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Purpose: We determined if oxidative stress prior to sleep onset is correlated to loop gain
(LG) and the arousal threshold (AT) during non-rapid eye movement (NREM) sleep. We also
explored if LG and AT are correlated with apnea severity and indices of upper airway
collapsibility during NREM sleep.

Methods: Thirteen male participants with obstructive sleep apnea (apnea—hypopnea index > 5
events/hr) were administered an antioxidant or placebo cocktail while exposed to mild inter-
mittent hypoxia in the awake state. Thereafter, loop gain and measures of arousal, apnea severity
and upper airway collapsibility were ascertained during NREM sleep.

Results: Modification in oxidative stress (i.e., 8-hydroxy-2-deoxyguanosine) prior to sleep
onset was correlated to LG (r = 0.8, P = 0.003), the number (r = 0.71, P = 0.01) and duration
(r=0.63, P =0.04) of apneic events and the percentage of time breathing was stable (r = —0.66,
P =0.03) during sleep. Using a forward stepwise regression analysis, our results showed that LG,
AT, the ventilatory response to arousal and nadir end-tidal carbon dioxide were determinants of
the apnea—hypopnea index (P value range = 0.04-0.001). In addition, the AT was a predictor of
measures of upper airway collapsibility, including the hypopnea/apnea + hypopnea ratio and the
degree of flow reduction that accompanied hypopneic events (P < 0.001).

Conclusion: Modifications in oxidative stress following exposure to intermittent hypoxia
during wakefulness are positively associated with loop gain and apnea severity during
NREM sleep. Moreover, an increase in the arousal threshold is a predictor of increased
upper airway collapsibility.

Keywords: mild intermittent hypoxia, non-rapid eye movement sleep, arousal, oxidative
stress, loop gain

Introduction
Exposure to brief episodes of mild intermittent hypoxia leads to a progressive
increase in the chemoreflex response to hypoxia (i.e., progressive augmentation of

1,5-8

the hypoxic ventilatory response)' * and long-term facilitation of ventilation and

59,10 : . .
> in humans during wakefulness when carbon diox-

upper airway muscle activity
ide is maintained above baseline levels. Modifications in the chemoreflex response
are reflected in measures of controller gain, which is one of the two primary
components of loop gain (see section “Loop Gain And Arousal Threshold

Analysis” for further explanation). Modifications in controller gain/loop gain during
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wakefulness, following exposure to mild intermittent
hypoxia, may extend into sleep and impact apnea severity.
Indeed, loop gain and the arousal threshold are increased
during non-rapid eye movement

sleep immediately

following exposure to mild intermittent hypoxia during
wakefulness."'

Loop gain measures during sleep following exposure to
mild intermittent hypoxia during wakefulness may be
influenced by free radicals which enhance the carotid
body sensory response to hypoxia'' and initiate carotid
sensory nerve long-term facilitation.'? Indeed, treatment
with potent scavengers of superoxide anions abolishes the
amplified carotid sensory response to hypoxia and carotid

i 111
sensory nerve long-term facilitation,'' 2

as well as, long-
term facilitation of both phrenic and hypoglossal nerve
activity'* in rats. In addition, chemoreflex sensitivity to
hypoxia and hypercapnia along with the amplitude of
ventilatory long-term facilitation is reduced in humans
with obstructive sleep apnea following administration of
an antioxidant cocktail.® Given these findings, we hypothe-
sized that measures of oxidative stress following exposure
to mild intermittent hypoxia in the awake state are posi-
tively correlated to measures of loop gain and the arousal
threshold during non-rapid eye movement sleep. To test
this hypothesis, an antioxidant or placebo cocktail was
administered to participants with obstructive sleep apnea
during exposure to acute intermittent hypoxia immediately
prior to sleep.

Increases in loop gain during sleep may be coupled to
an increased ventilatory drive to chemical stimuli (i.e.,
hypoxia and hypercapnia) and arousal at the termination
of an apneic event, inducing hypocapnia and a subsequent
apnea upon the resumption of sleep.'> An increase in
apnea duration might also occur concurrently with
increases in loop gain, because carbon dioxide levels
may be driven further below the apneic threshold leading
to an increase in the arousal threshold.'>'® These sugges-
tions are supported by recent findings which showed that
loop gain and the arousal threshold were positively corre-
lated to increases in apnea frequency and duration.'”

Based on these findings, we were interested in examin-
ing further the relationship between loop gain or the arou-
sal threshold, determined using a model-based approach,
and other clinical markers of sleep apnea severity mea-
sured during non-rapid eye movement sleep, following
exposure to mild intermittent hypoxia during wakefulness.
We hypothesized that the arousal threshold and loop gain
would be correlated to the ventilatory response to arousal

and the accompanying nadir of end-tidal carbon dioxide.
We also hypothesized that the increased loop gain and
arousal threshold would be correlated to indices of airway
collapsibility (i.e., the degree of airflow limitation and the
percentage of apnea or hypopnea events as a percentage of
total events).

