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Abstract

Study Objectives: Obstructive sleep apnea has major health consequences but is challenging to treat. For many therapies, efficacy is determined by the severity of
underlying pharyngeal collapsibility, yet there is no accepted clinical means to measure it. Here, we provide insight into which polysomnographic surrogate measures
of collapsibility are valid, applicable across the population, and predictive of therapeutic outcomes.

Methods: Seven promising polysomnography-derived surrogate collapsibility candidates were evaluated: Vpassive (flow at eupneic ventilatory drive), Vmin
(ventilation at nadir drive), event depth (depth of the average respiratory event), oxygen desaturation slope and mean oxygen desaturation (events-related averages),
Fhypopneas (fraction of events scored as hypopneas), and apnea index. Evaluation included (1) validation by comparison to physiological gold-standard collapsibility
values (critical closing pressure, Pcrit), (2) capacity to detect increased collapsibility with older age, male sex, and obesity in a large community-based cohort
(Multi-Ethnic Study of Atherosclerosis, MESA), and (3) prediction of treatment efficacy (oral appliances and pharmacological pharyngeal muscle stimulation using
atomoxetine-plus-oxybutynin).

Results: Pcrit was significantly correlated with Vmin (r = -0.54), event depth (r = 0.49), Vpassive (r = -0.38), Fhypopneas (r = -0.46), and apnea index (r = -0.46; all p < .01)
but not others. All measures detected greater collapsibility with male sex, age, and obesity, except Fhypopneas and apnea index which were not associated with obesity.
Fhypopneas and apnea index were associated with oral appliance and atomoxetine-plus-oxybutynin efficacy (both p <.05).

Conclusions: Among several candidates, event depth, Fhypopneas, and apnea index were identified as preferred pharyngeal collapsibility surrogates for use in the

clinical arena.

Statement of Significance

Pharyngeal collapsibility can be derived from routine polysomnography and could be used in clinical decision-making for obstructive sleep
apnea treatment
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Introduction

Obstructive sleep apnea (OSA) is a highly prevalent disorder with
major implications for health and quality of life. Alternative
OSA therapies to continuous positive airway pressure (CPAP)
are limited primarily by unpredictable efficacy. Recent evidence
has demonstrated that treatment efficacy for oral appliances
and pharmacological therapies are dependent on the severity
of underlying pharyngeal collapsibility in individual patients.
For example, patients with less-severe collapsibility are amen-
able to efficacious treatment with oral appliances [1-5] and
atomoxetine-plus-oxybutynin [6]. Unfortunately, gold-standard
measurement of pharyngeal collapsibility—based on manipu-
lation of CPAP during sleep to assess the critical pressure at
which the airway completely collapses (Pcrit) [7]—is limited to
specialized physiology laboratories, such that widespread clin-
ical use is currently not feasible. Valid, broadly-applicable, and
predictive measures of collapsibility are needed in the clinical
arena to open the doors for precision sleep medicine.

To allow estimation of collapsibility in clinical practice, our
team developed a method to estimate collapsibility from rou-
tine polysomnography [8]: the metric, known as Vpassive, rep-
resents the airflow at a normal (“eupneic”) level of respiratory
drive. More recently, several new concepts have emerged for
estimating passive pharyngeal collapsibility that could improve
on Vpassive or further simplify collapsibility assessment. The
potential clinical value of these methods remains untested.

In the current study, we evaluated the clinical potential of
candidate novel and existing polysomnographic surrogate meas-
ures of collapsibility. We focused on measures that reflect airflow
reduction during respiratory events. Three phases of evaluation
were followed: first, validity of each measure was based on com-
parison with the gold standard measure of collapsibility (Pcrit).
Second, applicability across the population was assessed in a
large cohort study (Multi-Ethnic Study of Atherosclerosis, MESA)
to determine whether measures had the capacity to detect the
known increase in collapsibility with older age, male sex, and
obesity. Last, the predictive value of the measures was evalu-
ated based on their ability to predict response to representative
therapies in the oral appliance and pharmaceutical domains
where efficacy is known to be dependent on the severity of pha-
ryngeal collapsibility: oral appliances and atomoxetine-plus-
oxybutynin [1-6]. Any measure that performed well across all
phases of evaluation was considered to have strong potential for
widespread clinical use.

