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Abstract

Study Objectives: To determine whether there is a consistent epiglottic pressure value that predicts respiratory arousal from sleep.

Methods: Thirty-one patients with obstructive sleep apnea underwent overnight polysomnography while instrumented with an epiglottic catheter to measure
airway pressures. Nadir epiglottic pressures during respiration events (obstructive apneas/hypopneas) terminated with or without arousals were compared. The
events were selected by two methods, (1) 20 events with/without arousals were randomly selected, and (2) Events were sampled in pairs (one terminated with
arousal and one without arousal) to minimize the effect of sleep duration/stage on the measurement.

Results: A total of 1,317 respiratory events were analyzed. There was substantial variability in nadir epiglottic pressure within an individual and among different
individuals. The average pressure of 20 randomly selected events with arousals was (-21.2 + 11.2, ranged -6.68 to -63.34 cm H,0). The nadir epiglottic pressure during
respiratory events in NREM stage 2 sleep terminated with arousals was more negative compared with those terminated without arousals using both sampling
methods (-23.5 vs. -18.5 cm H,0, p = 0.007 and -20.3 vs. -16.3 cm H,0, p < 0.001).

Conclusions: There were very different levels of epiglottic pressures that preceded arousals within and among individuals. However, cortical arousals are associated
with a level of more negative epiglottic pressure compared to events terminated without arousal, findings which support the concept of a respiratory arousal
threshold.

Clinical Trial Registration: The study used existing data to study methodology (from clinical trial “The Impact of Arousal Threshold in Obstructive Sleep Apnea”
https://clinicaltrials.gov/show/NCT02264353) and it is not a clinical trial.

Statement of Significance

The arousal threshold level is thought to be important for obstructive sleep apnea pathogenesis. The concept of respiratory arousal threshold
was challenged since no single “threshold” that predicted arousal was found in some previous studies. The study found very different levels
of epiglottic pressures that preceded arousals within and among individuals. Although the values were overlapping between epiglottic
pressures at the end of events that terminate with and without arousal, the respiratory events terminated with cortical arousals are found
to be associated with a level of more negative epiglottic pressure compared with respiratory events terminated without arousals, findings
which support the concept of a respiratory arousal threshold.

Key words: obstructive sleep apnea; arousal; respiratory arousal threshold; epiglottic pressure
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Introduction

The arousal threshold is an important concept defining the
propensity of an individual to wake up from sleep [1, 2]. The
respiratory arousal threshold is used in applied physiology to
define the propensity of a specific breathing stimulus to wake an
individual from sleep. Although multiple possible stimuli such
as hypoxemia and hypercapnia might contribute to an arousal,
classic studies including by Gleeson et al. suggest that the final
common pathway is negative intrathoracic pressure [3]. In this
prior study, sleeping subjects instrumented with esophageal
catheters were stimulated by added inspiratory resistive
load, hypoxemia, or hypercapnia. Arousals from nonrapid eye
movement sleep (NREM) were found to be associated with a
particular level of negative intrathoracic pressure in a given
individual regardless of the initial stimulus [3].

