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Abstract—Obstructive sleep apnea (OSA) is accompanied
by altered structure and function in cortical, limbic, brain-
stem, and cerebellar regions. The midbrain is relatively
unexamined, but contains many integrative nuclei which
mediate physiological functions that are disrupted in OSA.
We therefore assessed the chemistry of the midbrain in
OSA in this exploratory study. We used a recently developed
accelerated 2D magnetic resonance spectroscopy (2D-MRS)
technique, compressed sensing-based 4D echo-planar J-
resolved spectroscopic imaging (4D-EP-JRESI), to measure
metabolites in the midbrain of 14 OSA (mean age + SD:54.6
+ 10.6 years; AHI:35.0 + 19.4; SAO, min:83 + 7%) and 26
healthy control (50.7 + 8.5 years) subjects. High-resolution
T1-weighted scans allowed voxel localization. MRS data
were processed with custom MATLAB-based software, and
metabolite ratios calculated with respect to the creatine
peak using a prior knowledge fitting (ProFit) algorithm.
The midbrain in OSA showed decreased N-acetylaspartate
(NAA; OSA:1.24 £ 0.43, Control:1.47 + 0.41; p = 0.03; inde-
pendent samples t-test), a marker of neuronal viability.
Increased levels in OSA over control subjects appeared in
glutamate (Glu; OSA:1.23 + 0.57, Control:0.98 + 0.33;
p = 0.03), ascorbate (Asc; OSA:0.56 + 0.28, Control:0.42
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Abbreviations: 4D-EP-JRESI, accelerated 4D echo-planar J-resolved
spectroscopic imaging; AHI, apnea—hypopnea index; BOLD, blood
oxygen level dependent; CPAP, continuous positive airflow pressure;
MRI, magnetic resonance imaging; MRS, magnetic resonance
spectroscopy; MSNA, muscle sympathetic nerve activity; NUS, non-
uniform undersampling; OSA, obstructive sleep apnea; TE, echo time;
TR, repetition time; VOI, volume of interest.
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+ 0.20; (50.7 + 8.5 years; p = 0.03), and myo-inositol (ml;
OSA:0.96 + 0.48, Control:0.72 + 0.35; p = 0.03). No differ-
ences between groups appeared in y-aminobutyric acid
(GABA) or taurine. The midbrain in OSA patients shows
decreased NAA, indicating neuronal injury or dysfunction.
Higher Glu levels may reflect excitotoxic processes and
astrocyte activation, and higher ml is also consistent with
glial activation. Higher Asc levels may result from oxidative
stress induced by intermittent hypoxia in OSA. Additionally,
Asc and Glu are involved with glutamatergic processes,
which are likely upregulated in the midbrain nuclei of OSA
patients. The altered metabolite levels help explain dysfunc-
tion and structural deficits in the midbrain of OSA patients.
© 2017 IBRO. Published by Elsevier Ltd. All rights reserved.

Neurochemical abbreviations with conventional capitaliza-
tion: Asc, ascorbate; Asp, aspartate; Ch, choline; GABA,
gamma-aminobutyric acid; Gln, glutamine; Glu, glutamate;
Gly, glycine; GPC, glycerophosphorylcholine; GSH, glu-
tathione; ml, myo-inositol; NAA, N-acetylaspartate; NAAG,
N-acetylaspartate glutamate; PCh, phosphocholine; PE, phos-
phoethanolamine; Scy, scyllo-inositol; Tau, taurine; Thr, thre-
onine.

Key words: intermittent hypoxia, autonomic, sleep-
disordered breathing, periaqueductal gray, respiration, mag-
netic resonance spectroscopy.

INTRODUCTION

The defining feature of obstructive sleep apnea (OSA) is
the occurrence of repeated airway collapses leading to
successive cessation and restoration of airflow during
sleep, with resultant exposure of the brain to intermittent
hypoxia, excessive CO, levels, and repeated, large
swings in blood pressure. Such exposures lead to
overall and regional sites of brain injury, which
presumably are responsible for multiple deficits in
cardiovascular, hormonal, cognitive, and memory
functions in the syndrome (Berry et al., 2012; Hudgel
et al., 2012; Franklin and Lindberg, 2015). The processes
underlying failure of the upper airway musculature during
sleep with continued diaphragmatic efforts remain
unclear, but several of the necessary sensory and motor
control elements required for eupneic breathing lie within
the midbrain; sites within the midbrain show injury or
impaired responses to challenges in OSA (Harper et al.,
2003; Macey et al., 2003, 2006, 2008).

