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End-expiratory lung volume decreases during REM sleep
despite continuous positive airway pressure
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Abstract
Purpose Patients with obstructive sleep apnea (OSA) may experience apneas and hypopneas primarily during stage R (REM)
sleep when end-expiratory lung volume (EELV) reaches its nadir. The purpose of this study was to determine if REM-related
reductions in EELV persist in the presence of continuous positive airway pressure (CPAP) prescribed during non-stage REM
(NREM) sleep.
Methods We prospectively recruited 17 subjects referred to the sleep laboratory for CPAP titration. CPAPwas titrated per AASM
protocol to control respiratory events. The change in EELV was measured using magnetometry.
Results Of the 17 subjects, 12 (71%) had moderate to severe OSA. Despite the application of CPAP, there was a significant
reduction in EELV between NREM and REM sleep (− 105.9 ± 92.2 to − 325.0 ± 113.1mL, respectively, p < 0.01). The change in
EELV between non-stage R (NREM) and REM significantly correlated with overall apnea-hypopnea index (AHI) (r = 0.5, p =
0.04), the number of respiratory arousals during REM (r = 0.5, p = 0.04), and prescribed level of CPAP (r = 0.7, p < 0.01).
Conclusion REM-related reductions in EELV are associated with worsening sleep disordered breathing and occur despite the
presence of CPAP.
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Introduction

Obstructive sleep apnea (OSA) is a disease characterized by
repetitive upper airway closure during sleep resulting in inter-
mittent nocturnal hypoxemia, sleep fragmentation, hypercap-
nia, sympathetic activation, and impaired cardiac function due
to the mechanical effects of more negative intrathoracic pres-
sures. Sleep disordered breathing (SDB) is often most pro-
nounced in the supine position or during stage R (REM) sleep
[1]. Associated morbidities include hypertension, diabetes,

myocardial infarction, atrial fibrillation, heart failure, and
stroke [2]. Furthermore, moderate to severe OSA is an inde-
pendent risk factor for all-cause mortality [3, 4].

Treatment of OSA with continuous positive airway pres-
sure (CPAP) reduces the number of apneas and hypopneas and
improves oxygenation during sleep [5]. CPAP counteracts air-
way collapse through two possible mechanisms: (1) increas-
ing upper airway transmural pressure (pneumatic splinting of
the upper airway) and (2) increasing end-expiratory lung vol-
ume (EELV) (increasing longitudinal traction of the upper
airway). However, the amount of CPAP needed to reduce
respiratory events during sleep is difficult to predict, varies
from individual to individual, depends on body position, and
the presence or absence of REM sleep.

We previously found a significant reduction in EELV dur-
ing REM (stage R) compared to non-stage R sleep (NREM).
In our prior study, individuals with moderate to severe OSA
had greater reductions in EELV than those with no or mild
OSA and the REM-related reductions in EELV became great-
er as body mass index (BMI) increased [6]. The reduction in
EELV may worsen SDB by increasing pharyngeal critical
closing pressure (Pcrit), leading to airway narrowing and
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eventual airway collapse during inspiration [7]. For the above
reasons, we speculated that REM-related reductions in EELV
may be one mechanism accounting for the predominance of
SDB during REM noted in some individuals [8]. Two possible
mechanisms related to central drive to the upper airway and
respiratory muscles may account for the predominance of
SDB with REM sleep: (1) REM-related hypotonia of the up-
per airway muscles would decrease upper airway compliance
and make the upper airway more collapsible. (2) REM-related
hypotonia of the rib cage muscles would reduce EELV and
lessen radial traction of the lung on the upper airway thereby
making the upper airwaymore collapsible. The purpose of this
study was to determine if CPAP prescribed during NREM
sleep eliminates the reduction in EELV during REM sleep.
We hypothesized CPAP would eliminate the REM-related re-
duction in EELVand minimize SDB. Any residual SDB could
then be attributed to REM-related reductions in upper airway
muscle hypotonia.

Methods

Subjects

We prospectively enrolled 17 adult subjects who were previ-
ously diagnosed with OSA and referred to the sleep laboratory
for overnight CPAP titration. They were recruited randomly
during the night of polysomnography (PSG). Those who pre-
sented for baseline PSG were excluded from the study. The
institutional review board at the Memorial Hospital of Rhode
Island approved this study.

