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Abstract

Rationale:Owing to resource limitations, the testing of patients for
obstructive sleep apnea (OSA) is often delayed. There is a need to
accurately triage and expedite testing in those with a high pretest
probability ofOSA.Acoustic pharyngometry is a simple, noninvasive
technique used to assess the upper airway cross-sectional area
(UA-XSA), which is known to be reduced in those with OSA.

Objectives: To determine the discriminative ability and predictive
value of UA-XSA measurements by acoustic pharyngometry
for OSA.

Methods:We conducted a cross-sectional study with a clinical
cohort of consecutive adults with suspectedOSAwhohad undergone
both polysomnography and acoustic pharyngometry. OSA was
defined as an apnea–hypopnea index greater than or equal to 5.
Multivariable logistic regression analyses and receiver operating
characteristic curves were used.

Measurements and Main Results: The cohort included 576
subjects, 87% of whom had OSA and 64% of whom were men.

The subjects’median body mass index (BMI) was 30.3 kg/m2, and
their median age was 57 years. The median UA-XSA at FRC when
sitting was significantly smaller in those with OSA compared with
those without OSA (3.3 cm2 [interquartile range, 2.7–3.8] vs. 3.7 cm2

[interquartile range, of 2.9–4.2]). When the analysis was controlled
for age, sex, BMI, and comorbidities, the odds of OSA increased for
every 1-cm2 decrease in the mean UA-XSA FRC when sitting (odds
ratio, 1.62; 95% confidence interval, 1.23–2.13). The mean UA-XSA
provided fair discrimination for OSA (area under the curve, 0.60). A
cutoff value of 3.75 cm2, the point with the best sum of sensitivity and
specificity, had sensitivity of 73% and specificity of 46%. The
magnitude of the incremental discriminative value of UA-XSA over
clinical variables (age, sex, BMI, and comorbidities) was small and
nonsignificant (P = 0.5).

Conclusions: The mean UA-XSA at FRC when sitting or supine
provided no further significant advantage over clinical variables for
the discernment of OSA.
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Obstructive sleep apnea (OSA) is highly
prevalent in the general population (1), with
an estimated 80% of OSA being
undiagnosed (2, 3). Identification and

treatment of severe OSA may be important
to modify long-term cardiovascular and
cerebrovascular adverse outcomes (4–6)
and to improve health-related quality of life

(7–9). In many countries, resource
limitations contribute to significant delays
in the testing of patients for OSA with
standard polysomnography (PSG) (10).
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Expedited testing for OSA with PSG or
polygraphy would be possible if accurate
stratification of patients into high pretest
probability groups were feasible. However,
accurate determination of the pretest
probability for OSA has proven
challenging, and the performance of many
clinical prediction tools has been
underwhelming (11, 12).

Acoustic pharyngometry is a
noninvasive, cheap, and simple technique
used to assess upper airway cross-sectional
area (UA-XSA). This technique has been
validated previously for subjects with and
without OSA in the seated and supine
positions (13–16). While OSA is due to the
complex interplay of neuromuscular
anatomic factors and ventilator instability,
previous studies have highlighted the
importance of UA geometry in OSA
pathogenesis (17).

Acoustic pharyngometry evaluates the
static airway during the waking state when
there is neuromuscular activation, but
disregards dynamic and sleep state changes.
Notwithstanding the limitations of this
technique, studies using acoustic
pharyngometry have shown a significant
difference in UA-XSA measurements in
individuals with and without OSA,
suggesting great potential for this technique
in screening for OSA (16, 18). Current
evidence for acoustic pharyngometry is
inadequate, and published studies are
limited by small sample sizes and
analytical approaches used (16, 18). We
hypothesized that acoustic pharyngometry
would serve to play a role in screening for
OSA.

Therefore, the objectives of our study
were to determine the discriminative ability
and predictive value of UA-XSA
measurements for OSA in a large clinical
population of individuals referred with
suspected OSA. Some of the results of this
study were presented previously in the form
of a poster (19, 20).

Methods

Study Design and Population
We conducted a cross-sectional study with a
clinical cohort of consecutive adults with
untreated, suspected OSA who had
undergone both level 1 full diagnostic PSG
and acoustic pharyngometry between July
2009 and January 2014 at the University
Health Network, Toronto, Ontario, Canada.