The damaged midbrain sites are unlikely to be solely
responsible for the wide range of neural influences that


https://doi.org/10.1016/j.neuroscience.2017.09.001
mailto:pmacey@ucla.edu
https://doi.org/10.1016/j.neuroscience.2017.09.001

P. M. Macey et al./Neuroscience 363 (2017) 76—86 77

contribute to the physiological deficits emerging in OSA.
The midbrain is the recipient of projections from more-
rostral and more-caudal sites that are also damaged in
the syndrome, and serve essential timing and
modulating influences on those descending and
ascending projections. Among the damaged rostral sites
projecting to the midbrain, the insular and ventromedial
frontal cortices (Macey et al., 2008; Yaouhi et al., 2009;
Joo et al.,, 2013; Kumar et al.,, 2014; Tummala et al.,
2016) exert influences on cardiovascular and breathing
systems; the midbrain contains many nuclei with major
cardiovascular and breathing modulation and timing roles.
While the final common pathways for outflow to upper air-
way and diaphragmatic respiratory musculature and for
sympathetic and parasympathetic outflow to the cardio-
vascular system lie within the medulla, many modulatory
systems, including those of the midbrain, affect those out-
flows (Davis et al., 1996; Subramanian, 2013). Principal
drives to both the diaphragm and the upper airway mus-
cles are CO, and O,, followed by transient changes in
blood pressure (Trelease et al., 1985). Sites within the
midbrain play significant roles to all three drives (Harper
et al., 1998, 2000, 2005; Woo et al., 2005). People with
a lack of CO, sensitivity, such as those with congenital
central hypoventilation syndrome, show impaired func-
tional MRI signals in portions of the midbrain to hypercar-
bia, hypoxia (Macey et al., 2005), and forced expiration
(Macey et al., 2004, 2005). The midbrain periaqueductal
gray (PAG) projects to medullary cardiovascular and res-
piratory areas, and includes lateral and dorsomedial sub-
regions involved in respiratory musculature control (Faull
et al., 2015). Neurons in the PAG are synchronized with
breathing cycles during sleep (Ni et al., 1990), and the
structure is involved with modulation of respiratory rhythm
and activity (Dampney et al., 2013; Farmer et al., 2014;
Subramanian and Holstege, 2014). In animal models,
the midbrain red nuclei are involved in coordinating
responses to hypoxia (Waites et al.,, 1996; Ackland
et al., 1997), a significant issue in a condition associated
with repeated, extreme hypoxia exposure (Berry et al.,
2012), and is presumably mediated through projections
to the cerebellum (Granziera et al., 2009); the cerebellum
is also damaged in OSA (Macey et al., 2008), leaving
potential for impaired coordination.

The evidence that midbrain structural and functional
alterations in OSA contribute to pathophysiology and
symptoms of the disorder is substantial, considering the
injury sites and nature of challenges that elicited the
functional outcomes. Functional MRI studies show
increased activation of the ventral and dorsal midbrain
during inspiratory loading exercises (Macey et al., 2006,
2003) and decreased activity during cold pressor and
expiratory loading challenges in OSA (Harper et al.,
2003; Macey et al., 2003). Elevated muscle sympathetic
nerve activity (MSNA) correlates with altered Blood
Oxygen-Level-Dependent (BOLD) signals in the midbrain
in OSA, suggesting a midbrain role in eliciting the high
sympathetic tone in the sleep disorder (Fatouleh et al.,
2014; Lundblad et al., 2014). CBF is decreased in the
right midbrain of OSA subjects (Yadav et al., 2013), which

may reflect lower perfusion demand, perhaps from an
altered functional state (for example, lower tonic activity),
or impaired cerebral perfusion. Structural changes consis-
tent with inflammatory or glial changes, namely diffusion
decreases and volume increases, appear in the hypotha-
lamus in OSA (Lundblad et al., 2014; Tummala et al.,
2016), which projects heavily to the midbrain (Sakuma
and Tada, 1984; Thompson and Swanson, 1998). The
combined data suggest that the midbrain is compromised
in OSA, potentially interfering with regulatory roles for car-
diovascular and breathing control, as well as other phys-
iological functions in the disorder. Although the MRI
findings cannot further distinguish the nature of patholo-
gies, we can gain understanding of what processes might
lead to injury and dysfunction by examining chemicals,
such as markers of cellular integrity, neuronal concentra-
tion, oxidative stress, and neurotransmitter levels.

