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Abstract
Study Objectives: Neurocognitive impairment is one of the daytime symptoms of obstructive sleep apnea (OSA). We proposed to use tract-specific statistical analysis
(TSSA) to investigate whether there are fiber tract abnormalities in OSA, which may be undiscovered using voxel-based approaches, and whether such tract-specific

disruptions in brain connectivity are associated with neuropsychological deficits in patients with untreated OSA.

Methods: We enrolled 38 patients with OSA diagnosed by overnight polysomnography, and 41 healthy sleepers. Fractional anisotropy (FA) and mean diffusivity (MD)
maps were obtained from whole-brain diffusion tensor imaging, and TSSA were used to assess regional deficits of white matter tracts. All participants underwent a
battery of neuropsychological tests. To evaluate the association between FA values and clinical, polysomnographic, and neuropsychological parameters in the OSA
group, permutation-based tests for correlation were performed preceding cluster-based statistics.

Results: Compared to healthy controls, patients with OSA showed decreased values of FA in the left and right anterior thalamic radiations, and right uncinate
fasciculus (UNC) (p < 0.001, p = 0.005, and p = 0.008, respectively). A lower score of digit span backward was associated with lower FA values of right UNC in the OSA
group (p = 0.023). The Rey Complex Figure Test copy score revealed a positive correlation with FA values in the right UNC (p = 0.010).

Conclusions: The TSSA method indeed identified previously unrevealed tract-specific disruptions in OSA. Furthermore, reduced FA values in the frontal lobe portion
of the right UNC which has been known to be involved in working memory function were significantly associated with lower cognitive performance in patients with
untreated OSA.

Statement of Significance

Voxel-based analyses have discovered only subtle and non-tract specific changes in white matter fiber integrity due to obstructive sleep
apnea (OSA). Our novel tract-specific statistical analysis (TSSA) method enabled us to find the specific portions and direction of discon-
nected fibers. Untreated OSA revealed impaired fiber integrity in bilateral anterior thalamic radiations and right uncinate fasciculus (UNC)
compared to healthy controls. Interestingly, fractional anisotropy values of the right UNC revealed a significant association with perform-
ance of attention and working memory and visuospatial memory in patients with OSA. Our results of the TSSA method could provide evi-
dence of disrupted integrity of white matter tracts on the neurocognitive pathomechanism of OSA.
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Introduction

Obstructive sleep apnea (OSA) is one of the most prevalent sleep
disorders, characterized by repetitive interruption of breathing
during sleep due to complete or partial airway obstruction.
Repetitive apneas and hypopneas cause intermittent hypoxemia,
hypercapnia, microarousals, and fragmented sleep, resulting in
sleep disruption and changes in neural activities [1]. OSA is as-
sociated with medical, neurocognitive, cardiovascular morbidity,
and mortality. Patients with OSA have shown neurocognitive
deficits in attention, episodic memory, and executive function,
which were partially remediated by treatment [2, 3]. The patho-
physiological mechanism of the neurocognitive deficits remains
unclear, although the main contributors might be sleep fragmen-
tation and intermittent nocturnal hypoxemia during recurrent
episodes of OSA [4], which may consequently yield aberrations in
integrity of brain structures and connectivity related to cognition.

High-resolution magnetic resonance imaging (MRI) has been
a useful tool which provides quantification of brain structural
changes in relation to OSA. In particular, analyses of diffusion
tensor imaging (DTI) parameters including fractional anisot-
ropy (FA), and mean diffusivity (MD) allow for the assessment of
white matter fiber integrity and myelination. Previous DTI studies
have described subtle structural white matter alterations in OSA
patients [5-7]. A voxel-wise study of 41 OSA patients found de-
creased FA in peripheral white matter regions underlying the
cortex as well as in focal cortical areas when compared to controls
[6]. Other studies showed reduced brain MD values in newly diag-
nosed OSA patients [7], and increased radial diffusivity with no
MD changes in severe OSA [5], suggesting acute and chronic in-
flammatory processes possibly due to apnea-related intermittent
hypoxia [8]. However, whether these white matter structural im-
pairments are associated with disease severity of OSA (i.e., mani-
festation on polysomnography or on neuropsychological test) has
remained unclear. Furthermore, the voxel-wise approaches used
in the aforementioned studies may lack the specificity of which
white matter fiber tract is impaired, which is crucial to under-
standing the possible disruption in the connectivity between two
specific brain cortical/subcortical gray matter regions.

