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Abstract

Children with long-standing obstructive sleep apnea (OSA) show evidence of neural injury and
functional deficits in behavioral and cognitive regulatory brain regions that are reflected in
symptoms of altered cognitive performance and behaviors. While we earlier showed reduced gray
matter volume and increased and reduced regional cortical thicknesses, such structural changes
give little indication of the underlying pathology. Brain tissue integrity in pediatric OSA subjects
can reflect the nature and extent of injury or structural adaptation, and can be assessed by entropy
tissue texture, a measure of local changes in signal intensity patterns from high-resolution
magnetic resonance images. We collected high-resolution T1-weighted magnetic resonance
images from 10 pediatric OSA (age, 7.9+1.1 years; apnea-hypopnea-index, 8.8+3.0 events/hour;
body-mass-index, 20+6.7 kg/m?; 7 male) and 8 healthy controls (age, 8.8+1.6 years; body-mass-
index, 19.6+5.9 kg/m?; 5 female). Images were bias-corrected and entropy maps calculated,
individual maps were normalized to a common space, smoothed, and compared between groups
(ANCOVA,; covariates: age, gender; SPM12, uncorrected-threshold p<0.005). No significant
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differences in age (p=0.48), gender (p=0.59), or body-mass-index (p=0.63) emerged between
groups. In OSA children, several brain sites including the pre-frontal cortex, middle and posterior
corpus callosum, thalamus, hippocampus, and cerebellar areas showed reduced entropy values,
indicating tissue changes suggestive of acute insults. No regions showed higher entropy values in
OSA. Children suffering from OSA display predominantly acute tissue injury in neural regions
principally localized within autonomic, respiratory, cognitive, and neuropsychologic control,
functions that correspond to previously-reported comorbidities associated with OSA. A range of
acute processes, including hypoxia/re-oxygenation, repeated arousals, and episodic hypercarbia,
may have contributed to regional brain tissue integrity changes in pediatric OSA.

Keywords
Entropy; Acute injury; Insula; Cingulate; Hippocampus

1. INTRODUCTION

Pediatric obstructive sleep apnea (OSA) has been widely recognized as a likely causal
contributor to a significant array of morbidities in children [1]. The condition is
characterized by increased upper airway resistance during sleep, leading to altered
oxygenation and hypercapnia, as well as repeated arousals, sleep fragmentation, and reduced
sleep efficiency [2]. Children with OSA exhibit increased risk of cognitive and behavioral
deficits that may adversely impact their healthy development, including difficulties
maintaining academic performance [1, 3, 4]. A possible source of these symptoms in OSA
could be brain alterations, which have been shown in selected regions via magnetic
resonance imaging [5-7].

Multiple animal studies have conclusively shown that both intermittent hypoxia and sleep
fragmentation mimicking OSA lead to neuronal cell losses in several brain regions,
particularly in the developing brain [8, 9]. In addition, studies in pediatric OSA cohorts have
reported reduced gray matter volumes, increased and decreased regional cortical thickness,
and tissue diffusion changes in neural sites putatively underlying cognitive and executive
deficits [5, 7, 10]. However, limited sensitivity from the inherent small range of values on
gray matter volume assessment and spatial resolution issues on other MRI imaging
precluded insights into the nature and extent of whole-brain tissue integrity. The latter can
however be readily examined with tissue texture assessments using high-resolution T1-
weighted images, which is sensitive to nature and extent of tissue changes, with more
homogenous texture associated with acute alterations [11]. The assessment of whole-brain
changes as tissue texture could elucidate mechanisms of brain structural alterations in
children suffering from OSA.

Tissue texture is a type of measure that quantifies spatial patterns of image signal intensities
that differ with the variable nature and extent of brain tissue injury [12]. Among the several
tissue texture measures, entropy measures the extent of homogeneity or randomness based
on signal intensity characteristics, and values are inversely proportional to the amount of free
water content in the tissue [13], such that decreased extracellular water corresponds to cell
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and axonal swelling [14]. We hypothesized that compared to healthy children, regional brain
entropy values would be reduced in pediatric OSA patients in various autonomic, cognitive,
and mood control areas, and therefore, be indicative of brain injury. Accordingly, our aim
was to investigate the nature and extent of whole-brain tissue integrity based on entropy
measures using high-resolution T1-weighted imaging in pediatric OSA subjects and
controls.