Subjects with central sleep apnea and
poor-quality acoustic pharyngometry tracings
were excluded. A poor-quality acoustic
pharyngometry tracing was defined as per
the protocol as a tracing that was poorly
reproducible with a coefficient of variation
greater than 10%. The exclusion criteria for
the performance of acoustic pharyngometry
included previous oropharyngeal (OP)
surgery, intubation within the previous
6 months, severe lung disease requiring
supplemental oxygen, and known
neuromuscular disease or neurological
disease with facial paresis or OP dysphagia or
dyskinesia. Information on demographic
characteristics (age, sex, race, body mass
index [BMI]), level of daytime sleepiness as
measured using the Epworth Sleepiness Scale
(ESS) score, and prior comorbidities was also
collected. Ethical approval was obtained from
the University Health Network Research
Ethics Board (14-8019-BE).

Polysomnography
Subjects underwent overnight PSG at the
University Health Network. Standard
techniques and scoring criteria were used to
evaluate subjects for sleep stages and arousal
from sleep. OSA was diagnosed if the total
apnea–hypopnea index (AHI) was greater
than or equal to 5 on the basis of PSG.
Central and obstructive apnea and
hypopnea were defined according to the
American Academy of Sleep Medicine
guidelines (21). Apnea scoring required a
greater than 90% signal drop for at least
10 seconds, and hypopnea scoring required
a greater than 50% reduction in nasal
pressure signal excursions from baseline
and an associated greater than 3%
desaturation and/or arousal (21). The
scoring criteria were consistent over time.
For secondary analyses, other thresholds
were also considered to define the presence
of OSA: (1) AHI greater than or equal to
15, (2) AHI greater than 30, and (3)
different thresholds based on AHI in
association with the presence of excessive
daytime sleepiness (ESS score, >10).

Acoustic Pharyngometry
The UA-XSAwas determined using acoustic
pharyngometry (Eccovision; E. Benson
Hood Laboratories, Pembroke, MA) (13–
15) with subjects in two body positions: (1)
supine with their heads in the neutral
position and (2) sitting on a straight-backed
chair with head support while awake. The
device was positioned in the mouth using a

mouthpiece designed to secure the tongue
in place. Data were collected between 13:00
and 15:30 and analyzed by a trained
technician as previously described (22).

UA-XSA was determined as the mean
and minimum areas between the nasal and
OP junction (velum) and the glottis as
previously described (13). The mean
and minimum of three consecutive
measurements were used with a coefficient
of variation of less than 10% for each study.
UA-XSA was measured at the end of passive
expiration (at FRC), at maximal inflation
(at total lung capacity [TLC]), and at
maximal exhalation (at residual volume [RV]).

Analyses
Descriptive statistics were calculated to
characterize the entire sample and
subgroups by the presence of OSA and by
sex. Spearman’s rho correlations between
UA-XSA measurements and OSA severity
measurements (total AHI, supine and
nonsupine AHI, REM and non–REM AHI,
mean SaO2

, minimum SaO2
, and ESS score)

were calculated. Characteristics of
individuals who were diagnosed with OSA
versus those who were not were compared
using Student’s t test for continuous
variables for normally distributed data
(Wilcoxon’s signed-rank test for
nonnormally distributed data) or the
chi-square test for categorical variables.

Main analyses. For the main analyses,
multivariable logistic regression was used to
investigate the relationship between the
mean UA-XSA at FRC and the diagnosis of
OSA. The results were expressed as odds
ratios (ORs) and 95% confidence intervals
(CIs) indicating change in the odds of the
presence of OSA per 1-cm2 change in the
UA-XSA. Additional covariates included
were the subject’s age in years, sex, and
comorbidities (hypertension, heart disease,
kidney disease, lung disease, and diabetes).
Variables were entered into the statistical
model using stepwise regression (23). The
estimates derived from the logistic
regressions were used also to calculate
predicted probabilities at specific values of
a key predictor when other covariates
remained the same (e.g., sex, age, and
comorbidities). To evaluate the
performance of our statistical models, we
used overall measures such as R2 and
discrimination statistics such as the
C-statistic (24). The slope shrinkage factor
was estimated on the basis of the model fit
as (LR2df)/LR, where LR is the likelihood
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ratio; values of at least 0.90 were considered
acceptable and indicated no evidence of
overfitting (24). The Hosmer-Lemeshow
test was used to determine the goodness of
fit of the logistic regression.

