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Study Objectives: The objectives of this study were to (1) characterize
cognitive and cerebral correlates of attention and response speed in pa-
tients with obstructive sleep apnea (OSA) and (2) assess the association
of performance and brain activation with measures of OSA severity.
Design: Patients with OSA and controls were compared on perfor-
mance and brain activation during a sustained attention task. The asso-
ciation of reaction time and brain activation with apnea-hypopnea index,
nocturnal hypoxia, and arousals was assessed.

Setting: Functional magnetic resonance imaging was conducted while
participants performed a Go-No-Go task. The ‘Go’ trials of the Go—No-
Go task were used to index attention processing.

Participants: Fourteen patients with OSA and 14 normal control subjects
with equivalent age, body mass index, blood pressure, and education.
Interventions: N/A.

Measurements and Results: Patients with OSA showed decreased
brain activation in cingulate, frontal, and parietal regions typically in-
volved in attention tasks, compared with control subjects. Within the pa-

tients with OSA, increasing arousal index, but not desaturation index,
was associated with slower mean reaction time and with decreased
brain activation in areas involved in arousal and attention, response
selection, motor response, and decision making. The apnea-hypopnea
index, by itself, was not associated with changes in cerebral response.
Conclusions: Patients with OSA showed decreased brain activation
compared with control subjects during an attention task. The associa-
tion of arousal index (but not hypoxia) with slow reaction times and
brain activation suggests that alertness and reaction times show great-
er correlations with measures of sleep disruption than with measures
of hypoxia.
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OBSTRUCTIVE SLEEP APNEA (OSA) IS CHARACTER-
IZED BY REPEATED EPISODES OF UPPER AIRWAY OB-
STRUCTION DURING SLEEP,RESULTING IN INTERMIT-
TENT hypoxemia with periodic arousals.' Prevalence estimates
for OSA in adults range from 9% to 28% for at least mild se-
verity and 2% to 14% for at least moderate severity.? OSA is
recognized as a significant public health problem that imposes
substantial cardiovascular® and neurocognitve morbidities.* Pa-
tients with OSA commonly exhibit excessive daytime sleepi-
ness and show vigilance and attention deficits and slowed reac-
tion times (RT).

Previous studies have shown that sleep-apnea severity (as
measured by the number of respiratory events per hour of sleep,
the apnea hypopnea index [AHI]) is associated with attention
and response speed. Specifically, increased AHI has been as-
sociated with prolonged RT (eg®), impaired sustained attention,
and monitoring of information.”® Cheshire et al® found that in-
creased AHI was associated with impaired response speed, sus-
tained attention, vigilance, distractibility, and processing capac-
ity and that the number of arousals was related to performance
on a simple RT task. In addition, findings from event-related
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potential studies of increased P300 latency in OSA (eg'®) sup-
port the behavioral findings of attention deficits in OSA. Im-
portantly, impaired attention and slowed RTs in patients with
OSA are related to a diminished driving ability and risk for road
accidents.'"'2

Although there is discrepancy across studies with respect to
the relative importance of nocturnal hypoxia versus arousals in
the pathogenesis of the cognitive deficits in OSA, disturbances
in executive function seem to show stronger correlations with
measures of hypoxia, whereas alterations in vigilance, alert-
ness, and processing speed correlate more with measures of
sleep disruption and arousals.”!'>!4

Despite the considerable data about impaired performance
and prolonged P300 latency in OSA, much less is known about
the changes in the brain substrates underlying these impair-
ments. Although a variety of studies have shown morphologic
changes and changes in cerebral blood flow and cerebral me-
tabolites in patients with OSA (for a review see'®), only a few
studies have assessed brain function in OSA and its association
with changes in cognitive functioning.'®'®

Using functional magnetic resonance imaging (fMRI) Thom-
as et al'® reported slower working memory speed on a 2-back
task in individuals with OSA, compared with control subjects.
This impaired performance was accompanied by reduced acti-
vation within anterior cingulate, dorsolateral prefrontal cortex,
and posterior parietal cortex of the OSA group compared to the
control group. They also reported that hypoxic patients showed
slightly reduced responses in 3 regions relative to nonhypoxic
patients but not within their primary regions of interest. Our
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group'” found higher false positive rates in patients with OSA
accompanied by impaired cerebral activation during a response
inhibition task relative to control subjects. In particular, the
OSA group showed diminished response in regions involved
with conflict monitoring, attention, motor function, and deci-
sion making. Given the obvious attention demands in the tasks
utilized in these previous studies, those findings are consistent
with (although not conclusive of) the notion of impairment in
attention-related brain regions in OSA.

