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PHYSIOLOGICAL TRAITS TO PREDICT OSA AND RESPONSE TO NON-PAP THERAPY

An Integrative Model of Physiological Traits Can be Used to Predict Obstructive
Sleep Apnea and Response to Non Positive Airway Pressure Therapy
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Study Objectives: Both anatomical and nonanatomical traits are important in obstructive sleep apnea (OSA) pathogenesis. We have previously
described a model combining these traits, but have not determined its diagnostic accuracy to predict OSA. A valid model, and knowledge of the
published effect sizes of trait manipulation, would also allow us to predict the number of patients with OSA who might be effectively treated without
using positive airway pressure (PAP).

Design, Participants and Intervention: Fifty-seven subjects with and without OSA underwent standard clinical and research sleep studies to
measure OSA severity and the physiological traits important for OSA pathogenesis, respectively. The traits were incorporated into a physiological
model to predict OSA. The model validity was determined by comparing the model prediction of OSA to the clinical diagnosis of OSA. The effect
of various trait manipulations was then simulated to predict the proportion of patients treated by each intervention.

Measurements and Results: The model had good sensitivity (80%) and specificity (100%) for predicting OSA. A single intervention on one trait
would be predicted to treat OSA in approximately one quarter of all patients. Combination therapy with two interventions was predicted to treat
OSA in ~50% of patients.

Conclusions: An integrative model of physiological traits can be used to predict population-wide and individual responses to non-PAP therapy.
Many patients with OSA would be expected to be treated based on known trait manipulations, making a strong case for the importance of non-
anatomical traits in OSA pathogenesis and the effectiveness of non-PAP therapies.
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INTRODUCTION

In addition to compromised upper airway anatomy, other
physiological traits are increasingly recognized for their con-
tributions to the development of obstructive sleep apnea (OSA).
These nonanatomical traits include: (1) poor pharyngeal muscle
responsiveness during sleep, (2) an overly sensitive ventilatory
control system (i.e., high loop gain [LG]), and (3) a low respira-
tory arousal threshold that leads to arousal rather than stable
ventilation.'"* Given the variable adherence to continuous posi-
tive airway pressure (CPAP),*¢ we and others have suggested
that an alternative approach for nonadherent patients would
be targeted manipulation of one or more of the underlying
traits that contribute to OSA pathogenesis. However, no such
method or model is yet validated to predict how many patients
might benefit from non-PAP therapy, or how to guide therapy
in an individual patient.

There are several prerequisites before such an approach to
OSA management could be attempted. First, the traits would
need to be measured in an easy and relatively noninvasive
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fashion. Second, the traits must be modifiable by existing ther-
apies (medications or devices) that are safe, known to be effec-
tive, and acceptable to patients. Third, a model is needed that
integrates all of the traits in a given individual and predicts the
effect of trait modification on OSA. Such a model could serve
as a clinical decision making tool to aid physicians in selecting
appropriate therapy, i.e., personalized treatment for OSA.
Advances in the first two areas have been made. We recently
described techniques for measuring the aforementioned physi-
ological traits in vivo during sleep by manipulating the CPAP
level, in some respects similar to a CPAP titration study.®
Measurement of the traits suggests that many patients might be
eligible for non-PAP therapies. Using their pharyngeal critical
pressure (Pcrit), arousal threshold, loop gain, and muscle re-
sponsiveness (PALM) scale, Eckert and colleagues proposed
dividing patients with OSA into those who have OSA due to
anatomical compromise; those with an anatomical predisposi-
tion with other contributing traits; and those with some mild an-
atomical predisposition to collapse but with other traits largely
responsible for their OSA.° The PALM score is useful because
it provides a framework for dividing patients between those
who will likely require CPAP (23% in the Eckert article) and
those who might be treated with non-CPAP therapies (77%).
Potential non-PAP therapies based on trait manipulation have
also been described by multiple authors. For example, supple-
mental oxygen and acetazolamide can reduce loop gain'®'’;
sedatives such as eszopiclone and trazodone can increase the
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arousal threshold"'?; and upper airway surgery and weight loss
can improve the upper airway anatomy/collapsibility.'*"*

To date, however, lack of a validated model has limited the
full potential of the aforementioned observations. That is, there
is currently no way to predict, based on the underlying traits
and the effect sizes of the studied therapies, whether non-CPAP
therapies are likely to eliminate OSA. Are patients with OSA
with abnormal nonanatomical traits likely to be effectively
treated using non-CPAP therapies? A model incorporating the
traits and the effect sizes of known trait manipulations could be
applied to answer this question in populations of patients with
OSA or in individuals. Applied to patients with OSA in gen-
eral, such a model would help quantify the number of patients
likely to be treated with existing non-CPAP therapies, and help
determine which potential therapies offer the most promise (or
alternatively, potentially avoiding large clinical trials unlikely
to show a positive outcome). On an individual basis, knowl-
edge of the traits alone has been of limited benefit to date. In
prior studies of non-PAP therapies, patients with OSA are gen-
erally a priori selected based on a single abnormal trait tar-
geted by a single therapy."'*!"" Even with such careful patient
selection, success is variable. How non-PAP therapies would
be selected and trialed in a wider range of patients is not clear.
Some manipulations, such as increasing the arousal threshold,
could have side effects (worse hypoxemia/hypercapnia) in un-
selected patients. Again, a model that incorporates the mea-
sured traits and predicts the effect of trait manipulation in an
individual is needed.

