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Objectives: To assess the effects of continuous positive airway pressure (CPAP) treatment on brain
structure and function in patients with obstructive sleep apnea (OSA).
Methods: A prospective study of seven OSA patients recruited from the sleep center at our institution
was carried out. Patients were treated with six weeks of CPAP treatment. Pre-treatment and post-
treatment magnetic resonance imaging (MRI) perfusion scans were obtained and compared to assess
for treatment-induced changes. Microstructural changes were quantified using functional anistrophy
(FA) and mean diffusivity (MD), and brain perfusion was quantified using cerebral blood flow (CBF) and
cerebral blood volume (CBV).
Results: Of the seven patients included the in study, six (85.7%) were male, and the mean age was 51
years (standard deviation = 13.14). Increased FA and decreased MD were found in the hippocampus,
temporal lobes, fusiform gyrus, and occipital lobes. Decreased FA and increased MD were found in frontal
regions for all patients (p < 0.05). Increased CBF and CBV were also observed following treatment
(p < 0.05).
Conclusion: In addition to symptom resolution, CPAP treatment may allow for healing of OSA-induced
brain damage as seen by restoration of brain structure and perfusion.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

There is limited knowledge regarding the pathogenesis of OSA
[10]. Although, it is known that the OSA-induced hypoxemia-

Obstructive sleep apnea (OSA) is the most common sleep dis-
order [1], with an estimated prevalence ranging from 4 to 32.8%
[2—5]. Increasing prevalence has been observed [4], with a pre-
diction for continued increase due to the increasing obesity prev-
alence in North America [6,7]. OSA presents as snoring, frequent
episodes of sleep interruption, excessive daytime sleepiness, hyp-
oxemia, hypercapnia, swings in intra-thoracic pressure and in-
creases sympathetic activity [1,8,9].
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reoxygenation pattern causes vascular oxidative stress, leading to
profound alterations in cerebral autoregulation [8]. This results in
loss of vasodilatory mechanisms [11] and subsequent alterations in
cerebral blood flow (CBF) and perfusion pressure 8], and ultimately
reduced CBF [11]. This may place OSA patients at risk for cerebral
ischemia and stroke [8]. Furthermore, studies have indicated white
matter changes on routine magnetic resonance imaging (MRI) of
these patients, possibly due to this cerebral ischemia [11], however,
these white matter changes have not been consistently observed
across all studies. Furthermore, patients with OSA have a signifi-
cantly slower rate of recovery of blood pressure, CBF velocity, and
cerebrovascular conductance than those without OSA, likely due to
impaired autoregulatory mechanisms [8].

1389-9457/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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If left untreated, long-term sequelae of OSA include hyperten-
sion, cardiovascular morbidities, insulin resistance, decreased
cognitive function, mood, quality of life, and premature death
[1,2,4,6,8,10,12]. First-line treatment for OSA consists of continuous
positive airway pressure (CPAP) therapy [13], and studies have
shown it has the ability to not only prevent the development of
hypertension, but can also reduce blood pressure in OSA patients
[14,15]. Similarly, arrhythmias caused by OSA can be attenuated
with CPAP treatment [16—18]. In addition, CPAP treatment has
positive effects on OSA patients suffering from heart failure [19,20].
Furthermore, CPAP has also been shown to reduce cognitive
impairment seen in OSA patients [21] and acutely attenuate sym-
pathetic drive [7].

Given CPAP's relief and reversal of OSA symptoms, investigation
into the effects of CPAP through brain imaging is underway,
although these methods are largely limited to transcranial Doppler,
T1-weighted imaging, and functional MRI (fMRI) [22—27]. These
neuroimaging techniques allow for assessment of functional
changes in the brain [28—30], whereas diffusion tensor imaging
(DTI) differs from other neuroimaging techniques in that it allows
for the observation of brain microstructural changes [28—31]. Pa-
rameters used include (1) fractional anistrophy ((FA), the measure
of microstructural integrity; increased in regions of high myelina-
tion, dense axonal packing, and white matter maturation but
decreased in regions of axonal degeneration and demyelination);
(2) mean diffusivity ((MD), a description of membrane density that
is sensitive to cellularity, edema, and necrosis and decreased in
regions of high myelination, dense axonal packing, and white
matter maturation but increased in regions of axonal degeneration
and demyelination), (3) CBF; and (4) cerebral blood volume (CBV).
By analyzing these parameters, DTI gives information regarding
brain injury and repair [29,30], thereby making DTI an important
tool for assessing pathology and pathophysiology of diseases and
treatments, which cannot be done through transcranial Doppler,
T1-weighted imaging, and fMRI.