Since very little is known about the functional cerebral corre-
lates of nocturnal hypoxia and arousals, the current study aimed
to examine the cerebral substrates underlying attention and RT
in individuals with OSA and their association with OSA severi-
ty. Using a sustained-attention task, patients with OSA and con-
trol subjects were compared on measures of performance and
brain activation. In addition, the association of AHI, nocturnal
hypoxia, and arousals with RT and fMRI measures of brain
function during the attention task were assessed. We hypoth-
esized that patients with OSA would show prolonged RTs and
decreased cerebral activation compared with control subjects;
that prolonged RTs would be related to increased OSA severity,
particularly the number of nocturnal arousals; and, given that
relationship, a negative relationship between nocturnal arousals
and cerebral activation in task-related brain regions.

METHODS
Participants

Twenty-eight participants (14 treatment-naive patients with
OSA and 14 matched healthy control subjects) were studied (13
men, 1| woman in each group). There were no significant dif-
ferences between the patients and control subjects on any de-
mographic variable (Table 1). For inclusion, patients with OSA
needed an AHI of at least 10 and control subjects needed an
AHI less than 5. All participants were right-handed, healthy,
and free of current and past psychiatric and medical disorders,
as determined by history and physical exam, the Composite In-
ternational Diagnostic Interview for mental disorders, routine
lab work, and urine toxicology screens. We excluded individu-
als with hypertension ( > 180/110), diabetes, body weight over
300 pounds, sleep disorders other than OSA, and patients who
were taking medications that affect the central nervous system.
All participants reported regular sleep-wake schedules and,
based on daily sleep diaries, reported obtaining an average of
7.7 £ 0.9 hours of sleep per night for the 3 nights preceding the
study. The study was approved by the University of California
San Diego Human Research Protection Program, and all par-
ticipants provided written informed consent.

Experiment Protocol

Patients with a known diagnosis of OSA were referred from
the UCSD Medical Center or from their private physicians,
and patients who did not have a previous diagnosis of OSA
were recruited from the general San Diego community by the
UCSD Database of Clinical Research and through advertise-
ments in local media. Interested individuals were screened via
telephone for major inclusion and exclusion criteria, and those
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Table 1—Sample Characteristics

OSA (n =14) Control (n =14) P value

Mean (SD) Mean (SD)
Age,y 45.6 (11.7) 43.6 (8.6) 0.6
BMI, kg/m? 30.6 (5.7) 28.7 (3.5) 0.3
Blood pressure, mm Hg
Systolic 125.6 (14.4) 119.1 (12.2) 0.2
Diastolic 76.3 (10.6) 74.1 (10.2) 0.6
Education, y 15.9(2.7) 16.0 (3.1) 0.9

OSA refers to obstructive sleep apnea; BMI, body mass index.
P-Value is for independent samples t-test.

deemed eligible were scheduled for an appointment. After sign-
ing informed consent, participants had medical and psychiat-
ric screening and completed sleep questionnaires. Five to 14
days after screening, participants reported to the UCSD Gen-
eral Clinical Research Center’s J. Christian Gillin Laboratory
for Sleep and Chronobiology for an overnight polysomnogram.
Polysomnography was used to confirm OSA diagnosis and rule
out sleep disorders other than OSA. Sleep schedules in the lab-
oratory were based on self-reported habitual sleep schedules.
Two to 3 hours after waking on the morning after the polysom-
nogram, participants underwent a fMRI session.