Magnetic resonance spectroscopy (MRS) allows
examination of differences in OSA in relatively abundant
metabolites. Previous OSA spectroscopy studies found
differences in neurochemical levels, such as decreased
N-acetylaspartate (NAA), a neuronal marker, and
increased levels of the excitatory neurotransmitter
glutamate, in limbic brain regions including the
hippocampus, thalamus, and putamen (Sarma et al.,
2014, 2016). These findings suggest neural injury and
increased excitation. Using ‘“2-dimensional” spec-
troscopy, we showed the insulae have altered neurotrans-
mitter levels bilaterally, including low GABA and high
glutamate in OSA (Macey et al., 2016). These large differ-
ences in neurochemical levels likely affect the function of
the structure, presumably leading to a more excitatory
state (lower inhibition from lower GABA, higher excitation
from higher glutamate). The insulae, key autonomic regu-
latory regions, project to the hypothalamus and midbrain
nuclei to help regulate sympathetic outflow (Otake et al.,
1994; Kurth et al., 2010); altered midbrain neurochemical
levels would compromise that sympathetic regulation, as
well as other functional processes. The intermittent
hypoxia of OSA leads to widespread excitotoxic pro-
cesses, which should be accompanied by high levels of
glutamate.

The objective was to assess multiple midbrain
metabolite alterations in OSA subjects using 2D MRS
spectroscopy, and to interpret how such changes might
contribute to the structural and functional alterations,
and to the symptoms of autonomic dysfunction. The
evaluation required new procedures for evaluating
neurotransmitter levels, with a short scan time for often-
ill patients, while still collecting spectral characteristics
of multiple neurotransmitters. Assessment of NAA,
glutamate, GABA, and other neurochemicals related to
oxidative stress can help understand dysfunction and
possible neurodegenerative processes that may be
present in OSA. Measurements of levels of
neurotransmitters contributing to function in the midbrain
(see Kazemi, 2006 for review) could help determine pro-
cesses mediating the previously found structural injury,
assisting in understanding of mechanisms of dysfunction
in OSA.
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Experimental procedures

We studied 14 OSA patients (mean age = 54.6
+ 10.6 years; 9 male; mean AHI:35.0 £ 19.4 events/
hour; SAO, min:83 £ 9%) and 26 healthy subjects
(mean age = 50.7 + 8.5years; 11 male). Participant
characteristics are shown in Table 1. We missed
collecting BMI on some control participants, so those
data are incomplete. Patients were diagnosed at the
UCLA Sleep Disorders Center. No participants had a
history of head trauma or disease, current depressive or
anxiety mental illness, cancer, epilepsy or major cardiac
disease (infarct, stroke, bypass surgery). Any history of
a psychotic mental illness, substance, or bipolar
depressive disorder was exclusionary. No participants
had other pulmonary disease or diagnosed sleep
disorder. OSA patients were not assessed for sustained
nocturnal hypoxia or daytime hypoxia. Alcohol
consumption was not assessed. Current usage of
medication in the following categories was exclusionary:
psychotropic (anti-depressant, anti-anxiety,
antipsychotic) beta-blockers, ACE inhibitors and anti-
epileptic. We did not assess use of sleep aids. No
participants were engaged in shift work or had recently
traveled from a different time zone (within the week prior
to scanning). Patients were never treated for sleep
disordered breathing apart from two with a prior history
of CPAP use. Healthy subjects were screened via
interview to exclude OSA as well as other sleep
disorders. Procedures were approved by the UCLA
Institutional Review Board, and participants provided
written, informed consent.

