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DECREASED REGIONAL CEREBRAL PERFUSION IN OSA
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Study Objectives: To investigate gray matter volume and concentration and cerebral perfusion in people with untreated obstructive sleep apnea
(OSA) while awake.
Design: Voxel-based morphometry to quantify gray matter concentration and volume. Arterial spin labeling perfusion imaging to quantify cerebral
perfusion.
Setting: Lying supine in a 3-T magnetic resonance imaging scanner in the early afternoon.
Participants: 19 people with OSA (6 females, 13 males; mean age 56.7 y, range 41–70; mean AHI 18.5, range 5.2–52.8) and 19 controls (13
females, 6 males; mean age: 50.0 y, range 41–81).
Interventions: N/A.
Results: There were no differences in regional gray matter concentration or volume between participants with OSA and controls. Neither was
there any difference in regional perfusion between controls and people with mild OSA (n = 11). However, compared to controls, participants
with moderate-severe OSA (n = 8) had decreased perfusion (while awake) in three clusters. The largest cluster incorporated, bilaterally, the
paracingulate gyrus, anterior cingulate gyrus, and subcallosal cortex, and the left putamen and left frontal orbital cortex. The second cluster was
right-lateralized, incorporating the posterior temporal fusiform cortex, parahippocampal gyrus, and hippocampus. The third cluster was located
in the right thalamus.
Conclusions: There is decreased regional perfusion during wakefulness in participants with moderate-severe obstructive sleep apnea, and
these are in brain regions which have shown decreased regional gray matter volume in previous studies in people with severe OSA. Thus, we
hypothesize that cerebral perfusion changes are evident before (and possibly underlie) future structural changes.
Keywords: obstructive sleep apnea, cerebral perfusion, arterial spin labelling, voxel-based morphometry
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INTRODUCTION
Obstructive sleep apnea (OSA) is a common sleep disorder,
characterized by recurrent partial or complete upper airway obstruction during sleep, which leads to events where breathing
stops (apnea) or becomes very shallow (hypopnea). This respiratory disturbance in turn leads to cyclical oxygen desaturation, frequent arousals, and sleep fragmentation. OSA severity
is usually defined in terms of the number of apneas and hypopneas per hour, the apnea-hypopnea index (AHI). A review of
the pathophysiology of OSA can be found in Dempsey et al.1
Continuous positive airway pressure (CPAP) during sleep
is the treatment of choice for OSA. CPAP treatment has been
shown to have beneficial effects on vascular function,2 reduce
sleep fragmentation, and reduce daytime sleepiness, which
also improves attentional processes.3 However, cognitive dysfunction can persist even after compliant CPAP treatment, and
it is thought that the negative effects of chronic intermittent hypoxia prior to treatment of OSA may lead to permanent structural and chemical changes in the brain.3,4