Methods

Protocol Overview
The Institutional Review Boards of Wayne State
University and John D. Dingell Veterans Affairs Medical
Center approved the protocol. The protocol conformed to
the standards set by the Declaration of Helsinki. Untreated
male participants (n = 13) with obstructive sleep apnea,
that were healthy otherwise (i.e., not on any other medica-
tion, absence of heart and lung disease, hypertension,
morbid obesity), completed the study after obtaining writ-
ten informed consent. The participant’s visited the labora-
tory 4 times. Prior to each wvisit, participants were
instructed to pass up caffeinated beverages and food at
least 4 hrs before the study and to have at least 7 hrs of
sleep. Participants arrived at the laboratory at approxi-
mately 6:00 PM on visits 3 and 4.

During visit 1, a physical exam, 12-lead electrocardio-
gram and blood pressure measurements were completed.
During this visit, participants were also exposed to two 4-
min episodes of hypoxia so that they would be familiar with
the protocol and equipment. During the second visit, parti-
cipants completed a baseline sleep study to substantiate the
occurrence of obstructive sleep apnea. On the third and
fourth visits that were separated by one week, intermittent
hypoxia was administered, while the participants were in
the supine position (see section “Intermittent Hypoxia
Protocol” for further details). Prior to the administration of
intermittent hypoxia, venous blood (8 mL) was sampled.
Subsequently, the oral components of the antioxidant (see
section “Antioxidant Cocktail” below for details concerning
the antioxidant cocktail) or placebo cocktail were adminis-
tered. Sixty to ninety minutes after administering the oral
component of the antioxidant or placebo cocktail, an intra-
venous component was administered before exposure to
intermittent hypoxia. The intravenous component of the
antioxidant or placebo cocktail was also administered mid-
way through the intermittent hypoxia protocol. Eight milli-
liters of blood were also drawn following exposure to
intermittent hypoxia. The antioxidant and placebo cocktail
were dispensed using a randomized approach. Once mild
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intermittent hypoxia was administered to the participants on
Visits 3 and 4, they completed a sleep study.

Polysomnography Studies
Participants were in the supine position throughout the
sleep studies completed on visits 2, 3 and 4. During the
sleep studies an electroencephalogram (C3/A2, C4/Al,
O1/A2, O2/A1), submental and tibialis anterior electro-
myogram, three-lead electrocardiogram and electrooculo-
grams were measured. Inductive plethysmography
(Respitrace, Ambulatory Monitoring, Inc., Ardsley, NY,
USA) was used to measure chest wall and abdominal
movements. A pneumotachometer (Model RSS100-HR,
Hans Rudolph Inc., Kansas, MO, USA) connected to a
nasal mask was employed to measure flow and inspiratory
and expiratory time. Esophageal pressure was monitored
using a transducer-tipped catheter (MPC-500, Millar, Inc.,
Houston, TX, USA) to corroborate the detection of breath-
ing events. A pulse oximeter (Biox 3700, Ohmeda Corp.,
Laurel, MD, USA) was used to monitor oxygen saturation.
A software package (Gamma v. 4.0, Astro-Med Inc.,
West Warwick, RI, USA) was used to capture the physio-
logical variables that were analog to digitally converted

and sampled at 100 Hz per channel.

Intermittent Hypoxia Protocol

Participants breathed room air for 10 mins to establish
baseline values of minute ventilation and the partial pres-
sure of end-tidal carbon dioxide. Thereafter, carbon diox-
ide was elevated 4 mmHg above baseline and this new
baseline was maintained for 15 mins. Subsequently, the
increased level of carbon dioxide was maintained for the
remainder of the protocol. The increase in carbon dioxide
was initiated because ventilatory long-term facilitation is
apparent in humans when carbon dioxide is maintained
above baseline but is not apparent when values are less
than baseline.> After establishing the new baseline, par-
ticipants were exposed to twelve 4-min episodes of
hypoxia with 4 mins of normoxia interposed amid the
episodes. Throughout the hypoxic episodes, participants
inspired a mixture of gas consisting of 8% oxygen and
balance nitrogen. Additional oxygen and carbon dioxide
were added to the gas mixture that was inspired to sustain
the partial pressure of end-tidal oxygen at 50 mmHg and to
maintain carbon dioxide above resting values. At the end
of each episode, a single breath of 100% oxygen was
inspired to re-establish the partial pressure of end-tidal
oxygen in the normoxic range. After the last hypoxic

episode, ventilation was monitored for 30 mins while
participants breathed room air. During the 30-min recovery
period, carbon dioxide levels were maintained 4 mmHg
above resting baseline levels.

During the protocol, participants wore a face mask that
was attached to a pneumotachograph (model RSS100-HR,
Hans Rudolph, Inc., Shawnee, KS, USA), which moni-
tored changes in ventilation breath-by-breath. The pneu-
motachograph was connected to a two-way valve. The
inspiratory end of the valve was affixed to a five-way
stopcock. Participant’s inspired room air or the contents
from one of the two bags connected to the stopcock. One
bag contained 8% oxygen—balance nitrogen to decrease
oxygen to 50 mmHg at the beginning of each hypoxic
episode, and the second bag was comprised of 100%
oxygen to quickly introduce normoxia at the end of each
hypoxic episode. Furthermore, the output from a flow-
meter was connected to a stopcock port that was attached
to the two-way valve. Cylinders containing 100% oxygen
and 100% carbon dioxide were connected to the flow-
meter. Consequently, 100% oxygen and 100% carbon
dioxide could be added to the 8% oxygen—balance nitro-
gen to maintain desired oxygen and carbon dioxide levels.
Oxygen and carbon dioxide analyzers (model 17518 and
model 17515, Vacumetrics, Inc., Ventura, CA, USA) were
used to sample end-tidal oxygen and carbon dioxide from
face mask ports. A pulse oximeter (Biox 3700, Ohmeda
Corp., Laurel, MD, USA) was used to monitor oxygen
saturation and a three-lead electrocardiogram was moni-
tored. The physiological signals were analog to digitally
converted using a 16-bit analog-to-digital converter (AT-
MIO-16XE-50, National Instruments, Austin, TX, USA)
and data analysis was completed using software designed
for this intention. Breath-by-breath minute ventilation,
P1CO; and PO, were calculated using the software.