We used receiver operating
characteristic (ROC) curves to evaluate the
ability of the mean UA-XSA at FRC to
discriminate those subjects who were from
those who were not diagnosed with OSA.
Predefined rules to assess the classification
performance according to the area under the
ROC curve (AUC) values were applied:
AUC of 0.5, no good classification;
0.5,AUC, 0.6, poor classification;
0.6<AUC, 0.7, fair classification;
0.7<AUC, 0.8, acceptable classification;
0.8<AUC, 0.9, excellent classification;
and AUC greater than or equal to 0.9,
outstanding classification (25). The mean
UA-XSA values that provided optimal
discrimination on the basis of the sum of
sensitivity and specificity were determined.
To quantify improvement in discrimination
ability associated with the UA-XSA,
the AUC, R2, and model fit were compared
between models with and without the
UA-XSA included as a predictor. The ROC
curves were compared using DeLong’s test
for correlated ROC curves (26). An LR test
was used to compare the fit of two models.
Given sex- and ethnicity-related differences
in upper airway anatomy (27, 28), we tested
the predictive and discriminative ability of
the mean UA-XSA at FRC separately for
men and women as well as for white race.

Secondary analyses. For the secondary
analyses, the predictive and discriminative
ability of the minimumUA-XSA at FRC and
the utility of the mean and minimum
UA-XSA at TLC and RV were examined.
The predictive and discriminative ability of
the upper airway length was also examined.
OP length was calculated for subjects in the
sitting and supine position (OP sit, OP
supine) as distance between the glottis and
the velum and was corrected by a person’s
height. We also explored the predictive and
discriminative ability of the UA-XSA using
different definitions of OSA as described
above, as well as different measures of OSA
severity such as REM or supine AHI.
Analyses were conducted using R version
2.15.1 software.

Power Calculation
Given that the goal of our study was to
determine whether the diagnostic test
(different measures of the UA-XSA) has any

ability to discriminate patients with OSA
from control subjects, we based our power
estimation on a hypothesis about whether
the AUC exceeds 0.5. With the number of
cases at 500, the number of controls at 76,
and the type I error rate at 0.05, our study
was reasonably powered (b> 0.80) to
assess diagnostic tests with an AUC greater
than or equal to 0.60 (i.e., to reject the null
hypothesis that AUC = 0.5; see Equations 2
and 3 in Obuchowski and colleagues [29]).

Results

Subjects
During the study period, 662 subjects
underwent acoustic pharyngometry. Of
these subjects 36 were excluded because of
the presence of treated OSA, 33 because of
the absence of PSG performed at the
University Health Network, 1 subject
because of central sleep apnea, and 16

subjects because of poor-quality acoustic
pharyngometric tracings. Among the
576 subjects included, 500 (87%) had OSA
(AHI, >5). Acoustic pharyngometry was
performed within 35 days (interquartile
range [IQR], 39 d) of the diagnostic PSG.
Participants were predominantly middle-
aged, obese men with a moderate degree of
OSA (Table 1). A significant proportion of
the subjects had medical comorbidities, but
did not have excessive daytime sleepiness as
measured using the ESS.

Larger upper airways were observed
in men than in women. A statistically
significant difference was observed in mean
UA-XSA at FRC in any position (Table 1).
Significantly larger reductions in UA-XSA
with the supine posture occurred in men
than in women (Table 1). In addition,
significantly (P, 0.01) larger UA-XSA was
observed in elderly subjects than in their
younger counterpart (mean UA-XSA at
FRC when sitting was 3.5 cm2 in

Table 1. Characteristics of clinical cohort: total sample and by sex

Characteristics Total Sample
(n = 576)

Women
(n = 207)

Men
(n = 369)

