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Obstructive sleep apnea (OSA) is a common and pro-
gressive disorder accompanied by severe cardiovascu-
lar and neuropsychological sequelae, presumably
induced by brain injury resulting from the intermittent
hypoxia and cardiovascular processes accompanying
the syndrome. However, whether the predominant brain
tissue pathology is acute or chronic in newly-diag-
nosed, untreated OSA subjects is unclear; this assess-
ment is essential for revealing pathological processes.
Diffusion tensor imaging (DTI)-based mean diffusivity
(MD) procedures can detect and differentiate acute
from chronic pathology and may be useful to reveal
processes in the condition. We collected four DTI series
from 23 newly-diagnosed, treatment-naı̈ve OSA and 23
control subjects, using a 3.0-Tesla magnetic resonance
imaging scanner. Mean diffusivity maps were calculated
from each series, realigned, averaged, normalized to a
common space, and smoothed. Global brain MD val-
ues for each subject were calculated using normalized
MD maps and a global brain mask. Mean global brain
MD values and smoothed MD maps were compared
between groups by using analysis of covariance
(covariate: age). Mean global brain MD values were
significantly reduced in OSA compared with controls
(P 5 0.01). Multiple brain sites in OSA, including med-
ullary, cerebellar, basal ganglia, prefrontal and frontal,
limbic, insular, cingulum bundle, external capsule, cor-
pus callosum, temporal, occipital, and corona radiata
regions showed reduced regional MD values com-
pared with controls. The results suggest that global
brain MD values are significantly reduced in OSA, with
certain regional sites especially affected, presumably a
consequence of axonal, glial, and other cell changes
in those areas. The findings likely represent acute
pathological processes in newly-diagnosed OSA
subjects. VVC 2012 Wiley Periodicals, Inc.
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Obstructive sleep apnea (OSA) is a common and
progressive condition associated with serious comorbid-
ities (Peppard et al., 2000; Elmasry et al., 2001; Shahar
et al., 2001; Gami et al., 2004; Punjabi et al., 2004; Arzt
et al., 2005; Bradley and Floras, 2009), and affects about
10% of the adult population in the United States (Young
et al., 2002; Lee et al., 2008). Significant brain injury
accompanies the syndrome, principally in cerebellar and
limbic regions and interconnecting fibers, as well as lim-
bic cortex (Macey et al., 2002, 2008; Cross et al., 2008;
Kumar et al., 2009; Yaouhi et al., 2009; Zhang et al.,
2009; Joo et al., 2010; Morrell et al., 2010). The injury
likely contributes to the exaggerated sympathetic tone
and high incidence of hypertension and cardiac arrhyth-
mia (Peppard et al., 2000), as well as short-term memory
and planning deficits, and increased mood and anxiety
symptoms found in the condition (Naegele et al., 1998;
Ferini-Strambi et al., 2003; Felver-Gant et al., 2007; Lis
et al., 2008; Saunamaki et al., 2009, 2010). However, it
is unclear whether the predominant pathology is acute
or chronic in newly-diagnosed OSA subjects. Determin-
ing the pathological nature of injury in those subjects is
essential, because it is unknown, for example, whether
the principal ‘‘gold standard’’ for OSA intervention,
continuous positive airway pressure, can recover brain
tissue from chronic damage, or whether other interven-
tions must be considered, even for acute brain changes
in OSA patients. Such descriptions of injury nature will
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assist in interpretation of the processes contributing to
tissue damage.

