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Study Objectives: Lung mechanics in the overlap of COPD and sleep apnea impact the severity of sleep apnea. Specifically, increased lung compliance 
with hyperinflation protects against sleep apnea, whereas increased airway resistance worsens sleep apnea. We sought to assess whether the expiratory 
time constant, which reflects lung mechanics, is associated with sleep apnea severity in such patients.
Methods: Polysomnographies in 34 subjects with the overlap syndrome were reviewed. Three time constants were measured for each of up to 5 stages 
(wake, NREM stages, and REM). The time constants were derived by fitting time and pressure coordinates on the expiratory portion of a nasal pressure 
signal along an exponentially decaying equation, and solving for the time constant. Demographics, morphometrics, wake end-tidal CO2, right diaphragmatic 
arc on a chest radiograph, and the apnea-hypopnea index (AHI) were recorded.
Results: The time constant was not associated with age, gender, body mass index, right diaphragmatic arc, or wake end-tidal CO2, and was not significantly 
different between sleep stages. A mean time constant (TC) was therefore obtained. Subjects with a TC > 0.5 seconds had a greater AHI than those with a 
TC ≤ 0.5 seconds (median AHI 58 vs. 18, respectively, p = 0.003; Odds ratio of severe sleep apnea 10.6, 95% CI 3.9–51.1, p = 0.005).
Conclusions: A larger time constant in the overlap syndrome is associated with increased odds of severe sleep apnea, suggesting a greater importance of 
airway resistance relative to lung compliance in sleep apnea causation in these subjects.
Keywords: obstructive sleep apnea severity, chronic obstructive pulmonary disease, expiratory airflow, respiratory mechanics
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INTRODUCTION

During breathing, the pattern of expiratory flow reflects the 
mechanical properties of the lung. For instance, under condi-
tions of passive expiration, the decay follows an exponential 
course from which a time constant can be derived. This time 
constant reflects the time required for the expiratory flow to 
decay to 37% of its peak value at the beginning of expiration. 
As such, the time constant is a measure of the tempo of empty-
ing of the lungs during exhalation, and a function of the lung 
mechanics. Under ideal circumstances of passive expiration 
and single compartment model, the time constant is the prod-
uct of airway resistance and lung compliance.1,2

Both lung compliance and airway resistance are increased 
in chronic obstructive pulmonary disease (COPD), delaying 
lung emptying and prolonging the expiratory time constant. 
The overlap syndrome, representing a combination of COPD 
and obstructive sleep apnea syndrome (OSAS), therefore 
provides a unique opportunity to evaluate the potential im-
pact of impaired lung mechanics, as reflected by the time 
constant, on the severity of the apnea-hypopnea index (AHI). 
For instance, increased compliance and hyperinflation from 
COPD may reduce the severity of OSAS by increasing the 
traction on the upper airway and reducing its collapsibility.3,4 
In contrast, an increase in lower airway resistance may 
increase the negative inspiratory pressure and promote 
obstructive sleep apnea.5
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We therefore sought to study patients with the overlap of 
COPD and OSAS to assess primarily the potential association 
and directionality of the association between the expiratory 
time constant (as obtained from the nasal pressure signal dur-
ing polysomnography) and the AHI, and secondarily whether 
the time constant differs across sleep stages from variations of 
lung volumes and airway resistance.6

METHODS

Subject Selection
This study used a cohort of adult subjects with both COPD and 
OSAS (overlap syndrome) from a previous study.7 From this 

BRIEF SUMMARY
Current Knowledge/Study Rationale: The expiratory time constant 
on the expiratory portion of a nasal pressure signal obtained during 
polysomnography reflects lung mechanics. We sought to assess 
whether that time constant is associated with sleep apnea severity 
in subjects who have both impaired lung mechanics from COPD and 
sleep disordered breathing from sleep apnea.
Study Impact: Our findings indicate that increased airway 
resistance may contribute to the development of obstructive sleep 
apnea in the overlap syndrome, suggesting a potential role for 
interventions that reduce airway resistance in the management of 
obstructive sleep apnea in this context.
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cohort, we selected those with a complete full-night polysom-
nography. The diagnosis of COPD was confi rmed by review 
of the medical records for a clinical diagnosis of COPD along 
with spirometry showing a post-bronchodilator forced expira-
tory volume in 1 second to forced vital capacity ratio (FEV1/
FVC) of < 0.70.8 OSAS was defi ned as an AHI ≥ 5 along with 
signs or symptoms of disturbed sleep.9

