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INSULAR CORTEX METABOLITE CHANGES IN OBSTRUCTIVE SLEEP APNEA
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Insular Cortex Metabolite Changes in Obstructive Sleep Apnea

Santosh K. Yadav, PhD'; Rajesh Kumar, PhD"2#, Paul M. Macey, PhD** Mary A. Woo, DNSc?; Frisca L. Yan-Go, MD%; Ronald M. Harper, PhD*¢

Departments of ' Anesthesiology, *Radiological Sciences, *Neurology, and *Neurobiology, David Geffen School of Medicine at UCLA, *UCLA School of
Nursing, and “the Brain Research Institute, University of California at Los Angeles, Los Angeles, CA

Study Objective: Adults with obstructive sleep apnea (OSA) show significant autonomic and neuropsychologic deficits, which may derive from
damage to insular regions that serve those functions. The aim was to assess glial and neuronal status from anterior insular metabolites in OSA
versus controls, using proton magnetic resonance spectroscopy (PMRS), and thus to provide insights for neuroprotection against tissue changes,
and to reduce injury consequences.

Design: Cross-sectional study.

Setting: University-based medical center.

Participants: Thirty-six patients with OSA, 53 controls.

Interventions: None.

Measurements and Results: We performed PMRS in bilateral anterior insulae using a 3.0-Tesla magnetic resonance imaging scanner, calculated
N-acetylaspartate/creatine (NAA/Cr), choline/creatine (Cho/Cr), myo-inositol/creatine (MI/Cr), and MI/NAA metabolite ratios, and examined daytime
sleepiness (Epworth Sleepiness Scale, ESS), sleep quality (Pittsburgh Sleep Quality Index, PSQI), and neuropsychologic status (Beck Depression
Inventory Il [BDI-II] and Beck Anxiety Inventory [BAI]). Body mass index, BAI, BDI-Il, PSQI, and ESS significantly differed between groups. NAA/
Cr ratios were significantly reduced bilaterally, and left-sided MI/Cr and MI/NAA ratios were increased in OSA over controls. Significant positive
correlations emerged between left insular MI/Cr ratios and apnea-hypopnea index values, right insular Cho/Cr ratios and BDI-Il and BAI scores,
and negative correlations appeared between left insular NAA/Cr ratios and PSQI scores and between right-side MI/Cr ratios and baseline and nadir
change in O, saturation.

Conclusions: Adults with obstructive sleep apnea showed bilaterally reduced N-acetylaspartate and left-side increased myo-inositol anterior
insular metabolites, indicating neuronal damage and increased glial activation, respectively, which may contribute to abnormal autonomic and
neuropsychologic functions in the condition. The activated glial status likely indicates increased inflammatory action that may induce more neuronal
injury, and suggests separate approaches for glial and neuronal protection.
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INTRODUCTION

Obstructive sleep apnea (OSA) subjects show autonomic and
multiple neuropsychologic abnormalities, together with other
physiological issues. Both structural injury and functional deficits
appear in multiple brain sites in OSA subjects,"* and are espe-
cially prominent in the insular cortices, which assist regulation of
autonomic and neuropsychologic functions.”” The insular injury
in OSA appears as altered free water content,*® and impaired
water diffusion within tissue.>* Determining the nature of meta-
bolic deficits in insular areas, i.c., whether the deficit occurs pref-
erentially to altered glia or neurons, may suggest interventions
against central damage in the syndrome by providing insights
into targeting support for glial or neuronal cells.

Although multiple brain sites are involved in autonomic and
neuropsychologic regulation, including the amygdala, ventral

A commentary on this article appears in this issue on page 835.