Diffusion tensor imaging (DTI)-based fractional an-
isotropy (FA) and mean diffusivity (MD) procedures are
commonly-used measures to examine tissue changes
(Basser and Pierpaoli, 1998; Le Bihan et al., 2001). FA
measures tissue organization, and can detect pathological
tissue (Basser and Pierpaoli, 1996); the procedures do
not differentiate the stage of tissue injury (Neil et al.,
1998; Basser and Jones, 2002; Beaulieu, 2002). Axonal
loss and demyelination are reflected by decreased FA val-
ues in chronic stages of tissue injury (Trip et al., 2006;
Li et al., 2011), and both acute (Ward et al., 2006;
Shereen et al., 2011) and subacute (between acute and
chronic) stages after hypoxia are also associated with
reduced FA values (Ward et al., 2006). However, MD
procedures distinguish acute from chronic stages after
hypoxia/ischemia, with decreased values in acute stages,
values similar to those of normal conditions in subacute
stages, and increased values in chronic stages (Matsumoto
et al., 1995; Ahlhelm et al., 2002). Thus, MD proce-
dures are more sensitive than FA in differentiating path-
ological stages, and may be useful in determining the
pathological nature of brain injury in OSA subjects.

Our aim was to assess global mean and regional
brain MD values in newly-diagnosed, treatment-naı̈ve
OSA over age- and gender-matched control subjects
using DTI procedures. We hypothesized that global
mean MD values will be reduced in OSA patients com-
pared with control subjects, and localized declines in
MD values will appear in multiple brain areas, indicative
of acute injury at those sites.

MATERIALS AND METHODS

Subjects

We studied 23 OSA subjects (age 44.4 6 9.3 years,
body mass index [BMI] 30.1 6 5.4 kg/m2, apnea hypopnea
index 34.9 6 24.1 events/hr, 20 males) and 23 age- and gen-
der-matched control subjects (age 45.3 6 11.0 years, BMI
26.2 6 3.7 kg/m2, 20 males). These subjects were part of a
large study, and OSA and control subjects included here were
selected to match for similar age range, gender, and exact
magnetic resonance imaging (MRI) scanning parameters,
resulting in 23 OSA and 23 control subjects. All OSA subjects
were newly-diagnosed via overnight polysomnography with at
least moderate severity (apnea hypopnea index � 15), treat-
ment-naı̈ve for breathing condition, and recruited from an
accredited sleep-disorders laboratory at the University of Cali-
fornia at Los Angeles (UCLA) Medical Center. No OSA sub-
jects were taking any cardiovascular-altering medications, such
as b-blockers, a-agonists, angiotensin-converting enzyme
inhibitors, or vasodilators, or mood altering drugs, such as se-
rotonin reuptake inhibitors. Subjects were also without any
history of stroke, heart failure, diagnosed brain conditions,
metallic implants, or body weight more than 125 kg (the last
issue was a scanner limitation). All control subjects were inter-
viewed, with their cosleeper when possible, to rule out any
undetermined OSA condition; subjects were referred for an

overnight polysomnography if such a condition was suspected.
Control subjects were without any medications that might al-
ter brain tissue, with no contradictions to the MRI scanner
environment, and were recruited from the UCLA campus and
West Los Angeles area. All procedures were carried out in ac-
cordance with the Declaration of Helsinki and approved by
the Institutional Review Board at UCLA, and subjects pro-
vided written informed consent prior to the study.

MRI

Brain imaging studies were performed using a 3.0-Tesla
MRI scanner (Magnetom Tim-Trio, Siemens, Erlangen, Ger-
many), with a receive-only eight-channel phased-array head
coil and a whole-body transmitter coil. We placed foam pads
on both sides of the head to minimize head motion. High-re-
solution T1-weighted images were acquired using a magnet-
ization-prepared rapid-acquisition-gradient echo pulse
sequence (repetition time [TR] 5 2,200 msec, echo time
[TE] 5 2.2 msec, inversion time 5 900 msec, flip angle 5
98, matrix size 5 256 3 256, field of view [FOV] 5 230 3
230 mm, slice thickness 5 1.0 mm). Proton density (PD) and
T2-weighted images were collected simultaneously in the axial
plane, using a dual-echo turbo spin-echo pulse sequence (TR
5 10,000 msec, TE1 and 2 5 17 and 134 msec, flip angle 5
1308, matrix size 5 256 3 256, FOV 5 230 3 230 mm,
slice thickness 5 4.0 mm). DTI data were acquired using sin-
gle-shot echo-planar imaging with twice-refocused spin-echo
pulse sequence (TR 5 10,000 msec, TE 5 87 msec, flip
angle 5 908, bandwidth 5 1,346 Hz/pixel, matrix size 5 128
3 128, FOV 5 230 3 230 mm, slice thickness 5 2.0 mm, b
5 0 and 700 sec/mm2, diffusion directions 5 12). We col-
lected four separate DTI series with the same imaging proto-
col for subsequent averaging. We used the parallel imaging
technique, generalized autocalibrating partially parallel acquisi-
tion, with an acceleration factor of two in all MRI data acqui-
sition.