Tract-based spatial statistics (TBSS) performed on DTI allow for
the investigation of tract-specific microstructural alterations. In
this method, white matter alterations are localized on a specific
white matter fiber tract by projecting diffusion parameters onto a
white matter skeleton [9]. However, this projection may generate
convoluted diffusion parameters which are computed from mul-
tiple adjacent fibers oriented differently [10]. The tract-specific stat-
istical analysis (TSSA), a method which our group developed and
showed its clinical utility as it identified disrupted white matter
integrity in patients with memory impairment [11], has improved
the mapping of tract diffusion coefficients along the corresponding
major tracts. In the current study, we aimed to investigate the
tract-specific abnormalities in patients with untreated OSA using
the TSSA method. We then assessed whether such abnormalities
correlated with neuropsychological deficits in OSA.

Methods
Subjects

A total of 131 men with severe OSA (apnea-hypopnea index
(AHI) greater than 30/h) were recruited from the sleep clinic

of Samsung Medical Center, Seoul, South Korea. Each subject
had a detailed clinical interview, sleep questionnaire, and over-
night polysomnography. Forty-two patients were excluded ac-
cording to the following criteria (Figure 1): (1) mean daily sleep
time more than 7 h, (2) abnormal sleep-wake rhythm, (3) other
sleep disorders, (4) hypertension, diabetes, and heart and re-
spiratory diseases, (5) history of cerebrovascular disease, (6)
other neurological (neurodegenerative diseases, epilepsy, head
injury) or psychiatric diseases (psychosis, current depression),
(7) alcohol or illicit drug abuse or current intake of psychoactive
medications, and (8) a structural lesion on previous brain MRIL.
Forty-three patients underwent MR scans with a study protocol
including T1-weighted, T2-weighted, and FLAIR images. Five
patients who showed diffuse brain atrophy on brain MRI were
excluded from the OSA group. Forty-one male good sleepers
were recruited using an advertisement in a local community.
Participants, if they exhibited evidence of OSA (AHI greater than
5/h) or evidence for other sleep disorders such as periodic limb
movement disorders, were excluded from the control group.
Even though patients and healthy controls were mostly middle-
aged men, the control group was significantly younger than the
OSA patients (p < 0.001). Age was thus considered as a covariate
in our statistical analyses (details found below). Finally, 38 pa-
tients with OSA and 41 controls were included in our study.
Written informed consent was obtained from all participants,
and the Institutional Review Board of Samsung Seoul Hospital
authorized the study protocol and design.

Overnight polysomnography

Polysomnography was recorded with Somnologica (Embla,
Denver, CO) using a six-channel electroencephalogram, a four-
channel electrooculogram, electromyogram, and electrocardio-
gram. A thermistor, a nasal air pressure monitoring sensor, an
oximeter, piezoelectric bands, and a body position sensor were
also applied to the participants. Apnea was defined as a reduc-
tion in airflow by 90% or more lasting at least 10 s. Hypopnea
was defined as a reduction in airflow by 30% or more lasting at
least 10 s and accompanied by at least 4% oxygen desaturation
compared to baseline [12].

Neuropsychological assessments

OSA and control groups underwent a battery (2.5 h) of neuro-
psychological tests and an individual standardized intelligence
test. Neuropsychological tests consisted of the Korean California
Verbal Test and the Rey Complex Figure Test for memory func-
tion; digit span tests from the Wechsler Memory Scale-Revised,
the Corsi block tapping tests (forward and backward), the Trail
Making Tests A and B, the digit symbol test for attention and
working memory; the Stroop test and the Controlled Oral Word
Association Test for executive function; and the Korean Boston
naming test for verbal function. Composite scores and detailed
information regarding these tests were described in a previous
article [13].

Acquisition of MR images

T1 and diffusion-weighted images were acquired from all 38
patients and 41 healthy controls using the same 3.0 Tesla MRI
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Excluded after questionnaires and chart review, n=42

Mean daily sleep time < 7h, n=11

Abnormal sleep-wake rhythm, n=2

Other sleep disorders, n=3

Hypertension, diabetes, and heart/respiratory diseases, n=15
* History of cerebrovascular disease, n=4

Other neurological or psychiatric diseasess, n=2

Alcohol or illicit drug abuse or current intake of psychoactive
medications, n=2

A structural brain lesion, n=3

89 Eligible patients for study

Y

43 Patients underwent brain MR study

v

38 Patients enrolled

Figure 1. Study algorithm of the patient selection.

