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Rationale: Obstructive sleep apnea (OSA) is commonly associated
with neurocognitive impairments that have not been consistently
related to specific brain structure abnormalities. Knowledge of the
brain structures involved in OSA and the corresponding functional
implications could provide clues to the pathogenesis of cognitive
impairment and its reversibility in this disorder.
Objectives: To investigate the cognitive deficits and the correspond-
ing brain morphology changes in OSA, and the modifications after
treatment, using combined neuropsychologic testing and voxel-
based morphometry.
Methods: A total of 17 patients treatment-naive to sleep apnea and
15 age-matched healthy control subjects underwent a sleep study,
cognitive tests, and magnetic resonance imaging. After 3 months of
treatment, cognitive and imaging data were collected to assess
therapy efficacy.
Measurements and Main Results: Neuropsychologic results in pre-
treatment OSA showed impairments in most cognitive areas, and in
mood and sleepiness. These impairments were associated with focal
reductions of gray-matter volume in the left hippocampus (ento-
rhinal cortex), left posterior parietal cortex, and right superior
frontal gyrus. After treatment, we observed significant improve-
ments involving memory, attention, and executive-functioning that
paralleled gray-matter volume increases in hippocampal and frontal
structures.
Conclusions: The cognitive and structural deficits in OSA may be
secondary to sleep deprivation and repetitive nocturnal intermittent
hypoxemia. These negative effects may be recovered by consistent
and thorough treatment. Our findings highlight the importance of
early diagnosis and successful treatment of this disorder.
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Obstructive sleep apnea (OSA) is a common sleep disorder,
affecting at least 2 to 4% of middle-aged individuals. OSA is
associated with neurocognitive and cardiovascular morbidities
(1), reduced quality of life (2), impaired work performance, and
increased risk of vehicular and industrial accidents (3).

Patients with OSA demonstrate several neuropsychologic
impairments (4, 5), but the link between these deficits and
localized brain dysfunction is debated (6–8). Repeated apneic

and hypopneic events during sleep result in intermittent hyp-
oxemia, hypercapnia, cortical and sympathetic nervous system
arousal, and sleep fragmentation (6, 9). Intermittent hypoxemia
is associated with increased sympathetic vasoconstriction and
decreased vascular protective mechanisms, which can contrib-
ute to structural and functional changes in the vasculature of the
brain (4, 7, 9).

Neuroimaging studies may aid in identifying patients at
greatest risk for poor outcome by examining relationships
between brain integrity and functional response to treatment.
The available structural imaging studies are largely inconsistent
because of methodologic and sample variability (7, 8). Results
of structural studies investigating gray-matter (GM) density or
volume changes are also heterogeneous, although hippocampal
involvement is reported frequently (10–14).

Voxel-based morphometry (VBM) (15, 16) studies have
demonstrated a GM-density reduction in frontal, parietal, tem-
poral, hippocampal, and cerebellar regions of patients with OSA
(10). Similarly, Yaouhi and coworkers (12) reported GM loss in
frontal and temporo–parieto–occipital cortices and hippocampal
and cerebellar regions despite minor memory and motor impair-
ments. Only hippocampal and parahippocampal GM loss was
observed by other investigators (11). O’Donoghue and coworkers
(17) found GM-density loss in the posterior hippocampal cortex
and the left insular region before treatment only with an un-
corrected statistical threshold, and no region showing a significant
GM increase after treatment using a corrected threshold. They
suggested that the variability in results across studies was related
to VBM methods and statistical threshold settings.

We hypothesized that neuropsychologic changes in patients
with OSA may be associated with localized brain changes, and

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The article assesses the effect of obstructive sleep apnea on
brain structure and cognitive performance, and the changes
after treatment with continuous positive airway pressure.

What This Study Adds to the Field

Cognitive impairment is associated with a decrease of gray-
matter volume in specific cerebral regions. This can be
reversed by treatment with an increase of gray-matter
volume in specific hippocampal and frontal brain regions.
These changes are significantly correlated with improve-
ment in specific neuropsychologic tests (executive function-
ing and short-term memory), underlining the importance of
early diagnosis and treatment of sleep apnea.
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that these changes may be at least partially reversed by effective
treatment. We tested the hypotheses that structural brain
differences would exist between patients with OSA and control
subjects, and in patients with OSA before and after 3 months of
treatment. Preliminary results of this study have been previously
reported in the form of an abstract (18).