Methods

Summary of candidate estimates of collapsibility

Seven promising surrogate collapsibility candidates were evalu-
ated: Vpassive (flow at eupneic ventilatory drive), Vmin (ventilation
at nadir drive), event depth (i.e. mean decrease in minute ventila-
tion for all events), oxygen desaturation slope and mean oxygen de-
saturation (events-related averages), Fhypopneas (fraction of events
scored as hypopneas compared to total events), and apnea index
(apnea frequency). Measures are described in detail below.

Validation with critical pharyngeal closing pressure

To quantify a gold-standard measure of collapsibility, we as-
sessed the passive Pcrit in 57 patients. Forty-six patients were

part of previous studies [1, 8, 9]; the remaining 11 were newly
acquired. Included patients had an apnea-hypopnea index
(AHI) > 15 events/h. Our method for measuring passive Pcrit has
been described in detail elsewhere [1, 5, 8, 10-15] and is based on
the techniques first described by Schwartz et al. [7]. Briefly, Pcrit
was assessed during the first approximately 2 h of sleep with the
patient in the supine position. Patients fell asleep on 4 cmH,0
of CPAP delivered via a modified device (Pcrit 2000, Philips-
Respironics, Murrysville, PA). Once asleep, CPAP was adjusted to
the minimum level required to eliminate snoring, hypopneas,
and flow-limited breathing (known as “holding pressure”). Once
stable N2 or N3 sleep was achieved at the holding pressure, CPAP
was dropped to subtherapeutic levels for five breaths, and then
increased back to the holding pressure. This procedure was re-
peated for increasingly lower subtherapeutic levels, with at
least 1 min between pressure drops, until complete obstructive
apnea was observed. If an arousal occurred during a CPAP drop,
the pressure was increased back to the holding pressure and
the CPAP drop was repeated once the subject was stably asleep
again. To calculate passive Pcrit, we used custom Matlab software
(Mathworks, Natick, MA) to fit a line to peak flow (average for
breaths 3 and 4 during the pressure drop) and the corresponding
CPAP level. Pcrit is determined as the zero-flow intercept of this
best-fit line [7]. In the corresponding polysomnography data, pa-
tients slept at least 75% of the night supine.

If a surrogate collapsibility metric was not significantly as-
sociated with Pcrit, it did not move on for further assessment
because it undermined the physiological basis of subsequent
analyses.

Applicability across the population in a large
cohort study

The relationship of each surrogate collapsibility metric with age,
sex, and body mass index (BMI) was assessed in participants
from the MESA who underwent a sleep study that included full
overnight unattended polysomnography [16]. The MESA dataset
was collected through six centers to investigate factors associ-
ated with the development of subclinical cardiovascular disease
and the progression to clinical cardiovascular disease in Black,
White, Hispanic, and Chinese-American men and women ini-
tially aged 54-93 years at their sleep study visits in 2013 to 2015.
As described previously [17, 18], 15-channel polysomnography
(Somté PSG, Compumedics Ltd., Abbotsford, AU) was success-
fully collected in 2057 participants, 1916 (93%) of whom could
have collapsibility metrics computed (supine non-rapid eye
movement sleep [NREM] sleep only). Notably, airflow was col-
lected via nasal pressure from which all flow-based measures of
collapsibility were derived. A priori coefficients were calculated
for context from a previously published study of 108 sleep apnea
patients, evaluating male sex, age, and obesity on mechanical
upper-airway instability [19]. From this study, we established
that change in sex and a 2SD change in age and BMI is associ-
ated with SD changes in Pcrit of 0.5, 0.25, and 0.25, respectively.
For collapsibility surrogates, associations at least half these
levels were considered acceptable.

