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Previous studies have demonstrated that lung volume during wake-
fulness influences upper airway size and resistance, particularly in
patients with sleep apnea. We sought to determine the influence
of lung volume on the level of continuous positive airway pressure
(CPAP) required to prevent flow limitation during non-REM sleep
in subjects with sleep apnea. Seventeen subjects (apnea–hypopnea
index, 42.6 � 6.2 [SEM]) were studied during stable non-REM sleep
in a rigid head-out shell equipped with a positive/negative pressure
attachment for manipulation of extrathoracic pressure. An epiglot-
tic pressure catheter plus a mask/pneumotachometer were used to
assess flow limitation. When lung volume was increased by 1,035 �

22 ml, the CPAP level could be decreased from 11.9 � 0.7 to 4.8 �

0.7 cm H2O (p � 0.001) without flow limitation. The decreased
CPAP at the same negative extrathoracic pressure yielded a final
lung volume increase of 421 � 36 ml above the initial value. Con-
versely, when lung volume was reduced by 732 � 74 ml (n � 8),
the CPAP level had to be increased from 11.9 � 0.7 to 17.1 � 1.0 cm
H2O (p � 0.001) to prevent flow limitation, with a final lung volume
decrease of 567 � 78 ml. These results demonstrate that relatively
small changes in lung volume have an important effect on the upper
airway in subjects with sleep apnea during non-REM sleep.
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Obstructive sleep apnea (OSA) syndrome is a common disorder
that occurs in approximately 4% of middle-aged men and 2%
of women (1). OSA is characterized by repetitive pharyngeal
collapse during sleep, leading to sleep disruption, arousals, and
arterial oxygen desaturation. However, the mechanisms leading
to pharyngeal collapse are not completely understood. Previous
investigators have suggested that this airway collapse involves
a combination of anatomic narrowing of the upper airway by
pharyngeal structures and sleep-induced decrements in pharyn-
geal dilator muscle activity (2–5).

During sleep, in normal subjects, upper airway resistance
increases and functional residual capacity (FRC) decreases (6–8).
These sleep-induced decrements in lung volume are believed to
increase upper airway collapsibility and contribute to inspiratory
flow limitation, although the exact mechanisms are not entirely
clear. Animal data, using mongrel dogs, have suggested that
thoracic inflation increases upper airway pharyngeal size and
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stiffness through caudal traction on the trachea. These forces,
independent of upper airway muscle activity, increase the size
of the upper airway and decrease resistance to airflow (9, 10).

Studies in adult humans (without OSA) have shown that,
during wakefulness, passive changes in lung volume have a sub-
stantial influence on pharyngeal airway size and collapsibility
(11, 12). In addition, our group has recently demonstrated that,
in normal subjects during sleep, there is increased pharyngeal
collapsibility and airflow resistance despite increased genioglos-
sus muscle activation, when lung volume is lowered by extratho-
racic positive pressure (13).

Other investigators, comparing normal subjects and patients
with OSA, have reported a greater lung volume dependence of
the upper airway in the latter group, such that patients with
OSA have larger changes in upper airway size over the normal
tidal breathing range (14, 15). These studies suggest that patients
with OSA have a greater propensity for pharyngeal collapse
at low lung volumes, compared with weight-matched control
subjects.

Continuous positive airway pressure (CPAP) is recognized
to be an effective treatment for sleep apnea (16). It is believed to
act by pneumatically “splinting” the pharyngeal airway, thereby
preventing its collapse during sleep (17, 18). However, CPAP
is also known to increase lung volume (19). CPAP could there-
fore also prevent sleep apnea and hypopnea by increasing upper
airway stiffness through caudal traction of the trachea (because
of an increase in lung volume).

We therefore hypothesized that an increase in lung volume
would stabilize the upper airway and reduce the need for CPAP
in patients with sleep apnea. Conversely, a reduction in lung
volume should decrease upper airway size and stiffness, leading
to an increase in the CPAP level required to prevent upper
airway flow limitation. Some of the results of this study have
been previously reported in abstract form (20).