The aims of our study were: (1) to determine the accuracy of
our physiological model to predict OSA in a cohort of patients
with and without OSA who underwent trait measurement; (2)
to use previously reported effect sizes of various trait manipu-
lations from the literature to estimate the proportion of our pa-
tients with OSA who might be successfully treated by one or
more trait manipulations; and (3) to determine whether knowl-
edge of the individual underlying traits and targeted therapy
would be expected to improve the predicted success rates of
non-PAP interventions to treat OSA.

METHODS

Subjects

Subjects with CPAP-treated OSA and healthy controls were
recruited from the sleep clinic and the community and un-
derwent both a clinical and a research polysomnogram (PSG)
separated by approximately 1 week. Other than OSA, subjects
were generally healthy and were not taking any medications
known to affect sleep or the other parameters measured in the
study. Written, informed consent was given before participa-
tion in the study, which was approved by the Human Research
Committee at Partners’ Healthcare. Many of the subjects in
this study have taken part in other research studies in our labo-
ratory®!?; however, the current aims, data, and analysis have
not been previously reported.

Clinical PSG

Subjects underwent standard in-laboratory PSG with elec-
troencephalogram (EEG), electro-oculogram, submental and
leg electromyogram for sleep staging; nasal pressure and
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thermistor for airflow measurement; thoracic and abdominal
piezoelectric bands for respiratory effort; arterial oxygen satu-
ration monitoring at the finger; and electrocardiogram moni-
toring for safety. Patients slept supine. Sleep state, arousals,
and respiratory events were scored by a registered sleep tech-
nician according to standard American Academy of Sleep
Medicine Criteria."” Specifically, a hypopnea was defined by
a > 30% reduction in airflow lasting at least 10 sec and accom-
panied by either a > 3% desaturation in oxygen or an arousal.
Hypopneas were classified as obstructive if flow limitation was
present (defined as a characteristic peak—plateau or obvious
flattening in nasal pressure) or central if no obvious flow limi-
tation occurred.

Research PSG for Trait Measurement

In addition to standard PSG instrumentation, subjects wore
a nasal mask (Gel Mask; Respironics, Murrysville, PA, USA)
attached to a pneumotachometer (model 3700A; Hans-Rudolph,
Kansas City, MO, USA) for measuring airflow. Mask pressure
was measured from a port in the mask (Validyne, Northridge,
CA, USA). The mask was connected to a positive/negative
pressure source (Pcrit3000, Philips-Respironics) to enable
rapid switching between CPAP levels. At the start of the study,
CPAP was provided at a level that abolished flow limitation and
snoring during sleep—the holding pressure. The minute ven-
tilation at this holding pressure is defined as the eupneic ven-
tilation. During stable nonrapid eye movement (NREM) sleep
the mask pressure level was lowered to various subtherapeutic
levels for 3-min intervals, as has been previously described,
in order to cause flow limitation and monitor the individual
response.” Briefly (and shown in Figure 1), the ventilation just
after the abrupt drop from the holding level reflects the passive
upper airway collapsibility. The passive upper airway anatomy
ventilation is defined as the initial (breaths two and three after
the pressure drop) minute ventilation at CPAP =0 cmH,0O. This
value is determined from all of the pressure drops throughout
the night, by linear regression of minute ventilation vs. mask
pressure from breaths two and three following each pressure
drop. In cases where the airway is closed at atmospheric pres-
sure, the value was determined by extrapolation of this line,
and could result in a negative value. At subtherapeutic pressure
levels, ventilation will be below eupnea and therefore pCO,
and respiratory drive will increase. The change in ventilation
as a function of increasing ventilatory drive reflects the ability
of upper airway muscles to improve ventilation. After 3 min,
the mask pressure is abruptly returned to the holding pressure.
With the upper airway obstruction removed, the increased
ventilatory drive will result in an overshoot above the eupneic
ventilation. LG (a measure of the sensitivity of the ventilatory
control system) is defined as the ratio of this overshoot (ven-
tilatory response) to the decrease in ventilation from baseline
(ventilatory disturbance) at the end of the pressure drop. Upper
airway gain (UAG) represents the upper airway muscle effec-
tiveness and is defined as the increase in ventilation during the
3-min drop, attributed to muscle recruitment, divided by the
ventilatory overshoot (the amount that ventilatory drive has
increased). After LG has been measured, and with an appro-
priate time delay, a ventilatory drive can be calculated for each
pressure drop. CPAP drops that resulted in arousal (defined
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as an abrupt increase in EEG fre-
quency last > 3 sec) from sleep
can be used to determine the level
of ventilatory drive that results in
arousal (the arousal threshold). The
data were analyzed using Matlab
software (Natick, MA).

Integrative Model of the Traits to
Determine Ventilation during Sleep
The aforementioned traits are
measured in units of ventilation
(L/min) (e.g., eupneic ventilation,
passive upper airway anatomy ven-
tilation, arousal threshold) or in
dimensionless units of ventilation/
ventilatory drive (e.g., LG, UAG).
Thus, as described in the next para-
graphs (and shown in Figure 2), the
traits can be plotted on the axes:
ventilatory drive versus ventilation.
Two lines are plotted: a line that
describes acceptable ventilation,
and another that shows achievable
ventilation. Acceptable ventilation
begins with the point of eupneic
ventilation, which sits on the line of
identity because by definition at this
point ventilation = ventilatory drive.
From this point, decreases in ventila-
tion will result in increases in venti-
latory drive—the resulting increase
in ventilatory drive is governed by
the LG. (As plotted on these axes,
the slope of the line is 1/LG.) The
achievable ventilation line begins
with the point of passive anatomy
ventilation at the eupneic ventilatory
drive. Increases in ventilatory drive
increase ventilation according to
the UAG. The intersection of the ac-
ceptable and achievable ventilation
lines represents a sustainable equi-
librium point where the acceptable
ventilation is matched by achiev-
able ventilation. However, whether
this equilibrium is attained depends
on whether this point lies below or
above the arousal threshold. That
is, if the equilibrium point is below
(to the left of) the arousal threshold,
then the model predicts that stable
breathing will be achieved (with
sustainable increases in pCO, and
ventilatory drive) and the subject
would be predicted not to have OSA.
However, if the equilibrium point is