Submitted for publication September, 2013

Submitted in final revised form November, 2013

Accepted for publication December, 2013

Address correspondence to: Rajesh Kumar, PhD, Departments of Anes-
thesiology and Radiological Sciences, 56-132 CHS, David Geffen School
of Medicine at UCLA, University of California at Los Angeles, Los Angeles,
CA 90095-1763; Tel: (310) 206-1679; (310) 206-6133, Fax: (310) 825-
2236; E-mail: rkumar@mednet.ucla.edu

SLEEP, Vol. 37, No. 5, 2014

medial prefrontal cortex, anterior thalamus, hippocampus, and
cingulate cortex,”'! the insular cortices are key structures to
regulate such functions. These functions include an array of
sympathetic and parasympathetic roles,'*'* pain modulation,'*
and integration of somatosensory input with interoceptive auto-
nomic action.>¢!215-17

The insular cortices consist of five primary gyri in humans,
including anterior, middle, and posterior short gyri situated
within the anterior insula, and the anterior and posterior long
gyri, which lie within the posterior insula.'® All of these areas
show differential response patterns to autonomic challenges,"
but the anterior insula especially is involved in sympathetic
action,'*!” mood, attention, and anxiety modulation.**?° The
anterior, middle, and posterior short gyri (anterior insula) have
reciprocal projections to the hypothalamus, which plays a signif-
icant role in autonomic and affective regulation via projections
to the brainstem, limbic (including the amygdala), and cortical
regions that regulate neuropsychologic functions."**'"* Since
the functional and structural alterations that appear in the ante-
rior insula in OSA have a unique potential to exert significant
effects on autonomic and multiple neuropsychologic symp-
toms,'? we examined metabolite levels to provide indications
of the nature of tissue changes in early stages of the syndrome.
Such changes need to be identified to determine potential mech-
anisms for neuroprotection in the condition.

Proton magnetic resonance spectroscopy (PMRS) procedures
are widely used to evaluate noninvasively regional metabolic
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changes in various clinical and research environments, and to
suggest remedial interventions. Multiple brain metabolites,
including N-acetylaspartate (NAA), a marker of neuronal density/
function, choline (Cho), an indicator of cell membrane turnover/
density, creatine (Cr), an index of energy metabolism, and myo-
inositol (MI), a marker of glial status, can be examined with PMRS
procedures.”* Various metabolite ratios can be calculated with
respect to Cr, which is considered a stable metabolite. The concen-
tration of Cr does not change in most brain disease conditions, 2’
and changes in metabolite ratios are considered as alterations in
numerator metabolites. The procedures allowed identification of
pathology in various disease conditions, including brain tumors,*
epilepsy,” encephalopathy,® and hypoxic conditions,* have been
used to examine metabolites in hippocampal and frontal cortex
sites in pediatric and adult OSA,*>* and may help detect altered
insular metabolites in adult OSA subjects.

Our focus was to evaluate metabolites in an area critical for
autonomic action and neuropsychologic deficits in OSA, and to
determine the nature of changes using PMRS procedures. Based
on earlier-demonstrated structural and functional alterations in
the insular cortices, we hypothesized that bilateral anterior insular
metabolites would be modified in OSA over control subjects.

METHODS

Participants

We included 36 newly-diagnosed, treatment-naive OSA
subjects and 53 control subjects. OSA subjects were recruited
from the sleep disorders laboratory at the University of California
at Los Angeles (UCLA) Medical Center. No subjects included in
this study were taking any cardiovascular-altering medications
(such as B-blockers, o-agonists, angiotensin-converting enzyme
inhibitors, or vasodilators) or any mood-changing drugs (selective
serotonin reuptake inhibitors, hemodynamic-altering or meta-
bolic-altering drugs). OSA and control subjects with any previous
history of heart failure, stroke, diagnosed cerebral conditions,
metallic implants, or body weight more than 125 kg (scanner
limitation) were excluded from the study. We interviewed control
subjects, as well as their sleep partners, when available, to deter-
mine the potential for sleep disordered breathing, and subjects
suspected of having such disturbed patterns underwent an over-
night sleep study. Control subjects with a positive OSA diagnosis
were excluded from this study (n = 3). Control subjects were
healthy, without any medications that might alter brain tissue
or any contraindications to the magnetic resonance imaging
(MRI) scanner, and were recruited from the UCLA and West Los
Angeles area. All procedures were approved by the Institutional
Review Board at UCLA, and subjects provided written informed
consent before participating in this study.