Polysomnography and magnetometry

The subjects presented at the sleep laboratory 2 h prior to the
start of the study to complete paperwork. The sleep technolo-
gist utilized the American Academy of Sleep Medicine
(AASM) protocols to attach all sensors and flow-measuring
devices. The PSG was scored for sleep stage and respiratory
events using the following AASM criteria: apneas were de-
fined as a greater than 90% drop in the peak thermal sensor
excursion lasting 10 or more seconds. Hypopneas were de-
fined as a greater than 30% drop from baseline in nasal pres-
sure lasting 10 or more seconds associated with a 4% or great-
er oxygen desaturation from pre-event baseline. The change in
EELV (ΔEELV) was non-invasively measured using a
custom-built magnetometer system as previously described
and validated [9]. The magnetometer system consists of two
pairs of magnetic coils that are first attached to the skin with
micro-foam tape and then secured with hypoallergenic, silk
tape. One pair of coils was attached to the chest above the
xiphoid process and to the mid-upper back. The second pair
of coils was attached 2 cm above the umbilicus and to the

lower back. The flow meter connected to the magnetometer
system was first calibrated with a 3-L calibration syringe.
Next, the subject was requested to lie supine in bed and
breathe through a flow meter at varying tidal volumes (five
breaths at varied tidal volumes totaling 15 to 20 breaths). The
magnetometer signals were sampled at a rate of 15 Hz. This
was repeated for the right lateral and left lateral decubitus
positions. This data was used to calculate coefficients for the
following equation:

tidal volume ¼ αRCþ βAbþ ϒXi; ð1Þ
where α, β, and ϒ are coefficients for the rib cage (RC), the
abdomen (Ab), and the axial displacement of the chest wall
(Xi), respectively. Regression coefficients for Eq. 1 were de-
termined for the supine, left, and right lateral decubitus posi-
tions. Magnetometer readings acquired during the overnight
PSG were used post-acquisition to construct a spirogram of
VT versus time.

After magnetometer calibration, the sleep technologist re-
quested the subject to wear a CPAP mask to demonstrate
comfortable fit. PSG data collection was initiated shortly after
completion of the magnetometer calibration process and
selecting the best fitting CPAP mask. Data recording contin-
ued until the completion of the PSG in the morning. CPAP
pressure was set to start at 5 cm of water. The sleep technol-
ogist increased the pressure as needed throughout the night to
reduce respiratory events, such as snoring, apneas, and
hypopneas per AASM protocol. Data recording for both
PSG and magnetometry continued for the full night of sleep.

Epochs of sleep with acceptable magnetometer signals
were selected for each subject. Position-specific regression
coefficients were applied to the matching magnetometer seg-
ment, and magnetometer derived values of VT were used to
construct a spirogram. As subjects were instructed to sleep in
the supine position, this was the position from which the vast
majority of data was acquired. ΔEELV for each breath was
calculated as the difference between the EELV at sleep onset
and the EELV for subsequent breaths. The total number of
observations (breaths) varied across subjects and sleep stage.
MeanΔEELVand standard deviation for each sleep stage were
calculated from the selected magnetometer segment for each
subject. The CPAP pressure applied during the corresponding
PSG and magnetometer segments was recorded.

Pulmonary function testing

All subjects were scheduled for pulmonary function testing
shortly before or after completing their CPAP titration study.
Forced vital capacity (FVC) was determined in the seated
position using a rolling seal spirometer (Collins Medical;
Braintree, MA/ Ferraris Comprehensive Pulmonary
Laboratory; Louisville, CO), and functional residual capacity
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(FRC) was determined by body plethysmography according
to the American Thoracic Society/European Respiratory
Journal guidelines [10].

Statistical analyses

Mean ΔEELV ± standard deviation was calculated for each
sleep stage. The category of NREM sleep was defined as the
mean of the mean ΔEELV for sleep stages N1, N2, and N3.
Welch analysis of variance was used to compare the means
across sleep stages. To account for multiple comparisons,
Tukey–Kramer adjustment was performed post hoc.

Pearson correlation was used to determine the linear asso-
ciation of ΔEELV during NREM and REM sleep and the
following measurements: BMI, neck circumference, apnea-
hypopnea index (AHI), prescribed positive airway pressure,
respiratory arousals during REM, and FRC during wakeful-
ness. To determine the statistical significance of mean
ΔEELV and of the number of respiratory events between
NREM and REM, we performed an unpaired, two-sample t
test with equal variance for each comparison. A two-tailed p
value of < 0.05 was considered to be significant.