to the right of the arousal threshold, then arousal will occur be-
fore the equilibrium point can be reached. This arousal would
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Figure 1—The obstructive sleep apnea traits are measured using repeated continuous positive airway
pressure (CPAP) drops from the holding pressure, which defines eupneic ventilation. With abrupt decrease
in CPAP, ventilation decreases to a level determined by the passive upper airway anatomy. (The passive
upper airway ventilation at different PAP levels allows extrapolation to ventilation off of PAP.) Allowing time
for delay, the decrease in ventilation causes an increase in pCO, and ventilatory drive, which will recruit
upper airway muscles and improve ventilation. After 3 min, the therapeutic CPAP level is restored, and
the ventilatory drive in response to hypoventilation is revealed-the loop gain. With knowledge of the loop
gain, the ventilatory drive that leads to arousal (the arousal threshold) can be determined.

12 -
No OSA OSA
10— If the equilibrium ventilation off CPAP is 2 Ifthe equilibrium ventilation
to the left of the arousal threshold % off CPAP s to the right of the
ventilatory drive, then breathing is _GE’ arousal threshold then stable

— stable with no arousals/hypopneas % breathing cannot be achieved
c | 4]
E° g
S <
= Steady
8 state
= 6k £ ) filati ventilation Achievable ventilation
®© upneic ventilation off CPAP - . .
= (on CPAP) / slope = upper airway gain
()]
>

4

Ventilation
deficit \
Acceptable ventilation
2 Passive UA slope = 1/loop gain
Ventilation
(off CPAP)
1 | | | 1 |
0 2 4 6 8 10 12

Ventilatory Drive (L/min)

Figure 2—Using the traits to model obstructive sleep apnea (OSA). Achievable ventilation is described
by the line that begins at the passive upper airway (UA) anatomy ventilation (i.e., ventilation off of positive
airway pressure (PAP) at the eupneic ventilatory drive), and which increases according to the ability of
the upper airway muscles to augment ventilation in response to the increased ventilatory drive. Desired
ventilation begins at the eupneic ventilation (where ventilation = ventilatory demand), and ventilatory
demand increases as ventilation falls according to 1/loop gain. The intersection of the two lines represents
a new steady state off continuous positive airway pressure (CPAP), which is achieved if the steady state
point occurs to the left of the arousal threshold (no OSA). Otherwise, an arousal (scored as hypopnea)
will occur (OSA).

be scored as an apnea or hypopnea, and thus the subject would
be predicted to have OSA.
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treated (i.e., NREM AHI reduced
below 10 events/h) with each in-
tervention. The aforementioned
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Validity of the Model for Determining OSA

The aforementioned modeling was performed for all the
subjects in the study. The model prediction of OSA (based
on an equilibrium point below the arousal threshold) was
compared with the clinical diagnosis, and a sensitivity and
specificity analysis was performed. In this context, sensitivity
measures the proportion of patients with OSA correctly pre-
dicted to have OSA by the model, whereas specificity refers to
the proportion of normal predicted by the model to be without
OSA. Because the traits were measured during NREM sleep,
we also assessed the validity of the model using a similar sensi-
tivity/specificity analysis based on the NREM apnea-hypopnea
index (AHI) (with 10 events/h as a cutoff).

Estimates of the Effect of Trait Manipulation

In this study, we performed simulated experiments on the
model to determine the feasibility of treating OSA with one
or more non-PAP therapies. To do so, the effect size of a par-
ticular intervention on a particular trait needed to be known,
and this information was drawn from the literature. If neces-
sary, the effect size was transposed into changes in ventilation.

LG: has been reduced using supplemental oxygen (51% re-
duction) and acetazolamide (41%).""" For modeling purposes,
a 45% reduction was used.

Arousal threshold: has been increased using medications
such as eszopiclone (29%) and trazodone (32—48%).1216 A
conservative increase of 20% was assumed based on these
prior measurements.

Anatomy: Improvement in anatomy with weight loss or
upper airway surgery has most often been measured experi-
mentally using pharyngeal collapsibility (Pcrit)."*"* From these
prior experiments, we used the published nasal pressure versus
peak flow data to estimate the change in peak flow at nasal
pressure = 0 cmH,0. In order to convert the changes in peak
flow into changes in minute ventilation, we assumed a plateau
in flow equal to the peak flow (i.e., square wave form) lasting
1.5 sec and a respiratory rate of 15 breaths per min to estimate
the change in minute ventilation. Based on these prior studies,
it was estimated that weight loss (substantial, with a change
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effect sizes were applied to the
physiological model of each such patient. The effect on the
distance of the equilibrium point from the arousal threshold
was determined (Figure 3). For purposes of this analysis, to
consider an individual’s OSA “adequately treated” we required
the equilibrium point to move at least 1 L/min to the left of
the arousal threshold line. This is a more conservative require-
ment for stable breathing and allows for some noise in trait
measurement as well as the response to trait manipulation. If
our model is accurate, this would suggest that the trait ma-
nipulation would result in an AHI < 10 events/h during supine
NREM sleep.