Measurements
The oral/nasal cannula used for pressure monitoring (Salter 
5744 from Salter labs, Lake Forest, IL) was positioned with 
the tip of the prongs inside the nose, and connected to a pres-
sure transducer with a sampling rate of 25 Hz. Predicted vari-
ables for the spirometry used the Third National Health and 
Nutrition Examination Survey reference.10 Predicted values for 
lung volumes and diffusing capacity used Crapo and Miller 
references, respectively.11,12 All sleep studies were full-night 
attended laboratory polysomnographies, manually scored by 
technicians and then reviewed by board-certifi ed sleep medi-
cine physicians using the 2007 scoring rules of the American 
Academy of Sleep Medicine.13

The expiratory portion of selected breaths, as captured on a 
nasal pressure transduced signal was analyzed. We excluded 
breaths that were part of a sleep disordered breathing sequence 
(including those with apnea on the thermistor channel, hypop-
nea or fl ow limitation on the nasal pressure signal), breaths 
with signifi cant artifacts, and those with a convex appearance 
to the expiratory fl ow, perhaps indicating extension of inspira-
tory muscle activity into expiration.2 Figures 1A and 1B are 
representative of selected breaths. A time constant was derived 
by selecting 6 time and nasal pressure coordinates at 0.2-s in-
tervals along the expiratory portion of a nasal pressure signal, 
between the peak expiratory fl ow and the return to zero fl ow 
(Figure 1), fi tting those 6 coordinates along an exponentially 
decaying equation P (t) = P (0)*e (−t/τ), and solving for the expi-
ratory time constant τ (Figure 2).14 To ensure adequate passive 
expiration and signal quality, waveforms with a coeffi cient of 
determination (R2) ≥ 0.95 were selected, indicating that ≥ 95% 
of the variance in the nasal pressure signal is explained by the 
regression equation and that the equation reliably matches the 
actual data with little loss of information, thereby ensuring 
that the derived time constants are accurate.

Figure 1—Inspiratory and expiratory portion of two breaths.

Zoomed-in view of the inspiratory and expiratory portion of two breaths captured on a nasal pressure signal during polysomnography that are representative 
of those we selected for analysis. Inspiration has negative amplitude readings that follow a sinusoidal pattern above the zero baseline in the absence of fl ow 
limitation, whereas expiration has positive amplitude readings that follow an exponential pattern of decay from peak expiration back to the zero baseline 
in the context of passive expiration (appearing as a downward concavity). Time markers at 0.2 second intervals are shown in panel A. Six coordinates are 
measured from the fi rst time marker after the peak expiratory fl ow to the last marker before return to the zero baseline. The amplitude is the defl ection from 
baseline in millivolts, as determined by placing the cursor on the display at the corresponding time coordinate. (A) Patient with FEV1 48% predicted and 
apnea-hypopnea index of 17.4. The expiratory time constant in this tracing is 0.44 (see derivation in Figure 2). (B) Patient with FEV1 71% predicted and 
apnea-hypopnea index of 61. The expiratory time constant in this tracing is 0.59. The longer time constant in panel B relative to panel A can be visually 
appreciated by the fl atter concavity and a slower return to the baseline.

A

B
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Three time constants were measured for each stage from 
wake through stage N1, N2, N3, and REM sleep for up to 15 es-
timates per patient. We obtained demographic data (age, gen-
der), morphometrics (body mass index), Epworth Sleepiness 
Scale, spirometry data (FEV1% predicted), polysomnographic 
data (AHI, REM sleep stage as percent total sleep time, the 
percent of sleep spent at an oxygen saturation level < 90%, the 
percent of sleep spent in the supine position, awake end-tidal 
carbon dioxide [CO2]), as well as lung volumes and diffusion 
capacity when available. The right diaphragmatic arc, a mea-
sure of hyperinflation which has been found to correlate sig-
nificantly with pulmonary function tests, was also recorded.15