Overnight Polysomnography (PSG)

We performed overnight sleep studies in OSA subjects at the
UCLA Sleep Disorders Center and Laboratory, which included
7 to 10 h (21:00 to 06:00) monitoring of electroencephalogram
(EEG, central and occipital), digastric electromyogram (EMG),
electrocardiogram (EKG, lead II), right and left extraocular eye
movement (EOQG), thoracic and abdominal wall movement, air
flow, oxygen saturation, end-tidal carbon dioxide levels, snore
volume, both-side leg movement, and sleep position. These

SLEEP, Vol. 37, No. 5, 2014

data were digitized and stored on a computer for examination
of sleep and oxygen saturation variables.

Examination of Sleep Quality and Daytime Sleepiness

Both OSA and control participants were evaluated for
sleep quality with the Pittsburgh Sleep Quality Index (PSQI),
and daytime sleepiness with the Epworth Sleepiness Scale
(ESS). Both tests are self-administered questionnaires, and are
commonly used indices of sleep quality and daytime sleepi-
ness.** Control subjects with a high score (either ESS or PSQI)
were excluded from the study.

Neuropsychologic Assessment

We assessed both anxiety and depressive symptoms in OSA
and control subjects using the Beck Anxiety Inventory (BAI)
and Beck Depression Inventory II (BDI-II), respectively. Both
inventories are self-administered questionnaires (21 questions;
each score ranged from O to 3), with total scores ranging from
0 to 63 based on symptom severity.*>* These symptoms were
assessed since they are common in OSA, and the insula shows
enhanced structural changes in depressed and anxious OSA over
nondepressed and nonanxious OSA subjects, respectively.**

MRI and PMRS Procedures

All brain structural MRI and single-voxel PMRS proce-
dures were performed on a 3.0-Tesla MRI scanner (Siemens,
Magnetom, Tim-Trio, Erlangen, Germany) at the Department
of Radiological Sciences MRI Research Center, using a receive-
only eight-channel phased-array head coil. All subjects lay supine
during structural MRI and PMRS procedures. To minimize head
movement, we applied foam pads on both sides of the head. We
acquired simultaneous proton-density and T2-weighted images
[repetition time (TR) = 10,000 ms; echo time (TE1, 2) =17, 134
ms; flip angle (FA) = 130°; matrix size = 256 x 256; field of view
(FOV) =230 x 230 mm?; slice thickness = 4.0 mm], covering the
entire brain in the axial plane using a dual-echo turbo spin-echo
pulse sequence. The magnetization prepared rapid acquisition
gradient-echo pulse sequence (TR =2,200 ms; TE = 2.2 ms; inver-
sion time = 900 ms; FA = 9°; matrix size =256 x 256; FOV =230
x 230 mm?; slice thickness = 1.0 mm) was used to acquire the
high-resolution T1-weighted images in the sagittal plane.

Voxel localizations were guided by high-resolution
T1-weighted and T2-weighted images to avoid contamina-
tion from cerebrospinal fluid and white matter, and PMRS
spectra were acquired from the bilateral anterior insulae from
all subjects. Single-voxel PMRS was performed using point-
resolved spectroscopy pulse sequence (TR = 3,000 ms, TE =30
ms, spectral points = 2,048, spectral bandwidth = 1,500 Hz,
averages = 144, voxel size = 10 x 10 x 10 mm?®). The voxel
size was chosen to fit well within the anterior insular cortices
in all OSA and control subjects. Global and voxel shimming
was performed manually by the operator before spectral data
acquisition, and a full width at half maximum of < 18 Hz was
achieved in all cases for voxel shimming.

