8.58 n/a n/a n/a

BMI(Kg/m2)b 27.03±4.26 26.68±4.27 0.237 0.814

Education(year)b 12.17±2.96 n/a n/a n/a
AHIb 44.88±2.35 n/a n/a n/a

LSaO2(%)b 73.82±10.30 n/a n/a n/a
MSaO2(%)b 94.78±2.23 n/a n/a n/a

SaO2 <90%b 31.86±15.7 n/a n/a n/a

MoCAb 23.47±2.83 25.88±2.49 −2.634 0.013
HAMAb 8.00±5.14 3.52±3.42 2.980 0.005

HAMDb 5.00±2.73 3.00±2.39 2.265 0.030

PSQIb 6.05±2.04 4.29±2.17 2.438 0.020
ESSb 10.41±5.40 5.88±3.63 2.865 0.007

Notes: aStudent, t-test; bMann–Whitney U-test. n/a indicates the no statistics. 
Abbreviations: AHI, apnea hypopnea index; LSaO2, minimum blood oxygen saturation; 
MSaO2, average blood oxygen saturation; SaO2<90%, percentage of total sleep time with 
oxygen saturation <90; ESS, Epworth sleepiness scale; HAMA, Hamilton anxiety scale; 
HAMD, Hamilton depression scale; PSQI, Pittsburgh sleep quality index.
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TBSS results
The FA and AD values of the WM fibers did not differ significantly after CPAP treatment compared with baseline in 
patients with OSA (P>0.05). After long-term treatment, the MD values were significantly increased in the right retro-
lenticular part of the internal capsule (RLIC), posterior thalamic radiation (PTR), external capsule (EC), superior 
longitudinal fasciculus (SLF), and the posterior limb of the internal capsule, (PLIC), superior corona radiata (SCR), 
posterior corona radiata (PCR), cingulum (CG), and body of the corpus callosum (BCC) (Table 2), while the RD values 
were significantly decreased in the RLIC, posterior thalamic radiation (PTC), SLF, EC, SCR, PCR, PTR, PLIC, CG, and 
inferior longitudinal fasciculus (ILF) (P<0.05) (Figure 2 and Table 3).

Relationship in OSA patients between DTI values and clinical assessment
Our results showed a negative correlation between the HAMD score and cluster 3 (r=−606, P=0.010) and a positive 
correlation between the HAMA score and cluster1 (r=542, P=0.025) in terms of MD values, and a negative correlation 
between the HAMD score and cluster 3 (r=−584, P=0.014) in terms of RD values (Figure 3).

Table 2 Distribution of MD Differences in OSA Patients After 12 Months of CPAP Treatment

Cluster Index WM L/R MNI Voxels Base line Post-Treatment P-value

X Y Z

1 BCC L/R −7 −26 25 10 0.00072±0.00007 0.00057±0.00005 0.049*

2 PLIC R 23 −6 1 15 0.00068±0.00003 0.00064±0.00003 0.049
3 CG R 22 −46 −7 24 0.00072±0.00006 0.00059±0.00007 0.05*

4 PLIC, SCR, PCR, PTR R 28 −32 18 754 0.00073±0.00002 0.00067±0.00004 0.04

5 RLIC, PTR, EC, SLF R 47 −43 −5 1397 0.00074±0.00003 0.00067±0.00006 0.036

Note: *Results with relevance. 
Abbreviations: RLIC, Retrolenticular part of internal capsule; PTR, Posterior thalamic radiation; EC, External capsule; SLF, Superior longitudinal 
fasciculus; SCR, Superior corona radiata, PCR, Posterior corona radiata; CG, Cingulum; BCC, Body of corpus callosum; PLIC, Posterior limb of internal 
capsule.

Figure 2 TBSS analysis of white matter fibres in OSA patients before and after CPAP treatment, green: mean fractional anisotropy (FA) skeleton; blue and red: area of 
change of DTI values in the OSA group after CPAP treatment (MD and RD), p<0.05.
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Discussion
In recent years, considerable research interest has focused on investigating whether the effects of CPAP treatment on 
improving mood and cognitive dysfunction in patients with OSA are associated with reversible restoration of cerebral 
WM fiber integrity. Our previous three-month short-term CPAP treatment studies did not observe reversible recovery of 
cerebral WM fibers in patients with OSA,31 but did demonstrate partial recovery of brain function.40 In the present study, 
we observed a partial reversible recovery of WM fibers in patients with OSA after 12 months of CPAP treatment, mainly 
changes in the MD and RD values of some WM fibers, including the commissural (CG, BCC), projection (RLIC, PTR, 
PLIC, SCR, and PCR), and association (EC, SLF, and ILF) fibers. Second, we observed significant improvements in 
cognitive and mood deficits in patients with OSA after long-term treatment, and changes in the fiber integrity of the 
cingulate and corpus callosum were significantly associated with mood regulation. The results of this study suggest that 
the reversible recovery of WM structure in patients with OSA may require longer CPAP treatment. In addition, restoring 
the integrity of the commissural fibers (CG and BCC) is associated with the regulation of emotions.