There is a high prevalence of untreated OSA in the community due to underdiagnosis and lack of funding for treatment.5
The non-treatment of OSA is associated with hypertension,
cardiovascular disease, stroke, diabetes, excessive daytime
sleepiness, and cognitive dysfunction.3–15 Patients frequently
report having had OSA symptoms for 5–10 years before being
diagnosed and, in New Zealand, public funding for CPAP is
generally only available for people with the most severe OSA
(e.g., ~25% of referrals to the Sleep Unit, Christchurch Hospital), while the majority of people with this condition must
self-fund or remain untreated. In addition, up to 30% of people
who are prescribed CPAP cannot tolerate it, and thus may also
remain untreated.16–18
Several neuroimaging studies have investigated whether
there is evidence of OSA-related structural changes in the brain.
No studies have reported an OSA-related decrease in total gray
matter volume. However, one study observed an OSA-related
decrease in cortical gray matter volume.19 Interestingly, this
difference was significant after controlling for age, sex, Epworth Sleepiness Scale (ESS), and comorbidities but was not
evident after controlling for BMI. Several studies have shown
that untreated severe OSA is associated with decreases in
regional gray matter volume19–25 and concentration.26,27 Conversely, other studies observed no difference in regional gray
matter volume between people with untreated severe OSA
and controls.27–29 In the studies where OSA-related changes
were observed, changes were most frequently observed in the
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hippocampus, temporal lobe, cerebellum, thalamus, parahippocampal gyrus, anterior cingulate, parietal cortex, frontal
cortex, and caudate nucleus.19–27
Based on the results of human studies30,31 and experimental
animal models32,33 of OSA, it has been hypothesized that the
intermittent hypoxia associated with untreated OSA can lead
to oxidative stress, inflammation, atherosclerosis, endothelial
dysfunction, and hypertension. Combined, these can cause
changes in the regulatory mechanisms of cerebral circulation,
leading to pathological alterations in cerebral perfusion and
are thought to ultimately be the main cause of cerebrovascular
disease in OSA.34–37
As far as we are aware, no studies have investigated OSArelated changes in total cerebral perfusion, but three studies
have investigated OSA-related changes in regional gray matter
perfusion when patients were awake. Joo et al. observed a decrease in perfusion in the bilateral parahippocampal gyrus and
left lingual gyrus in people with severe OSA (mean AHI 60.4,
range 33–104). They also observed a negative correlation between AHI and perfusion in the right pericentral gyrus and right
cuneus.38 Yadav et al. measured perfusion in a priori selected
regions of interest and observed decreased perfusion in several
white matter tracts but few gray matter changes. Right-lateralized decreased gray matter perfusion was observed in the red
nucleus and midbrain but no cortical changes were observed.39
Prilipko et al. observed no differences in perfusion between
controls and people described as having moderate-severe OSA
(although AHI mean and range were not provided).40 Yaouhi et
al. used positron emission tomography (PET) to measure regional metabolism in people with OSA (mean AHI 38.3).23 PET
measures tissue metabolic activity based on regional glucose
uptake rather than perfusion per se, although local brain metabolism is closely tied to regional perfusion.41 Compared with
controls, they observed right-lateralized decreases in glucose
metabolism in the precuneus, middle and posterior cingulate
gyrus, parietal cortex, occipital cortex, and superior temporal
gyrus in people with OSA when awake (but at rest).
There has been a lack of accounting for confounding factors such as age, sex, and mean total perfusion in the previous
literature. Females have higher mean perfusion than males,42
while mean perfusion decreases with increasing age.42,43 Thus,
when investigating group differences in total and regional perfusion, it is now standard to include age and sex as covariates.
In addition, increasing age is associated with increasing prevalence of OSA, and thus age should be included in the model as
a confounding factor. When investigating regional perfusion,
mean total gray matter perfusion should also be included as a
covariate. Individual differences in mean total gray matter perfusion can vary widely, thus accounting for global differences
increases confidence in being able to quantify regional perfusion differences between groups. Unsurprisingly, the three
studies investigating OSA-related changes in regional perfusion or metabolism did not include sex as a covariate, as the
studies included exclusively38,40 or almost exclusively, males
(one study included 1 female with OSA23). However, exclusion
of females is a limitation of the studies in itself.
When considering the study of people with OSA, covariates
which are specific to this population should also be included.
For example, body mass index (BMI) should be included as a
SLEEP, Vol. 38, No. 5, 2015