2. MATERIALS AND METHODS

2.1 Subjects

Ten children with polysomnographically-confirmed OSA and 8 healthy control subjects of
similar ages and genders without any evidence of sleep-disordered breathing in an overnight
sleep study were included in this study. Demographic and other variables are summarized in
Table 1. All OSA and control subjects were initially habituated to the MRI scanner
environment using a mock replica. None of the children were taking psychostimulants or
anti-hypertensive medications, and subjects had no history of neurodevelopmental disorders,
suspected diabetes, or any other known acute or chronic illness. The study was approved by
the human subject committee at the University of Chicago (protocol #11-0280-CR009), and
informed consent and assent were obtained from each participant’s legal caregiver and child,
respectively. Furthermore, three additional controls were recruited at the University of
California at Los Angeles (UCLA) campus, after obtaining informed consent from parents,
and those data collection procedures were carried out with UCLA Institutional Review
Board approval.

2.1.1 Anthropometry—Height and weight were measured and body mass index (BMI) z-
scores were calculated using the Center Children’s Hospital of Philadelphia online software
(http://stokes.chop.edu/web/zscore). A BMI z-score >1.65 was considered as obesity.

2.1.2 Overnight Polysomnography—Overnight polysomnography studies were
conducted and scored using previously-described standard approaches [15, 16]. An
obstructive apnea-hypopnea (AHI) >2 events/hour along with a nadir oxygen saturation <
92% and/or a respiratory arousal index >2 events/hour served as criteria for OSA diagnosis
[17, 18].

2.2 MRI scanning

Five control and 10 OSA subjects were scanned at 1.5-Tesla (Philips Achieva) within 3 -5
days after the sleep study. High-resolution T1-weighted anatomical scans were collected
using a custom ultrafast gradient echo “SENSE” sequence [repetition-time (TR) = 8.16 ms;
echo-time (TE) = 3.7 ms; flip-angle (FA) = 8°; matrix size = 256 x 256; field-of-view (FOV)
= 224x224 mm?; slice thickness = 1.0 mm; slices = 160]. The three additional UCLA
control subjects were scanned at 3.0-Tesla (Siemens, Magnetom Trio). High-resolution T1-
weighted images were collected using a magnetization prepared rapid acquisition gradient-
echo sequence (TR = 2200 ms; TE = 3.05 ms; inversion time = 1100 ms; FA = 10°; matrix
size = 256x256; FOV = 220x220 mm?; slice thickness = 1.0 mm; slices = 176).
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2.3 Data Processing and Analysis

Various software tools were used for image visualization, data pre-processing, and analyses,
and included the statistical parametric mapping package SPM12 (Well-come Department of
Cognitive Neurology, UK; http://www.fil.ion.ucl.ac.uk/spm), MRIcroN [19], and MATLAB-
based custom routines (The MathWorks Inc, Natick, MA). T1-weighted images of all OSA
and control subjects were visually-examined to ensure that no serious brain pathologies
(e.g., cyst, tumor, and infarct) were present.

2.3.1 Entropy Calculation—High-resolution T1-weighted images were bias corrected to
remove any signal intensity variations due to field inhomogeneities using SPM 12 [20].
Using the bias-corrected T1-weighted images, the entropy values at a given voxel ‘v were
calculated with the following equation by defining a 3x3x3 volume of interest (VOI) with
‘v as center:

N
E=~ ¥ pjog(p)
i=1

Where, NVis number of distinct pixel values (gray/white matter) in the VVOI, and pjis
probability of occurrence of A1 pixel value in the VOI. Mathematically, the VOI can be
represented as below:

VOI=I(x—-1.5:x+1.5,y—-1.5:y+1.5,z—1.5:z+1.5)

Where, ‘I’ is the bias corrected T1-weighted image, and X, y, z are spatial coordinates.

2.3.2 Normalization and Smoothing of Entropy Maps—Before normalization, the
entropy values were scaled between 0-1 by dividing the whole-brain entropy by its
maximum value, to attain a common distribution of entropy values across the scanners.
Whole-brain entropy maps were then normalized to Montreal Neurological Institute (MNI)
space using the SPM12 package. The warping parameters for x, y; zdirections were
obtained from the bias-corrected T1-weighted images via modified unified segmentation
approach, and resulting parameters were applied to the corresponding entropy maps. The
normalized entropy maps were smoothed using an isotropic Gaussian filter (8 mm).

2.3.3 Background Image—A high-resolution T1-weighted image of a control subject
was normalized to MNI space. This normalized image was used as the background image to
overlay findings for structural identification.