Demographics
Age, yr 57.0 (48.0–65.0) 58.0 (48.0–65.0) 56.0 (47.0–65.0)
Male sex, n (%) 369 (64) — —
BMI, kg/m2 30.3 (26.8–34.7) 31.4 (27.2–37.2) 29.9 (26.8–33.8)
White race, n (%) 502 (87) 182 (88) 320 (87)

Symptoms
ESS score 7.0 (4.0–10.0) 7.0 (4.0–11.3) 7.0 (4.0–10.0)

Polysomnography
AHI, events/h 21.0 (9.8–40.1) 14.9 (7.1–31.4) 25.5 (11.2–45.5)
AHI >5, n (%) 500 (87) 171 (83) 329 (89)
AHI >15, n (%) 354 (61) 102 (49) 252 (68)
AHI .30, n (%) 211 (37) 54 (26) 157 (43)
Sleep efficiency, % 77.8 (65.0– 87.2) 78.9 (67.1–87.1) 77.0 (64.3–87.2)
N1, % 8.6 (4.9–14.5) 6.9 (4.2–12.7) 9.8 (5.7–15.9)
N2, % 59.2 (50.9–67.6) 56.5 (48.4–66.9) 60.3 (53.8–68.2)
N3, % 14.2 (5.5–22.3) 19.7 (10.6–28.4) 12.4 (3.1–19.4)
REM, % (missing = 1) 14.3 (9.05–18.8) 13.9 (8.3–18.5) 14.6 (9.3–19.0)
Mean SaO2

, % 94.4 (93.0–95.8) 94.6 (93.3–96.2) 94.4 (92.9–95.7)
Minimum SaO2

, % 84.0 (78.0–89.0) 85.0 (78.5–89.0) 84.0 (78.0–88.6)
Comorbidities
Heart disease, n (%) 232 (40.3) 69 (33.3) 163 (44.2)
HTN, n (%) 278 (48) 102 (49) 176 (48)
Lung disease, n (%) 84 (15) 28 (14) 56 (15)
Kidney disease, n (%) 53 (9) 24 (12) 29 (8)
Diabetes, n (%) 92 (16) 37 (18) 55 (15)

Mean UA-XSA at FRC, cm2

Sitting (missing n = 2) 3.3 (2.7–3.9) 2.9 (2.4–3.5) 3.5 (2.9–4.1)*
Supine (missing n = 16) 2.4 (2.1–2.9) 2.3 (2.0–2.8) 2.5 (2.1–3.0)*
Change (missing n = 18) 0.8 (0.4–1.3) 0.5 (0.2–1.0) 0.9 (0.5–1.4)*

Definition of abbreviations: AHI = apnea–hypopnea index; BMI = body mass index; ESS = Epworth
Sleepiness Scale; HTN = hypertension; N1 = Stage N1 sleep; N2 = Stage N2 sleep; N3 = Stage
N3 sleep; REM = rapid eye movement sleep; UA-XSA = upper airway cross-sectional area.
Data are presented as median (interquartile range) or number (percent).
*P, 0.01 as compared with women for mean UA-XSA.
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individuals older than 55 years of age vs. 3.2
cm2 in those aged 55 years and younger).
Compared with subjects without OSA, the
mean UA-XSA at FRC when sitting was
significantly smaller in those without OSA:
3.3 cm2 (IQR, 2.7–3.8) and 3.7 cm2 (IQR,
2.9–4.2), respectively (Table 2). Subjects
with OSA were predominantly men with a
higher BMI and a higher prevalence of
hypertension, diabetes, and heart and
kidney disease.

Although some correlations between
UA-XSA measurements and PSG variables
were statistically significant (P, 0.05)
and stronger between the UA-XSA
measurements and REM or supine AHI
than the total AHI, the magnitude of the
correlations did not exceed 0.2, indicating
weak or no correlation (Figure E1 in
the online supplement). Spearman’s
correlation coefficients between UA-XSA
measurements and total AHI, supine
AHI, and REM AHI ranged from 0.05– to
0.08, indicating no association.