covariate as there is a link between body weight and OSA, especially in middle-aged populations, with an OSA prevalence
of 20% in people considered overweight (i.e., BMI of 25–28).5
However, the relationship between BMI and OSA diminishes
with increasing age.44 Studies have reported extremely high
rates of OSA in older adults (OSA prevalence of up to 70%
of men and 56% of women aged 65–95 years), with BMI becoming less of a risk factor,44 as presumably other age-related
factors become more important.
Our previous research using ASL perfusion imaging to investigate changes in resting (but awake) perfusion after acute
sleep restriction in healthy participants found an overall reduction in perfusion in the right fronto-parietal attentional
network after sleep restriction, but this was largely driven by
participants who showed strong signs of drowsiness during the
ASL scan.45 We concluded that the pattern of cerebral activity
after acute sleep restriction is highly dependent on the level
of drowsiness. Thus, the effect of drowsiness during the ASL
scan also needs to be included as a covariate to ensure that any
differences in perfusion between the groups are due to OSArelated differences and not just due to increased drowsiness in
the OSA group. This factor has not been taken into account in
previous research investigating OSA-related perfusion change.
One previous study included age when correlating AHI
with regional perfusion but failed to include age as a covariate
when comparing regional perfusion between control and OSA
groups.38 Otherwise, no other confounding factor has been
accounted for in previous studies. Thus, it is not clear what
proportion of reported differences in regional cerebral perfusion is due to OSA as opposed to group differences in age, sex,
BMI, total perfusion, or drowsiness during the scan or, more
likely, a combined effect of several factors. In addition to the
lack of accounting for confounding variables, only two studies
comparing regional cerebral perfusion in people with OSA
with controls corrected for multiple comparisons.38,40
Previous studies have also concentrated primarily on people
with untreated severe OSA and, thus, it is unclear whether cerebral perfusion and gray matter concentration changes are
also apparent in those with more moderate disease.
This study aimed to investigate differences in total gray
matter volume, regional gray matter volume or concentration,
and perfusion between controls and people with a range of
OSA severity (mild, moderate, and severe), taking into account
any variation due to confounding factors.
METHODS
Ethics approval for the study was obtained from the New
Zealand Northern X Regional Ethics Committee.
Participants
Participants were 19 people with OSA (13 males and 6 females, mean age 56.7 ± 7.8 years, range 41–70) and 19 people
without OSA (6 males and 13 females, mean age 50.0 ± 9.7
years, range 41–81). For inclusion in the study, participants
had to report no history of moderate or severe head injury,
stroke, neurodegenerative disorder, psychiatric disorder (other
than mild depression), or sleep disorder (other than OSA); not
be taking any sedating or stimulating medications; normally
drink < 4 cups of coffee or tea per day; and not be undergoing
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Preprocessing of MRI Data
The structural and perfusion MRI data were preprocessed
using VBM8 (http://dbm.neuro.uni-jena.de/vbm/), a toolbox
of SPM8 (Wellcome Trust Centre for Neuroimaging, University College London, UK; http://www.fil.ion.ucl.ac.uk/spm),
and custom scripts in MATLAB 7.10 (R2010a; Mathworks,
Natick, MA, USA) as follows: structural images were bias
corrected, tissue classified, and normalized using linear and
nonlinear transformations (DARTEL)55 within a unified model.
Gray-matter segments for each subject were modulated using
nonlinear components of the normalization only, thereby preserving actual tissue values locally to account for individual
brain size globally. Modulated, normalized gray matter segments were smoothed with a 10-mm FWHM Gaussian kernel
to improve signal to noise and to minimize the effect of any
residual misalignment. Perfusion images were quantified,
coregistered to SPGR images, brain extracted (using FSL 5.0.2
www.fmrib.ox.ac.uk/fsl), and normalized using the deformation fields generated during segmentation and normalization
of the SPGR images. Normalized perfusion images were also
smoothed with a 10-mm FWHM Gaussian kernel. All images
were visually inspected. A study-specific gray matter mask,
used to exclude non-gray matter contributions in subsequent
analyses, was created by averaging the modulated, normalized
gray matter segment from all subjects. Values < 0.10 were excluded from the mask, as were all slices inferior to the superior
cerebellum as spiral artefacts were present in this area on perfusion images; periventricular white matter regions misclassified as gray matter (partial voluming) were manually excluded
from the gray matter mask. Gray matter segments were also
normalized without modulation and smoothed to investigate
gray matter concentration.

or have previously undertaken, OSA treatment. Participants
also needed to report a usual time to bed between 22:00 and
24:00 and a usual time in bed of between 7.0 and 8.5 hours.
Control participants were recruited through personal contacts
and advertisements posted at Christchurch Hospital. Many of
the volunteers were hospital employees or their friends and
relatives.
Polysomnographic Assessment
All participants undertook an overnight Level 2 polysomnographic sleep assessment to determine the presence or absence of OSA. Sleep architecture was staged according to the
2012 American Academy of Sleep Medicine Manual for the
Scoring of Sleep and Associated Events recommendations.46
The Level 2 polysomnography studies were undertaken in the
participants’ homes and not supervised. Absence of OSA was
defined as an AHI < 5. OSA severity was defined by AHI: mild
OSA with an AHI of 5 to < 15, moderate OSA with an AHI of
15 to < 30, and severe OSA with an AHI ≥ 30.
Study Procedure
Participants were asked to refrain from stimulants or depressants (e.g., caffeine, alcohol, antihistamines) on the day
of the magnetic resonance imaging (MRI) scan. None of the
participants were current smokers.
Participants completed a set of questionnaires to assess
their self-reported everyday sleep propensity (Epworth Sleepiness Scale [ESS]),47 sleep quality (Pittsburgh Sleep Quality
Index [PSQI]),48 and circadian type (Horne-Ostberg MorningEveningness Questionnaire [MEQ]).49 We scored the HorneOstberg MEQ as appropriate for a middle-aged population
(definite evening type 16–46, moderate evening type 47–52,
neither type 53–64, moderate morning type 65–69, and definite morning type 70–86).50,51 Body mass index (BMI) was calculated as mass divided by height squared (kg/m 2).
Just prior to entering the MRI scanner, participants were
asked to rate their current subjective sleepiness using the Karolinska Sleepiness Scale (KSS)52 and Stanford Sleepiness Scale
(SSS).53

