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INTRODUCTION
Obstructive sleep apnea (OSA) is a prevalent sleep disorder 

characterized by recurrent episodes of complete or partial col-
lapse of the upper airway that are associated with intermittent hy-
poxemia and recurrent arousals from sleep.1 Deficits in memory, 
attention, and visuoconstructive abilities frequently accompany 
OSA.2 The pathophysiology of these deficits remains controver-
sial, although the main contributory factors are presumed to be 
sleep fragmentation and intermittent nocturnal hypoxemia during 
sleep apnea.3 Deterioration of cognitive performance has been 
significantly correlated with the degree of nocturnal hypoxemia 
and the severity of nocturnal breathing irregularities.4

The structural changes seen via brain magnetic resonance 
imaging (MRI) imply the chronic state of disease rather than the 
functional alteration of glucose metabolism or regional blood 
flow. Differences in brain morphology that are not identifiable 
by routine visual inspection of individual brain MRI scans 
can be investigated using voxel-based morphometry (VBM). 
Previous VBM studies reported equivocal results in patients 
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with OSA. They can display selectively decreased gray matter 
volume in the limbic-paralimbic structures5 and some cortical 
areas.6 We reported reduced gray matter concentration (GMC) 
in prefrontal and limbic cortices and cerebellum in untreated 
patients with OSA7 and suggested that significant morphologi-
cal changes in the brains of patients with OSA may explain 
the incomplete modulation of upper airway motor function or 
cardiovascular and respiratory control during sleep4 and cogni-
tive decline.7 However, other investigators could not find any 
gray matter deficits or focal structural changes in patients with 
OSA.8 The discrepancies in the results between VBM studies 
mayt be due to differences in the analysis processes used and 
in the clinical characteristics of patients. Moreover, the VBM 
methods can be inaccurate in representing gray matter morphol-
ogy and localization in the sulcal regions, where the fine details 
of the anatomy are often obscured by a partial volume effect.

Cortical thickness measurement has been suggested in stud-
ies of gray matter morphometry as a strategy for overcoming the 
limitation of volumetric analyses.9 A cortical thickness analysis 
performed at the nodes of a three-dimensional (3-D) polygonal 
mesh has the advantage of providing a direct quantitative index 
of cortical morphology.10 In contrast to VBM, cortical thick-
ness measured from the cortical surfaces differentiates between 
cortices of opposing sulcal walls within the same sulcal bed, 
enabling more precise measurement in deep sulci and analysis 
of the morphology as a cortical sheet.10,11

There have been no studies of brian cortical thickness in 
OSA patients. The aim of this study was to investigate the dif-
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ferences in cortical thickness between untreated OSA patients 
and controls using an advanced surface-based method that al-
lows for more precise thickness measurements of the complex 
cerebral cortical structure and localized regional mapping.

METHODS

Patients
Forty-three male patients with severe OSA were recruited 

from the sleep disorder clinic of the Sleep Center, Samsung 
Medical Center, Seoul, South Korea. Inclusion criteria were 
male sex, age older than18 y but younger than 55 y, and an 
apnea-hypopnea index (AHI) greater than 30. Thirty-six age-
matched controls were recruited using an advertisement in a 
local community. Each candidate had a detailed clinical in-
terview, sleep questionnaire, and overnight polysomnography 
(PSG). Control candidates were excluded if they exhibited evi-
dence of OSA (AHI greater than 5) or evidence for other sleep 
disorders such as periodic limb movement disorders. Exclusion 
criteria for patients with OSA and controls were: (1) mean daily 
sleep time < 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 psychoac-
tive medications, and (8) a structural lesion on brain MRI. Five 
patients who showed diffuse brain atrophy on brain MRI were 
excluded from the patient group. Finally, 38 patients with OSA 
and 36 controls were included in the current study. Informed 
consent was obtained from all patients and the institutional re-
view board of this hospital authorized the study protocol.

Overnight PSG
The day before sleep studies, patients were asked to abstain 

from drinking alcohol or caffeinated beverages. Sleep studies 
were recorded using Somnologica (Embla; Denver, CO, USA). 
PSG was recorded from approximately 23:00 to 07:00 the next 
day. Sleep architecture was scored in 30-sec epochs based on 
Rechtschaffen and Kales rules for sleep. Apneas and hypopneas 
were defined by standard scoring12 and arousals were classified 
according to American Sleep Disorders Association rules.13

Neuropsychological Assessments
Patients with OSA and controls underwent a battery of neuro-

psychological tests and an individual standardized intelligence 
test. Neuropsychological tests consisted of the Korean Califor-
nia Verbal Test and the Rey Complex Figure Test (RCFT) for 
memory function; digit span tests from the Wechsler Memo-
ry Scale-Revised and Corsi block tapping tests (forward and 
backward) for attention and working memory; and the Korean 
Boston naming test for verbal function. Detailed information 
regarding these tests was described in a previous article.14 The 
battery of tests required 2.5 h to complete.