Prediction of OSA

Logistic regression approach. The odds of
OSA significantly increased for every 1-cm2

decrease in the mean UA-XSA at FRC
when sitting (OR, 1.62; 95% CI, 1.23–2.13)
when the analysis was controlled for age,
sex, BMI, and comorbidities (Table 3). In
women, a 1-cm2 lower mean UA-XSA at
FRC when sitting (e.g., 2.5 cm2 vs. 3.5 cm2)
was associated with a 90% increase in the
odds of OSA or a 16% increase in
predicted probability of OSA when other
covariates remained the same. In men, a
1-cm2 lower mean UA-XSA at FRC
when sitting (e.g., 3 cm2 vs. 4 cm2) was
associated with a 54% increase in the
odds of OSA or an 11% increase in
predicted probability of OSA when other
covariates remained the same. The
C-index for the models selected in
stepwise regression (Table 3) ranged
from 0.75 (in men) to 0.86 (in women),
indicating a good predictive ability (24).

The R2 for the models ranged from 0.18
(in men) to 0.41 (in women), indicating
that our models explained from 18 to
41% of the response variable variation
with no evidence of overfit based on the
slope shrinkage factor.

Receiver operating characteristic curve
approach. Poor to fair discriminative
ability was observed for different cutpoints
of the mean UA-XSA (Table 4). A cutoff
value for the mean UA-XSA of 3.75 cm2

at FRC when sitting provided fair
discrimination for OSA (sensitivity,
73%; specificity, 46%; AUC, 0.60). For the
mean UA-XSA of 2.7 cm2 at FRC when
sitting (25th percentile), sensitivity was
24% (95% CI, 20–28%) and specificity
was 82% (95% CI, 72–89%). The mean
UA-XSA at FRC for either sex when
supine was not superior to that while
sitting. However, the cutoff value for
the mean UA-XSA at FRC when sitting
and supine differed significantly
between sexes, although the discriminative
ability was similar (Table 4). In women,
for the mean UA-XSA of 2.4 cm2 at FRC
when sitting (25th percentile), sensitivity
was 22% (95% CI, 15–28%) and specificity
was 89% (95% CI, 78–97%). In men, for
the mean UA-XSA of 2.9 cm2 at FRC when
sitting (25th percentile), sensitivity was
23% (95% CI, 19–28%) and specificity was
85% (95% CI, 73–95%).

The discriminative ability of the model
that included the mean UA-XSA at FRC
when sitting, age, sex, BMI, and heart,
kidney, and lung disease were significantly
better (P, 0.0001) than the mean UA-XSA
alone (AUCs, 0.8 vs. 0.6) (Figure 1). No
significant improvement in discriminatory
ability was observed when UA-XSA FRC
when sitting was added to clinical
variables (P = 0.5): AUC of 0.80 (95% CI,
0.74–0.85) versus 0.79 (95% CI, 0.73–0.84)
for the clinical factors only (Figure E1 and
Table 1). The magnitude of the incremental
predictive value of the UA-XSA over clinical
variables as measured by R2 was very small
and insignificant (Table E1); however,
additionally including the UA-XSA into the
statistical model significantly improved the
model fit (P, 0.001).

Secondary Analyses
Varying the AHI cutoff threshold to define
OSA or analyzing the mean and minimum
UA-XSA at RV and TLC did not yield
better predictive or discriminative ability
(Tables E2–E4). A significant association in

Table 2. Clinical characteristics in cohort with and without obstructive sleep apnea

Characteristics OSA (n = 500) No OSA (n = 76) P Value

Demographics
Age, yr 48.0 (39.0–57.5) 47.5 (31.8–62.0) ,0.0001
Male sex, n 329 (66) 40 (53) 0.04
BMI, kg/m2 31.1 (27.5–35.3) 27.0 (24.2–31.2) ,0.0001

Symptoms
ESS 7 (4–10) 6 (3–12) 0.79

Polysomnography
Sleep efficiency, % 77.6 (64.4–86.9) 78.8 (69.8–88.7) 0.26
N1, % 9.0 (5.1–14.9) 6.2 (3.8–13.0) 0.01
N2, % 59.4 (50.8–68.1) 57.7 (51.8–63.6) 0.20
N3, % 13.6 (5.2–22.0) 18.1 (11.8–24.1) 0.01
REM, % 14.2 (9.3–18.7) 15.1 (8.2–20.4) 0.28
AHI, events/h 25.0 (13.7–43.3) 2.3 (1.0–3.4) ,0.0001
Mean SaO2