Antioxidant Cocktail

The pharmacist at John D. Dingell VA Medical Center for-
mulated and randomized the antioxidant and placebo cocktail.
Laboratory employees were blinded to the randomization
process. The antioxidant cocktail consisted of 60 mg of coen-
zyme Q10 (Cell Tech International Inc., Klamath Falls, OR,
USA), 400 mg of superoxide dismutase (P. L. Thomas and Co.
Inc., Morristown, NJ, USA), 200 IU of vitamin E (Goldline
Laboratories Inc., Miami, FL, USA) and vitamin C (2 doses of
1 g in 50 mL of 0.9 NaCl) (Hospira Inc., Rocky Mount, NC,
USA). The rationale for selecting each component of the
cocktail has been outlined in work previously published
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from our laboratory.® As mentioned in the protocol overview,
an intravenous dose of vitamin C was administered to the
participants immediately before exposure to intermittent
hypoxia. An intravenous infusion of 0.9 NaCl at 10 mL/hr
was initiated in the antecubital fossa before administration of
the vitamin C. Thereafter, vitamin C was infused over a 20-
min interval. Vitamin C was infused immediately prior to
intermittent hypoxia exposure because peak plasma levels
normally occur 90 mins following infusion with an approxi-
mately 30-min half-life. The oral component of the sham
cocktail was comprised of cellulose capsules and the intrave-
nous component of a 0.9% NaCl infusion. The oral component
of the placebo cocktail was consumed with 170 g of yogurt.
The time frame of administration of the antioxidant and pla-
cebo cocktail was identical.

Data Analysis

Measures Of Oxidative Stress

Glutathione (GSH) was used as a biomarker of antioxidant
capacity. Glutathione prevents damage to cellular elements
caused by peroxides, free radicals, heavy metals and lipid
peroxides. 8-hydroxy-2-deoxy guanosine (8-OHdG) and 8-
isoprostane, which are well-established biomarkers of oxida-
tive stress, were also measured. Previous studies have
revealed that the measured biomarkers are modified in parti-
cipants with OSA."”! Oxidative stress was ascertained
from plasma samples acquired from EDTA treated venous
blood centrifuged at 1000 g for 10 mins at 4°C. After this
process was completed, plasma was stored at —80°C pending
the measurement of oxidative stress using standard assays
(Cayman Chemical Co., Ann Arbor, MI, USA). Only full
data sets (i.e., baseline and recovery measures of a given
biomarker for both the antioxidant and placebo trials) were
used for the analyses. Consequently, different n values were
associated with each biomarker. GSH and 8-OHdG measures
were obtained from all but one participant (n = 12) and
complete measures of 8-isoprostane were obtained from 11
participants. Based on the n values, we considered G8-OHdG
to be the primary measure of oxidative stress and provide
detailed results on this biomarker. In addition, this variable
was used in the correlation analysis (see sections “Statistical
Analysis” and “Results”).

Polysomnography

Published criteria’® were used to stage sleep and score
respiratory events and arousals. A >90% reduction in air-
flow for >10 s defined apnea events, while a hypopnea was
defined by a >30% reduction in airflow. Events were

classified as respiratory-related if the reduction in airflow
was accompanied by either an arousal or a >3% drop in
oxygen saturation. Gradual increases in esophageal pres-
sure, and thoracic and abdominal movements were used to
identify obstructive events. Arousals were scored if elec-
troencephalography frequency and amplitude changed sig-
nificantly for 3 or more seconds. The beginning and end of
arousals were identified to confirm that this standard was
met. In addition to measures obtained using a customized
MATLAB program (see section “Loop Gain And Arousal
Threshold Analysis”), the ventilatory response to arousal
(i.e., the greatest tidal volume measured from the initial 3
breaths recorded after an event), apnea severity and degree
of airway collapsibility were determined from the sleep
studies completed during the antioxidant and placebo
trials. These measures included the end-tidal level of car-
bon dioxide associated with the breath of greatest magni-
tude following arousal from breathing events, the apnea/
hypopnea index, apneic event duration, the average
decrease in oxygen saturation during events, the arousal
index, the hypopnea/apnea + hypopnea ratio and the
degree of flow limitation during hypopneic events (i.e.,
the percentage decrease in flow compared to measures of
stable baseline breathing).