The respiratory arousal threshold level is thought to be one
of the physiological traits important for obstructive sleep apnea
(OSA) pathogenesis [4, 5]. A low arousal threshold (i.e. easy to
wake up) might predispose to repetitive apnea/hypopneas
and sleep fragmentation, rather than stable sleep with flow
limitation [2]. For example, increasing respiratory stimuli such
as carbon dioxide or increasing negative pressure can recruit
pharyngeal dilator muscles like the genioglossus, the major
protruder of the tongue. Genioglossus activity is generally
high during spontaneous periods of stable breathing in OSA.
Thus, an individual with a tendency toward sleep apnea based
on vulnerable upper airway mechanics might be protected by
a high arousal threshold that allows for the accumulation of
adequate respiratory stimuli to promote stable breathing. On
the other hand, a patient with similar anatomy and muscles but
a low arousal threshold would not have adequate activation of
pharyngeal dilator muscle activity before arousing from sleep—
leading to repetitive apnea. The respiratory arousal threshold
has thus been considered a therapeutic target whereby a
nonmyorelaxanthypnoticagentcould raise the arousal threshold
(harder to wake up) and allow stabilization of breathing pattern
[6]. For example, we previously demonstrated that the sedative-
hypnotic eszopiclone could raise the arousal threshold and
reduce the AHI in those with a low arousal threshold [7]. Efforts
to estimate the arousal threshold using clinically available data
have also been reported [8] such that clinicians could potentially
estimate what might be predisposing an individual to apnea and
perhaps guide therapy for appropriately selected patients in an
individualized manner. Conversely, subjects with a high arousal
threshold who might be theoretically harmed by administration
of a sedative with increased hypoxemia/hypercapnia might be
identified.

However, more recent work has emphasized that many
events are terminated without arousal [9, 10]. Also the concept
of the respiratory arousal threshold was questioned by Xiao
et al. who studied 17 subjects with esophageal pressure
monitoring and found similar esophageal pressure/diaphragm
electromyography during respiratory events terminated by
cortical arousal and those terminated without a respiratory
arousal [11]. Moreover, there was wide variability in the neural
respiratory drive at arousal within subjects. Overall, this study
challenged the concept of respiratory arousal threshold as
potentially problematicin that (1) there was no single “threshold”
that predicted arousal and (2) that this threshold might not be
constant during the night.

Based on the work by Xiao et al., we analyzed and synthesized
our own data to determine whether we could identify a
consistent epiglottic pressure value that could reliably predict
respiratory arousal from sleep. We further sought to test various
definitions of a respiratory arousal threshold using survival
analysis, time to awakening, and other exploratory analyses to
determine whether this value was constant through the night.
Ultimately, these analyses would help to guide further research
by defining mechanisms underlying apnea in a reproducible
manner which could be a therapeutic target in appropriately
selected patients.

Methods
Study population

The study population consisted of 31 patients who participated
in overnight polysomnography (PSG) at the University of
California San Diego. Data from this study have previously been
presented (e.g. demographic data); however, the current aims,
analysis, and results are novel and have never previously been
reported.

Patients were eligible for inclusion in the study if they were
18-70 years of age. All subjects had a history of OSA with an
AHI greater than 5 events/h according to American Academy of
Sleep Medicine (AASM) Chicago criteria. Exclusion criteria were
the presence of pulmonary, cardiac, neurological, and other
current severe medical or psychiatric diseases; currently using
continuous positive airway pressure therapy; current smoking
or consuming alcohol >3 oz per day.

Written informed consent was given before participation in
the study, and the study protocol was approved by the Human
Research Committee, University of California San Diego.

Study design

This was a retrospective analysis of patients who underwent
single night PSGs while instrumented with an epiglottic catheter
to measure airway pressures during upper airway narrowing/
occlusion.

Polysomnography

Electroencephalograms, electrooculograms, and surface
electromyograms were applied to score arousals, leg
movements, and sleep stage. Abdominal and chest movements,
pulse oximeter, oral and nasal flow were recorded to detect
respiratory events. Participants were instructed to sleep supine
as much as possible throughout the duration of the night. PSGs
were analyzed by experienced technicians who were blinded to
the ArTh measurement according to the scoring guidelines of
AASM Chicago criteria. Arousal was defined as an abrupt shift in
the EEG that lasted longer than 3 s.

Epiglottic pressure measurement

Epiglottic pressures were measured using previously reported
methods [7-9, 12]. Briefly, subjects were anesthetized with
topical lidocaine nasal spray and instrumented overnight with



an epiglottic pressure catheter (model MCP-500; Millar, Houston,
TX) 2-3 h before sleep. The catheter passed through the nose
and was advanced 1-2 cm below the base of the tongue under
direct visualization. The sampling frequency was 125 Hz for
epiglottic pressure.