, % 94.2 (92.8–95.5) 94.4 (96.2–97.1) ,0.0001
Comorbidities
Hypertension, n (%) 257 (51) 21 (28) 0.0002
Heart disease, n (%) 216 (43) 16 (21) 0.0004
Lung disease, n (%) 71 (14) 13 (17) 0.62
Kidney disease, n (%) 52 (10) 1 (1) 0.02
Diabetes, n (%) 87 (17) 5 (7) 0.03

UA-XSA area at FRC, cm2

Mean
Sitting 3.3 (2.7–3.8) 3.7 (2.9–4.2) 0.006
Supine 2.4 (2.1–2.9) 2.7 (2.1–2.9) 0.17
Change 0.8 (0.4–1.3) 0.9 (0.5–1.6) 0.06

Minimum
Sitting 2.0 (1.6–2.5) 2.1 (1.8–2.6) 0.09
Supine 1.6 (1.3–1.9) 1.7 (1.3–1.9) 0.33
Change 0.45 (0.06–0.81) 0.47 (0.04–1.05) 0.35

Definition of abbreviations: AHI = apnea–hypopnea index; BMI = body mass index; ESS = Epworth
Sleepiness Scale; N1 = Stage N1 sleep; N2 = Stage N2 sleep; N3 = Stage N3 sleep; REM= rapid eye
movement sleep; OSA = obstructive sleep apnea; UA-XSA = upper airway cross-sectional area.
Data are presented as median (interquartile range) or number (percent).
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the univariate logistic regression model
was observed only between OP seated and
the presence of OSA (P = 0.02). When
primary analyses were replicated, this
measurement did not show better
discriminative ability (AUCs ranged
from 0.51 to 0.58).

Discussion

To our knowledge, this is the largest study to
date performed in a clinical population of
consecutive patients with suspected OSA to
examine the predictive and discriminative
ability of the UA-XSA measured using

acoustic pharyngometry. This study
demonstrates that the mean UA-XSA at
FRC when sitting was a significant predictor
of OSA when we controlled for important
confounders. However, it also demonstrates
that the discriminant validity was only fair
for identifying those with OSA.

Consistent with other studies, we found
that the UA-XSA measurements were
significantly associated with the presence of
OSA when we controlled for confounders
using logistic regression in a clinical cohort
of patients with suspected OSA and multiple
comorbidities (16, 18). Yet, using an ROC
approach, we found that the discriminative
ability of the UA-XSA measurements was
only fair. Only one other study, performed
by DeYoung and colleagues, used this
approach (18). Specifically, the reported
AUC for the minimal cross-sectional area
predicting an AHI less than 15 per hour
in their study was 0.85, which was
considerably higher than in our study. The
observed difference between DeYoung’s
study and our study may be explained by
their smaller cohort (60 vs. 576 subjects),
data collected from clinical and community
samples (51 and 9, respectively) versus data
collected from a clinical cohort only,
disparate distribution of cases as compared
with our study (OSA vs. controls, 1:1 vs.

Table 3. Results of multivariable logistic regression analyses

Odds Ratio (95% Confidence Interval)

Total Sample* Women† Men‡ White Race*

Sitting
Per 1-cm2 decrease in UA-XSA 1.62 (1.23–2.13) 1.90 (1.11–3.25) 1.54 (1.10–2.15) 1.53 (1.14–2.05)
C-index 0.80 0.86 0.75 0.81
R2 0.27 0.41 0.18 0.29
Slope SFx 0.92 0.93 0.85 0.92

Supine
Per 1-cm2 decrease in UA-XSA 1.14 (0.75–1.74) 1.55 (0.73–3.31) 0.98 (0.57–1.66) 1.12 (0.71–1.76)
C-index 0.80 0.86 0.75 0.81
R2 0.26 0.44 0.15 0.29
Slope SFx 0.917 0.94 0.82 0.92

Change
Per 1-cm2 decrease in UA-XSA 1.87 (1.31–2.66) 1.56 (0.75–3.25) 1.91 (1.27–2.87) 1.70 (1.17–2.49)
C-index 0.81 0.87 0.77 0.82
R2 0.29 0.44 0.20 0.32
Slope SFx 0.927 0.94 0.87 0.92