Magnetic Resonance Imaging
MRI was performed using a Philips 3.0 Tesla scanner 

(Achieva, Philips Medical Systems, Best, the Netherlands) us-
ing a 16-channel head coil. All patients underwent 3-D T1- and 

T2-weighted, and fluid attenuated inversion recovery (FLAIR) 
imaging protocols. T1-weighted images were obtained using 
the following scanning variables: sagittal 0.5 mm thickness, 
360 slices, no gap, repetition time/echo time = 9.90/4.60 ms, 
flip angle = 8°, number of excitations = 1, sensitivity encoding 
factor = 2.0, overcontiguous slices with 50% overlap, matrix 
size of 480 × 480 over a field of view of 240 × 240 mm, and 
reconstructed voxel dimension of T1-weighted images = 0.50 × 
0.50 × 0.50 mm. Scans were visually checked for image quality. 
If an artifact was present, the scan was repeated.

Cortical Surface Extraction and Measurement of Cortical 
Thickness

All T1-weighted MRI scan data were submitted to the auto-
mated anatomical pipeline developed at the laboratory of Alan 
C. Evans, Montreal Neurological Institute (MNI) for measur-
ing cortical thickness.15,16 T1-weighted images were registered 
into the ICBM152 template using the affine transform and 
corrected for intensity variations due to B1-field inhomogene-
ities.17,18 Registered T1-weighted images were classified into 
four categories (gray matter, white matter, cerebrospinal fluid, 
and background) using a neural net algorithm after brain extrac-
tion.19 Cortical surfaces were extracted using the Constrained 
Laplacian Anatomic Segmentation using Proximity (CLASP) 
method with 40,962 vertices for each hemisphere.20 The ex-
tracted surfaces were normalized for corresponding vertexes 
between individual patients using the surface-based registra-
tion.21 Surfaces were transformed back into each patient’s na-
tive space and cortical thickness was calculated using the t-link 
method, which measures the Euclidean distances between the 
corresponding vertices of the inner (gray matter/white matter 
interfaces) and outer (cerebrospinal fluid/gray matter interface) 
surfaces.22 Cortical thickness map was subsequently smoothed 
using surface-based diffusion kernel with a 20 mm full width at 
half maximum.23

Every result of automated pipeline was carefully checked 
by two inspectors (blinded to subject information) to confirm 
the absence of MRI artifact and processing error. Four im-
ages were manually corrected for the registration and/or brain 
extraction error.

Statistical Analyses
Statistical analysis was performed using the Surfstat toolbox 

created at the laboratory of Keith J. Worsley.24 Both hemispheres 
were tested together after masking subcortical and ventricular 
regions out on the cortical surface model. Therefore, a total of 
78,570 vertices were included in the statistical test. To estimate 
the neuroanatomical alterations between patients with OSA and 
controls, a vertex-wise general linear model (GLM) approach 
was applied for native cortical thickness with the effect of age 
and brain size taken into account.10

For the correlation analysis, the demographics (age, body 
mass index), PSG parameters in Table 1 and scores of neuro-
psychological tests in Table 2 were tested using GLM against 
the native cortical thickness with the effect of age and brain 
size taken into account. Patients with OSA and controls were 
tested separately to avoid confounding effects of the different 
clinical states between groups. To test the hypotheses of re-
gional specific covariates effects, the estimates were compared 
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using two linear contrasts (positive or negative correlation). 
The multiple comparisons were controlled by false discovery 
rate (FDR) method for the group differences.25 We reported 
cortical regions reaching a significant level of FDR corrected 

P < 0.05. Illustration of effect size (Cohen d) between two 
groups was described. To show the relationship between the 
tested factors and cortical thickness, we selected a significant 
level of P < 10-3. The major peak vertices were reported as 

Table 1—Subjects characteristics

Patients with OSA Healthy controls P
Mean age, years 43.7 ± 6.4 (33-56) 43.7 ± 5.3 (32-54) 0.523
Body mass index, kg/m2 26.1 ± 3.1 (24-33) 25.8 ± 3.1 (23-29) 0.324
Polysomnographic parameters