Effect of Individualized Therapy

We also compared how many patients might have their
NREM AHI reduced below 10 events/h (equilibrium point > 1
L/min below the arousal threshold) using the single most effec-
tive trait manipulation from the aforementioned analysis with
the number of patients predicted to be treated with any single
trait manipulation. In other words, are there some patients who
might be predicted to be effectively treated with one interven-
tion (e.g., LG lowering agent), but not another (e.g., a drug that
increases the arousal threshold)? If so, then knowledge of the
traits and model—a targeted approach—may increase the pre-
dicted rate of non-PAP treatment success.

Statistical Analysis

The traits were compared between those with a NREM
AHI < 10 events/h and those with > 10 events/h using a two-
sided ¢ test. A P value of < 0.05 was considered statistically
significant. Values are presented as a mean =+ standard devia-
tion unless otherwise indicated.

RESULTS

Subjects

Sixty-three individuals with OSA using CPAP for at least
3 months were studied, and measurements of all four traits
were obtained in 50. Thirteen subjects without OSA were
also recruited, and complete data were obtained in seven. The
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Table 1—Subject characteristics.

Clinical Diagnosis

Trait Measurement Conditions

Control OSA
Characteristics (n=7) (n=50)
Male:Female 25 34:16°
Age, y 29.7+96 46.6 £10.3°
Body mass index, kg/m? 248+39 34.7 £6.0°
Total AHI, events/h 1.6+0.9 40.6 + 29.2°
NREM AHI, events/h 0.7+0.8 415+ 31.6°
Holding pressure, cmH,0 45+0.8 10.3+£3.0

index; NREM, nonrapid eye movement.

Values expressed as mean + standard deviation. ?P < 0.05 control vs. OSA. °P < 0.05 NREM AHI < 10/h vs. NREM AHI > 10/h. AHI, apnea-hypopnea

NREM AHI <10/h  NREM AHI > 10/h

(n = 15) (n=42)
6:9 30:12°
375127 47.0+10.2°
28.8+6.4 352459
6.2+55 46.3+28.3
39+38 48.1+30.1°
6.1+26 10.8+2.8°

characteristics of the subjects are shown in Table 1. Data could
not be obtained in 13 individuals with OSA and seven control
subjects, who could not achieve or maintain sleep during sus-
tained pressure drops. All individual polysomnographic and
trait data are included in Table S1 (supplemental material).

Validity of the Model for Determining OSA

Among the 50 patients in whom OSA was diagnosed clini-
cally, the model correctly predicted OSA in 40 (sensitivity,
80%). In the seven control subjects, the model correctly pre-
dicted no OSA in all of them (specificity 100%). The model
predictions for each subject can be seen in Table SI.

Of the 10 individuals with false-negative results, 4 had mild
disease (AHI < 15 events/h), and 2 had AHI < 20 events/h.
In the four other cases, a very robust UAG seemed to pro-
tect against OSA. On review of these studies, the UAG mea-
surement reflected increases in ventilation due to repetitive
arousals during the pressure drop.

Because the traits were only measured during NREM su-
pine sleep, we also assessed the validity of the model consid-
ering only those patients with a NREM AHI > 10 events/h.
This yielded minor changes in sensitivity and specificity. Of
the 42 subjects with supine NREM AHI > 10 events/h, the
model correctly predicted OSA in 38 patients and gave a
falsely negative diagnosis in five (sensitivity 88%). In those
with NREM AHI < 10 events/h, the model correctly predicted
the absence of OSA in 12 patients but with three false-positive
results (specificity 80%).

Under these conditions, the five false negatives consisted
of one patient with OSA with only mild disease (AHI = 13
events/h), and the same aforementioned four cases with the
apparent very robust UAG. Of the three false positives, two
had borderline OSA (AHI = 9.5 and 9.9 events/h during supine
NREM sleep), and one had REM predominant OSA (NREM
AHI 2.5 events/h, REM AHI 25.4 events/h, total AHI 5.3
events/h).

Several model diagrams are shown to emphasize the vari-
ability in how the traits combine to produce OSA in different
individuals (Figure 4).

Predicted Success Rates Using Trait Manipulation
Success rates based on single and combination therapy
across the OSA population are shown in Table 2, using a
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conservative threshold requiring that the equilibrium point be
1 L/min to the left (below) the arousal threshold. Even nonindi-
vidualized therapy on one trait would be expected to reduce
the NREM AHI below 10 events/h in approximate a quarter of
all patients with OSA (range 19-38%), with slight differences
based on the trait targeted and the estimated effect size. The
responses to a wider range of individual trait manipulations
can also be seen in Figures S1 and S2 (supplemental mate-
rial). Combination therapy with two interventions is predicted
to effectively treat OSA in 50% of patients with OSA (range
48—-67%).

Predicted Effect of Individualized Therapy

The predicted most effective single trait therapy was im-
provement in upper airway anatomy, which would be expected
to reduce the AHI below 10 events/h in 38% of the cohort.
In comparison, with knowledge of the underlying traits and
model, a targeted approach using a single intervention would
be even more effective and would be predicted to effectively
treat OSA in 20 subjects (48% of the cohort) (Table 3).

