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ABNORMAL MYELIN AND AXONAL INTEGRITY IN PATIENTS WITH OSA

Abnormal Myelin and Axonal Integrity in Recently Diagnosed Patin;fgosvifh -
Obstructive Sleep Apnea

Rajesh Kumar, PhD'28; Tiffany T. Pham, BS?®; Paul M. Macey, PhD*$; Mary A. Woo, RN, DNSc*; Frisca L. Yan-Go, MD?; Ronald M. Harper, PhD3¢

!Department of Anesthesiology, *Department of Radiological Sciences, and ’Department of Neurobiology, David Geffen School of Medicine at UCLA,
Los Angeles, CA; *UCLA School of Nursing, Los Angeles, CA; >Department of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, CA;
°The Brain Research Institute, University of California at Los Angeles, Los Angeles, CA

Study Objectives: Patients with obstructive sleep apnea (OSA) show significant white matter injury; whether that injury represents myelin or
axonal damage is unclear. The objective was to examine myelin and axonal changes in patients with newly diagnosed OSA over control subjects.
Design: Cross-sectional study.

Setting: University-based medical center.

Participants: Twenty-three newly-diagnosed, treatment-naive OSA and 23 age- and sex-matched control subjects.

Interventions: None.

Measurements and Results: Radial and axial diffusivity maps, calculated from diffusion tensor imaging data (3.0 Tesla MRI scanner), indicating
diffusion perpendicular (myelin status) or parallel (axonal status) to fibers, respectively, were normalized, smoothed, and compared between groups
(analysis of covariance; covariate: age). Global brain radial and axial diffusivity values, and global brain volume with myelin and axonal changes
were determined, and region-of-interest analyses performed in areas of significant differences between groups based on voxel-based procedures.
Global radial and axial diffusivity values were significantly reduced in OSA versus control subjects (radial, P = 0.004; axial, P = 0.019), with radial
(myelin) diffusivity reduced more than axial (axonal), and more left-sided reduction for both measures. Localized declines for myelin and axonal
measures appeared in the dorsal and ventral medulla, cerebellar cortex and deep nuclei, basal ganglia, hippocampus, amygdala, corpus callosum,
insula, cingulate and medial frontal cortices, and other cortical areas (P < 0.005), all regions mediating functions affected in OSA.

Conclusions: Fiber injury appears in critical medullary respiratory regulatory sites, as well as cognitive and autonomic control areas. Myelin is
more affected in newly diagnosed OSA than axons, and primarily on the left side, possibly from the increased myelin sensitivity to hypoxia and

asymmetric perfusion.

Keywords: Acute, brain, diffusion, hypoxia, medulla, respiration, tensor imaging
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INTRODUCTION

Patients with obstructive sleep apnea show regional white
and gray matter abnormalities in multiple brain sites, as deter-
mined by diffusion tensor imaging (DTI)-based fractional
anisotropy and mean diffusivity,'? and voxel-based morphom-
etry procedures using high-resolution T1-weighted images.**
Brain regions with injury in OSA appear in medullary, cere-
bellar, basal ganglia, and limbic areas that regulate autonomic,
cognitive, and mood functions,'® all of which are deficient in
the condition, and may contribute substantially to the comor-
bidities accompanying the syndrome. Whether white matter
injury in newly diagnosed, treatment-naive OSA subjects
reflects predominantly myelin or axonal changes is unknown,
but determining the type of injury is essential for interventions
against further damage, and such determination was the objec-
tive of the studies here.

A principal characteristic of OSA is exposure to periods
of sustained intermittent hypoxia. Myelin is more sensitive
to hypoxia than neural tissue,” suggesting that myelin would
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have a lower threshold for injury in the syndrome than axons;
however, such a finding has not been documented. Moreover,
the duration of hypoxic exposure is of interest in injury deter-
mination. Presumably, very long exposure to low oxygen would
target both myelin and axons. The need to determine the type of
white matter injury, myelin versus axonal, thus requires evalua-
tion at a time of minimal hypoxic exposure, and for that reason,
we chose to examine newly diagnosed OSA subjects, untreated
with ventilatory support or other means during sleep.

Magnetic resonance imaging (MRI) procedures can deter-
mine white matter composition non-invasively. DTI-based
radial diffusivity (which measures water diffusion perpendic-
ular to axons) preferentially indicates myelin changes and axial
diffusivity (which examines water diffusion parallel to axons),
primarily shows axonal changes,®'? and can assist evaluation
of tissue characteristics. Both procedures offer sensitive means
to examine subtle tissue alterations and provide pathological
information (myelin versus axonal changes). These procedures
have been used successfully for pathological fiber determina-
tion in other brain conditions including multiple sclerosis,'
Alzheimer disease,'* traumatic brain injury,’”” new-onset
seizures,'® and brain developmental and aging conditions,'”!®
and offer promise in evaluating tissue pathology in OSA.