2.3.4 Region-of-Interest (ROI) Analyses—Region-of-interest (ROI) analyses were
performed to calculate regional brain entropy values to determine magnitude differences
between groups. Using a neuromorphometric (http://www.neuromorphometrics.com) and
ICBM DTI-81 [21] atlas, ROIs were created for each brain site, and these ROIs were used to
create anatomic-specific masks based on findings from group comparisons. In addition,
manual masks were created for sites that were not available in the atlases using the
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MRIcroN. These anatomic-specific masks were used to compute average entropy values
from individual smoothed maps of OSA and control subjects.

2.3.5 Statistical Analyses—The SPM12 and the IBM statistical package for social
sciences (IBM SPSS v24, Armonk, New York) were employed for statistical analyses. Chi-
square test and independent-samples t-tests were used to examine group differences in
demographic and other data.

The smoothed entropy maps were compared voxel-by-voxel between groups using analysis
of covariance (ANCOVA), with age and sex included as covariates (p<0.005, uncorrected).
The global brain mask was used to restrict the analysis within brain regions only, and sites
with significant differences between groups were overlaid onto background image for
structural identification.

The mean entropy values, derived from ROI analyses, were compared between groups using
ANCOVA (covariates, age and sex) and effect sizes were calculated. We considered a p-
value less than 0.05 as statistically significant.

3. RESULTS

No significant differences in age (p=0.48), gender (p=0.59) or BMI (p=0.63) emerged
between OSA and control groups (Table 1). Multiple brain areas showed reduced entropy
values in OSA when compared to control subjects (Fig. 1; p<0.005). No brain sites showed
evidence of increased entropy values in OSA children. Brain regions with reduced entropy
values in OSA subjects are displayed in Fig.1 and included the insular cortices (a), external
(b) and internal (c) capsules, bilateral anterior, mid, and posterior thalamus (d), anterior (s),
mid (e), and posterior (f) corpus callosum, medial prefrontal cortex (g), inferior, middle and
superior cerebellar peduncles (h), bilateral caudate (i), bilateral putamen (j), amygdala (k),
prefrontal white matter (k), bilateral hippocampus (m), parietal cortices (n), mid (o) and
posterior (p) corona radiate, occipital cortex (q), temporal white matter (r), midline and
caudal pons (t), ventral medulla (u), and cerebellar cortices (v).

The regional brain entropy values from aforementioned sites are summarized in Table 2 for
both OSA and control subjects, and were significantly decreased in pediatric OSA while also
showing predominantly large effect sizes between groups.

4. DISCUSSION

In the present study, we report that children with OSA exhibit significantly decreased
entropy values in various distinct brain anatomical sites compared to control subjects,
indicating the presence of acute brain tissue changes. These changes, which are suggestive
of tissue injury, appeared in brain sites underlying autonomic, cognitive, mood and
respiratory functions, including the insular cortices, hippocampus, amygdala, thalamus,
cingulate, and cerebellar sites. Remarkably, such observations have been previously noted in
adult OSA subjects as well [22—24], suggesting that the recurrent hypoxia-re-oxygenation
events, along with intermittent hypercapnia, repeated arousals, and episodic cerebral
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perfusion alterations that characterize OSA may be causally implicated in such entropy brain
tissue changes, which in turn may then lead to the morbid consequences of the disease.

4.1 Brain Tissue Changes versus Entropy Values

In this study, we computed entropy values from high-resolution T1-weighted images that
indicate local tissue homogeneity. Extracellular water content increases in chronic disease
conditions due to neuronal and axonal losses, while extracellular water decreases occur in
acute conditions due to neuronal and axonal swelling and changes in tissue organization.
Since entropy values varies with tissue randomness, and is affected by axonal and neuronal
organization, the procedures employed herein are suitable to differentiate chronic from acute
tissue changes. In previous studies conducted in adult OSA patients, in which we employed
diffusion and kurtosis diffusion based procedures, our findings of reduced mean diffusivity
and increased mean kurtosis values suggested that tissue injury was more likely to be acute
[22, 25, 26]. However, adult patients with OSA exhibit much more frequent obstructive
events and more pronounced and severe oxyhemoglobin desaturations during those events
when compared to children, so it is difficult to extrapolate from studies in adults to
anticipated findings in children. In the present study, we identified multiple brain regions
with decreased entropy values, suggesting that despite less severe gas exchange alterations
in children during obstructive respiratory events, acute changes are also occurring in
pediatric OSA, possibly reflecting the unique susceptibility of the developing brain to
hypoxia-reoxygenation injury [17].