Total sleep time 325 ± 61.4 (206.5-435.0) 381.7 ± 37.5 (312.0-440.0) < 0.001a

Mean sleep latency, min 25.1 ± 42.0 (0.5-55) 15.5 ± 10.4 (5.5-45) 0.058
Mean AHI, per hour 53.5 ± 20.7 (32.0-100.5) 2.8 ± 1.0 (0.5-4.5) < 0.001a

Mean RERA, per hour 3.2 ± 2.9 (0.5-15.5) 1.0 ± 1.0 (0-4.2) 0.002a

Mean RDI, per hour 56.6 ± 18.7 (31.0-107.0) 3.0 ± 2.1 (0-6.8) < 0.001a

Mean AI, per hour 56.8 ± 13.8 (20.5-103.5) 10.5 ± 6.7 (5.0-15.5) < 0.001a

Respiratory arousal, % 71.0 ± 19.5 (19.6-95.5) 29.7 ± 22.6 (0-71.4) < 0.001a

N 1, % 39.6 ± 21.5 (8.0-65.3) 6.8 ± 9.1 (4.3-12.8) < 0.001a

N 2, % 38.5 ± 15.5 (10.5-64.5) 50.5 ± 18.6 (30.5-65.4) 0.023a

N 3, % 0.5 ± 6.3 (0-15.9) 12.3 ± 3.6 (8.5-15.3) < 0.001a

REM, % 10.5 ± 4.8 (0-25.8) 23.9 ± 5.5 (17.3-31.0) < 0.001a

% TST < 90% 14.5 ± 10.6 (5-60.1) 0.10 ± 0.15 (0-0.30) < 0.001a

Apnea maximum duration (sec) 58.7 ± 27.1 (15.4-129.2) 9.7 ± 10.3 (0-0.25.8) < 0.001a

Mean ESS 12.4 ± 6.7 (3-20) 3.0 ± 2.4 (0-8) < 0.001a

Mean SSS 2.8 ± 1.5 (1-6) 1.7 ± 1.0 (0-3) 0.010a

Beck Depression Index 12.5 ± 4.3 (5-20) 5.0 ± 3.7 (3-9) 0.025a

aIndependent t-test, P < 0.05. AHI, apnea-hypopnea index; AI, arousal index; ESS, Epworth Sleepiness Scale; OSA, obstructive sleep apnea; RDI, respiratory 
disturbance index (= AHI + RERA); REM, rapid eye movement; RERA, respiratory effort-related arousal; SSS, Stanford Sleepiness Scale; % TST < 90%, 
percentage of total sleep time spent at oxygen saturations less than 90%. All values are expressed as mean ± standard deviation and the range of values 
is in parentheses.

Table 2—Comparison of neuropsychological tests scores between patients with OSA and healthy controls

Tests OSA, mean (SD) Healthy controls, mean (SD) t P
Attention

Digit span, forward 8.2 (2.1) 9.4 (2.0) -2.4 0.063
Digit span, backward 6.7 (2.0) 8.2 (2.1) -3.1 0.009a

Corsi block, forward 9.1 (2.1) 10.0 (2.2) -1.6 0.336
Corsi block, backward 8.4 (1.9) 9.6 (1.2) -3.1 0.009a

Speed of processing
Digit symbol test 61.5 (14.4) 71.3 (12.6) -2.71 0.021a

Memory
K-CVLT, total 47.8(11.7) 55.7 (8.7) -3.2 0.006a

K-CVLT, short delay free recall 9.9 (3.4) 11.6 (2.7) -2.4 0.063
K-CVLT, long delay free recall 10.7 (3.3) 12.0 (2.5) -1.9 0.198
K-CVLT, recognition 14.3 (1.7) 15.0 (1.2) -1.9 0.18
RCFT, immediate recall 21.6 (6.6) 24.7 (5.7) -2.1 0.117
RCFT, delayed recall 20.6 (6.1) 23.3 (5.4) -2 0.159
RCFT, recognition 19.6 (1.9) 20.6 (1.8) -1.45 0.48

Visuospatial function
RCFT, copy 34.2 (2.1) 35.5 (0.8) -3.6 0.003a

aP < 0.05, t-tests for dependent measures after the correction of multiple comparisons. K-CVLT, Korean California Verbal Learning Test; OSA, obstructive 
sleep apnea; RCFT, Rey Complex Figure Test; SD, standard deviation.
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a scatter plot between significant factors and standardized re-
siduals of cortical thickness.