Predicting treatment response

Predictive value of each surrogate collapsibility measure was
assessed using representative OSA treatments from the oral
appliance and pharmacotherapy domains: oral appliances [3]



and atomoxetine-plus-oxybutynin [6]. Treatment response
was measured as the percent reduction in AHI from base-
line to treatment. Oral appliance efficacy was determined
in 81 patients from three separate studies that included
polysomnography data from one night off oral appliance treat-
ment and another night on oral appliance treatment. Data
from these same 81 patients has been published previously
[3]. The three studies are: (1) “MADOX” (NCT03189173), an on-
going clinical trial from which we analyzed 20 OSA patients
as part of the interim analysis; (2) “SSPO” (NCT02489591), a
published study with 25 OSA patients [1]; and (3) “PROMAD”
(NCTO01532050), a published study with 36 moderate to severe
OSA patients. Studies were selected based on the availability
of unfiltered airflow signals [20, 21]. Efficacy of atomoxetine-
plus-oxybutynin “ato-oxy” was determined in 15 OSA patients
with polysomnography data from one night on drug combin-
ation and another night on placebo [6].

In the protocols for all four studies (MADOX, SSPO, PROMAD,
ato-oxy), standard techniques and criteria were used to score
sleep stages and arousals. Polysomnograms for three of the
studies included airflow measurement with sealed nasal (SSPO
baseline and treatment nights) or oronasal mask (MADOX base-
line night only; ato-oxy baseline and treatment nights) con-
nected to a pneumotachometer (Hans-Rudolph, Kansas City,
MO; Validyne, Northridge, CA). Airflow was measured using
nasal pressure cannula for PROMAD baseline and treatment
nights, as well as a MADOX treatment night. All studies scored
hypopneas requiring a 3% oxygen desaturation or an arousal
from sleep [20, 21. All patients available from these studies were
included in the present analysis. Written informed consent was
provided by all patients and approval was granted from their re-
spective Institutional Review Boards

Inclusion criteria for included studies

Inclusion and exclusion for the studies included in the present
paper were as follows. Age criteria was 21-79 years for Pcrit [1,
8, 9], MADOX, and ato-oxy [6] study data; 21-70 years for SSPO
[1]; and > 18 years for PROMAD [20, 21]. Only PROMAD had a
BMI cutoff <35 kg/m? All the above studies included partici-
pants with diagnosed or suspected OSA. Oral appliance studies
excluded patients with contraindications for oral appliances.
MADOX included a baseline study, such that patients with
AHI < 20 events/h were excluded and did not continue with the
rest of the study. Similarly, in PROMAD patients with AHI <15
events/h were excluded and did participate in the follow-up
PSG. SSPO and ato-oxy included all patients in both baseline and
treatment study conditions, but the analysis in the parent paper
was limited to AHI > 10 events/h (25/30 and 15/20 patients, re-
spectively). We followed the same criteria in the present analysis.
All studies excluded patients with comorbid sleep disorders and
use of drugs that depress respiration. The main relevant criteria
for inclusion in the MESA study was men and women who iden-
tified themselves as White, Black/African American, Hispanic,
or Chinese aged 45-84 years and free of clinically apparent car-
diovascular disease [16]. The MESA ancillary sleep study (Exam
5) invited back all patients that participated in the original MESA
study that did not report regular use of positive airway pressure
(PAP) devices, oral devices, or nocturnal oxygen [17]. Our ana-
lysis only included patients with AHI > 10 events/h.
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Signal processing

The methods to quantify the 7 surrogate measures of collaps-
ibility are summarized below (see Supplemental Methods for
details and a link to the source code for measuring surrogate
collapsibility measures). All measures were computed during
NREM sleep. To validate Pcrit, collapsibility was calculated from
supine sleep data (analysis with all positions data included in
Supplemental Results). Similarly, to evaluate the relationship of
each collapsibility metric with age, sex, and BMI, collapsibility
was computed from supine sleep. This was determined to be
most appropriate for comparisons to published relationships of
age, sex, and BMI with Pcrit [19], which was measured in the
supine position. For prediction of treatment response, given
the impracticality of using collapsibility computed from supine
sleep, we computed collapsibility from sleep in all positions and
included fraction of time in the non-supine position during sleep
as a covariate (analysis without covariates and with supine-only
data included in Supplemental Results). For flow-derived met-
rics, it is important to point out the quality of the airflow signal
was assessed, and low-quality airflow signals were automatic-
ally rejected by our software based on Fourier analysis of the
airflow signal (see Supplementary Materials).