Epiglottic pressure during obstructive apneas and hypopneas
in the supine position was further analyzed. The following
parameters of the respiratory events were recorded:

1) For events terminated with an arousal, nadir epiglottic
pressure immediately prior to cortical arousal was
measured [8, 9] (Figure 1). If the nadir epiglottic pressure
occurred in the middle part of the events/distant from the
arousal (further than one breath circle), the nadir epiglottic
pressure was not considered to be associated with the
cortical arousal (and the event would not be used for
sampling). To minimize the artifact from baseline drifting,
the baseline (pre-event) epiglottic pressure was defined as
an average of the beginning of inspiration and the beginning
of expiration (usually close to atmosphere pressure). For
the events terminated without an arousal, nadir epiglottic
pressure during the event was measured. The flow-limited
breaths or respiratory effort related arousals were not
included in the measurement.

2) The interval from the first pressure swing to the breath
with nadir pressure in the epiglotic pressure trace during
the event, which we term event duration.

3) Change in epiglottic pressure during the event: The
difference of epiglottic pressure between the first pressure
swing and the breath with nadir epiglottic pressure during
the event.

4) The rate of change in epiglotic pressure: The slope of
epiglottic pressure change divided by the interval from the
first pressure swing to the breath with nadir pressure.
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Moreover, other parameters associated with respiratory events,
including sleep stage, maximum relative and absolute nadir
desaturation associated with the events were recorded as well.

Data analysis

Arousal threshold measurements (traditional method)

ArTh was defined as the average nadir epiglottic pressure
immediately before cortical arousal from 20 (or as many as
possible if less than 20) randomly selected apneas or hypopneas,
as previously described [7, 8].

Nadir epiglottic pressure during events terminated without an
arousal

Nadir epiglottic pressure was measured during 20 (or as many
as possible) randomly selected apneas /hypopneas terminated
without arousals. Since arousal thresholds have been reported
to be affected by sleep stage, analyses were performed using
samples from (1) N2 sleep only; (2) NREM sleep (combined N1,
N2, and N3); and (3) all sleep stage when differences between
events terminated with/without arousals were compared.

Nadir epiglottic pressure during respiratory events terminated

with and without arousal using a paired sample method

The nadir negative pressures were reported to be higher (hard
to wake up) in N3 sleep compared with N2; and higher in N2
compared with N1. The values were similar in N1 and REM sleep
[2,7, 13]. To minimize the effect of sleep times (sleep stage) on the
measurement, the nadir epiglottic pressures during respiratory
events were only sampled in pairs. Events were considered paired
(one terminated with arousal and one without arousal) if they
occurred in the same sleep stage, of the same type (hypopneas
or apneas), within 3 min of one another, and with no scored
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Figure 1. An example of determining the arousal threshold during polysomnogram (PSG). C3-A2, C4-A1: electroencephalograms; CHIN, chin electromyogram; Pnasal,
nasal pressure; Sa0,, arterial blood oxygen saturation; Therm, thermistor; Pepi, epiglottic pressure trace. The respiratory arousal threshold was taken as the delta
pressure swing immediately prior to arousal (P,, the solid arrow); the magnitude of the first pressure swing during the respiratory events in the epiglottic pressure trace
was also taken (P, the hollow arrow); The interval from the first pressure swing to the breath with nadir epiglottic pressure (the interval between the hollow arrow
and the solid arrow).
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wakefulness in between the two events. Twenty (or as many as
available) paired events were measured in each overnight study.

Arousal threshold described using survival analysis

In lieu of a single threshold value, we used a Kaplan-Meier
survival analysis to calculate the epiglottic pressure associated
with a 25%, 50%, and 75% chance that cortical arousals would
be triggered, as performed in prior animal studies [14]. The two
reasons for using survival analysis to describe the individual
respiratory arousal threshold. (1) The epiglottic pressures that
preceded arousals within an individual may be variable according
to some previous studies [11]. (2) To integrate the level of negative
epiglottic pressure during respiratory events terminated without
arousal. For each subject, nadir epiglottic pressures present
during obstructive apneas/hypopneas with cortical arousals
and without cortical arousals (20 randomly selected events or as
many as possible) were used for the survival analysis.