DISCUSSION

Herein we present our model that combines the physiolog-
ical traits important in OSA pathogenesis, and show its high
sensitivity and specificity for predicting sleep apnea. Using the
model, and with the known effect sizes of trait manipulation,
we are able to predict the proportion of patients with OSA who
might be treated with existing non-PAP therapies. The obvious
advantage of this approach is that it has the potential to reduce
the need for large clinical trials, some of which have quite in-
vasive interventions. For example, interventions such as bar-
iatric or upper airway surgery have some morbidity, are costly,
and require long-term follow-up to assess response. Using our
model, with our expanding pool of patients with traits mea-
sured, and with a growing literature of trait manipulation ef-
fect sizes, a virtual experiment can be run quickly, cheaply,
and with no harm to patients to predict the real world effect of
an intervention.

Insights From the Model

There are three major insights from the model. First, there
is great heterogeneity in how the traits combine to cause, or
protect against, OSA. Although an anatomical predisposition
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Figure 4—Examples of the traits in eight different individuals. In each example, the obstructive sleep apnea (OSA) severity is listed (AHI, events/h), and a
brief description of the salient model features that predispose to or protect against OSA. AHI, apnea-hypopnea index

Table 2—Predicted effective treatment rates (nonrapid eye movement apnea-hypopnea index reduced below 10 events/h) using single and combination
therapies.

Subjects with NREM AHI > 10 events per hour
predicted to be successfully treated (n = 42)

Trait Possible Interventions | Effect Size Modeled n (%)

LG 0, 1 45% 8(19)
Acetazolamide

AT Trazodone 120% 15 (36)
Eszopiclone

UA anatomy Weight loss 12 L/imin 16 (38)
UPPP

Individualized monotherapy 20 (48)

Combination therapy

LG +AT 1 45%, 1 20% 20 (48)

LG + Anatomy 1 45%, 1 2 L/min 25 (60)

AT + Anatomy 120%, 1 2 L/min 28 (67)

LG +AT + Anatomy 1 45%, 1 20%, 1 2 L/min | 34 (81)

AHI, apnea-hypopnea index; AT, arousal threshold; LG, loop gain; NREM, nonrapid eye movement; UA, upper airway; UPPP, uvulopharyngeoplasty.

is required (passive anatomy ventilation substantially less the nonanatomical traits have different effects on OSA patho-
than eupneic ventilation) for OSA, in many people the ana-  genesis depending on the underlying anatomy. Specifically,
tomical defect is often minor, with defects in other traits the nonanatomical traits matter little in those with very bad
combining to produce OSA (Figure 5). It is readily apparent (inevitable OSA) or very good anatomy (no OSA). Only in
from the model diagrams that even very abnormal single those with a vulnerable anatomy will the other traits become
traits can be overcome by other strong traits, or vice versa,  important in either contributing to or protecting against OSA
that OSA might arise as a result of a combination of border-  (Figure 6). Effect modification is useful when considering that
line abnormal traits (Figure 4). Our results, we believe, are the nonanatomical mean trait values are usually similar in pa-
best explained by the concept of effect modification, i.e., the tients with and without OSA. For example, UAG is similar in
notion that an exposure has a different effect on an outcome control patients and those with OSA (Figure 7). Only when
in different groups of subjects. Applied to patients with OSA,  subjects are stratified according to underlying anatomy (e.g.,
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Upper airway Table 3—Individual responses to monotherapy.
passive Exposure
anatomy Predicted to be Effectively Treated by Changes in:
o Vulnerable Anatomy Arousal Targeted
nen Closed Subject Loop Gain  Threshold  Anatomy Therapy
Loop gain Effect 1
Arousal threshold modifiers 2
Upper airway gain
3
4
5
6
No OSA OSA Outcome 7
8
Figure 5—The relationship between anatomy and obstructive sleep 9
apnea (OSA) is straightforward with very favorable (no OSA) or very poor
anatomy (inevitable OSA). However, the relationship with intermediate, 10
or vulnerable, anatomy and OSA is modified by the other traits to lead 1
to or protect against OSA. These other traits are effect modifiers: they 12
modify the effect of the exposure (anatomy) on the outcome (OSA 13
status).
14
15
16
14 17
P <0.01 18
12 x 19
Difference between A 21
eupneic and passive ;
upper airway ventilation N 22
(L/min) 6 i 23
24
4 . ') 25
; 4 2
2 2 3 4 27
\ B
0 $ 28
NREM <10 >10 2
AHI events/hr  events/hr 30
31
Figure 6—Difference between eupneic and passive upper airway 3
ventilation, representing the deficit in ventilation that must be overcome
by recruitment of upper airway muscles. As expected, subjects with 3
NREM AHI > 10 events/h have a significantly greater deficit than those 34
with AHI < 10 events/h. However, there is substantial overlap between 35
the two groups when the deficit in ventilation is between 1-5 L/min. In 36
this range, other non-anatomical traits are likely to protect or promote 37
obstructive sleep apnea. Greater anatomical deficits in ventilation
. ; . . 38
may be impossible to overcome despite other very favorable traits.
AHI, apnea-hypopnea index; NREM, nonrapid eye movement. 23
41
ventilation “deficit” defined as the difference between eupneic 42
and passive anatomy ventilation) is it obvious that traits more Totals 8 15 16 20
clearly protect against or predispose to OSA, with control sub-
jects having a more robust UAG compared to those with OSA. Individual responses to each single trait manipulation, shaded to show
(See Figures S3 and S4, supplemental material, for data on the manipulations predicted reduce the AHI to below 10 events/h during
remaining traits.) The model allows a graphical representa- nonrapid eye movement sleep. If allowed to choose the single most
tion of how the anatomy and other traits interact in a single effective therapy—targeted therapy—a higher predicted treatment rate
T is achieved.
individual. s ac

Second, the major determinant for residual OSA is the dis-
tance of the equilibrium point from the arousal threshold venti-  treat OSA. Although there are patients with a single very ab-
lation. Any therapy that increases this distance can potentially normal trait, a treatment directed at another trait might still be
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Subjects with 1-5L/min

required to have the same population-
wide benefit. From this perspective,

index; NREM, nonrapid eye movement.

