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Rationale: Obstructive sleep apnea (OSA) is highly prevalent among patients with asthma, suggesting a pathophysiological link
between the two, but a mechanism for this has not been identified.
Hypothesis: Among patients with asthma, those with OSA will have greater overnight increases in thoracic fluid volume and small
airways narrowing than those without OSA.
Methods:We enrolled 19 participants with asthma: 9 with OSA (apnea-hypopnea index (AHI) ≥10) and 10 without OSA (AHI <10).
All participants underwent overnight polysomnography. Before and after sleep, thoracic fluid volume was measured by bioelectrical
impedance and small airways narrowing was primarily assessed by respiratory system reactance at 5Hz using oscillometry.
Results: Patients with asthma and OSA (OSA group) had a greater overnight increase in thoracic fluid volume by 120.5 mL than
patients without OSA (non-OSA group) (164.4 ± 44.0 vs 43.9 ± 47.3 mL, p=0.006). Compared to the non-OSA group, the OSA group
had greater overnight decrease in reactance at 5Hz (−1.08 ± 0.75 vs 0.21 ± 0.27 cmH2O/L/s, p=0.02), and overnight increase in
reactance area (14.81 ± 11.09 vs −1.20 ± 2.46 cmH2O/L, p=0.04), frequency dependence of resistance (1.02 ± 0.68 vs 0.05 ± 0.18
cmH2O/L/s, p=0.04), and resonance frequency (2.80 ± 4.14 vs −1.42 ± 2.13 cmH2O/L/s, p=0.04).
Conclusion: Patients with asthma and co-existing OSA had greater overnight accumulation of fluid in the thorax in association with
greater small airways narrowing than those without OSA. This suggests OSA could contribute to worsening of asthma at night by
increasing fluid accumulation in the thorax.
Keywords: asthma, obstructive sleep apnea, small airway narrowing, thoracic fluid volume

Introduction
Both asthma and obstructive sleep apnea (OSA) are highly prevalent chronic respiratory disorders.1,2 They cause
disability, morbidity, and poor quality of life.1,2 OSA affects approximately 10% of adult Americans,3 and is caused
by recurrent collapse of the pharynx during sleep.4 Obstructive apneas cause hypoxia, surges in sympathetic nervous
system activity and blood pressure, and sleep fragmentation. Asthma affects approximately 8–15% of adult Canadians
and 3.5–5.1% of adults globally.5,6 Asthma is characterized by reversible bronchoconstriction and airways inflammation
accompanied by exacerbations of wheezing, shortness of breath, and cough.7,8 The prevalence of OSA in patients with
asthma ranges between 19–60% and 50–95% in those with severe asthma.9–12 OSA is also associated with double the
incidence of asthma symptoms during the day and worsening of asthma at night,9,11–13 as well as a more rapid decline in
forced expiratory volume in 1 second (FEV1) over 5 years.14 OSA remains undiagnosed in approximately 80% of the
general population15,16 and is likely overlooked in people with asthma as well.17 The above evidence suggests
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a pathophysiological link between asthma and OSA. However, few studies have investigated why OSA could predispose
to, or worsen asthma.

A pathophysiological link between OSA and asthma could include intermittent hypoxia, local and systemic
inflammation,18 circadian alteration in autonomic function,19 obesity,20 and sleep-induced reduction in lung
volume.4,21 However, these mechanisms do not explain for increases in nocturnal asthma symptoms. For example, in
people with asthma, airways resistance increases overnight whether awake or asleep, but increases more during sleep.22

This indicates an independent contribution of sleep beyond any potential circadian effect.
We have previously shown that induction of fluid shifts out of the legs into the thorax by inflating anti-shock trousers

induces small airways narrowing in people with asthma.23,24 Also, performing Mueller maneuvers to simulate the
exaggerated negative pleural pressure generated during obstructive apneas, draws fluid into the thorax in those with
asthma and induces increased small airways narrowing probably by increasing airways mucosal fluid content.25 These
studies suggest that in people with asthma, some fluid shifting out of the legs overnight23–25 can accumulate in the thorax
and around small airways, causing them to narrow. In view of the above, we hypothesized that patients with asthma and
co-existing OSA will have a larger increase in thoracic fluid volume and greater small airways narrowing, than those
without OSA, due to a larger degree of negative intrathoracic pressure generated by obstructive apneas.