METHODS

Participants

Seventeen severe treatment-naive male patients with OSA (age range,
30–55) and 15 male age- and education-matched healthy control
subjects were studied. Inclusion criteria for OSA were apnea–hypopnea
index (AHI) greater than 30. Inclusion criteria for control subjects were
AHI less than five and free of psychiatric and medical disorders.
Exclusion criteria were symptoms of cognitive deterioration (Mini-
Mental ,24); sleep disorders other than OSA; hypertension (.160/100);
diabetes; use of psychoactive medications; and structural brain abnor-
malities (additional details are provided in the online supplement).
There was no significant demographic difference between patients and
control subjects (Table 1). Participants provided written informed
consent to the experimental procedure, which was approved by the
local Ethical Committee of Vita-Salute San Raffaele University, Milan,
Italy. Participants were evaluated at baseline and after 3 months of
treatment with continuous positive airway pressure (CPAP) (with C-flex,
M-series; Phillips/Respironics, Murraysville, PA). One OSA participant
dropped out because of low adherence to CPAP treatment. Full
nocturnal polysomnography was performed at baseline and after
treatment. Apnea events were defined as any 80% drop of respiratory
amplitude lasting more than 10 seconds; hypopneas were defined as any
30% drop of respiratory amplitude lasting more than 10 seconds
associated with greater than 3% desaturation, or with arousal (19).
AHI was calculated as an index of the number of apnea and hypopnea
events per hour of sleep. All participants underwent magnetic resonance
imaging 2 to 3 hours after waking the morning after the sleep study.

Neuropsychologic Evaluation

All participants underwent a neuropsychologic evaluation (20) of
short- and long-term memory, executive functions, constructional
abilities, vigilance, attention, and abstract reasoning (see online sup-
plement). In addition, participants completed the self-report Epworth
Sleepiness Scale to evaluate daytime somnolence, the Beck Depression
Inventory to evaluate mood, and SF-36 to assess overall quality of life.
Tests were administered in Italian and scored according to the published

procedures (20). Group differences were investigated using nonpara-
metric two-sample (Mann-Whitney U test) and paired (Wilcoxon signed-
rank test) t tests.

Magnetic Resonance Imaging Data Acquisition

T1-weighted magnetic resonance images were acquired with a 3-T Philips
Achieva scanner (Best, The Netherlands).

VBM Data Preprocessing and Statistical Analysis

Image preprocessing and statistical analyses were performed using
SPM5 (http://www.fil.ion.ucl.ac.uk/spm) on Matlab v7.4 (Mathworks,
Inc., Sherborn, MA), and the VBM5.1-toolbox (http://dbm.neuro.
uni-jena.de) (see online supplement).

Focal GM-volume differences between pretreatment OSA and
control subjects, and between pretreatment and post-treatment OSA,
were investigated using two-sample and paired t tests, respectively,
with age as nuisance variable. Unless otherwise stated, the statistical
threshold was P less than 0.05, family-wise error corrected at the
cluster level (21) (primary threshold at the voxel level of P , 0.005
uncorrected). In a separate analysis we replicated the methods of
O’Donoghue and coworkers (17) to compare our results directly with
their negative data.

Cerebral regions showing significant effects were identified using
the cytoarchitectonic-mapping implemented in the SPM Anatomy
Toolbox (22).

Regions of interest analyses with the SPM5 toolboxes Marsbar
(http://marsbar.sourceforge.net/) and Anatomy Toolbox (22) high-
lighted group differences in GM volume, and correlations between
the latter, disease severity (AHI and hypoxia) and performance in
neurocognitive tests showing a significant behavioral effect, in both the
clusters resulting from VBM analyses and cytoarchitectonic (anatom-
ically independent) subdivisions of the hippocampus (23). Here the
threshold was P less than 0.05 corrected for multiple comparisons using
false-discovery rate.