Definition of abbreviations: SF = shrinkage factor; UA-XSA = upper airway cross-sectional area.
The data show an association between the upper airway cross-sectional area at FRC and the presence of obstructive sleep apnea when the analysis was
controlled for age, sex, and comorbidities.
*Statistical model for the total sample and white race, based on stepwise regression: UA-XSA; age; body mass index (BMI); sex; and heart, kidney, and
lung diseases.
†Statistical model in women: UA-XSA, age, BMI, and kidney disease.
‡Statistical model in men: UA-XSA, age, BMI, and heart and lung disease.
xThe slope shrinkage factor was estimated from the model fit as (LR2df)/LR, where LR is the likelihood ratio; values of at least 0.90 were considered
acceptable and indicate no evidence of overfitting.

Table 4. Results of receiver operating characteristic curve analyses

Best* Threshold Specificity
(95% CI)

Sensitivity
(95% CI)

AUC†

(95% CI)

Entire sample
Sitting 3.75 cm2 0.46 (0.34–0.57) 0.73 (0.69–0.77) 0.60 (0.53–0.67)
Supine 2.65 cm2 0.52 (0.41–0.63) 0.66 (0.62–0.70) 0.55 (0.48–0.62)
Change 1.45 cm2 0.31 (0.20–0.41) 0.82 (0.79–0.86) 0.57 (0.50–0.64)

Women
Sitting 3.75 cm2 0.39 (0.25–0.56) 0.88 (0.84–0.92) 0.66 (0.56–0.76)
Supine 2.65 cm2 0.51 (0.34–0.69) 0.73 (0.66–0.80) 0.60 (0.49–0.70)
Change 0.35 cm2 0.83 (0.69–0.94) 0.35 (0.27–0.43) 0.60 (0.50–0.71)

Men
Sitting 4.55 cm2 0.33 (0.18–0.48) 0.86 (0.82–0.90) 0.60 (0.50–0.69)
Supine 2.65 cm2 0.53 (0.38–0.68) 0.63 (0.57–0.68) 0.53 (0.44–0.63)
Change 1.55 cm2 0.40 (0.25–0.55) 0.80 (0.76–0.84) 0.59 (0.49–0.69)

Definition of abbreviations: AUC = area under the receiver operating characteristic curve;
CI = confidence interval.
Data represent the AUC as well as the specificity and sensitivity of optimal cutpoints for discriminating
patients with versus without obstructive sleep apnea using the mean upper airway cross-sectional
area at FRC.
*“Best” means the point with the best sum of sensitivity and specificity.
†Based on DeLong’s test (26).
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6.6:1), and the failure to consider race as a
confounder (30).

Importantly, our results highlight the
limitations of the use of the OR, a single
measure of association, as an effective tool
for classifying persons (31). While
investigating the relationship between an
OR and ROC curves, it has been illustrated
that a predictor with an OR of 3 or greater
may in fact be a very poor classification
tool. The ROC curve approach has been
recommended as one of the appropriate
classification tools, given that it does not
depend on the units in which the predictor
was measured (e.g., as we reported above,
OR per 1-cm2 decrease). Moreover, ROC
curves provide a natural common scale for
comparing different markers even when
they are measured in completely different
units. Using ROC curves, the UA-XSA had
only poor to fair discriminant value, which
was significantly improved as measured by
the AUC from 0.6 to 0.8 by the addition of
age, sex, BMI, and comorbidities to the
model. The added discriminatory value of
knowing UA-XSA beyond the clinical
information was small and nonsignificant.
This suggests that, despite the magnitude of
the effect the UA-XSA (as measured by
OR) being relatively large and significant
controlling for confounders, further studies

are needed to test the incremental value of
the UA-XSA in the predictive model over
a range of patient demographics and
anthropometric measurements (32). In
particular, acoustic pharyngometry may be
more predictive in a community sample,
but further work is required to develop and
validate a predictive model.