Overnight PSG Data Evaluation

All overnight PSG recordings were evaluated by physicians
at UCLA. Various sleep states, sleep disordered breathing, and
physiology were first examined for total sleep time, and number
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Table 1—Demographic, biophysical, sleep, neuropsychologic, and oxygen saturation data of OSA and control subjects
OSA (Mean £ SD) Controls (Mean * SD) [A] vs. [B]
Variable type Variables [A] [B] P values
Demographic Age (y) 48 +9.3 (n=306) 46.8 + 8.1 (n=53) 0.53
Sex (Male:Female) 28:8 32:21 0.11
Biophysical BMI (kg/m?) 30.6 £5.9 (n=36) 247+38(n=53) <0.001
Sleep AHI (events/h) 31.8+20.4 (n=36) - -
ESS 9.9+4.9(n=36) 5.7+3.3(n=53) <0.001
PSQl 9.3+4.3(n=36) 42+26(n=53) <0.001
Oxygen saturation Baseline Sa0, (%) 96.1+22(n=32) - -
Sa0, nadir (%) 79.9£7.61 (n=30) - -
Sa0, nadir change (%) 16.3 £ 7.6 (n=30) - -
Arousal index 271+£20.8 (n=32) - -
Neuropsychological BDI-II 10.5+ 9.3 (n = 36) 44 +4.4(n=53) <0.001
BAI 12.8 £13.1(n=36) 42+51 (n=53) <0.001
AHI, apnea-hypopnea index; BAI, Beck Anxiety Inventory; BDI-Il, Beck Depression Inventory II; BMI, body mass index; ESS, Epworth Sleepiness Scale;
OSA, obstructive sleep apnea; PSQI, Pittsburgh Sleep Quality Index; SaO,, oxygen saturation; SD, standard deviation.

and type of breathing conditions (central, obstructive, or mixed
episodes). A registered PSG technician evaluated all sleep
records, and then each PSG was reviewed by the sleep physician.
Each one minute data epoch was scored as awake (W), rapid eye
movement sleep (R), or sleep stages N1-N3, using the PSG data
based on revised scoring criteria.’” We defined an OSA event as
cessation of airflow lasting longer than 10 sec with continued
diaphragmatic effort, and a central sleep apnea as cessation of
airflow and respiratory effort lasting longer than 10 sec.’” The
apnea-hypopnea index (AHI) is defined as a severity index of
sleep disordered breathing, which comprises both apneas and
hypopneas, and is derived by dividing the number of apnea and
hypopnea episodes by the total sleep time. An OSA subject was
categorized as follows: mild OSA—AHI was 5 or more, but
fewer than 15 events/h, moderate OSA—15 or more, but fewer
than 30 events/h, and severe OSA—more than 30 events/h.”” We
calculated the total number and duration of apnea, AHI, number
of arousals, oxygen saturation variables, total sleep time, time
in each state, and sleep efficiency variables from all PSG data.

Post Processing of PMRS Data

Insular metabolites of interest were NAA, Cr, Cho, and
MI. Signal quantification of these metabolites was performed
using curve fitting with standard software available in the MRI
scanner, provided by the manufacturer. After baseline correc-
tion, the NAA peak was assigned at 2.02 ppm, Cr at 3.02 ppm,
Cho at 3.2 ppm, and MI at 3.56 ppm, and automatic curve-
fitting procedures were used to obtain signal integrals. Using
NAA, Cr, Cho, and MI metabolite amplitudes, metabolite
ratios, including NAA/Cr, Cho/Cr, MI/Cr, and MI/NAA were
calculated. All spectra were visually assessed for artifacts
according to criteria described elsewhere,® and only spectra
with adequate quality were included in the analysis.

Statistical Analysis

The IBM statistical package for the social sciences (IBM
SPSS, version 20, Armonk, New York) was used for data anal-
yses. Demographic and biophysical factors, metabolite ratios,
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sleep variables, and neuropsychologic scores were assessed
between groups by independent samples #-tests and Chi-square
tests. Pearson’s correlation procedures were used to determine
association between metabolite ratios and biophysical, sleep,
oxygen saturation variables, and neuropsychologic scores in
OSA subjects. A value of P < 0.05 was chosen to establish
statistical significance.