Statistical analysis

Statistical analyses were performed using SPSS 22.0 (SPSS,
Inc., Chicago, IL). Sleep parameters were compared using the
Wilcoxon signed ranks test. The epiglottic pressure changes
during respiratory events with or without arousals were
compared using Mann-Whitney U test. Spearman’s correlation
coefficient was used to identify significant associations.
Statistical significance was set at P < 0.05.

Results

Characteristics of the subjects are listed in Table 1. Three of
the subjects had mild sleep apnea (9.7%); three of them had
moderate sleep apnea (9.7%) and 25 subjects had severe sleep
apnea (80.6%).

Variability of epiglottic pressure before event
termination during sleep

A total of 1,317 respiratory events (411 obstructive apneas, 906
hypopneas) were analyzed (42.3 events per patient on average).

Table 1. Characteristics of the subjects (mean + SD)

Characteristics All subjects (n = 31)
Age (years) 51+12
Gender (male/female) 20/11
Race 26 Caucasians,
2 African
Americans,
3 Asians
Body mass index (kg/m?) 30.7 £5.5
Sleep efficiency (%) 77.9 = 14.0
Apnea hypopnea index (events/h) 49.7 £25.3
NREM AHI in supine position (events/h) 50.7 + 26.7
Fraction of events that were hypopnea (%) 64.2+25.3
Fraction of events that were obstructive 31.1+255
apnea (%)
Nadir oxygen saturation during sleep (%) 795+7.9
Arousal index (events/h) 46.9 +20.4

NREM = nonrapid eye movement sleep.

Among those events, there were 443 events terminated without
arousals (131 obstructive apneas and 312 hypopneas, 14.3 events
per patient on average).

The average pressure of 20 randomly selected events with
arousals (traditional method) was (-21.2 + 11.2, ranged -6.68
to —63.34 cm H,0). As shown in Figure 2, there was substantial
variability in nadir epiglottic pressure that precedes arousal
from sleep within an individual and among different individuals.
(The mean and coefficient of variation of epiglottic pressure that
precedes arousal from sleep in each subject were listed in the
Supplementary Material).

Nadir epiglottic pressure during respiratory events
terminated with and without arousal

The nadir epiglottic pressure during apneas and hypopneas
terminated with arousals was more negative compared with
respiratory events terminated without arousals, (-18.5 [-26.2,
-13.3] vs. -16.7 [-22.2, -13.5] cm H,0, Z = —4.076, p < 0.001,
combined NREM and REM stages). Since arousal thresholds
were reported to be affected by sleep stage, analysis was
performed using samples from (1) N2 sleep only and (2) NREM
sleep (combined N1, N2, and N3). For the events occurring
during NREM sleep, the nadir epiglottic pressure during events
with arousals was also more negative (-17 [-22.3, -13.18] vs.
-19.95 [-27.175, -13.5], Z = -3.258, p = 0.001) and was also seen
in N2 sleep (-18.5[-26.8, -15.4] vs. -23.5[-27.9, -15.1], Z = -2.701,
p = 0.007). Subjects were excluded if they had insufficient
respiratory events without arousals (<5) sampled.

However, four patients had more negative nadir epiglottic
pressures during apneas and hypopneas terminated without
arousals than events with arousals (Figure 3). The value of
nadir epiglottic pressure in respiratory events terminated with
arousals had considerable overlap with those without arousal in
all individuals, regardless of the sleep stage.