Event depth. The average depth of the respiratory event (i.e.
event depth) was calculated from the ventilation profile of the
average respiratory event [3] (Figure 1). Briefly, uncalibrated ven-
tilation (tidal volume x rate) was computed and expressed as a
percentage of the eupneic ventilation (local mean). Ventilation
signals for each respiratory event were then aligned to the ter-
minal breath of the event and then ensemble averaged. The
event depth is then calculated as the mean reduction in ventila-
tion (from eupnea) during the event.

Vpassive and Vmin. Vpassive and Vmin describe the (median)
ventilation observed at eupneic drive and at minimal drive
(lowest decile), respectively (Figure 1). Ventilatory drive was
estimated using a polysomnographic method described in de-
tail previously [8]. Vmin was proposed as a new metric to over-
come the limitations of Vpassive, which is often skewed towards
milder collapsibility and appears to underestimate collapsibility.
Vmin is quantified at the lowest observed drive (lowest decile
rather than eupneic levels), which may better approximate col-
lapsibility under truly hypotonic conditions of the pharyngeal
muscles.

Oxygen desaturation slope and mean oxygen desaturation. In prin-
ciple, the greater the severity of event-related obstruction, the
faster and deeper oxygen saturation should fall during an event.
Desaturation slope was calculated using the ensemble-averaging
method [22, 23], the average event-related saturation profile was
calculated (Figure 1). Desaturation slope was measured as the
change in oxygen saturation from the 90th (i.e. event start) to
the 10th (i.e. event end) percentile of the saturation profile of the
average respiratory event, divided by time between these points.
Mean desaturation was calculated on an event-by-event basis.

Apnea index and fraction of hypopneas. Apnea index was calcu-
lated as the number of apneas per hour of sleep. The fraction
of hypopneas was calculated as the total number of hypopneas
divided by the total number of respiratory events during sleep.
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Figure 1. (A) Raw sample traces of flow, ventilation, SpO,, and modeled (estimated) ventilatory drive during a series of respiratory events. (B) To compute event depth,
ventilation profiles for each respiratory event are aligned to the terminal breath of the event and then ensemble averaged. The event depth is then calculated as the
mean reduction (from eupnea) in ensemble averaged ventilation during the event. (C) To compute desaturation slope, saturation profiles for each respiratory event
were synchronized at event termination and ensemble averaged. Desaturation slope was measured as the change in oxygen saturation from the 90th (i.e. event start)
to the 10th (i.e. event end) percentile of the ensemble averaged saturation profile during the event, divided by time between these points. (D) The plot of ventilation
as a function of ventilatory drive illustrating the derivation of Vpassive and Vmin as the (median) ventilation observed at eupneic drive and at minimal drive (lowest

decile), respectively.

Statistical analysis

Validation of each metric with the gold standard Pcrit meas-
urement was performed using Pearson’s correlation. To identify
associations with demographics in the MESA cohort, multiple
linear regression models were developed with age, sex, and
BMI as predictors and the collapsibility metrics as the outcome.
Prediction of treatment response was assessed with a multiple
linear regression model with the collapsibility metric as the
predictor, fraction of sleep time in the non-supine position as a
covariate, and percent reduction in AHI from baseline to treat-
ment as the outcome variable. For all analyses and variables,
distributions were tested for normality (Shapiro-Wilk test) and
transformed if necessary. Data analysis was performed using
MATLAB (Statistics and Machine Learning Toolbox, Mathworks,
Natick, MA).

While the present analysis includes multiple comparisons
of seven different collapsibility metrics (increasing risk for
type I error), this risk was more than counterbalanced by the
requirement for each metric to pass multiple evaluations. In
quantifying this balance, we determined that a collapsibility
metric was considered statistically significant if it passed val-
idation against Pcrit, was associated with two of age, sex, and
BMI, and demonstrated a significant association with treatment
response to oral appliance and/or ato-oxy (at an alpha level of
p<.05 for each test). Criteria were designed with the use of
simulations and permutation tests to minimize risk for type
I error, while maintaining statistical power (for each measure)
above 85% (see Supplemental Materials for details).