Observer Rating of Drowsiness
Eye-video was captured using a Visible Eye system incorporating a fiberoptic camera during the ASL scans (Avotec
Inc., Stuart, FL, USA). The video-capture software recorded
352 × 288-resolution eye-video at 25 fps. Each participant’s
7-min eye video was visually rated for signs of drowsiness by
an experienced rater (CI). Drowsiness was rated based on the
visual scoring method proposed by Wierwille and Ellsworth.56
This rating system is based on observable personal characteristics including eye blinks, eye closures, and staring. The rating
system has 5 levels of drowsiness on an analog scale of 0 to 100
(not drowsy = 0, slightly drowsy = 25, moderately drowsy = 50,
very drowsy = 75, and extremely drowsy = 100). Level of
drowsiness was rated as an average rating over each min, and
then an overall average across the 7 min was calculated. In our
previous study,45 drowsiness was rated by 2 raters using the
Wierwille and Ellsworth scoring method and an average score
used. We found very high interrater reliability (intraclass correlation reliability coefficient α = 0.95); thus, in this study, it
was decided that drowsiness rating from a single experienced
rater would be sufficient.

Imaging Procedure
All participants underwent imaging using a Signa HDx 3.0
T MRI Scanner (GE Medical Systems, Milwauke, WI, USA)
with an 8-channel head coil. High-resolution anatomic images
of the whole brain were acquired using a T1-weighted spoiled
gradient recalled echo (SPGR) acquisition (repetition time: 6.5
ms; echo time: 2.8 ms; inversion time: 400 ms; field of view:
250 × 250 mm; acquisition matrix: 256 × 256; slice thickness:
1 mm). Whole-brain perfusion was measured quantitatively
using a stack of spiral fast-spin-echo-acquired images prepared with pseudo-continuous ASL and background suppression54 (repetition time: 6 s; echo spacing: 9.2 ms; postlabeling
delay: 1.525 s; labeling duration: 1.5 s; 8 interleaved spiral
arms with 512 samples at 62.5 kHz bandwidth; FOV = 240
mm; 30 phase-encoded 5-mm-thick slices; reconstructed inplane resolution: 1.88 × 1.88 mm; NEX = 5; total scan time: 6
min 46 s; units: mL100g/min). To demonstrate the quality of
our ASL cerebral perfusion images, Figure S1 (supplemental
material) includes data from 4 example participants.
SLEEP, Vol. 38, No. 5, 2015

Data Analysis
Unpaired t-tests (2-sided) were used to investigate any differences between the OSA and control groups in terms of age,
body mass, usual daytime sleepiness, circadian type, sleep
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Table 1—Summary of group demographics and polysomnography measures.
Group
Control
Mild OSA
Moderate-Severe
OSA

n
Sex
19 13 F, 6 M
11 2 F, 9 M
8 4 F, 4 M

Mean age in
years (range)
50.0 (41–81)
55.1 (41–64)
59.0 (50–70)

Mean BMI (range)
27.5 (22.0–32.6)
29.7 (26.5–32.3)
29.3 (22.9–37.5)

Mean ESS
(range)
4.5 (0–9)
6.3 (1–20)
6.5 (1–14)

Mean baseline
Mean AHI (range) SpO2 % (range)
1.2 (0.0–4.9)
95.3 (92.9–97.2)
10.0 (5.2–14.8) 95.2 (93.4–97.4)
30.0 (15.7–52.8) 94.8 (93.0–96.2)

Mean SpO2
Mean nocturnal desaturation %
SpO2 % (range)
(range)
94.8 (92.9–96.8) 3.7 (0.0–7.0)
94.9 (92.8–96.8) 5.5 (3.9–9.4)
94.4 (92.1–96.6) 5.7 (4.6–7.8)