Data Processing and Analysis

The statistical parametric mapping package SPM8
(http://www.fil.ion.ucl.ac.uk/spm/), DTI-Studio 3.0.1 (Jiang
et al., 2006), MRIcroN (Rorden et al., 2007), and MAT-
LAB-based (http://www.mathworks.com/) custom-written
software were used for data processing and analyses. We used
high-resolution T1-, PD-, and T2-weighted images of OSA
and control subjects to examine for any visible brain tissue
pathology such as tumors, cysts, or any other major mass
lesion. Diffusion- and nondiffusion-weighted images of all
OSA and control subjects were also assessed for any
head-motion-related or other imaging artifacts before MD
calculation. No subjects (OSA or controls) included in this
study showed any major visible brain pathology, head motion,
or other imaging artifacts.

MD calculation. We calculated the average back-
ground noise level from outside the brain parenchyma by
using nondiffusion- and diffusion-weighted images, and this
noise threshold was used in all OSA and control subjects to
suppress nonbrain regions (only those regions outside the
brain parenchyma) during MD calculations. We used diffusion
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(b 5 700 sec/mm2)-weighted images, collected from 12 diffu-
sion directions, and nondiffusion (b 5 0 sec/mm2)-weighted
images to compute diffusion tensor matrices in DTI-Studio
software (Jiang et al., 2006). The diffusion tensor matrices
were diagonalized, and principal eigenvalues (k1, k2, and k3)
were calculated (Pierpaoli et al., 1996; Basser and Pierpaoli,
1998). Using these principal eigenvalues, MD values [(k1 1
k2 1 k3)/3] were calculated at each voxel (Pierpaoli et al.,
1996; Le Bihan et al., 2001), with voxel intensities on the
MD maps representing the corresponding MD values.

Realignment, averaging, normalization, and
smoothing of MD maps. We realigned the four MD
maps, computed from each DTI series, to remove any potential
differences in alignment resulting from head-motion, and aver-
aged to create one MD map per subject. Nondiffusion-
weighted images (b0 images) were also realigned and averaged.

The averaged MD maps were normalized to Montreal
Neurological Institute (MNI) space. For normalization of MD
maps, averaged nondiffusion-weighted images were normalized
to MNI space, based on a priori-defined distributions of gray
matter, white matter, and cerebrospinal fluid tissue types (Ash-
burner and Friston, 2005), and the resulting normalization pa-
rameters were applied to corresponding MD maps and nondif-
fusion-weighted images. The normalized MD maps were
smoothed with an isotropic Gaussian filter (10 mm kernel).
High-resolution T1-weighted images of OSA and control sub-
jects were also normalized to MNI space. T1-weighted images
were partitioned into gray matter, white matter, and cerebro-
spinal fluid tissue types, based on a unified segmentation
approach (Ashburner and Friston, 2005), and normalization pa-
rameters were applied to corresponding T1-weighted images.
The normalized images of all OSA and control subjects were
averaged to create a whole-brain mean image (background
image), which was used for structural identification.

Global brain mask. The normalized white matter
probability maps from OSA and control subjects were averaged,
and similarly, gray matter probability maps from all subjects were
averaged. The averaged gray and white matter probability maps
were thresholded (white matter probability > 0.3, gray matter
probability > 0.3) and combined to create a global brain mask.