The sensitivity of radial and axial diffusivity techniques
also offers substantial benefits for detecting injury in OSA,
especially in medullary and midbrain areas where volumetric
procedures examining tissue loss have been unable to deter-
mine local damage in the condition.> Medullary regions contain
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essential sensory and motor regulatory sites for breathing
and sympathetic control; although medullary injury has been
suspected because of the exaggerated sympathetic tone to the
musculature' and the failure to activate upper airway muscles
in temporal congruence with the diaphragm during sleep, such
potential damage has not been assessed adequately.

Here, we examined global and regional brain axial and radial
diffusivity changes in newly diagnosed, treatment-naive OSA,
relative to age- and sex-matched control subjects. Because
OSA subjects showed either gray matter volume loss or tissue
changes in medullary, cerebellar, basal ganglia, and limbic areas
in previous studies,”®!” we hypothesized that global measures
of myelin and axonal changes (axial and radial diffusivity
values) would be reduced in recently diagnosed OSA subjects,
compared to controls, as a consequence of the acute nature of
the pathology, and that regional declines would appear in and
between the brain areas found earlier to have been injured in
the syndrome.'? The patterns of injury may differ from those
with very long-term exposure to OSA, but the incentive to find
appropriate interventions mandates the need to describe the
nature of changes as early as possible in the syndrome.

METHODS

Design

We used a comparative cross-sectional design to examine
types of brain white matter injury in recently diagnosed, treat-
ment-naive subjects with OSA over control subjects.

Subjects

Twenty-three OSA and 23 age- and sex-matched healthy
control subjects were studied. Additional OSA and control
subjects were studied, but a scanner upgrade in the midst of
acquisition from those subjects had the potential to alter signal
characteristics; thus, we included only data collected from the
same scanner platform with identical data acquisition parameters.
All OSA subjects were recently diagnosed via overnight poly-
somnography (apnea-hypopnea index > 15), treatment-naive,
and recruited from the sleep disorders laboratory at the UCLA
Medical Center. OSA subjects were without any medications,
such as B-blockers, a-agonists, angiotension-converting enzyme
inhibitors, vasodilators, or mood-altering drugs (e.g., serotonin
reuptake inhibitors). Other exclusion criteria for both OSA and
control subjects included history of stroke, heart failure, diag-
nosed conditions that may affect the brain, non magnetic reso-
nance imaging (MRI)-compatible metallic implants, or body
weight more than 125 kg. For all subjects, weight was chosen
as an exclusion criterion over body mass index (BMI) due to
MRI scanner table limitations. Control subjects were healthy,
recruited specifically for this study, without any disorder that
might alter brain tissue, had no evidence of sleep disorders, and
were recruited from the Southern California region. All subjects
provided written and informed consent before the study, and the
study protocol was approved by the Institutional Review Board
at University of California at Los Angeles.

Assessment of Daytime Sleepiness and Sleep Quality
OSA and control subjects were examined for daytime
sleepiness with the Epworth Sleepiness Scale (ESS), and
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sleep quality with the Pittsburg Sleep Quality Index (PSQI)
questionnaires.”® Both of these commonly used daytime
sleepiness and sleep quality questionnaires were adminis-
tered only once to all subjects immediately before or after
MRI data acquisition.

Magnetic Resonance Imaging

Brain imaging studies were performed using a 3.0-Tesla MRI
scanner (Siemens, Magnetom Tim-Trio, Erlangen, Germany),
with a receive-only eight-channel phased array head coil and
a whole-body transmitter coil. Foam pads were used on both
sides of the head to minimize head motion during data acquisi-
tion. High-resolution T1-weighted images were acquired using
a magnetization prepared rapid acquisition gradient-echo
pulse sequence [repetition time (TR) = 2200 ms; echo time
(TE) = 2.2 ms; inversion time = 900 ms; flip angle = 9°; matrix
size = 256 x 256; field of view (FOV) = 230 x 230 mm; slice
thickness = 1.0 mm]. Proton density (PD) and T2-weighted
scans were collected simultaneously in the axial plane, using
a dual-echo turbo spin-echo pulse sequence (TR = 10,000 ms;
TE1, 2 = 17, 134 ms; flip angle = 130°; matrix size = 256 x
256; FOV = 230 x 230 mm; slice thickness = 4.0 mm). DTI
data were collected using a single-shot echo planer imaging
with twice-refocused spin-echo pulse sequence (TR = 10,000
ms; TE = 87 ms; flip-angle = 90°; band width = 1,346 Hz/
pixel; matrix size = 128 x 128; FOV = 230 x 230 mm,; slice
thickness = 2.0 mm, diffusion values = 0 and 700 s/mm?, diffu-
sion directions = 12, separate series = 4). The parallel imaging
technique, generalized autocalibrating partially parallel acqui-
sition, with an acceleration factor of two was used in all scans
for MRI data acquisition.