DTI has proven successful at describing the damage and
treatment-induced changes in traumatic brain injury [30,32—34].
More recently, DTI has started being applied to better describe and
understand the changes and pathogenesis of OSA [35—37]. We
hypothesize that CPAP treatment will induce structural and
perfusion changes in the brains of patients suffering from OSA. This
study uses DTI and dynamic susceptibility contrast (DSC) imaging
(a sub-type of DTI) to assess for these changes by comparing pre-
and post-treatment brain images.

2. Methods
2.1. Overview

The current study is a prospective cohort study of patients
suffering from OSA. The study was approved by the hospital's
Institutional Review Board (IRB#: 0060-15-ASF) and informed
consent forms were obtained from each patient.

All patients who were diagnosed with OSA at our institution and
candidates for CPAP treatment were considered for inclusion in the
study. OSA is defined as the repetitive closure of the upper airway
during sleep [2,8] resulting in five or more apneic events per hour
[3,6], with an apneic event defined as the cessation of airflow
through the nose and mouth for >10 seconds [38]. OSA diagnoses
were made using overnight polysomnography (PSG). Patients less
than 18 years of age, pregnant, with a body mass greater than
300 kg (due to an MRI scanner limitation), and those suffering from
cognitive impairment were excluded from the study. Following
application of inclusion and exclusion criteria, 10 patients were
randomly selected to participate in the study.

Patients included in the study underwent six weeks of CPAP
treatment during sleeping hours. CPAP settings were determined
for each patient by auto-titration with a portable system (Autotest,
ResMed, Sydney, Australia) during overnight PSG. Analysis of the
pressure that included 90% of the events with a leak lower than
0.4 L/s was used to determine optimal CPAP pressure. CPAP usage
time was electronically downloaded to assess adherence to treat-
ment (defined as >4 h of CPAP per night during the study period).
Information regarding patient demographics, PSG statistics, and
patient co-morbidities was collected from patient files and
recorded.

2.2. MRI scan protocol

All patients underwent MRI before CPAP treatment and after
CPAP treatment. MRI scans were performed on a 3- Tesla system
(MAGNETOM Skyra, Siemens Medical Solutions, Germany) with a
multichannel head coil as a receiver coil. The MRI protocol included
T2 weighted, T1 weighted, fluid-attenuated inversion recovery
(FLAIR), susceptibility weighted imaging (SWI) DSC, and DTI.

DTI scan sequence parameters included 30 diffusion weighted
images scanned with different gradient directions (b = 1000) and
one volume without diffusion weighting, with the following pa-
rameters: TR = 10,300 ms, TE = 89 ms, voxel size = 1.8 x 1.8,
matrix = 128 x 128, number of slices = 63, slice thickness = 2.2 mm.

DSC scan sequence parameters included 50 T2*-weighted
gradient-echo echo planar imaging (EPI) volumes, two repetitions
before a bolus injection of Gadolinium-DTPA (Gd-DTPA) and 48
repetitions after injection of Gd-DTPA. Sequence parameters:
TR = 2300 ms, TE = 40 ms, flip angle = 30°, voxel size = 1.8 x 1.8,
matrix = 128 x 128, number of slices = 25, slice thickness = 3.9 mm.

2.3. MRI analysis

DTI analysis included motion and EPI correction and regulari-
zation of the DWI volumes as well as calculation of DTI maps (MD
and FA) were performed using Explore-DTI software [39]. DSC
analysis included motion correction and was performed using SPM
software (version 12, UCL, London, UK). DSC analysis was per-
formed as described in previous studies [40,41] using in-house
software written in Matlab R2016b (Mathworks, Natick, MA,
USA). MRI signal intensity was converted to Gd concentration,
fitted to the gamma variate function and deconvolved on a voxel-
by-voxel basis to calculate the CBF, CBV, and mean transit time
(MTT) maps. The maps were normalized to the median image in-
tensity in order to compensate for differences in the injection
procedure. A more detailed description is found in the
supplementary material.