RESULTS

Neurocognitive Data

Before treatment patients and control subjects were similar on
demographic measures, whereas they differed significantly in
body mass index and sleepiness (OSA participants were higher
than control subjects) (Table 1), and on all neurocognitive
measures (patients with OSA were poorer than control subjects)

TABLE 1. DEMOGRAPHIC AND CLINICAL DATA

Baseline Follow-up

Controls (n 5 15) OSA (n 5 17) P Value OSA (n 5 16)* P Value

Demographic data

Age, yrs 42.15 (6.64) 44 (7.63) ns 43.37 (7.41) ns

Education, yrs 13.23 (3.09) 12.24 (2.70) ns 12.31 (2.77) ns

Clinical data

Body mass index, kg/m2 26.10 (2.50) 31.24 (4.35) 0.01 31.09 (4.45) ns

Apnea-hypopnea index 1.6 (1.5) 55.83 (19.08) 0.001 2.5 (2.4) 0.001

Mean SaO2
, % 93.1 (1.5) 70.41 (9.13) 0.012 91.4 (1.9) 0.016

Time SaO2
below 90%, min 0.3 (1.2) 30.42 (13.4) 0.001 0.8 (0.5) 0.001

CPAP use, min/night 349.36 (34.15)

Days of CPAP use .4 h, % 82.5 (9.78)

Mean CPAP pressure, cm H2O 11.5 (2.9)

Blood pressure, systolic, mm Hg 121.32 (3.99) 123.85 (10.44) ns 120.89 (9.23) ns

Blood pressure, diastolic, mm Hg 81.00 (4.31) 83.41 (5.82) ns 82.69 (6.65) ns

Beck Depression Inventory 1.46 (2.16) 3.76 (3.94) 0.007 1.75 (2.95) 0.01

Epworth Sleepiness Scale 3 (1.25) 11.94 (5.47) ,0.001 2.81 (2.78) ,0.001

SF36 (quality of life), total score 80.89 (9.37) 68.91 (15.43) 0.01 80.35 (15.09) 0.002

Definition of abbreviations: CPAP 5 continuous positive airway pressure; ns 5 nonstatistically significant; OSA 5 obstructive sleep apnea.

Comparison of demographic and clinical data between control subjects and patients with OSA pretreatment, and between patients with OSA pretreatment and post-

treatment.

* One drop-out for low treatment compliance.
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(Table 2). After treatment patients showed a significant improve-
ment in sleepiness and in all cognitive tests, except for total time
on Stroop test (executive functions); false-positives at Rey list
recognition (long-term memory); and Trail Making Test B
(executive functions). Mood (even if always in normal ranges)
and quality of life (SF-36) significantly improved after treatment.

Brain Structural Changes before CPAP Treatment

A significant reduction of GM volume in pretreatment patients,
compared with control subjects, was observed in the left
posterior parietal cortex and right superior frontal gyrus (Figure
1, Table 3; Table E1 in the online supplement). We observed no
GM-volume increase in patients compared with control sub-
jects, even when using an uncorrected P value (P , 0.005).
Motivated by a priori hypotheses of OSA-related hippocampal
abnormalities (10–14), we focused on the hippocampus with an
uncorrected threshold of P less than 0.005. We found reduced
GM volume in participants with OSA, compared with control
subjects, in the left parahippocampal gyrus (entorhinal cortex).
In all of these regions, GM volume was negatively correlated
with errors at the Stroop test (executive functions). GM volume
in the left posterior parietal cortex was also positively corre-
lated with performance in the Raven test (abstract reasoning)
and negatively correlated with sleepiness score (Table 4 and
Table E2). With regard to disease severity, we observed a
significant negative correlation between AHI and time with
SaO2

less than 90% and GM volume in the left posterior parietal
cortex (P , 0.05), and a trend toward statistical significance
between AHI and GM volume in the right superior frontal
gyrus (P 5 0.067) (Table 5).

Neither overall GM volume nor white matter volume or
total intracranial volume significantly differed between pre-
treatment patients with OSA and control subjects (two-sample t
test, two-tailed, P . 0.05), although we observed a trend for
reduced GM volume in the former group (P 5 0.09) (Table E3).

Because patients and control subjects differed significantly in
body mass index, specific analyses were run to test for its
potential effect on brain structure. No significant correlation
between GM volume and body mass index was found (Table E4
and Figure E1).

Brain Structural Changes after CPAP Treatment

No specific brain region showed a significant GM reduction
after treatment, even when using an uncorrected P value (P ,

0.005). Instead, specific hippocampal (left subiculum and bi-
lateral entorhinal cortex) and frontal (superior and middle
frontal gyri, and medial orbitofrontal cortex) clusters demon-
strated a GM-volume increase (Figure 1, Table 3, and Table
E1). The GM volume increase in the left hippocampus was
correlated with the improvement on the Stroop test (executive
function) (Table 4 and Table E2). Among the previously
mentioned cerebral regions, OSA severity (AHI and time with
SaO2

,90% before treatment) was positively correlated with
hippocampal GM-volume increase after treatment in the right
entorhinal cortex and in the left subiculum (P , 0.05) (Table 5).
There was also a trend for a positive correlation between AHI
and GM volume in the right middle and superior frontal gyrus
(P 5 0.061) and left entorhinal cortex (P 5 0.052).