Methods
Participants
We included adults ≥ 18 years of age, with a body mass index ≤ 35 kg/m2, with clinical diagnosis of asthma, who were
never-smokers or ex-smokers with a smoking history < 10 pack-years. Exclusion criteria were any cardiovascular or
renal disorders, or the use of any medication for these conditions, or the use of medication that might influence fluid
retention (eg diuretics). Participants with asthma were recruited consecutively from pulmonary clinics at the University
Health Network (UHN), Toronto, with the diagnosis based on Global Initiative for Asthma guidelines.27 The experi-
mental protocol was approved by the Research Ethics Board of UHN, and all participants were informed about the
purpose of the study, in accordance with the Declaration of Helsinki, and provided written consent prior to participation.

Questionnaires
Participants’ level of asthma control was assessed by the Asthma Control Test28 and Asthma Control Questionnaire29

(ACT and ACQ, respectively).

Oscillometry
The primary outcome was reactance at 5 Hz (X5) as assessed by oscillometry (TremoFlo C-100). X5 becomes more
negative with narrowing of small airways and increased airways stiffness.30 Other factors assessed by oscillometry
included reactance area (AX), the difference between resistance at 5 and 19 Hz (R5-19), and resonance frequency (Fres),
and respiratory system resistance at 5 Hz (R5).31 Specifically, X5 reflects elastance of the lung and is mostly determined
by functionally communicating peripheral lung volume; AX is a measurement of ventilatory heterogeneity; R5-19 reflects
mechanical heterogeneity due to uneven obstruction in the small airways; Fres increases with airways obstruction and
indicates pulmonary function abnormalities; and R5 reflects narrowing in both large and small airways.31,32

Fluid Volumes
Thoracic and leg fluid volumes (TFV and LFV, respectively) were measured continuously by bioelectrical impedance
(Biopac Systems), as previously described.2,3

Polysomnography
All participants underwent overnight polysomnography (PSG). PSG was performed using standard techniques and scoring
criteria.33 Nasal airflow was monitored by a nasal pressure cannula. Thoraco-abdominal motion was monitored by
respiratory inductance plethysmography and arterial oxyhemoglobin saturation (SaO2) was monitored by oximetry.
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Obstructive apneas were defined as a >90% reduction of tidal volume for ≥ 10s with out-of-phase thoraco-abdominal motion
and obstructive hypopneas were defined as a 30–90% reduction in tidal volume from baseline for ≥ 10s with out-of-phase
thoraco-abdominal motion or airflow limitation on nasal pressure. Apneas were classified as central in the absence of
thoraco-abdominal motion, and hypopneas were classified as central in the presence of in-phase thoraco-abdominal motion
and without airflow limitation on nasal pressure. The AHI was calculated as the number of apneas and hypopneas per hour of
sleep. As another index of OSA severity, we took into account differences in duration of apneas and hypopneas, in addition to
their frequency, by calculating total apnea–hypopnea time (mean duration of apneas and hypopneas in minutes × total
number of apneas and hypopneas). Total sleep time (TST), sleep efficiency % (sleep time /TST×100%), rapid eye movement
(REM) sleep % (REM time /TST×100%), and arousal index (total number of arousals/number of hours of sleep), were
extracted from the sleep report. Participants were divided into a non-OSA group (AHI<10) and an OSA group (AHI≥10).

Lung Function
Standardized spirometry (Vmax Encore 229) was performed in the seated position in accordance with American Thoracic
Society/European Respiratory Society guidelines.34 Forced vital capacity (FVC), FEV1, and FEV1/FVC were measured.