Polysomnography

A Grass Heritage Digital polysomnography system (Grass,
West Warwick, RI) was used for recording sleep. Standard elec-
troencephalograms (C3, C4, O1, and O2 derivations), electrooc-
ulogram (left outer canthus and right outer canthus derivations),
chin electromyogram, electrocardiogram, airflow, thoracic and
abdominal excursions, oximetry, and tibialis electromyogram
were recorded. Apnea was defined as any 10-second or longer
drop of at least 80% in the respiratory amplitude. Hypopnea
was defined as any 10-second or longer drop of at least 30% in
the respiratory amplitude plus at least a 3% desaturation or an
arousal. AHI was calculated as the number of apnea and hypo-
pnea events per hour of sleep. A desaturation was defined as any
10-second or longer drop of at least 3% in the oxygen saturation
and a minimum interval of 4 seconds. An arousal was defined
as any increase in electroencephalographic frequency lasting at
least 3 seconds during non-rapid eye movement sleep with con-
current increases in submental electromyographic amplitude
during rapid eye movement sleep.

fMRI session

Cognitive Task

During the fMRI session, participants performed a Go—No-
Go task. The task alternated between active blocks and resting
blocks. Five of the active blocks were 30 seconds long and 8
were 15 seconds long. Resting periods were 3 to 15 seconds long
(mean = 8.8 sec, SD = 4.7 sec). There were 181 stimuli (68.5%
Go stimuli). During resting periods, participants viewed a fixa-
tion cross in the center of the screen. During active blocks, a large
square, small square, large pentagon, and small pentagon were
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presented 1 at a time in the center of the screen. Stimuli appeared
for 200 ms every 1500 ms. Participants were instructed to press a
button as fast as possible every time they saw a shape (Go stimuli)
but to withhold a response when they saw the small pentagon (the
No-Go stimulus). The task lasted 6 minutes 24 seconds. Stimuli
were presented visually via a video projector onto a screen placed
at the foot of the MRI bed that participants viewed through a
mirror fitted to the head coil. Two of the subjects with OSA used
a fiberoptic goggle system (Avotec, Stuart, FL) mounted to the
head coil due to the fact that their girth made viewing the screen
at the foot of the bed impossible.

At the conclusion of the task, while still in the scanner, par-
ticipants were administered the Stanford Sleepiness Scale'® and
Karolinska Sleepiness Scale? and 10-point Likert scales assess-
ing the following subjective factors: task difficulty, ability to
concentrate, and motivation to perform the task well.

fMRI Data Acquisition

The fMRI session took place on a General Electric 3T scan-
ner (GE Medical Systems, Milwaukee, WI). Functional images
consisted of 126 gradient-echo echo-planar images (repetition
time: 3 second, echo time: 30 ms, field of view: 256 mm, 4 mm
x 4 mm in-plane resolution) of 32 four-mm axial slices cover-
ing the whole brain and measuring the blood oxygenation level
dependent (BOLD) signal. Functional data were aligned with
high-resolution anatomic images (fast spoiled gradient-recalled
echo: 1-mm? resolution).

Data Analysis

Demographic variables, performance, and postscan question-
naire data were analyzed with student t-tests (equal variances not
assumed) comparing the OSA and the control groups. The Go tri-
als of the Go—No-Go task were used to index sustained attention-
al processing, since they represent a simple reaction time task.
Mean RT to the Go shapes was calculated for each participant.

Partial correlations were used to calculate the associations
between performance and OSA severity (AHI, desaturation in-
dex, number of minutes below 90% SpO,, and arousal index)
and to assess the relationship between performance and subjec-
tive sleepiness, task difficulty, ability to concentrate, and mo-
tivation. Because OSA severity is often correlated with age,”
we controlled for age in both the performance and the fMRI
activation analyses (described below).

fMRI data were processed and analyzed with Analysis of
Functional Neurolmaging software* in a 2-step procedure:
individual timecourse analysis followed by group statistical
analysis. After motion coregistration, individual time-course
BOLD-signal data were fit to a design matrix using the gen-
eral linear model.”* Parameters estimated from the design ma-
trix represented the constant, linear-drift, 6-motion correction
parameters derived from the motion coregistration step (3 re-
lational and 3 translational movement directions) and 2 refer-
ence functions: 1 comparing Go stimuli with rest blocks and 1
comparing No-Go stimuli to rest blocks, each convolved with
an idealized hemodynamic response function.” The parameter
used in group analyses was the regression coefficient associ-
ated with the Go reference function in the general linear model.
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Prior to group analyses, data sets were transformed to standard
atlas coordinates.”