2.4. Voxel-based analysis

Voxel-based analysis was performed comparing DSC parame-
ters before and after CPAP treatment. Spatial normalization and
statistical analysis were performed using the SPM software (version
12, UCL, London, UK). For DTI, spatial normalization was performed
for each patient based on the mean DWI image with similar
contrast to the template used in SPM (ICBM template, based on T1
contrast). The normalization parameters were applied on the DTI
maps. Spatial smoothing with kernel size of 8 mm full width half
maximum was applied. For DSC, spatial normalization was per-
formed for each patient based on the first DSC volume (ICBM
template). The normalization parameters were applied on the DSC
maps (CBF, CBV and MTT). Spatial smoothing with kernel size of
4 mm full width half maximum was applied.
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Paired t-test was performed between maps using voxel-based
analysis, generating statistical parametric maps. The statistical
parametric maps (p-values) are presented superimposed on a T1
image from a single subject to permit informative anatomical
reference. We report significant voxels (p < 0.05). The average
values in each significant cluster for each patient at each time point
is extracted from the FA, MD, CBF and CBV maps, and the averages
of each group were presented in a graph in each brain region.
Average CBF and CBV maps of all patients were calculated, as well as
delta maps comparing the two time points.

2.5. Statistical analysis

Non-parametric Wilcoxon signed ranked test was performed on
the FA, MD, CBF, and CBV values in each significant cluster. Only
clusters passing p < 0.05 in the non-parametric statistical analysis
are reported.

3. Results

Of the 10 patients recruited for the study, three were lost to
follow up, leaving seven patients in the final study population. The
mean age of the study population was 51 years (standard
deviation = 13.14), six (85.7%) of whom were male. More details
regarding the study population are described in Table 1.

3.1. Regional brain microstructure integrity

FA and MD whole brain statistical maps are depicted in Figs. 1
and 2, respectively, and show both increases and decreases in FA
and MD. Increases in both FA and MD are presented as
orange—yellow clusters whereas decreases in FA and MD are pre-
sented as cyan clusters. Wilocoxon p-values are shown in Table 2.
Only regions passing the threshold of p < 0.05 in Wilocoxon signed-
rank test are presented.

A statistically significant increase in FA was found in regions
related to cognition, including memory (hippocampus, medial
temporal lobe) visual perception (fusiform, medial occipital gyrus)
language (angular gyrus, inferior parietal lobule). A decrease in FA
was found in frontal white matter and sensory-motor regions
(precentral gyrus and superior corona radiata). Graphs of averages
and standard errors for FA in significant clusters are presented in
Fig. 3.

A decrease in MD was found in cognition related regions,
including memory (hippocampus, temporal regions) and visual
perception (fusiform, occipital regions). An increase in MD was

Table 1
Study population characteristics.

found in frontal regions and in the thalamus (Fig. 2). Graphs of
averages and standard errors in significant clusters are presented in
Fig. 3.

3.2. Increased brain perfusion

Brain perfusion was quantified using DSC parameters (CBF and
CBV). Average CBV and CBF and delta whole brain maps are
depicted in Fig. 4 and show the increase in both CBF and CBV
following CPAP treatment.

3.3. Regional changes in brain perfusion

Statically significant increase in CBF following CPAP treatment
involved body of corpus callosum, temporal regions (inferior tem-
poral gyrus, middle and superior temporal pole), and occipital
inferior gyrus (Fig. 5(a)). No significant decrease in CBF in any brain
region was found. Graphs of averages and standard errors CBF in
significant clusters are presented in Fig. 6(a) presenting only re-
gions passing the threshold of p < 0.05 in Wilocoxon signed-rank
test.

A statistically significant increase in CBV was found in genu of
corpus callosum, medial temporal gyrus, superior parietal gyrus,
pallidum and putamen (Fig. 5(b)). No significant decrease in CBV in
any brain region was found. Graphs of averages and standard errors
CBV in significant clusters are presented in Fig. 6(b) presenting only
regions passing the threshold of p < 0.05 in Wilocoxon signed-rank
test.

3.4. Corrections for multiple comparisons

When applying correction for multiple comparisons the
following regions pass the statistical threshold (p < 0.05, corrected)
for increased FA: fusiform, hippocampus, and medial temporal
lobe. Similarly, correction for multiple comparisons for increased
CBV indicated that the following regions continued to pass the
statistical threshold (p < 0.05, corrected): superior parietal gyrus,
medial temporal gyrus. Decrease in FA, changes in MD, changes in
CBF, and decrease in CBV did not pass correction for multiple
comparisons.