Protocol
Participants visited the sleep laboratory for one overnight sleep study. Participants’ current asthma medications were not
withheld. After being instrumented for PSG, participants first performed spirometry while seated and then moved to the
supine position for sleep. Before and after sleep, oscillometry was performed while remaining supine. During sleep, fluid
volumes were measured continuously.

Statistical Analyses
Data are reported as means ± standard deviation (SD) unless indicated otherwise. Differences in baseline measures
between the non-OSA and OSA groups were assessed with an unpaired t-test. Chi square test was used in assessing sex
differences between the groups. Within-group changes in respiratory impedance and fluid volumes were compared with
a paired t-test or Wilcoxon signed-rank test. Between-group changes in the measures were compared using analysis of
covariance (ANCOVA), adjusted for age, BMI and sex. Statistical significance was accepted at p ≤ 0.05 (SAS 7.1, SAS
Institute, Cary, USA).

Results
Characteristics of Participants
Nineteen individuals with asthma consented to participate. There were no significant differences between the OSA and
non-OSA group in lengths of the leg and thorax. However, compared to the non-OSA group, the OSA group was
significantly older with a higher BMI (Table 1).

Pulmonary Function
There was no significant difference in ACQ and ACT scores between the two groups. Furthermore, there were no
significant differences between the two groups in FEV1, FVC, FEV1% predicted, and FEV1/FVC % predicted values.
Taken together, these data suggest that baseline asthma control was similar in the two groups. (Table 1).

Sleep Characteristics
PSG data are summarized in Table 2. By definition, the OSA group had a higher AHI than the non-OSA group (p =
0.001). Both the OSA and non-OSA groups had similar sleep efficiency, and percentage of rapid-eye-movement (REM)
sleep. However, the OSA group had less total sleep time (TST, p = 0.052, Table 2), higher oxygen desaturation index (p <
0.001, Table 2) and total apnea-hypopnea time (p = 0.01, Table 2). There were no significant differences between the two
groups in arousal index.
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Fluid Volumes
At baseline before sleep, the LFV was significantly larger in the OSA group compared to the non-OSA group. However,
baseline TFV was similar in the two groups (Table 1). LFV decreased significantly overnight in both the OSA and non-
OSA group (p < 0.001 for both groups, Figure 1A), but the decrease was not different between the two groups (p = 0.17,
Figure 1A). Both the OSA and non-OSA groups had significant overnight increases in TFV (p < 0.001 and p = 0.02,
respectively, Figure 1B), but the increase was greater in the OSA group (p = 0.006, Figure 1B).

Table 1 Participant Demographics and Lung Function

OSA (n = 9) Non-OSA (n = 10) p value

Sex (male/female) 7/2 5/5 Chi2, p=0.21
Age, years 61.2±8.1 44.1±12.9 0.003
Height, cm 170.9±7.8 165.9±8.2 0.19

Weight, kg 83.9±6.5 71.0±7.6 0.001
BMI, kg/m2 28.9±3.2 25.8±2.5 0.03
Right leg length, cm 66.4±4.8 63.6±3.4 0.22

Thoracic length, cm 23.0±2.0 21.4±6.0 0.47
ACQ 0.47±0.32 0.59±0.25 0.44

ACT 22.71±3.25 23.14±1.95 0.77
Lung function, seated

FEV1, L 2.3±0.6 2.4±0.9 0.73

FVC, L 3.4±1.0 3.9±1.5 0.48
FEV1, % predicted 76.5±3.7 76.1±23.0 0.96

FVC, % predicted 87.7±9.3 95.5±25.6 0.50

FEV1/FVC 67.6±5.1 62.9±5.9 0.16
Fluid volumes, supine in the evening

Baseline LFV, mL 3065±344 2417±420 0.001
Baseline TFV, mL 2489±600 2168±601 0.26

Respiratory impedance, supine in the evening

Baseline X5, cmH2O/L/s −3.58±2.04 −3.43±2.56 0.89

Baseline AX, cmH2O/L 29.62±23.47 32.28±39.16 0.86
Baseline R5, cmH2O/L/s 6.89±2.51 5.67±2.12 0.28