scanner (Philips 3.0 T Achieva) within 1 week after the baseline
visit. T1-weighted images were obtained using the following
scanning variables: 1 mm sagittal slice thickness, overcontiguous
slices with 50% overlap, no gap, repetition time (TR) of 9.9 ms,
echo time (TE) of 4.6 ms, flip angle of 8° and matrix size of
240 x 240 pixels. Images were reconstructed to 480 x 480 over
a 240 mm field of view. In the whole-brain diffusion-weighted
MRI examination, sets of axial diffusion-weighted single-shot
echo-planar images were collected with the following param-
eters: 128 x 128 acquisition matrix, 1.72 x 1.72 x 2 mm? voxels re-
constructed to 1.72 x 1.72 x 2 mm?, 70 axial slices, 220 x 220 mm?
field of view, TE 60 ms, TR 7383 ms, flip angle 90°, slice gap 0 mm
and b-factor of 600 s mm-2. For the baseline image without dif-
fusion weighting (the reference volume), diffusion-weighted
images were acquired from 45 different directions. All axial
sections were acquired parallel to the anterior commissure-pos-
terior commissure line.

Tract-specific statistical analysis

The TSSA includes three steps as follows: (1) identifying the
major anatomic bundles from diffusion coefficients along the
tractography-derived fiber bundles, (2) calculating Tract Profile,
and (3) performing statistical analysis. The schematic process
of the TSSA method was introduced in the previous report

— > Decline, n=46

— > Diffuse brain atrophy, n=5

of Jung et al [11]. In the current study, we applied determin-
istic tractography with DTI reconstruction using the Diffusion
toolkit [14].

In the first step, the major anatomical tracts were identified
in each subject’s brain from the DWI dataset. Fiber tracts were es-
timated with Diffusion toolkit using deterministic tractography
based on Fiber Assignment by Continuous Tracking (FACT) [15].
FA and MD maps were also obtained using Diffusion toolkit.
Next, the immense number of fiber tracts were automatically
classified and labeled with seven major anatomic bundles ac-
cording to their shape and position [16]. These seven tracts
included anterior thalamic radiation (ATR) connecting the an-
terior and midline nuclear group of the thalamus with the
frontal lobe, cingulum (CG) projecting from the cingulate gyrus
to the entorhinal cortex in the brain, corticospinal tract (CST),
a white matter motor pathway, inferior fronto-occipital fascic-
ulus (IFO) connecting the occipital cortex to the frontal lobe,
inferior-longitudinal fasciculus (ILF) connecting primarily the
occipital cortex with the temporal lobe, superior-longitudinal
fasciculus (SLF) passing from the frontal lobe through the oper-
culum to the occipital lobe and radiating the projection to the
temporal lobe, and uncinate fasciculus (UNC) connecting parts
of the limbic system such as the hippocampus and amygdala in
the temporal lobe with frontal cortices such as the orbitofrontal
cortex (Figure 2).
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Figure 2. White matter tract-based approach of the tract-specific statistical analysis (TSSA). ATR, anterior thalamic radiation; CST, corticospinal tract; IFO, inferior
fronto-occipital fasciculus; ILF, inferior-longitudinal fasciculus; SLF, superior-longitudinal fasciculus; UNC, uncinate fasciculus.

The second step was Tract Diffusion Profiling, which maps
the diffusion measurements such as FA and MD onto each
major tract [17]. After the major tract bundles were refined
by removing the streamlines that are not part of the major
fiber tracts, a representative tract was selected for use for
the fiber density map [11]. Then a group-wise representative
tract is further selected by accommodating more than 60% of
subjects. For each representative tract, corresponding points
across subjects were determined using the optimal point
matching algorithm [10] that shows the robustness to spatial
distortion and variability of diffusion values. Diffusion data
for all fiber tracts were projected to the representative tract
based on a weighted-averaging in which the Mahalanobis
distance from the corresponding tract was used to weigh the
given fiber tract.

In the last step, the statistical analysis of diffusion properties
and clinical data was performed. To evaluate group difference
of diffusion parameters along the tract between the OSA and
control groups, permutation-based ANCOVA, along with con-
trolling for age and body mass index (BMI), was applied with
10,000 permutations. Since FA or MD values in the Tract Profile
were sampled at equidistant locations along the group-wise

representative tract, a cluster-based statistics method was used
for multiple comparisons correction [18, 19].