We determined differences in cerebral response to the Go
trials versus fixation in each group separately using 1-sample
t-tests. Group differences in the cerebral response to the Go
trials were assessed using independent samples t-tests. To as-
sess the correlation between brain activation and OSA severity,
BOLD-response data were regressed onto AHI, desaturation
index, minutes below 90% SpO,, and arousal index. The first
regression analysis included AHI as a global measure of disease
severity and controlled for age. The second included the desatu-
ration index and arousal index (while controlling for age) to test
the relative contribution of each more-specific severity measure
statistically separated from the effect of the other.

Group analyses used a search-region-of-interest strategy.’*?’
Two search regions were defined. The first included the cortex
and was conducted after spatially smoothing the individual data
with a 4-mm full-width-half-maximum Gaussian kernel. The
second exclusively examined the subcortical regions of thala-
mus, basal ganglia, putamen, globus pallidus, and surrounding
structures. Analysis of this search region was conducted without
any spatial smoothing of the data to better discriminate the vari-
ous closely spaced nuclei in this region. To protect against overall
Type I error, we used a cluster threshold method.?® For the group
comparison, this required any given voxel to be statistically sig-
nificant at the P <.05 level and to be part of a cluster of at least 4
contiguous activated voxels (256 mm?®) for the subcortical analy-
sis or 12 contiguous voxels (768 mm?®) for the cortical analysis,
each individually significantly activated. Hence, the clusters we
report are equal to or larger than the single largest cluster of acti-
vation expected by chance at o = 0.05. To be more conservative
for the regression analyses, we protected the overall a at P=0.01,
requiring any given voxel to be statistically significant at the P <
.01 level and to be part of a cluster of at least 4 contiguous acti-
vated voxels (256 mm?) or 9 contiguous voxels (576 mm?) for the
cortical analysis, each individually significantly activated.

RESULTS

Brain activation data were available for all 28 participants.
Performance data for 1 participant with OSA was missing due
to computer failure.

The OSA group had a mean AHI of 34 (SD = 21, range:
10-68); mean desaturation index of 30 (SD = 18, range: 6-59),
and a mean arousal index of 37 (SD = 22, range: 7-87). The 2
severity indexes (desaturation index and arousal index) were
correlated (r = .63, P = 0.02), confirming the importance of re-
moving the variance shared by these 2 measures when examin-
ing the unique contribution of each to performance or activation
measures. There was no significant correlation between arousal
index and minutes below 90%.

Performance in Patients with OSA and Control Subjects

The OSA and control groups showed similar mean RT dur-
ing the Go trials (OSA: mean = 859 msec, SD = 112; Control:
mean = 804 msec, SD = 91; t,, = 1.37, P = 0.18) (Cohen d =
0.53, medium effect size). Hit rate during Go trials was 99%
for both groups (P = 0.8), and there was also no significant dif-
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Table 2—Brain Regions Showing Activation During the Go Trials (Compared to Fixation) in the Control Group
Anatomic location Region (Brodmann area) Volume Center Max
(mm?) X Y Z Eta-Sq
Frontal gyrus, precentral and
postcentral gyrus, and
cingulate gyrus R inferior frontal gyrus (9) 3648 -47 6 28 0.64
B superior, middle and medial frontal
gyrus (6), precentral and postcentral
gyrus, cingulate gyrus (32/24) 37376 18 -11 53 0.86
R precentral gyrus (6) 2048 35 -8 50 0.68
Posterior cingulate and precuneus B (23) and precuneus, L31 23040 0 -54 21 0.83
Insula L (13) (+IFG/9) 5504 40 7 15 0.59
R (13) (+IFG/45) 4160 -40 18 7 0.74
Inferior parietal lobule R (40) 3840 -40 -50 40 0.68
Superior temporal gyrus R (22) 896 53 -5 -6 0.75
Middle temporal gyrus R (39) 576 -47 -63 23 0.65
Middle and inferior occipital gyrus L (19,37) 2368 39 -66 -5 0.69
Angular gyrus R (39) 1792 39 -73 30 0.65
Basal ganglia and thalamus R Thalamus 4096 18 -8 10 0.77
R lentiform nucleus and putamen 2368 25 3 10 0.59
R thalamus-ventral lateral nucleus 640 -16 -13 11 0.62
Cerbellum R culmen, pyramis, declive 3264 -23 -57 -19 0.64
Regions of decreased activation are in italics. R refers to right; L, left; B, bilateral.

ference between the standard deviation of RT (108 msec for
the controls and 114 msec for the OSA, P = 0.35). Both groups
showed similar motivation, perceived task difficulty, and abil-
ity to concentrate during the task. No differences between the
groups were found using the state sleepiness measures of Stan-
ford Sleepiness Scale or the Karolinska Sleepiness Scale.