Figure 7—Effect modification. In all subjects, there is no significant difference in upper airway gain
between subjects with an AHI < 10 events/h and those with an AHI > 10 events per hour during NREM
sleep. However, among subjects with a similar ventilation deficit, those with an AHI < 10 events per hour
have a substantially higher upper airway gain than those with an AHI > 10 events/h. AHI, apnea-hypopnea

All subjects anatomical deficit the model can help illustrate multiple
3 3 . . -
R . possible treatments from which clini-
cians and patients might choose the

™ ¢ ¢ most well tolerated.
£ 2 2 Third, an individualized approach
N N A to therapy is still important. Some
S patients will respond to one treat-
= 2 . . ment, but not another. Knowledge
2 g 1 * i 1 = of the underlying traits and model
g % < ‘ s i improved the expected treatment
'® § A rate by 10% above the single most ef-
'g'*g 0 i T 0 z 4 fective, but untargeted, trait therapy.
%g . 4 N Patients are variable both in their
'y N underlying OSA pathophysiology
P =025 4 P =008 A and in their response to treatments.
1 ‘4 1 Furthermore, the model can also po-
NREM <10 >10 NREM <10 >10 tentially be used to protect patients
AHI events/hr  events/hr AHI events/hr  events/hr from harm from certain non-PAP

therapies. For example, increasing
the arousal threshold may be ineffec-
tive therapy for those with an already
high arousal threshold, as in Figure 4,
panel Cl. Instead, this intervention
is likely to prolong hypopneic/apneic

Subject 18

-
o
1

AHI=33

, e - P
/

Ventilation (L/min)
N w N [¢]] q) ~l [o2] [(o)

=N
T

5 10 15 20
Ventilatory Drive (L/min)

(@)

o

Figure 8—Although patients may have defects in one ftrait, therapy
toward another trait may still help. This subject with severe obstructive
sleep apnea and a very poor loop gain would still be expected to improve
with therapy that increased the arousal threshold.

expected to yield a satisfactory response. For example, a sub-
ject with a very high LG might be treated by raising the arousal
threshold (see Figure 8). Across the entire cohort of subjects,
we examined the role of progressive improvements in each in-
dividual trait (Figures SI and S2). From these data it can be
seen that relatively small improvements in arousal threshold
are likely to be beneficial for many subjects, whereas rela-
tively larger improvements in anatomy and loop gain will be
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events with concomitant worsening
in hypercapnia/hypoxemia. Thus, our
model could provide the start for a personalized medicine ap-
proach to OSA therapy.

Predicted Treatment Rates Using Non-PAP Therapies

With the caveat that further validation studies are required
to determine the efficacy and tolerability of non-PAP thera-
pies, the predicted response rates in our cohort are encour-
aging. Prior investigations have suggested that more than
half of patients with OSA have non-anatomical contribu-
tions to disease pathogenesis, and implied that such patients
might be treated by therapies other than PAP. However, no
prior estimate has been provided regarding the possibility
of successful treatment with existing non-PAP therapies.
Using our model, we predict using well-tolerated, existing
monotherapies that approximately 25% of patients with
OSA could be successfully treated, defined as a reduction
in NREM AHI to below 10 events/hour. Progressive combi-
nation therapies are expected to yield even greater success
rates. Although combination therapy has been minimally
studied in OSA treatment,'”?° the concept is embraced for
other chronic illnesses such as hypertension, diabetes, and
in the field of oncology to maximize efficacy and minimize
side effects. Use of a single medication and an oral appliance
may have greater patient acceptance than PAP therapies. Our
results emphasize the need to measure the underlying traits
important for OSA, and for studies of non-PAP and com-
bination approaches to OSA treatment. As with these other
diseases, appropriate studies will be needed to determine
whether medications affect more than one trait. In our mod-
eling, we assumed that manipulation of one trait would not
affect another trait, although it is possible, for example, that
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sedatives that improve arousal threshold might worsen upper
airway muscle activation.