To estimate the association between FA values and clinical,
polysomnographic, and neuropsychological parameters in the
OSA group, permutation-based tests for correlation were per-
formed with cluster-based statistics. First, partial correlation co-
efficients were calculated for FA values at each location along
the representative tract with various parameters controlling for
age and BMI as covariates. Then, the significance level of the
correlation coefficient was adjusted by permutation testing, as-
suming a null distribution of the maximum cluster extent [20].
The permutation-based approach we employed in the current
paper is proper for the analysis of a data distribution that is un-
known or does not follow the normal distribution, which is the
case in numerous neuroimaging studies like ours [18, 21, 22]. In
addition, permutation testing, a nonparametric approach, is ap-
propriate for relatively small sample studies in contrast to the
classic tests [22, 23]. The validity of permutation-based cluster
analysis for correlation with various scores was described in de-
tail in the paper of Han et al [20]. The TSSA method was per-
formed using a combination of the Diffusion toolkit, FMRIB
Software Library (FSL), MATLAB, and our own code.



Results
Clinical and polysomnographic characteristics

Detailed clinical characteristics and polysomnographic findings
between the two groups were summarized in Table 1.

Comparison of TSSA results between the OSA and
control groups

Compared to controls, the OSA group showed significantly re-
duced FA values in bilateral ATR and right UNC between the
two groups (Figure 3). Such decreased FA values in the left ATR
and right UNC of OSA were exhibited in the anterior portions of
each tract (occupying 20% of tract length; p < 0.001 and p = 0.008,
respectively). Distribution of FA values in the right UNC were
presented in Supplementary Figure S1. The overall standard de-
viation of controls and patients did not differ (F-test, p > 0.13).

Table 1. Clinical and polysomnographic characteristics between
OSA and control groups.

OSA group  Control group P

Clinical factors
Subjects, No. 38 41

Age, years, mean (SD) 45.0 (6.6) 37.2 (10.7) 0.001

Men, No. (%) 38 (100) 41 (100) -

BMI, kg/m?, mean (SD) 28.3 (4.0) 240(2.1)  <0.001

ESS score, mean (SD) 11.0 (4.5) 4.5(2.7) <0.001

BDI score, mean (SD) 5.9 (6.3) 2.9(3.3) 0.019

BAI score, mean (SD) 5.5(5.7) 4.3(3.1) 0.864
Polysomnographic parameters

Time in bed, min, mean 393.2 (67.8) 425.5 (34.8) 0.035

(sD)

Total sleep time, min, 327.9 (65.9) 383.5(33.3) <0.001

mean (SD)

Sleep latency, min, 8.3(10.2) 8.5 (7.4) 0.462

mean (SD)

REM sleep latency, min, 89.4 (52.0) 79.4 (31.5) 0.471

mean (SD)

Sleep efficiency, %, 81.5 (15.2) 90.2 (3.7) <0.001

mean (SD)

Arousal index, events/h, 50.0 (20.0) 12.8 (3.2) <0.001

mean (SD)

WASO, min 57.6 (38.0) 406 (26.3)  0.008

N1 sleep, %, mean (SD) 37.6 (16.2) 12.4 (4.7) <0.001

N2 sleep, %, mean (SD) 41.5 (12.8) 53.2 (6.0) <0.001

N3 sleep, %, mean (SD) 3.1(4.8) 10.7 (3.6) <0.001

REM sleep, %, mean (SD) 17.7 (6.6) 23.8 (5.4) <0.001

AHI, events/h, mean 56.8 (26.2) 2.3(2.2) <0.001

(sD)

PLM index, events/h, 3.7 (5.7) 2.7 (4.8) 0.818

mean (SD)

Movement arousal 0.3 (0.8) 0.8 (1.2) 0.007

index, events/h, mean

(SD)

Lowest saturation of 75.3(9.4) 92.7 (2.7) <0.001

oxygen, %

Oxygen desaturation index, 50.2 (26.8) 0.4 (0.9) <0.001

events/h, mean (SD)

OSA, obstructive sleep apnea; SD, standard deviation; BMI, body mass index;
ESS, Epworth sleepiness scale; BDI, Beck depression inventory; BAI, Beck anx-
iety inventory; WASO, wakefulness after sleep onset; AHI, apnea-hypopnea
index; PLM, periodic limb movement. Bold values denote statistical significance
at the p < 0.05 level.
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Supplementary Figure S1 also illustrates that the two groups
have a similar pattern of decreases and increases in FA at
equivalent locations along the tract. Therefore, the lack of as-
sociation between FA and the cognitive test is not caused by a
limited range of FA values in the control group.