4.2 Brain Changes in Pediatric OSA

Significantly decreased entropy values were detected in various brain sites, indicating acute
and regionally selective neural tissue injury in children with OSA. As mentioned, the
underlying mechanism for brain injury likely initiates from the upper airway collapse during
sleep that promotes the occurrence of in intermittent hypoxia, leading to axonal and
neuronal inflammation due to water movement from extracellular to intracellular spaces
[27]. Indeed, both animal models and exosome-based experiments, as well as adult OSA
studies suggest that OSA disrupts the brain blood barrier and increases its permeability [28,
29]. Thus, neuronal and axonal inflammation and increased blood brain barrier permeability
may result in reduced entropy values as observed in pediatric OSA.

Reduced entropy values here were observed in the pre-frontal regions, sites that are known
to regulate cognitive functions, and hence could facilitate the occurrence of behavioral
deficits in OSA children [30]. Evidence of damage also appeared in the insular cortex, which
is responsible for various autonomic functions, as well as emotional control, self-awareness,
cognitive functioning, and motor control [31]. Of note, injury to insular cortex has been
described in adult OSA patients [22, 24]. Furthermore, injury was also observed in the
amygdala, a region associated with emotional function [32]. Children with OSA show
reduced amygdala neural activity responses while watching empathy-eliciting scenarios,
while displaying greater neural recruitment in regions implicated in cognitive control,
conflict monitoring, and attentional allocation [6].
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Brain damage was also observed in the thalamic regions, indicating compromised executive
functions in pediatric OSA, since the thalamus acts as a critical intermediate connection
between cortical and sub-cortical components, including the frontal cortex and cerebellar
regions [33]. In addition, anterior, mid, posterior corpus callosum along with surrounding
white matter showed tissue changes. The corpus callosum structure connects both
hemispheres, and can affect a variety of functions, including executive functions, visuomotor
control, autonomic regulation, and cognition [34]. Adult OSA patients have reduced regional
cerebral blood flow (CBF) and altered cerebrovascular responses to hypercapnia [35];
subjects show hypoxia-induced neuronal injury in critical regions, such as cerebellum,
prefrontal cortex, insula, putamen, amygdala, and hippocampus [24], regions that are vital
for executive, motor, autonomic, cognitive, mood, and breathing functions [24, 36]. In
addition, aberrant functional connectivity between amygdala and hippocampus is known to
be present when depression is present, and children are not protected from increased risk for
altered mood changes in the context of OSA [37]. Moreover, aberrant functional
connectivity between hippocampus and cerebellum, along with enlargement of hippocampus
have been described among OSA patients, which may lead to alterations in the memory
system implicated in associative learning [38]. Both hippocampus and amygdala showed
evidence of damage in our pediatric OSA patients, which might therefore underpin
alterations in memory and mood systems.

Tissue changes were also observed in the temporal cortex in pediatric OSA, another region
essential for cognitive function [39]. In addition, midline pons and dorsal medulla showed
neural injury in pediatric OSA. Damage to these areas may underlie compromised regulation
of blood pressure, respiration, and integration of baroreceptor and chemoreceptor afferents,
as shown by a large body of evidence in animal studies [40]. Finally, several brain regions,
including bilateral hippocampus, corpus callosum, and deep cerebellar nuclei showed neural
injury that were not previously suspected in OSA children. These findings indicate that
entropy procedures can be used to evaluate the nature and extent of brain changes in
pediatric OSA, and are therefore worthy of expansion in future studies along with concurrent
assessments of specific functional correlates.

4.3 Limitations

Several limitations of this study are worthy of mention. The sample size was relatively
small, which means the group differences as reported here reflect a large effect size. A major
concern that could arise from a relatively small sample size is the possibility that other brain
regions with lesser magnitude of injury or greater variability in entropy changes may have
not passed the relatively stringent statistical significance criteria, i.e., a p2-type error. In
addition, we included images obtained in some control subject using a different MR scanner,
which introduces the possibility that slight differences across instruments may adversely
affect the sensitivity of detection of entropy alterations. However, we should point out that
evaluation of entropy values from the two scanners were consistent, and therefore unlikely to
introduce incremental inter-subject variance. Notwithstanding, it will be important to
evaluate a larger cohort of children with OSA and controls to replicate current findings.
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Conclusions

