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Abstract

Purpose—To investigate white matter (WM) structural alterations using diffusion tensor imaging 

(DTI) in obstructive sleep apnea (OSA) patients, with or without residual sleepiness, following 

adherent continuous positive airway pressure (CPAP) treatment. Possible quantitative relationships 

were explored between the DTI metrics and two clinical assessments of somnolence.

Methods—Twenty nine male patients (30–55 years old) with a confirmed diagnosis of OSA were 

recruited. The patients were treated with CPAP therapy only. The Psychomotor Vigilance Task 

(PVT) and Epworth Sleepiness Scale (ESS) were performed after CPAP treatment and additionally 

administered at the time of MRI scan. Based on the PVT results, the patients were divided into a 

non-sleepy group (lapses≤5) and a sleepy group (lapses > 5). DTI was performed at 3T, followed 

by an analysis using tract-based spatial statistics (TBSS) to investigate the differences in fractional 

anisotropy (FA), mean diffusivity (MD), axial diffusivity (λ1), and radial diffusivity (λ23) between 

the two groups.

Results—A higher MD (p < 0.05) was observed in the sleepy group than the non-sleepy group in 

the whole-brain TBSS analysis in the WM. The increased MD (17.8% of the fiber tracts; p<0.05) 

was caused primarily by an elevated λ23. Axial diffusivity (λ1) exhibited no significant difference 

(p > 0.17). The alterations in FA or MD of individual fiber tracts occurred mainly in the internal/
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external capsule, corona radiata, corpus callosum, and sagittal stratum regions. The FA and MD 

values correlated with the PVT and ESS assessments from all patients (R ≥ 0.517, p < 0.05).

Conclusions—Global and regional WM alterations, as revealed by DTI, can be a possible 

mechanism to explain why OSA patients with high levels of CPAP use can have differing 

responses to treatment. Compromised myelin sheath, indicated by increased radial diffusivity, can 

be involved in the underlying WM changes.

INTRODUCTION

Obstructive sleep apnea (OSA), characterized by repeated obstructions of the upper airway 

with intermittent hypoxic exposure, occurs in at least 5% of the population.1 This ventilatory 

condition has multiple detrimental physiological and psychological consequences, including 

intermittent hypoxemia, fragmented sleep at night, and excessive daytime sleepiness.2 

Besides cardiovascular and metabolic comorbidities, OSA patients also show brain 

alterations especially in areas responsible for cognitive, autonomic, or emotional functions,3 

leading to compromised work efficiency and decreased life quality. Intermittent hypoxemia 

can result in oxidative stress and ischemia-reperfusion injury in the brain, which has been 

recognized as a major factor contributing to the pathogenesis of OSA and its comorbidities.4

Continuous positive airway pressure (CPAP) is a primary non-surgical approach for treating 

OSA.5 It has been demonstrated in several studies that CPAP treatment can alleviate daytime 

sleepiness,6–8 reduce nocturnal symptoms,9 and improve mental acuity after 12 months of 

treatment.10 However, CPAP therapy does not fully reverse wake impairment in all patients 

with daytime sleepiness.6,11–13 For example, among OSA patients receiving daily CPAP 

treatment for more than 6 hours, 34% reported daytime sleepiness and 65% had objectively 

measured hyper-somnolence.13 It is also reported that 25% of the newly-diagnosed patients 

who are treated with CPAP remain symptomatic and sleepy during daytime.13 Thus, millions 

of OSA patients continue suffering from daytime sleepiness despite CPAP therapy. The 

mechanism underlying the difference in response to treatment remains unclear. We 

hypothesize that patients with residual sleepiness following CPAP therapy may have 

structural alterations in specific brain regions when compared to those responding to CPAP 

treatment.