Brain Activation in Patients with OSA and Control Subjects

Both groups showed mainly right-hemisphere activation for
the Go trials. The activation patterns for the Go trials versus
fixation for the control and OSA groups are shown in Tables 2
and 3, respectively. The OSA group showed decreased cerebral
activation in several brain regions, compared with control sub-
jects, during the Go trials. These regions included left middle
and medial prefrontal cortex, left precentral gyrus, left superior
and inferior parietal lobule, and left anterior and posterior cin-
gulate. See Table 4 and Figure 1.

Association Between OSA Severity and Performance

Longer mean RT was associated with a higher arousal in-
dex (r = .66, P = 0.028) Figure 2. Patients with OSA with an
arousal index less than 30 performed very similarly to the con-
trol subjects, whereas those with a higher arousal index showed
slower RT (RT = 802 msec in low arousal OSA, 948 msec in
high arousal, t, =2.89, P=0.015). AHI, desaturation index, av-
erage nocturnal oxygen saturation, and number of minutes be-
low 90% SpO, were not associated with mean RT (all P> 0.1).
Increased subjective sleepiness, as measured by the Stanford
Sleepiness Scale and Karolinska Sleepiness Scale, was associ-
ated with prolonged RT (r = .60, P=0.04 and r = .59, P = 0.04,
respectively). No association was found between RT and per-
ceived task difficulty, motivation, and ability to concentrate.
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Association Between OSA Severity and Cerebral Activation

AHI was not associated with brain activation in the OSA
group. In the regression analysis assessing the relative contri-
bution of oxygen desaturations and arousals to brain activation,
arousals were associated with decreased brain activation during
the Go trials in bilateral superior and middle frontal gyri, right
inferior frontal gyrus, bilateral insula, left parahippocampal
gyrus, left thalamus, left precentral gyrus, and right lentiform
nucleus and lateral globus pallidus. Desaturations were corre-
lated only with increased activation in bilateral superior frontal
gyrus and right inferior frontal gyrus (Table 5 and Figure 3).
Number of minutes with an SpO, below 90% was not correlated
with brain activation.

DISCUSSION

We used a sustained-attention task to test whether individuals
with OSA differ from control subjects in their cerebral response
to cognitive challenges and whether this change in cerebral re-
sponse was modified by OSA severity. Supporting our hypoth-
eses, we found that patients with OSA showed decreased brain
activation, compared with control subjects. Also consistent with
our hypotheses, among the patients with OSA, increased arousal
index, but not desaturation index, was associated with slower
RTs and decreased activation in task-related brain areas.

Cerebral Activation in Patients with OSA Compared to Control
Subjects

Both groups activated mainly right-hemisphere regions, as
expected for this type of task. However, when compared with
control subjects, patients with OSA showed decreased brain ac-
tivation in several brain regions. The decreased activation was
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Figure 1—Brain regions showing significant group differences
(obstructive sleep apnea [OSA] minus control) in activation dur-
ing the Go trials (See Table 4). In all clusters showing group dif-
ferences, the OSA group exhibited decreased responses (light
blue, smallest differences; dark blue, largest). The panel shows
sagittal slices from left to right. Numbers correspond to Talairach
and Tournoux coordinates of the sagittal slices (L: left, R: right).
For all images, clusters surviving our cluster threshold method
are overlaid in color on top of the group average anatomic im-
age. The color corresponds to the effect-size eta?, corresponding
to the amount of variance accounted for by group membership. A:
left precentral gyrus, inferior parietal; B: Left precentral gyrus; C:
Left insula, precentral gyrus, inferior parietal lobe; D: left middle
frontal gyrus, superior parietal, posterior cingulate; E: left medial
frontal gyrus, cingulate gyrus; F: right insula.