Entropy measures based on high-resolution T1-weighted imaging show decreased values in
OSA children, indicating acute brain tissue changes. Reduced entropy values appeared in
brain sites that regulate autonomic, respiratory, and cognitive functions, including the
prefrontal cortices, corpus callosum, insular, frontal, temporal, hippocampus, and cerebellar
areas. Multiple pathological processes, including intermittent hypoxic-re-oxygenation events
and oxidative stress and inflammatory processes along with disruption of blood brain barrier
integrity can contribute to the acute tissue damage. These findings reinforce the need for
early detection and timely intervention in pediatric OSA in an effort to minimize the damage
and optimize the repair and recovery of brain tissue in children with OSA.
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Highlights
. We assess nature and extent of tissue changes in pediatric OSA.
. Pediatric OSA show acute injury in cognitive, mood, and autonomic sites.
. OSA subjects have structural basis for cognitive and behavioural deficits.
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Figure 1.
Brain sites showing lower entropy in OSA compared to control subjects. These sites

included the insular cortices (a), external (b) and internal (c) capsules, bilateral anterior, mid,
and posterior thalamus (d), anterior (s), mid (e), and posterior (f) corpus callosum, medial
prefrontal cortex (g), inferior, middle, and superior cerebellar peduncles (h), bilateral
caudate (i), bilateral putamen (j), amygdala (k), prefrontal white matter (k), bilateral
hippocampus (m), parietal cortices (n), mid (o) and posterior (p) corona radiate, occipital
cortex (q), temporal white matter (r), midline and caudal pons (t), ventral medulla (u), and
cerebellar cortices (v). Color bar represents t-statistic values (L = Left; R = Righi).
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Demographic and relevant clinical and polysomnographic variables in children with OSA and control subjects.

Variables Control (mean £ SD) [n =8] | OSA (mean £ SD) [n=10] | P-value
Age (years) 8.8+1.6 7.9+1.1 0.487
Gender (Male: Female) | 5:3 5:5 0.596
BMI (kg/m?) 1959 £5.9 20.89£6.7 0.676
AHI (events/hour) 0.76 £0.51 (n=5) 8.87+29 <0.001

Table Legend: OSA: obstructive sleep apnea, SD: standard deviation, L: Left, R: Right.
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Table 2

Regional brain entropy values in controls and pediatric OSA subjects.
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Brain region Control (mean + SD) N (1)08A (mean + SD) N = Cluster Size (voxels) | P-value (effect size)
L Insula 0.83 +£0.02 0.79 £ 0.02 63 0.012 (1.99)
L Putamen 0.79+0.03 0.75+0.03 50 0.017 (1.33)
R Caudate 0.84 £ 0.02 0.79 £ 0.02 324 0.002 (2.50)
L Caudate 0.85+0.02 0.81+0.02 585 0.001 (1.99)
R Thalamus 0.81+0.02 0.76 £ 0.02 1500 0.003 (2.50)
L Thalamus 0.82 +£0.02 0.77 £0.02 3087 0.008 (2.49)
R Hippocampus 0.87 +0.01 0.83+0.01 545 0.001 (4.00)
L Hippocampus 0.86 +0.01 0.83+0.01 819 0.001 (3.00)
L Amygdala 0.84 +0.02 0.80 + 0.02 552 0.004 (1.99)
L Medial Orbital gyrus 0.87 £0.01 0.84 £0.01 55 0.002 (3.00)
R Superior Parietal 0.84 £0.02 0.80 +0.02 125 0.004 (1.99)
L Temporal Pole 0.87 £0.01 0.84 +0.01 129 0.006 (3.00)
L Medial Frontal Cortex 0.84 £0.02 0.81+0.02 18 0.007 (1.49)
Corpus Callosum 0.82 £0.02 0.78 +£0.02 3612 0.002 (1.99)
L Cerebellar Peduncle 0.84 £0.01 0.81+0.01 321 0.006 (2.99)
L Posterior Limb of Internal Capsule | 0.85+0.01 0.82 +0.01 472 0.005 (3.00)
R Anterior Corona Radiata 0.87 £0.02 0.83+0.02 779 0.005 (2.00)
L Anterior Corona Radiata 0.86 £ 0.02 0.82 +0.02 1459 0.005 (2.00)
R Superior Corona Radiata 0.81+£0.03 0.76 £ 0.03 1758 0.009 (1.66)
L Superior Corona Radiata 0.81+£0.02 0.76 £ 0.02 2720 0.008 (2.50)
R Posterior Corona Radiata 0.78 £0.03 0.72 +0.03 1015 0.013 (2.00)
L Posterior Corona Radiata 0.80 £0.03 0.74 +0.03 361 0.013 (2.00)
L External Capsule 0.85+0.02 0.83+0.02 22 0.003 (1.00)
Cerebellar Cortices 0.84 £0.02 0.80 +0.02 1110 0.004 (1.99)
Ventral Medulla 0.87 £0.01 0.84 +0.01 812 0.003 (3.00)
Pons 0.82 £0.02 0.77 £ 0.02 2679 0.007 (2.49)

Table legend: SD, standard deviation; BMI, body mass index; AHI, apnea hypopnea index.
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