MRI is a powerful tool to investigate brain structural and functional changes in many 

pathologic and neuropsychologic processes, as well as provide feedback following 

therapeutic intervention. Recent MRI studies on OSA patients have suggested gray matter 

(GM) structural alterations, such as focal volume reductions in the hippocampus,14, 15 

cortical GM,15 thalamus and basal ganglia.16 Improvement in cognitive function was also 

observed in conjunction with GM volume increase after CPAP treatment.14 Additionally, 

metabolic changes in the hippocampus of OSA patients have been detected, as well as the 

partial reversal after CPAP treatment.17

With the advent of diffusion tensor imaging (DTI), studies on white matter (WM) alterations 

associated with OSA have also emerged. DTI is particularly powerful as it provides a set of 

quantitative parameters that can be related to tissue microstructural changes, including 

myelin or axonal alterations. Using fractional anisotropy (FA), a prevalent DTI parameter,18 
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changes in the corpus callosum, cingulum,19 and parietal and prefrontal WM areas10 have 

been demonstrated in OSA patients. In addition, altered mean diffusivity (MD), another 

popular DTI parameter, has also been reported in multiple brain regions.10, 20 Recently, 

Castronovo et al. 10 reported that WM brain structures susceptible to hypoxemia can change 

in OSA patients before, during, and after a 12-month CPAP treatment. However, the 

question of why some patients respond to CPAP therapy whereas others do not remains 

intriguing.

The present study aims at extending the application of DTI from characterizing OSA-

induced brain changes to understanding the mechanism of the differential response to CPAP 

treatment in OSA patients. Such a study is expected to provide new insights into the 

pathogenesis of this disorder.

METHODS

Participants

With approval of the Institutional Review Board and written informed consent, 29 male 

treatment-naïve patients (age 30–55) with OSA were recruited. Inclusion criteria were: a 

polysomnographically-confirmed diagnosis of severe OSA (Apnea-Hypopnea Index [AHI] 

≥40 with duration > 5% of the time 21); prescribed CPAP as the only treatment (no 

medication was provided); and full adherence to nightly use of CPAP (≥6h/night) for at least 

30 days. Exclusion criteria were: age > 60 years; sleep disorders other than OSA; night shift 

workers; psychiatric disorders; hypertension (> 150/90mmHg); diabetes; use of neuro 

adrenergic, monoamine, or sedative medications; history of stroke, epilepsy, head trauma, or 

brain surgical operation; brain structural abnormalities (such as infarction, hemorrhage, or 

tumors); or contraindications to MRI. The CPAP device has a microprocessor that measures 

daily mask-on time and AHI along with software to download and import the data into the 

study database.

Assessments

The PVT was performed at Visit 1 and at the time of the MRI scan. Based on the PVT 

results, participants were divided into a non-sleepy group (no daytime sleepiness, both PVT 

lapses ≤5; n = 17, and age = 46.1±8.8 years) and a sleepy group (experiencing daytime 

sleepiness, PVT lapses > 5; n = 12, and age = 45.6±7.3 years). Besides sleepiness, 

neurocognitive function, mood, and rest/activity measured by actigraphy were assessed. 

Participants also completed an ESS test to evaluate self-reported daytime somnolence.

Image Acquisition

Images were acquired on a 3-Tesla MRI scanner (Discovery MR750, General Electric 

Health Care, Waukesha, Wisconsin, USA) using a commercial 32-channel head coil (Nova 

Medical, Inc., Wilmington, MA). The subjects were padded with flexible foam to limit head 

motion during the imaging session. Using an axial T1-weighted three-dimensional brain 

volume imaging (3D-BRAVO) sequence (repetition time or TR = 12.0ms, echo time or TE = 

5.2ms, flip angle = 13°, inversion time or TI = 450ms, matrix size = 384×256, voxel size = 

1.2×0.57×0.69 mm, and scan time = 2min 54sec), high-resolution anatomic images were 

Xiong et al. Page 3

J Magn Reson Imaging. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



obtained to exclude possible lesions specified in the exclusion criteria. DTI data were then 

obtained in the axial plane using a spin-echo echo planar imaging sequence with the 

following parameters: TR= 4500ms, TE = 89.4ms, field of view = 20×20cm2, matrix size = 

160×132, slice thickness = 3mm, slice spacing = 1mm, NEX = 1, b-values = 0, 1000 s/mm2, 

gradient direction = 27, and scan time = 8min 29sec.