All statistical analyses were performed using Stata 13.0 SE
(StataCorp LP, College Station, TX).

Results

Baseline characteristics and EELV of the 17 subjects who
presented for CPAP titration are presented in Table 1 and
Table 2. We recruited 12 males and 5 females. The cohort
on average was obese, had a large neck size, and had severe
OSA. The seated FRC was 2.32 ± 0.5 L (mean ± SD). Out of
the 17 subjects, 12 (71%) had moderate to severe OSA. CPAP
was increased during REM in 9 of 17 subjects.

The change in EELV during sleep stages N1, N2, N3, and
REM was − 62.7 ± 62.9 mL, − 117.8 ± 92.1 mL, − 321.2 ±
52.7 mL, and − 325.0 ± 113.1 mL, respectively. The reduction
in EELV during REM was significantly greater than the re-
duction in EELV for all NREM stages combined (− 325.0 ±
113.1 mL vs − 105.9 ± 92.2 mL, respectively, p < 0.01)
(Fig. 1). There were more respiratory arousals during REM
(16.6 ± 22.0 events per hour) compared to NREM (4.8 ± 13.3
events per hour), but the difference was not statistically sig-
nificant (p = 0.07). However, the difference in EELV between
NREM and REM strongly correlated with respiratory arousals
during REM (r = − 0.5, p = 0.04) (Fig. 2), baseline AHI (r = −
0.5, p = 0.04) (Fig. 3) and the level of prescribed CPAP (r =
0.7, p < 0.01) (Fig. 4). The difference in EELV between
NREM and REM sleep did not correlate with BMI, neck
circumference, or seated FRC.

Table 1 Baseline characteristics
of subjects who presented for
continuous positive airway
pressure (CPAP) titration

Subject Age (yr) Gender
(M =male;
F = female)

BMI (kg/
m2)

Neck
circumference
(in)

Seated
FRC (L)
(%)

Baseline
AHI
(events/h)

Prescribed
CPAP (cm
H2O)

1 49 M 41.6 19.0 2.1 (87) 127.8 18

2 73 M 29.0 17.5 2.7 (100) 82.0 20

3 77 F 36.8 14.3 2.4 (125) 26.1 10

4 53 M 32.9 16.0 2.1 (73) 14.2 16

5 43 M 33.1 17.0 1.9 (83) 12.9 10

6 64 F 30.7 16.0 2.3 (100) 21.3 11

7 74 M 28.8 15.5 3.0 (94) 22.7 10

8 67 F 33.6 13.5 1.1 (66) 11.9 6

9 57 M 33.4 106.0 8

10 31 M 45.0 20.0 2.5 (76) 15.0 12

11 40 F 33.1 14.3 2.0 (87) 8.8 11

12 41 F 41.7 16.0 19.8 10

13 63 M 32.4 16.3 2.6 (86) 24.2 14

14 56 M 28.4 17.0 2.7 (74) 66.4 20

15 60 M 34.4 17.5 2.9 (94) 43.0 16

16 32 M 42.9 16.5 1.7 (61) 43.6 14

17 69 M 37.6 17.0 2.7 (105) 8.7 13

Mean
±
SD

55.8 ± 14.5 35.0 ± 5.1 16.5 ± 1.7 2.32 ± 0.5 38.5 ± 36.0 12.9 ± 4.0
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Discussion

Changes in EELVare important in the pathogenesis and treat-
ment of OSA. Variations in EELV during REM in OSA sub-
jects who are treated with CPAP have not been previously
described. We found that EELV significantly decreased from
NREM to REM sleep despite the presence of CPAP. The re-
duction in EELV in REM sleep was associated with an in-
creased frequency of arousals during REM, an increase in
overall AHI, and the need for higher levels of CPAP. Thus,
REM-related reductions in EELV may play a role in worsen-
ing SDB and increasing CPAP requirements.