METHODS

Subjects

We studied 17 subjects with sleep apnea (Table 1) with moderate to
severe OSA syndrome (mean apnea–hypopnea index [AHI], 42.6 � 6.2
[SEM] events/hour of sleep) determined by overnight polysomnogram
using American Academy of Sleep Medicine–defined criteria (21). The
subjects were currently treated with CPAP. The protocol was approved
by the Human Subjects Committee at Brigham and Women’s Hospital.
All subjects provided written consent before participation in the study.
Subjects with medical disorders potentially affecting chest compliance
or the upper or lower airway (other than OSA and obesity) were
excluded.

Techniques

Airway pressure was recorded at the level of the epiglottis with a
pressure-tipped catheter (Millar MPC-500; Millar Instruments, Inc.,
Houston, TX). Before insertion of the catheter, both nostrils were
decongested with 0.05% oxymetazoline hydrochloride, and one nostril
was anesthetized with two to four sprays of 4% lidocaine topical spray.
Subjects breathed through a nasal mask (Respironics, Murraysville, PA)
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TABLE 1. DEMOGRAPHIC DATA ON THE 17 SUBJECTS
INCLUDED IN THE STUDY

Mean SEM Range

Age, yr 47.6 2.1 33–57
BMI, kg/m2 31.9 1.3 25.1–44.4
AHI, events/h 42.6 6.2 13.4–107.0
Men, % 65%

Definition of abbreviations: AHI � apnea–hypopnea index; BMI � body mass
index.

with airflow measured with a pneumotachograph (Hans Rudolph, Kansas
City, MO) and pressure transducer (Validyne Corp., Northridge, CA).
End-tidal CO2 was sampled at the mask using a calibrated infrared CO2

analyzer (BCI Corp., Waukesha, WI).
Lung volume was manipulated with the subject lying supine in a

head-out rigid shell (Porta-lung, Inc., Murraysville, PA) adapted with
a vacuum/blower attachment (ShopVac, Williamsport, PA) to increase
or decrease extrathoracic pressure. Changes in end-expiratory lung
volume were measured with two pairs of magnetometers (EOL Eber-
hard, Oberwil, Switzerland) placed in the anteroposterior axis of the
chest and abdomen. Magnetometers were calibrated to volumes ob-
tained from a pneumotachograph and changes in end-expiratory lung
volumes were determined using a previously validated formula (22, 23).
Wakefulness and sleep stages were determined using standard EEG,
chin EMG, and electrooculogram.

Protocol

The CPAP was initially set at the patient’s prescribed level. After
achieving stable non-REM sleep, the CPAP was adjusted to the minimal
level required to prevent flow limitation. This was accomplished by
modulating the CPAP level until the flow signal (pneumotachograph)
and the pressure signal at the epiglottis consistently demonstrated simi-
lar inspiratory curves (measured for 7.3 � 1.2 minutes during the initial
titration and 3.3 � 0.4 minutes for the subsequent CPAP titrations).
Flow limitation was defined as at least a 1-cm H2O decrement in epiglot-
tic pressure without an associated increase in inspiratory flow (Figure 1)
(24). In all subjects, lung volume was then increased by approximately
1,000 ml by applying a negative extrathoracic pressure. Subsequently,
the CPAP was again titrated to the lowest level required to prevent flow
limitation. End-expiratory lung volume was monitored continuously. In
eight subjects, we also determined the CPAP level required to prevent
flow limitation after a lung volume decrease of approximately 750 ml.
All experiments were conducted during stage 2 or 1 non-REM sleep.

We used a one-way repeated measures analysis of variance with a
post hoc Tukey test to determine if there was a significant difference

Figure 1. Demonstration of the presence
and absence of flow limitation as deter-
mined by an epiglottic catheter at two con-
tinuous positive airway pressures (CPAP).
On the left, there is a further decrease in
epiglottic pressure (�p) when the flow
reaches a plateau (no � flow). On the right
(no flow limitation), the nadir of epiglottic
pressure (pressure min) corresponds to the
peak flow (flow max).

between CPAP levels in patients who were studied under the three
conditions. A paired t test was used to compare the required CPAP
level for the 17 subjects between baseline and the 1-L increase in lung
volume. All data are reported as means � SE. Linear regression using
mixed models was performed to estimate the effect of lung volume on
CPAP pressure (see the online supplement for details on data analysis
and lung volume measurements).

