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Abstract

The sympathetic excitation elicited acutely by obstructive apnea during sleep (OSA) carries over into wakefulness. We
hypothesized that OSA induces structural changes in the insula and cingulate, key central autonomic network elements
with projections to brainstem sympathetic premotor regions. The aims of this study were to (1) apply two distinct but
complementary methods (cortical thickness analysis [CTA] and voxel-based morphometry [VBM]) to compare insula and
cingulate gray matter thickness in participants without and with OSA; (2) determine whether oxygen desaturation index
(ODI) relates to cortical thickness; and (3) determine whether cortical thickness or volume in these regions predicts muscle
sympathetic nerve activity (MSNA) burst incidence (BI). Overnight polysomnography, anatomical magnetic resonance
imaging, and MSNA data were acquired in 41 participants with no or mild OSA (n = 19; 59 + 2 years [Mean =+ SE]; six females;
apnea-hypopnea index [AHI] 7 + 1 events per hour) or moderate-to-severe OSA (n = 22; 59 = 2 years; five females; AHI

31 + 4 events per hour). Between-group CTA analyses identified cortical thinning within the left dorsal posterior insula

and thickening within the left mid-cingulate cortex (LMCC), whereas VBM identified thickening within bilateral thalami
(all [p < .05]). CTA revealed inverse relationships between ODI and bilateral dpIC and left posterior cingulate cortex (LPCC)
or precuneus thickness. Positive correlations between BI and LMCC gray matter thickness or volume were evident with
both methods and between BI and left posterior thalamus volume using VBM. In OSA, the magnitude of insular thinning,
although a function of hypoxia severity, does not influence MSNA, whereas cingulate and thalamic thickening relate
directly to the intensity of sympathetic discharge during wakefulness.

Statement of Significance

Sympathetic excitation elicited by obstructive apneas is sustained into wakefulness. Such resetting has been attributed
to apnea- or hypoxia-induced functional or structural adaptations in reflex and central pathways generating or
modulating sympathetic traffic. Autonomic network morphology characterization by magnetic resonance imaging
identified left mid-cingulate and left posterior thalamic thickening in participants with moderate-to-severe obstructive
sleep apnea relative to controls; thickness correlated with muscle sympathetic burst incidence. Left insular thickness
correlated inversely with oxygen desaturation but was unrelated to sympathetic firing. These observations reveal
obstructive apnea-associated cortical structural alterations in regions participating in neural circulatory regulation.
The accompanying sympathoexcitation could promote cardiovascular or metabolic pathology. To be determined is the
long-term impact of abolishing apnea on these structural and functional maladaptations.
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Introduction

Sympathetic nervous system excitation is intimately linked to the
pathophysiology, morbidity, and foreshortened life expectancy of
patients with disorders as common and diverse as hypertension,
heart failure, arrhythmias, chronic renal injury, and insulin resist-
ance [1-6]. Greater understanding of central neural mechanisms
for such activation is fundamental to modifying, beneficially, the
clinical trajectory of individuals with these conditions.

One important cause of sympathetic excitation is obstruct-
ive sleep apnea (OSA). Obstructive apnea initiates a cascade of
mechanical, chemical, alerting, and inflammatory stimuli that
elicit acute increases in efferent sympathetic discharge during
sleep and induce chronic sustained elevation of the set-point
for central sympathetic outflow during wakefulness [7-12]. The
latter may result from long-term functional or structural neural
adaptations to the recurring sleep-related apnea and hypoxia
characteristic of this condition [11].

Using independent component analysis of resting-state brain
magnetic resonance (MR) images, we have identified a positive
relationship between the strength of functional connectivity
within the salience network (SN), a set of brain areas overlap-
ping with the cortical autonomic network (CAN), and multiunit
muscle sympathetic nerve activity (MSNA) burst incidence (BI),
a direct measure of efferent postganglionic sympathetic activity
[13]. The strength of connectivity within the insula, cingulate,
thalamus, and cerebellum was greatest in participants with the
highest daytime MSNA BI, but independent of the severity of
OSA [13]. It is now recognized that the insular and anterior cin-
gulate cortices (ACCs) are anatomically core (but not exclusive)
CAN components [14-16] with reciprocal connections with brain
stem premotor autonomic neurons that ultimately project to
and influence preganglionic sympathetic and parasympathetic
outflow [16]. Clinical functional magnetic resonance imaging
(MRI) studies of Valsalva’s maneuver [17], lower body negative
pressure [18], cold pressor test [19], inspiratory capacity apnea
[20], Mueller maneuvers, end-expiratory breath holds [21], and
task-free conditions [22, 23] have identified these cortices to be
premotor autonomic nuclei that respond to salient stimuli with
adaptive changes in sympathetic tone [13].