Participants were mostly scanned during weekend
days anytime between 8 AM and 6 PM. Participants
were instructed to refrain from caffeine and alcohol for
24 h prior to their visit. Metabolites were measured with
a novel 2D-magnetic resonance spectroscopy (MRS)
method, accelerated 4D echo-planar J-resolved
spectroscopic imaging (4D-EP-JRESI) (Sarma et al.,
2014). The procedure uses non-uniform undersampling
(NUS) for acceleration with compressed sensing recon-
struction. Data were collected on a 3T Trio-Tim MRI scan-
ner (Siemens Medical Solutions, Erlangen, Germany)
using an 8-channel phased-array head coil. High-
resolution Tq-weighted scans in the sagittal plane were
acquired for voxel localization prior to the spectroscopic
scans. NUS-based 4D-EP-JRESI was performed over a
coronal slice covering bilateral regions encompassing left

and right areas of the midbrain using the parameters: TR/
TE = 1.5s/30ms, field-of-view = 24 x 24 cm?  with
16 x 16 grids, voxel resolution = 1.5 x 1.5x 1.5 cm?,
512 bipolar echo pair, 64 Aty increments (1 ms), aver-
ages = 2, and 4 x acceleration. An example of a midbrain
volume-of-interest (VOI) for one OSA subject is shown in
Fig. 1. The VOI extends across most of the midbrain, but
excludes the most lateral and anterior/posterior regions.

The MRS data were extracted and post-processed
using a custom MATLAB-based library of programs
(The Mathworks, Natick, MA, USA). Data post-
processing involved raw data reconstruction, and a
series of steps described elsewhere (Sarma et al,
2016, 2014). Metabolite ratios with respect to creatine
were calculated using the prior knowledge fitting (ProFit)
algorithm with Cramer Lower Bounds (Schulte and
Boesiger, 2006; Fuchs et al., 2014), optimized for pro-
cessing the Siemens data. Quality checking was per-
formed on the spectra by visual inspection, and fit
criteria for ProFit consisted of Cramer-Rao Lower Bound
<20%. Other criteria for rejection of spectra were based
on patient movement or poor water suppression. Our
approach results in satisfactory reliability for more abun-
dant chemicals, with coefficients of variation (CV) ranging
from <10% to 30%. In unpublished repeatability data
from our earlier insula study (Macey et al., 2016), we per-
formed three scans on three subjects and found CVs for
Glu and GABA ranging from 0.3% to 30%. Of note, for
Glu and GABA in 2/3 subjects, the right showed lower
CVs than the left.

Statistical analyses were performed with MATLAB
software (version 9.1). Chemical levels were compared
between OSA and control subjects with independent
sample f-tests (MATLAB ttest2 function). Independent
samples t-tests allow for different variability in each
group. Relationships between metabolites were
assessed within and between groups using pairwise
correlation (MATLAB corrcoeff function). Specifically, the
correlation between metabolites was calculated and
assessed for significance in OSA and control groups,
and additionally the relationships were tested for
significant differences between these groups (all tests
performed with MATLAB corrcoeff). Based on our earlier
findings (Macey et al., 2016; Sarma et al., 2016, 2014;
Yadav et al., 2014), we tested a priori hypotheses that
Cho, GABA, Glu, ml, NAA, PE, PCh and Scy would show
group differences. Two other chemicals strongly associ-
ated with oxidative stress, and hence we predict OSA,

Table 1. Characteristics of OSA and control subjects, with separation by sex. Note that BMI was missing for some control subjects

Mixed Female Male
OSA N = 14 CONTROL N = 26 OSAN=5 CONTROL N = 12 OSAN=9 CONTROL N = 14
Mean + std Mean + std Mean =+ std Mean =+ std Mean + std Mean =+ std
Age (years) 47.2 £ 10.5 50.1 + 8.5 51.0+ 7.4 513 £ 7.1 45.0 + 11.6 50.1 £ 9.9
BMI (m?/kg) 30.3 £ 4.3 272 £ 6 325+ 6.5 26.0 + 6.3 29.0 £ 1.7 28.0 £ 7.0
(N = 15) (N = 6) (N = 8)
Sleep parameters
AHI (events/hour) 29.8 + 14.8 27.6 £ 204 312 £ 114
Sa0, (minimum%) 825 + 8.9 88.5 + 4.8 79.5 + 9.1
Sa0, (baseline%) 941 + 238 94.6 £ 2.3 93.8 + 3.1
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Midbrain voxel location in coronal, axial and sagittal views (15 mm® left/right)