The lower FA values in right ATR were present at its anterior
portion and occupied 40% of the tract length (p = 0.005). In add-
ition, the MD values were significantly increased in the inferior
portion of left UNC (20% of tract length; p = 0.009). The results
of group comparison for diffusion coefficients in major white
matter tracts were presented in Table 2.

Further analyses showed that the FA and MD values in OSA
in the hemisphere opposite to the tracts where we found sig-
nificantly lower FA and higher MD in OSA presented the same
trend. However, this pattern was not significant after the mul-
tiple comparison correction (p ~ 0.1). Comparing the hemispheric
asymmetry of FA and MD between OSA patients and controls,
we found that there was no significant deviation of either FA or
MD asymmetry for OSA patients from healthy controls (p > 0.1).

Comparison of neuropsychological tests

Patients with OSA showed a significantly slower speed of in-
formation processing composite score than controls (p = 0.008).
Verbal and visual memory composite scores were also lower in
the OSA group (p = 0.003 and p = 0.04, respectively). There were
no differences in other composite scores found between the two
groups. The details of the neuropsychological tests are summar-
ized in Table 3.

TSSA results associated with clinical,
polysomnographic, and cognitive parameters

Correlations of FA/MD values with clinical/polysomnographic
indices were not significant (p > 0.05). For the relationship be-
tween tract specific variables and neuropsychological param-
eters, the OSA group showed that FA values in the anterior
portion of the right UNC were significantly associated with digit
span backward (p = 0.02). The scores of the Rey Complex Figure
Test copy were positively correlated with FA values in the an-
terior portion of the right UNC (p = 0.01). Using general linear
models where we included one of the OSA severity variables
(i.e., AHI, AI, the lowest O, saturation (%)), and one of the cog-
nitive scores (i.e., digit span backward, Rey Complex Figure Test
copy) as independent variables and FA measurement as the de-
pendent variable, we then analyzed an interaction term of OSA
severity x cognitive score to assess the influence of OSA severity
on the association between FA and a cognitive outcome. In
the anterior portion of the right UNC where we found a correl-
ation between FA and cognitive scores, the interaction analysis
showed that the lowest level of O, saturation significantly en-
hanced the association between the FA value and performance
in Digit Span Backward and Rey Complex Figure tests (p < 0.02).
In a partial correlation adjusting for age, BMI, and AHI, the FA
values were still significantly correlated with digit span back-
ward, but not with the scores of the Rey Complex Figure Test
copy. The control group showed no significant correlation be-
tween FA values and neuropsychological measures. MD values
in the left UNC showed no significant association with clin-
ical, polysomnographic, and neuropsychological variables. The
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B. Uncinate fasciculus

A. Anterior thalamic radiations

Superior view Superior view

Right

Lateral view Lateral view

Figure 3. TSSA results presented different FA values between OSA and control groups for (A) anterior thalamic radiation and (B) uncinate fasciculus tracts. Red colors indi-
cate the portions of fiber tracts where FA values significantly reduced in OSA group compared to controls (p < 0.05). FA, fractional anisotropy; OSA, obstructive sleep apnea.

Table 2. Group comparison of diffusion coefficients in major white matter tracts

OSA mean MD
(x10-* mm?¥s)

Tract-wise
corrected P*

Control mean MD

Major tract ~OSA mMean FA (SD)  Control mean FA (SD)  Tract-wise corrected P* (x10° mm?s)

LH ATR 0.248 (0.1506) 0.271 (0.1476) 0.0096 0.812 0.807 0.5197
LH CST 0.4478 (0.1567) 0.423 (0.1478) 0.5190 0.629 0.594 -

