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Water Exchange across the Blood-Brain Barrier in Obstructive
Sleep Apnea: An MRI Diffusion-Weighted Pseudo-Continuous
Arterial Spin Labeling Study

Jose A. Palomares*, Sudhakar Tummala*, Danny J.J. Wang, Bumhee Park, Mary A. Woo, Daniel W. Kang,

Keith S. St Lawrence, Ronald M. Harper, Rajesh Kumar

From the Department of Anesthesiology (JAP, ST, BP, RK); Neurology (DJJW); Radiological Sciences (DJJW, RK); Medicine (DWK); Neurobiology (RMH); Bioengineering
(RK); Brain Research Institute (RMH, RK); UCLA School of Nursing (MAW), University of California, Los Angeles, Los Angeles, CA; and Lawson Health Research Institute,
London, ON, Canada (KSSL).

ABSTRACT

BACKGROUND AND PURPOSE: Obstructive sleep apnea (0SA) subjects show brain injury in sites that control autonomic,
cognitive, and mood functions that are deficient in the condition. The processes contributing to injury may include altered
blood-brain barrier (BBB) actions. Our aim was to examine BBB function, based on diffusion-weighted pseudo-continuous arterial
spin labeling (DW-pCASL) procedures, in 0SA compared to controls.

METHODS: We performed DW-pCASL imaging in nine OSA and nine controls on a 3.0-Tesla MRI scanner. Global mean gray
and white matter arterial transient time (ATT, an index of large artery integrity), water exchange rate across the BBB (Kw, BBB
function), DW-pCASL ratio, and cerebral blood flow (CBF) values were compared between 0SA and control subjects.

RESULTS: Global mean gray and white matter ATT (0SA vs. controls; gray matter, 1.691 £ .120 vs. 1.658 + .109 second,
P = .49; white matter, 1.700 + .115 vs. 1.650 + .114 second, P = .44), and CBF values (gray matter, 57.4 + 15.8 vs. 58.2 +
10.7 ml/100 g/min, P = .67; white matter, 24.2 &+ 7.0 vs. 24.6 £+ 6.7 ml/100 g/min, P = .91) did not differ significantly, but
global gray and white matter Kw (gray matter, 158.0 + 28.9 vs. 220.8 + 40.6 min~!, P = .002; white matter, 177.5 & 57.2 vs.
261.1 £+ 51.0 min~!, P = .006), and DW-pCASL ratio (gray matter, .727 + .076 vs. .823 + .069, P = .011; white matter, .722
+ .144 vs. .888 + .100, P = .004) values were significantly reduced in OSA over controls.

CONCLUSIONS: 0SA subjects show compromised BBB function, but intact large artery integrity. The BBB alterations may
introduce neural damage contributing to abnormal functions in 0SA, and suggest a need to repair BBB function with strategies
commonly used in other fields.
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Introduction

Obstructive sleep apnea (OSA) subjects show significant brain
damage, particularly in sites that control autonomic, cognitive,
emotional, and breathing functions,'® which are deficient in the
condition. Symptoms associated with injury to these brain areas
are linked to higher morbidity, mortality, and decreased qual-
ity of life in the syndrome.** However, the underlying patho-
logical processes contributing to damage in these regions are
unclear. Compromised blood-brain barrier (BBB) function is a
potential mechanism of brain injury, as hypothesized recently
in areview article,” together with the substantial blood pressure,
intermittent hypoxia and hypercarbic changes encountered in
the syndrome; the altered BBB function may induce or exacer-
bate injury over time in OSA subjects.

The BBB is located in the brain capillaries, and restricts the
diffusion and exchange of microscopic and large molecules to
protect brain tissue from harmful substances, such as bacteria,
antigens, or chemicals.® Altered BBB function has been linked

to significant brain damage in such conditions as meningitis,
epilepsy, multiple sclerosis, and Alzheimer’s disease.””'* OSA
subjects are accompanied by hypoxic/ischemic episodes, and
the majority of subjects are hypertensive; both conditions are
known to alter BBB function.'>"* However, reports of BBB
changes in OSA subjects are lacking, although a recent study
hypothesized alterations in BBB due to intermittent hypoxia in
OSA subjects.”