Data Processing and Analyses

We used the statistical parametric mapping package SPM8
(http://www.fil.ion.ucl.ac.uk/spm/), DTI-Studio  (v3.0.1),*!
MRIcroN, and MATLAB-based (http://www.mathworks.com/)
custom software to preprocess and analyze data.

High-resolution T1-weighted, PD- and T2-weighted images
were used to assess any visible brain tissue abnormalities such
as infarcts, tumors, cysts, or any other major mass lesion in
OSA and control subjects. We also examined diffusion- and
nondiffusion-weighted images of OSA and control subjects
for any head motion-related or other imaging artifacts prior
to radial and axial diffusion calculation. All OSA and controls
subjects included in this study showed no other major visible
brain injury, head motion, or other imaging artifacts that could
affect radial and axial diffusion measures.

Radial and Axial Diffusivity Calculation

The average background noise level from outside the brain
tissue was calculated using non-diffusion and diffusion-
weighted images, and was used to suppress nonbrain areas
in OSA and control subjects during radial and axial diffu-
sivity calculations. Using diffusion-weighted (b = 700 s/mm?)
and nondiffusion-weighted images (b = 0 s/mm?), diffusion
tensor matrices were calculated and diagonalized, and prin-
cipal eigenvalues (A1, A2, and A3) were determined using
DTI-Studio software.”! The principal eigenvalues were used
to calculate radial [AL = (A2 + A3)/2] and axial (A = A1)
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diffusivity values at each voxel, with voxel intensities on the
radial and axial diffusivity maps showing the corresponding
radial and axial values.®'

Realignment, Averaging, Normalization, and Smoothing of
Radial and Axial Diffusion Maps

The radial and axial diffusivity maps, derived from each
DTI series, were realigned to remove any potential variation
from head motion and averaged to create one radial and axial
diffusivity map per subject. Similarly, nondiffusion-weighted
images were also realigned and averaged.

The realigned and averaged radial and axial diffusivity
maps were normalized to Montreal Neurological Institute
(MNI) space. For normalization of radial and axial diffusivity
maps, non-diffusion-weighted (b0) images were normalized
to MNI space using a unified segmentation approach,” and
resulting normalization parameters were applied to corre-
sponding radial and axial diffusivity maps, b0 images, and
gray and white matter probability maps. The normalized
radial and axial diffusivity maps were smoothed with a
Gaussian filter (10 mm).

Background Images

High-resolution T1-weighted images of all OSA and control
subjects were segmented into gray, white, and cerebrospinal
fluid (CSF) tissue types, based on a priori-defined distributions
of gray, white, and CSF using unified segmentation procedure.?
The normalization parameters resulting from the segmentation
step were applied to corresponding T1-weighted images of
individuals. The normalized T1-weighted images of OSA and
control subjects were averaged to derive whole-brain mean
images (background images), and were used for structural
identification.

Global Brain Mask

We averaged the normalized white matter probability maps
derived from b0 images of OSA and control subjects. Similarly,
gray matter probability maps derived from b0 images of OSA
and control subjects were averaged. We thresholded (white
matter probability > 0.3; gray matter probability > 0.3) and
combined the averaged gray and white matter probability maps
to determine a global brain mask.

Calculation of Global Brain Radial and Axial Diffusivity Values

We removed CSF and other nonbrain regions from the
normalized radial and axial diffusivity maps using a global
brain mask, derived from all OSA and control subjects. The
masked radial and axial diffusivity maps were used to deter-
mine mean global brain radial and axial diffusivity values using
MATLAB-based custom software.

Region-of-Interest Analysis

Region-of-interest (ROI) analyses were used to calculate
average radial and axial diffusivity values from those brain
sites that show significant changes in myelin and axonal integ-
rity between OSA and control groups, based on whole-brain
voxel-by-voxel analysis. Regional ROI masks were created
for brain sites using clusters determined by voxel-by-voxel
analysis procedures, and used to determine average radial and
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axial diffusivity values of those areas from OSA and control
individuals using normalized and smoothed radial and axial
diffusivity maps.

Calculation of Global Brain Volume With Myelin and Axonal
Changes

Brain volumes with significant myelin and axonal changes
were calculated using statistical parametric maps, derived from
comparisons between OSA and control subjects for radial and
axial diffusivity. The number of voxels in the statistical para-
metric maps related to radial or axial diffusivity changes were
counted, and multiplied with the voxel volume.