SpO2, peripheral capillary oxygen saturation (as measured by pulse oximetry).

quality, depression and anxiety, PSG measures (i.e., actual
sleep time, sleep efficiency, number of arousals), and drowsiness prior to the ASL scan.
Total gray matter volume in mm3 and mean total gray matter
perfusion in mL/100g/min were calculated. Unpaired t-tests
(one-sided) were performed to investigate differences in total
gray matter volume and mean total gray matter perfusion between the control group and (1) participants with mild OSA, (2)
participants with moderate or severe OSA, and (3) all participants with OSA.
Correlations between mean drowsiness during the scan and
(1) mean total gray volume, (2) mean total gray matter perfusion, and (3) regional cerebral perfusion were investigated.
False discovery rate (FDR) corrected P values are reported
for all correlations and OSA vs control group comparisons.
A general linear model (GLM) for unpaired t-tests (onesided) was built to investigate voxel-by-voxel differences in
gray matter volume and concentration and gray matter perfusion between the control group and (1) participants with mild
OSA, (2) participants with moderate or severe OSA, and (3) all
participants with OSA. Age, sex, and BMI were included in the
GLM as covariates for both the regional gray matter volume/
concentration and perfusion analyses. Drowsiness during the
ASL scan and total gray matter perfusion were also included
as covariates for the gray matter perfusion analyses. A permutation-based inference tool was used for nonparametric
statistical thresholding (“randomise” in FSL 5.0.2; www.fmrib.
ox.ac.uk/fsl). For each contrast, the null distribution was generated over 5,000 permutations and the α level set at P < 0.05,
corrected for multiple comparisons using threshold-free
cluster enhancement.57 The identification of brain regions corresponding to significant activity was guided by the HarvardOxford Cortical and Subcortical Structural Atlas (included in
the FSL software).

the mild OSA group included more males (2 females, 9 males).
There was a trend for participants with OSA to be older than
controls (mean 56.7 vs 50.0 years, t36 = 2.36, P = 0.09). There
was no difference in body mass index (BMI) in participants with
OSA compared to controls (mean BMI 29.5 vs 27.5, t36 = 1.98,
P = 0.13). There was no difference between participants with
OSA and controls in self-reported usual daytime sleepiness
(mean ESS 6.4 vs 4.5, t36 = 1.30, P = 0.28), circadian type (mean
MEQ score 62.2 vs 62.5, t36 = −0.11, P = 0.91), sleep quality
(mean PSQI score 5.8 vs 4.8, t36 = 0.77, P = 0.47), or depression
and anxiety (mean DASS21 score 4.6 vs 3.7, t36 = 0.76, P = 0.47).
To account for individual variation in demographic measures, sex, age, and BMI were all included as covariates in the
primary analyses. A summary of group demographic variables
is provided in Table 1.
Following analysis of the overnight polysomnography,
there was no difference between participants with OSA and
controls in terms of actual sleep (mean 6 h 41 min vs 6 h 42
min, t36 = −0.04, P = 0.91) or sleep efficiency (mean 86.9% vs
89.7%, t36 = −1.21, P = 0.29). However, participants with OSA
had more arousals per hour than controls (mean 16.7 vs 7.4,
t36 = −5.20, P < 0.001).
There was a trend for participants with OSA to report feeling
drowsier than controls just prior to the ASL scan based on KSS
score (4.1 vs 2.9, t36 = −2.65, P = 0.06) but not on SSS score
(2.5 vs 2.1, t36 = −1.96, P = 0.13). Based on the Wierwille visual
rating criteria, there was a trend for participants with OSA to
be drowsier during the ASL scan than controls (mean drowsiness score 44.8% vs 25.8%, t36 = 2.27, P = 0.10).
There was no correlation between mean drowsiness during
the scan and mean total gray volume. However, there was a
correlation between mean drowsiness during the scan and
mean total gray matter perfusion (r = −0.46, P = 0.04). Despite
the relationship with perfusion at a global level, no relationship was observed between drowsiness during the scan and
regional cerebral perfusion.
Reported medications for other health conditions in each of
the groups were for the treatment of mild hypertension (1 control, 3 mild OSA), asthma (4 controls), hypercholesterolemia (1
mild OSA, 2 moderate-severe OSA), mild depression (1 control, 1 mild OSA), angina (class II; 1 moderate-severe OSA).
There was no difference in total gray matter volume in participants with OSA compared with controls (mean 647.4 vs
644.4 cm3, t36 = −0.13, P = 0.28). Total gray matter volume
in the mild OSA and moderate-severe OSA groups were also
compared with controls separately. There was no difference
in total gray matter volume in participants with mild OSA