Baseline R5-19, cmH2O/L/s 1.98±1.42 1.49±1.19 0.43

Baseline Fres, cmH2O/L/s 24.31±7.20 24.21±7.10 0.97

Notes: p values are calculated based on unpaired t-tests for all variables except sex, for which the chi-square test was used. Bold
text indicated p < 0.05. Values are mean ± SD.
Abbreviations: ACQ, Asthma Control Questionnaire; ACT, Asthma Control Test; FEV1, forced expiratory volume in 1 sec, FVC,
forced vital capacity; LFV, leg fluid volume; TFV, thoracic fluid volume; X5, respiratory system reactance at 5 Hz; AX, reactance
area; R5, respiratory system resistance at 5 Hz; R5-19, frequency dependence of resistance; Fres, resonance frequency.

Table 2 Sleep Characteristics

OSA Non-OSA p

TST, min 278.5 ± 68.6 340.3 ± 60.6 0.052

Sleep Efficiency, % 73.4 ± 15.9 82.1 ± 10.9 0.18

REM sleep, % 13.9 ± 6.8 16.2 ± 6.2 0.45
Oxygen desaturation index 17.9 ± 9.2 2.3 ± 1.9 <0.001
Arousal index 28.3 ± 14.0 18.2 ± 6.3 0.06

Total apnea-hypopnea time, min 27.1 ± 16.5 10.3 ± 7.3 0.01
AHI, events/hr 21.4 ± 12.8 5.8±2.8 0.001

Note: Bold text indicated p < 0.05.
Abbreviations: TST, total sleep time; REM, rapid eye movement.
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Oscillometry
Baseline X5, AX, R5, R5-19, and Fres were similar between the two groups (Table 1). A significant overnight decrease in
X5 was seen in the OSA group (p = 0.003, Figure 2A, left), while in the non-OSA group, it increased significantly (p =
0.03, Figure 2A, right). The overnight decrease in X5 in the OSA group was greater than in the non-OSA group (p = 0.02,
Figure 2A). In the non-OSA group, there was no significant overnight change in AX (Figure 2B), R5-19 (Figure 2C), and
Fres (Figure 2D). In contrast, the OSA group experienced significant overnight increases in AX (p = 0.004, Figure 2B),
R5-19 (p = 0.002, Figure 2C), and Fres (p = 0.05, Figure 2D) that were significantly greater than in the non-OSA group (p
= 0.04, Figure 2B, p = 0.04, Figure 2C, and p = 0.04, Figure 2D, respectively). No significant overnight change in R5 was
seen in either the OSA or non-OSA groups (p = 0.13 and p = 0.32, respectively, Figure 2E) and there was no significant
differences between the two groups (p = 0.82, Figure 2E).

Discussion
In this study, we observed two novel and important findings. First, patients with asthma and co-existing OSA had
significantly greater overnight fluid accumulation in the thorax compared to those with asthma and without OSA. Second,
compared to the non-OSA group, the OSA group experienced significantly greater overnight narrowing of the small
airways as indicated by a significant reduction in X5 and increases in AX, R5-19, and Fres. Taken together our findings
provide insights into a potential pathophysiological link between OSA and asthma. Specifically, they support the concept
that in patients with asthma, co-existing OSA can draw fluid into the thorax, likely due to generation of exaggerated
negative pleural pressure during obstructive events. If some of this increase in thoracic fluid accumulated around small
airways, it could narrow them, and increase their airflow resistance and ventilatory heterogeneity. Such effects imply that,
when present in patients with asthma, OSA could contribute to small airways narrowing and nocturnal asthma worsening
due to rostral fluid shift.