Loop Gain And Arousal Threshold Analysis

A MATLAB (Mathworks, Natick, MAS, USA) program
was used to quantify loop gain [see next paragraph for list
of components and Figure 1 in reference” to obtain a
pictorial description of the components] and the arousal
threshold.”*** Seven-minute windows of non-rapid eye
movement or rapid eye movement sleep were distin-
guished. The sleep stage that comprised greater than 50%
of the window was identified. Windows that were not
characterized by a dominant sleep stage were eliminated.
The window duration (i.e., 7 mins) was selected to allow
approximately 10 obstructive events to transpire. The
number of possible events was based on an average
inter-event interval of approximately 40 s. This interval
was judged to be appropriate to distinguish the chemical
and arousal contribution to the ventilatory drive output
during and after an event.

A breath by breath time sequence was created for each
window and breaths associated with an EEG arousal and/
or flow limitation were identified. Thereafter, the program
measured loop gain and the arousal threshold. The
program® was created on the supposition that ventilatory
control is disrupted during breathing events leading to
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Figure | Scatterplots showing individual measures of 8-hydroxy-2-deoxy guanosine (8-OHdG) (n = 12) during (A) baseline and (B) recovery of the antioxidant (gray circles)
and placebo (white circles) trials. Bar graphs which show average measures of (C) 8-OHdG (n = 12), (D) 8-isoprostane (n = | I) and (E) glutathione (GSH) (n = 12). Measures of
8-OHdG, 8-isoprostane and GSH decreased during recovery compared to baseline during the antioxidant trial. In contrast, these same measures following exposure to
intermittent hypoxia during the placebo trial were either increased or similar to baseline measures. Nonetheless, measures of oxidative stress during recovery of the antioxidant
and placebo trial were similar (for explanation, see section “Oxidative Stress, Loop Gain, Arousal Threshold And Measures Of Apnea Severity”). *indicates as significantly less
than baseline P < 0.05; Paired t-tests were used to make comparisons between baseline and recovery of the antioxidant or placebo trials.

increases in carbon dioxide and decreases in oxygen that
lead to an augmented ventilatory drive. The increased
drive is revealed in the degree of hyperventilation that
occurs after opening of the airway that follows termination
of an obstructive event. Accordingly, ventilatory drive is
modeled as the sum of the ventilatory response to chemi-
cal stimuli (i.e., increases in carbon dioxide and decreases
in oxygen that accompany apnea and hypopneas) and
arousal.”> The time sequence of the ventilatory response
to chemical stimuli is modeled using limits that indicate

the lung to chemoreceptor circulation time (i.e., time
delay), the time interval associated with buffering of car-
bon dioxide in the lung and tissues (i.e., time constant) and
the gain of the response.”® These limits coupled with the
ventilatory response to arousal were adjusted until venti-
latory drive fits the ventilation that was quantified when
the airway was unobstructed. These limits were then
employed to compute loop gain at the natural frequency
(LG,) of obstructive events. Loop gain was also calculated
at a frequency of 1 cycle per minute (LG;) (i.e., 60 events/
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hour) for each window. This frequency was selected to be
consistent with the timing of apneic events and because
this frequency has been typically reported in other pub-
lished findings. For each window, the ventilatory drive
measured immediately before an electroencephalogram
arousal was identified. The mean of the ventilatory drive
values was considered to be the arousal threshold. The
time delay, time constant, loop gain, arousal threshold
and the ventilatory response to arousal were averaged for
each participant.

Average values for the physiological variables (see sec-
tions “Polysomnography” and “Loop Gain And Arousal
Threshold Analysis™) were ascertained for the initial 3 hrs of
sleep. This time frame was selected because the effects of the
antioxidant cocktail on loop gain and the arousal threshold
would likely be most evident during this portion of the sleep
period. Analysis of the physiological variables was not estab-
lished for rapid eye movement sleep because this stage was
evident in only a few of the participants and was not reliably
apparent during both the antioxidant and placebo trials. To
compare the measures obtained during non-rapid eye move-
ment sleep, we controlled for sleep stage within a given
participant across trials (i.e., antioxidant vs placebo), since
sleep stage has an impact on arousal threshold,*® loop gain®
and measures of apnea severity.”’ In six of the participants,
measures of loop gain, arousal threshold and measures of
apnea severity were compared in N1 of non-rapid eye move-
ment sleep, because a similar percentage of the total time was
composed of this arousal state during the antioxidant and
placebo trial. The same measures were compared in N2 in
seven participants. In addition to comparing absolute values
between trials, data collected during the antioxidant trial,
including measures of oxidative stress, were expressed as a
fraction of the values collected during the placebo trials. The
rationale for expressing the antioxidant data as a fraction of the
placebo data are outlined in detail in the results section (see
section “Oxidative Stress, Loop Gain, Arousal Threshold And
Measures of Apnea Severity”). We also completed univariate
and stepwise correlation analysis (see section “Statistical
Analysis” for details). This analysis was completed without
standardizing for sleep stage since comparisons were made for
a given individual and trial.

Statistical Analysis

A student’s paired #-test was used to compare absolute
measures of loop gain, arousal threshold and ventilatory
response to arousal during the initial 3 hrs of non-rapid eye
movement sleep of the antioxidant and placebo trials. A

paired #-test was also used to compare measures of oxida-
tive stress during baseline and recovery of the antioxidant
or placebo trial. The same test was used to compare
measures of oxidative stress following exposure to inter-
mittent hypoxia in the antioxidant and placebo trials.
Pearson’s correlation coefficient was used to correlate
one measure of oxidative stress, 8-OHdG (see section
“Blood Chemistry” for rationale for selecting this vari-
able), with measures of loop again, arousal threshold, the
ventilatory response to arousal, measures of apnea severity
and airway collapsibility. Data used in this correlation
were measures obtained during the antioxidant trial that
were expressed as a fraction of the measures obtained
during the placebo trials.