MRI comparing brain structure of individuals with OSA and
control participants considered free of sleep-related breathing
disorders has identified cortical gray matter volume changes in
several regions, including areas that participate in autonomic
cardiovascular regulation [22, 24-27] Voxel-based morphometry
(VBM) is used extensively by the neuroimaging community but
is subject to errors of misalignment, particularly of the cortex
[28, 29]. An alternate method, cortical thickness analysis (CTA),
resolves such misalignment and also quantifies data in units
of millimeters which are intuitively more comprehensible than
gray matter “density” or “volume” quantities generated by VBM.
The principal disadvantage of CTA is that it cannot quantify
morphology of subcortical brain areas of potential interest, such
as the thalamus.

The present analysis, involving participants with and without
OSA, confirmed in each by polysomnography, had three objec-
tives. The first was to acquire and compare mean morphometric
CTA and VBM data, focusing specifically on previously identified
cortical autonomic regions of interest. We hypothesized that the
structure of regions participating in the regulation of sympathetic
outflow, such as the insula and cingulate [13, 21, 22, 24], would differ

between individuals with and without OSA. Because the recur-
rent hypoxia characteristic of OSA has been identified as a potent
stimulus to neural plasticity and increased central sympathetic
outflow [11], our second objective was to determine whether the
oxygen desaturation index (ODI; the frequency per hour of sleep
that blood oxygen saturation dips by 3% or more) relates to the cor-
tical thickness of brain regions involved in autonomic regulation.
The third objective was to determine whether MSNA BI relates to
the thickness or density of such regions. We hypothesized that sig-
nificant correlations would be evident between MSNA BI and the
thickness or density of regions affected by OSA and involved in the
generation or modulation of efferent sympathetic discharge.

Methods

Participants

Healthy individuals were invited primarily by advertisement to
participate in this University Health Network Research Ethics
Board approved research protocol, involving overnight poly-
somnography, daytime sympathetic nerve recording, and MR
image acquisition. This call for volunteers sought two groups of
healthy participants: those who considered themselves likely
to have sleep apnea and those who were confident that they
did not have sleep apnea. Acknowledging the substantial preva-
lence of asymptomatic and therefore unrecognized OSA in the
general and often nonobese population [30, 31], we chose to cat-
egorize participants as having either moderate-to-severe OSA
(apnea-hypopnea index [AHI] > 15) or no or mild OSA (AHI <
15) on the basis of polysomnographic evidence. This design con-
trasts with the common practice of selecting an OSA cohort on
the basis of symptom-prompted physician referral for polysom-
nography (which biases towards the sleepy and obese) and the
recruitment for comparison, as control participants, individuals
assumed simply by self-report to be free from OSA.

After providing written informed consent, participants com-
pleted medical and MRI-readiness questionnaires to ensure eli-
gibility and safe exposure to the magnetic field. Excluded from
study were OSA patients being treated with continuous positive
airway pressure, current smokers, and individuals with a history
or the presence of heart failure, myocardial infarction, predom-
inantly central sleep apnea, refractory hypertension, kidney dis-
ease, autonomic neuropathy, neurological impairment, chronic
back pain, claustrophobia, imbedded magnetic objects, preg-
nancy, or Raynaud’s phenomenon.

Experimental design

All participants underwent three testing sessions involving (1)
overnight polysomnography, (2) daytime microneurographic and
physiological recording, and (3) MRI. Microneurographic and MRI
sessions were scheduled in random order approximately 1 week
apart but on both occasions at the same time of day, 2-3 hr after
a similar light meal, and after >12 hr of abstinence from caffeine
or alcohol. Participants voided before starting each test session.