Statistical Analysis
Linear mixed model was performed to assess the associa-
tion between time constant and variables of interest, with 
sleep stages as a fixed effect, and accounting for the correla-
tion within subjects. Continuous variables were presented as 
mean ± standard deviation (SD) or median (interquartile range), 
with comparison of variables between groups performed by t 
tests or the Mann-Whitney U test depending on the data dis-
tribution (normal or non-normal respectively). Two-by-two 
cross-tabulation analyses were performed using the χ2 test or, 
alternatively, the Fisher exact test when any cell of the contin-
gency table contained < 5 counts. Significance was defined as 
p < 0.05. SAS version 9.3 (SAS Institute Cary, NC) was used in 
the linear mixed model and SPSS 11.5 (SPSS, Chicago IL) for 
other analyses. This study was approved by the investigational 
review board of the Cleveland Clinic.

RESULTS

Of the 48 subjects of the original cohort of patients with the over-
lap syndrome,7 34 had complete full-night diagnostic polysom-
nography available for review. A mixed model analysis showed 
no significant differences in the time constant between sleep or 
wake stages, and there was no significant association between 
various variables and the time constant, except for a significant 
positive correlation with the percent of supine sleep (Table 1).

As there was no difference in time constant τ between sleep 
or wake stages, we obtained an average time constant (TC) 
from those obtained across all stages. The mean TC was 0.60 s 
with a non-normal distribution, and median TC (interquartile 
range) 0.48 (0.30–0.67) seconds.

Comparing groups separated by a rounded up median TC of 
0.5 s (with 17 subjects in each group), the median AHI (inter-
quartile range) was 17.5 (11.6–29.4) for overlap subjects with 
time constant ≤ 0.5 sec and 57.6 (31.1–74.9) for those with a 
time constant > 0.5 sec (p = 0.003) (Table 2 and Figure 3).

Using the same cutoff, a longer TC was also predictive of 
severe sleep apnea: 23.5% (4 of 17) of overlap subjects with a 
TC ≤ 0.5 s had severe sleep apnea, compared to 76.5% (13 of 
17) of those with a time constant > 0.5 s (p = 0.005) (Table 2). 
The odds ratio that a long TC is associated with severe sleep 
apnea was 10.6 (95% confidence interval [CI]: 3.9–51.1). A sen-
sitivity analysis with receiver operating characteristic curve 
confirmed that a TC of 0.50 was an appropriate cutoff, with 

77% sensitivity, 67% specificity, and 77% and 67% positive 
and negative predictive value, respectively, for severe sleep ap-
nea. Otherwise, the gender distribution, FEV1 % predicted, age, 
body mass index, Epworth Sleepiness Scale, right diaphrag-
matic arc, supine sleep, rapid eye movement (REM) sleep, and 
saturation < 90% (all as percent of total sleep time), lung vol-
umes, diffusion capacity, and wake end-tidal CO2 were not sig-
nificantly different between subjects with and without a short 
time constant (Table 2).

DISCUSSION

This study demonstrates that in the overlap syndrome (COPD 
and OSAS), an expiratory time constant greater than > 0.5 s (ob-
tained from an average of up to 15 nasal pressure readings with 

Figure 2

Coordinates obtained from Figure 1A are plotted with the first coordinate 
arbitrarily set at time 0. A trend line with exponential fit is shown, along 
with the corresponding equation and R2. In this example the time 
constant τ = 1/2.275 = 0.44 seconds and the R2 is 0.98.

Table 1—Linear mixed model for association between 
various variables and the time constant (in milliseconds).