Pearson’s correlation coefficient was also used to corre-
late either loop gain or the arousal threshold with measures
related to the arousal response, apnea severity or measures
of airway collapsibility. Correlations using loop gain at 1
cycle/min are presented since this variable has been typi-
cally presented in prior publications.”>*> Comparable cor-
relations were also evident using measures of natural loop
gain. Thereafter, forward stepwise regression analyses were
used to identify the variables that predicted indices of apnea
severity. The arousal threshold, ventilatory response to
arousal, the partial pressure of end-tidal carbon dioxide
following arousal, LG, LG,, age and body mass index
were used to predict indices of apnea severity (i.e., apnea/
hypopnea index, the decrease in oxygen saturation during
an event) and airway collapsibility (i.e., hypopnea/apnea—
hypopnea ratio and average flow limitation during hypop-
neic events). In all cases, body mass index was forced into
the equation.

Results

Anthropometric measures for the 13 participants that com-
pleted the study are shown in Table 1. In addition, the
apnea’hypopnea index for the initial 3 hrs of non-rapid eye
movement sleep recorded during the baseline, antioxidant
and placebo trials are included in Table 1.

Blood Chemistry

Figure 1 shows individual (Figure 1A and B) and average
(Figure 1C) measures of 8-OHdG before (i.e., baseline -
Figure 1A) and after (i.e., recovery — Figure 1B) exposure
to intermittent hypoxia during the antioxidant and placebo
trials (n =12). During the antioxidant trial, the reduction in
oxidative stress during the recovery period compared to
baseline approached statistical significance in the case of
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Table | Anthropometric Measures

Variable

Number of Participants 13

Age (yr) 282 % 1.7
Height (cm) 181.6 = 0.99
Weight (kg) 925+ 34
Body Mass Index (kg/mz) 278 £ 0.6
Systolic Blood Pressure (mmHg) 1189 + 24
Diastolic Blood Pressure (mmHg) 80.5 + 3.1
Epworth Sleepiness Scale 10.8 + 1.4
Stanford Sleepiness Scale 29+04
Race 4 AA, 9C
Apnea/Hypopnea Index (events/hr)

Baseline 365 + 6.1
Antioxidant 433 + 6.8
Placebo 485 + 6.4

Notes: Values are means + SE. The apnea/hypopnea index reported is for the initial
three hours of sleep.
Abbreviations: AA, African American; C, Caucasian

8-OHdG (P = 0.085) (Figure 1C) and was statistically
significant in the case of S8-isoprostane (P = 0.04)
(Figure 1D) and GSH (P = 0.01) (Figure 1E). Despite this
reduction, the individual data show that oxidative stress
during recovery (Figure 1B) of the antioxidant trial was
reduced in 7 of 12 participants compared to the placebo.
On the other hand, oxidative stress during the recovery
period of the antioxidant trial was similar or higher com-
pared to placebo in the remaining 5 participants. In 3 of 5
participants, oxidative stress decreased from baseline to
recovery during the antioxidant trial (see participants 1, 2
and 9). However, because oxidative stress was greater dur-
ing baseline of the antioxidant trial, compared to placebo
(Figure 1A), oxidative stress remained greater or was simi-
lar during recovery compared to the placebo (Figure 1B).
Accordingly, oxidative stress following exposure to mild
intermittent hypoxia was not statistically different during
the antioxidant and placebo trials.

Oxidative Stress, Loop Gain, Arousal
Threshold And Measures Of Apnea

Severity

Based on blood chemistry, it was not surprising that loop gain
(LG,: P=0.40, LG;: P = 0.28), arousal threshold (P = 0.97)
and the ventilatory response to arousal (P = 0.59) during non-
rapid eye movement sleep was similar across the antioxidant
and placebo trials. However, because oxidative stress follow-
ing exposure to intermittent hypoxia did differ within

participants, in some cases being lower (n = 7) and in other
cases being higher during the recovery period of the antiox-
idant trial (Figure 1), we determined if changes in oxidative
stress between the antioxidant and placebo trial (i.e.,
expressed as a fraction of placebo) were correlated with
changes in loop gain, arousal threshold and other measures
of apnea severity and airway collapsibility. Figure 2 shows
that changes in 8-OHdG were positively correlated to the
apnea-hypopnea index, the number of events detected within
each 7-min segment of non-rapid eye movement sleep and
apnea duration. In contrast, changes in 8-OHdG were nega-
tively correlated to the percentage of time breathing was
stable within each 7-min segment, when data from one parti-
cipant were removed because it was a clear outlier (Figure 2 -
black circle). If the outlier was included the correlation was
not significant (r = 0.54, p = 0.07). In addition, 8-OHdG was
positively correlated to the number of arousals detected
within each 7-min segment and the natural loop gain. The
correlation between 8-OHAG and the natural loop gain
remained significant (0.77, p = 0.004) when the outlier
(black circle) shown in Figure 2 was included in the analysis.