Pseudo-continuous arterial spin labeling (pCASL) has been
used to evaluate reduced regional cerebral blood flow (CBF) in
OSA.1% In this study, a novel two-stage non-invasive diffusion-
weighted (DW)-pCASL procedure was implemented to assess
water exchange across the BBB, without use of radioactive trac-
ers or contrast agents.!” This technique differentiates labeled
blood in the microvascular compartment (capillaries) and tissue
with fast and slow diffusion coefficients, respectively; the ratio
of these two signals indicates water exchange rate across the
BBB.!® For comparison, large artery integrity was concurrently
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assessed by measuring the arterial transient time (ATT, an in-
dex of large artery integrity) using DW-pCASL procedures.!”?
We hypothesized that the water exchange rate across the BBB
is altered, while large artery function is intact in OSA compared
to controls.

Methods
Subjects

Nine OSA [age, 46.7 &+ 10.5 years; body mass index (BMI),
24.7 + 3.3 kg/m?; 5 female; apnea-hypopnea index (AHI,
n=6),23.8 + 10.2 events/hour] and 9 healthy control subjects
(age, 38.8 + 6.8 years; BMI, 23.4 £ 2.9 kg/m?; 4 female) were
studied. Although all patients included here were diagnosed
with OSA, we could not retrieve AHI values for 3 OSA subjects
from their clinical records. All OSA subjects were recently diag-
nosed via overnight polysomnography with at-least mild sever-
ity (AHI > 5),%° treatment-naive, and recruited from the sleep
disorders laboratory at the UCLA Medical Center. All OSA
subjects were drug free, and were not taking any cardiovascular-
altering (eg, B-blockers, a-agonists, angiotension-converting
enzyme inhibitors, and vasodilators) or mood altering drugs (eg,
serotonin reuptake inhibitors). Other than the OSA condition,
OSA subjects were healthy, without any history of stroke, heart
failure, and diagnosed brain abnormalities. Control subjects
were healthy, without neurologic or psychiatric disorders, and
were recruited from the UCLA Medical Center and West
Los Angeles region. Both OSA and control subjects had no
metallic implants or devices that might interfere with the MRI
scanner environment, and body weights were less than 150 kg
(a scanner limitation). All OSA and control subjects provided
written informed consent before the study, and the protocol
was approved by the Institutional Review Board at UCLA.

Magnetic Resonance Imaging

Brain imaging studies were performed on a 3.0-Tesla MRI
scanner (Magnetom Tim-Trio; Siemens, Erlangen, Germany).
High-resolution T1-weighted imaging data were collected us-
ing a magnetization-prepared rapid acquisition gradient echo
(MPRAGE) pulse sequence in the sagittal plane (repetition time
[TR] = 2,200 ms; echo time [TE] = 2.34 ms; inversion-time =
900 ms; flip-angle [FA] = 9°; matrix-size = 320 x 320; field-of-
view [FOV] = 230x 230 mm; slice-thickness = .9 mm; slices
= 192). Proton-density and T2-weighted images were collected
using a dual-echo turbo spin-echo pulse sequence in the ax-
ial plane (TR = 10,000 ms; TEL, 2 = 17, 134 ms; FA = 130°;
matrix-size = 256 x 256; FOV =230 x 230 mm; slice-thickness
= 3.5 mm). Arterial spin labeling imaging was performed us-
ing a pCASL pulse sequence in the axial plane (TR = 4,000
ms, TE = 11 ms, FA = 90°, bandwidth = 3,004 Hz/pixel,
label-offset = 90 mm, post-labeling delay [PLD] = 1,200 ms,
64 x 64 matrix size, 230 x 230 mm FOV, 3.5 mm slice thick-
ness, 20% distance factor, 38 axial slices, and 100 acquisitions).
Two background suppressed DW-pCASL scans were collected
with different imaging protocols for examination of ATT
(TR = 3,500 ms; TE = 43 ms; bandwidth = 3,004 Hz/pixel; la-
bel offset = 90 mm; PLD = 800 ms; matrix size = 64 x 64; FOV
= 230 x 230 mm; slice thickness = 7.0 mm; distance factor =
20%; 17 axial slices; repeats = 40; b = 0 and 10 seconds/mm?)
and calculation of water exchange rates across the BBB (TR =

4,300 ms; TE = 47 ms; PLD = 1,500 ms; repeats = 80; b = 0
and 50 seconds/mm?), respectively.

Data Processing and Analysis

High-resolution T1-weighted, PD- and T2-weighted images of
all subjects were used to assess any visible brain tissue injury
including tumors, cysts, or any other major lesion. DW-pCASL
and pCASL images of OSA and control subjects were examined
for any head-motion related or other imaging artifacts using
the MRIcroN software before further processing. All subjects
included in this study did not show any major visible brain
injury, head-motion, or other imaging artifacts.