RESULTS

Clinical Characteristics
All patients with OSA and controls were right-handed, mid-

dle-aged males. T1, T2, and FLAIR images were inspected to 
exclude patients with OSA or controls who had gross structural 
abnormalities in brain MRIs. Clinical characteristics and de-
tailed PSG findings of subjects are summarized and compared 
in Table 1. Three of 38 patients had periodic limb movement 
during sleep (PLMS) (total PLMX index, 31.5-54.1/h; move-
ment arousal index, 1.5-9.5/h), whereas none of the controls did. 
Seven patients with OSA who reported severe daytime sleepi-
ness (Epworth Sleepiness Scale 18-20) underwent the Multiple 
Sleep Latency Test (MSLT) on the day following PSG. Mean 
sleep latency for the MSLT in these seven patients was 9.0 ± 3.5 
min (range, 5.4-15.0). A sleep-onset rapid eye movement pe-
riod was not observed. Patients with OSA reported significantly 
more depressed mood than controls (mean Beck Depression 
Inventory [BDI] score: 12.5 versus 5.0, P = 0.025). Patients ex-
perienced more general depressive symptoms than controls (9.4 
± 3.8 versus 2.6 ± 2.1, P = 0.001) , but not somatic symptoms of 
BDI subscales (3.3 ± 1.5 versus 2.4 ± 2.2, P = 0.057).

Neuropsychological Tests
Intelligence quotients were not different between groups, 

but patients with OSA showed significantly slower speed of 
processing than controls. Scores of sustained verbal and visual 
attention were significantly decreased in patients with OSA, 
whereas scores of momentary attention were spared. Patients 
showed overall lower performance in verbal and visual mem-
ory tests although this result was no longer significant with 

correction for multiple comparisons. However, patients had 
significant difficulty in learning of verbal memory and impaired 
visual vigilance tasks (Table 2).

Cortical Thickness Analysis
The mean cortical thickness across the whole brain was sig-

nificantly thinner (t = 3.14, P < 0.005) in patients with OSA 
(3.10 ± 0.78 mm) compared with controls (3.17 ± 0.97 mm) 
after controlling for age and brain size effect (Figure 1). Sig-
nificant cortical thinning in patients with OSA was found in 
the dorsolateral prefrontal regions, the ventromedial prefron-
tal cortices, bilateral precentral/postcentral gyri, left anterior 
cingulate gyrus, left insula, left inferior parietal lobule, right 
supramarginal gyrus, right precuneus, bilateral uncus, left 
parahippocampal gyrus, right fusiform gyrus, and the later-
al temporal regions at the level of FDR corrected P < 0.05, 
which corresponds to nominal P < 0.0016 (Figure 2). The t-
values and regional information of peak vertexes in the corti-
cal thickness comparison are summarized in Table 3. There 
were no significant brain regions with increased cortical thick-
ness in patients with OSA.

Correlation analyses were performed between regional corti-
cal thickness and patients’ data. In patients with OSA, signifi-
cant negative correlations were found between several cortical 
areas and arousal index (per h), respiratory arousals (%), and the 
longer apnea maximum duration (sec) (Table 4, Figure 3). Other 
PSG parameters did not show significant correlations. Among 
neuropsychological tests, recognition scores in RCFT showed 
significantly positive correlations with the cortical thickness 
of right parahippocampal gyrus (x : y : z = 26.6 : -0.6 : -27.7, 
t = 4.14) and right uncus (x : y : z = 24.5 : 0.6 : -29.9, t = 4.10) 
at the level of P < 10-3. The t-values and regional information 
of peak vertexes in the correlation analysis of cortical thickness 
are summarized in Table 4. In controls, there was no significant 
correlation of cortical thickness with any data.

DISCUSSION
In the current study, a cortical thickness analysis was per-

formed to identify cerebral structural abnormalities in untreated 
patients with OSA compared with age-matched controls.