RESULTS

Demographics, Biophysical, Sleep, and Oxygen Saturation
Indices, and Neuropsychologic Variables

Demographic, biophysical, sleep, oxygen saturation vari-
ables, and neuropsychologic scores of OSA and control subjects
are summarized in Table 1. No significant differences in age
(P =0.53) or sex (P = 0.11) appeared between groups. Body
mass index (P < 0.001), BAI (P < 0.001), BDI-II (P < 0.001),
PSQI (P < 0.001), and ESS (P < 0.001) significantly differed
between groups.

Insular Metabolite Ratios of OSA and Controls

Metabolite ratios, derived from both left and right anterior
insulae of OSA and control subjects, are shown in Table 2,
and representative spectra, derived from the left insular cortex
from one OSA and one control subject, are shown in Figure 1.
NAA/Cr ratios were significantly decreased bilaterally (left
insula, P = 0.026; right insula, P = 0.037) in OSA subjects over
controls. Significantly increased MI/Cr (P = 0.03) and MI/NAA
(P=0.001) ratios appeared only on the left side in OSA subjects
over control subjects, while the right side showed no significant
difference (MI/Cr, P = 0.7; MI/NAA, P = 0.12). No significant
differences in Cho/Cr ratios appeared in OSA subjects over
control subjects (left, P = 0.20; right, P = 0.96).

Correlations Between Metabolite Ratios and AHI, Sleep, Oxygen
Saturation Variables, BAI, and BDI-Il Scores

In OSA subjects, significant positive correlations emerged
between the left insular MI/Cr ratios and AHI values (r = 0.45,
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Table 2—Insular metabolite ratios of OSA and control subjects
OSA Controls
(Mean £ SD) (Mean * SD)
Leftn =28 Left, n =49
Metabolite ratio Sites Rightn=33 Rightn=45 P values
NAA/Cr Left 146+022 158+0.22  0.026
Right 169+030 1.96+0.69  0.037
Cho/Cr Left 1.08+022 1.03+016  0.196
Right 091+£037 091+035 096
MI/Cr Left 1.08+023 093+030 0.025
Right 0.84+032  0.82+0.31 0.77
MI/NAA Left 076+023 059+0.18  0.001
Right 052+024 045+020 0.12
Cho, choline; Cr, creatine; MI, myo-inositol; NAA, N-acetylaspartate;
OSA, obstructive sleep apnea; SD, standard deviation.

P=0.02), right insular Cho/Cr ratios and BDI-II scores (r=0.43,
P = 0.01), and right insular Cho/Cr ratios and BAI values
(r = 0.4, P = 0.02; Figure 2). Negative correlations emerged
between left insular NAA/Cr ratios and PSQI scores (r = -0.4,
P = 0.046; Figure 2), and between right-side MI/Cr ratios and
baseline oxygen saturation (r = -0.46, P = 0.01; Figure 2) and
oxygen saturation nadir change (r =-0.43, P = 0.03; Figure 2).

DISCUSSION

Overview

OSA subjects showed significant bilaterally reduced insular
cortex NAA/Cr ratios, a finding normally associated with
neuronal damage,” and increased MI/Cr and MI/NAA ratios on
the left side, suggesting excessive glial activation in that area
with the presence of significant neurodegenerative processes.*
The presence of abnormal anterior insular metabolite levels
strengthens other evidence indicating damage to that subregion,
and the finding of glial activation indicates that the injurious
processes are ongoing, with the potential for glial changes to
induce even further neuronal damage. Since the anterior insulae
play such critical roles in autonomic and neuropsychologic
functions, many of which are abnormal in OSA, the implications
for intervention in the syndrome are substantial. The outcomes
suggest that determination of processes involved in aberrant glial
activation and targeting for protection against such exaggerated
action may be useful as neuroprotection in the syndrome.

Reduced NAA and Neuronal Damage/Loss of Function in Insular
Cortices

The significantly reduced bilateral NAA/Cr ratios suggest
that insular neurons have been affected. All brain conditions
with tissue pathology, except Canavan disease, show reduced
NAA, and that reduction is traditionally considered to reflect
loss of neuronal structure in chronic disease states, and neuronal
functional loss in acute conditions.**#!