Fig. 1. Location of midbrain VOI for one male OSA subject. Red outline (15 mm®) is displayed on subject’s anatomical scan. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

are Asc and lactate; however, the latter is only detected at
high concentrations (Govindaraju et al., 2000). Correction
for multiple comparisons was applied to the remaining
metabolites using the Bonferroni method. For significant
findings, we ran additional correlations of metabolite
levels with and BMI and sleep parameters for the OSA

group.

RESULTS

Concentrations of 17 metabolites in 26 healthy and 14
OSA subjects (Table 2, example spectra in Fig. 2, group
results Fig. 3) were evaluated. Some data were
excluded due to inadequate quality spectra, as
determined either by initial visual inspection or by failure
to meet quality control criteria. Lactate is one chemical
that can be measured at higher concentrations, but was
not observed, likely due to low concentrations. Success
rates were similar for OSA and control groups.
Differences between OSA and control subjects
emerged in NAA, glutamate, ascorbate, and myo-
inositol (Fig. 3). The OSA group showed lower NAA,

and higher glutamate, ascorbate and myo-inositol. No
differences emerged in GABA, choline, or other
metabolites. The findings were not altered by correction
for multiple comparisons across Asp, GPC, GIn, Gly,
GSH, NAAG, Tau, and Thr. If the measurements had
been considered independent with a priori hypothesis of
OSA-control differences, the multiple comparisons
correction across the 17 chemicals would have resulted
in no significant findings.

In controls, ascorbate exhibited significant positive
correlations with four metabolites (Glu, GSH, PE, Thr),
glutamate with three (Asc, Ch, GSH), and myo-inositol
with four (Gly, GSH, PE, Tau), while NAA showed a
significant negative correlation with three metabolites
(GSH, NAAG, Thr; Table 3 and Fig. 4). Glutamate and
ascorbate had significant positive correlations; however,
there was no significant relationship between these two
chemicals and myo-inositol and NAA. In OSA subjects,
ascorbate had positive correlations with four metabolites
(Asp, Glu, GSH, Thr), glutamate with four (Asc, Asp,
GSH, PE), myo-inositol with three (GABA, Gly, Thr),
and NAA with five (GPC, GSH, PCh, Scy, Thr; Table 3,

Table 2. Metabolite levels in subsets of 14 OSA and 26 control combined female and male subjects (P: independent samples t-test for group
differences). SD = standard deviation, CV = coefficient of variation, N = number of subjects with valid measures. Order is by convention, based on
concentration and location along spectrum. * and bold indicates P < 0.05.

Chemical OSA Control
CcVv Mean SD N Mean SD N P uncorrected
(OSA vs Control)