Cortical Thinning of the Dorsolateral Prefrontal Regions and 
Inferior Parietal Lobules in Patients with OSA

The current study showed a significant cortical thinning for 
patients with OSA in the dorsolateral prefrontal regions (left or 
right superior to inferior frontal gyri) as well as the left inferior 
parietal lobule. The dorsolateral prefrontal cortex is responsible 
for planning, working memory, and attention.26 The inferior pa-
rietal lobule also has been implicated in attention processing.27

OSA leads to sleep fragmentation and a chronic sleep-de-
prived state. Patients with OSA frequently report neurocognitive 
problems as well as daytime sleepiness.4,5 Sleep disturbances 
preferentially lead to dysfunction in the prefrontal cortex, a re-
gion of the brain that controls behavioral inhibition, set shifting, 
and self-regulation of affect and arousal.28 These OSA-induced 
functional deficits cannot be accounted for by sleepiness itself 
and may represent neuronal damage.29

Previously untreated patients with OSA with impairments 
in most cognitive areas and mood, and sleepiness have shown 

Figure 1—Group difference of mean cortical thickness. Significant 
cortical thinning in the patients with OSA (3.10 ± 0.78 mm) compared 
with controls (3.17 ± 0.97 mm) after controlling for age and brain size 
(t = -3.14, P < 0.005). In the box plot, the central rectangle spans the 
25th to the 75th percentile. A segment inside the rectangle shows the 
50th percentile (median) and whiskers above and below the box show the 
locations of the minimum and maximum value.
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focal reductions of gray matter in the superior frontal gyrus 
and posterior parietal cortex.30 Data from the current patients 
showed that higher arousal indices and respiratory arousals 
(%) were closely correlated with cortical thinning in the dor-
solateral prefrontal cortices or inferior parietal lobule. Re-
spiratory arousal (%) of the patients with OSA was higher 
(mean 71.0%) than in controls (29.7%), which may imply 
that sleep fragmentation of OSA patients occurred mostly due 
to sleep disordered breathing. In addition, the higher respi-
ratory arousals (%) were related to the longer apnea maxi-
mum duration in the patients (r = 0.536, P = 0.001). Apnea 
maximum durations of the patients (mean, 58.7 sec) were 
also inversely correlated to cortical thickness in dorsolateral 
prefrontal regions.

Therefore, these findings suggest that sleep fragmentation 
(frequent awakenings due to sleep apneas) and accompanying 
oxygen desaturation are strongly associated with brain tissue 
damage in regions involved in several cognitive domains such 
as prefrontal cortices and inferior parietal lobule.

Cortical Thinning of the Pericentral (Precentral and Postcentral) 
Gyri in Patients with OSA

This study revealed significant cortical thinning of the bilater-
al pericentral (precentral and postcentral) areas in patients with 
OSA. Moreover, cortical thinning in the left or right pericentral 
gyri was correlated with arousal indices, respiratory arousals 
(%), and apnea maximum duration. Snorers and patients with 
OSA display upper airway neuromuscular abnormalities during 
wakefulness. The damage resulting from mechanical vibration 
or trauma and/or hypoxemia associated with repetitive upper 
airway collapse may further impair sensorimotor function.31 It 
has been noted that the tongue of patients with OSA might be 
vulnerable to fatigue, possibly because of structural changes in 
muscle fiber types, and that the neuromuscular abnormality of 

the tongue may contribute to OSA progression.32 The tongue 
sensory region has been localized to a unique gyral structure 
at the base of the postcentral gyrus with cortical stimulation.33 
Functional MRI had revealed that tongue elevation activates 
the lateral precentral and postcentral gyri, with larger activa-
tion in the left hemisphere34 while a lower face sensory task had 
activated a characteristic narrowed portion of the postcentral 
gyrus located immediately above the triangular sensory tongue 
area.35 In patients with OSA and Cheyne-Stokes breathing, no-
table functional MRI signal changes have been reported in the 
inferior part of the postcentral gyri; the signal reduction in the 
sensory cortex was located in the region receiving information 
from the face during apneic events.36

Thus, cortical thinning of the inferior part of the postcentral 
gyri in patients with OSA may provide structural evidence of 
sensory abnormalities in the tongue, which is one of the upper 
airway dilator muscles. More frequent arousals due to bouts of 
sleep apnea and increased thinning in the precentral and post-
central gyri support the hypothesis that repetitive upper airway 
collapse may further impair sensorimotor function and contrib-
ute to disease progression.