Statistical Analysis

We used the Statistical Package for the Social Sciences
(SPSS, V 18.0, IBM, Chicago, IL) software to examine demo-
graphic, biophysical, and sleep variables, and global brain
radial and axial diffusivity values. The independent samples
t-tests were performed to examine age, BMI, and sleep vari-
ables differences between OSA and control groups. Global brain
radial and axial diffusivity values were assessed between OSA
and control groups using analysis of covariance (ANCOVA;
covariate: age). Significance levels were set at P < 0.05 for the
statistical tests.

The normalized and smoothed radial and axial diffusivity
maps were compared voxel by voxel between OSA and control
subjects using ANCOVA (SPMS; covariate, age; uncorrected
threshold, P < 0.005). Clusters with significant differences
in myelin and axonal measures in brain areas between OSA
and control subjects were overlaid onto background images
for structural recognition. The percentage brain volume with
myelin changes in OSA subjects was also calculated against
brain volume with axonal changes.

The average radial and axial diffusivity values from ROI
analyses of those regions that showed significant differences
between groups were tabulated for magnitude differences, and
were compared between OSA and control subjects with multi-
variate ANCOVA (covariate: age).

RESULTS

Demographics, Biophysical, and Sleep Variables

The demographic, biophysical, and sleep related variables are
tabulated in Table 1. No significant differences in age (P = 0.8)
was shown between OSA and control subjects. However, BMIs
were significantly higher in OSA compared to control subjects
(P=0.007). Both ESS and PSQI showed significant differences
between OSA and control subjects (ESS, P = 0.001; PSQIL
P <0.001).

Global Brain Radial and Axial Diffusivity Changes

The global brain radial diffusivity of OSA subjects was
0.69 £ 0.03 x103 mm?/s, and for controls was 0.72 + 0.04 x10°?
mm?/s. The global brain axial diffusivity of OSA was 1.27 +0.04
x 10 mm?/s, and for control subjects was 1.31 + 0.06 x 107
mm?s. Both global brain radial (measure of myelin integrity)
and axial (measure of axonal integrity) diffusivity values were
significantly reduced in OSA over controls (radial diffusivity,
P = 0.004; axial diffusivity, P = 0.019).

Myelin and Axonal Integrity in OSA—Kumar et al



SD, standard deviation.

Table 1—Demographic, physiologic, and sleep variables of obstructive sleep apnea and control subjects

Variables 0SA (n=23) Controls (n =23) P value
Age range (y) 31-62 31-64 -
Age (mean £ SD, y) 444+93 453+ 11.0 0.8
Sex (Male:Female) 20:3 20:3 1.0
BMI (mean * SD, kg/m?) 30154 262+37 0.007
Handedness 3 Left; 18 Right; 2 Ambidextrous 4 Left; 18 Right; 1 Ambidextrous -
Ethnicity 7 Asian; 10 White; 3 Hispanic; 2 African-American; 4 Asian; 16 White; 3 Hispanic -

1 Asian-White
AHI (mean £ SD, events/h) 349+241 - -
OSA severity 13 Moderate; 10 Severe - -
ESS (mean + SD) 96+55 4740 0.001
PSQI (mean + SD) 83136 3117 <0.001

AHI, apnea-hypopnea index; BMI, body mass index; ESS, Epworth Sleepiness Scale; OSA, obstructive sleep apnea; PSQI, Pittsburg Sleep Quality Index;

Radial Diffusivity

Axial Diffusivity

Figure 1—Brain sites showing significant radial (myelin) and axial (axonal) diffusivity changes in obstructive sleep apnea (OSA) (n = 23), compared to control
(n = 23) subjects (uncorrected threshold, P = 0.005), displayed in glass brain mode with three-dimensional representations projected onto two-dimensional
axial, sagittal, and coronal sections. (A) Brain areas with significantly reduced radial diffusivity values in OSA over control subjects. (B) Regions with reduced

axial diffusivity in OSA compared to control subjects.

Brain Volume with Myelin and Axonal Changes

Global radial and axial values, as viewed on glass brain images,
are shown in Figure 1. The summed volume of myelin changes
in OSA, as shown as dark areas in the glass brain image, was
115911.0 mm?, whereas the summed volume of axonal changes
was 68,735.3 mm?®. Myelin changes were more widespread in
OSA subjects than axonal changes (Figure 1A versus 1B); with
68% more volume with myelin changes over axonal changes.
There was greater reduction of both axial and radial values on
the left side (Figure 1A and 1B; left versus right; radial: 70,449.8
versus 45,461.3 mm?, axial; 45,113.6 versus 23,621.6 mm?).