Variables Coefficients (95% CI) a p value
Apnea-hypopnea index 
(events/hour) −1.7 (−8.4, 5.1) 0.63

Supine sleep (% of TST) 6.6 (0.90, 12.3) 0.03
Saturation < 90% (% of TST) −3.5 (−9.3, 2.3) 0.25
Gender (Male − Female) 198 (−199, 594) 0.34
Age (years) −2.2 (−24.0, 19.7) 0.85
Body mass index (kg/m2) −20.5 (−54.5, 13.5) 0.25
Epworth Sleepiness Scale −11.1 (−45.6, 23.4) 0.53
Wake end-tidal CO2 (mm Hg) 2.0 (−27.6, 31.6) 0.89
FEV1 (% predicted) −1.8 (−13.5, 9.8) 0.76
Right diaphragmatic arc (cm) 51.5 (−111, 214) 0.54

aCoefficients refer to the change in time constant in milliseconds when 
the variable increased one unit. For gender, the coefficient refers to the 
change in time constant in male relative to female gender. TST, total 
sleep time.
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equal representations of wake, NREM stages, and REM stages), 
is associated with a nearly 11-fold increase in odds of severe sleep 
apnea. Potential important confounders of the sleep apnea and 
COPD severity, such as age, gender, morphometrics, Epworth 
Sleepiness Scale, FEV1 percent, hyperinflation as measured by 
the right diaphragmatic arc or lung volumes, and the wake end-
tidal CO2, were not significantly different between groups with 
a short or those with a long time constant. We were not able to 
demonstrate a difference in time constant between sleep stages.

Our estimation of the time constant was based on a mea-
surement of the amplitude of the pressure signal at several time 
points in the expiratory phase of patients with the overlap syn-
drome, and fitting the coordinates into an exponential decay 
model to solve for the time constant.16 The assumptions with 
that approach are that expiration is passive,2 and that the be-
havior of the respiratory system follows a single compartment 
model.16 The condition of passive expiration is more likely to 
occur in patients with COPD relative to normal individuals 
where inspiratory muscle activity may continue into expira-
tion,2 and perhaps also more likely to occur during sleep. For 
instance, studies have shown that unlike normal individuals, 
subjects with severe airway obstruction have no or reduced 
extension of inspiratory muscle activity into expiration, with 
absent electromyographic signal, indicating relaxed expiratory 
muscles through expiration.17,18

A significant limitation of our technique is that a nasal 
pressure signal was used as a correlate of flow.19,20 The nasal 
cannula pressure-transduced signal obtained during polysom-
nography closely mirrors airflow. Specifically, this signal has 
an excellent dynamic response to the airflow profile, a linear 
quantitative correspondence to flow within the normal rage of 
breathing, and can detect flow limitation.20 However, the re-
lationship between nasal pressure and flow is best described 
as quadratic (Rorher model) rather than linear.16,19,20 Realizing 
that turbulent flow contributes more to the pressure, a square 
root correction for the nasal pressure signal was proposed as a 
better linear correlate of flow, though predominantly in inspi-
ration rather than expiration.21

A further limitation of our method is that heterogeneity of 
lung emptying in the presence of lung disease challenges our 
concept of a single compartment model of the lung.14,22,23 This 
model consists of a single flow unit with a constant resistance, 
in series with a single elastic unit of constant compliance.16 
However, there are significant differences in the time constant 

Table 2—Demographic, morphometrics, and polysomnographic data, overall and by mean time constant cutoff.
Variables Overall a Mean Time Constant ≤ 0.5 sec a Mean Time Constant > 0.5 sec a p value

Apnea-hypopnea index (/h) 29.7 (14.5–69.1) 17.5 (11.6–29.4) 57.6 (31.1–74.9) 0.003 b

Percent with AHI ≥ 30 50 23.5 76.5 0.005 c

Supine sleep (% of TST) 39.5 (14.2–74.5) 27.5 (9.2–56.3) 45.7 (25.5–97.9) 0.09 b

REM sleep (% of TST) 13.6 (7.8–18.2) 12.8 (7.4–19.5) 13.6 (8.3–18.3) 0.67 b

Saturation < 90% (% of TST) 39.4 (6.4–72.4) 37.9 (1.8–81.8) 40.8 (7.8–64.2) 0.81 b

Percent male/female 53/47 47/53 59/41 0.73 d

Age (years) 67.4 ± 9.3 67.3 ± 8.0 67.5 ± 10.7 0.94 e

Body mass index (kg/m2) 32.8 (29.1–36.5) 32.1 (29.8–37.3) 33.8 (29.5–36.5) 0.54 b