4. Discussion
The present study demonstrates CPAP treatment-induced

changes in brain structure and perfusion in OSA patients by
comparing brain scans obtained prior to, and following CPAP

Characteristics

Study population (N = 7)

Age (years)

Male, n (%)

BMI

Epworth Sleepiness Scale

Time between brain scans (days)

A + H events during PSG, n (n/h)
Oxygen desaturation events during PSG, n (n/h)
Diabetes, n (%)

Heart disease, n (%)

Hypertension, n (%)

Dyslipidemias, n (%)

Atrial fibrillation, n (%)

Sarcoidosis, n (%)

History of pulmonary embolism, n (%)

51 +13.14

6(85.7)

3523 + 2.59

14.86 + 4.74

124.71 + 30.61

355.86 + 192.52 (57.3 + 26.74)
315.14 + 173.37 (50.13 + 23.51)
4(57.1)

4(57.1)

3 (42.7)

3(42.7)

1(14.3)

1(143)

1(14.3)

A + H, apneic + hypopneic events; BMI, body mass index; PSG, polysomnography; n/h, number per hour.
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Fig. 1. Whole brain diffusion tensor imaging (DTI) functional anistrophy (FA) statistical parametric maps. Increase in FA is depicted in yellow—orange clusters and decrease in FA in
cyan clusters (p < 0.01 uncorrected). Increase in FA was found in regions related to cognition, including memory (hippocampus, medial temporal lobe) visual perception (fusiform,
medial occipital gyrus) language (angular gyrus, inferior parietal lobule). Decrease in FA was found in frontal white matter, sensory-motor regions (precentral gyrus and superior
corona radiata). MFG, middle frontal gyrus; MOG, middle occipital gyrus; SCR, superior corona radiate; SFG, superior frontal gyrus, WM, white matter.
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Fig. 2. Whole brain diffusion tensor imaging (DTI) mean diffusivity (MD) statistical parametric maps. Increase in MD is depicted in yellow—orange clusters and decrease in MD in
cyan clusters (p < 0.01 uncorrected). Decrease in MD was found in cognition-related regions, including memory (hippocampus, temporal regions, visual perception regions
(fusiform, occipital regions)). Increase in MD was found in frontal regions and in the thalamus. IT, inferior temporal; SFG, superior frontal gyrus; SCR, superior corona radiate; ST,

superior temporal; STG, superior temporal gyrus.

treatment. Our chosen imaging modality allowed for quantification
of regional brain microstructural integrity and cellularity, CBF, and
CBV. Study results show several post-CPAP brain changes, namely:
(1) increases and decreases in FA, representing changes in brain
microstructure, (2) increases and decreases in MD, representing

changes in brain cellularity, edema, and necrosis, and (3) increases
in both CBF and CBV, representing increases in brain perfusion
capability. Furthermore, the observed increases in FA were associ-
ated with corresponding decreases in MD, which were observed in
regions of the brain relating to cognition, memory, vision, and
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List of regions presenting significant change following continuous positive airway pressure in functional anistrophy (FA), mean diffusivity (MD), cerebral blood flow (CBF) and

cerebral blood volume (CBV).

Brain region

MNI coordinates

p-Value (Wilcoxon)