Polysomnography

To assess self-reported daytime sleepiness, the Epworth
Sleepiness Scale questionnaire [32] was administered before
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instrumentation by a trained technician unaware of this study’s
purpose. Sleep stages and arousals from sleep were identified
by standard recording techniques and analytical criteria [33-36].
Thoraco-abdominal movements and tidal volume were meas-
ured by respiratory inductance plethysmography [35]. Airflow
was measured by nasal pressure cannulae [35] and arterial oxy-
hemoglobin saturation (SaO2) by oximetry. The ODI was calcu-
lated for each participant as the frequency, per hour of sleep,
that blood oxygen saturation dipped by 3%, or more, from base-
line. Based on their AHI, participants were categorized as having
no (<5 events per hour), mild (5-15 events per hour), or moder-
ate-to-severe (>15 events per hour) OSA [35, 36]. At the initiation
of this research protocol, the sleep laboratory did not incorp-
orate ODI data routinely into its standard polysomnographic
report. Consequently, ODI data are unavailable for the first four
of the participants identified as having no or mild OSA and from
the first study participant with moderate-to-severe OSA. ODI is
the only variable presented for which the data set is incomplete.

Sympathetic nerve recordings

These and related physiological data were acquired in a quiet,
temperature-controlled room with participants lying supine,
with eyes closed but awake, and breathing spontaneously.
Heart rate (HR) was derived from Lead II of an electrocardio-
gram. Arterial blood pressure was recorded continuously and
noninvasively by photoelectric plethysmography (Portapres
Model-2, FMS, Finapres Medical Systems BV, Amsterdam, The
Netherlands). Each minute, these measurements were refer-
enced to noninvasive oscillometric determinations of brachial
artery blood pressure acquired from the opposite arm using
a standard 23-33 cm adult cuff (Dinamap Pro 100, Critikon,
Tampa, FL, USA). Respiration was recorded using a pneumobelt
connected to a pressure transducer. Multiunit postganglionic
MSNA was recorded using a unipolar tungsten microelectrode
inserted percutaneously into a fascicle of the right common
fibular nerve according to previously published methods [37, 38].
Spontaneous discharge was considered to arise from a postgan-
glionic muscle sympathetic fascicle and accepted for analysis
if it fired in a fixed temporal relationship to the preceding R
wave of the electrocardiogram, was not elicited by skin strok-
ing or an arousal stimulus, increased in frequency or amplitude
in response to voluntary apnea, and exhibited a signal-to-noise
ratio of >3:1. MSNA, blood pressure, and HR were acquired dur-
ing spontaneous breathing over 10 min of rest. Signals under-
went analog-to-digital conversion for storage on a standard PC
desktop and subsequent analysis using the LabVIEW software
platform (National Instruments, Austin, TX, USA). To address
between-participant variation in HR, MSNA was expressed as
the conventional cardiac frequency-independent measure of
central sympathetic outflow, bursts per 100 heart beats or BIL.

MR images

Data were acquired with participants supine within a 3T GE (HDxt
16.0) MRIsystem fitted with an eight-channel-phased array head coil.
A three-dimensional high resolution anatomical scan of the whole
brain (120 slices, 24 x 24 cm FOV, 256 x 256 matrix, 1.5 x 0.859 x 0.859
voxels) was acquired with a T1-weighted 3D spoiled gradient echo
sequence (flip angle =45°, TE = 5 ms, TR = 25 ms).
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Cortical thickness analysis

CTA was performed using freesurfer (http://freesurfer.net/) as
described in detail [39-42]. Briefly, each participant’s T,-weighted
high resolution scan was first registered to the Talairach atlas
[43]. This was followed by intensity normalization, skull strip-
ping, and separation of the hemispheres. The border between the
gray/cerebrospinal fluid (CSF) (pial surface) and white/gray mat-
ter (white surface) was identified, segmented, and the distance
between the pial and white surfaces calculated at every point in
each hemisphere of the brain. In order to perform group anal-
yses, each hemisphere was inflated into a sphere and iterative
alignment algorithms used to align sulci and gyri between par-
ticipants [39-41]. As there is inherent anatomical heterogeneity
between participants, a 10-mm full width half maximum (FWHM)
spatial smoothing kernel was applied prior to statistical analysis.
General linear model (GLM) analyses (see Statistical Analysis for
specific comparisons) were then performed at every point on the
brain. To reduce the number of multiple comparisons and focus
on our specific hypotheses, this analysis was restricted to the
bilateral cingulate and insular cortices by incorporating a mask
(taken from Freesurfer’s built in atlas) to the GLM. A Monte Carlo
simulation, with AlphaSim (implemented within the AFNI soft-
ware package; http://afni.nimh.nih.gov/afni/), computed the
probability of a random field of noise producing a cluster of a
given size after thresholding at a given p-value (see also Ref. 44).
Data are displayed at a corrected p < .05, and derived from an
uncorrected p < .0075 and 245 contiguous vertices, where the dis-
tance between two vertices is 0.80 mm?.