Loop Gain And Arousal Threshold As
Clinical Markers Of Apnea Severity

Given that variations in oxidative stress were correlated to
loop gain and the arousal threshold, we explored whether
these latter measures were correlated to measures of the arou-
sal response, apnea severity or airway collapsibility for each
participant. The univariate correlation analysis showed that the
arousal threshold and LG; were positively correlated to the
respiratory-related arousal index (Figures 3 and 4). This was
also the case for the average number of arousals that were
detected from the 7-min segments (AT: r = 0.49, p=0.001 &
LGq: r=10.64, p = 0.0004) used to measure the arousal thresh-
old and loop gain. The arousal threshold and LG, were posi-
tively correlated to the ventilatory response to an arousal and
negatively correlated to the partial pressure of end-tidal carbon
dioxide following an arousal (Figures 3 and 4). Likewise, the
arousal threshold and LG, were correlated to indices of apnea
severity. More specifically, the arousal threshold and LG, were
positively correlated to the apnea/hypopnea index for the 3-hr
sleep period. This was also the case for the number of events
detected within each 7-min segment of non-rapid eye
movement sleep (AT: r = 0.71, p = 0.0001 & LGy: r = 0.65,
p = 0.0004) used to measure the arousal threshold and loop
gain. Similarly, the arousal threshold was positively correlated
to event duration (Figure 3) and the arousal threshold and LG,
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Figure 2 Scatterplots showing the correlation between measures of 8-hydroxyl-2-deoxy guanosine (8-OHdG) and measures of arousal, apnea severity (apnea’hypopnea index, number of
events in a 7-min segment, percentage of segment in which breathing was stable and event duration) and loop gain. The data shown are measures obtained from the antioxidant trial
expressed as a fraction of measures recorded for the placebo trial. n = 12 participants. A Pearson correlation coefficient was used to complete the analysis. Black circle indicates a clear
outlier.
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Figure 3 Scatterplots showing the correlation between loop gain (I cycle/s) and measures of arousal (arousal index, ventilatory response to arousal, end-tidal carbon
dioxide following an arousal), apnea severity (apnea/hypopnea index, apnea duration and the severity of oxygen desaturation) and airway collapsibility (ratio of hypopneas/
apneas + hypopneas and the degree of flow limitation during hypopneas) during the antioxidant (gray circles) and placebo trials (white circles). Note that loop gain was
significantly correlated to a number of indices of arousal and apnea severity. n = |3 participants. A Pearson correlation coefficient was used to complete the analysis.

were negatively correlated to the decrease in oxygen saturation
during breathing events (Figures 3 and 4). Lastly, the arousal
threshold and LG, were negatively correlated to the number of
hypopneas expressed as a ratio of the apnea’hypopnea index
and were negatively correlated to the degree of flow limitation
(Figures 3 and 4).

Stepwise regression analyses were used to identify the
variables that predicted indices of apnea severity and airway
collapsibility. The arousal threshold, ventilatory response to
arousal, the partial pressure of end-tidal carbon dioxide fol-
lowing arousal, LGy, LG,, age and body mass index were used
to predict indices of apnea severity and airway collapsibility
including the apnea/hypopnea index, the decrease in oxygen
saturation during an event, the hypopnea/apnea + hypopnea
ratio and average flow limitation. In all cases, body mass index

was forced into the equation. The results showed that the

apnea/hypopnea index was predicted by a linear combination
of the arousal threshold, LG, and the partial pressure of end-
tidal carbon dioxide following an arousal (Table 2). Moreover,
the decrease in oxygen saturation during an event was pre-
dicted by the arousal threshold and LG; (Table 2).
Alternatively, the average flow limitation obtained from each
event and the hypopnea/apnea + hypopnea ratio was predicted
by the arousal threshold and age (Table 2).

Discussion

Novel findings from our investigation include i) the posi-
tive correlation discovered between the change in oxida-
tive stress during wakefulness and the change in loop gain
during non-rapid eye movement sleep ii) the results which
showed that a concomitant increase in both loop gain and
the arousal threshold are clinical predictors of increased
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Figure 4 Scatterplots showing the correlation between arousal threshold and arousal severity (arousal index), the response to arousal (loop gain, ventilatory response to
arousal, end-tidal carbon dioxide following an arousal), apnea severity (apnea/hypopnea index, apnea duration and the severity of oxygen desaturation) and airway
collapsibility (the ratio of hypopneas/apneas + hypopneas, the degree of flow limitation during hypopneas) during the antioxidant (gray circles) and placebo trials (white
circles). Note that arousal threshold was significantly correlated to a number of indices of arousal and apnea severity. n = |3 participants. A Pearson correlation coefficient

was used to complete the analysis.

apnea frequency and iii) the outcome which showed that
an increase in the arousal threshold is a strong predictor of
flow limitation.