Cluster size

X y z
FA increase
Fusiform L -31.5 —34.5 -19.5 0.0156 155
Hippocampus R 33 -12 -15 0.0156 32
Medial temporal L -51 -57 22.5 0.0156 151
Medial occipital L —-37.5 -72 30 0.0156 25
Angular L —43.5 -58.5 34.5 0.0156 31
Inferior parietal L -52.5 —28.5 375 0.0156 23
Lingual L —28.5 -90 -18 0.0313
Inferior occipital L —18 -93 -12 0.0313 63
Caudate tail -33 -315 —4.5 0.0313 26
FA decrease
Frontal white matter 27 -6 25.5 0.0313 57
Anterior cingulum -18 315 28.5 0.0156 280
Medial frontal L -19.5 255 36 0.0156
Superior frontal R 10.5 375 375 0.0156 167
Precentral gyrus R 19.5 40.5 45 0.0156
Superior corona radiata L -36 -12 315 0.0313 45
MD increase
Precuneus R 15 —63 21 0.0313 54
Thalamus R 16.5 -18 3 0.0156 32
Frontal Mid L =27 30 315 0.0156 42
Frontal cortex BA 9 —16.5 375 225 0.0469 38
MD decrease
Superior temporal R 51 -31.5 9 0.0156 28
Hippocampus R 30 -27 -9 0.0469 46
Internal capsule R 36 —28.5 -1.5 0.0469
Temporal Inf L —49.5 —46.5 -15 0.0297 25
Temporal Sup R 51 -15 -7.5 0.0297 60
Temporal Sup R 48 —-13.5 1.5 0.0469
Fusiform_L -30 -78 -135 0.0313 20
CBF increase
Body of cc 16.5 -63 49.5 0.0156 23
Inferior occipital R 51 —63 225 0.0469 6
Inferior Temporal R 0 13.5 18 0.0156 2
CBV increase
Parietal Sup R 16.5 —63 49.5 0.0156 12
Temporal Mid R 51 -63 225 0.0313 12
Body of cc 0 135 18 0.0156 11
Pallidum R 18 1.5 -6 0.0469 13
Putamen L -10.5 7.5 -9 0.0156 7
p-Values follow Wilcoxon signed rank test. BA, Brodmann area; cc, corpus callosum.
Inf, inferior; L, left; Mid, middle; MNI, Montreal Neurological Institute; R, right; Sup, superior.
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Fig. 3. Diffusion tensor imaging (DTI) averages and standard errors in significant clusters. (a) Increase in functional anistrophy (FA) following continuous positive airway pressure
(CPAP). (b) Decrease in FA following CPAP. (c) Increase in mean diffusivity (MD) following CPAP. (d) Decrease in MD following CPAP. L, left; R, right.
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Fig. 4. Average cerebral blood volume (CBV) and cerebral blood flow (CBF) and delta whole-brain maps showing increase in CBF and CBV. CPAP, continuous positive airway pressure.

Changes in CBF post CPAP

Inferior

Body of cc Vo

temporal ‘q &
5 %

Inferior
occipital R

Changes in CBV post CPAP

Pallidum Putamen

Body of cc

Parietal Sup Temporal Mid

Post CPAP>Pre CPAP Pre CPAP>Post CPAP
CTTTT— r——

0.007. -0.006 0.005 p<0.01 uncorrected 001 0009 0008 0.007 0006 0.005

Fig. 5. Whole brain dynamic susceptibility contrast (DSC) cerebral blood flow (CBF) and cerebral volume (CBV) Statistical parametric maps. Increase in CBF and CBV is depicted in
yellow—orange clusters. No significant decrease in CBF and CBV was found (p < 0.01 uncorrected). Increase in CBF was found in cognition-related regions, including memory
(hippocampus, temporal regions, visual perception regions (fusiform, occipital regions)). Increase in CBV was found in frontal regions and in the thalamus. cc, corpus callosum; Mid,
middle; CPAP, continuous positive airway pressure; R, right; Sup, superior.
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Fig. 6. Dynamic susceptibility contrast (DSC) averages and standard errors in significant clusters. (a) Increase in normalized cerebral blood flow (CBF) following continuous positive
airway pressure (CPAP). (b) Decrease in normalized cerebral blood volume (CBV) following CPAP. cc, corpus callosum; L, left; Mid, middle; R, right; Sup, superior.

language. Similarly, decreases in FA were accompanied by corre-
sponding increases in MD, as were observed in regions of the brain
relating to sensory and motor functions.

Sufficient oxygen delivery to the brain, the highest oxygen-
consuming organ in the body, is critical. Autoregulatory mecha-
nisms exist in order to ensure proper oxygen delivery to the brain,
namely decreased oxygen levels promote cerebral vasodilation in
order to increase CBF and oxygen delivery to the brain [42].
Decreased oxygenation associated with OSA, however, results in
reduced CBF, not increased CBF [11]. This occurs because the limited
oxygen availability associated with OSA creates a state of persistent
oxygen deprivation, leading damage of the cerebral vasculature and
loss of autoregulatory mechanisms [8,11]. Continued hypoxia re-
sults in reactive oxygen species (ROS) production, which may
further limit brain repair mechanisms [8]. CPAP treatment, how-
ever, addresses the source of the problem by reversing the mech-
anism underlying hypoxia, thus increasing oxygenation. This likely
limits ROS production, a factor contributing to hypoxia-induced
cellular damage, which can then allow for the activation of the
brain's repair mechanisms.