LH GG 0.2788 (0.1722) 0.271 (0.1624) 0.0859 0.658 0.631 0.6016
LH IFO 0.2420 (0.1159) 0.251 (0.1220) 0.4252 0.6510 0.621 0.4051
LH ILF 0.2392 (0.1027) 0.246 (0.1022) 0.1136 0.574 0.583 0.3701
LH SLF 0.3326 (0.1582) 0.354 (0.1469) 0.2698 0.606 0.568 0.2522
LH UNC 0.2098 (0.1120) 0.2083 (0.1014) 0.6680 0.750 0.710 0.0085
RH ATR 0.3133 (0.1768) 0.3195 (0.1411) 0.0047 0.579 0.553 0.0924
RH CST 0.3739 (0.1872) 0.3772 (0.1818) 0.0837 0.684 0.667 0.4474
RH GG 0.2506 (0.1228) 0.2468 (0.1220) 0.4067 0.554 0.536 0.1514
RH IFO 0.2455 (0.1514) 0.2590 (0.1552) 0.1042 0.656 0.626 0.6467
RH ILF 0.3012 (0.1379) 0.3099 (0.1559) 0.1940 0.594 0.560 0.2790
RH SLF 0.2917 (0.1526) 0.2916 (0.1527) 0.3353 0.570 0.539 0.5092
RH UNG 0.1813 (0.1052) 0.1897 (0.1149) 0.0083 0.758 0.719 0.6300

OSA, obstructive sleep apnea; FA, fractional anisotropy; SD, standard deviation; MD, mean diffusivity; LH, left hemisphere; RH, right hemisphere; ATR, anterior thal-
amic radiation; CST, corticospinal tract; CG, cingulum; IFO, inferior fronto-occipital fasciculus; ILF, inferior-longitudinal fasciculus; SLF, superior-longitudinal fascic-

ulus; UNC, uncinate fasciculus. Bold values denote statistical significance at the p < 0.05 level.

*The lowest p-value from the cluster-based statistics for each fiber tract.

neuropsychological composite scores were not significantly cor-
related with FA/MD values in patients with OSA. The significant

results of the correlation analyses were represented after con-
trolling for age and BMI in Figure 4.



Table 3. Comparison of neuropsychological tests scores between
OSA patients and healthy controls

OSA group Control group P

Attention and executive func- -0.08 (0.47)  0.08 (0.41) 0.071
tioning composite score,
mean (SD)
Digit span, forward, mean 8.4(2.2) 9.6 (1.9) 0.017
(SD)
Digit span, backward, mean 7.4 (1.9) 8.1(2.0) 0.128
(sD)
Corsi block, forward, mean 8.4 (2.0) 10.7 (9.9) 0.071
(sD)
Corsi block, backward, mean 8.3 (1.6) 8.6 (1.4) 0.336
(SD)
Trail-making test A, mean 40.7 (12.7)  32.7 (10.9) 0.007
(sD)
Trail-making test B, mean 102.2 (45.3) 83.1(31.9) 0.045
(sD)
Stroop color test, mean (SD)  104.4 (13.3) 104.2 (11.6) 0.793
Information processing com-  -0.29 (0.73) 0.27 (1.15) 0.008
posite score, mean (SD)
Digit symbol test, mean (SD)  56.7 (10.4) 64.7 (16.4) 0.008
Verbal memory composite -0.25 (0.75) 0.23(0.86) 0.003
score, mean (SD)
Korean California Verbal Test
Total, mean (SD) 496 (11.2) 58.1(9.2) <0.001
Short delay free recall, mean  11.1(2.7) 12.7 (2.8) 0.006
(sD)
Long delay free recall, mean 11.7 (2.6) 13.2 (2.4) 0.001
(sD)
Recognition, mean (SD) 14.6 (1.6) 15.0 (1.3) 0.374
Visual memory composite -0.17 (0.73) 0.15 (0.84) 0.039
score, mean (SD)
Rey Complex Figure Test
Copy, mean (SD) 34.6 (2.2) 35.2(1.1) 0.415
Immediate recall, mean (SD)  23.1(6.5) 24.4(7.2) 0.400
Delayed recall, mean (SD) 22.9(6.1) 25.0 (6.3) 0.161
Recognition, mean (SD) 20.1 (1.9) 20.9 (2.1) 0.071
Verbal fluency composite -0.09 (0.78) 0.08 (0.60) 0.216

score, mean (SD)
Controlled Oral Word Association Test

Phonetic word fluency, mean  31.6 (13.9) 36.6 (13.2) 0.076
(SD)

Semantic word fluency, 35.3(8.9) 34.2 (6.9) 0.888
mean (SD)

OSA, obstructive sleep apnea; SD, standard deviation. Bold values denote statis-
tical significance at the p < 0.05 level.