Limitations of the Model

There are several limitations in the measurement of the traits
and in their modeling. First, the traits cannot be measured in
all individuals, such as those subjects unable to maintain sleep
during the pressure drops and periods of hypoventilation on
which our method relies. These are subjects likely to have ei-
ther a low arousal threshold or a very high LG. Such difficulty
could be overcome by measuring the traits after administra-
tion of a sedative that would likely alter the arousal threshold,
but would be unlikely to alter the other traits.'® Additionally,
the methodology to measure the pathogenic traits continues
to improve to allow for robust measurements in an increas-
ingly noninvasive fashion.® Although at this time the equip-
ment and technical ability to measure the traits is confined to
a few research sites, this will likely change in the years ahead.
As it relates to the analysis here, our bias against those with
a low arousal threshold or high LG may mean that we have
underestimated the number of patients that could potentially
be treated with non-PAP therapies. Second, this first modeling
attempt focuses only on NREM and supine sleep, which were
the conditions under which the traits were measured. However,
the traits may be profoundly affected by changes in sleep state;
for example, arousal threshold may vary throughout the night.
In practice, the traits could be measured in REM sleep, or as-
sumptions about sleep state changes could be made. The traits
could certainly be measured in the lateral position during a
research PSG, although this assumes that the lateral position
is enforceable in the home.??? Third, the modeled traits are
assumed to be steady state with no hysteresis and no substan-
tial variability across the night. For example, this suggests that
each arousal resets the system to the original starting state. In
reality, each arousal may contribute to a cumulative activation
of the upper airway musculature eventually leading to pharyn-
geal stability.” This dynamic behavior is not captured in our
current model and likely contributed to some of the false-nega-
tive predictions of the model. We cannot dismiss this behavior
because in some patients multiple arousals may then promote
stable breathing. Alternatively, the relationship between ven-
tilatory drive and achievable ventilation (i.e., UAG) may not
be linear. Whatever the nature of this potentially complex
relationship, it is encouraging that our simplified model still
appears to be useful in most patients. Fourth, the model only
loosely predicts OSA severity (data not shown). Thus, treat-
ments that might have clinical benefit (i.e., decreasing AHI
from 50 to 15 events/h) will not be considered as successes
using the current model. Similarly, we considered OSA to be
effectively treated by a reduction in the AHI to < 10 events/h;
however, there may be important implications of mild eleva-
tions in the AHI, or REM-related OSA. Fifth, the effect sizes of
the interventions on the traits are mean values and may differ
substantially between individuals. However, the effect size in
the model can be varied, and in the aforementioned analyses
we have chosen very conservative effect sizes. Finally, we
obviously did not do the actual trait manipulations that were
modeled to test the validity of the model. Such studies are
clearly needed.
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CONCLUSIONS

An integrative model of the traits important for OSA can
be used to predict population-wide and individual responses
to non PAP therapy. A substantial portion of patients with
OSA would be expected to be successfully treated based on
known trait manipulations. Individually, the model could
be used to predict response to different therapies, including
limiting potentially ineffective or harmful trait manipulation.
However, prospective studies are needed to confirm the model
predictions.
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SUPPLEMENTAL MATERIAL