Cortical Thinning of the Anterior Cingulate and Insula in 
Patients with OSA

The cingulate and insula are involved in cardiovascular 
control. The insular cortex receives nociceptive and visceral 
sensory input, and exerts significant influences on sympa-
thetic and parasympathetic nervous system activity.37 Insular 
functional MRI signals can be disturbed in Valsalva38 and cold 
pressor challenges39 in patients with OSA, who display in-
creased sympathetic tone and higher heart rates.40 The cingu-
late cortex is a key component of the the Papez circuit and is 
involved in functions of the gut and emotions. This structure 
is also related to the control of certain autonomic functions, 

Figure 2—Localized cortical thinning in patients with OSA. Illustration of the statistical map reaching false discovery rate corrected P < 0.05 (A) and effect 
size (B) of group difference accounting for age and brain size. Blue color indicates thinner cortex. Detailed regional information is presented in Table 3.
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including respiration, blood pressure, and salivary secretion. 
The cingulate areas are activated by dyspnea, breathlessness, 
and emotion related to the need for air, which demonstrates 
that the cingulate cortex has a complex and indirect relation-
ship with central networks that control respiration.41 A recent 
study confirmed excess cardiac events over a 10-y period in 
patients with untreated severe OSA.42 VBM analyses of pa-
tients with OSA showed reduced GMC in anterior cingulate 
and insula areas,43 similar to the current findings. It should be 
acknowledged that the anterior cingulate and anterior insula 
are the most common regions enrolled by different mental 
processing and pathologic changes and therefore are the least 
able to support strong reverse inferences.43 Nevertheless, the 
significant correlations between higher respiratory arousal 
percentage and cortical thinning of anterior cingulate region 
as well as between the longer apnea duration and cortical 
thinning of the inferior parietal lobule suggest that affective 
and cardiovascular disturbances may occur in patients with 
severe OSA.

Cortical Thinning of the Basal and Lateral Temporal Cortices in 
Patients with OSA

Patients with OSA showed cortical thinning in the uncus, 
basal temporal (parahippocampal and fusiform gyri), and 
lateral temporal regions (superior to inferior temporal gyri). 
Structural abnormalities of the lateral temporal cortices found 
in patients with OSA have been reported in several VBM stud-
ies.6,7,44 In a brain single-photon emission computed tomog-
raphy study, the regional cerebral perfusions of patients with 
OSA were significantly reduced in the basal temporo-occipital 
area (parahippocampal and lingual gyri).45 The parahippocam-
pal gyrus plays an important role in the formation and retrieval 
of topographic memory and memories of scenes. Significant 
activation of the parahippocampal gyrus was observed in the 
episodic autobiographic images of controls in a functional 
MRI study.46 In an adult rodent model, intermittent hypoxia, 

Table 3—Brain regions showing significant decrease of cortical thickness 
using a surface-based method in patients with OSA compared with 
controls

MNI coordinates (mm)
Location Side x y z t 

Superior frontal gyrus L -4.4 60.8 -19.6 -4.37
R 3.8 54.2 28.3 -3.17

Middle frontal gyrus L -41.9 37.2 30.2 -3.91
Inferior frontal gyrus L -62.5 5.8 15.8 -3.36
Orbital gyrus L -3.8 54.9 -23.6 -4.11
Rectal gyrus L -5.3 55.1 -24.2 -4.19
Medial frontal gyrus L -4.4 61.9 -18.4 -4.31

R 4.1 53.1 27.5 -3.16
Precentral gyrus L -66.6 -10.4 22.9 -4.8

R 66.1 -10 26 -3.19
Postcentral gyrus L -66.1 -12.6 22.7 -4.92

R 65.5 -12.1 25.7 -3.41
Anterior cingulate gyrus L -6.3 39.4 25.1 -3.48
Insula L -38 -2.3 -2.4 -3.82
Inferior parietal lobule L -63.8 -25.4 24.4 -3.67
Supramarginal gyrus R 60 -47.8 21.7 -3.2
Precuneus R 15.4 -70.8 40.4 -3.11
Uncus L -38.2 -9.8 -41.9 -3.86

R 38.8 -11.1 -36.8 -3.08
Parahippocampal gyrus L -21 -23.6 -16 -4.16
Fusiform gyrus R 52.9 -23.7 -32.1 -4.33
Superior temporal gyrus L -63.8 -33.7 5.4 -4.23

R 64.7 -36.9 16.1 -3.19
Middle temporal gyrus L -63.8 -31.8 4.1 -4.15

R 65.9 -42.6 -0.5 -3.56
Inferior temporal gyrus L -41.9 -10.4 -41.1 -4.3

R 47.1 -15.6 -35.9 -4.44

Note that all reporting peak areas are significant at the level of corrected 
P < 0.05 (false discovery rate). L, left; MNI, Montreal Neurological 
Institute; R, right.