Voxel-based morphometry

VBM was implemented in SPM12 (http://www.fil.ion.ucl.ac.uk/
spm/) [45]. The origin of each participant’s T1-weighted high
resolution image was manually set to the anterior commis-
sure. Images were segmented into gray matter, white matter,
and cerebral spinal fluid. Segmented images were then reg-
istered iteratively using DARTEL (Diffeomorphic Anatomical
Registration Through Exponentiated Lie algebra) [46]. This pro-
cess creates a high resolution template for the group of indi-
viduals which is subsequently normalized to MNI stereotactic
space using affine and nonlinear spatial normalizations. Each
individual participant’s native space gray matter images were
then registered to the highest resolution gray matter template,
resampled to 1.5 mm? voxel size, modulated to restore volumet-
ric information, and spatially smoothed with a 10-mm FWHM
isotropic Gaussian kernel. GLMs were then constructed (see
Statistical Analysis for specific comparisons). Total intracranial
volume (TICV) was included as a covariate of no interest. GLM
analyses were restricted to the thalamus, insula, and cingulate
cortices by utilizing a mask (taken from SPM’s built in atlas) in
the GLM. Specific cortical locations were determined by refer-
encing the peak talairach coordinates to the Talairach atlas [43]
and, for more specific thalamic nuclei, using Talairach Client
(http://www.talairach.org/client.html). Data are displayed with
a family-wise error (FWE) cluster corrected probability, p < .05.

Statistical analysis

To determine first the impact of OSA on gray matter thickness,
using both CTA and VBM techniques, GLMs were constructed so
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as to compare participants with no or mild OSA to those with
moderate-to-severe OSA. To delineate the effect of repetitive
episodes of nocturnal hypoxia on cortical thickness, a correl-
ation analysis was constructed between ODI and cortical thick-
ness. This GLM included age as a covariate. Finally, to establish
whether structural changes were linked to augmented sym-
pathetic outflow, correlation analyses were performed across
all participants by regressing gray matter volume or thickness
with MSNA BI. Age was included as a covariate. Considering
the small absolute number, but similar proportion of women in
both groups, to avoid a type II statistical error, we elected not
to include sex as a covariate. At the initiation of this research
protocol, the sleep laboratory did not incorporate ODI data rou-
tinely into its standard polysomnographic report.

Results

Participant characteristics

Of the 30 men and 11 women who completed this protocol,
22 (five women) were determined to have moderate-to-severe
OSA (AHI = 31 = 4 [mean * SE]). The remaining 19 (six women)
with no or mild sleep apnea (AHI = 7 + 1) were categorized as
control (C) participants for the purpose of the present com-
parison. Participant characteristics are presented in Table 1. As
anticipated, mean values for both MSNA BI (71 + 3 vs. 55 + 4
bursts/100 heart beats) (p < .001) and ODI (35 + 2 vs. 10 + 2
events per hour) were significantly greater in OSA participants
(p < .001 for both), whereas the mean Epworth Sleepiness Scale
was similar, and in the nonsleepy range. There were no signifi-
cant differences in MSNA Bl between men and women of either
group. Handedness was identified in 35 individuals. All 17 with
no or mild apnea and 17 of the 18 with moderate or severe OSA
were dexterous.

Gray matter thickness

CTA identified a large region situated within the left dorsal pos-
terior insula (LdpIC) with an average gray matter thickness that
was 8% less in participants with OSA than in controls (corrected
p < .05; Figure 1A). By contrast, the left mid cingulate cortex
(LMCC) was 20% thicker in participants with OSA than in con-
trols (corrected p < .005). No right hemispheric between-group
differences were identified.

With VBM, increases in gray matter volume were identified
in both thalami of those with OSA (corrected p < .05; Figure 1B).
Peak locations in the right and left thalamus corresponded most
closely to the ventral lateral, ventral posterior, and medial dorsal
thalamic nuclei regions.