NAA N-acetylaspartate 31 1.24 +0.43 14 1.47 +0.41 26 *0.027

PCh phosphocholine 84 0.07 +0.05 4 0.08 +0.07 11 0.602

GPC glycerophosphoryicholine 54 0.19 +0.11 14 0.22 +0.11 26 0.162

Ch choline 69 0.18 +0.09 9 0.13 +0.11 20 0.087

Asp aspartate 54 0.58 +0.33 13 0.49 +0.24 20 0.253

GABA gamma-aminobutyric acid 52 0.32 +0.21 8 0.30 +0.11 14 0.702

GIn glutamine 43 0.45 +0.18 13 0.39 +0.17 23 0.135

Glu glutamate 42 1.23 +0.57 14 0.98 +0.33 26 *0.030

Gly glycine 56 0.14 +0.09 9 0.13 +0.07 22 0.532

Asc ascorbate 52 0.56 +0.28 13 0.42 +0.20 25 *0.026

GSH glutathione 52 0.30 +0.13 11 0.28 +0.16 24 0.584

ml myo-inositol 51 0.96 +0.48 12 0.72 +0.35 22 *0.047

NAAG N-acetylaspartylglutamate 81 0.38 +0.28 14 0.37 +0.31 24 0.889

PE phosphoethanolamine 45 0.70 +0.31 13 0.58 +0.27 20 0.149

Tau taurine 97 0.39 +0.49 6 0.35 +0.27 15 0.778

Scy scyllo-inositol 52 0.07 +0.04 12 0.06 +0.03 25 0.390

Thr threonine 50 0.69 +0.34 13 0.55 +0.26 25 0.067
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Fig. 2. Example 2D-MRS spectra from the midbrain in (A) OSA (56 year female) and (B) control
(53-year-old male) subjects, with resonances of chemicals with significant group differences
indicated (Glu = glutamate, Asc = ascorbate, ml = myo-inositol, NAA = N-acetylaspartate,
Tau = taurine; other chemicals listed in Table 2). (C) Basis set for all chemicals detected,
reflecting resonances in 2D spectral space (key in Table 2; additional chemicals: Ala = alamine,
Cre391/Cre303 = creatine, Lacx = lactate). In A and B, 1D spectra at f = 0 Hz line are plotted
above the 2D display; the NAA peak is visible at ~2 ppm.

Fig. 4). Significant group differences in correlations
between OSA and control groups appeared in the
following chemical pairs: glutamate—aspartate, GABA—

were not correlated with BMI, AHI,
Sa0, nadir, or SaO, baseline (Fig. 5).

DISCUSSION

Four of 17 neurochemicals in the
midbrain of OSA subjects showed
altered levels, compared to controls.
The nature of the alterations
suggests that the midbrain in OSA is
associated with lower neuronal
density, higher glial concentration,
and the presence of oxidative stress
and excitotoxicity. While these
phenomena are not unexpected, the
findings provide direct, in vivo
chemical evidence of such
processes. The pattern of alterations
differs from the insula, hippocampus
and thalamus (Sarma et al., 2016,
2014; Yadav et al., 2014), suggesting
midbrain-specific pathology accom-
panying OSA.

The low NAA in OSA subjects
found in the midbrain is consistent
with similar observations in other
brain areas. Decreased NAA has
been shown earlier in the
hippocampus, insula, thalamus and
putamen, as well as in occipital,
temporal, and frontal regions
(Sarchielli et al., 2008; Algin et al.,
2012; O’Donoghue et al., 2012;
Kizilgoz et al.,, 2013; Sarma et al.,
2016, 2014; Tonon et al., 2007;
Yadav et al., 2014). One study
showed increased NAA in the left hip-
pocampus as a ratio of creatine
(Bartlett et al., 2004), but changes
were attributed to lower creatine, as
opposed to higher NAA; furthermore,
the sample was small (8 OSA vs. 5
control). In the brain, NAA is present
only in neurons, and can be a neu-
ronal marker (Simmons et al., 1991),
reflecting mitochondrial function in
neurons (Moffett et al., 2007).
Changes in NAA can therefore reflect
both neuron loss and altered function
(Demougeot et al., 2001). Changes in
NAA concentrations occur with neu-
ronal injury in neurodegenerative dis-
ease (Schuff et al., 2006), and the
decreased levels of NAA in the mid-
brain and hypothalamus found here
are consistent with fewer neurons in

these brain regions in OSA. The alternative interpretation

NAAG, glycine—taurine, NAA—phosphocholine, NAAG— of lower NAA would be reduced activation of midbrain

scyllo-inositol, and threonine—glycerophosphorylcholine.

neurons in OSA; such a phenomenon may be present,

In the OSA group, the Glu, NAA, Asc and ml levels but we. h.a.ve Iit’.tle prior evider.me tq support or refute sugh
a possibility. Given the combined findings of lower NAA in
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Control Myo-inositol levels were high in
Il OSA 4 the midbrain in OSA. Myo-inositol is
most commonly found in brain glial
cells, and is considered a marker of
astroglia and microglia activation
(Chang et al.,, 1998; Bitsch et al.,
1999). The chemical is involved in
clearance of byproducts of cell-
damaging processes (Gehrmann
4 et al, 1995). Therefore, high levels
of ml in OSA could reflect astrocyte
activation, possibly to intermittent
7 hypoxia, which in animal models
results in up to a ten-fold increase in
glial cell size (Aviles-Reyes et al,
2010); astrocyte swelling is one
mechanism that can lead to glutamate
1 release (Kimelberg et al., 1990).
Increased ml in OSA was similarly
reported in limbic regions of the insu-
4 lar cortex, thalamus, putamen and
the temporal and frontal brain regions
in earlier spectroscopy studies
(Sarma et al.,, 2016, 2014; Yadav
et al., 2014). Increased limbic levels
of ml accompany dementia and mild