Results

The patient population for each of the datasets included are de-
scribed in Table 1.

Correlations with critical pharyngeal closing
pressure

Pcrit, the gold-standard measure of collapsibility, was signifi-
cantly correlated with all flow-derived measures of collapsibility
(Vpassive, r=-0.38; Vmin, r=-0.56; and event depth, r=0.49)
and conventionally-derived metrics of collapsibility (fraction of
hypopneas, r =0.46 and apnea index, r =0.49) plus AHI (r =0.32)
(Figure 2). Neither of the oxygen desaturation-based measures
of collapsibility were correlated with Pcrit (Figure 2) and were
thus not considered in subsequent evaluations. As a benchmark,
we note a weaker correlation between AHI and Pcrit. Notably,
among the new metrics, Vmin and event depth performed better
than the current standard polysomnographic surrogate of col-
lapsibility (Vpassive).

Association with age, sex, and obesity

All remaining collapsibility metrics (Vpassive, Vmin, event depth,
fraction of hypopneas, apnea index) were significantly associated
with sex and age. Effects of age and sex on all collapsibility met-
rics were comparable with the published effects of age and sex
on Pcrit (0.5 SD/Asex and 0.25 SD/2SD age, respectively, Table 2),
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Table 1. Baseline values for patient demographics, apnea-hypopnea index (AHI), collapsibility metrics for comparison across the included

datasets (median interquartile range).

Pcrit MESA Oral appliance Ato-oxy
Sex (men/total) 31/61 895/1916 61/81 11/15
Age (years) 56.4 [28.1,70.2] 67.0 [61.0, 75.0] 50.0 [27.6, 67.0] 55.0 [36.3, 68.3]
BMI (kg/m?) 32.8[23.4,44.2] 27.8[24.6,31.7] 30.3 [23.8,42.8] 35.2[23.8,47.9]
Total sleep time (min) 200 [148,261] 369 [313, 416] 268 [155, 298] 212 [158, 263]
AHI (/h) 46.8[16.0, 91.4] 32.7 [20.2,50.9] 32.8[16.3, 84.7] 36.7 [11.7, 86.9]
% Reduction AHI NA NA 54.9 [-28.9,92.1] 73.8 [38.9, 98.2]
Treatment AHI (/h) NA NA 13.2 [2.6, 72.0] 8.5 (0.3, 33.4]
Vpassive (% eupnea) 76.0[0.0,96.8] 96.5[93.7, 98.1] 90.1 [30.4,97.1] 88.9 [43.9, 99.3]
Vmin (% eupnea) 38.3 0.0, 68.5] 66.1[52.9, 74.5] 51.7 [0.0, 68.9] 43.1[2.2,80.0]
Event depth (% eupnea) 46.5[28.8, 61.6] 32.0 [25.4, 41.5] 40.9[29.0, 66.0] 40.6 [26.3, 56.5]
Fraction of hypopneas 0.5 0.0, 1.0] 1.0[0.9, 1.0] 0.810.1,1.0] 0.810.3,1.0]
Apnea index (/h) 15.9 [0.0, 54.0] 1.3[0.3,4.7] 11.4 0.1, 72.5] 6.4 [0.5,65.3]
MESA data only includes patients from whom collapsibility metrics could be computed from supine NREM sleep.
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Figure 2. The gold-standard measure of collapsibility correlates with flow-based and clinically derived measures of collapsibility. Equations of the line represent the
formula for calculating an estimated Pcrit (y) based on an input collapsibility surrogate (x). Root-mean square error (RMSE) provides a measure of variability around

the estimated Pcrit measurement.

described in methods. The effect of obesity (BMI) on surrogate
collapsibility metrics was within the acceptable margin of the
published effect of BMI on Pcrit, but lower than expected (0.25
SD/2SD BMI, Table 2) for Vpassive, Vmin, and event depth. For apnea
index and fraction of hypopneas, the association with obesity was
outside the acceptable margin.