- [N}
1 1

Arousal Index (controlling for age)
L =3
1

T T T T T T
600.00 700.00 800.00 900.00 1000.00 1100.00

Avg Go RT

Figure 2—Relationship between arousal index and mean reaction
time (Avg Go RT) in the obstructive sleep apnea (OSA) group, af-
ter removing the influence of age. The x-axis shows each subject’s
mean RT, and the y-axis shows the residual of the arousal index
(partialing out the effect of age).
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Figure 3—Brain regions showing significant correlations with
arousal index during the Go trials (See Table 5). In all clusters
showing correlations with arousal index, increased arousal index
was associated with smaller brain responses. The panel shows sagit-
tal slices and axial slices with numbers corresponding to Talairach
and Tournoux coordinates (L: left, R: right, S: superior). For all im-
ages, clusters surviving our cluster-threshold method are overlaid
in color on top of the group-average anatomic image. The color
corresponds to the effect-size eta?, corresponding to the amount of
variance accounted for by arousal index. A: left precentral gyrus; B:
left middle frontal gyrus, insula, parahippocampal gyrus; C: bilat-
eral superior frontal gyrus; D: right middle frontal gyrus; E: right
insula, middle frontal gyrus; F: right inferior frontal gyrus; G: right
lentiform nucleus, lateral globus pallidus; H: left thalamus.

seen largely in the left hemisphere in cingulate, frontal, and pa-
rietal regions typically involved in attentional tasks. This sug-
gests that control subjects, relative to patients with OSA, either
showed a greater spatial extent of activation that extended from
the right hemisphere to the left hemisphere (eg, midline regions
such as anterior cingulate and medial frontal gyrus) or showed
bilateral involvement of brain regions activated only unilater-
ally in patients with OSA (eg, precentral gyrus, insula). This
extends findings of decreased brain activation in patients with
OSA, compared with control subjects, during working-memo-
ry'® and response inhibition'” tasks. Common to all 3 of these
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Table 3—Brain Regions Showing Activation During the Go Trials (Compared to Fixation) in the OSA Group

Regions of decreased activation are in italics. OSA refers to obstructive sleep apnea; R, right; L, left; B, bilateral.

Anatomic location Region (Brodmann area) Volume Center Max
(mm3) X Y Z Eta-Sq

Superior frontal gyrus B9 8000 4 52 25 0.67

L () 1728 24 25 49 0.69

Medial frontal gyrus B (6) +R(8) 7140 0o 1 57 0.81

Middle frontal gyrus R (6) 2240 -37 -2 51 0.78

Inferior frontal gyrus R(9) 2122 -45 6 31 0.75

L (6) + precentral gyrus 1216 42 2 30 0.70

Precentral and postcentral gyrus L(3,4) 14272 38 -20 52 0.85

L (6) 576 45 -11 31 0.61

Posterior cingulate B (23/31) 33216 0 -50 23 0.82

insula R (13) 1600 38 17 5 0.66

R 832 =37 -17 17 0.76

Inferior parietal lobule R (40) 5760 -37 -50 42 0.79

L 896 46 -26 28 0.63

Precuneus L 2176 25 -58 42 0.70

Superior temporal gyrus R (22) 832 -59 -37 16 0.60

Middle temporal gyrus L (39) 3584 41 -73 27 0.75

Middle occipital gyrus L(37) 1664 43 -67 3 0.77

R (37) 704 -34 -67 8 0.74

Cerebellum R culmen 5760 -19 -55 -17 0.78

R pyramis 1536 -5 -74 -28 0.74

L declive 1216 27 -64 -21 0.57

OSA Compared to Controls)

Regions of decreased activation are in italics. OSA refers to obstructive sleep apnea; R, right; L, left; B, bilateral.