Regional Voxel-by-Voxel Radial and Axial Diffusivity Changes
The ventrolateral medulla showed both radial and axial
diffusivity reductions (myelin and axonal changes); myelin
injury encompassed a relatively large area, extending from the
caudal pons to 13 mm caudally (Figure 2, a and Figure 3, g), as
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identified by radial diffusivity, and axonal injury extended from
the lateral border of the medulla to the midline, as shown by
axial diffusivity (Figure 3, g). There was widespread reduction
of myelin in cortical projections, the corona radiata from frontal
regions to the occipital cortex (Figure 2, d-g, k), and included
the left anterior and posterior insular (Figure 2, h and 1), ante-
rior and mid corpus callosum (Figure 2, b and c), dorsal and
ventral temporal (Figure 2, u and v), and left mid and posterior
cingulum bundle (Figure 2, o and p), as well as the bilateral
anterior thalamus (Figure 2, q), superior cerebellar peduncles
(Figure 2, w) and cerebellar cortex (Figure 2, 1, x, y, and n).
Myelin loss also appeared in the ventral hippocampus (Figure
2, j), and fibers within the right mid hippocampus extending to
the retrolenticular internal capsule (Figure 2, 1), right amygdala
(Figure 2, m), posterior thalamus (Figure 2, t), and putamen
and globus pallidus (Figure 2, s). Brain sites that showed
axonal changes (reduced axial diffusivity) in OSA emerged
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Figure 2—Brain regions with significantly reduced radial diffusivity (i.e., primarily myelin changes) in OSA compared to control subjects. Sites with reduced
radial diffusivity in OSAincluded the ventrolateral medulla (a), corpus callosum (b,c), corona radiata (d-f), frontal white matter (g), insular cortices (h, i), ventral
hippocampus (j), occipital white matter (k), mid hippocampus extending to the retrolenticular internal capsule (I), amygdala (m), cingulum bundle (o, p), dorsal
and posterior thalamus (q, t), putamen and external capsules (s), temporal white matter (u), ventral temporal cortex (v), and cerebellar peduncles (w) and
cerebellar cortices (n, r, x, y). All brain images are in neurological convention (L = left, R = right), and the color scale indicates t-statistic values.

in bilateral anterior (Figure 3, a), superior (Figure 3, b), and
posterior (Figure 3, c¢) corona radiata, bilateral frontal white
matter (Figure 3, d), bilateral globus pallidus (Figure 3, e), right
posterior thalamus, extending to the hippocampus (Figure 3, f),
dorsal and ventral temporal white matter (Figure 3, h and 1),
right putamen (Figure 3, j), right mid and posterior cingulate
cortices (Figure 3, k and 1), posterior corpus callosum (Figure
3, m), left posterior external capsule (Figure 3, n), and right
cerebellar cortices (Figure 3, o).

ROI Analyses
The regional radial and axial diffusivity values derived
from multiple brain regions from OSA and control subjects
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are tabulated in Tables 2 and 3. Radial and axial diffusivity
values were significantly reduced in OSA over control subjects,
consistent with the voxel-based analysis findings.

DISCUSSION

Overview

Both axons and their surrounding myelin are damaged in
recently diagnosed, untreated OSA subjects, as indicated by
significantly reduced global and regional radial and axial diffu-
sivity. The injury was not uniformly distributed; more myelin
changes appeared over axonal changes, and more damage was
found on the left side for both myelin and axonal measures.
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cerebellar cortices (o). Figure conventions are the same as in Figure 2.

Figure 3—Brain areas with reduced axial diffusivity (i.e., largely axonal injury) in obstructive sleep apnea (OSA) over control subjects. Areas with reduced
axial diffusivity in OSA compared to control subjects included the corona radiata (a-c), frontal white matter (d), globus pallidus (e), thalamus, extending to
the hippocampus (f), ventral medulla (g), temporal white matter (h, i), putamen (j), cingulate cortices (k, 1), corpus callosum (m), external capsule (n), and

Of substantial importance for the syndrome, a large area of the
ventrolateral medulla, extending from the caudal pons for 13 mm
caudally and including at its widest area, tissue from the lateral
edge to the midline showed injury, a region incorporating major
components of respiratory control and sympathetic regulation.
In addition, damage appeared in cerebellar cortex, important for
blood pressure and respiratory muscle coordination, as well as
fibers of the basal ganglia, hippocampus, and amygdala, medi-
ating cognitive, memory, and autonomic aspects. Widespread
projections to the cortex, as well as insular and cingulate fibers,
important for affect and autonomic regulation, also showed
myelin injury. The ratio of myelin to axonal injury suggests that

SLEEP, Vol. 37, No. 4, 2014

acute influences from hypoxia likely underlie the damage in
newly diagnosed OSA subjects.