Data Analysis

The diffusion tensor images were processed using the Functional Magnetic Resonance 

Imaging of the Brain (FMRIB) Software Library (http://www.fmrib.ox.au.uk/fsl), or FSL.22 

Voxel-wise statistical analysis of the images was performed using tract-based spatial 

statistics (TBSS)23 with the following steps. First, the brain was extracted using the brain 

extraction tool. An FSL “eddy” tool was applied as a preventive measure to reduce 

inconsistent image distortion. After generating the FA maps using the FMRIB diffusion 

toolbox, the images from all subjects were aligned to an FA standard template through a 

nonlinear co-registration. The aligned FA maps were then averaged to produce a group mean 

image, which was used to generate an FA skeleton highlighting the tracts common to the 

entire group. For each subject, an FA threshold of 0.2 was used before projecting the aligned 

FA map onto this skeleton. The resulting skeletonized FA maps were then fed into a voxel-

wise group-level analysis.24 In addition to FA, diffusivity maps based on MD, axial 

diffusivity (λ1; the principal eigenvalue), and radial diffusivity (λ23; the average of the two 

remaining eigenvalues) were also generated using the same steps outlined above. Using an 

FSL permutation test (FSL Randomize Tool with 500 permutations), FA, MD, λ1, and λ23 

were tested for differences between the means of the sleepy and non-sleepy groups. A 

significance level of p < 0.05 was used to declare difference between the patient groups.

To investigate regional WM changes, the Johns Hopkins University (JHU) WM tractography 

atlas25 in FSL was used as a standard for WM parcellation. The entire WM was parceled 

into 48 regions of interest (ROIs) using the 1mm JHU-ICBM labels (Fig. 1). FA and MD 

were calculated by averaging the pixel values in each ROI and reported as mean ± standard 

deviation, followed by a statistical analysis described in the following sub-section. In order 

to investigate the possible relationships between the DTI metrics and the clinical findings, 

multiple linear regression analyses were performed between the ROI-based FA or MD 

values of specific fiber tracts (such as the corpus callosum, corona radiata, internal/external 

capsule, sagittal stratum, and cingulum) and the ESS or PVT results for all 29 patients. The 

statistical analysis is detailed below.

Statistical Analyses

Using SPSS 17.0 software (IBM Corporation, Armonk, New York), the demographics, 

biophysical, and the two sleepiness scores were compared between the sleepy and non-

sleepy subjects using a Mann-Whitney U test (Table 1). A significant level was set at p < 

0.05. To investigate the differences in the average FA and MD values between the two 

patient groups in the ROI analysis, a Mann-Whitney U-test was employed by setting p < 

0.05 to claim significance. False discovery rate (FDR) correction26 was used to correct the 

multiple comparisons. In the correlation analysis between the DTI metrics and the clinical 

ESS or PVT results, body mass index (BMI) and age were included as covariates. The 
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Pearson correlation coefficient R and p-values were evaluated with a statistical significance 

set at p < 0.05.

RESULTS

Demographic And Physiologic Data

As summarized in Table 1, no significant differences in age (p = 0.867), BMI (p = 0.095), 

SpO2 baseline (p = 0.881), and AHI (p = 0.305) were observed between the sleepy and non-

sleepy groups. However, the PVT lapses and the Reaction Time were significantly higher or 

longer in the sleepy compared to the non-sleepy subjects (p = 0.012 and 0.007, respectively)

Whole-brain DTI Comparisons Among Groups

A higher MD (p < 0.05) was observed in the sleepy group than the non-sleepy group in the 

whole-brain TBSS analysis (Fig. 2). Evaluation of the individual eigenvalues illustrated that 

the increase in MD was caused primarily by an elevated radial diffusivity λ23, rather than 

changes in axial diffusivity λ1. It was revealed that 17.8% (24520/137832 voxels) and 

10.2% (14100/137832 voxels) of the fiber tracts exhibited increased MD and radial 

diffusivity, respectively, in the sleepy group compared with the non-sleepy group (Fig. 2) (p 

< 0.05). In contrast, FA and axial diffusivity did not show significant difference between the 

two groups.