Predicting treatment response

Event depth, fraction of hypopneas, and apnea index were signifi-
cantly associated with both oral appliance and ato-oxy efficacy
(percent reduction in AHI, Table 3), after adjusting for fraction
of time in non-supine position. Specifically, patients with shal-
lower events, a greater fraction of hypopneas, and lower apnea

index (i.e. less collapsible pharynx) experienced a greater treat-
ment response. In addition, Vmin was associated with ato-oxy
efficacy, while Vpassive was not associated with treatment effi-
cacy (Table 3).

Discussion

The current study identified event depth, fraction of hypopneas,
and apnea index as preferred means to estimate pharyngeal col-
lapsibility noninvasively in the clinical context. These meas-
ures were moderately correlated with the gold standard (Pcrit,
r=0.49, 0.46, and 0.46, respectively), successfully detected in-
creases in collapsibility with age, BMI (event depth only) and
male sex, and importantly predicted treatment response (i.e.
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Table 2. Associations between collapsibility measures and population variables in MESA (median [95% CI])

Age

BMI

Sex

Collapsibility
Vpassive -0.23 [-0.32 to -0.14]
Vmin -0.42 [-0.33 to -0.51]
Event depth 0.31 [0.23 to 0.40]
Fraction of hypopneas -0.26 [-0.35 to -0.17]
Apnea index 0.23[0.15 to 0.32]
Disease severity

Apnea-hypopnea index (AHI) 0.26 [0.18 to 0.34]

-0.14 [-0.24 t0-0.05]
-0.14 [-0.06 to —0.23]
0.13 [0.04 to 0.21]
0.07 [-0.02 to 0.16]
0.05 [-0.04 t0 0.13]

0.66 [0.58 t0 0.74]

-0.68 [-0.77 to —0.59]
-0.72 [-0.64 to —0.81]
0.73 [0.64 to 0.81]
-0.42 [-0.51 to -0.33]
0.50 [0.41 to 0.58]

0.53 [0.45 to 0.61]

Beta coefficients from multiple linear regression describe the change in collapsibility metrics with sex, age, and BMI (known population-level determinants of pha-
ryngeal collapsibility). Beta coefficients represent SD change in collapsibility per unit change in sex (female = 0, male = 1) and per 2 SD change in age and BMI. Bolded
values represent statistically significant Beta coefficients. Each row represents a single multivariable regression model.

Table 3. Associations between collapsibility measures and treatment efficacy (median [95% CIJ).

Vpassive Vmin Event depth

Fraction of
hypopneas

Apnea-hypopnea
Apnea Index index

Oral appliance -2.1[-15.9to 11.7] 10.1 [-3.0 to 23.2]
Ato-oxy

-15.0"[-28.1to -1.9] 13.9"[0.3 to 27.5]
6.2[-19.8t032.1]  32.5%[13.1t0 51.8] —27.6" [-49.7 to -5.5] 33.0" [13.9 t0 52.0] —31.2" [-51.1 to ~11.3] —19.6 [-43.5 to 4.3]

-15.4"[-29.6 t0 -1.1]  -0.2 [-13.9 to 13.5]

Beta coefficients represents the % reduction in apnea-hypopnea index per 2SD change in collapsibility, after adjusting for fraction of sleep time in non-supine pos-

ition. Each entry represents a single bivariate regression model result.
*p <.05; *p < 0.01.

percent reduction in AHI) to both oral appliances and drug
therapy. Vmin also passed our study-wide criteria for suc-
cessful evaluation (successfully predicting responses to one
of two therapies) and is expected to have utility in various
circumstances: Vmin had the strongest association with Pcrit
(also older age) and thus may be particularly useful when the
strongest physiological link to collapsibility is required (i.e.
to test the effect of an intervention on collapsibility). Finally,
oxygen desaturation-based measures of collapsibility did not
pass our evaluation and have limited evidence of utility at this
stage. Overall, our study provides the field with three clinical
surrogates of pharyngeal collapsibility, obtained from routine
polysomnography, that have the potential to provide clinicians
with the means to assess collapsibility and make treatment
decisions that are physiologically informed.