Epworth sleepiness scale 10.7 ± 5.9 11.9 ± 6.0 9.4 ± 5.6 0.22 e

Wake end-tidal CO2 (mm Hg) 36.0 ± 7.3 35.0 ± 9.7 37.0 ± 3.8 0.45 e

FEV1 (% predicted ) 59.7 ± 17.4 56.9 ± 14.1 62.58 ± 20.2 0.35 e

Right diaphragm arc (cm) 2.5 (1.9–3.5) 2.6 (1.9–3.7) 2.8 (1.9–3.4) 0.78 b

Total lung capacity (% predicted) 106.6 ± 12.1 (n = 14) 105.7 ± 7.6 (n = 7) 107.6 ± 16.0 (n = 7) 0.79 e

Residual volume (% predicted) 147 ± 33.9 (n = 14) 145.7 ± 33.9 (n = 7) 148 ± 36.4 (n = 7) 0.89 e

Diffusing capacity (% predicted) 60.3 ± 17.9 (n = 24) 58.6 ± 18.8 (n = 13) 62.1 ± 17.5 (n = 11) 0.64 e

Data shown as mean ± standard deviation, median (interquartile range), or percent. a34 patients overall (17 in each group) unless otherwise specified, 
bMann-Whitney U test, cFisher exact t-test, dχ2 test, et-test. FEV1, forced expiratory volume in the first second; TST, total sleep time.

Figure 3—Box plot of AHI distributions in individuals with 
short vs. long time constant.

The box represents the interquartile range. The line within the box 
represents the median. Vertical lines represent the range excluding 
outliers (shown with an *). 
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when it is measured at different lung volumes in subjects with 
lung disease.22–24 Specifically, in patients with the acute re-
spiratory distress syndrome and those with COPD, the time 
constant increases as expiration proceeds.22,23 Notably, a single 
compartment cannot accurately describe passive expiration in 
intubated and paralyzed patients.25 However, our patients were 
in a stable state in the outpatient setting, as opposed to intu-
bated under conditions of respiratory failure,14,23 or paralysis.24

The time constant derived from flow decay ideally equals 
the product of resistance and compliance, similar to the be-
havior of an electrical RC circuit (resistance and capacitance 
in series).2,14,16 While the expiratory pressure decay over time 
had an excellent exponential fit (R2 ≥ 0.95) in our data, our as-
sumptions of proportionality of nasal pressure to flow, and of 
a single compartment model, suggest that our model can best 
provide an effective time constant rather than one that accu-
rately reflects the product of resistance and compliance.14

This effective time constant nevertheless reflects lung me-
chanics given its association with severe sleep apnea. For ex-
ample, using published estimates for the coefficients of the 
Rorher model quadratic relationship between pressure and 
flow during expiration, our technique can be assessed to reflect 
the product of resistance and compliance but underestimates it 
by a factor of 1.8.21

Other investigators derived the time constant from various 
variations of the ratio or slope of volume to flow through a 
modification of the equation of motion,26 and found similar re-
lationships between the time constant and intrinsic mechani-
cal properties of the lung. For example, two groups found a 
logarithmic correlation between the FEV1 and the time con-
stant in patients with obstructive lung disease, and the time 
constant can differentiate between subjects with and those 
without COPD. 2,14 Moreover, the time constant can be used 
to accurately calculate the time needed for complete expira-
tion (estimated as being 3 times the time constant and used 
as an indicator of the severity of COPD) as demonstrated in 
mechanically ventilated subjects with COPD.23

Our technique lacks enough sensitivity to detect changes 
in the time constant with severity of FEV1 as was shown in 
other studies.2,14 Our results may be also influenced by the 
small number of patients in our study, the sampling of only 3 
readings per sleep stage per patient, selection of patients in the 
outpatient setting and therefore more stable COPD, determina-
tion of tracings predominantly during sleep, and the context of 
a nasal pressure signal with potential for significant air leakage. 
Automated software algorithms within the polysomnography 
programs may increase the number of time constant samplings 
across wake and sleep stages and detect subtle variations in 
lung mechanics across those stages, and with disease severity.