Table 4—Brain Regions Showing Group Differences (OSA vs Control) During the Go trials (All Regions Showed Decreased Activation in

Anatomic location Region (Brodmann area) Volume Center Max
(mm?) X Y Z Eta-Sq

Medial frontal gyrus L(6) 1536 -7 -17 62 0.41
Middle frontal gyrus L 960 -17 7 62 0.34
Precentral gyrus L(6) 2048 -45 -11 33 0.39
Insula L 1088 29 9 17 0.36

R 832 36 4 2 0.30
Superior parietal lobule L(7) 1600 -24 -52 57 0.47
Inferior parietal lobule L(40) 1536 -55 -32 35 0.28
Anterior cingulate L(32) 2112 -1 5 42 0.34
Posterior cingulate L(18/30) 1088 -17 -56 8 0.33
Red nucleus L 1024 -8 22 -3 0.26

fMRI studies is decreased cerebral responses among patients
with OSA, relative to control subjects, in anterior cingulate,
various frontal areas, and both cortical and subcortical motor
regions. This suggests that these brain regions may be particu-
larly vulnerable to OSA-related impairment, independent of the
specific cognitive challenge measured.

OSA Severity and Performance

Increasing arousal index, but not AHI, desaturation index,
and minutes spent with an SpO, below 90%, was associated
with slower mean RT. The finding of slowed RT with increase
in some measures of OSA severity is consistent with previous
findings of an association between OSA severity and attention
and RT deficits in individuals with OSA." The association be-
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tween RT and arousal index reported here is also consistent
with previous reports of an association between arousals and
performance on a simple RT task® and between sleep quality
and processing speed.'* This finding, coupled with a lack of as-
sociation between the desaturation index and RT, provides fur-
ther support to the suggestion that vigilance and attention are
more related to nocturnal arousals than to hypoxia.'?

OSA Severity and Cerebral Activation

The most novel finding of this study is that the number of
nocturnal arousals was associated with changes in cerebral
response. More specifically, increased arousal index was cor-
related with decreased activation in task-related brain areas,
including areas involved in response selection and attention
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Table 5—Brain Regions Showing Correlation with Arousal Index and Desaturation Index
Anatomic location Region (Brodmann area) Volume Center Max
(mm?) X Y Z Eta-Sq
Arousals
Superior frontal gyrus B(8) 896 -1 18 48 0.65
Middle frontal gyrus R(10) 1472 30 50 -2 0.89
L(47,10) 1344 -35 40 -2 0.80
Inferior frontal gyrus R(44) 1152 53 10 19 0.68
R(13) 704 41 23 9 0.54
Precentral gyrus L4) 960 -55 -11 33 0.54
Insula L(13) 1216 -37 12 11 0.71
R(13) 576 36 0 18 0.52
Parahippocampal gyrus L(36) 832 -29 -24 -19 0.62
Thalamus L 320 -17 -8 16 0.48
Lentiform nucleus and lateral globus pallidus R 256 15 -1 4 0.44
Desaturations
Superior frontal gyrus B(8) 704 0 19 48 0.59
Inferior frontal gyrus R(44) 768 53 10 19 0.59
Regions of decreased activation are in italics. R, right; L, left; B, bilateral.

(insula, superior, middle, and inferior frontal gyri), motor re-
sponse (precentral gyrus and basal ganglia), and decision mak-
ing (insula).?’ Decreased activation with increasing arousal in-
dex was also found in the thalamus, which has a major role in
arousal and attention,*® particularly under conditions of sleep
loss.*!

The finding that increased arousal index, but not hypoxia (at
least as measured by desaturation index and time spent with
an SpO, below 90%), was associated with decreased activation
in attention and motor areas is consistent with reports suggest-
ing that alterations in vigilance and alertness as well as slowed
RTs show greater correlations with measures of sleep disruption
than with measures of hypoxia." It is also consistent with find-
ings from Thomas et al’s paper suggesting that hypoxia may not
be a necessary determinant of cognitive dysfunction, and sleep
fragmentation may be sufficient.'

Given the impact of arousals on the attention system, the mo-
tor findings may reflect a secondary process whereby motor re-
sponses are slowed because of impairment in the attention sys-
tem. Our task design did not allow us to tease out the separate
effects on attention and motor systems, although future studies
may wish to better make this distinction.

The finding of decreased activation with increased arousal
index in areas subserving attention and RT tasks also extends
findings from event-related potential studies reporting an as-
sociation between increased OSA severity and prolonged P300
latencies.*? Our finding of decreased activation in the cingulate
and the thalamus, both of which have been suggested as poten-
tial sources of the P300 response,**3** may help elucidate the
brain regions underlying prolonged P300 latencies found in pa-
tients with OSA using event-related potential techniques.