This repair mechanism activation could lead to improvements in
the brain's microstructural integrity, and therefore explain our
observed increases in FA in the hippocampus, medial temporal
lobe, fusiform gyrus, and inferior parietal lobule. Similarly, this
would decrease the damage present in the brain, thus explaining
the observed decreases in MD in the hippocampus, temporal re-
gions, fusiform, and occipital regions. Unexpected findings were as
follows: (1) decreased FA in the frontal white matter and sensory-

motor regions and (2) increased MD in the frontal regions and the
thalamus. Past literature has indicated that white matter structures
heal at a slower rate than other neural structures, with even 1 year
not being a sufficient time interval to observe desired improve-
ments [37]. Furthermore, higher blood flow and volume may alter
water diffusivity in the brain tissue [43] in which case the decreases
in FA and increases in MD may be due to the observed increases in
CBF and CBV.

The increases in CBF and CBV suggest improvements in cerebral
vasculature. Studies have shown that CPAP treatment increased
muscular sympathetic nerve activity [24] and cerebrovascular
reactivity [22], which indicates restoration of the vasodilatory
mechanisms lost in patients with OSA and also explains the post-
CPAP observed increases in CBF and CBV. Angiogenesis has been
suggested to play a role in other forms of brain injury repair [34].
Although its application to OSA-induced brain injury has not yet
been studied, this may further explain the increased CBF and CBV.
Finally, locations of DTI, CBF, and CBV changes do have a lot of
overlap, particularly in regard to cerebral changes. However, there
are some differences, such as increased CBF and CBV the corpus
callosum, but lack of corresponding DTI changes. This may be due
to CBF and CBV's overall effect on increasing water diffusivity,
which can have downstream effects throughout the brain. Alter-
natively, it is possible that there are actually more changes beyond
those detected, but that were not statistically significant due to our
small sample size.

Past research has focused mainly on using T1 and T2 weighted
MRI to evaluate structural brain changes [23—25,27]. For instance,
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by comparing OSA patients receiving CPAP to those not receiving
CPAP, Rosenzweig et al., observed baseline hypotrophic changes in
the hippocampus, bilateral pallidus, right thalamus, and mid-
posterior part of the corpus callosum on neuroimaging in patients
with OSA compared to the controls [23]. Thus, they suggested that
CPAP treatment reduced these hypotrophic changes until there was
no significant difference between OSA patients and controls [23].
Our methodology differed from Rosenzweig et al., in that we uti-
lized a pre- and post-treatment design in contrast to their treat-
ment and control, but we observed all the same changes that
Rosenzweig et al., observed, thus confirming our results. However,
we observed additional changes in the temporal lobes, fusiform
gyrus, occipital regions, angular gyrus, parietal lobes, frontal re-
gions, and corona radiata that were not observed by Rosenzweig
et al., these differences are likely due to our imaging modality being
more sensitive and advanced than traditional T1 and T2 weighted
MRI, thus allowing for more detailed visualization and quantifica-
tion of treatment-induced changes.

More recently, a limited number of studies have been per-
formed using DTI to assess brain structural integrity, as we did.
Chen et al., used DTI to compare brain microstructure in patients
with OSA compared to controls, for which they observed
significantly reduced global brain FA levels as well as an asso-
ciation between white matter damage and disease severity [36].
However, they did not include post-CPAP treatment scans and
analyses in their study. Conversely, Xiong et al.,, used DTI to
assess post-treatment structural changes, although their primary
comparison was between patients with and without residual
sleepiness following CPAP treatment [35]. Neither of these
studies, however, include and pre- and post-treatment design, as
does our study. Only Castronovo et al., [37] utilized a pre- and
post-treatment design similar to our own, although they also
correlated brain structure changes to cognitive performance,
which we did not do. Yet, whereas Castronovo et al., observed
changes in FA and MD in the parietal and frontal regions, but not
elsewhere in the brain, we observed the same changes in the
frontal regions, but not the parietal regions. Alternately, we
observed additional changes throughout the brain beyond that
detected by Castronovo et al., [37].