Calculation of ATT, Kw, DW-pCASL ratio, and CBF values

Using DW-pCASL data corrected for head motion, ATT maps
(unit, second) were calculated using the flow-encoding ASL
regime by calculating the ratio of DW-pCASL signals with b
of 0 and 10 seconds/mm?.'Y With known ATT, Kw values
(Kw = PSw/Vc; PSw = capillary permeability surface area
product of water, Vc = distribution volume of water tracer in
capillary space; unit, min~!), indices of BBB function (water ex-
change rate across the BBB) were also estimated by calculating
the ratio of DW-pCASL signals with b of 0 and 50 seconds/mm?
at the long delay of 1,500 ms (Fig 1A).!” Using global gray and
white matter brain masks of individual subjects, gray and white
matter ATT, Kw, and DW-pCASL ratio values were calculated
from corresponding maps for each OSA and control subject.

Whole-brain CBF maps were calculated using MATLAB-
based custom software. Labeled and non-labeled ASL brain
volumes were realigned, perfusion images were calculated with
simple subtraction, and were used to calculate CBF maps (unit,
ml/100 g/min), based on a modified single-compartment ASL
perfusion model. We averaged the non-labeled EPI scans and
CBF maps across the series to derive mean EPI scans and CBF
maps for individual subjects. Using the mean EPI scans, gray
and white matter masks were generated, and were used to cal-
culate average gray and white matter CBF values from mean
CBF maps.

Statistical Analysis

Data analyses were performed using the IBM statistical package
for the social sciences software (IBM SPSS, v22). Demographic
and biophysical variables between groups were assessed with
independent samples #tests and Chi-square. We examined nor-
mality of ATT, Kw, CBF, and DW-pCASL ratio values using
Kolmogorov-Smirnov tests, and found that the data were not
normally distributed. Therefore, global mean gray and white
matter ATT, Kw, CBF, and DW-pCASL ratio values were
compared between OSA and control subjects using Mann-
Whitney U tests. We used a p-value of .05 to establish statistical
significance.

Results
No significant differences in age (OSA vs. controls; 46.7 £+ 10.5
vs. 38.8 &+ 6.8 years, p = .08) or gender (p = .64) appeared
between OSA and control subjects. Body mass index also did
not differ significantly between groups (24.7 £+ 3.3 vs. 23.4 +
2.9 kg/m?, p = .38).

Mean global gray and white matter ATT, Kw, CBF, and
DW-pCASL ratio values of OSA and control subjects are
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Fig 1. Diagram of ATT and Kw measures, ATT, Kw, CBF maps, and DW-pCASL images and ratio maps from one control and one OSA subject.
Figure (A) shows a diagram for the proposed two-stage ATT and Kw measurements. In stage one, a shorter PLD of 800 ms and a lower b
value 10 seconds/mm? are used to differentiate labeled water in large and small arteries in order to estimate ATT; in stage two, a longer PLD
of 1,500 ms and a higher b value 50 seconds/mm? are used to differentiate labeled water in capillaries and brain tissue in order to estimate
Kw (details see St Lawrence et al MRM 2012). Multiple brain sites in OSA subject show comparable ATT (B) and CBF (D) values, and reduced
Kw (C) and DW-pCASL ratio (E) values compared to control subject (sites with hot vs. cool color).

Table 1. Global Mean Gray and White Matter ATT, Kw, CBF, and DW-pCASL Ratio Values of OSA and Control Subjects.

Variables Tissue Types OSA (n=9; Mean + SD) Controls (n = 9; Mean + SD) P-Values
ATT (unit, s) Gray matter 1.691 + .120 1.658 + .109 49
White matter 1.700 £ .115 1.650 £+ .114 44
Kw (unit, min~!) Gray matter 158.0 £ 28.9 220.8 £+ 40.6 .002
White matter 177.5 £ 57.2 261.1 £ 51.0 .006
CBF (unit, ml/100 g/min) Gray matter 574 £+ 158 582 £+ 10.7 .67
White matter 242 + 7.0 24.6 + 6.7 91
DW-pCASL (b50/b0) ratio Gray matter 727 £+ .076 .823 + .069 011
White matter 722 £ 144 .888 £ .100 .004