RESULTS

Seventeen patients completed the protocol (6 women, 11 men;
Table 1). The mean CPAP level required to prevent flow limita-
tion in the upper airway without manipulation of lung volume
was 11.9 � 0.7 cm H2O. This was defined as “baseline CPAP
lung volume.”

When lung volume was increased by 1,035 � 22 ml with a
mean negative extrathoracic pressure of 9.7 � 0.6 cm H2O, the
CPAP level required to prevent upper airway flow limitation
decreased from 11.9 � 0.7 to 4.8 � 0.7 cm H2O (p � 0.001).
The final lung volume increase (after retitration of the CPAP)
was 421 � 36 ml above the initial baseline CPAP lung volume.
We considered this latter volume as the true lung volume
increase.

In eight of the subjects, lung volume was also decreased by
732 � 74 ml, with a mean positive extrathoracic pressure of 9.4 �
1.0 cm H2O. The CPAP level required to prevent flow limitation
was 17.1 � 1.0 cm H2O (p � 0.001). The final lung volume
decrease after CPAP retitration was 567 � 78 ml below the
initial baseline CPAP lung volume. These results are summarized
in Figures 2 and 3.

The relationships between CPAP requirement and lung vol-
ume, and between CPAP requirements and extrathoracic pres-
sure, were inverse but both highly significant (p � 0.0001). Using
a Pearson test, the correlation coefficients were, respectively,
�0.82 (required CPAP level and lung volume) and 0.89 (required
CPAP level and extrathoracic pressure).

Using mixed-effect models, we found a significant relation-
ship between the required CPAP level and lung volume (p �
0.0001). The slope of this relationship was –11. 44 � 1.54 cm
H2O/L. We tested for possible nonlinear effects by adding a
quadratic term to the model. This term was nonsignificant (p �
0.19). This model suggests that the CPAP level required to pre-
vent flow limitation varies by 11.44 cm H2O for 1-L change in
(final) lung volume.
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Figure 2. The relationship between the “final” lung volume (after CPAP
retitration) and the CPAP level required to prevent flow limitation.

DISCUSSION

These results demonstrate the influence of lung volume on upper
airway mechanics in patients with sleep apnea during non-REM
sleep. The CPAP level required to prevent upper airway flow
limitation can be substantially reduced when lung volume is
increased. Moreover, the CPAP level had to be considerably
increased when lung volume was decreased. Such a marked
effect of relatively minor lung volume changes (�421, �567 ml)
on the upper airway has not been previously reported. The
modeling of these results supports the concept of a direct rela-
tionship between lung volume and upper airway collapsibility
during non-REM sleep in patients with OSA. These results also
suggest that increments in lung volume may be an important
mechanism by which CPAP reduces or eliminates disordered
breathing during sleep. The animal and human studies previously
described suggest that the mechanism underlying this association
is probably an increase in upper airway stiffness with increased
lung volume caused by caudal traction from the trachea.

OSA is clearly a “sleep-dependent” disorder, because even
patients with severe apnea only have obstructed breathing events
during sleep. This state effect is believed to be mediated primar-
ily by the loss of neuromuscular reflexes that keep the upper
airway patent during wakefulness (25–27). However, if one con-
siders the physiologic decrease in FRC that occurs in normal
subjects when they fall asleep (190–440 ml decrease in FRC
between wakefulness and stage 2 non-REM sleep [7, 8]), it seems
probable that this decrement in lung volume may also impor-
tantly contribute to the increase in upper airway collapsibility.
This effect may be even more important in supine, obese subjects
with large abdominal mass.

CPAP is believed to act as a pneumatic “splint,” thereby
preventing upper airway collapse (17, 18). However, it is also
known to increase lung volume (19). Our results suggest that
the effect of CPAP on lung volume may be an important mecha-
nism by which it prevents upper airway collapse. Further work
is necessary to precisely determine the relative importance of
lung volume versus airway pressure on CPAP efficacy.