Furthermore, while other studies have assessed CPAP-induced
perfusional changes, none of these previous studies have utilized
DSC imaging to do so, as we did. Jimenez-Caballero et al., measured
brain perfusion using cervical and transcranial Doppler ultraso-
nography both prior to and after two years of CPAP treatment, and
observed reduced cerebral blood flow velocity in OSA patients
following the CPAP treatment [26]. However, they were not able to
identify brain regions impacted by the CPAP-treatment as we did,
due to limitations of their chosen imaging modality. Furthermore,
Jimenez-Caballero et al., used an apnea test, an index of the capa-
bilities of cerebral vessels to adapt to metabolic demands, to
demonstrate an improvement in hypercapnic cerebrovascular
reactivity (CVR) [26]. This explains the reason behind our observed
increases in CBF and CBV following CPAP treatment. Our imaging
modality, in contrast, allows for direct assessment of CBF, as
opposed to cerebral blood flow velocity. Furthermore, whereas CVR
is a measure of function, thereby allowing for assessment func-
tional changes, our imaging modality allows for the assessment of
structural integrity changes. Nonetheless, these studies are in
agreement with one another in their assessment of CBF and CBV
improvements following CPAP treatment.

Prilipko et al., [22] decided to further these results and per-
formed a similar study to ours, but utilized fMRI to measure CVR
and CBF. Our results are in agreement with the results of this study
that demonstrated changes in the ‘Default Mode Network,’” a group
of brain regions including the medial prefrontal cortex, posterior

cingulate cortex, precuneus, inferior parietal lobes, medial tempo-
ral regions, hippocampus, and angular gyrus. Prilipko et al.’s use of
fMRI allowed for them to draw conclusions regarding changes in
brain activity whereas our use of DTI and DSC shed light on the
mechanisms through which these changes occur, namely brain
healing and repair. However, while Prilipko et al., observed no
difference in relative CBF between OSA patients and controls, we
observed post-treatment improvements in CBF. Furthermore, to the
best of our knowledge, there are no other studies utilizing these
parameters as opposed to standard MRI settings, making this the
first study to assess CPAP treatment's effect using DTI and DSC, and
therefore the first study of CPAP-induced pathophysiological
changes.

Limitations include small sample size. Moreover, because of the
small sample size, many of the observations became insignificant
when corrected for multiple comparisons. Had the sample size
been larger, this likely would not have been the case. Additionally,
loss to follow up could have potentially induced selection bias into
the study if the population lost differed from those remaining in the
study. The study also lacked a control group. While this is generally
important for demonstrating that a treatment has an effect or a
stronger effect than another treatment; by comparing each pa-
tient's baseline and post-treatment scans, we consider the baseline
scan equivalent to a control group and the post-treatment scan as
the treatment effect. This resembles the way treatment effects are
measured in cross-over studies. Furthermore, many of the patients
included in the study had co-morbidities, which could have
potentially confounded the results. However, if these co-
morbidities had any confounding effect, we suspect that the ef-
fect would be limiting to the treatment effect, not an enhancement
of the treatment effect. Therefore, the improvement in brain
structure and perfusion despite these co-morbidities demonstrates
the strength of CPAP treatment, and we expect that an even larger,
stronger treatment effect would be seen in patients who do not
have potentially limiting co-morbidities. Finally, this study is based
purely on MRI scan analysis. Clinical data was not collected from
the patients and therefore not compared to the radiological
changes observed in the study. The small sample size and high
patient drop-out rate would have made this very difficult, although
this data should be gathered in future studies in order to strengthen
and deepen the findings of this current study.

5. Conclusion

In addition to symptom resolution, CPAP treatment has multiple
effects on brain structure and perfusion, as evidenced through DTI
and DSC MRI and quantified based on the FA, MD, CBF, and CBV
parameters. The increases in FA and corresponding decreases in MD
occurring in the brain regions related to cognition, vision, and
language indicate high myelination, dense axonal packing, and
white matter maturation, which is suggestive of improved brain
structure, possibly due to repair mechanisms in the brain. Similarly,
the decreases in FA and corresponding increases in MD occurring
due to CPAP treatment indicate decreased axonal degeneration and
decreased demyelination, which is suggestive of cessation of
damage occurrence. Finally, whereas reduced CBF is a hallmark of
OSA, improvement in CBF and CBV suggest recovery of autor-
egulatory mechanisms, thereby allowing for proper vascular reac-
tivity and vasodilation. Overall, CPAP treatment improves brain
microstructural integrity and perfusion, suggestive of repair and
healing of OSA-induced brain damage. Nonetheless, future research
should be performed on larger study populations and in patients
lacking co-morbidities to strengthen the results of this study.
Further research should include clinical data to correlate to radio-
logical changes observed as a result of treatment.
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