The relative contribution of the upper versus lower airway 
resistance to the time constant cannot be determined from our 
data. For instance, the association we found between supine 
sleep and the time constant may reflect narrowing of the upper 
airway in the supine position. However, in studies performed 
during wake that similarly did not separate the upper from 
lower airway components of the airway resistance, there was 
either no difference in lung mechanics (compliance or resis-
tance) between supine and lateral positions,27 or a decrease in 

the time constant in the supine relative to the lateral position.28 
Moreover, in our study, a model incorporating both short vs. 
long time constant, and percent supine sleep as predictors of 
severe sleep apnea, only a long time constant remained a sig-
nificant predictor of severe sleep apnea. This suggests that the 
supine position did not confound the association between a 
long time constant and severe sleep apnea. The relationship be-
tween the supine position and the time constant therefore may 
reflect the additional effect of the supine position on lung vol-
umes and pulmonary (rather than upper airways) mechanics.

While our determination of the expiratory time constant for 
unobstructed breaths may have reduced the impact of upper 
airway resistance on the time constant, studies have shown 
that the upper airways (retropalatal and retroglossal) are nar-
rower in expiration in OSAS than normal, narrowest at the end 
of expiration, though larger relative to inspiration at equivalent 
tidal volumes.29,30 During sleep, the expected loss of upper pha-
ryngeal muscle tone contributes to an increase in upper airway 
resistance,31–33 especially in COPD where increased nocturnal 
CO2 reduces the supraglottic resistance less than in normal 
subjects.34 However, we were unable to document a correlation 
between the time constant and the AHI, nor changes in the 
time constant across sleep stages or relative to wake, either due 
to the low sensitivity of our technique or because of a greater 
contribution of the lower rather than upper airway resistance, 
especially in the context of COPD.

Our study has interesting potential clinical applications. 
Specifically, it adds impaired lung mechanics, perhaps more 
specifically pulmonary or lower airway resistance, as a risk 
factor to the development of obstructive sleep apnea, in addi-
tion to conventional predictors of sleep apnea such as obesity 
or male gender. While the prevalence of OSAS in COPD is 
not higher than that of subjects without COPD,35 and while the 
long acting bronchodilator salmeterol did not change the AHI 
in OSAS without obstructive airway disease,5 our study sug-
gests that future studies may target an overlap syndrome popu-
lation with severe sleep apnea, to assess whether therapeutic 
measures that reduce lower airway resistance also improve re-
duces the AHI. Already, bronchodilators have been suggested 
to reduce apnea severity in the overlap syndrome by reduc-
ing the maximal inspiratory negative pressure,5 asthma was 
identified as an independent risk factors for the development 
of snoring,36 and inhaled fluticasone propionate was found to 
improve the pharyngeal critical pressure (Pcrit) in controlled 
asthma.37 The alternative hypothesis of a longer time constant 
due to higher compliance with hyperinflation would have been 
expected to protect against the development of sleep apnea,3,4 
and we did not find a difference in lung volumes in patients 
with and without a long time constant.

In conclusion, we demonstrate that a novel technique that 
assesses the time constant from the decay of the expiratory 
pressure signal during polysomnography in the overlap syn-
drome reflects lung mechanics with sufficient sensitivity and 
specificity to identify a risk for severe sleep apnea. This find-
ing suggests a role for increased airway resistance in the de-
velopment of obstructive sleep apnea and a potential role for 
interventions that reduce airway resistance in the management 
of obstructive sleep apnea.
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ABBRE VI ATIONS 

AHI, apnea-hypopnea index
CI, confidence interval
CO2, carbon dioxide
COPD , chronic obstructive pulmonary disease
FEV1, forced expiratory volume in 1 second
FVC, forced vital capacity
NREM, non-rapid eye movement
OSAS, obstructive sleep apnea syndrome
REM, rapid eye movement
SD, standard deviation
TC, time constant

REFERENCES
1.	 Melo e Silva CA, Ventura CE. A simple model illustrating the respiratory 

system’s time constant concept. Adv Physiol Educ 2006;30:129–30.
2.	 Morris MJ, Madgwick RG, Collyer I, Denby F, Lane DJ. Analysis of expiratory 

tidal flow patterns as a diagnostic tool in airflow obstruction. Eur Respir J 
1998;12:1113–7.