Relationship between ODI and cortical thickness

ODI data, available in 35 participants, correlated inversely with
the thicknesses of both left and right dorsal posterior insular
cortices (dpIC) and also with thickness of the left posterior cin-
gulate or precuneus (Figure 2). Figure 3 demonstrates a high level
of concordance between this and with the specific LdpIC region
identified by the between-group comparison as being thinned in
participants with OSA.

Structure and sympathetic nerve activity

In the cohort as a whole (whether quantified by CTA or by VBM),
there was a significant positive correlation between MSNA BI
and gray matter thickness within the left mid cingulate cor-
tex (corrected p < .05; Figure 4A). In other words, the greater
the cortical thickness or gray matter volume within the left
MCC, the higher was sympathetic firing incidence. With VBM,
a strong positive correlation with BI was identified within a
region of the left posterior thalamus corresponding to the
pulvinar nucleus (corrected p < .05; Figure 4B). No right hemi-
spheric correlations with BI were identified by either method.

Discussion

The current investigation yielded three novel findings. First,
comparison of autonomic network morphology of participants
with and without moderate-to-severe OSA, using two distinct
but complementary quantitative methods (CTA and VBM), iden-
tified in those with OSA: (1) a significantly thinner region within
the left dpIC (CTA); (2) a significantly thicker region within in
the left mid-cingulate (CTA); and (3) bilateral thalamic regions
with greater gray matter volume (VBM). Second, there was a
significant inverse relationship between the frequency of noc-
turnal intermittent hypoxemia (i.e., the ODI) and cortical thick-
ness within bilateral dpIC and the left posterior cingulate or
precuneus. Third, we detected significant positive correlations
between muscle sympathetic BI and the thickness (CTA) or vol-
ume (VBM) of the left mid cingulate, a key component of the
CAN [16], and between MSNA BI and the volume of a left poster-
ior thalamic region corresponding to the pulvinar nucleus.

The first reported between-group comparison of cortical
morphology in participants with and without moderate OSA
was by Macey et al.,, who identified diminished gray matter
in the frontal, parietal, and temporal cortices and the anter-
ior cingulate, hippocampus, and cerebellum [24]. By contrast,
O’Donoghue et al. found no significant gray matter differences

Table 1. Participant characteristics

Control OSA

(No or mild (moderate or

All apnea) severe apnea)
Characteristic n=41 n=19 n=22 P
Age (years) 59+2 59+2 59+2 .999
AHI (events/hr) 203 7=x1 31+4 <.001
MSNA (bursts/1I00 HB) 63 +3 55+4 71+3 <.001
BMI (kg/m?) 29+1 28=x1 31+1 .388
HR (bpm) 60+2 582 62+2 241
SBP (mm Hg) 120+2 118+3 122+ 4 185
DBP (mm Hg) 701 70%2 702 .905
ESS 6+1 4x1 71 .547
Mean SaO, (%) 95+1 95=x1 95 +1 .851
Min SaO, (%) 85+1 88=x1 82+2 .056
ODI 24+4 10x2 35+2 <.001

Note. Values are Mean =+ SE. p-Values relate to between-group differences.

AHI = apnea-hypopnea index; bpm = beats per minute; BMI = body mass index;
DBP = diastolic blood pressure; ESS = Epworth Sleepiness Scale; HB = heart
beat; HR = heart rate; MSNA = muscle sympathetic nerve activity; ODI = oxygen
desaturation index; SaO, = arterial oxyhemoglobin saturation; SBP = systolic
blood pressure.

810z Jequaldag Q| uo 1sanb Aq $G8€//1/802XSZ/Z/ L yAoeasqe-ajoile/das|s/wod dno-olwapese//:sdyiy wolj papeojumoq



(A) Cortical Thickness Analysis
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(B) Voxel Based Morphometry