Calculation of global brain MD values. Using a
global brain mask, the normalized MD maps of all OSA and
control individuals were masked to remove cerebrospinal fluid
and other nonbrain regions. The masked MD maps were used
to calculate mean global brain MD values with MATLAB-
based custom-written software.

Statistical Analysis

The Statistical Package for the Social Sciences 18.0
(SPSS, Chicago, IL) was used to assess demographic and mean
global brain MD data. We used independent-samples t-tests
and v2 to examine the demographic data. The mean global
brain MD values were assessed for significant differences
between groups using analysis of covariance (ANCOVA),
with age included as covariate. Significance levels were set at
P < 0.05 for all the statistical tests.

We compared the normalized and smoothed MD maps
voxel-by-voxel between OSA and control groups using

ANCOVA, with age as covariate (SPM8, uncorrected thresh-
old, P < 0.005; minimum extended cluster size five voxels).
The extended cluster size was arbitrary and was used to avoid
brain sites showing significant differences between groups
with a cluster size fewer than five voxels, which may not
represent reliable findings (Kumar et al., 2011). The brain
clusters with significant differences between OSA and control
groups were overlaid onto background image for structural
identification.

Region-of-Interest Analyses

We also performed region-of-interest (ROI) analyses to
determine average MD values in those areas that show signifi-
cant differences between OSA and control subjects based on
whole-brain voxel-by-voxel comparisons. ROI masks were
outlined for various brain areas with clusters determined by
voxel-by-voxel analysis procedures, and used to calculate aver-
age MD values of those sites from individual OSA and control
subjects by using normalized and smoothed MD maps. The
average MD values of those areas were compared between
groups with multivariate ANCOVA (covariate, age) in SPSS
software.

RESULTS

Demographics

No significant differences in age (P 5 0.77) or
gender (P 5 1.0) appeared between the groups. How-
ever, BMI showed significant group differences (P 5
0.007); OSA subjects had significantly increased BMI
over controls.

Global MD Changes

The mean global brain MD value in control sub-
jects was 1.045 6 0.072 3 1023 mm2/sec, and in OSA
subjects was 1.003 6 0.062 3 1023 mm2/sec. The
mean global brain MD value was significantly reduced in
OSA compared with control subjects (P 5 0.012).

Regional Voxel-by-Voxel MD Changes

Multiple brain areas in OSA subjects showed
reduced MD values compared with control subjects,
with age-related changes controlled. No brain sites
showed increased MD values in OSA over control sub-
jects. Brain sites in OSA that showed reduced MD val-
ues included the dorsal (Fig. 1a), ventral (Fig. 1e), and
ventrolateral (Fig. 1f) medulla, left cerebellar uvula (Fig.
1b), bilateral cerebellar crus I (Fig. 1c), right cerebellar
crus II, extending to the middle cerebellar peduncle
(Fig. 1g), right medial/inferior cerebellar peduncle (Fig.
1d), left ventrolateral temporal lobe (Fig. 1h), bilateral
dorsal temporal white matter extending to the occipital
cortex (Fig. 1i), left ventral (Fig. 1k) and right middle
(Fig. 1n) hippocampus, bilateral putamen (Fig. 1j), right
insular cortex (Fig. 1m), bilateral posterior thalamus (Fig.
2a), left anterior thalamus (Fig. 2c), left caudal external
capsule (Fig. 2b), anterior corpus callosum (Fig. 2d),
bilateral frontal (Fig. 2e) and occipital (Fig. 2f) white
matter; left prefrontal cortex (Fig. 2g), right middle and
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posterior cingulate and cingulum bundle (Fig. 2h,i), and
bilateral anterior (Fig. 2j), middle (Fig. 2k), and posterior
(Fig. 2m) corona radiata.

ROI Analyses

The regional MD values calculated from various
brain sites from OSA and control groups are summarized
in Table I. Significantly reduced MD values emerged in

all brain regions in OSA compared with control subjects,
consistent with whole-brain voxel-based analysis findings.