After treatment with CPAP a significant increase of overall
GM volume was observed in patients with OSA (P , 0.05),
despite no significant increase of total intracranial volume (P .

0.5). Indeed, the average amount of GM-volume increase was
associated with a comparable, yet nonstatistically significant
(P 5 0.13), reduction in cerebrospinal fluid volume (Table E3).

Hippocampal Structural Changes before and after

Treatment (CPAP)

A conjunction analysis (conjunction-null test) (24) revealed
brain regions demonstrating group effects both before (OSA vs.
control subjects) and after (with-treatment OSA vs. treatment-
naive OSA) CPAP treatment. This analysis highlighted the left
anterior parahippocampal gyrus (entorhinal cortex) (Figure 1,
Table 3, and Table E1), where GM-volume increase after
treatment was correlated with improved performance in the
Digit-Span Forward (verbal short-term memory), Corsi (visuo-
spatial short-term memory), and Stroop tests (executive func-
tions) (Figure 1, Table 4, and Table E2). In addition, we observed
in this region a trend toward a significant positive correlation
(P 5 0.072) between GM volume and level of hypoxia (time with
SaO2

,90% and nadir SaO2
) (Table 5).

TABLE 2. NEUROPSYCHOLOGIC DATA

Baseline Follow-up

Neuropsychologic scores Controls (n 5 15) OSA (n 5 17) P Value OSA (n 5 16)* P Value

Global cognitive functions

Mini Mental State Evaluation 30.00 (0.00) 29.35 (1.05) ns 29.75 (0.57) ns

Raven 34.6 (1.29) 31.70 (3.90) 0.002 33.25 (2.46) 0.03

Short-term memory

Digit-span forward 6.93 (0.70) 5.58 (1.00) ,0.001 6.56 (0.81) 0.002

Corsi 6.53 (0.91) 5.11 (1.05) 0.001 6.18 (0.83) 0.002

Long-term memory

Rey-list (learning) 58 (7.01) 48.70 (9.67) 0.006 58.18 (7.92) ,0.001

Rey-list (recall) 13 (1.96) 10.58 (2.47) 0.003 13.12 (2.24) 0.002

Rey-list (recognition) 14.86 (0.51) 14.29 (1.10) 0.03 14.87 (0.34) 0.01

Rey-list (false-positives) 0.13 (0.35) 1 (1.17) 0.02 0.37 (0.61) ns

Attention and executive functions

Digit-span backward 5.6 (0.91) 4.17 (1.01) 0.001 5.12 (0.88) 0.004

Stroop (time) 23.06 (8.13) 39.12 (21.88) 0.009 34.73 (17.57) ns

Stroop (errors) 0.73 (1.03) 5.31 (3.57) ,0.001 0.86 (1.35) ,0.001

Trail-making test (A) 22.73 (5.72) 26.82 (4.50) 0.02 23.18 (7.29) 0.03

Trail-making test (B) 59.4 (14.16) 82.35 (24.19) 0.005 78.87 (21.79) ns

Paced Auditory Serial Addition Test (errors) 5.13 (3.58) 21.52 (10.07) ,0.001 7.31 (7.17) ,0.001

Definition of abbreviations: ns 5 non statistically significant; OSA 5 obstructive sleep apnea.

Comparison of neuropsychologic data between control subjects and patients with OSA pretreatment, and between patients with OSA pretreatment and

post-treatment.

* One drop-out for low treatment compliance.
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Pretreatment and Post-Treatment Gray-Matter Changes

in Hippocampal Cytoarchitectonic Subdivisions

The hippocampus is a complex structure including several
subdivisions that are associated with different functions and
pathologic conditions (25, 26). We explored whether such
anatomic segregation enlightened interpretation of the correla-
tions noted previously. Based on a priori hypotheses (10–14) we
performed a small volume correction, region-of-interest analy-
ses, and correlations with cognitive performance in the cy-
toarchitectonic subdivisions of the hippocampus (Table 4;
additional details in Tables E2, E3, E5, and Figure E2) (23).