3.	 Appelberg J, Nordahl G, Janson C. Lung volume and its correlation to 
nocturnal apnoea and desaturation. Respir Med 2000;94:233–9.

4.	 Van de Graaff WB. Thoracic influence on upper airway patency. J Appl Physiol  
1988;65:2124–31.

5.	 Rasche K, Duchna HW, Lauer J, et al. Obstructive sleep apnea and 
hypopnea efficacy and safety of a long-acting beta2-agonist. Sleep Breath 
1999;3:125–30.

6.	 Ballard RD, Irvin CG, Martin RJ, Pak J, Pandey R, White DP. Influence of 
sleep on lung volume in asthmatic patients and normal subjects. J Appl 
Physiol 1990;68:2034–41.

7.	 Theerakittikul T, Hatipoglu U, Aboussouan LS. Hyperinflation on chest 
radiograph as a marker of low adherence to positive airway pressure therapy 
in the overlap syndrome. Respir Care 2014;59:1267–74.

8.	 Vestbo J, Hurd SS, Agusti AG, et al. Global strategy for the diagnosis, 
management, and prevention of chronic obstructive pulmonary disease: GOLD 
executive summary. Am J Respir Crit Care Med 2013;187:347–65.

9.	 American Academy of Sleep Medicine. The international classification of sleep 
disorders, 3rd ed. Darien, IL: American Academy of Sleep Medicine, 2014.

10.	 Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values 
from a sample of the general U.S. population. Am J Respir Crit Care Med 
1999;159:179–87.

11.	 Crapo RO, Morris AH, Clayton PD, Nixon CR. Lung volumes in healthy 
nonsmoking adults. Bull Eur Physiopathol Respir 1982;18:419–25.

12.	 Miller A, Thornton JC, Warshaw R, Anderson H, Teirstein AS, Selikoff IJ. 
Single breath diffusing capacity in a representative sample of the population 
of Michigan, a large industrial state. Predicted values, lower limits of normal, 
and frequencies of abnormality by smoking history. Am Rev Respir Dis 
1983;127:270–7.

13.	 Iber C, Ancoli-Israel S, Chesson AL, Quan SF. AASM manual for the scoring 
of sleep and associated events: rules, terminology and technical specifications. 
Westchester, IL: American Academy of Sleep Medicine, 2007.

14.	 Aerts JG, van den BB, Lourens MS, Bogaard JM. Expiratory flow-volume 
curves in mechanically ventilated patients with chronic obstructive pulmonary 
disease. Acta Anaesthesiol Scand 1999;43:322–7.

15.	 Reich SB, Weinshelbaum A, Yee J. Correlation of radiographic measurements 
and pulmonary function tests in chronic obstructive pulmonary disease. AJR 
Am J Roentgenol 1985;144:695–9.

16.	 Otis AB, McKerrow CB, Bartlett RA, et al. Mechanical factors in distribution of 
pulmonary ventilation. J Appl Physiol 1956;8:427–43.

17.	 Citterio G, Agostoni E, Del Santo A, Marazzini L. Decay of inspiratory muscle 
activity in chronic airway obstruction. J Appl Physiol Respir Environ Exerc 
Physiol 1981;51:1388–97.

18.	 Morris MJ, Madgwick RG, Frew AJ, Lane DJ. Breathing muscle activity during 
expiration in patients with chronic airflow obstruction. Eur Respir J 1990;3:901–9.

19.	 Berg S, Haight JS, Yap V, Hoffstein V, Cole P. Comparison of direct and 
indirect measurements of respiratory airflow: implications for hypopneas. 
Sleep 1997;20:60–4.

20.	 Hosselet JJ, Norman RG, Ayappa I, Rapoport DM. Detection of flow limitation 
with a nasal cannula/pressure transducer system. Am J Respir Crit Care Med 
1998;157:1461–7.

21.	 Montserrat JM, Farre R, Ballester E, Felez MA, Pasto M, Navajas D. 
Evaluation of nasal prongs for estimating nasal flow. Am J Respir Crit Care 
Med 1997;155:211–5.