The fact that one of the ways by which CPAP mediates its
effect on the upper airway is via changes in lung volume remains
controversial, however, and is not supported by all previous
literature. In 1990, Series and coworkers (28) eliminated the
increments in lung volume which occur with CPAP by applying
an identical positive extrathoracic pressure in normal subjects

Figure 3. Individual results for CPAP requirements versus change in
lung volume are depicted. The lung volume represents the “final” lung
volume after CPAP retitration.

during wakefulness. They observed upper airway resistance to
be slightly higher with CPAP plus positive extrathoracic pressure
than with CPAP alone. However, this difference was not signifi-
cant, and they concluded that splinting of the upper airway is
the principal mechanism of action of CPAP. However, these
subjects were awake and probably modulated upper airway resis-
tance behaviorally with pharyngeal muscles, thus preventing im-
portant changes in resistance. Normal subjects also have a less
collapsible airway than individuals with OSA. This group also
determined the effect of a 500-ml increase in lung volume in
patients with apnea during sleep, using a poncho-type respirator
with a constant negative extrathoracic pressure (29). No reduc-
tion in AHI or improvement in sleep architecture was observed,
although there was a reduction in the severity of oxygen desatu-
ration. However, they did not measure lung volume during sleep
and induced smaller changes in lung volume than occurred in
the present study. They also used a very different outcome vari-
able than was used in our protocol (AHI vs. flow limitation).
One could argue that the improved sensitivity of flow limitation
over AHI in assessing pharyngeal mechanics facilitated our dem-
onstration of a lung volume effect in the present study.

Interestingly, Akshay and colleagues (30), in 1983, were able
to dramatically reduce apnea frequency and oxygen desaturation
in nine patients with sleep apnea by applying positive expiratory
airway pressure without positive inspiratory pressure (30). Be-
cause positive expiratory airway pressure is supposed to increase
lung volume without providing inspiratory upper airway splint-
ing, these results support the hypothesis that end-expiratory lung
volume may have a substantial effect on upper airway physiology
and sleep apnea severity.

Several methodologic issues need to be addressed. First, it is
possible that factors such as sex, body mass index, or AHI could
influence the effect of lung volume on the upper airway. A
separate analysis of the effect of an increase in lung volume in
men only (n � 11) and women only (n � 6) demonstrated a
significant effect in both sexes (respectively, p � 0.001 and p �
0.001). However, the sample size doesn’t allow us to study body
mass index or AHI as covariates. Second, we chose to titrate
CPAP to eliminate flow limitation, as previously performed by
other investigators (31, 32), rather than assessing AHI at varying
lung volumes across an entire night. Either would likely yield
valid results. However, many factors contribute to AHI (i.e.,
cycle frequency) of which upper airway collapsibility is only
one; therefore, we believe the minimal CPAP level required to
prevent flow limitation is probably a better measure. Third,
when the CPAP level is titrated down (after lung volume was
increased), it could be argued that (1) upper airway muscle
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activation slowly adapts to the new condition allowing for lower
CPAP levels and (2) that a hysteresis of the upper airway could
also allow us to lower CPAP level without observing flow
limitation. However, because we always incremented the CPAP
level once flow limitation was observed, substantial muscle re-
cruitment was unlikely and hysteresis of the upper airway should
not be a problem. Fourth, decreasing lung volume was difficult
as rising upper airway resistance often led to arousal. This ex-
plains the considerable variability in lung volume decrement in
our subjects (range, 550–1,043 ml) because some tolerated this
better than others. Moreover only 8 of the 17 subjects were
studied with a decrease and an increase in lung volume. How-
ever, these eight subjects were not different compared with the
others (sex, AHI, body mass index), and we therefore chose to
report these data together. Finally, it could be argued that our
results may be the consequence of a direct effect of the iron
lung pressure on the neck and upper airway. However, we took
special care to prevent any pressure on the neck as described
in Methods in the online supplement. We therefore believe our
results to be a product of changing lung volume and not a result
of direct pressure around the neck.

In conclusion, these results demonstrate that lung volume
has an important effect on upper airway collapsibility and suggest
that it may be one of the mechanisms by which CPAP prevents
upper airway obstruction in patients with sleep apnea. Further
work will be required to explore the therapeutic potential of
lung volume manipulation.
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