Assessment of Myelin and Axonal Injury

Radial diffusivity, which measures water diffusion perpen-
dicular to fibers, and axial diffusivity that assesses water diffu-
sion parallel to fibers can be used to differentiate types of white
matter pathologies.''> The directional nature of radial and axial
diffusivity measures in white matter can show myelin status
by radial diffusivity indices, with axial diffusivity principally
indicating axonal changes.'"'? Radial diffusivity is modified by
alterations in myelin, including myelin sheath permeability and
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Table 2—Average radial diffusivity values (x10- mm?/s) of multiple brain regions from obstructive sleep apnea and control subjects
Radial diffusivity [A] vs [B]

Brain regions OSA (Mean * SD) [A] Control (Mean + SD) [B] P values Figures
R ventrolateral medulla 1731.57 £ 218.24 1924.97 + 148.85 0.001 Figure 2, a
R anterior corpus callosum 973.30 £ 110.13 1101.38 + 164.49 0.003 Figure 2, b
R mid corpus callosum 944.68 + 99.47 1066.99 + 147.75 0.002 Figure 2, ¢
L superior corona radiata 693.63 £ 53.17 756.62 + 83.34 0.001 Figure 2, d
R superior corona radiata 619.43 £+ 37.63 664.45 + 48.84 0.000 Figure 2, d
L mid corona radiata 592.30 + 36.77 633.39 + 40.07 0.000 Figure 2, e
R mid corona radiata 640.33 + 40.92 678.42 +43.08 0.001 Figure 2, e
L posterior corona radiata 688.76 + 36.81 730.24 £ 51.52 0.000 Figure 2, f
R posterior corona radiata 710.20 + 41.25 763.23 £ 62.76 0.001 Figure 2, f
L frontal white matter 694.78 + 38.07 739.90 £ 66.10 0.002 Figure 2, g
L anterior insular cortex 735.36 £ 35.74 774.40 £ 49.38 0.002 Figure 2, h
L posterior insular cortex 677.87 £45.74 728.09 £ 71.34 0.006 Figure 2, i
L ventral hippocampus 865.08 + 56.36 938.24 +97.39 0.004 Figure 2, j
L occipital white matter 621.05 + 35.90 657.78 + 31.65 0.000 Figure 2, k
R mid hippocampus 936.02 + 136.05 1049.33 £ 148.58 0.007 Figure 2, |
R retrolenticular internal capsule 729.05 + 66.01 806.56 + 83.55 0.001 Figure 2, |
R amygdala 765.30 * 45.51 821.59 £ 57.01 0.000 Figure 2, m
R cerebellar cortex 638.20 + 41.06 687.35 +61.42 0.003 Figure 2, n
L cingulum bundle 612.86 £ 39.76 665.22 £ 66.47 0.001 Figure 2, 0
L cingulum bundle 698.59 + 34.42 730.97 £ 49.99 0.005 Figure 2, p
L anterior thalamus 874.57 + 116.86 986.97 £ 155.27 0.006 Figure 2, q
L cerebellar cortex 1088.02 + 160.87 1225.46 + 123.48 0.003 Figure 2, r
L external capsule 706.97 £ 33.73 743.32 £ 40.79 0.001 Figure 2, s
L putamen 656.47 + 35.50 687.99 + 27.04 0.002 Figure 2, s
L posterior thalamus 651.84 +70.14 707.55 £ 53.91 0.004 Figure 2, t
R posterior thalamus 867.77 +£99.75 962.82 + 87.84 0.001 Figure 2, t
L temporal white matter 599.12 £ 30.74 626.50 + 28.78 0.004 Figure 2, u
L ventral temporal cortex 804.86 +78.02 884.12 + 85.89 0.002 Figure 2, v
R superior cerebellar peduncles 718.80 + 76.95 780.72 + 58.52 0.003 Figure 2, w
R cerebellar cortex 1025.75 + 142.34 1183.06 + 210.94 0.004 Figure 2, x
R cerebellar cortex 70417 £72.33 794.45 + 109.50 0.002 Figure 2,y

L, left; OSA, obstructive sleep apnea; R, right; SD, standard deviation.

packing characteristics.”** However, axial diffusivity is influ-
enced by axonal density, caliber, straightness of axons, extra-
axonal/extracellular space, and focal enlargement/constriction
of neuritis (beading)*; any change in these tissue characteris-
tics can alter axial diffusivity.

Effect of Multiple Hypoxic Episodes on Acute Stages

The principal characteristic of OSA, cessation of air move-
ment through repeated airway obstructions with continued
diaphragmatic efforts during sleep, leads to successive expo-
sures to intermittent hypoxia with subsequent reoxygenation
when breathing resumes. The mismatch of oxygen demand
and supply to brain tissue results in alterations in sodium and
potassium ions in extracellular and intracellular space.””? Such
changes in sodium and potassium channels alter intracellular
and extracellular water, and result in cell and axonal swelling.*
Other changes include excessive glutamate release that also
contributes to tissue injury.*' The affected glial cells, neurons,
and myelin-supporting oligodendrocytes cells all play essential
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roles in axonal function and survival,**>* and are highly sensitive
to hypoxia. The hypoxic exposure can lead to myelin and axonal
swelling, and decreased extracellular/extra-axonal space.