Apnea index and fraction of hypopneas. The discovery of apnea
index and fraction of hypopneas as surrogate measure of collaps-
ibility provides a simple approach to estimating pharyngeal
collapsibility from the routine polysomnography report. This
finding builds on previous research showing that patients with
more apneas have a more collapsible pharynx than patients
with a majority of hypopneas [24]. This also aligns with Genta
et al. who described a model that discriminated patients with
high and low Pcrit using anthropometric and polysomnographic
indices, which included the apnea index [25].

Event depth. The discovery of event depth as a surrogate measure
of collapsibility provides a simpler approach than computing
Vpassive and Vmin, while also requiring less data. Specifically,
event depth only requires airflow data, while the Vpassive and
Vmin require airflow and electroencephalography, along with
carefully scored arousals and a modeled ventilatory drive. This
makes the event depth metric amenable to computation by other
research groups and manufacturers that develop sleep diag-
nostic technology. Incorporating the event depth metric into

polysomnography reports would be valuable information to aid
in OSA treatment decision making.

Interpreting the size of the effect of event depth, apnea index
and fraction of hypopneas on treatment response to each therapy
is important in understanding the potential for pharyngeal col-
lapsibility to select either treatment. For ato-oxy, a 2SD reduc-
tion in collapsibility results in an additional 30% reduction in
AHI from baseline, an effect size that is clinically relevant on its
own. By contrast, for oral appliance therapy, the same reduction
in pharyngeal collapsibility results in an additional 15% reduc-
tion in AHI, suggesting that additional physiology is needed to
fully inform therapeutic decision making (e.g. site of pharyngeal
collapse, loop gain, and arousal threshold) [1-5]. Nonetheless,
knowledge of the underlying collapsibility provides the back-
bone of any assessment of sleep apnea pathophysiology and
prediction of therapeutic response [1-5, 26, 27].

Vmin. The present study reports a new flow-based collapsibility
metric, Vmin, that appeared to be superior to the published
Vpassive [8] in multiple tests. As a modification of Vpassive, Vmin
describes the ventilation at the minimal (lowest decile) of (mod-
eled) ventilatory drive rather than eupneic ventilatory drive
(Figure 1D). This difference is designed to capture more hypo-
tonic conditions [28], obviating the issue that actual ventilatory
drive generally exceeds our estimated levels [8, 29]. Thus, we
suspected that Vmin may be a better reflection of the anatom-
ical (i.e. passive) contribution to pharyngeal collapsibility (i.e.
the passive Pcrit). Indeed, Vmin yielded the highest correlation
with passive Pcrit. A weakness of Vmin was that it was not asso-
ciated with oral appliance treatment response, possibly due to
a weaker correlation between nasal pressure and pneumotach
derivations (see Supplemental Materials, e-Figure 3); notably
after excluding the 36/81 patients in whom flow was recorded
with nasal pressure cannula, there was a trend to suggest Vmin
was associated with oral appliance treatment response with


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac050#supplementary-data

a similar effect to event depth (every 2SD increase in Vmin re-
sults in an additional 18% reduction in AHI, see Supplementary
Materials). Thus, Vmin may be less translatable to the clinical
arena than event depth.

Vpassive. In contrast to Vmin, Vpassive had a weaker correlation
with Pcrit. It should still be noted, however, that the metric was
predictive of response to oxygen therapy [26] and therefore may
be useful in predicting response to select therapies. Furthermore,
in multivariate OSA endotype-based models predicting response
to oral appliance therapy, Vpassive was independently associ-
ated, albeit weakly, with treatment efficacy [2, 20]. However, the
present study suggests that event depth, fraction of hypopneas,
and apnea index are stronger metrics for characterizing pharyn-
geal collapsibility and responses to therapies.

Neither oxygen desaturation metric—oxygen desaturation
slope and mean oxygen desaturation—was associated with Pcrit,
despite a theoretical basis (deeper events lead to faster alveolar
oxygen depletion and desaturation) and a previous link between
deeper respiratory events and faster desaturation [30]. Further
investigation (Supplemental Materials) showed that event
depth was associated with both oxygen desaturation measures
(adjusting for BMI and pre-event oxygen saturation as appro-
priate), confirming the expected theoretical relationship. Thus,
while we may provide a new explanation for heterogeneity of
OSA-related oxygen desaturation, our data do not support the
utility of these measures when airflow data are available.