Figure 1. Group differences in gray matter. Group differences in average gray matter thickness between 19 control (C) participants with no or mild OSA and 22 partici-
pants with moderate-to-severe OSA. (A) Cortical thickness comparison of OSA to age/sex-matched C participants demonstrated, for OSA, significantly thinner LdpIC
(C=2.39+0.15 mm [mean + SD]; OSA = 2.19 + 0.13 mm; 895 0.80 mm? vertices; center of gravity [CoG] x = -47,y = -21, z = 21; p corrected < .05) gray matter and signifi-
cantly thicker LMCC (C = 2.11 + 0.42 mm; OSA = 2.54 + 0.54 mm; 249 0.80 mm? vertices; CoG x = -5,y = -7, z = 30; p corrected < .05) gray matter (for both, corrected p
<.05). The inset graphs display the average cortical gray matter thickness (in mm) for both groups and both regions. (B) Voxel-based morphometry analysis revealed
greater average thalamic gray matter density bilaterally in those with OSA (right COG: x = 15, y = -15, z = 15; 197 1.5 mm? voxels; left COG: x = -17,y = -20, z = 15; 137

1.5 mm?® voxels; corrected p < .05).

between patients with an AHI >30 and control participants (AHI
< 5 with airflow measured by thermistor or AHI < 15 if meas-
ured by nasal cannula) [25]. Seeking resolution, Morrell et al.
combined the O’Donoghue data with those acquired at a dif-
ferent institution (34 participants with OSA and 35 serving as
control participants). In a modified VBM analysis, reductions in
gray matter were confined to the right middle temporal gyrus
and bilateral cerebellum [47]. Contemporaneously, Yaouhi et al.
identified, in a group of 16 participants with severe OSA, gray
matter decreases in several cortical regions: the frontal and
temporo-parietal-occipital cortices, thalamus, hippocampus,
basal ganglia, and cerebellum [26]. Recently, Fatouleh et al.
reported gray matter increases in some regions (bilateral insula,
bilateral motor cortex, left hippocampus, left premotor cortex,
and an extensive area encompassing the medulla/pons/cere-
bellum), whereas in others (right posterior cingulate, bilateral
amygdala, medial prefrontal cortex, occipital lobe, and left cere-
bellar cortex, albeit at a lower uncorrected p < .005), gray matter
was decreased in those with OSA [22]. All of these investigators
utilized exclusively VBM. Finally, and most recently, Baril et al.
reported a comparative data set demonstrating morphological
changes in older participants with and without OSA using both
VBM and CTA. This group correlated its physiological conse-
quences (hypoxemia, respiratory disturbances, and sleep frag-
mentation) with regional increases in cortical thickness and
gray matter volume, and attributed their observed changes to

local edema and reactive cellular responses caused by OSA [48].
Taken together, the inconsistency of these findings has been
attributed to methodological variance, the play of chance arising
from multiple comparisons of thousands of voxels and idiosyn-
cratic application of thresholds differing in their stringency for
significance [25,47].

The present study, which applied CTA as well as VBM,
focused specifically on three regions known to participate in the
regulation of sympathetic outflow, blood pressure, and HR: the
LdplIC, the left mid-cingulate (two key CAN nodes with afferent
and efferent connections with brainstem premotor autonomic
neurons that ultimately project to and control preganglionic
sympathetic and parasympathetic outflow [14, 16]), and the
thalamus [20-23, 49, 50]. The rationale for focusing our attention
on these specific areas of interest and also in adopting stringent
analytical thresholds was to diminish the probability of both
false-negative and false-positive observations.

Participants with OSA exhibited both thickening and thin-
ning of regions engaged in autonomic cardiovascular regulation.
Importantly, areas that thickened demonstrated also a positive
correlation with MSNA, whereas those thinned did not, sug-
gesting differences both in the causal stimuli to such structural
changes and in their functional consequences.

The precise mechanisms for such morphological variations
are as yet unknown, although the inverse relationships found
between the ODI and thickness of the LPCC, and both dorsal
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Figure 2. Gray matter correlates with oxygen desaturation index. Inverse correlations between ODI and LPCC/precuneus, LdpIC, and right dorsal posterior insula

(RdpIC) gray matter thickness (n = 35).

ation with ODI

Figure 3. Overlap map: Group differences vs. correlation with ODI. Overlap map
emphasizing the high correspondence, within the LdpIC, between the statistic-
ally significant (corrected p < .05) regions identified in the between-group com-
parison (mean AHI < 15 vs. AHI > 15) and the correlation analysis of cortical
thickness with ODI. This regional concordance is consistent with the concept
that recurrent episodes of nocturnal hypoxia affect morphology. The enlarged
box shows the group differences in red and the correlation with ODI outlined in
yellow. ODI = oxygen desaturation index; AHI = apnea hypopnea index.