Interestingly, AHI, by itself, was not associated with changes
in cerebral response. It may be the case that the arousal and de-
saturation indexes are more sensitive measures that are more re-
lated to the cerebral correlates of the cognitive deficits in OSA
than is the more global measure of AHI. If true, data reported
here argue that sleep fragmentation in OSA has a greater im-
pact on cognitive and brain function during attention tasks than
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do intermittent oxygen desaturations. On the other hand, ana-
tomic studies have suggested that hypoxia has a variety of neu-
ropathologic and neuropsychological effects.*® Here, we found
that increased hypoxia index was related to greater activation
in 2 small frontal areas. Although it is possible to interpret such
findings as compensatory recruitment, given the lack of behav-
ior effects of hypoxia index here, such speculation cannot be
strongly supported by our data. Nonetheless, the behavior and
cerebral impact of arousals and hypoxia seem to be distinct,
suggesting that these 2 measures of OSA severity impact atten-
tion processes differently. This suggests that no 1 single indi-
cation of OSA severity can properly anticipate neurocognitive
impairment in patients. Clearly, more work needs to be done in
this area to fully clarify the differential impact of arousals and
hypoxia.

Implications, Limitations, and Future Directions

From an operational or applied perspective, the association
between arousals and impaired cerebral functions in regions in-
volved in attention and RT may be relevant to the relationship
between disrupted sleep and impaired driving ability, including
increases in motor vehicle crashes in this population.'! In deter-
mining who is at greatest risk for driving crashes, and thus who
may need to be legally prevented from driving prior to treat-
ment, clinicians may wish to focus more on sleep fragmentation
and arousals, as well as the expected consequence of excessive
daytime sleepiness, than on AHI or desaturations. Future stud-
ies may wish to more directly examine the effects of trait, state
sleepiness, or a combination of trait and state sleepiness on both
performance and cerebral responses to cognitive tasks.

The small sample size, as well as the large variability in per-
formance in the OSA group, may account for the fact that the
differences between the groups in performance did not reach
statistical significance. Importantly, the arousal index seems to
account for much of the variability, for both performance and
cerebral responses, within the OSA group. More specifically,
patients with OSA with an arousal index less than 30 performed
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very similarly to the control subjects, whereas those with a
higher arousal index showed slower RTs. This effectively in-
creased the variance within the OSA group and decreased the
variance between groups, potentially masking group differ-
ences in performance. As has been reported elsewhere, our data
suggest that fMRI measures may be more sensitive to impair-
ments than are behavior measures, as there were group-level
fMRI differences in the patients with OSA. Even there, though,
regression analyses revealed the patients with OSA with more
arousals also showed greater impairment in task-related regions
than did those with fewer arousals. These findings underscore
the heterogeneity of patients with OSA and again suggest that
severity measures in addition to AHI may provide clinically rel-
evant information.

Studies using larger sample sizes may also be able to ap-
ply more complex or sophisticated statistical models to better
understand the links among OSA severity, performance, and
brain function. In addition, as with any fMRI study, we had to
exclude any patient weighing more than 300 pounds. This, and
the fact we excluded individuals with hypertension or diabetes,
necessarily limits the generalizibility of the findings to the over-
all OSA population. Despite that exclusion criterion, though,
our patients included a wide range of AHI values (10-68 events/
hour). Thus, our findings can be considered relevant to patients
with even severe OSA. Finally, incorporating additional mea-
sures of brain function (including measures of cerebral blood
flow and white matter integrity) may shed light on the mecha-
nisms underlying decreased performance in OSA. Although we
did not incorporate these measures here, we do not believe the
group-level decreases in OSA reported here represent a funda-
mental alteration of the hemodynamics underlying the BOLD
signal, because (1) we excluded patients with conditions that
perturb basal blood-flow levels (eg, hypertension, diabetes, etc)
and (2) these same patients showed no activation differences in
a simple sensorimotor task relative to control subjects.'®

Importantly, because treatment with continuous positive air-
way pressure has been shown to be effective in shortening RTs
in individuals with OSA,* it would be important to determine
whether the improved performance following treatment of OSA
is associated with reversibility of the cerebral changes reported
here.
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