Oxidative Stress And Apnea Severity

We hypothesized that accumulation of free radicals sensi-
tizes the peripheral chemoreceptors resulting in an
increase in controller gain and consequently loop gain
during non-rapid eye movement sleep. Thus, we proposed
that increases in oxidative stress during the placebo trial
would result in an increase in loop gain, which would
ultimately contribute to an increase in the ventilatory
response at the termination of an arousal, compared to

the antioxidant trial. We proposed that the increase in
loop gain would be linked to increases in the apnea—
hypopnea index and other measures of apnea severity,
based on the mechanistic pathway outlined in the section
“Introduction”. However, our results showed that mea-
sures of loop gain, the arousal threshold, ventilatory
response to arousal and the apnea/hypopnea index mea-
sured during sleep were similar during the antioxidant and
placebo trial. If oxidative stress has a role in modifying
mechanisms that impact apnea severity and airway collap-
sibility, the result is not surprising since average measures
of oxidative stress were similar following exposure to
intermittent hypoxia in the antioxidant and placebo trials.
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Nevertheless, once we expressed our measures from the
antioxidant trial (see section “Oxidative Stress, Loop Gain,
Arousal Threshold And Measures of Apnea Severity” for a
detailed explanation) as a fraction of the measures from the
placebo trial, it became clear that changes in oxidative stress
were positively correlated to changes in loop gain in our
participants during non-rapid eye movement sleep. To our
knowledge, this finding is novel. As hypothesized, the
increase in loop gain could be the result of increases in
controller gain caused by increased peripheral chemorecep-
tor sensitivity. Our findings are supported by the findings of
Pialoux et al,®® who showed that increases in oxidative
stress in healthy awake males induced by exposure to
intermittent hypoxia for 4 days was positively correlated
to the hypoxic ventilatory response. Likewise, findings in
rats have shown that the accumulation of free radicals
enhances the carotid body sensory response to hypoxia''
and initiates carotid sensory nerve long-term facilitation.'?
Increases in loop gain induced by oxidative stress may
heighten apnea severity.” ' Moreover, an increase in oxi-
dative stress might dampen the output of medullary motor
nerves that innervate upper airway muscles,>> which could
impact apnea severity.

Independent of the mechanism, the link between oxi-
dative stress and apnea severity is supported by our find-
ings which showed that oxidative stress was correlated to a
variety of measures of apnea severity (i.e., apnea—hypop-
nea index, number of events and arousals in 7-min seg-
ments, event duration, percentage of time breathing was
stable). Our results add to previous findings which
revealed that post-sleep measures of oxidative stress are
correlated to the apnea—hypopnea index, nadir levels of
oxygen saturation and the arousal index.** The increase in
obstructive sleep apnea severity, and the accompanying
intermittent hypoxia, if severe, likely intensifies oxidative
stress. As mentioned earlier, exposure to 6 hrs of inter-
mittent hypoxia daily for 4 consecutive days resulted in an
increase in oxidative stress>® in humans. Likewise, indirect
support for this hypothesis is found in studies which have
shown that measures of oxidative stress are greater in
individuals with obstructive sleep apnea compared to

healthy individuals.'” '

Loop Gain And Arousal Threshold As
Clinical Markers Of Apnea Severity

We previously proposed that increases in loop gain and/or a
startle reflex'” might be responsible for initiating increases
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in ventilation at the termination of an arousal. This increase
in ventilation, coupled with a concomitant reduction in
carbon dioxide, could be responsible for perpetuating
apneic events.”” ' This suggestion is supported by our
univariate analysis which showed that the ventilatory
response to arousal, and the accompanying reduction in
the partial pressure of carbon dioxide, was correlated with
a higher loop gain. Likewise, results from our stepwise
regression analysis revealed that a greater loop gain and
arousal threshold was correlated to the apnea—hypopnea
index. This latter result was of interest since increases in
loop gain coupled to reductions in the arousal threshold are
typically postulated to be associated with increases in the
apnea—hypopnea index (see below for further discussion).
Our results also showed that increases in the arousal thresh-
old were associated with the degree of flow limitation
which we considered to be a surrogate marker of upper
airway collapsibility.

This latter finding adds to the results of Edwards et al
who showed, using measures of epiglottic pressure, that
increases in the arousal threshold were negatively corre-
lated to the percentage of hypopneas that contributed to
the apnea/hypopnea index.’® Thus, there is support that
increases in the arousal threshold may be associated with
increased airway collapsibility, at least in some patients
with obstructive sleep apnea. Indeed, additional prelimin-
ary data from our laboratory support this hypothesis. In a
group of ten males with obstructive sleep apnea, we mea-
sured the arousal threshold during a baseline sleep study
using the model employed in the present investigation. In a
subsequent sleep study, we measured the critical closing
pressure of the upper airway using a standard method that
we have employed previously.®> Our results revealed a
positive correlation between measures of the arousal
threshold and the critical closing pressure (AT: r = 0.74,
p = 0.02).

The question that has been presented in the past is
whether or not modifications in the arousal threshold are a
cause or a consequence of apneic events.** Both a genetic
predisposition and the subsequent consequences (e.g., inter-
mittent hypoxia) of this disposition may be responsible for
the relationship between the arousal threshold and the
degree of flow limitation. We recently showed that exposure
to mild intermittent hypoxia leads to increases in the arousal
threshold.'” On the other hand, in many individuals with
moderate sleep apnea, a low arousal threshold similar to
that observed in healthy individuals is evident.** Moreover,
treatment with continuous positive airway pressure modifies

the arousal threshold in individuals with obstructive sleep
apnea but the response is variable.*® The likelihood of a
pre-existing arousal threshold, that is subsequently modified
by exposure to airway obstruction, leads to the intriguing
possibility that the arousal threshold and upper airway
collapsibility are mechanistically linked. For example,
there are numerous modulators (e.g., serotonin) that impact
both arousal from non-rapid eye movement sleep®” and the
amplitude and frequency of upper airway motor neuron/
nerve discharge.*®>° Consequently, a given arousal thresh-
old coupled to a given level of flow limitation may be a
reflection of an inherent arousal state, similar to that experi-
enced with the administration of anesthetic.*® Independent
of the underlying explanation for the relationship, our
results show that an increase in loop gain and/or an increase
in the arousal threshold is linked to an increase in markers
of apnea severity and airway collapsibility.