Other PMRS studies in OSA subjects, performed in frontal,
parietal, and occipital cortices, as well as in cingulate and hippo-
campal sites, have shown decreased NAA/Cr ratios in the condi-
tion. 32334245 These studies, together with the findings here, suggest
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Figure 1—Left insular spectra from one obstructive sleep apnea (age
44.7 y; male) and one age- and sex-matched control subject (age 45.7
y; male). Peaks of NAA at 2.02 ppm, Cr at 3.02 ppm, Cho at 3.2 ppm,
and MI at 3.56 ppm are shown; spectra are processed with Java-based
magnetic resonance spectroscopy software (jMRUI, V 3.0) for display.
OSA, obstructive sleep apnea; Cr, creatine; Cho, choline; MI, myo-
inositol; NAA, N-acetylaspartate.

that widespread NA A declines appear in OSA, and that the accom-
panying neuronal damage/loss of function to such metabolic signs
may be extensive. However, a recent study showed increased
NAA/Cr ratios in hippocampal sites in subjects with severe OSA,
compared to mild OSA subjects, and the authors concluded that
increased NAA/Cr ratios in the hippocampus, an opposite finding
to that here and findings of others,*>¥44 result from decreased
Cr levels from chronic hypoxemia.* This discrepancy could arise
from differences in magnetic field strength (higher magnetic field
used here would improve signal-to noise), use of head coil, echo
time differences on the PMRS pulse sequence, and shimming
issues.*” We used a higher magnetic field, an eight-channel coil,
and lower echo times for data acquisition, all factors contributing
to more-accurate assessment of spectral signals. Of substantial
importance, inadequate shimming can result in unclear separation
of Cho and Cr peaks,* which affects Cho and Cr metabolite levels
and interpretation of findings.

The earlier-demonstrated metabolic alterations in hippocampal
and other cortical areas in OSA are significant?3342444849 i that
injury to the hippocampus typically affects short-term memory
and cognitive processing. Demonstration of insular metabolite
changes here supplements those earlier hippocampal and cortical
findings; the cardiovascular roles of the insula are expressed
through projections to hippocampal and hypothalamic sites, as
well as through the cingulate and frontal cortices, among other
areas, and hippocampal, cingulate, and ventral frontal cortex
roles in cardiovascular regulation are now well described.** >

Increased Ml and Glial Activation OSA
Increased MI/Cr and MI/NAA ratios appeared in the left
insula in OSA. MI represents spectroscopically detected free
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Figure 2—Correlations between PMRS-derived metabolite ratios with OSA severity, sleep quality, oxygen saturation variables, and neuropsychologic scores
in OSA subjects. Significant positive correlations appeared between the left insular MI/Cr ratios and AHI values (A). A significant negative correlation emerged
between the left insular NAA/Cr ratios and PSQI scores (B). A significant positive correlation appeared between right insular Cho/Cr ratios and BDI-Il scores
(C), and right insular Cho/Cr ratios and BAI values (D). A significant negative correlation appeared between right insular MI/Cr ratios and baseline oxygen
saturation (E) and oxygen saturation nadir change indices (F). AHI, apnea-hypopnea index; BAI, Beck Anxiety Inventory; BDI-II, Beck Depression Inventory
II; Cho, choline; Cr, creatine; MI, myo-inositol; NAA, N-acetylaspartate; OSA, obstructive sleep apnea; PMRS, proton magnetic resonance spectroscopy;
PSQl, Pittsburgh Sleep Quality Index.

intracellular organic osmolytes, is acomponent of cell membrane
and myelin sheath structures,> is considered a glial cell marker,
and is involved in signal transduction pathways. Increased MI
levels accompany many disease conditions, including human
immunodeficiency virus, Alzheimer’s disease, and multiple
sclerosis, and are interpreted as glial activation due to immune-
reactive responses.**>® The findings of increased MI, reflected
as increased MI/Cr and MI/NAA ratios in OSA subjects here,
also suggest the presence of glial activation, possibly resulting
from intermittent hypoxic or ischemic conditions inducing
inflammatory responses and neurodegenerative processes, as
reported in Alzheimer’s disease and other brain conditions, %
and indicate increased glial cell membrane turnover or myelin
sheath damage.” If the process is of an inflammatory nature,
the unilateral changes in MI, with the right side showing an
increasing, albeit nonsignificant trend, suggests more severe
changes on the left insula over the right insula.