DISCUSSION

Newly-diagnosed, treatment-naı̈ve OSA subjects
showed significantly reduced global brain MD values,
and these changes were localized in various brain regions
including medullary and brainstem areas critical for

Fig. 1. Medullary, cerebellar, temporal, basal ganglia, and limbic
brain areas with reduced MD values in OSA compared with control
subjects. Multiple brain areas, including the dorsal (a), ventral (e),
and ventrolateral (f) medulla, cerebellar uvula (b), cerebellar crus I
and II (c,g), middle and inferior cerebellar peduncles (d), ventrolat-
eral temporal lobe (h), dorsal temporal white matter and occipital

cortex (i), ventral (k) and middle (n) hippocampus, putamen (j), and
insular cortex (m), showed reduced MD values in OSA compared
with control subjects. All brain images are shown with neurological
conventions, with the left side of the brain on left side of the axial
and coronal images (L, left; R, right), and the color bar represents t
values.
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cardiovascular and respiratory regulation, cerebellar, basal
ganglia, hippocampal and other limbic sites, and the co-
rona radiata. The nature of MD changes in OSA
(decreased values) indicates that the alterations are from
a predominantly acute stage.

OSA and Brain Injury

Regional gray matter volume loss and fiber injury
as well as brain metabolic abnormalities appear in multi-
ple brain areas in OSA subjects. Gray matter tissue loss
appears in the cingulate and insular cortices, mammillary

Fig. 2. Thalamic, corpus callosum, frontal, occipital, cingulate, and
corona radiata regions with decreased MD values in OSA compared
with control subjects. Brain regions with decreased MD values in
OSA emerged in thalamic areas (a,c), external capsule (b), anterior

corpus callosum (d), frontal (e) and occipital (f) white matter,
prefrontal cortex (g), middle and posterior cingulate cortices and
cingulum bundle (h,i), and anterior (j), middle (k), and posterior (m)
corona radiata. Figure conventions are the same as in Figure 1.
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bodies, hippocampus, caudate and thalamus, cerebellar
areas, and frontal, parietal, and temporal regions (Macey
et al., 2002; Kumar et al., 2008; Yaouhi et al., 2009; Joo
et al., 2010), and metabolic abnormalities emerge in the
hippocampus, parietal-occipital cortex, centrum semi-
ovale, and frontal and midtemporal areas (Kamba et al.,
2003; Morrell et al., 2003; Tonon et al., 2007; Sarchielli
et al., 2008). Fiber changes in newly-diagnosed OSA
subjects, assessed by DTI-based FA procedures, appear in
the corpus callosum, cingulum bundle, fornix, internal
capsule, cerebellum and peduncles, and corticospinal
tract (Macey et al., 2008; Zhang et al., 2009). These
brain areas with FA changes are similar to those found
here with MD procedures, although MD changes are
more widespread than FA changes. The current study

addresses the issue of whether OSA subjects show acute
tissue changes from initial detection of the syndrome, or
whether chronic injury appears at that time. Metabolic
abnormalities and fiber changes, assessed with MR spec-
troscopy and FA procedures, can appear in early as well
as chronic stages of tissue changes, and gray matter vol-
ume losses indicate chronic pathological changes. How-
ever, earlier studies might have had variations between
scanning evaluation and time of diagnosis in OSA sub-
jects (Macey et al., 2002; Joo et al., 2010; Morrell et al.,
2010), possibly leading to discrepancies between MD
and gray matter findings, since increased MD values
would be expected in those sites with gray matter vol-
ume loss. The findings from MD procedures provide
insights into those issues.