Table 4—Brain regions showing significantly negative correlation 
between cortical thickness and polysomnographic parameters in patients 
with OSA

MNI coordinates (mm)
Location Side x y Z r 
Arousal index, per hour
Superior frontal gyrus L -34.4 60.3 -9.3 -0.51
Middle frontal gyrus L -35.6 60.1 -8.7 -0.52
Precentral gyrus L -39.8 -30.4 69.1 -0.61
Postcentral gyrus L -43.2 -31.1 66.9 -0.65
Parahippocampal gyrus R 14.8 -34 -10.1 -0.51
Middle temporal gyrus L -54.6 -57.4 -15.4 -0.53

R 53 -55.4 -15.6 -0.55
Inferior temporal gyrus L -56.3 -56.6 -16.5 -0.54

R 54.3 -56.2 -16.2 -0.58
Respiratory arousal, %
Medial frontal gyrus L -13.0 -11.8 68.3 -0.52 
Superior frontal gyrus L -18.9 -1.3 72.2 -0.56 

R 17.1 -8.7 67.8 -0.52 
Middle frontal gyrus L -35.9 -3.5 48.9 -0.57 

R 21.2 -8.5 66.6 -0.53
Precentral gyrus L -39.8 -30.4 69.1 -0.56 
Postcentral gyrus L -44.3 -31.0 65.9 -0.58 

R 41.3 -31.7 48.0 -0.60 
Anterior cingulate gyrus L -0.7 5.6 -1.9 -0.63
Inferior parietal lobule R 37.9 -31.7 44.1 -0.53 

Apnea maximum duration, sec
Superior frontal gyrus L -32.6 55.8 1.8 -0.51
Middle frontal gyrus L -32.7 55.1 3.9 -0.52
Precentral gyrus R 57.1 1.9 6.5 -0.55
Postcentral gyrus R 35 -36 60 -0.52
Inferior frontal gyrus R 49.4 2.3 4.1 -0.55
Parahippocampal gyrus L -25.6 -9.3 -26.1 -0.53
Precuneus L -11.3 -82.2 36.7 -0.52

R 8.8 -85.2 39.6 -0.57

Note that all reporting peak areas are significant at the level of P < 10-3. L, 
left; MNI, Montreal Neurological Institute; R, right.
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which may be observed in patients with OSA, was associated 
with neurodegenerative changes in the hippocampus and neo-
cortex.47 Rats exposed to chronic hypoxia display significant 

spatial-learning impairment in the Morris water maze.48 The 
uncus and lateral temporal neocortex are closely connected to 
the limbic cortex, which is responsible for memory and mood 

Figure 3—Brain areas showing significant relationships between local cortical thickness and patients’ polysomnography parameters. Significant negative 
correlations between cortical thickness and arousal index (per hour), respiratory arousal (%), and apnea maximum duration (sec) at the level of P < 10-3 after 
accounting for the effect of age and brain size. The x-axis indicates polysomnography parameters; the y-axis indicates standardized residuals of cortical 
thickness at peak vertices. Detailed regional information listed in Table 4.
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status, and is susceptible to hypoxic damage in an animal mod-
el of OSA.49 Also, we observed that higher arousal indices and 
longer apnea maximum duration were significantly related to 
cortical thinning of basal or lateral temporal regions and to de-
creased ability in verbal and visual attention as well as memory 
tasks in the patients.

Attention and memory are closely related, and so a person 
with attention deficits frequently complains of memory impair-
ment rather than difficulties paying attention. In this study, pa-
tients had significant problems in maintaining attention and in 
verbal memory learning. On the contrary, their retention abil-
ity for long-term memory (delayed recall and discriminability) 
was relatively preserved. Although recognition scores in RCFT 
were not significantly lower in patients with OSA than controls, 
a substantial correlation was found with cortical thickness in 
right parahippocampal gyrus and uncus. The cortical thinning 
in patients with OSA compared with controls was significant at 
FDR corrected P < 0.05. However, all significant results in the 
correlation analyses at uncorrected P < 0.001 were not main-
tained after correcting for multiple comparisons. This might be 
due to the relatively small sample size and to the interindividual 
differences in baseline scores of patients’ neuropsychological 
tests. Daytime sleepiness and poor quality of sleep may also 
affect the cognitive function of patients. A cross-sectional study 
has limitations in evaluating whether cognitive changes were 
caused by OSA itself or by the brain structural changes. A lon-
gitudinal study with follow-up brain MRI and neuropsycholog-
ical tests in large samples is needed to address this limitation. 
Memory complaints in patients with OSA appears to be associ-
ated with problems in attention and initial registration process 
of memory. A negative correlation between cortical thickness of 
the inferior parietal lobule, which is related to the attention pro-
cessing, and the higher respiratory arousals observed in our pa-
tients may support the impaired attention in patients with OSA.