In acute hypoxic stages, axonal inflammation, which
decreases extra-axonal space, as well as water reduces axial
diffusivity due to reduced water diffusion parallel to fibers.
Myelin swelling in the acute stage contributes to slowing of
water motion perpendicular to fibers, reducing radial diffu-
sivity. Both radial and axial diffusivity values decline in acute
pathological stages of hypoxia and ischemia conditions, indi-
cating myelin and axonal alterations, respectively.?*333¢

Asymmetric Injury: Implications for Function

Global myelin and axonal changes preferentially appeared
on the left side, although, as Figure 1 demonstrates, injury
emerged bilaterally. The lateralization of injury follows a
pattern of gray matter damage found in a number of regional
areas in OSA."? The mechanisms underlying the asymmetry
are unclear, but likely rest on relative perfusion differences
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Table 3—Mean axial diffusivity values (x10 mm?s) of various brain sites from obstructive sleep apnea and control subjects
Axial diffusivity
Brain regions OSA (Mean £ SD) [A] Control (Mean + SD) [B] [A] vs [B] P values Figures
L superior corona radiata 1171.99 + 30.29 1213.27 £ 72.01 0.009 Figure 3, a
R superior corona radiata 1205.91 + 40.48 1259.73 £ 79.74 0.003 Figure 3, a
L mid corona radiata 1218.13 £ 31.45 1266.36 + 47.70 0.000 Figure 3, b
R mid corona radiata 1224.96 + 36.89 1276.30 £ 55.68 0.000 Figure 3, b
L posterior corona radiata 1354.97 + 55.96 1413.37 £ 78.76 0.001 Figure 3, ¢
L frontal white matter 1207.53 £ 29.79 1250.76 + 64.08 0.003 Figure 3, d
R frontal white matter 1170.71 £ 35.97 1208.57 + 56.28 0.005 Figure 3, d
L globus pallidus 1339.76 + 55.79 1385.74 + 44.67 0.004 Figure 3, e
R hippocampus 1712.85 £ 171.16 1852.77 £ 175.99 0.006 Figure 3, f
R posterior thalamus 1800.60 + 161.97 1965.03 + 166.76 0.001 Figure 3, f
R ventrolateral medulla 2561.79 + 224.70 2744.71 £ 158.08 0.003 Figure 3, g
L temporal white matter 1224.71 £ 47.64 1276.71 £ 56.43 0.002 Figure 3, h
R temporal white matter 1165.82 + 46.19 1207.90 + 35.80 0.001 Figure 3, i
R putamen 1196.14 + 44.71 1243.21 £ 72.01 0.005 Figure 3,
R mid cingulate cortex 1227.91 £50.75 1309.62 £ 79.74 0.000 Figure 3, k
R mid cingulate cortex 1338.75 £ 77.54 1398.89 £ 47.70 0.006 Figure 3, |
R posterior corpus callosum 1989.78 + 161.90 2152.23 £ 55.68 0.004 Figure 3, m
L external capsule 1261.79 + 38.11 1302.47 + 78.76 0.007 Figure 3, n
R cerebellar cortices 1311.87 £ 125.70 1472.58 + 64.08 0.001 Figure 3, 0
L, Left; OSA, obstructive sleep apnea; R, right; SD, standard deviation.

between the left and right brain. Asymmetrical injury to white
matter in watershed areas shows a very high correlation with
cerebrovascular insufficiency.?’

The asymmetry of damage is reflected in functional impair-
ments from structures showing gray matter injury in OSA, and
in other sleep disordered breathing conditions of heart failure
and congenital central hypoventilation syndrome.?*%!'° The
lateralized injury to fibers in the ventrolateral medulla poses a
special concern for cardiovascular control, because on the right
side injury could result in enhanced asymmetrical sympathetic
discharge, which has the potential to introduce serious cardiac
arrhythmia®®; a range of arrhythmia, including atrial fibrillation,
is frequently found in OSA.¥

Altered Regional Myelin, Axonal Integrity, and Functional Deficits

Multiple brain areas show reduced gray matter volume,
white matter damage, and metabolic abnormalities in OSA
subjects.!*>640 Those brain areas principally are located in
rostral brain and cerebellar regions, are often lateralized, and
are typically associated with autonomic, memory, and cogni-
tive regulation. The cortical areas include medial prefrontal,
insular, and cingulate cortices, all involved in affective disor-
ders including depression and anxiety,**? and with autonomic
regulation, especially of the sympathetic system. Subcortical
structures showing injury were also present in more rostral
areas, and include the hippocampal memory system with its
mammillary bodies, anterior thalamic projections, cognitive
areas including the basal ganglia, and sensory integrative areas
of the thalamus.'** White matter injury was demonstrated
by fractional anisotropy techniques, and showed loss of fiber
integrity in the anterior cingulate, fornix, cerebellar projection
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areas, corpus callosum, and multiple cortical projection areas.?
The current study extends those findings of loss of fiber integ-
rity to show the nature of fiber damage and shows the loss of
axons and myelin injury, and does so in early stages of the
syndrome without concern about potential repair of tissue with
continuous positive airway pressure or other intervention.