The results confirmed a significant GM-volume reduction in
pretreatment OSA participants, compared with control sub-
jects, in the right cornu ammonis and the entorhinal cortex
bilaterally (Table E3). The amount of GM volume in the left
entorhinal cortex was negatively correlated with errors in the

Stroop test (executive functions) (Table 4 and Table E2). After
treatment, we observed a significant bilateral GM-volume
increase in the cornu ammonis, entorhinal cortex, fascia den-
tata, and subiculum (Table E3), and GM increase in the left
cornu ammonis correlated with improvement in the Stroop test
(executive functions) (Table 4 and Table E2).

As for disease severity, AHI before treatment was negatively
correlated with hippocampal GM volume in the bilateral cornu
ammonis, entorhinal cortex, and fascia dentata (P , 0.05). AHI
before treatment was also positively correlated with hippocampal
GM-volume increase after treatment in the bilateral cornu ammo-
nis, entorhinal cortex, fascia dentata, and subiculum (P , 0.05) (see
Table E5 for a complete description of the observed correlations in
the cytoarchitectonic subdivisions of the hippocampus) (23).

Reanalysis of the Data with the ‘‘Optimized-VBM’’

Similarly to previous results (17), when we used the ‘‘opti-
mized’’ VBM in SPM2 no regions survived a threshold of P less
than 0.05 corrected for multiple comparisons, be it with false-
discovery rate at the voxel level or family-wise error at the
cluster level as in our analysis. At P less than 0.001 uncorrected
we observed, in pretreatment patients compared with control
subjects, scattered regions of GM-volume reduction and in-
crease. At the same threshold, in post-treatment compared with
pretreatment patients we found bilateral increases of GM
volume in the left middle frontal gyrus and postcentral gyrus,
and no region in the opposite comparison (Table E6).

DISCUSSION

The aims of this study were to investigate the neuropsychologic
deficits in severe OSA and their association with structural
brain changes, and to assess whether any cognitive improve-
ment in patients with OSA after 3 months of CPAP treatment
reflected a change in the underlying cerebral structure.

Cognitive and Structural Deficits at Baseline

Neuropsychologic results demonstrated impairments in mem-
ory, attention, executive functions and constructional abilities,
as well as higher sleepiness and lower score in the Beck De-
pression Inventory (mood), in untreated patients with OSA. These
impairments were associated with focal GM-volume reductions
in the left hippocampal entorhinal cortex, in the left posterior
parietal cortex, and in the right superior frontal gyrus.

Alterations in hippocampal structures have been previously
reported in patients with OSA using VBM (10–12), quantitative
magnetic resonance imaging (13), and spectroscopy (14). The
location of the hippocampal cluster is consistent with previous
results (10), and regions-of-interest analyses highlighted a sig-
nificant GM-volume decrease in the same region (right cornu
ammonis) where a GM-density reduction was previously
reported (11). The hippocampus is extremely sensitive to
hypoxic damage, and in rats exposed to intermittent hypoxia
during sleep impaired spatial learning is associated with in-
creased apoptosis within region CA1 (6). Gale and Hopkins
(13) reported hippocampal atrophy associated with memory
impairments both in patients with OSA and patients with
carbon-monoxide poisoning. The hippocampal changes in
OSA may also be associated with the attentional and executive
impairment displayed by neuropsychologic tests, because the
connections between the prefrontal cortex and the thalamus are
extensive (27). The attentional, executive, and constructional
deficits may also reflect the GM-volume decrease in superior
parietal and frontal regions involved in attention (28) and
working memory (29). Reduced cerebral activity in the right
superior frontal gyrus has been reported in patients with OSA

Figure 1. Structural brain changes in obstructive sleep apnea (OSA)

before and after continuous positive airway pressure treatment. (Top
row) Regions showing a gray matter (GM) volume decrease in un-

treated patients with OSA compared with control subjects (P , 0.05

corrected for multiple comparisons based on cluster-extent) (20).
(Middle Row) Regions showing a GM-volume increase in post-treatment,

compared with pretreatment, patients with OSA (P , 0.05 corrected for

multiple comparisons based on cluster-extent) (20). (Bottom Row) Left

hippocampal entorhinal cortex showing both a GM-volume reduction
before treatment and a GM-volume increase after treatment (P , 0.001

uncorrected for multiple comparisons based a priori hypotheses) (10–14),

and the correlation between GM-volume increase in this region and cog-

nitive improvement after treatment (P , 0.05 corrected for multiple com-
parisons with false-discovery rate). Significant clusters are projected on

representative slices of a brain template in stereotaxic space. The distance

(in millimeters) of each slice from the anterior commissure is also shown.
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compared with healthy control subjects when performing a spe-
cialized task to assess working memory (30, 31).