The asymmetrical outcome may stem from the larger cere-
bral blood flow on the right side,®" with the consequences of
hypoxemic periods during apnea having a relatively reduced
effect on the right over the left side. However, this possibility
is speculative.

Implications of Glial Activation on the Left Insula

Enhanced unilateral inflammatory actions in the insular
cortex, which may contribute to more neuronal injury in that
area, have clinical implications for autonomic regulation. Since
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the left insula receives fibers from, and projects predominantly
to the anterior cingulate cortex over the right insula,? is pref-
erentially involved in mediating parasympathetic influences,’
and presumably counteracts sympathetic output from the
right side, the reduced respiratory-related arrhythmia in OSA
during nonapneic periods may derive from those alterations,®
i.e., deficient left-sided insula action would be less effective in
modulating high sympathetic tone with parasympathetic action,
resulting in reduced respiratory-related arrhythmia. Lowered
respiratory-related arrhythmia has long been associated with a
number of cardiovascular concerns, including sudden death,®
and OSA subjects are at risk for sudden, unexplained cardiac
death.® The particular mechanisms underlying reduced respira-
tory-related arrhythmia in OSA are still being explored, but may
involve disturbed integration of afferent thoracic or aortic pres-
sure sensors with nucleus ambiguous vagal influences to offset
sympathetic outflow, likely modulated by insular projections.®

Correlations: Metabolite Ratios, Sleep and Oxygen Saturation
Characteristics, and Neuropsychologic Scores

Negative correlations between NAA/Cr ratios and PSQI
scores within the OSA group appeared, suggesting that the
insular changes may affect sleep characteristics. The neuro-
psychologic consequences are not confined to reduced sleep
quality; the positive correlations between Cho/Cr ratios and
BDI-II and BAI scores suggest that the metabolically abnormal
sites may contribute to the elevated depression and anxiety

Insular Cortex Metabolite Changes in OSA—Yadav et al.



symptoms, which are found in a substantial portion of OSA
patients (more than 50%),°® with both BDI-II and BAI scores
significantly differing here from healthy control subjects. Both
PSQI and ESS scores varied between OSA and control subjects;
however, neither score showed significant correlations with any
insular metabolites, suggesting that the insular cortices played
less of arole in sleep characteristics. Since MI/Cr ratios and AHI
values were positively correlated, OSA severity may directly
contribute to the extent of anterior insula tissue changes. We
observed significant negative correlations between right insula
MI/NAA ratios and baseline oxygen saturation and oxygen
saturation nadir change indices, indicating that the degree of
hypoxia affects insular injury in the condition.

Autonomic Irregularities in OSA

Alterations in insular systems, such as those resulting from
stroke, lesions, or electrical stimulation, have been associated
with altered sympathetic outflow,*” hypertension,®® cardiac
arrhythmia,” and myocardial infarction. The enhanced
sympathetic outflow likely contributes to many of the delete-
rious cardiovascular consequences and to profuse sweating,”
impaired cerebral perfusion,”’ and, by virtue of sympathetic
influences on the pancreas, glucagon and insulin regulation,”
potentially leading to the close association of poor glucose
regulation found in OSA.™

The initial descriptions of insular cortex injury emerged
from both structural changes indicated by diffusion tensor
imaging and T2-relaxometry procedures, and functional defi-
cits from functional MRI responses to autonomic and ventila-
tory challenges.'* The structural aberrations were reflected as
altered water diffusion, abnormal organization, and increased
free water content within the tissue, and functional deficits
appeared as muted, delayed, or inverse signal responses to auto-
nomic challenges in a different OSA group,' as well as in the
same OSA subject cohort used here.” The functional deficits
were complex, and involved both parasympathetic and sympa-
thetic changes; the relationships of those deficits to metabolite
changes will be detailed in a subsequent publication.