During REM sleep, central drive to the upper airway and
chest wall muscles is reduced [11]. A reduction in central
drive to upper airway muscles has the direct effect of reducing
upper airway muscle tone and rending the upper airway more

collapsible. A reduction in central drive to the chest wall mus-
cles can indirectly affect upper airway collapsibility by caus-
ing atonia of rib cage muscles. A marked reduction in rib cage
muscle tone reduces passive outward recoil of the chest wall
thereby lowering EELV. A reduced EELV, in turn, decreases
radial traction on the upper airway making it more collapsible.
CPAP eliminates SDB by increasing intra-airway pressure
(pneumatic splinting of the upper airway) and by increasing
intra-alveolar pressure (increasing EELV). We found that the
level of CPAP during non-REM sleep was inadequate to pre-
vent reductions in EELV during REM sleep. A PSG techni-
cian typically follows AASM guidelines and will increase
CPAP to eliminate snoring and SDB. Our finding is a signif-
icant association between the change in EELV and final pre-
scribed CPAP pressure support the notion that SDB worsens
as EELV decreases. Because CPAP did not eliminate the
REM-related reduction in EELV, we cannot distinguish be-
tween the effect of CPAP on providing a pneumatic splint
for the upper airway and its effect stabilizing the upper airway
by increasing radial traction. However, the positive associa-
tions between the magnitude of reduction in EELV and
respiratory-related arousals during REM and the association
between the reduction in EELV and the final CPAP pressure
prescribed indicate that changes in EELV importantly affect
SDB.

In our previous study evaluating changes in EELV during
sleep, we found that untreated OSA subjects had, approxi-
mately, a 300-mL reduction in EELV during REM sleep. We
would expect this reduction in EELV would be less in the
presence of CPAP. However, we found similar reductions in
EELV during REM sleep in our current study. One explana-
tion for this may be differences in study populations. In the
current study, most subjects had moderate to severe OSA

Fig. 1 Changes in EELV between wake and sleep stages during CPAP
therapy. Values were measured while under CPAP therapy

Fig. 2 Scatterplot with
regression-fitted line depicting the
change in EELV between NREM
and REM sleep in relation to re-
spiratory arousals during REM
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whereas in the prior study, most subjects had mild or no OSA.
Since the reduction in EELV would be greater in those with
more severe OSA [6], the observation that EELV was reduced
to a similar degree in both studies suggests that CPAP miti-
gated further reductions in EELV in the cohort of individuals
with more severe SDB. Furthermore, the strong correlation
betweenΔEELV fromNREM and REM and AHI in this study
provided support for this premise. Therefore, it is possible that
in the absence of CPAP, we may have seen a greater REM-
related reduction in EELV in the current study subjects with
more severe OSA.

End-expiratory lung volume can be increased either by
applying CPAP or by lowering extra-thoracic pressure.

Heinzer et al. increased EELV by using a rigid head-out shell
in which extrathoracic pressure could be manipulated to
change EELV [12]. When EELV was increased by decreasing
extrathoracic pressure, markers of SDB, including AHI, 3%
oxygen desaturation index, and arousal index, all improved as
lung volume increased. These findings suggest that increasing
EELV plays a role in reducing upper airway collapse. In our
study, we found that when EELV is reduced in REM sleep,
subjects required an increase in CPAP pressures. This finding
is consistent with the observation by Heinzer et al. that AHI is
increased at lower EELV [12].

When compared to subjects with no SDB or mild OSA, a
population of subjects with moderate to severe OSA is

Fig. 3 Scatterplot with
regression-fitted line depicting the
change in EELV between NREM
and REM sleep in relation to
apnea-hypopnea index (AHI)

Fig. 4 Scatterplot with
regression-fitted line depicting the
change in EELV between NREM
and REM sleep in relation to pre-
scribed CPAP pressure
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expected to be more obese, have larger neck circumference,
and have a lower-seated FRC due to larger abdominal girth
[13]. However, in the presence of CPAP, we did not find an
association between BMI, neck circumference, or seated FRC
(% predicted) with baseline AHI or REM-related reductions in
EELV. This observation suggests that CPAP may attenuate
these associations by blunting REM-related reductions in
EELV.

The clinical relevance of our findings includes noting the
importance of achieving REM sleep when determining

optimal CPAP. This finding supports the use of
polysomnography to determine REM sleep when initiating
patients with OSA on CPAP therapy. To extend this consider-
ation further, an automatic titrating CPAP device (auto CPAP)
may potentially deliver an inadequately low range of pressures
resulting in persistent REM-related SDB. Clinicians may con-
sider referring individuals with residual daytime sleepiness
who were titrated and treated with auto CPAP for
polysomnography to determine if SDB has been adequately
treated in REM sleep.