Overall, the significant correlation between the amount of
localized GM-volume reduction (left posterior parietal cortex,
right superior frontal gyrus, left entorhinal cortex, as well as the
left entorhinal cortex hippocampal cytoarchitectonic subdivi-
sion) and performance on the Stroop test supports the hypoth-
esis that executive dysfunction is a core component of the OSA
neuropsychologic syndrome.

Cognitive and Structural Improvement after Treatment

After 3 months of treatment we observed a significant improve-
ment in all cognitive domains. This improvement was related to
a GM-volume increase in the hippocampus (left subiculum and

bilateral entorhinal cortex), the medial orbitofrontal cortex, and
the rostral portion of the right superior frontal gyrus. When
focusing on the cytoarchitectonic subdivision of the hippocam-
pus (22, 23), a GM-volume increase was observed bilaterally
in the cornu ammonis, entorhinal cortex, fascia dentata, and
subiculum after treatment. These results are strengthened by
the significant correlation between reduction of errors at the
Stroop test and GM-volume increase in the left subiculum in the
VBM analysis, and in the cornu ammonis in the region-of-interest
analysis. In the case of the entorhinal cortex, the amount of GM
increase after treatment was correlated with improvement in
verbal and visuospatial short-term memory, attention and exec-
utive functioning, indicating a direct correlation between the GM
changes and cognitive improvement.

TABLE 3. VOXEL-BASED MORPHOMETRY RESULTS

Hemisphere Anatomic Region (Brodmann-area/structure) K Z Score

Controls . pretreatment

Right Superior frontal gyrus (6) 8625 4.43

Left Inferior parietal lobule 5966 3.88

Left Parahippocampal gyrus (enthorinal cortex*) 798 3.28†

Post-treatment . pretreatment

Left Hippocampus (subiculum*) 3807 4.41

Left Parahippocampal gyrus (enthorinal cortex*) 1600 3.89

Right Hippocampus (enthorinal cortex) 1684 3.82

Right/Left Midorbital gyrus (11/10) 1666 4.03

Right Middle/superior frontal gyrus (46/10) 2333 3.99

Pretreatment and post-treatment

(conjunction analysis)

Left Parahippocampal gyrus (enthorinal cortex*) 149 3.76†

From top to bottom, cerebral regions showing a significant GM-volume change at baseline (controls . OSA pretreatment), at

follow-up (OSA post-treatment . OSA pretreatment), and both at baseline and follow-up, in the main voxel-based morphometry

analysis. P , 0.05 corrected for multiple comparisons based on cluster-extent. K 5 cluster extent in number of voxels (1 3 1 3

1 mm3) (see Table E1 for complete cytoarchitectonic labeling of the observed clusters with the SPM Anatomy-Toolbox) (22).

* Probabilistic assignment by the Anatomy-Toolbox (22).
† Uncorrected threshold of P , 0.001 based on a priori hypotheses (10–14).

TABLE 4. CORRELATION BETWEEN NEUROSTRUCTURAL AND COGNITIVE CHANGES IN THE VBM CLUSTERS AND HIPPOCAMPAL
CYTOARCHITECTONIC SUBDIVISIONS

Raven Digit Forward Corsi Stroop-errors ESS

Averaged GM Volume in VBM Clusters

Pretreatment OSA: GM Volume and Performance

Right superior frontal gyrus 20.621

ns ns ns 0.01* ns

Left posterior parietal cortex 0.604 20.661 20.610

0.01* ns ns 0.005* 0.009*

Left hippocampus (enthorinal cortex) 20.704

ns ns ns 0.002* ns

Post-treatment OSA Patients: GM-volume Increase and Cognitive Improvement

Left hippocampus (subiculum) 20.725

ns ns ns 0.002* ns

Pretreatment and Post-treatment OSA Patients (conjunction analysis): GM Volume and Performance Change