Neuropsychologic Deficits in OSA

Multiple neuropsychologic abnormalities, including high
depression and anxiety symptoms, are common in OSA
subjects.” OSA subjects with depression show neural injury
in various brain sites, including anterior insular areas, and that
injury appears beyond the alterations found in OSA without
depression,® and a similar pattern of structural changes appear in
anxious versus nonanxious OSA subjects.’ The anterior insula
projects to the anterior cingulate cortex, an area especially
involved in mood and anxiety functions, as shown by structural
and functional MRI studies,’®”” and failed interactions between
the anterior insula and anterior cingulate may well underlie a
portion of the depression and anxiety symptoms in OSA.

Effects of Intermittent Hypoxia/lschemia on Neurons and Glia
Intermittent hypoxia is a major characteristic of OSA.
Animal models of sleep apnea and in vitro studies show that
intermittent hypoxia can damage neurons, glia, and peripheral
ganglia, and alter axonal and neuronal chemistry by produc-
tion of oxygen free radicals and mitochondrial dysfunction.”®!
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Reactive oxygen species activate signaling pathways and tran-
scription factors, accompanied by lipid peroxidation, as well as
protein and nucleic acid oxidation. These signaling pathways
and transcription factors trigger inflammatory pathways, and
inflammation activates endothelial, glial, and other cells, elic-
iting neuronal and axonal changes and glial cell activation in
acute conditions.™

Abnormal blood flow changes occur during apnea in OSA,*
and apnea-induced hypoxemia, combined with altered cere-
bral perfusion, may lead to ischemia and vascular changes.
Ischemic conditions can trigger inflammatory responses, and
vascular alterations can reduce blood flow, further enhancing
ischemia; thus, both ventilatory-induced hypoxia and accom-
panying vascular changes may compound the regional injury.

Potential Glial Interventions for OSA

The indications that insular glia are affected in relatively
early stages of the syndrome (OSA subjects were recently diag-
nosed), and that OSA severity directly links to MI metabolite
levels have implications for intervention for the syndrome. A
focus on means to protect glia before neuronal injury occurs,
using interventions such as enhancing adenosine triphosphate
function by micronutrients or other means, and treatment for
the breathing condition in addition to conventional positive
airway pressure techniques may be useful. Anti-inflammatory
pharmacologic agents may be helpful for glial support, as well
as targeted interventions to address the vasoconstriction and
hindered vascular reactivity that accompanies sleep deprivation
of OSA.*

CONCLUSION

OSA subjects show bilaterally reduced insular NAA metab-
olite ratios, indicating neuronal damage/loss of function, and
left-sided increased MI, suggesting increased glial activation in
those sites. The abnormal insular metabolites may contribute to
altered insular function which results in autonomic and neuro-
psychologic deficits in the condition, including the enhanced
sympathetic discharge, reduced respiratory-related arrhythmia,
and depression and anxiety symptoms. These findings of
abnormal metabolites in OSA may result from intermittent
hypoxia, failure of adequate perfusion, or impaired micronu-
trient support accompanying the condition. The activated glial
status suggests increased inflammatory action, which may lead
to more neuronal injury, and suggests that glial support may
require additional or separate means for protection different
from those required for neurons alone in the syndrome.

ABBREVIATIONS
OSA, obstructive sleep apnea
PMRS, proton magnetic resonance spectroscopy
NAA, N-acetylaspartate
Cho, choline
Cr, creatine
MI, myo-inositol
MRI, magnetic resonance imaging
PSQI, Pittsburgh Sleep Quality Index
ESS, Epworth Sleepiness Scale
BAI, Beck Anxiety Inventory
BDI-II, Beck Depression Inventory 11
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TR, repetition time

TE, echo time

FA, flip angle

FOV, field of view

AHI, apnea-hypopnea index
Sa0,, oxygen saturation
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