Discussion

In this cross-sectional, case-control study, the TSSA method
demonstrates tract-specific abnormalities in OSA and their
correlations with polysomnographic parameters and neuro-
psychological deficits. More specifically, OSA patients showed
significantly decreased FA values in bilateral ATR and the right
UNC. Furthermore, the lower FA values in the right UNC in OSA
was associated with the decreased scores of digit span backward
and a low score of the Rey Complex Figure Test copy, suggesting
that altered tract-specific changes in the connections from
the anterior temporal lobe to the orbital cortex were related to
worse cognitive function. Due to significant gender-related dif-
ferences in the symptoms, diagnosis, consequences, and treat-
ment of OSA [24], the female OSA patients may be a different
phenotype and may not involve the same pathophysiology as
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the typical male OSA patient. Thus, mixing them with male OSA
patients would create confounding effects in the finding and
make interpretation difficult. To the best of our knowledge, our
data has provided new findings of brain connectivity, in terms of
fiber directions and local alterations of white matter tracts, with
worse cognitive function in men with OSA.

FA, a measure indicating the overall directionality of water
diffusion, presents a higher value for white matter tracts of high
integrity [25]. FA is sensitive to microstructural tract changes,
however, less specific to the type of changes. MD, which de-
scribes the magnitude of water diffusion within the brain tissue
regardless of the tract orientation, presents a low value in
healthy white matter tracts and becomes increased in abnormal
white matter tracts that are affected, for example, by inflam-
mation or edema. Our TSSA results demonstrated that the FA
values of untreated OSA were significantly reduced in bilateral
ATR and the right UNC compared to controls. The FA values of
the left UNC also represented a decreased trend, but were not
significant. The MD values of the left UNC were additionally in-
creased in the untreated OSA group, although the MD values
of the left UNC were not correlated with any clinical param-
eters. To elucidate the impact of OSA in lateralized difference,
further studies with a larger population should be conducted.
Although chronic intermittent hypoxia has been considered an
important pathomechanism of OSA-consequencing brain in-
jury [1, 26], our analysis dependent on cross-sectional data did
not clarify the possible association between polysomnographic
measures-related hypoxia and FA or MD values. However, our
interaction analysis discovered that oxygen desaturation is an
important mechanism in brain connectivity changes, because
hypoxic brain injury rather than the frequency of sleep apnea
abnormally enhances the association between decreased FA
and worse cognitive function. Our result is also supported by a
previous review study which provided collective evidence that
chronic intermittent hypoxia and neuroinflammation are major
contributing factors causing neuronal degeneration and subse-
quently provoking cognitive dysfunction [27].

Patel et al. reported that nocturnal hypoxemia predominantly
due to OSA was associated with white matter hyperintesities in-
dependent of other risk factors such as hypertension, diabetes,
and age [28]. Our data could be additional evidence of the influ-
ence of chronic intermittent hypoxia on the pathomechanism of
OSA. Previous studies with DTI revealed multifocal alterations of
white matter tracts in untreated OSA [6, 7, 29]. However, direc-
tional information, including the portion and length of altered
white matter tracts, was not estimated in these studies. Our
TSSA results of altered FA/MD values provide the focal portion
and length of deteriorated white matter tracts in patients with
untreated OSA.

Among the neuropsychological variables, a lower score
of digit span backward reflecting function of attention and
working memory was significantly associated with lower FA
values of the right UNC in the OSA group. Digit span forward is
an item that mainly evaluates focused attention, whereas digit
span backward is focused on sustained attention. Attention is
associated with medial/superior frontal cortical connectivity
[30]. The frontal and temporal lobes are the main structures for
the function of working memory [31], and the UNC is a major
white matter tract connecting the temporal lobe with the frontal
cortex [32, 33]. Also, the UNC is larger in the right hemisphere,
indicating greater right-sided frontotemporal connectivity [34].
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A. Digit span backward score with FA in right uncinate fasciculus

Superior view Lateral view

Right

Digit span backward score

B. Rey Complex Figure Test score with FA in right uncinated fasciculus

Superior view

Right

Lateral view

Rey Complex Figure Test score

Figure 4. Correlation analyses with adjusting age and BMI between FA values and neuropsychological parameters in OSA group. (A) Reduced FA values in right uncinate
fasciculus were significantly correlated with impaired performance of digit span backward, and (B) Low FA values in right uncinate fasciculus were associated with
impaired performance of Rey Complex Figure Test (p < 0.05). BMI, body mass index; FA, fractional anisotropy; OSA, obstructive sleep apnea.