Fig. 3. Midbrain chemical levels in 14 OSA and 26 healthy control subjects (mean + SEM); see  cognitive impairment (Shinno et al.,

Table 2. Significant group differences indicated by “*” and bold label. Key in Table 2.

multiple regions, neurodegenerative processes or other
modes of neuronal death are likely present in widespread
brain areas in OSA.

Glutamate was elevated in the midbrain of OSA
subjects. As with decreased NAA, the present findings
are consistent with earlier studies that showed
increased glutamate in other limbic regions as well as
the temporal and frontal brain regions of OSA (Yadav
et al., 2014; Sarma et al., 2016). Glutamate is the most
common excitatory metabolite in the brain (Meldrum,
2000); thus, high levels of glutamate in OSA are likely
associated with a more active state in the midbrain region.
Given the lower NAA, the higher glutamate levels could
reflect greater astrocyte activation (Kimelberg et al,
1990; Szatkowski et al., 1990), perhaps as a compen-
satory mechanism attempting to correct for lower neural
activity. In addition to altering function, high levels of
extracellular glutamate lead to excitotoxicity and in apop-
tosis of neurons (Fung et al., 2007). Hence, high gluta-
mate is consistent with low NAA if the Ilatter is
considered a marker of neuronal cells (as opposed to
neuronal function). Increased glutamate under hypoxic
conditions results from the mismatch of the rates of gly-
colysis and oxidative metabolism in the brain, which lead
to an eventual shift in the aspartate aminotransferase
reaction to aspartate consumption and glutamate forma-
tion (Siesjo et al., 1976; Siesjo, 1978; Erecinska and
Silver, 1990; Stagg and Rothman, 2014). Since glutamate
is high across multiple regions (Macey et al., 2016; Sarma
et al., 2016, 2014), the high glutamate may reflect wide-
spread pathological processes in OSA.

2007; Ohnishi et al., 2013), suggest-
ing a possible link with memory defi-
cits in OSA (Wallace and Bucks,
2013). The combined findings of high
myo-inositol in multiple brain regions of OSA indicate
microglial activation is likely a global, rather than region-
specific phenomenon in the sleep disorder.

In OSA, intermittent hypoxia leads to oxidative stress
(Xu et al., 2004), which in turn leads to excess of free rad-
icals including ascorbate (Grebe et al., 2006), which we
found elevated here. Ascorbate is an antioxidant involved
in the glutamate reuptake process (Rebec and Pierce,
1994). The significant positive correlation with glutamate
in both OSA and control groups likely reflects this relation-
ship. Ascorbate is a marker of oxidative stress in its free
radical form (Buettner and Jurkiewicz, 1993), and the high
levels provide evidence that this process occurs in the
midbrain of OSA subjects. Ascorbate also aids the reup-
take of glutamate, but the increased Asc is not sufficient
to keep or return glutamate to normal levels in the present
findings.

Structural changes in brain tissue may be, in part,
reflected in the chemical changes seen in the midbrain,
especially lower NAA and higher ml. People with OSA
show altered organization of axonal tracts, reflected as
higher diffusion kurtosis (Tummala et al., 2016). This
measure is sensitive to various structural patterns, but
in the context of the sleep disorder, the increase in kurto-
sis likely reflects less coherent axonal tracts, i.e., either
smaller or more damaged tracts combined, or more
crossing fibers in a region compared with healthy people
(Jensen et al., 2005). Volume increases appear in the
ventral midbrain in OSA, which would be adjacent to, or
only slightly overlapping the measurements in the present