posterior insular cortices suggest a selective susceptibility of
these specific cortical autonomic regions to hypoxic damage.
Over months and years, recurring cycles of apnea and hypo-
pnea accompanied by intermittent hypoxia and reoxygenation
could promote cell death directly via hypoxia [51, 52] or indir-
ectly by generating free radical species, thus thinning vulnerable
brain areas [53]. In a study by Metz et al., functional gray matter

reductions within the medial prefrontal cortex of rats following
spared nerve injury were attributed to increased N-methyl-d-
aspartate receptor currents in basal dendritic spines, facilitating
calcium mediated excito-toxicity and neuronal loss [54].

A second plausible cause of either thinning or thicken-
ing of gray matter may be changes in sensory input to cortical
autonomic regions, resulting in altered cellular utilization.
Consequent adaptations in glial and/or neuronal cell size and
changes in axonal architecture, by apoptosis, synaptogen-
esis, and/or dendritic re-organization would be appreciated by
imaging studies as differences in gray matter volume, density, or
thickness [55-57]. For example, persistent sensorimotor impair-
ment after surgical repair of complete median nerve transection
is associated with loss of contra-lesion somatosensory cortex
gray matter [44]. Conversely, 8 consecutive days of painful stimu-
lation increased the gray matter of pain-related brain areas [58].
The frequency of arousal from sleep, independently of apnea, is
also a strong correlate of sympathetic nerve firing during wake-
fulness [12]. One structural change associated with disruption
of neurocellular circadian metabolic rhythms by chronic sleep
fragmentation is hippocampal subfield atrophy [59].

The posterior insula, or primary interoceptive cortex [60],
possesses a direct reciprocal pathway with the nucleus of the
solitary tract (NTS) and a secondary pathway from the NTS
through the parabrachial nucleus [61, 62]. An indirect efferent
pathway, via the lateral hypothalamus, links the posterior insula
and the rostral ventral lateral medulla, the brainstem origin
of most premotor sympathetic outflow [63]. In humans, elec-
trical stimulation of the left insular cortex causes, in general,
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(B) Voxel Based Morphometry
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Figure 4. Gray matter correlates with burst incidence. (A) Cortical thickness within the LMCC (COG x = -5, y = 0, z = 31; 367 vertices) correlates significantly with rest-
ing burst incidence across all participants (r = 0.467; p = .002). (B) Voxel-based morphometry revealed that gray matter density within the LMCC also correlated with
burst incidence (COG x = -1,y = 2, z = 38; corrected p < .05). Furthermore, a region in the left posterior thalamus (x = -8, y = -32, z = 0) also correlated positively with

gray matter density.

bradycardia and a fall in blood pressure, whereas right-sided
stimulation elicits the opposite response [64].

In the present series, the ODI, a measure of the severity of
OSA-induced hypoxemia, related significantly and inversely
to cortical thickness within the LdpIC, the right dorsal pos-
terior insula, and the left posterior cingulate or precuneus. Of
these three areas, only the LdpIC, i.e., the vasodepressor region,
emerged as a region thinned significantly in OSA (Figure 3).
Thus, one mechanism contributing to central upward reset-
ting of noradrenergic traffic in OSA could be loss of the normal
restraint exerted on sympathetic outflow and the baroreceptor
reflex by certain cortical SN elements, such as the left posterior
insula [64], that may be particularly susceptible to hypoxia and
reperfusion-mediated cell damage. However, no significant cor-
relation between MSNA BI and cortical thickness was identified
for either the LdpIC or for either of the other two specific regions
of thinning. Fatouleh et al, concluded, from their own MRI obser-
vations, “that asphyxic damage due to repeated episodes of noc-
turnal apnoea is not the main cause of the sympathoexcitation”
of OSA [22].

Conversely, these CTA and VBM analyses identified two such
autonomic regions that were both significantly thickened in par-
ticipants with OSA relative to controls and for which thickness
or volume correlated significantly with sympathetic BI: the left

mid cingulate cortex, which receives input from a diverse array
of thalamic nuclei [65, 66], and a region of the left posterior thal-
amus (Figure 4). The present observations argue for an import-
ant structural and functional contribution of both regions to the
chronic sympathetic excitation of OSA.