RESULTS
Thirty-three people were recruited from the community as
potential healthy control participants. However, following an
overnight Level 2 polysomnographic sleep assessment, 14/33
participants were found to have OSA (9 mild, 2 moderate, and
3 severe). An additional 5 people were recruited from the Sleep
Unit at Christchurch with OSA (2 mild, 2 moderate, and 1 severe). This led to a final group of 19 controls and 19 people
with OSA (11 mild, 4 moderate, and 4 severe).
The moderate and severe OSA groups were both evenly split
between males and females. However, while proportionately
the control group included more females (13 females, 6 males),
SLEEP, Vol. 38, No. 5, 2015
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Figure 1—Decreased regional perfusion (blue areas) in participants with moderate-severe OSA compared with controls at a threshold of P < 0.05
(corrected for multiple comparisons using TFCE). The regions are A, right thalamus; B, right cingulate; C, right paracingulate; D, right subcallosal cortex;
E, left cingulate; F, left paracingulate; G, left subcallosal cortex; H, left frontal orbital cortex; I, right hippocampus; J, right parahippocampal gyrus; K, right
temporal fusiform cortex; and L, left putamen. X, Y, and Z are MNI coordinates in mm.

compared with controls (mean 668.1 vs
Table 2—Brain regions included in the clusters that showed a decrease in cerebral perfusion
644.4 cm3, t28 = −0.13, P = 0.28), and no difin participants with moderate-severe OSA compared to controls (P < 0.05, threshold-free
cluster enhancement correction).
ference between moderate-severe OSA and
3
controls (mean 618.9 vs 644.4 cm , t25 = 0.89,
MNI coordinates (mm)
Cluster
P = 0.28).
Brain Region (label in Figure 1)
(voxels)
Peak t
x
y
z
Following voxel-based morphometry
Cluster 1
5114
analysis (including correction for multiple
Right paracingulate gyrus (C)
5.41
3
48
12
comparisons), there were no differences in
Left cingulate gyrus (E)
5.37
0
45
13.5
regional gray matter volume or concentraLeft paracingulate gyrus (F)
5.24
0
46.5
9
tion between (1) controls and participants
Left frontal orbital cortex (H)
5.18
−19.5 12
−25.5
with OSA, (2) controls and participants with
Right cingulate gyrus (B)
5.12
3
45
13.5
mild OSA, or (3) controls and participants
Left
subcallosal
cortex
(G)
4.30
−3
24
−4.5
with moderate-severe OSA.
Left putamen (L)
4.12
−22.5 10.5 −9
There was no difference in mean total
Right
subcallosal
cortex
(D)
3.90
6
30
−4.5
gray matter perfusion in participants with
Cluster
2
371
OSA compared with controls (mean 47.7
Right temporal fusiform cortex (K)
4.40
27
−33
−18
vs 53.8 mL/100g/min, t36 = −1.78, P = 0.11).
Right
parahippocampal
gyrus
(J)
4.09
28.5
−30
−16.5
There was also no difference in mean total
Right
hippocampus
(I)
4.01
28.5
−25.5
−15
gray matter perfusion between participants
with mild OSA and controls (mean 47.9 vs
Cluster 3
291
53.8 mL/100g/min, t28 = −1.37, P = 0.16).
Right thalamus (A)
4.49
10.5 −30
4.5
There was also no difference in mean total
gray matter perfusion between participants
with moderate-severe OSA and controls (mean 47.4 vs 53.8
(371 voxels) was right-lateralized and incorporated the temmL/100g/min, t25 = −1.46, P = 0.16).
poral fusiform cortex (posterior division), parahippocampal
There was no difference in regional cerebral perfusion
gyrus, and hippocampus. The third cluster (291 voxels) was in
between participants with mild OSA and controls following
the right thalamus. Table 2 provides peak t-values and MNI comultiple-comparisons correction. However, there were 3 clusordinates for brain regions in each cluster showing decreased
ters of voxels where controls had greater perfusion than those
cerebral perfusion.
with moderate-severe OSA (Figure 1). The largest cluster (5114
voxels) incorporated the bilateral paracingulate gyrus, bilateral
DISCUSSION