Nadir epiglottic pressure during respiratory events
terminated with and without arousal using a paired
sample method

To minimize the effect of sleep times (or sleep stage) on the
measurement, the nadir epiglottic pressure during respiratory
events with and without cortical arousal was resampled in
pairs (see Methods section). Figure 4 shows the mean nadir
epiglottic pressures from paired events terminated with and
without arousals in each individual. Note that in this analysis
all subjects had more negative nadir epiglottic pressure during
events that terminated with arousals compared with those
events terminated without an arousal.

Other event features that might contribute to
arousal

Two hundred fifty-eight pairs of events from 27 subjects were
compared using Wilcoxon signed-rank test. Results are shown
in Table 2. Events with arousal had more negative epiglottic
pressure compared with events without arousal. They were
also greater in duration, had a more rapid increase of negative
epiglottic pressure, and with more severe desaturation related
to the events terminated without an arousal.
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Figure 2. Medians and quartiles of individual nadir epiglottic pressures that (1) precede arousals from sleep during respiratory events (dark gray bars) and (2) were
reached during events terminated without arousals (white bars). The three reported surrogates of arousal threshold (AHI, nadir SpO, and Fraction of events that were
hypopneas) of each subject are listed below. In three subjects, there were few respiratory events terminated without cortical arousals. Thus the figure fails to show their
medians and quartiles. The comparison of nadir epiglottic pressures during events terminated with/without arousals are demonstrated in the Results section and in
the Supplementary Figure S1. Note the substantial overlap in the ranges of the epiglottic pressures for events that terminate with and without arousal (more individual
data are listed in Supplementary Table S1). Note also the differences in pressures between individuals.

How the traditional arousal threshold corresponds
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Figure 5 shows an example of defining the negative epiglottic n
pressure at which arousals would be triggered by respiratory ;
stimuli using a Kaplan-Meier survival analysis in a subject. £ -207
The mean negative epiglottic pressure at which arousal Q
would occur (traditional description of arousal threshold) a —— —
and the negative epiglottic pressure at which 25%/50%/75% &’ -30-
of arousals would be triggered by respiratory stimuli in each ‘s
individual were listed in Supplementary Material. Figure 6 I-:
shows the comparison of the individual traditional description £
of arousal threshold and the negative epiglottic pressure at g -407
which 25%/50%/75% of arousal would occur using survival £
analysis. The arousal threshold (as traditionally measured) has “E’
a significant correlation with the negative epiglottic pressure = -50-
at which 50% of arousals would occur using survival analysis 3
(r = 0.940, p = 0.000). S
.g \
= -60-

Discussion T
Events terminated

with arousals

Events te]rminated
Consistent with prior reports, we found that (1) a number of without Arousals
respiratory events can be terminated without cortical arousal,
(2) that there were very different levels of epiglottic pressures
that preceded arousals in different individuals, and (3) that
even in a given individual there is overlap between epiglottic

pressures at the end of events that terminate with and without

Figure 3. Mean nadir epiglottic pressures during events terminated with and
without arousals in each individual in NREM stage 2 sleep (n = 19, note that four
patients had more negative mean nadir epiglottic pressures during apneas and
hypopneas terminated without arousals than events with arousals).

arousal.

However, our new findings add to the existing literature
in a number of important ways. First, we observed a level of
more negative epiglottic pressure which triggered cortical
arousal in the majority of our participants compared to events

terminated without arousal, findings which support the validity
of the concept of a respiratory arousal threshold. Second, in a
careful paired analysis accounting for sleep stage, the epiglottic
pressure was consistently lower (more negative) when an
arousal occurred. Finally, our study supported that there is a
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“threshold range” rather than a single-value threshold that will
always lead to arousal. Our study defined the negative epiglottic
pressure at which arousals would be triggered by respiratory
stimuli using a Kaplan-Meier survival analysis, which might be
used as an alternative way to consider the arousal threshold,
rather than as absolute limit beyond which no sleep is possible.