In agreement with prior studies, we
have shown that the mean UA-XSA in men
is larger than in women, that significant
reductions in the mean UA-XSA occur from
the sitting to the supine position, and
that those reductions were greater in men
than in women (28.5% vs. 20.7% in
our study, respectively) (28, 33). Similarly to
other studies, we observed an increase in
the UA-XSA with age (34). This may be
due to age-related neurogenic and muscular
changes to the airway wall or enlargement
in UA soft tissues that may impact the
mechanical interactions between the UA
and extraluminal forces, causing alterations
to the UA geometry (32, 34).

Moreover, as shown in previous work,
there was a smaller mean UA-XSA at
FRC (16, 28) and also a smaller UA-XSA at
FRC in the supine position than in the
nonsupine position in those with and
without OSA, consistent with other studies
(16). Similarly to the Brown and colleagues

study, no significant differences were
observed in the positional change in the
mean and minimum UA-XSA between
those with and without OSA (35). However,
contrary to the studies by Monahan and
colleagues and DeYoung and coworkers, we
did not demonstrate a significant difference
in the minimum UA-XSA at FRC (18, 28).
The reason for these differences is
uncertain, but our subjects were less obese.
As obesity is known to cause greater
reductions in pharyngeal size, it may be a
factor in the apparent differences between
studies (36).

One of the key pathophysiological
causes of OSA is the anatomically
compromised airway (17, 37). The supine
body position is posited to have a strong
influence on both the presence and severity
of OSA (38) and the UA-XSA (35).
However, in our study, evaluation of the
UA-XSA at FRC when supine or the
change in the UA-XSA upon lying down
did not further enhance the ability to
predict OSA. This may be due to the
greater importance of reductions in FRC
in those with supine OSA as a triggering
factor for OSA rather than the changes in
UA shape or size (39). Furthermore, the
pathogenetic mechanisms responsible for
OSA are multifactorial, and the activation
of pharyngeal dilator muscles during
the waking state and the absence of
ventilatory instability may explain the
fair to poor discriminative ability found
in our study. Although, the use of REM
AHI rather than total AHI as a surrogate
measurement of the atonic airway did
not change the predictive and
discriminative ability of the UA-XSA
measurements considerably.

Strengths and Limitations
Our study has a number of strengths,
including the relatively large sample size
and our analysis of results based on both sex
and race. There are also a number of
limitations evident in this study, including
the absence of some key anthropometric
and physiological variables, such as neck
circumference, waist-to-hip ratio, and lung
volumes in both the supine and seated
positions, that may have improved the
predictive ability of our model (39, 40).
Moreover, the performance of testing
during the waking state may not
accurately predict the UA-XSA during
sleep, and we did not assess pharyngeal
collapsibility, which may be of greater

Specificity

S
en

si
tiv

ity

0.0

0.2

0.4

0.6

0.8

1.0

1.0 0.8 0.6 0.4 0.2 0.0

AUC: 0.794 (0.738–0.851)
AUC: 0.787 (0.731–0.844)
AUC: 0.597 (0.528–0.666)

Figure 1. Results of receiver operating characteristic curve analyses: ability of clinical factors alone
(green line), upper airway cross-sectional area alone (purple line), and these measurements in
combination with clinical factors (blue line) to discriminate individuals with from those without a
diagnosis of obstructive sleep apnea (apnea–hypopnea index >5). The clinical factors studied were
age; body mass index; sex; and prior heart, kidney, and lung disease AUC = area under the receiver
operating characteristic curve.
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importance in older subjects with regard
to the pathogenesis of OSA (41, 42).
Furthermore, our study was conducted in a
single academic sleep center with a cohort
of subjects with suspected OSA, which may
limit its generalizability and make it prone
to spectrum bias. The small cohort of
subjects with an AHI less than 5 per hour
may explain the poorer performance of
acoustic pharyngometry in our population.

As a community sample has less spectrum
bias, this test may perform superiorly in
that setting.

Conclusions
As a screening tool, acoustic pharyngometry
is performed quickly and easily in awake
subjects. Although the mean UA-XSA at
FRC when sitting was a significant predictor
of OSA when the analysis was controlled for

important confounders, it had only fair
discriminant validity for identifying those
with OSA in a clinical population and had
no significantly greater discriminant value
than the use of clinical variables.
Therefore, it is probably of no clinical utility
in this setting. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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