22.	 Guttmann J, Eberhard L, Fabry B, et al. Time constant/volume relationship 
of passive expiration in mechanically ventilated ARDS patients. Eur Respir J 
1995;8:114–20.

23.	 Lourens MS, van den BB, Aerts JG, Verbraak AF, Hoogsteden HC, Bogaard 
JM. Expiratory time constants in mechanically ventilated patients with and 
without COPD. Intensive Care Med 2000;26:1612–8.

24.	 Kondili E, Prinianakis G, Athanasakis H, Georgopoulos D. Lung emptying 
in patients with acute respiratory distress syndrome: effects of positive end-
expiratory pressure. Eur Respir J 2002;19:811–9.

25.	 Chelucci GL, Brunet F, Dall’Ava-Santucci J, et al. A single-compartment model 
cannot describe passive expiration in intubated, paralysed humans. Eur Respir 
J 1991;4:458–64.

26.	 McIlroy MB, Tierney DF, Nadel JA. A new method for measurement of 
compliance and resistance of lungs and thorax. J Appl Physiol 1963;18:424–7.

27.	 Baydur A, Behrakis PK, Zin WA, Jaeger MJ, Weiner JM, Milic-Emili J. Effect of 
posture on ventilation and breathing pattern during room air breathing at rest. 
Lung 1987;165:341–51.

28.	 Behrakis PK, Baydur A, Jaeger MJ, Milic-Emili J. Lung mechanics in sitting 
and horizontal body positions. Chest 1983;83:643–6.

29.	 Morrell MJ, Arabi Y, Zahn B, Badr MS. Progressive retropalatal narrowing 
preceding obstructive apnea. Am J Respir Crit Care Med 1998;158:1974–81.

30.	 Schwab RJ, Gefter WB, Hoffman EA, Gupta KB, Pack AI. Dynamic upper 
airway imaging during awake respiration in normal subjects and patients with 
sleep disordered breathing. Am Rev Respir Dis 1993;148:1385–400.

31.	 Doherty LS, Nolan P, McNicholas WT. Effects of topical anesthesia on 
upper airway resistance during wake-sleep transitions. J Appl Physiol 
2005;99:549–55.

32.	 Wiegand L, Zwillich CW, White DP. Collapsibility of the human upper airway 
during normal sleep. J Appl Physiol 1989;66:1800–8.

33.	 Hudgel DW, Martin RJ, Johnson B, Hill P. Mechanics of the respiratory system 
and breathing pattern during sleep in normal humans. J Appl Physiol Respir 
Environ Exerc Physiol 1984;56:133–7.

34.	 Meurice JC, Marc I, Series F. Influence of sleep on ventilatory and upper 
airway response to CO2 in normal subjects and patients with COPD. Am J 
Respir Crit Care Med 1995;152:1620–6.

35.	 Sanders MH, Newman AB, Haggerty CL, et al. Sleep and sleep-disordered 
breathing in adults with predominantly mild obstructive airway disease. Am J 
Respir Crit Care Med 2003;167:7–14.

36.	 Knuiman M, James A, Divitini M, Bartholomew H. Longitudinal study of risk 
factors for habitual snoring in a general adult population: the Busselton Health 
Study. Chest 2006;130:1779–83.

37.	 Teodorescu M, Xie A, Sorkness CA, et al. Effects of inhaled fluticasone on 
upper airway during sleep and wakefulness in asthma: a pilot study. J Clin 
Sleep Med 2014;10:183–93.

SUBMISSION & CORRESPONDENCE INFORMATION
Submitted for publication June, 2015
Submitted in final revised form August, 2015
Accepted for publication August, 2015
Address correspondence to: Loutfi S. Aboussouan, MD, Respiratory Institute, 9500 
Euclid Avenue, Desk A 90, Cleveland, OH 44195; Tel: (216) 444-0420; Fax: (216) 
445-8160; Email: aboussl@ccf.org

DISCLOSURE STATEMENT
This was not an industry supported study. Dr. Aboussouan has received royalties 
from UpToDate and an honorarium from Astra Zeneca. The other authors have 
indicated no financial conflicts of interest.