Reduced MD Values and Source of Tissue Injury

The injury characteristics provide clues to the
source of injury; the MD changes are heavily lateralized,
suggesting consequences of perfusion, oxygenation, or
reperfusion from the normally asymmetrical vascular sup-
ply to the brain to the intermittent hypoxia aspects of
OSA (Joo et al., 2007), affecting both glia and neurons.
Neurons in certain structures are especially vulnerable
from excitotoxic processes during intermittent hypoxia
or impaired perfusion in OSA. These areas include hip-
pocampal CA1 regions, cerebellar Purkinje cells, the an-
terior cingulate, and the mammillary bodies, sites that
are recipients of long-projecting axons from Schaeffer’s
collaterals, inferior olive climbing fibers, cingulum bun-
dle, and fornix, respectively (Shibata, 1992; Welsh et al.,
2002; Aggleton et al., 2005; Ang et al., 2006); the tar-
geted structures show lower MD values. Thus, we spec-
ulate that the lateralized regional brain damage develops
from preferential vascular lateralization, which is com-
promised in OSA through the extreme cardiovascular
changes accompanying each apneic event leading to is-
chemia. In addition, hypoxia from apnea events leads to
excessive neural discharge and excitoxic injury. Frontal,
cerebellar, medullary, and other limbic areas show tissue
injury in animal studies to intermittent hypoxic expo-
sure, following protocols attempting to simulate OSA
(Gozal et al., 2001; Veasey et al., 2004; Pae et al., 2005;
Zhang et al., 2010).

Patients with stroke resulting from transient ische-
mia with acute diffusion changes show tissue and func-
tion recovery, if the ischemic condition is reversed
quickly and forcefully (Kidwell et al., 1999; Lecouvet
et al., 1999). As in stroke treatment strategies, acute tis-
sue changes in newly-diagnosed OSA subjects suggest a
possibility for recovery of abnormal tissue and function
with use of anti-inflammatory and myelin-repair agents,
together with aggressive intervention for the breathing
condition.

Effect of Hypoxemia on Brain Tissue

Hypoxia and ischemia both decrease O2 supply to
brain tissue. During acute cerebral hypoxemia, as a result

TABLE I. Regional Brain Mean Diffusivity (31023 mm2/sec)

Differences Between OSA* and Control Subjects

Brain site

OSA

(n 5 23) mean

diffusivity (A)

Controls

(n 5 23) mean

diffusivity (B)