Role of arousals in the pathogenesis of obstructive
sleep apnea

We have previously referred to arousal as a double edged
sword. On one hand, arousal can be life saving by terminating
respiratory events and avoiding severe hypoxemia and
hypercapnia and their associated end-organ consequences. On
the other hand, recurrent arousals lead to sleep fragmentation,
daytime symptoms, autonomic activation, and impairment in
memory consolidation [15]. Thus, agents to raise the arousal
threshold could theoretically be beneficial for select patients
by allowing the accumulation of respiratory stimuli to activate
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Figure 4. Mean nadir epiglottic pressures during events terminated with and
without arousals in each individuals (n = 22, subjects had less than five available
pairs of events were excluded); Note that all subjects had more negative nadir
epiglottic pressure during events that terminated with arousals.

pharyngeal dilator muscles yielding stable breathing. By
the same token, a hypnotic agent could in theory worsen
hypoxemia and hypercapnia if arousal were delayed excessively.
We have previously observed raising of the arousal threshold
with hypnotic agents with associated improvement in the
apnea hypopnea index [7]. These findings provide at least proof
of concept regarding the notion of the physiology around the
respiratory arousal threshold.

Is there a threshold for respiratory related cortical
arousal?

In healthy young subjects, average arousal intensity was
reported to be highly variable among healthy young adults
and stable within individuals [16, 17]. As for respiratory-
related cortical arousal, the mean of negative epiglottic or
intrathoracic pressure (respiratory drive) has been used to
describe individual arousal threshold by several authors;
decisions regarding pharmacological interventions could
then be individualized. The notion of the respiratory arousal
threshold was challenged by Xiao et al. who observed similar
esophageal pressure with respiratory events with or without
cortical arousal in 17 subjects. The reasons for the discrepancy
between studies are unclear, but may reflect variation in study
population or perhaps subtle methodological differences, that
is sampling methods.

Sampling is very important, since the possibility of
arousal may vary with depth of sleep (even in the same sleep
stage) and the event type. For example, respiratory events
are more likely to resolve without arousals in deep sleep
(i.e. N3) compared with a lighter stage of sleep (e.g. N1). Of
note, the negative pressure swing at arousal was statistically
greater during an apnea compared with a hypopnea [9]. The
variability related to sampling may have been minimized by
the paired sampling method in the study. When analyzed
in this fashion, subjects had more negative nadir epiglottic
pressure during events that terminated with arousals
compared to those without arousal. Thus, our data provide
some reassurance that the concept of the arousal threshold
is sound although marked variability is notable as with most
human physiology.

In our study, the difference between median epiglottic
pressures at the end of events that terminate with/without
arousal was significant, albeit small. Moreover, although
the differences were small (0.9, 0.2, 2.2, and 4.4 cm H,0O,
respectively), more mean negative epiglottic pressure in events
without arousals compared to events with arousals in four
patients in N2 sleep. There may be two explanations for the

Table 2. Comparison of the characteristics of epiglottis pressure during respiratory events terminated with and without cortical arousal

Variable of interest Events with arousal ~ Events without arousal Z P value
Interval from first breath to the last breath(s) 17.51 [13.44, 24.20] 16.15 [11.75,21.26] -4.132  0.0000
Change in Pepi during the event (cm H,0) -9.76 [-15.16, -5.83] -6.92 [-10.52, -3.85] -7.381  0.0000
The rate of change in epiglottic pressure (cm H,0/s) 0.511 [0.312, 0.815] 0.422 [0.245, 0.656] -4.596  0.0000
Negative epiglottic pressure in the first pressure swing in the event -10.84 [-15.31, —6.24] -8.74 [-13.21, -5.14] -5.203  0.0000
(cm H,0)

Negative epiglottic pressure in the last breath (or the nadir negative -20.3[-29.17,-15.58] -16.34 [-22.18,-12.23]  -11.884  0.0000
pressure) in the event (cm H,0)