This relationship is divergent from published work
which showed that a reduced arousal threshold contributes
to increased apnea severity and airway collapsibility in at
least 50% of the individuals with obstructive sleep.’**!+*
At least three potential mechanisms have been suggested
to be responsible for the link between a reduced arousal
threshold and increased apnea severity.** The relationship
could exist because a sufficient amount of time required
for respiratory stimuli to recruit pharyngeal muscles and
re-open the airway before arousal is not obtainable,
because of the low arousal threshold.*! Given this premise,
a low arousal threshold could be coupled to a more col-
lapsible airway. If so, the arousal index (respiratory and
non-respiratory index) should be higher and indices of
airway collapsibility (i.e., the degree of airflow limitation,
the amount of time associated with stable breathing and
the percentage of apnea or hypopnea events as a percen-
tage of total events) would signify a propensity towards
more unstable breathing.

In addition to the potential impact that the arousal
threshold has on the recruitment of pharyngeal muscles,
repeated arousal caused by a low arousal threshold may be
coupled to a robust ventilatory response,*’ in some cases.
If this occurs, then a low arousal threshold would be
expected to be accompanied by an increased arousal
index, coupled to elevations in the ventilatory response at
the termination of arousal and greater reductions in the
partial pressure of end-tidal carbon dioxide.

Lastly, a low arousal threshold could also lead to
increased sleep fragmentation,*' which would prevent
individuals from achieving sleep associated with a stable
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airway. Given this scenario, an increase in the percentage
of non-stable sleep (i.e., N1 and N2) and a reduction in
total sleep time would be expected to be coupled to a low
arousal threshold.

Based on the proposed outcomes associated with a low
arousal threshold (e.g., increased airway collapsibility,
increased ventilatory response to arousal and hypocapnia,
decreased total sleep time) one would anticipate improve-
ment in apnea severity with an increase in the arousal
threshold. However, our findings indicate that a lower
arousal index is not always coupled to increases in apnea
severity. Our results and previous findings®* suggest that
decreases in the arousal threshold serve to prevent apnea
(i.e., healthy individuals) or limit the severity of apnea at
least in a subpopulation of individuals with sleep apnea.

Translational Significance

Our results have shown that increases in oxidative stress
are associated with increased loop gain and exacerbated
measures of obstructive sleep apnea severity. Whether or
not the impact of oxidative stress on apnea severity is
mediated solely by increases in loop gain or by other
mechanisms, including a direct effect on the functioning
of upper airway motoneurons (e.g., hypoglossal motoneur-
ons) requires further exploration. Likewise, additional stu-
dies are required to address the efficacy of antioxidants in
mitigating apnea severity.

An increase in loop gain and/or the arousal threshold
were correlated to measures of apnea severity and airway
collapsibility. The positive correlation between the arousal
threshold and degree of upper airway collapsibility is
intriguing and provides the impetus for further exploration.
This exploration could include investigating if individuals
with a higher arousal threshold require greater continuous
positive airway pressure to eliminate apneic events.
Likewise, future studies might explore if those with a
higher arousal threshold are more tolerant and compliant
with continuous positive airway. In the absence of contin-
uous positive airway pressure our results suggest that in
some individuals with sleep apnea, a reduction in the
arousal threshold may be beneficial in reducing the sever-
ity of sleep apnea.

Limitations

Our participants were recruited on a first-come basis. As a
result, the population recruited was composed of males and
the associations reported may or may not be similar in
females. The participants did not suffer from other co-morbid

conditions. Thus, from a favorable point of view, the poten-
tial influences of other co-morbidities on the reported asso-
ciations were eliminated. On the other hand, the current
findings might not be generalizable to the wider population
with obstructive sleep apnea.

Measures of oxidative stress following exposure to
mild intermittent hypoxia were similar during the antiox-
idant and placebo trials. This similarity occurred despite
reductions in oxidative stress following exposure to inter-
mittent hypoxia during the antioxidant trial because base-
line levels of oxidative stress were elevated in some
participants. The reason that baseline measures were
increased in some participants is not clear. However, par-
ticipants were untreated, and diet and exercise between
trials were uncontrolled; consequently, these variables
may have impacted on baseline values.

In a few participants, measures of oxidative stress
increased during recovery compared to baseline. An
increased dose of the antioxidant cocktail may have been
required to improve efficacy in those participants that
experienced an increase in oxidative stress.

Despite exposure to mild intermittent hypoxia, mea-
sures of oxidative stress did not increase dramatically in
the group as a whole during recovery compared to baseline
in the placebo trial. The mild intermittent hypoxia protocol
employed in the present investigation was used because it
was shown to initiate various forms of respiratory plasti-
city in prior studies'® and was associated with an increase
in oxidative stress in a prior investigation.® Further inves-
tigation is required to determine the optimal number of
episodes and hypoxic intensity to initiate a desired level of
oxidative stress.
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