How might these changes be effected? Analogous to sensory
input, repeated exposure to stimuli eliciting acute autonomic
responses can also induce molecular adaptations, including
sustained up-regulation of components of the brain renin-
angiotensin-aldosterone system. One consequence is amplifica-
tion of blood pressure responses to subsequent challenges [67].
The trophic and apoptotic properties of the cortical neuronal
sympathetic neurotransmitter, norepinephrine [68], have simi-
lar neuroplastic potential.

In this context, the feature of moderate-to-severe OSA most
likely to induce both cortical thickening and autonomic neuro-
plasticity is sensitization of the peripheral chemoreceptor reflex,
by repeated exposure to nocturnal hypoxemia and reperfusion.
Sensitization augments the noradrenergic, hemodynamic, and
ventilatory responses to hypoxia [69, 70] through mechanisms
involving central angiotensin II up-regulation [71]. Peripheral
chemoreceptive information travels to the brainstem and cor-
tex via small-diameter glossopharyngeal (IX) and vagal (X) nerve
fibres and from peripheral lamina I neurons of the spinal cord
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ascending through the spinothalamic and spinoreticular tracts
[60, 72, 73]. Cranial nerves IX and X terminate primarily in the
medullary NTS, a region that receives collaterals from lamina 1
neurons [60,72,73].Both NTS and lamina I afferents relay through
the parabrachial nucleus and synapse within the posterior ven-
tral medial, ventral medial, and ventral caudal portions of the
medial dorsal thalamic nucleus [60, 73]. The latter then projects
to the mid cingulate [74]. Homeostatic information (including
that concerning stimuli that elevate blood pressure and HR) also
projects to the posterior insula [60, 73]. Thus, there are estab-
lished pathways by which chronically augmented chemorecep-
tor input could induce the cingulate and thalamic thickening
and correlations with central sympathetic outflow observed in
the present participants with moderate-to-severe OSA.

This study has several important strengths that merit
emphasis. First, because our population is comprised primarily of
middle-aged and older participants, our findings are more rele-
vant to the population at cardiovascular risk than are observa-
tions in young adults. Second, because of the high prevalence of
asymptomatic and undiagnosed OSA in the general population, all
participants, including self-reported healthy controls, underwent
overnight polysomnography. In five of our self-reported healthy
participants, polysomnography identified previously unrecog-
nized moderate-to-severe OSA, and 12 self-reported healthy con-
trol participants were diagnosed with mild OSA (AHI > 5 but <15).
It has been a common practice to label volunteers as healthy con-
trols if they report no nighttime snoring or daytime sleepiness.
The present study avoids the selection bias that risks aggregation
of disproportionate sleepy or obese individuals as an OSA cohort
and calls into question the conclusions of prior studies in middle-
aged participants reliant on symptoms of daytime sleepiness trig-
gering referral for further investigation or on self-reported normal
sleep for dichotomization into OSA and non-OSA cohorts.

Although MSNA and MRI data were acquired on separate
experimental days, a considerable body of evidence confirms
the reproducibility of resting MSNA [38] and MSNA responses
to a variety of challenges (i.e., head-up tilt, lower body nega-
tive pressure, and cold pressor) when repeated following short
time intervals [75, 76]. Furthermore, to minimize variation, par-
ticipant preparation was identical prior to MRI and MSNA. Our
interpretation is that the identified cortical differences between
groups occur secondary to OSA. However, although remote,
we cannot exclude the possibility that such changes may be
involved in the pathogenesis of OSA.

There is accumulating evidence that acute sympathoex-
citatory stimuli can induce persistent changes in the central
nervous system that alter blood pressure and HR regulation
[67]. Because of its severity, OSA could be considered a chal-
lenge to homeostasis with the high probability of inducing
neuroplastic changes within autonomic regulatory regions. As
confirmation, in the present cohort with OSA, we identified
qualitatively distinct and site-specific changes in the morph-
ology of cortical regions participating in autonomic regulation
in conjunction with increased efferent sympathetic discharge
during wakefulness. We conclude that the magnitude of insu-
lar thinning, although a function of hypoxia severity, does not
influence MSNA, whereas cingulate and thalamic thickening
relate directly to the intensity of sympathetic discharge during
wakefulness.
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