A study in normal aging confirms that working memory per-
formance is associated with variation in connectivity of the
UNC [35]. Studies analyzing DTI in various neurological dis-
orders have reported that abnormalities in the UNC are associ-
ated with reduced working memory [36-38]. Our proposed DTI
method also demonstrated that reduced FA in the right UNC
was associated with impaired attention and working memory
in patients with OSA.

The OSA group showed that a lower score of the Rey Complex
Figure Test copy was significantly associated with lower FA
values in the right UNC. A decreased score of the Rey Complex
Figure Test copy is indicative of visuo-spatial dysfunction, al-
though the Rey Complex Figure Test immediate, delayed, and
recognition items are representative of visual memory func-
tion. Visuo-spatial dysfunction including visuo-spatial neglect
has been associated with injury to the fronto-parietal attention
network [39]. Furthermore, patients with more severe oxygen
desaturation presented a stronger association between low FA
value and worse cognitive performance. These results suggest
that visuo-spatial dysfunction, which is associated with dis-
rupted integrity of UNC connectivity, might be led by intermit-
tent oxygen desaturation in OSA.

Our TSSA method was capable of identifying tract-specific
white matter local deficits, unlike other methods such as

connectivity analysis and TBSS. Whole brain connectivity analysis
cannot investigate which part of fiber tracts undergoes changes
in diffusion parameters, but rather investigates alterations for the
whole white matter. On the other hand, TBSS captures regional
microstructural alterations. For each individual, TBSS computes
the maximum diffusion parameter value (e.g., FA) among the
voxels located along the direction perpendicular to the mean
skeleton, regardless of the tract specification, and projects the
maximum value onto the corresponding voxel of the mean skel-
eton. However, this projection may include the diffusion values
from non-target tracts if their values are maximum. Moreover,
the skeleton in TBSS is extracted based on the distribution of
the FA map for each tract without using the tensor orientation
information, which may yield anatomically suboptimal point-
wise correspondence across subjects [40]. To utilize the tensor
orientation information and subsequently ensure the accurate
classification of voxels into the corresponding tract, several ap-
proaches employ fiber tractography [41, 42]. Similar to these ap-
proaches, TSSA also considers the fiber orientation resulting
from the tractography. TSSA could thus capture local alteration
of the target tract more precisely than TBSS [10]. Moreover, the
TSSA approach is a registration-free method as it classifies each
streamline into one of the major tracts by clustering individual
streamlines based on their shapes and trajectories without using



predefined ROIs/atlases for masking streamlines. On the other
hand, other methods are atlas-based [41, 42|, requiring a spa-
tial normalization process [10, 17, 43-45], which may make these
methods involve additional registration errors.

Furthermore, cluster-based statistics were used to correct for
multiple comparisons in our tract-specific analyses, which may
provide results more efficacious [20] than other methods such
as Bonferroni correction, or the false discovery rate procedure
when variables in a probability space are mapped on a manifold
(e.g., a collection of points forming the tract skeleton).

Our study has several limitations. First, the controls and OSA
patients in the current study showed significant difference in
age, although we recruited middle-aged patients and controls.
Our statistical analyses took this into account by adjusting in-
dividual ages. Our study analyzed cross-sectional data which is
not a representative sample for the investigation of the harmful
effect of the severity of OSA-driven hypoxia on the brain. Next,
the corpus callosum was not included as a major anatomic
bundle in this study. The selection of commissural fiber tracts
could be considered in following studies. Third, the effect of
smoking was not adjusted for in our statistical analyses, though
smoking has been considered a factor that can significantly im-
pact white matter integrity [46]. Last, using the current dataset,
it is difficult to conclude whether the FA and MD changes are
lateralized exclusively to one hemisphere or not, and this may
require a larger sample study to clarify.

In conclusion, the adopted TSSA method enabled us to find
the specific portion and direction of disconnected fibers. Patients
with untreated OSA revealed impaired fiber integrity in bilateral
ATRs and the right UNC compared to controls. Furthermore, FA
values of the right UNC were significantly associated with per-
formance of attention and working memory and visuospatial
memory in the patients. Our results might provide new insight
into the pathomechanism of OSA with disrupted integrity of
white matter tracts. A previous study from our group demon-
strated that cortical atrophy led by OSA can be recovered by
long-term treatment using continuous positive airway pressure
[47]. Whether the impaired white matter fiber integrity found in
the current study is reversible remains unclear; a further study
is demanded to investigate the effect of treatments such as con-
tinuous positive airway pressure on the white matter integrity
in OSA patients.
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