Limitations

We considered several limitations of the current study. First, the
advanced collapsibility metrics evaluated (event depth, Vmin) are
not currently available in sleep diagnostic technology and can
only be computed with third-party software. As a result, hur-
dles remain for these measures to become available. However,
ongoing research highlighting the clinical need is the first step
toward their adoption in standard diagnostic technology and
polysomnography reports. Fortunately, collapsibility surrogates
that can be derived from the polysomnography report (fraction
of hypopneas and apnea index) appear to be of equal utility in
describing pharyngeal collapsibility and predicting treatment
efficacy. Second, the computed surrogates of collapsibility aimed
to characterize collapsibility in the passive (hypotonic) state.
However, we acknowledge it is a great challenge to achieve a
condition of a purely hypotonic airway on a sleep study without
the use of CPAP and/or anesthesia. As such, each surrogate rep-
resents the upper airway in a state that is somewhere between
passive and maximally activated. To explore this in more detail
the associations between surrogates and Pcrit were reexamined
after adjusting for a surrogate of “active collapsibility” (Vactive
[8]). Associations for Vmin and event depth with Pcrit were only
slightly attenuated, whereas associations for Vpassive were sub-
stantially attenuated and was better explained by Vactive than
Pcrit (see Supplementary Materials). Mechanistically, Vimin is ex-
pected to be maximally passive, given it is the ventilation cal-
culated at the lowest level of estimated respiratory drive. Event
depth is also designed to be as passive as possible, as respiratory
events are a time of typically lower than average respiratory drive
[31]. The consequences of including active collapsibility in surro-
gates of passive collapsibility are not entirely clear, but may not
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necessarily make estimates less useful; measuring collapsibility
at the very time the patient is experiencing obstructive events
may be the most appropriate measure for characterizing the
improvement in collapsibility needed to treat OSA. An inherent
tradeoff is that a metric that more closely reflects active collaps-
ibility may be less appropriate for describing tissue properties
for investigating the genetic causes of OSA. Third, our study
used unfiltered (direct current-coupled) airflow signals (best
practice per American Academy of Sleep Medicine GUIDELINES),
which is optimal for various aspects of our analyses. Nasal pres-
sure signals that are high pass filtered (e.g. optional high-pass
“baseline removal” filtering of 0.03 Hz) could distort the signal
enough to negatively impact flow-derived measures of collaps-
ibility. Fourth, reliability of event-based metrics diminishes with
fewer events. In the current study, all patients had an AHI of at
least 10/h to protect against this issue. Therefore, for patients
with very low AHI (i.e. <5/h), these collapsibility measures may
be unreliable. However, for low AHI (<10/h) we can safely assume
mild collapsibility [32]. Fifth, we explored treatment responses
to oral appliances and atomoxetine-plus-oxybutynin as repre-
sentative of oral device and drug interventions more generally.
Further testing is needed to assess (1) the repeatability of these
clinical measures and (2) the applicability to a wider variety of
additional non-PAP alternatives (e.g. hypoglossal nerve stimu-
lation treatment, surgical treatment [e.g. palatopharyngoplasty
and maxillo-mandibular advancement, and others]). Sixth,
the present study does not link collapsibility metrics to other
clinical outcomes of therapy such as sleep quality, blood pres-
sure, or adherence to therapy. However, we expect that bene-
fits in these domains will stem from efficacious interventions.
Lastly, predictive capability of collapsibility surrogates was es-
tablished retrospectively on data collected for other research
aims. Therefore, while we report an important developmental
step in providing surrogate measures of collapsibility for clinical
decision-making, validation on prospectively collected data is a
necessary next step.

Conclusion

The present study identifies event depth, fraction of hypopneas,
and apnea index as preferred surrogate measures of collapsibility.
While prospective validation is needed, fraction of hypopneas
and apnea index are two collapsibility surrogates that could
be readily calculated in clinical context. This research repre-
sents an important step toward simplifying advanced metrics
that characterize OSA disease mechanisms for use in clinical
decision-making on OSA patients.

Supplementary material

Supplementary material is available at SLEEP online.
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