Regional Differences In Specific Fiber Tracts Between The Groups

Figure 3 illustrates the FA and MD differences (p < 0.05 with false discovery rate correction) 

in specific fibers of the brain between the two groups. In the sleepy group, significantly 

decreased FA was observed (Fig. 3a) in the left retrolenticular part of the internal capsule 

(RIC.L), left posterior corona radiata (PCR.L), and left sagittal stratum (SS.L). In addition, 

increased MD was observed in the splenium of corpus callosum (sCC), RIC.L, left anterior 

corona radiata (ACR.L), left superior corona radiata (SCR.L), SS.L, and left external capsule 

(EC.L), as shown in Fig. 3b. Overall, the atlas-based analyses on individual fiber tracts 

suggested that the FA reduction and MD elevation occurred primarily in the corpus 

callosum, internal/external capsule, corona radiata, and sagittal stratum regions. It is 

interesting to note that most of the changes were seen in the left hemisphere. To further 

demonstrate the reasons behind the observed FA or MD alterations, radial and axial 

diffusivities of four selected fiber tracts are shown in Table 2. While the radial diffusivity 

showed statistically significant differences between the two groups, axial diffusivity did not, 

indicating FA and MD alterations in Fig. 3 were caused predominantly by radial diffusivity, 

which was consistent with the results in Fig. 2.

The correlations between the FA or MD values of specific fiber tracts and the clinical 

somnolence assessment scores are shown in Fig. 4. The FA value in the PCR.L (R = −0.520, 

p = 0.045) and the MD value in the sCC (R = 0.557, p = 0.024) correlated with the ESS 

scores (Figs. 4a, c). Additionally, the FA value in the RIC.L (R = −0.517, p = 0.048) and the 

MD value in the SS.L (R = 0.534, p = 0.036) exhibited correlation with the PVT results 

(Figs. 4b, d).
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DISCUSSION

In this study, we have observed that the OSA patients with residual sleepiness showed 

significantly different MD and radial diffusivity in the whole brain WM analysis and altered 

FA and MD values in specific WM regions when compared to the non-sleepy participants 

with similar high levels of CPAP use. These differences, which have been largely attributed 

to an increase in radial diffusivity in patients with residual sleepiness, suggest that FA and 

MD can serve as sensitive imaging markers for the differing responses to CPAP treatment on 

OSA patients and provide new insights into the pathogenesis of this disorder. We have also 

demonstrated quantitative relationships between specific DTI metrics (i.e., FA and MD) and 

two commonly used scores (i.e., PVT and ESS) for clinical assessment of somnolence. 

These correlations illustrate the potential of using more objective, imaging-based 

quantitative markers to complement the conventional approach for assessing somnolence. 

Unlike a recent longitudinal study by Castronovo et al. 10, which shows that WM brain 

structures can change in OSA patients before, during, and after CPAP treatment, the present 

cross-sectional study focuses on a different question – why the OSA patients respond 

differently even with the same CPAP adherence. Our study is among the first effort to 

examine both global and regional WM differences between reversed and residual sleepiness 

in OSA patients after CPAP treatment using DTI with an FSL-based TBSS analysis.

The blood supply of deep WM comes from the perforating arteries, which are tiny branches 

(diameter ~ 100–400μm) of the pial artery. Because of the lack of anastomosis and effective 

collateral circulation, these tiny arteries are quite vulnerable to blood flow and pressure 

changes.27 The reduced cerebral blood flow and intermittent hypoxia in OSA patients, as 

demonstrated in other studies,28 can result in acute or chronic ischemic changes and in turn 

WM structural alterations. Using DTI, we observed widespread WM changes, revealed by 

the increased MD, in the OSA patients with residual sleepiness compared to those without 

sleepiness on treatment.