cingulate gyrus (anterior division), bilateral subcallosal cortex,
We observed decreased perfusion in three large clusters
left putamen, and left frontal orbital cortex. The second cluster
in participants with moderate-severe OSA compared with
SLEEP, Vol. 38, No. 5, 2015
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participants without OSA while awake but at rest. Importantly,
we can be confident that these decreases in perfusion were over
and above any group variation in drowsiness during the scan,
BMI, sex, or age. In addition, the model also took into account
individual variation in total gray matter perfusion and was corrected for multiple comparisons. Some of the same areas of
decreased perfusion identified in our study had been identified
in previous studies, such as parahippocampal gyrus, cingulate
gyrus, and temporal gyrus. However, compared with previous
studies investigating perfusion, our study identified more regions with significantly decreased perfusion in participants
with OSA. This is presumably because OSA-related changes
were hidden by confounding factors which were not accounted
for in previous studies.
We consider that drowsiness during cerebral perfusion
measurement is one of the most important factors that other
researchers have not previously investigated or taken into account. In our previous perfusion study in healthy controls, we
observed relationships between drowsiness during an ASL
scan and cerebral perfusion in arousal-promoting and attentional regions.45 We also observed that within-subject change
in drowsiness level from a normally-rested baseline condition
to a sleep-restriction condition was strongly negatively correlated with change in regional perfusion in the basal forebraincingulate gyrus network. This shows that transient changes in
brain state (e.g., change in drowsiness level) can lead to transient changes in regional cerebral perfusion. Thus, it is vital
that drowsiness is included as a covariate so that any additional
group differences in regional perfusion can be attributed to
OSA-related pathological decreases in cerebral perfusion
rather than simply due to group differences in drowsiness level.
In contrast to other studies, we did not observe any differences in regional gray matter concentration or volume. Our
differing results could be explained by other studies having
larger sample sizes and thus higher power to observe more
subtle changes. However, other studies also compared controls
with OSA groups with much more severe symptoms than in
our study; we hypothesize that initial impairments in autoregulation of regional cerebral blood flow may lead to gray matter
loss over time and/or with increasing severity of OSA symptoms. Despite observing no changes in regional gray matter
concentration or volume in our group of participants with OSA,
it is notable that the majority of regions we identified as having
decreased perfusion (specifically, the hippocampus, thalamus,
parahippocampal gyrus, anterior cingulate gyrus, putamen,
and temporal fusiform cortex) are regions that have been previously identified as showing decreased gray matter volume
and/or concentration in studies of people with more severe
OSA. There is evidence in the literature of altered perfusion
leading to (or at least preceding) reduced gray matter volume
in other neurological conditions. For example, Mattsson et al.
reported that in Alzheimer disease, “amyloid-β pathology has
different associations with cerebral blood flow and volume,
and may cause more loss of blood flow in early stages, whereas
volume loss dominates in late disease stages.”58 Further studies
to elucidate the possible relationship between impaired cerebral perfusion and gray matter loss in OSA will be important.
Previous studies have observed correlations between decreased gray matter volume in people with severe OSA and
SLEEP, Vol. 38, No. 5, 2015