Left hippocampus (enthorinal cortex) 0.726 0.554 20.676

ns 0.001* 0.02* 0.005* ns

Averaged GM Volume in Cytoarchitectonic Hippocampal ROIs from the Anatomy-Toolbox

Pretreatment OSA: GM Volume and Performance

Left enthorinal cortex 20.802

ns ns ns 0.0001* ns

Post-treatment OSA Patients: GM Volume Increase and Cognitive Improvement

Left cornu ammonis 20.736

ns ns ns 0.001* ns

Definition of abbreviations: ESS 5 Epworth Sleepiness Scale; GM 5 gray matter; ns 5 nonstatistically significant; OSA 5 obstructive sleep apnea; ROIs 5 regions of

interest; VBM 5 voxel-based morphometry.

Significant correlations between GM volume and scores at neurocognitive tests for the clusters resulting from the main VBM analysis (top) and the cytoarchitectonic

subdivisions of the human hippocampus (22, 23) (bottom), before and after treatment. Within each cell, the number at the top indicates the value of the correlation, the

one at the bottom (in italic) indicates the corresponding P value.

* All reported correlations are significant at P , 0.05 corrected for multiple comparisons with false-discovery rate (see Table E2 for the complete list of correlations

significant at P , 0.05 uncorrected for multiple comparisons).
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Our results contradict the negative findings reported by
O’Donoghue and coworkers (17) of no significant GM differ-
ence between pretreatment OSA and control subjects, and no
changes after therapy. These findings conflict with those
reported in other related VBM studies where significant GM
reductions were shown in patients with OSA pretreatment (10–
12). O’Donoghue and coworkers (17) interpreted their negative
results in terms of different preprocessing of the data and
different statistical analyses and threshold. However, it is crucial
to take into consideration the continuous improvement of neuro-
imaging softwares, leading to more sensitive analyses and more
robust results (16). Indeed, by using the same argument we dem-
onstrated that the use of more recent VBM methods (VBM5-
toolbox and SPM5-unified segmentation) compared with those
previously used by O’Donoghue and coworkers (17) (the SPM2-
optimized-VBM approach) enhanced sensitivity and specificity of
our results (see online supplement).

The mechanisms leading to structural changes in VBM are
a topic of intensive debate in light of the increasing literature on
brain structural plasticity highlighted by morphometric analyses
(16, 32). The human hippocampus retains its ability to generate
neurons throughout life (33), and there is evidence that regular
practice improves the rate of adult neurogenesis and fosters the
preservation of newly generated neurons (34). Frontal and
hippocampal structural plasticity caused by environmental en-
richment has been shown in animal models (35).

These results may then suggest a scenario in which the hip-
pocampus, because of its sensitivity to hypoxia and innervation of
small vessels, is the region that is most strongly and quickly affected
by hypoxic and hypercapnic episodes (6). The ensuing structural
hippocampal damage results in cognitive deficits involving not only
memory, but also attention and executive functioning, either
directly (because of the role of hippocampus in these functions)
(36) or indirectly (because of altered functional connectivity with
the parietal and prefrontal cortex, which is also affected) (27). Yet,
the hippocampal plasticity (35) allows for a structural recovery
locally and in connected brain areas.

These results provide important clues in the debate over the
pathogenesis of cognitive impairment in OSA and its revers-
ibility. We propose a number of potential origins for the deficits
demonstrated in our current findings. Both hypoxemia and
sleep fragmentation have been proposed as potential contribu-

tors. The reversibility of structural changes has been suggested
to indicate that they are secondary to sleep fragmentation,
repetitive nocturnal hypoxemia, or disturbances in autonomic
activity, rather than to preexisting cortical damage (17). To
date, the lack of evidence for the reversibility of structural
alterations in OSA has left this issue unresolved. Regardless of
the origin of the deficit, the mechanism of brain change could be
either neurogenic or vasogenic. We propose it to be vasogenic.
We believe that the pattern of neuropsychologic changes in
OSA is similar to that seen in cases with mild cerebrovascular
disease (most commonly small vessel disease). The microvas-
cular model of OSA has been posited previously and supported
in some studies. Moreover, this model lends itself nicely to
further evaluation using more sophisticated methods to assess
microbleeds and other small vessel abnormalities in the brain.
Finally, this explanation is parsimonious with many of the
positive cardiovascular studies in OSA. The true origin and
mechanism, however, are yet to be uncovered.