Our observation is consistent with the findings in several other studies showing the 

sensitivity of MD to tissue structural changes, as outlined in a review article.29 The radial 

diffusivity λ23, which measures water diffusion perpendicular to axons, is found to be the 

main contributor to the increased MD, indicating possible myelin damage30, 31 in the 

patients not responsive to CPAP treatment. Oligodendrocytes, the myelin-forming cells of 

the central nervous system, have very little regenerative capacity. An episode of intermittent 

hypoxia-ischemia can cause different degree of damage to these particularly vulnerable 

cells.32 Once the oligodendrocytes are severely damaged by hypoxia-ischemia, the OSA 

patients are expected to continue showing sleepiness despite persistent CPAP therapy. Thus, 

it is plausible that the WM structural changes revealed by MD and/or λ23 are a possible 

mechanism to hinder functional recovery of the OSA patients even after CPAP treatment.

In the whole-brain analysis, the areas with MD (or λ23) change were extensive comprising 

all three main fiber types: (a) connecting fibers within the ipsilateral hemisphere (frontal 

WM), (b) commissural fibers between bilateral hemisphere (corpus callosum), and (c) 

projecting fibers from cerebral cortex to subcortical structures (corona radiata). It is 

somewhat surprising that FA did not exhibit significant difference between the two patient 
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groups, given the change in λ23 and lack of change in λ1. However, a decrease in FA was 

observed when the p-value threshold was relaxed to 0.07 (see the supplementary figure), 

indicating a trend towards significance. Furthermore, changes in FA values of specific fiber 

tracts were evident in the ROI-based regional analysis. The observed FA change in 

individual fiber tracts is consistent with the increased radial diffusivity λ23 and little change 

in axial diffusivity λ1. A greater change in radial diffusivity than axial diffusivity was also 

reported in another study that compared the OSA patients with healthy controls.20

It is worth noting that the regional FA and MD changes preferentially appeared on the left 

hemisphere, although the possible mechanism of injury is bilateral. Similar findings were 

reported by others.20 The reasons underlying the asymmetry are unclear, but are likely 

related to the relative perfusion difference between the left and right hemispheres. 

Asymmetrical injury to WM in the watershed areas shows a very high correlation with 

cerebrovascular insufficiency.33 In addition, it has been suggested that the left hemisphere 

may be more vulnerable than the right to detrimental influences, including hypoxia.34 In our 

study sample, all of the 29 participants are right-handed, which may also be a contributing 

factor to the observed asymmetry.

Clinically, the self-report ESS provides an assessment of daytime sleepiness, while the PVT 

measures deteriorated alertness, reduced ability to sustain attention, and declined psycho-

motor skills that are typically related to sleep-deficit. Higher ESS scores (usually ≥10) 

and/or more PVT lapses represent greater sleepiness. In our study, the FA values (in PCR.L 

and RIC.L) negatively correlated with the ESS scores or PVT lapses, while the MD values 

(in sCC and SS.L) showed a positive correlation. This suggests that the WM damage can be 

a continuous process in OSA patients and such process may be captured by quantitative DTI 

metrics. Given the limited sample size, we did not intend to establish a threshold FA or MD 

value by which reversible sleepiness (i.e., non-sleepiness after CPAP therapy) can be 

distinguished from residual sleepiness. However, our study paves the way for developing 

such imaging-based quantitative markers to complement conventional clinical assessment of 

somnolence.