Thus, these findings suggest a significant relationship be-
tween poorer sleep quality due to sleep apneas and cortical 
thinning in basal and lateral temporal cortices as well as in-
ferior parietal lobule, which may be associated with attention, 
memory impairment, and spatial-learning deficits found in the 
untreated patients with OSA.

Cortical Thinning of the Ventromedial Prefrontal Cortex in 
Patients with OSA

Patients with OSA exhibit a high incidence of depression, 
with up to half of patients experiencing depressive symptoms.50 
The patients enrolled in the study reported more depressive feel-
ings on the BDI scores (mean 12.5) than control patients (5.0), 
although no patient had taken antidepressants and no previous 
diagnosis of a major depressive disorder had been made. De-
pressive symptoms seem to contribute to the brain alterations 
found in patients with OSA, or the neural pathology accompa-
nying OSA fosters development of depressive symptoms.51 The 
ventromedial prefrontal cortex contributes to awareness and 
emotional processing.52 A H2

15O positron emission tomography 
study of depressive patients revealed reduced cerebral activity 
and cortical volume loss in the frontal cortex ventral to the genu 
of the corpus callosum.53

Although statistically significant correlations were not found 
between orbital cortex and BDI scores, cortical thinning of the 

orbitorectal gyri of patients implicates the possible relationship 
of OSA with mood disturbances of the patients.

Comparison of the Cortical Thickness Analysis and Voxel-Based 
Morphometry Results in Patients with OSA

VBM is a commonly used method to investigate neuroana-
tomical correlates of neurological disorders.54 Previous VBM 
studies of OSA have produced inconsistent results.6-8,43,55 Even 
though these studies used the same VBM method, the detailed 
processes used (e.g., the SPM version, modulated or unmodu-
lated, grand mean scaling, and absolute or relative threshold-
ing) differed.56 However, differences in subject selection and 
methodological issues may result in equivocal results. Howev-
er, the results of a cortical thickness analysis may be less prone 
to variation between laboratories because thickness measure-
ment procedures are quite consistent.57 Previously, bilateral 
reduction of GMC was reported in most portions of cingulate 
gyri, caudate nuclei, thalami, and frontal and temporal cortices 
including amygdalo-hippocampal areas and cerebellar hemi-
spheres in patients with OSA.8 Cortical thinning of the dorso-
lateral and ventral prefrontal areas, anterior cingulate, insula, 
and lateral temporal areas in our patients with OSA appears to 
be consistent with the regions where we observed significant 
reduced GMC in the previous VBM study.7 The main difference 
between the two methods was that the regions of interest in 
the cortical thickness analysis did not involve subcortical areas 
such as the basal ganglia or thalamus.

We found that unilateral cortical thinning emerged in the 
ventral lateral frontal cortex, anterior cingulate cortex, insula, 
and parietal cortex in the left hemisphere. Although the uni-
lateral gray matter deficiency in particular sites provides evi-
dences against global effects of apnea, it should be considered 
that a greater proportion of regions showing unilateral cortical 
thinning is located in well-perfused areas and would be less 
susceptible to ischemic damage. Brain regions might have dif-
ferent susceptibility to ischemic insults58 and numerous neuro-
imaging studies have shown asymmetrical findings.4-8,11,30,44,45,55 
Physiological changes accompanied by OSA were fluctuations 
in blood pressure, cerebral blood flow,59 or intracranial pres-
sure,60 and altered cerebral vasomotor reactivity.61 These chang-
es might play a role in asymmetric structural and functional 
changes in patients. It could be assumed that bilateral corti-
cal thinning might result from ischemic or other physiologic 
changes accompanying obstruction and that unilateral change 
may originate from an initial brain insult or ischemic event, 
which leads to a cascade of neural damage resulting in inef-
fective capabilities to respond to minor respiratory challenges 
during sleep.6

In conclusion, this work presents a regional decreased pat-
tern of cortical thickness in untreated patients with OSA. The 
cortical thinning of the dorsolateral and ventromedial prefrontal 
regions, inferior parietal lobules, anterior cingulate, insula, and 
basolateral temporal regions may provide possible neuroana-
tomical substrates related to disturbances in executive func-
tion, upper airway sensorimotor dysregulation, cardiovascular 
disturbances, and attention-memory and mood problems in pa-
tients with OSA. These changes may be closely linked to sleep 
fragmentation and oxygen desaturation resulting from repeti-
tive episodes of sleep apnea.
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