Reduced cerebral blood flow and prolonged interstitial hypoxia in patients with OSA can cause oxidative stress and 
ischemic reperfusion, leading to altered cerebral WM fiber integrity.41 Deep WM structures are more susceptible to 
intermittent hypoxia because of the lack of anastomosis and effective collateral circulation in their supplying and 
perforating arteries.42 Cross-sectional DTI studies have demonstrated acute or chronic ischemic changes, which may 
eventually lead to extensive structural changes in the WM.43 However, previous studies have not shown a consistent 
pattern of brain damage, possibly because of participant selection, such as age,44 and condition severity.45

The main component of the brain WM is the myelin sheath, which is produced by mature oligodendrocytes46 and is 
vulnerable to hypoxic factors. DTI allows the quantitative observation of microstructural changes in brain tissue. The 
MD value shows the extent of water diffusion in the brain tissue, which corresponds to increased WM bundles due to 
intracellular edema and gliosis.15 RD is sensitive to the degree of myelin and axonal degeneration.47 Among previous 
longitudinal DTI studies, Salsone et al reported a significant increase in FA in the brainstem, upper radial head, and 
internal capsule and a significant increase in AD in the corpus callosum, upper radial head, and right internal capsule in 
male patients with OSA after 3 months of CPAP treatment, thus confirming the efficacy of ventilation therapy.48 

Castronovo et al observed that long-term CPAP treatment reversed the decline in WM integrity in most pretreatment 
patients with OSA, which was consistent with the recovery of memory and attention.30 Similarly, the results of the 
present study showed increased MD and RD values in some brain regions after 12 months of CPAP treatment, confirming 
the partial restoration of WM integrity in patients with OSA and illustrating the efficacy of CPAP treatment from 
a neuroimaging perspective.

The MD and RD changes in the WM structure of the brain in the present study occurred mainly in the right cerebral 
hemisphere, although the mechanism of damage may be bilateral. Similar to the study by Kumar et al,47 preferential 
recovery of the structural lateralization of the brain was observed. Although the reasons for this are unclear, differences 
in relative blood flow between the two hemispheres may be one of the causes.49 In addition, right-handedness may have 
contributed to these results,50 and all patients in the present study were right-handed. In addition, we did not observe 

Table 3 Distribution of RD Differences in OSA Patients After 12 Months of CPAP Treatment

Cluster Index WM L/R MNI Voxels Base line Post-Treatment P-value

X Y Z

1 EC R 32 −20 1 32 0.00055±0.00004 0.00048±0.00006 0.049

2 RLIC R 29 −28 2 53 0.00047±0.00003 0.00039±0.00005 0.049
3 CG, ILF R 22 −46 −7 115 0.00058±0.00007 0.00045±0.00007 0.046*

4 PLIC, SCR, PCR, PTR R 26 −26 27 190 0.00049±0.00003 0.00043±0.00003 0.046

5 RLIC, EC R 40 −17 −11 366 0.00057±0.00006 0.00048±0.00006 0.043
6 RLIC, PTR, SLF R 47 −43 −5 474 0.0005±0.00003 0.0004±0.00006 0.040

Note: *Results with relevance. 
Abbreviations: RLIC, Retrolenticular part of internal capsule; PTR, Posterior thalamic radiation; SLF, Superior longitudinal fasciculus; EC, External capsule; 
SCR, Superior corona radiata; PCR, Posterior corona radiata; PLIC, Posterior limb of internal capsule; CG, Cingulum; ILF, Inferior longitudinal fasciculus.
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Figure 3 Correlation of MD and RD values with clinical assessment scales in OSA patients after treatment. 
Abbreviations: BCC, body of corpus callosum; CG, Cingulum.
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changes in FA values, which are important indicators of axon number and density. However, when we relaxed the DTI 
threshold to 0.09, we observed a significant difference in FA values between the two cerebral hemispheres 
(Supplementary Material Figure S1). We also observed changes in MD and RD values in the left cerebral hemisphere. 
We speculate that the fibrous structure of cerebral WM in patients with OSA can be further reversed by prolonged CPAP 
treatment. We will further investigate the imaging mechanism of WM structure recovery in these patients after 18 months 
of CPAP treatment.