Loop Gain

14

P=0.58
12

10

>

Ventilatory Demand/Ventilation deficit

DR olo
» »-»MI L S

NREM AHI <10 events/hr >10 events/hr

Figure S1—Loop gain (LG) in those with NREM AHI < and > 10 events/h,
and mean values (horizontal bars) for each group. AHI, apnea-hypopnea
index; ArTH, arousal threshold; NREM, nonrapid eye movement.
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Figure S3—The proportion of patients with an NREM AHI > 10 events/h
predicted to be successfully treated by improving either loop gain
(a reduction in loop gain) or the arousal threshold (an increase in the
arousal threshold) by 0 — 100%. Data points in red show the amount
of trait manipulation discussed in the manuscript. Please note, the
proportion of patients predicted to be effectively treated includes 3 OSA
subjects predicted by the model to have no OSA (i.e. false negatives).
AHI, apnea-hypopnea index; NREM, nonrapid eye movement;
OSA, obstructive sleep apnea.
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NREM AHI <10 events/hr >10 events/hr
Figure S2—Arousal Threshold Ventilation in those with NREM
AHI < and > 10 events/h, and mean values (horizontal bars) for each
group. Consistent with prior reports, the arousal threshold is significantly
greater in those with an elevated AHI. AHI, apnea-hypopnea index;
NREM, nonrapid eye movement.
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Figure S4—The proportion of patients with an NREM AHI > 10 events/h
predicted to be effectively treated by improvements in the passive
anatomy ventilation. The data point in red shows the amount of trait
manipulation discussed in the manuscript. Please note, the proportion
of patients predicted to be effectively treated includes three OSA
subjects predicted by the model to have no OSA (i.e. false negatives).
AHI, apnea-hypopnea index; LG, loop gain; NREM, nonrapid eye
movement; OSA, obstructive sleep apnea.
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Table $1—Clinical diagnosis, polysomnography data, trait measurements, and model predication for each subject.
Baseline Polysomnogram Research Polysomnogram Model Prediction
Passive Distance of
Total NREM REM Eupneic  Anatomy Upper  Arousal Equilibrium point
Subject  Clinical AHI AHI AHI Ventilation Ventilation Loop  Airway Threshold from the Arousal Sensitivity/
number Diagnosis  (events/r) (events/r) (events/h) (L/min)  (L/min) Gain Gain  (L/min) Threshold Prediction  Specificity
Subjects with
L‘fe'i':"sﬁ]':'u: 10 2 Control 24 0.8 96 5.24 29 141 025 1113 -348 Control ™
3 OSA 9.7 8.0 30.0 6.92 278 1.71 2.39 10.39 -2.08 Control FN
5 Control 22 0.0 10.0 591 5.07 2.88 0.18 8.05 -0.54 Control N
6 OSA 9.3 9.5 8.8 6.51 3.77 5.09 0.13 10.32 4.63 OSA TP
8 Control 0.9 0.0 43 6.20 413 6.31 0.65 12.78 -4.03 Control N
20 Control 0.4 0.0 24 5.97 5.21 4.42 -0.16 9.22 -1.32 Control N
22 Control 0.6 0.6 0.9 4.12 3.87 0.51 0.25 5.13 -0.90 Control N
27 OSA 1.1 4.0 379 5.77 1.03 10.87 1.20 10.22 -0.79 Control FN
31 Control 19 2.0 1.2 6.92 6.29 10.49 0.65 791 -0.14 Control N
57 OSA 5.3 24 254 4.61 3.59 3.69 0.04 5.84 1.99 OSA TP
63 Control 2.8 1.6 6.6 5.59 4.95 4.51 0.05 9.56 -1.57 Control N
76 OSA 9.7 9.9 8.6 6.80 2.39 2.07 0.55 9.80 127 OSA TP
82 OSA 5.6 35 18.0 5.25 3.57 3N 0.06 10.21 -0.59 Control FN
84 OSA 19.3 9.8 82.0 741 3.83 8.85 123 14.67 -4.59 Control FN
85 OSA 12.0 6.5 40.9 8.24 6.56 453 1.07 15.57 -6.04 Control FN
Subjects with
R > 10 9 O0SA 7 799 40 755  -151 350 012 1299 16.91 0SA TP
10 OSA 19.4 14.9 47.2 10.35 4.30 247 0.25 16.05 3.50 OSA TP
1 OSA 87.5 87.5 7.08 3.70 9.56 0.62 8.41 3.10 OSA TP
12 OSA 17.9 20.7 24.0 6.81 442 2.30 0.06 9.27 2.14 OSA TP
14 OSA 55.3 66.0 54.0 443 -1.39 3.06 0.43 7.70 445 OSA TP
15 OSA 13.1 16.7 45 7.21 1.24 5.30 0.20 16.09 6.67 OSA TP
18 OSA 39.0 52.4 29.6 6.83 344 3.07 -0.22 13.27 24.76 OSA TP
26 OSA 924 94.5 32.7 7.48 2.89 3.66 0.03 13.13 9.71 OSA TP
32 OSA 23.6 22.3 431 441 -0.14 2.58 0.66 9.38 -0.61 Control FN
35 OSA 26.1 28.7 8.0 6.20 0.40 1.43 1.02 9.33 0.24 OSA TP
36 OSA 39.3 54.4 60.0 7.37 513 5.74 -0.18 10.10 No equilibrium OSA TP
37 OSA 19.6 14.7 94.3 9.36 4.60 6.30 0.52 11.85 4.56 OSA TP
41 OSA 50.1 52.8 33.1 5.20 2.06 2.52 0.57 7.97 0.46 OSA TP
44 OSA 74.8 75.4 55.2 7.53 453 6.72 0.67 10.85 0.33 OSA TP
45 OSA 64.6 77.0 54.8 7.70 417 2.28 -0.70 12.04 No equilibrium OSA TP
46 OSA 19.5 16.0 458 4.04 0.92 0.75 1.75 6.15 -1.10 Control FN
47 OSA 321 311 43.2 6.28 2.83 372 2.74 8.62 -1.19 Control FN
48 OSA 31.9 335 229 7.37 5.1 1.7 0.41 10.96 0.94 OSA P
50 OSA 31.2 325 29.2 8.81 3.22 2.86 0.39 12.40 3.98 OSA TP
51 OSA 111.9 14.7 66.7 7.97 2.04 2.37 -0.36 16.46 82.33 OSA TP
52 OSA 47.0 4717 33.1 5.55 410 4.77 -0.44 11.55 No equilibrium OSA P
53 OSA 17.9 23.9 15.9 5.84 463 5.96 -0.18 8.47 No equilibrium OSA TP
54 OSA 102.7 121 69.0 7.39 5.23 7.80 -0.25 21.66 No equilibrium OSA TP
58 OSA 55.7 54.6 62.5 9.14 2.25 5.45 0.99 12.43 2.58 OSA TP
60 OSA 13.7 1.7 213 6.88 -0.54 7.05 1.09 12.15 0.77 OSA TP
61 OSA 64.5 63.6 65.2 8.42 -0.67 2.16 0.98 16.37 2.00 OSA TP
64 OSA 2715 27.9 213 6.12 0.79 1.72 -0.83 767 No equilibrium OSA TP
66 OSA 34.2 31.0 64.0 8.80 -3.03 1.57 0.59 11.78 6.67 OSA TP
67 OSA 19.1 15.2 412 7.52 3.61 2.20 0.17 12.44 1.31 OSA P
68 OSA 32.8 32.9 31.4 6.42 -2.20 8.39 0.69 12.94 4.19 OSA TP
73 OSA 32.0 313 4.7 9.96 3.50 261 0.22 17.15 3.53 OSA TP
75 OSA 38.9 416 311 7.14 -0.95 322 -0.20 8.73 69.56 OSA TP
7 OSA 17.0 12.8 41.0 8.30 5.41 5.16 0.56 12.70 -0.55 Control FN
78 OSA 36.7 354 76.0 6.00 1.03 3.55 0.76 9.22 1.55 OSA TP
79 OSA 84.6 85.1 77.6 10.46 2.94 6.25 -0.66 14.88 No equilibrium OSA TP
81 OSA 84.1 86.4 53.3 11.25 9.94 240 -0.14 15.88 0.14 OSA TP
86 OSA 444 44.3 46.2 741 -1.67 3.98 0.74 14.95 1.65 OSA TP
87 OSA 16.7 17.4 128 6.41 443 3.12 -0.25 10.40 22.50 OSA P
88 OSA 1.9 10.6 18.6 5.98 1.36 5.85 0.29 11.57 441 OSA TP
89 OSA 99.2 100.9 56.5 7.29 5.74 7.02 -0.41 14.15 No equilibrium OSA P
90 OSA 76.0 76.0 8.22 -1.26 1.99 1.09 13.82 0.35 OSA P
93 OSA 70.9 72.9 38.8 7.20 5.82 4.20 0.86 11.80 -1.38 Control FN

SLEEP, Vol. 38, No. 6, 2015 970B A Physiological Model of OSA Pathogenesis—Owens et al.