Desaturation related to the event (percentage) 4[3,6] 4[3,5] -2.794  0.0052




lack of clear delineation between pressures that trigger versus
do not trigger cortical arousal: (1) There is no “threshold” of
respiratory drive which is responsible for triggering cortical
arousals or (2) Considering the highly variable nature of the
negative airway pressure that triggers arousal, we speculate
that there is a “threshold range” rather than a single-level
threshold. Moreover, it should be recognized that regardless
of the presence or absence of cortical activity, all events were
terminated by airway opening. Events without cortical activity
upon termination have been conceptualized as terminating
with a subcortical arousal, where pharyngeal dilators and
autonomic activity alone are activated. Thus, the distinction
between these event types may be a matter of degree,

Cum Survival

Chance of arousals would not be triggered by
respiratory stimuli

T T T T T T
.00 20.00 40.00 60.00 80.00 100.00

Absolute value of the negative epiglottic pressure (cmH20)

Figure 5. An example of defining the negative epiglottic pressure at which
arousals would be triggered by respiratory stimuli using a Kaplan-Meier survival
analysis in a subject with arousal threshold of -63.3 cm H,O (traditional way of
measurement). At the negative epiglottic pressure of -54.9, -69.5, and -72.2 cm
H,0, 25%, 50%, and 75% of the events would be terminated with arousals. (More
data of individual traditional arousal threshold and the negative epiglottic
pressure at which 25%/50%/75% of arousal would occur using survival analysis
are listed in Supplementary Table S3)
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consistent with small differences in pressure stimuli that
were observed to determine cortical arousal versus not within
individuals.

To describe the “threshold range,” we have used a relatively
novel technique of survival analyses which has been used
in rodent studies [14] to assess arousal pathways but not
previously in humans to our knowledge. Because arousals
invariably occur from human sleep, the survival analyses
allow quantification of probabilities rather than simply “yes”
or “no.” Theoretically, if the respiratory drive is lower than the
lower range there should not be arousal occurring. In contrast,
within the “threshold range,” both events with/without arousals
could be observed; if it exceeds the highest threshold, all the
events will trigger arousals. Survival analyses may be a useful
way to study various pharmacological agents in the future, and
to compare their effects on important physiology. As seen in
Supplementary Table S3, the traditionally measured and KM
derived 50% survival values were generally close to one another,
but the survival analysis may more usefully imply a range rather
than a fixed value.

Limitations

We acknowledge a number of limitations. First, our sample
size was modest. Due to the nature of our intensive human
physiological studies, large sample sizes or Big Data approaches
are not feasible. Moreover, although we wanted to analyze the
characteristics of respiratory effort change in each sleep stage,
only a limited number of patients had slow wave sleep with
events with/without arousal sampled. Thus the analyses were
not done due to limited samples. Second, we did not measure
diaphragm EMG as was done in the Xiao study or the intensity
of arousals was not scaled in this study. We deliberately tried
to minimize instrumentation in the present study since, in
theory, the equipment itself may influence arousal and sleep
architecture. However, we acknowledge that the diaphragm
EMG might provide additional valuable information toward such
analyses. Third, we did not manipulate the arousal threshold
pharmacologically as we have done in prior studies and examine
the impact on these analyses.
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Figure 6. The Bland-Altman difference plot for the individual traditional description of arousal threshold and using survival analysis. The Bland-Altman difference
plot for the individual traditional description of arousal threshold and the negative epiglottic pressure at which 25% (A), 50% (B), 75% (C) of arousal would occur using

survival analysis.
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Conclusions

In conclusion, there are very different levels of epiglottic
pressures that preceded arousals within and among individuals.
Although the values were overlapping between epiglottic
pressures at the end of events that terminate with and without
arousal, the respiratory events terminated with cortical arousals
are found to be associated with a level of more negative epiglottic
pressure compared with respiratory events terminated without
arousals. These findings support the validity of the concept of a
respiratory arousal threshold.

Supplementary material

Supplementary data are available at SLEEP online.
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