The WM bundles seen in anatomical studies can be divided into three groups: commissural, projection, and association 
fibers.51 Commissural fibers connect the cerebral hemispheres, projection fibers are efferent and afferent fibers that connect the 
cortex with subcortical structures, and association fibers connect the cortical areas within the same hemisphere. After 12 
months of CPAP treatment, we observed extensive increases in the MD and RD values of WM fiber bundles involving 
commissural, projection, and association fibers. Thalamic radiation is a class of fan-shaped bundles of WM fibers that connect 
the thalamus to the cerebral cortex. Impairment of the integrity of the thalamic radiation may affect the ability of the thalamus 
to transmit arousing and associative information to the supercortex.52 Koo et al reported reduced WM fiber integrity in the 
thalamus in patients with untreated OSA.28 Our results are similar to those of previous studies and illustrate the reversible 
recovery from thalamic radiation from a therapeutic perspective. The retrolenticular portion of the internal capsule is 
associated with motor function. Previous sleep studies demonstrated that the retrolenticular part of the internal capsule is 
sensitive to sleep rhythms. We previously reported that increased RD and MD values in the retrolenticular part of the internal 
capsule may benefit from the partial restoration of sleep rhythms after CPAP treatment in patients with OSA.53 The radial 
cortex contains ascending and descending fibers that are mainly involved in emotional processing, attention, and cognitive 
control through the transmission of neural information.54 Our study showed increased MD and RD values in the superior and 
posterior radial cords, which may be related to improved total sleep time and sleep quality with CPAP treatment.55

The corpus callosum plays an important role in communication between brain hemispheres and is one of the highest-order 
and late-maturing neural networks in the brain, with high vulnerability to negative experiences. The corpus callosum integrates 
the prefrontal cortex, cingulate gyrus, and insula, and is associated with emotional, cognitive, and sensory information 
processing.56 Zhang et al reported that the reduced integrity of the anterior corpus callosum fibers in patients with OSA was 
associated with reduced prospective memory and sustained attention.57 The cingulate gyrus is involved in the control of 
autonomic functions, including the regulation of breathing and blood pressure.58 A study of OSA demonstrated that structural 
changes in the cingulate gyrus alter the state of sympathetic nerve discharge and, thus, participate in central blood pressure and 
respiratory regulation through sympathetic excitation.59 Based on the results of the present study, we hypothesized that 
changes in the MD and RD values of the cingulate gyrus may be related to the improvement of intermittent hypoxia after 
CPAP treatment. In addition, we observed that elevated MD values in the body of the corpus callosum were positively 
correlated with HAMA, while elevated MD and RD values in the cingulum were negatively correlated with HAMD, 
suggesting that the structurally reversible restoration of united fibers is associated with improved emotion regulation.

In addition, we observed reversible recovery of the contact fibers, including the EC, SLF, and ILF. The SLF is associated 
with impaired speech production;60 while damage to ILF structures and the EC are associated with depression;36 and executive 
impairment,61 respectively. Although these reversibly restored WM fiber regions were more extensive, they were structurally 
similar to those reported in other sleep-related WM structural studies.61

Limitations
Our study has several limitations. First, the disease duration may have differed among the patients, which may have 
introduced confounding variables into our DTI observations. Second, the patients in our study were predominantly male 
with moderate-to-severe OSA; thus, our results cannot be generalized to mild OSA or female patients. Finally, the sample 
size was small. For longitudinal studies, a larger sample size is usually required to achieve sufficient statistical power. 
Therefore, we will increase the sample size in future studies.

Conclusion
Based on the TBSS study, this study investigated reversible changes in brain WM fibers before and after long-term CPAP 
treatment in patients with moderate-to-severe OSA. Our findings confirmed that recovery of the brain WM 
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microstructure may require longer CPAP treatment and that this extensive reversal of WM fibers involves the commis-
sural, projection, and association fibers. Moreover, commissural fibers (CG and BCC) were associated with emotion 
regulation in patients with OSA, providing new insights into the pathophysiology of WM structures in these patients. In 
the future, we will continue to investigate changes in WM fibers in patients with OSA after 18 and 24 months of CPAP 
treatment to identify potential imaging markers for clinical management.
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