The right ventrolateral medulla (VLM) showed significant
damage; this injury covered a substantial area that included
the region incorporating the retrotrapezoid nuclei, pre-Botz-
inger nucleus, as well as the rostral and caudal ventrolat-
eral nuclei. The retrotrapezoid nuclei play significant roles
in CO, integration with respiratory patterns,” and the pre-
Botzinger nuclei serve major patterning roles.** The caudal
and rostral VLM are essential to integrate sympathetic regu-
lation, and form the final output pathway for sympathetic
outflow to the intermediolateral column of the spinal cord,
with the caudal VLM receiving afferents and integration those
signals for that control.*>¢

The finding of injury in this ventrolateral medullary site
significantly expands the field of potential mechanisms that
may be operating to create or continue the processes under-
lying mechanisms of OSA. The characteristic feature of OSA
is loss of discharge of upper airway muscles with continued,
often exaggerated diaphragmatic and abdominal respiratory
musculature. The loss of drive to upper airway musculature
has been a subject of considerable attention, with specula-
tion of failed neurotransmitter action,*” or distorted timing of
blood pressure elevation integration on the respiratory muscu-
lature.*® The ventrolateral medullary injury provides a focus
for attention to be directed toward sites classically associated
with respiratory patterning.
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The damage to the rostral and caudal VLM also directs atten-
tion to the enhanced sympathetic tone in OSA, and the rela-
tively invariant poor responsivity of the sympathetic system
to sensory input in the condition.* The two medullary nuclei
serve essential integrative and output roles for the sympathetic
system.* Those nuclei are damaged in other sleep disordered
breathing conditions, such as congenital central hypoventilation
syndrome and heart failure,*'° and show lateralized, impaired
responses to Valsalva pressor maneuvers.’*>* The lateralized
medullary damage in OSA, combined with the largely unilat-
eral insular injury shown earlier provides a framework for
asymmetric autonomic nervous system action.

Injury also appeared on the caudate, hippocampus, putamen,
cerebellum, cingulate cortex, cingulum bundle, and corpus
callosum, brain sites that are involved in cognitive regulation,
affect, and language transfer, functions that are deficient in
OSA subjects. Other abnormal brain function in OSA includes
mood regulation, and sites that control such function, including
the cingulate and insular cortices, and hippocampus, and are
also injured in the condition.

Limitations

Multiple limitations of this study should be acknowledged,
and include inadequate data contributions from females and the
absence of precise disease duration data from OSA subjects.
Data from only a limited number of females were available, and
the nature and pattern of injury may differ in newly diagnosed
females with OSA over males, because gray matter and fiber
integrity differ between male and female OSA subjects.™

OSA subjects included in this study were recently diagnosed;
however, disease duration may be variable because of multiple
issues that may have delayed identification and assessment of
the condition. However, both global and regional radial and
axial diffusivity showed reduced values, indicating an acute
disease condition; thus, we believe that most OSA subjects
were in an acute stage of chronic tissue injury.

None of the subjects was exposed to any treatment modality
before MRI assessment. Thus, the possibility of interventions
for the syndrome altering the outcomes can be ruled out.

CONCLUSIONS

Global brain measures of myelin and axonal integrity were
significantly reduced in newly diagnosed, treatment-naive
OSA over control subjects, indicating both myelin and axonal
changes. These myelin and axonal changes were localized in
various brain areas critical for cardiovascular and respira-
tory regulation, and included medullary as well as cerebellar,
basal ganglia, limbic, and corpus callosum areas, and regions
within the corona radiata. Myelin changes were more wide-
spread than axonal changes in OSA, indicating predomi-
nant myelin pathology over axonal injury, but both types of
changes were preferentially left-sided; a notable exception
was right-sided ventral medulla injury. Hypoxemia associ-
ated with OSA may contribute primarily to myelin changes;
myelin is more vulnerable to hypoxia than axons. The acute
nature of myelin and axonal changes indicates a potential for
axonal tissue and functional recovery with use of myelin-
repair drugs and breathing treatment in newly diagnosed
OSA subjects.
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