OSA = obstructive sleep apnea; SD = standard deviation; ATT = arterial transient time; CBF = cerebral blood flow.

summarized in Table 1. Global gray and white matter ATT
and CBF values did not differ significantly between groups,
while the global gray and white matter Kw and DW-pCASL
ratio (b50/b0) values were significantly reduced in OSA over
control subjects. A set of ATT (Fig 1B), Kw (Fig 1C), and CBF
maps (Fig 1D), and DW-pCASL images (b50 and b0) and their

ratio maps (Fig 1E) from an OSA and a control subject are
displayed, showing comparable global ATT and CBF values,
but global reduction in Kw and the DW-pCASL ratio values.
The Kw value indicates BBB integrity to water exchange and
the DW-pCASL ratio indicates the fraction of labeled water
exchanged into tissue, which is directly linked to Kw values.
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Discussion
Overview

OSA subjects showed intact large artery integrity, but reduced
water exchange rate across the BBB. Reduced water exchange
and potentially compromised BBB function in OSA subjects
may accelerate neurodegenerative processes in the condition.
Our previous studies, based on various structural MRI proce-
dures, show regional brain injury at multiple sites;'»?!-23
promised BBB function may contribute to at-least a portion of
that damage in these areas. These findings suggest a potential
therapeutic target for BBB repair in OSA subjects.

com-

BBB Function

The BBB provides a separation of circulating blood from the
brain’s extracellular fluid in the central nervous system (CNS).
Capillaries of the CNS form the BBB via tight junctions between
endothelial cells that selectively restrict the passage of solutes,
and particularly inhibit the diffusion of microscopic objects (eg,
bacteria and antigens), and large or hydrophilic molecules. The
BBB also actively promotes the transport of metabolic products
(eg, glucose) into the CNS, and thus provides important neuro-
protection for cellular energy, an essential component for neu-
ral structures undergoing excessive excitation during hypoxic
periods.

Effect of Hypoxia on BBB

Compromised BBB function in OSA subjects may result in
secondary injuries to hypoxemia, since subjects experience
successive hypoxic/ischemic episodes with each apneic event
during sleep. Each apneic event is accompanied by multiple
challenges, including increased blood CO, levels, increased Oy
demands, decreased arterial O, partial pressure, large transient
elevation of arterial pressure, and post-event hyperventilation.
Enhanced intra-thoracic pressure swings in OSA during
apneic episodes result in increased systolic left ventricular
transmural pressure, which, in turn, leads to increased left
ventricular diastolic filling pressures and frequent episodes of
O, desaturation;?* such hypoxic/ischemic actions are injurious,
and can alter the brain and vasculature, and thus, BBB function
in this condition. Similar hypoxia-induced BBB disruption has
been documented in other disease states,'*!® but the findings
here provide the first evidence-based report assessing BBB
integrity in OSA, although speculated earlier in a review.”

BBB Integrity and Kw, CBF, ATT, and DW-pCASL Ratio
Values

A significant reduction in Kw values, an indicator of BBB in-
tegrity, appeared in OSA subjects. Kw values are a ratio of
capillary permeability surface area product of water (PSw) by
capillary volume (Vc). The relationship between changes in
Kw and BBB permeability remains to be clarified. Neverthe-
less, a recent validation study in animal models demonstrated
that mannitol-induced BBB breakdown reduces Kw values,?
suggesting that reduced Kw is linked to increased BBB per-
meability. Kw values may decrease due to a reduction in PSw
or an increase in V¢ values. The PSw is influenced by alter-
ations in aquaporin channels, which allow selectively move-
ment of water in and out of the cells. If aquaporin’s function
is impaired or compromised, PSw would be decreased, and
Kw values would be reduced. Since OSA is accompanied by

hypoxia/ischemia, such a possibility exists; hypoxia signifi-
cantly reduces water aquaporin channels, as demonstrated by
various studies.??” However, the possibility of changes in Vc is
less likely, since no alterations in global gray and white matter
CBF values were observed here, but regional CBF changes are
noted in OSA subjects.!® It is worth mentioning that Vc may
increase in other neurological conditions involving disrupted
BBB where the capillary and interstitial space are connected,
leading to further decreased Kw.

DW-pCASL ratio values were significantly reduced, and
ATT values were comparable to controls in OSA subjects. DW-
PCASL ratio values represent BBB integrity, and reduced val-
ues indicate impaired BBB function. However, ATT values,
indices of large artery integrity, did not differ significantly be-
tween groups. These findings of no changes in ATT values
suggest that large arteries are intact in OSA subjects.