P values,

A vs. B

Ventral medulla 2.00 6 0.22 2.18 6 0.15 0.002

Ventrolateral medulla 2.02 6 0.22 2.19 6 0.15 0.003

L cerebellar uvula 1.59 6 0.23 1.79 6 0.18 0.003

L cerebellar crus I 1.37 6 0.24 1.57 6 0.30 0.007

R cerebellar crus I 1.23 6 0.16 1.40 6 0.25 0.004

R middle cerebellar

peduncle

0.80 6 0.05 0.86 6 0.09 0.002

R medial inferior

cerebellar peduncle

1.00 6 0.09 1.08 6 0.07 0.003

L ventrolateral

temporal lobe

0.89 6 0.05 0.95 6 0.05 <0.001

L dorsal temporal

white matter

0.81 6 0.04 0.85 6 0.04 <0.001

R dorsal temporal

white matter

0.80 6 0.04 0.84 6 0.04 0.001

L ventral hippocampus 1.05 6 0.06 1.13 6 0.12 0.006

R midhippocampus 0.99 6 0.08 1.07 6 0.10 0.003

L putamen 0.84 6 0.04 0.88 6 0.04 0.001

R putamen 0.87 6 0.03 0.92 6 0.05 <0.001

L insular cortex 0.85 6 0.03 0.88 6 0.04 0.002

R insular cortex 0.89 6 0.03 0.93 6 0.06 <0.001

L posterior thalamus 0.91 6 0.10 1.00 6 0.10 0.008

R posterior thalamus 1.11 6 0.10 1.21 6 0.11 0.002

L anterior thalamus 1.18 6 0.14 1.31 6 0.19 0.007

L caudal external capsule 0.87 6 0.05 0.92 6 0.06 0.007

Anterior corpus callosum 1.45 6 0.13 1.59 6 0.16 0.003

L frontal white matter 0.86 6 0.04 0.90 6 0.06 0.006

R frontal white matter 0.83 6 0.03 0.86 6 0.05 0.003

L occipital white matter 0.80 6 0.03 0.83 6 0.04 0.003

R occipital white matter 0.82 6 0.02 0.85 6 0.04 0.002

L prefrontal cortex 0.95 6 0.05 1.02 6 0.10 0.001

R midcingulate 0.88 6 0.04 0.94 6 0.09 <0.001

R posterior cingulate 0.93 6 0.05 0.97 6 0.05 0.005

L anterior corona radiata 0.81 6 0.03 0.86 6 0.06 <0.001

R anterior corona radiata 0.82 6 0.03 0.87 6 0.06 <0.001

L midcorona radiata 0.95 6 0.05 1.04 6 0.09 <0.001

R midcorona radiata 0.93 6 0.04 1.00 6 0.07 <0.001

L posterior corona radiata 1.00 6 0.11 1.12 6 0.12 <0.001

R posterior corona radiata 1.12 6 0.11 1.27 6 0.17 0.001

*OSA, obstructive sleep apnea; L, left; R, right.
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of a mismatch between O2 demand and supply, the fail-
ure of energy delivery results in cell depolarization,
which modifies sodium and calcium ion movement into
the cell, and potassium ions into extracellular space
(Lowry et al., 1964; Hossmann, 1971; O’Dell et al.,
1994; Dirnagl et al., 1999). Such ionic changes osmoti-
cally obligate water movement from extracellular to in-
tracellular space, causing cell swelling (Mintorovitch
et al., 1994), which in extreme hypoxia, results in cyto-
toxic edema. Excessive glutamate, released during cell
depolarization, is neurotoxic (Benveniste et al., 1984;
Hagberg et al., 1985); additional injury can develop
from calcium ion influx (Edwards et al., 1998). The
affected neurons and glia cells, especially myelin-support-
ing oligodendrocytes cells, which play critical roles in
maintaining axonal function and survival (Kassmann and
Nave, 2008), and are highly susceptible to hypoxemia,
can lead to myelin separation from axons along with
myelin and axonal swelling (Nukada and Dyck, 1987;
Shereen et al., 2011), with a decrease in the extracellular
volume fraction. The increased cellular cytotoxic edema
and intra-axonal water, reflected as reduced extracellu-
lar/extra-axonal volume and extra-axonal water, are
readily detected with MD measures.

Cytotoxic edema can be accompanied by brain
swelling, with consequent vascular compression, resulting
in a reduction in cerebral perfusion and blood–brain bar-
rier alterations (Baethmann, 2000; Xavier et al., 2003).
The condition will allow water to leak from the vascular
space into the extracellular/extra-axonal space, and thus,
the subacute stage would be a mixture of cytotoxic and
vasogenic edema (Xavier et al., 2003), i.e., cell/axonal
swelling together with more water in extracellular/extra-
axonal space (Matsumoto et al., 1995).

Since vasogenic edema itself works as an ischemic
condition (Marmarou et al., 2000), more water in the
extracellular/extra-axonal space in the subacute stage will
accelerate tissue degenerative processes, leading to demy-
elination, axonal, and cell loss in chronic stages of hy-
poxemia (Matsumoto et al., 1995).

OSA subjects undergo intermittent hypoxia during
sleep; some axons and cells may recover functions during
waking, in a fashion similar to that in transient ischemia
(Kidwell et al., 1999; Lecouvet et al., 1999). However,
most axons and cells, depending on the severity of hy-
poxemia, may progress to a chronic pathological state
over the long term. Animal studies simulating intermit-
tent hypoxia in human conditions show apoptosis and
injury in brain areas after as little as 5 hr of 12% O2

intermittent exposure (Pae et al., 2005). Thus, OSA
with repeated nocturnal apneic events likely leads to
progressive pathological changes.