cognitive performance measures. For example, negative correlations have been observed between reduced gray matter
volume in the (1) posterior parietal cortex, superior frontal
gyrus, and parahippocampal gyrus and errors on the Stroop
test (executive function),25 (2) posterior parietal cortex and performance on the Raven test (abstract reasoning),25 (3) hippocampus and delayed recall on the Rey Auditory-Verbal learning
test19,24 and Rey-Osterrieth Complex Figure.24 In future studies,
it would be useful to investigate the correlation between cognitive performance and the regional reduced cerebral perfusion
that we observed in people with moderate-severe OSA.
People with severe OSA commonly have significant comorbidities (e.g., severe hypertension or heart disease) which can
directly or indirectly (via medications) affect perfusion and
drowsiness and which excluded them from our study. People
with severe OSA who reported other sleep disorders, such as
periodic limb movements and central apnea, were also excluded from our study. The findings of the study are thus limited to people without other sleep disorders or serious health
conditions; hence it is possible that there are more widespread
and substantial changes in gray matter volume and perfusion in
people with additional health conditions. The exclusion, inclusion, or matching of participants with other major health conditions can have a substantial impact on results. For instance,
gray matter loss has been observed by two research groups
comparing people with OSA with healthy controls,20,26,59
whereas another study found no difference in gray matter
volume when OSA and healthy control groups were matched
for diabetes, hypertension, and cardiovascular disease.28 Another study observed that an OSA-related decrease in cortical
gray matter volume disappeared when controlled for BMI.19
We chose to only look at gray matter perfusion in the current
study and excluded analysis of white matter perfusion. White
matter perfusion is up to 4.6-fold lower than gray matter perfusion.60–62 Until recently, the consensus was that ASL lacked
the sensitivity necessary for measurement of white matter
perfusion.63 However, recent papers have reported that with
the introduction of pseudo-continuous labelling, background
suppression, and the use of optimized labelling duration and
a longer post-labelling delay, it is possible to detect the white
matter perfusion signal,64 although there is still a question
about the sensitivity in deep white matter regions.60,63
A large number of male participants initially recruited as
controls were diagnosed with mild OSA following the overnight sleep study—especially those older than 50 years. This
is perhaps an indication of the prevalence of undiagnosed OSA
especially in middle-aged males. We could have perhaps decreased the likelihood of recruiting people with undiagnosed
OSA by imposing an upper limit on self-reported ESS in prospective controls. That is, although we excluded volunteers
who had a previously diagnosed sleep disorder, those taking
sedating or stimulating medications (including drinking 4 or
more cups of coffee or tea per day), and those with unusual
sleep schedules, we did not include an upper limit on ESS
for our control group. We considered that if we had an ESS
upper limit exclusion criterion for controls but not for people
with OSA that this could add a false separation between our
groups based on daytime sleepiness rather than OSA per se.
That is, would we be able to determine whether the differences
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between the groups were due to OSA or to increased sleepiness
in the OSA group? Ultimately, only 2 of 33 people recruited as
controls met the ESS criteria for excessive daily sleepiness and
these two people did have OSA. It is possible that these two
participants volunteered for the study as they had a suspicion
they may have had OSA. Interestingly, 14 of 19 people who
were diagnosed with OSA did not meet the ESS criteria for
excessive daily sleepiness. This supports studies which have
found only a weak relationship between AHI severity and selfreported sleepiness.65,66
In New Zealand only those with the most severe OSA meet
the threshold for publicly-funded CPAP treatment while the
majority of sufferers with mild-moderate disease remain
largely untreated. Thus, while CPAP may be a suitable treatment for OSA, if it is only applied once the person has severe OSA symptoms, irreversible neural and cardiovascular
damage may have already occurred.
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AHI, apnea-hypopnea index
ASL, arterial spin labeling
BMI, body mass index
CPAP, continuous positive airway pressure
ESS, Epworth Sleepiness Scale
KSS, Karolinska Sleepiness Scale
MEQ, Horne-Ostberg Morning-Eveningness Questionnaire
MNI coordinates, Montreal Neurological Institute
coordinates in mm
MRI, magnetic resonance imaging
ODI, oxygen desaturation index
OSA, obstructive sleep apnea
PSQI, Pittsburgh Sleep Quality Index
SPECT, single-photon emission computed tomography
PET, positron emission tomography
SSS, Stanford Sleepiness Scale
SpO2, peripheral capillary oxygen saturation
VBM, voxel-based morphometry
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SUPPLEMENTAL MATERIAL

Figure S1—To demonstrate the quality of our arterial spin labelling cerebral brain perfusion images, perfusion data (mL/100g/min) from four example
participants with images in subject space (emphasizing the orbitofrontal area which is particularly susceptible to inhomogeneity artifacts) varying in the Z
direction (z = 8 to z = 17 voxel coordinates) are provided. Row 1: Participant 450. 51-year-old control (AHI 0.0). Row 2: Participant 449. 46-year-old male
with mild OSA (AHI 5.2). Row 3: Participant 404. 55-year-old female with mild OSA (AHI 6.4). Row 4: Participant 443. 59-year-old female with mild OSA
(AHI 12.7).
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