Altered BBB Function and Brain Injury

Enhanced BBB permeability is associated with an increased
incidence of brain tissue infection and injury in various con-
ditions, including traumatic brain injury, stroke, cardiac arrest,
multiple sclerosis, Alzheimer’s disease, chronic hypo-perfusion,
mild cognitive impairment, cortical dysplasia, autoimmune en-
cephalomyelitis, and hypertension.!®:?3¢ Ischemia and hy-
poxia always accompany OSA, conditions that are known to
introduce BBB deficits,”® and ischemia/hypoxia-induced BBB
changes can contribute to regional brain tissue changes. Given
the association between reduced Kw and increased BBB per-
meability demonstrated in animal models,”> our findings are
consistent with other neurological conditions.!328-30

Structural Brain Injury and Functional Deficits in OSA

Autonomic, cognitive, memory, affective, and breathing abnor-
malities are common in OSA subjects.?’~*! In addition to these
symptoms of neural injury, brain studies show tissue changes,
using various MRI and MRS procedures, in OSA subjects.
Studies by our group and others have shown gray and white
matter injury, as well as brain metabolic abnormalities in mul-
tiple brain areas in OSA patients. Gray matter injury appears
in the anterior and posterior cingulate and insular cortices,
mammillary bodies, hippocampus, bilateral caudate and thala-
mus, cerebellar cortex and deep nuclei, putamen, and frontal,
parietal, and temporal regions,**** and metabolic changes ap-
pear in the hippocampus,** insular cortices,?® parietal-occipital
cortex,*’ %6 and frontal and mid-temporal
areas.” White matter injury also appears in the corpus cal-
losum, cingulum bundle, fornix, internal capsule, cerebellum
and peduncles, and cortico-spinal tract,*?
matter regions showed abnormal brain metabolites.*® These
targeted neural sites play major roles in control of hallmark
OSA symptoms, including sympathetic and parasympathetic
deficits, " short-term memory loss,*’ executive decision-making
abnormalities,”' depression,®? and breathing deficits.*®

centrum semiovale,

and frontal white

Possibility for BBB Function Repair and Functional Recovery

Several effective interventions can repair BBB function, and
improve brain performance. Both pharmacologic and non-
pharmacologic methods are used in acute (stroke, trau-
matic brain injury, and multiple sclerosis)®*3!
onset (Alzheimer’s disease, chronic hypo-perfusion, mild
cognitive impairment, cortical dysplasia, and autoimmune

and chronic

Palomares et al: Altered BBB Function in OSA. 903



encephalomyelitis)*>*® for BBB function repair, and similar
interventions may be useful to repair BBB function in the
OSA condition. Such repair, by overcoming brain injury, will
benefit autonomic, cognitive, and breathing deficits, and may
dramatically improve the morbidity, mortality, and quality of
life in OSA.

Limitations

Multiple limitations of this study should be acknowledged.
These limitations include small sample sizes and calculation
of global gray and white matter ATT, Kw, and DW-pCASL
ratio values. We included a small number of subjects in this
study, and thus, findings need to be replicated with larger sam-
ple sizes. However, global gray and white matter Kw and DW-
pCASL ratio values showed significant differences with this
limited number of subjects, which indicate large effect sizes
between groups. We calculated global gray and white matter
ATT, Kw, and DW-pCASL ratio values, and compared those
values between OSA and control subjects. Regional compar-
isons of such values across the brain would be more valuable,
and regional alterations in BBB function may correspond more
precisely to previously shown regional structural injury in the
condition.

Conclusions

OSA subjects showed significantly lower Kw values over con-
trol subjects, with ATT values comparable to controls, suggest-
ing compromised BBB function, with intact integrity of large
arteries. The impaired BBB function in OSA may contribute to
neural tissue injury in areas that control autonomic, cognitive,
and affective functions which are abnormal in the condition.
The findings suggest a need to repair BBB function in OSA,
with strategies commonly used in other fields both in condi-
tions with acute (eg, stroke, traumatic brain injury, cardiac ar-
rest, and multiple sclerosis) and chronic onset (eg, Alzheimer’s
disease, chronic hypo-perfusion, mild cognitive impairment,
cortical dysplasia, and autoimmune encephalomyelitis) to pro-
tect neural tissue in the syndrome.
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