There are many potential implications for the results pre-
sented herein. If the cause of impairment is vasogenic, there are
treatment approaches (e.g., steroid therapy) that could mediate
the long-term effects of vasogenic edema in the brain. Whatever
the cause, identifying the underlying mechanism could open
doors for treatment approaches to avoid the brain-related
changes demonstrated through our study. The association be-
tween the VBM findings and severity of disease may also be
important. Such findings, if replicated, can serve as a marker of
long-term negative outcomes associated with OSA. This could
initiate more intensive follow-up or additional testing to identify
early indicators of brain involvement (e.g., neuroimaging or
neuropsychologic testing). Finally, these data could serve as
motivators for patients to be adherent to treatment. If such
findings are shared with patients, risk perception of nonadher-
ence could be increased, thus increasing adherence to treat-
ment. It should be noted, however, that these findings must first
be replicated and taken to more depth regarding their causative
factors. A limitation of our study is that healthy control subjects
were not reevaluated at 3 months, a restriction caused by
practical considerations of study cost and participant availability
for repeated scanning. In principle, the absence of this control
would not allow one to exclude either an effect of learning on
cognitive performance or of ‘‘spontaneous’’ brain changes.

TABLE 5. CORRELATION BETWEEN DISEASE SEVERITY (AHI AND HYPOXIA) AND GM-VOLUME IN THE
VBM CLUSTERS

Brain region AHI Hypoxia (% time with SaO2
,90%)

Pretreatment

Right superior frontal gyrus 20.46 0.067 20.34 0.188

Left inferior parietal lobule 20.69 0.002* 20.58 0.015*

Left parahippocampal gyrus (enthorinal cortex) 20.39 0.123 20.39 0.121

Post-treatment

Right/left mid orbital gyrus 0.41 0.114 0.26 0.33

Right middle/superior frontal gyrus 0.48 0.061 0.16 0.55

Right hippocampus (enthorinal cortex) 0.59 0.015* 0.57 0.02*

Left hippocampus (subiculum) 0.64 0.007* 0.51 0.045*

Left parahippocampal gyrus (enthorinal cortex) 0.49 0.052 0.45 0.083

Pretreatment and post-treatment

Left parahippocampal gyrus (enthorinal cortex) 20.39 0.133 20.46 0.072

Definition of abbreviations: AHI 5 apnea-hypopnea index; GM 5 gray matter; VBM 5 voxel-based morphometry.

From top to bottom, correlations between disease severity (AHI and time with SaO2
,90%) before treatment and GM volume

before treatment, GM volume increase after treatment in the cerebral regions highlighted by the voxel-based morphometry

analysis, and in the parahippocampal region where GM volume was both reduced before treatment and increased after

treatment. Within each cell, the number at the left indicates the value of the correlation, the one at the right (in italic) indicates

the corresponding P value.

* Significant correlations (P , 0.05) (see Table E5 for a complete description of the observed correlations between GM volume

and AHI in the cytoarchitectonic subdivisions of the hippocampus (23).
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However, several considerations speak against this interpreta-
tion. Our neuropsychologic battery included tests that are
unlikely to be prone to significant learning effects, except for
the Rey list learning, for which an alternate yet equivalent form
was used at the 3-month assessment. As for the post-treatment
neural changes observed in patients, none of the regions
showing a GM-volume increase in the present study has been
associated with an age-related enlargement. Global GM volume
linearly decreases with age (15), and age-related loss of GM
concentration has been reported in several regions (15) in-
cluding the hippocampus (37). Finally, the significant correla-
tion between cognitive improvement in specific tests and the
GM-volume increase in specific regions strengthens our conclu-
sions. No spontaneous improvement in test performance has
been reported with sham treatment (38). Additionally, it is
worth highlighting that our sample included severe hypoxic
patients (percent of time spent with SaO2

,90% 5 30.4 6 13.4).
A study with nonhypoxic sleepy patients is warranted.

In summary, this study provides the first evidence that
structural brain abnormalities exist in regions susceptible to
hypoxemia, and that they can change with treatment. These
results suggest that even the negative neurologic effects of
hypoxemia may reverse with consistent and thorough treat-
ment. Therefore, adherence to treatment can lead not only to
clinical, but also to brain-structural recovery. It must be under-
lined that the patients in this trial showed a positive response to
treatment. The magnetic resonance imaging changes may thus
represent a marker of treatment response.
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