Table 3. (A) Correlation table for first 9/17 chemicals, separated by group. Correlation coefficients are shown (OSA = “R OSA” and Control = “R Con”). Significant (p < 0.05) within-group correlations are
indicated by (*). P-values for between-group differences in correlations are shown, with p < 0.05 highlighted in bold and “*”. Scatterplots are shown in Fig. 4. (B) Correlation table for last 8/17 chemicals,
separated by group. Correlation coefficients are shown (OSA = “R OSA” and Control = “R Con”). Significant (p < 0.05) within-group correlations are indicated by (*). P-values for between-group differences

in correlations are shown, with p < 0.05 highlighted in bold and “*”. Scatterplots are shown in Fig. 4..
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Fig. 4. Correlation plots of each combination of chemicals, and distributions, separated into OSA (blue) and control (green) groups. Center diagonal
shows distributions. Other scatter plots show pairs of chemicals. Solid lines indicate a significant correlation. Plots with a yellow background indicate
a significant group difference in correlations. Plots with a white background indicate one or both groups have a significant correlation. Plots with a
gray background have no significant correlations. Key in Table 2. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

study (Lundblad et al., 2014). Such increases were
reversed with continuous positive airway pressure treat-
ment, suggesting a possible reduction of gliosis
(Henderson et al., 2016). Evidence of such a mechanism
could be provided in a future study by assessing whether
a reduction in ml accompanies the reduction in volume.
Oxidative stress also results in cell damage, and pro-
motes inflammation (Haddad, 2002). Inflammation in the
hypothalamus, specifically microglial activation, is associ-
ated with hypertension in rat models (Shi et al., 2010;
Yoshimoto et al., 2010); the chemical changes in the pre-
sent findings also suggest the presence of inflammation
since Asc and markers of glial activation are increased.

The decreased levels of NAA suggest damage to neurons
in OSA, consistent with reports of decreased gray matter
and altered integrity of white matter tracts in OSA (Macey
et al., 2002, 2008; Joo et al., 2010; Castronovo et al.,
2014). However, not all those previously reported
changes were localized in the midbrain.

Limitations include a lack of specificity about which
midbrain  structures were affected. The findings
therefore represented neurochemical levels across a
number of midbrain nuclei and different functional
groups of neurons, and individual nuclei may have
different concentration patterns than those found here.
Methodological limitations include limited measurement
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Fig. 5. Scatterplots of midbrain metabolite levels in 14 OSA subjects
with respect to BMI and sleep parameters (AHI, SaO, nadir, and
Sa0, baseline). No correlations were significant.

reliability due to the sensitivity of the technique, and
factors affecting reliability such as head motion and
voxel selection. These factors are not group-specific,
and should decrease sensitivity, so the most likely effect
would be false negatives rather than false positives.
Obesity, hypertension, diabetes (or pre-diabetes),
depression and anxiety are factors strongly associated
with OSA that each may influence the neural state.
Thus, the degree to which OSA is independently linked
to midbrain changes cannot be determined with the
present findings. Time of day likely affects the midbrain
state and hence metabolite levels; OSA patients
frequently experience excessive tiredness in the
morning, so presumably that group may show more
time-of-day variability than the control group. However,
there was no scan time systematic bias in either group,
and the time of scanning varied from morning to early
evening, so the effect would likely be one of increasing
variability and therefore reducing sensitivity. Finally, the
sample is relatively small, with further reductions in
measures of specific metabolites following quality
checking. The findings should therefore be viewed as
exploratory. In a related caveat, the findings can only be
considered statistically significant in the light of previous
findings and animal models that support hypothesize
OSA-related differences in metabolite levels. If the
measures were considered without that context, no
findings would survive correction for multiple
comparisons. Finally, the 2D MRS approach is a large-
area non-invasive measurement of neurochemicals in
humans, and therefore does not replace but rather
complements the precise identification available with
animal models in terms of location, chemical type, and
concentration levels.

In conclusion, the midbrain of individuals with OSA
exhibits lower levels of NAA and higher levels of

glutamate, ml and ascorbate than controls. The altered
metabolite  levels indicate neuronal loss and
inflammation in these brain structures, both of which
likely contribute to deficient physiological regulation
including autonomic control such as increased
sympathetic tone, hypertension and cardiovascular
issues. Understanding the alterations in brain chemical
levels will provide insights into processes of dysfunction
in OSA and potential interventions to reduce the impact
of injury to the affected areas.
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