MD Changes in Different Stages of Pathology

MD of water within tissue is influenced by various
factors, including tissue barriers (Le Bihan et al., 1991)
and extracellular/extra-axonal fluid and space. In the
case of acute stages of pathology after hypoxemia, cyto-

toxic edematous actions decrease extracellular water and
lead to cell and axonal swelling, reducing the extracellu-
lar space, resulting in restricted water diffusion and, thus,
reduced MD values. Multiple studies with hypoxia/is-
chemia-induced injury in acute stages show reduced
MD values (Matsumoto et al., 1995; Ahlhelm et al.,
2002). Subacute stages of hypoxemia are accompanied
by cytotoxic and vasogenic edema, along with axonal
and myelin swelling. Cytotoxic edema reduces MD val-
ues as a consequence of increased tissue barriers, and
vasogenic edema helps to increase MD values; thus, sub-
acute stages of hypoxemia will show MD values either
little-changed or similar to those of control conditions
(Matsumoto et al., 1995; Ahlhelm et al., 2002). How-
ever, demyelination or axonal loss in chronic stages of
hypoxemia will reduce tissue barriers, increase extracel-
lular volume, and escalate vasogenic edema; all of these
factors will contribute to increased MD values (Matsu-
moto et al., 1995; Ahlhelm et al., 2002).

Sites of Injury and Autonomic, Respiratory, and
Neuropsychologic Deficits

A remarkable aspect of the MD findings was the
specific sites of injury. Significant injury appeared in
medullary sites, areas essential for regulation of blood
pressure, chemosensation, and integration of barorecep-
tor and chemoreceptor afferents (Caverson et al., 1984;
Stocker et al., 2007). Earlier studies did not use techni-
ques that would address the issue of acute vs. chronic
injury, and the very first studies of regional volume
reduction in OSA (Macey et al., 2002) used procedures
that could not adequately resolve volume changes in the
small medulla. The MD procedures also found injury in
numerous other autonomic areas, including the insular
cortex, a major influence on hypothalamic regulation of
both sympathetic and parasympathetic outflow (Zhang
et al., 1999). In addition, portions of the cingulate cor-
tex (Critchley et al., 2003) and ventromedial frontal cor-
tex (King et al., 1999), which play significant roles in
cardiovascular regulation, showed injury. Neurocognitive
deficits associated with OSA depend on the hippocam-
pus, putamen, cerebellum, and cingulate cortex, as well
as integrity of the corpus callosum; all of those structures
show injury as indicated by MD procedures. The find-
ings support the long list of studies indicating neural
changes that accompany the syndrome (Macey et al.,
2002, 2008; Kamba et al., 2003; Morrell et al., 2003,
2010; Tonon et al., 2007; Sarchielli et al., 2008; Kumar
et al., 2008; Yaouhi et al., 2009; Zhang et al., 2009; Joo
et al., 2010), and additionally point to specific medullary
areas that are affected in the syndrome.

Limitations

Limitations of this study include the unavailability
of precise OSA disease durations in individual subjects
and the absence of followup studies after respiratory sup-
port intervention. Although all OSA subjects were
newly-diagnosed, OSA duration in these subjects may
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be variable, depending on numerous issues that can delay
recognition or assessment. However, since brain sites
showed reduced MD values, indicating that the changes
reflected an acute condition (Matsumoto et al., 1995;
Ahlhelm et al., 2002), we believe that the greatest pro-
portions of the subjects were in early stages of chronic
neural changes. We have insufficient data from followup
studies postbreathing intervention to support conclusions
for reversibility of brain tissue damage and function in
OSA. However, studies are in progress to answer these
questions.

CONCLUSIONS

Mean global brain MD values are significantly
reduced in newly-diagnosed, treatment-naı̈ve OSA vs.
control subjects, indicating an acute stage of tissue
changes. These brain changes appeared regionally in crit-
ical cardiovascular and respiratory areas of the medulla,
as well as in the cerebellum, basal ganglia, limbic
regions, corpus callosum, and multiple regions in the co-
rona radiata. The pathological mechanisms of tissue
injury likely include ischemia- and hypoxia-induced
processes, leading to acute tissue changes in the condi-
tion. The findings raise the possibility that the initial
brain tissue injury and resulting impaired function in
OSA subjects can be reversed to some extent, by adopt-
ing strategies analogous to those found useful in acute
stroke treatment.
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