Table 2 End-expiratory lung volume of each subject on continuous positive airway pressures distributed by sleep stages

Subject N1 N2 N3 R P valuea Significant pairwise
comparisonsb

1 33.94 (41.63) − 127.37 (86.85) − 325.17 (74.9) < 0.001 N2 vs. N1
R vs. N1
R vs. N2

2 95.75 (150.44) − 379.64 (319.58) < 0.001

3 − 127.94 (39.77) − 198.32 (50.10) − 285.87 (83.88) < 0.001 R vs. N1
R vs. N2

4 7.12 (23.42) − 10.91 (28.23) − 206.55 (116.44) < 0.001 R vs. N1
R vs. N2

5 − 62.20 (70.09) − 158.53 (31.49) − 127.82 (62.80) < 0.001 N2 vs. N1
R vs. N1

6 10.47 (15.60) − 222.39 (100.40) < 0.001

7 − 133.87 (19.81) − 169.65 (18.67) − 339.89 (173.93) < 0.001 R vs. N1
R vs. N2

8 0.54 (67.23) − 177.08 (54.67) − 264.25 (10.43) − 275.34 (14.68) < 0.001 N2 vs. N1
N3 vs. N1
R vs. N1
N3 vs. N2
N4 vs. N2

9 − 105.84 (91.56) − 294.81 (201.40) < 0.001

10 − 166.50 (53.17) − 320.69 (49.95) < 0.001

11 − 132.05 (72.27) − 399.86 (125.87) < 0.001

12 − 189.55 (135.22) − 415.15 (195.08) 0.016

13 − 62.47 (138.95) − 125.67 (72.49) − 299.65 (60.84) < 0.001 N2 vs. N1
R vs. N1
R vs. N2

14 − 176.67 (216.14) − 330.93 (90.09) − 541.43 (94.45) < 0.001 N3 vs. N2
R vs. N2
R vs. N3

15 − 32.84 (34.94) − 359.00 (209.55) < 0.001

16 − 113.48 (49.74) − 259.98 (56.20) − 368.37 (43.34) − 549.64 (56.58) < 0.001 N2 vs. N1
N3 vs. N1
R vs. N1
N3 vs. N2
R vs. N2
R vs. N3

17 − 36.06 (32.45) − 91.55 (76.64) − 182.70 (91.20) < 0.001 R vs. N1
R vs. N2

Data are presented as mean (SD)
aWelch’s analysis of variance was used to examine the statistically significant differences among the group means
b Tukey–Kramer test for multiple comparisons was used to examine the statistically significant differences between two stages of sleep. Comparisons that
were statistically significant are listed
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Limitations

There are some limitations to our study. First, due to the se-
verity of OSA, most of the subjects did not have REM sleep
until near the end of the titration study when higher levels of
CPAP were delivered. Per AASM protocol, our PSG techni-
cians did not lower CPAP during REM to levels that were
used at the beginning of the titration study. Thus, we could
not determine if EELV would have been further reduced dur-
ing REM at lower levels of CPAP. For similar reasons, we
could not measure the reduction in EELV during REM at the
same level of CPAP for all subjects. This limitation in control-
ling for potentially confounding variables reflects the Breal
world^ circumstances of clinical CPAP titration studies.
Second, our study population primarily consisted of subjects
who had moderate to severe OSA. Our findings may not be
applicable to those with mild OSA. The reduction in EELV
during REM may be less or be completely negated in the
presence of CPAP in those with mild OSA. Third, our PSG
technicians instruct our subjects to sleep in the supine posi-
tion. Thus, only supine REM was analyzed. We have insuffi-
cient data to determine if there are similar REM-related chang-
es in EELV in other body positions. Finally, baseline AHI in
NREMwas not available. The reduction in EELV with REM-
related OSA may affect airway collapsibility differently com-
pared to NREM-related OSA.

Conclusions

We are the first to describe changes in EELV during REM
sleep in the presence of CPAP; specifically, EELV further
decreases during REM when compared to non-REM sleep.
Thus, it is important to achieve REM sleep during CPAP ti-
tration studies when determining optimal levels of CPAP. In
addition, our finding of an association of REM-related reduc-
tions in EELV and worsening AHI supports prior studies
highlighting the important relationship between EELV and
SDB.
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