This study has several limitations. First, disease duration may vary among the OSA 

participants enrolled in this study, which may introduce confounding variables in our DTI 

observations. Second, our study design was cross-sectional. An expanded longitudinal study 

is expected to provide additional valuable information to test our hypothesis. Third, only 

male participants were included to reduce the heterogeneity of the sample and gender-related 

differences. The nature and pattern of injury may differ in female patients.35 Lastly, we 

provided the evidence suggesting that the compromised WM structures can be the cause for 

residual sleepiness even after CPAP treatment. However, another possibility that the 

compromised WM structures are a result of the CPAP treatment may also exist. This 

requires further investigation.

In conclusion, the results from this study supported our hypothesis that global and regional 

brain structural differences can be a possible mechanism to explain why OSA patients with 

high levels of CPAP use can have differing responses. Extensive WM alterations, as revealed 

by DTI metrics, have been observed in CPAP-treated OSA patients exhibiting daytime 
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somnolence despite CPAP adherence. Changes in DTI metrics suggest compromised myelin 

sheath in patients not responding to CPAP treatment, and some of these metrics correlated 

with PVT lapses and ESS scores.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Selected ROIs in individual fiber tracts according to a JHU-ICBM-labels-1mm template. SS 

- Sagittal striatum (including inferior longitudinal fasciculus and inferior fronto-occipital 

fasciculus); EC - External capsule; RIC - Retrolenticular part of internal capsule; sCC - 

splenium of Corpus Callosum; CCG - Cingulum (cingulate gyrus); ACR - Anterior corona 

radiata; SCR - Superior corona radiata; PCR - Posterior corona radiata.
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Fig. 2. 
DTI results from an FSL-TBSS analysis showing possible alterations in DTI metrics 

including FA, MD, λ1 and λ23 between the sleepy and the non-sleepy groups. Green: mean 

FA skeleton (threshold = 0.2) without significant change. Red-yellow: fibers with increased 

DTI metrics in the sleepy group when compared to the non-sleepy group (p < 0.05).
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Fig. 3. 
Difference (p < 0.05, FDR corrected) in mean FA (a) and MD (b) in selected WM fiber 

tracts between the sleepy and non-sleepy groups. MD is expressed in units of mm2/s. “L” 

denotes left hemisphere. The abbreviations for the individual fiber tracts are defined in the 

caption of Fig. 1.
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Fig. 4. 
Correlation between the FA (a and b) or MD (c and d) values of the specific fiber tracts and 

the Epworth Sleepiness Scale (ESS; a and c) or the Psychomotor Vigilance Task (PVT; b 

and d) score. The linear regression results are indicated in the figure (R: Pearson correlation 

coefficient with BMI and age as covariates). MD is expressed in units of mm2/s. The 

abbreviations for the individual fiber tracts are defined in the caption of Fig. 1.
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Table 1

Sample Characteristics.

Variables Sleepy group (n = 12) Non-sleepy group (n = 17) p-value†

Age range (years) 30–55 34–54 NA

Age (years) 45.6±7.3 46.1±8.8 0.867

BMI (kg/m2) 36.8±6.0 32.1±5.9 0.095

Systolic pressure (mmHg) 130.4±11.6 129.1±16.6 0.843

Diastolic pressure (mmHg) 78.4±5.0 74.3±12.8 0.399

Handedness (right) 12 17 NA

AHI index 58.8±43.0 43.1±31.7 0.305

Nadir SpO2 (%) 84.9±8.1 83.7±11.8 0.795

SpO2 Baseline (%) 91.5±5.8 91.2±4.3 0.881

Days of CPAP use (>6h/day) 30 33.5 0.411

Mean CPAP pressure (cmH2O) 10.6±1.6 9.8±3.0 0.504

ESS 8.9±5.0 5.7±4.5 0.127

PVT lapses 17.4±21.7 1.9±1.7 0.012

Mean Reaction Time 398.7±165.1 271.5±28.3 0.007

Data are expressed as mean ± standard deviation unless otherwise indicated.

Significant statistical difference is shown in bold (using p < 0.05 as a threshold).

†
p-values were obtained using a Mann-Whitney U-test between groups.

NA: Not Available.
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