The greater increase in TFV in the OSA group than in the non-OSA group is consistent with our previous finding,
which showed simulation of the exaggerated negative pleural pressure generated during obstructive apneas by perform-
ing Mueller maneuvers increased TFV by approximately 50 mL. This was sufficient to induce small airways narrowing
in patients with asthma.25 Although we did not measure pleural pressure in this study, it is likely that this was the major
factor drawing fluid into the thorax among those with OSA. Interestingly, the overnight increase in TFV in the OSA
group was more than three times that observed in response to Mueller maneuvers mentioned above,23,25 and therefore
was probably a contributor to the overnight small airways narrowing observed in the OSA group. The source of the fluid
drawn into the thorax of participants with OSA, however, remains uncertain. Fluid shift out of the legs was similar
between the two groups, suggesting overnight change in leg fluid volume was a result of the change in gravitational

Figure 1 Changes in leg fluid volumes (ΔLFV) and thoracic fluid volumes (ΔTFV) in the OSA group (black lines) and non-OSA group (grey lines) ((A and B), respectively)
from pre-sleep to post-sleep measurements. Each line represents an individual participant. P values for comparisons between groups are based on analysis of covariance,
adjusted for age, BMI and sex. Bars on either side of data lines represent group mean value with SD.
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Figure 2 Changes in respiratory system reactance at 5 Hz (X5), reactance area (AX), total respiratory system resistance at 5 Hz (R5), frequency dependence of resistance
(R5-19), and resonant frequency (Fres) in the OSA group (black lines) and non-OSA group (grey lines) (A–E, respectively) from pre-sleep to post-sleep measurements. Each
line represents an individual participant. P values for comparisons between groups are based on analysis of covariance, adjusted for age, BMI and sex. Bars on either side of
data lines represent group mean value with SD. More negative X5 indicates greater small airways resistance.
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direction and the resulting redistribution of fluid out of the legs. Therefore, the extra fluid drawn into the thorax was not
likely a result of gravitational fluid shifts, but possibly a direct effect of the obstructive events on the lower intrathoracic
pressure and consequently on the splanchnic circulation and/or the superior vena cava.

The increase in small airways narrowing overnight was greater among participants with asthma and co-existing OSA
than in those without OSA, despite similar baseline X5, AX, R5, R5-19, and Fres before sleep. If some of the overnight
increase in TFV accumulated around already narrowed small airways, this could induce further narrowing as we
observed. Specifically, the greater overnight reduction in X5 and increases in AX, R5-19 and Fres indicate a greater degree
of overnight small airways narrowing and ventilator heterogeneity in patients with OSA than among those without OSA.
All four variables measure somewhat different aspects of respiratory system mechanics, and therefore provide a more
comprehensive understanding of the effects of OSA and overnight changes in thoracic fluid volume on small airways
function than any one variable alone. Our findings are in keeping with a recent study, that in children hospitalized with
acute asthma exacerbations, generation of highly negative inspiratory pleural pressure was accompanied by an increase in
extravascular lung water and associated with worse respiratory clinical outcomes.35

Neither group experienced any significant change in R5. R5 reflects the resistance of the entire respiratory system
including both small and large airways (≥ 2 mm in diameter), but is dominated by the latter.8 This observation suggests
that large airways were either not affected or were minimally affected by the overnight increase in TFV in those with
OSA. It is likely that a larger increase in TFV would be needed to cause narrowing of the large airways.

Previous studies have shown that rostral fluid shift into the neck, narrows the pharyngeal airway and increases its
airflow resistance, thereby contributing to the pathogenesis of OSA.36,37 Similarly, fluid shift from the legs into the thorax
induced by application of lower body positive pressure or Mueller maneuvers increases both TFVand the degree of small
airways narrowing in patients with asthma.23–25 In addition, as demonstrated in the present study, patients with asthma
and OSA had a greater increase in TFV and greater narrowing of small airways overnight than asthma patients without
OSA. This observation suggests a unifying link among overnight fluid shifts, OSA and asthma such that while rostral
fluid shift into the neck predisposes to OSA, fluid shift into the thorax induced by OSA in people with asthma may
worsen asthma at night by narrowing the small airways and increasing airways resistance.

OSA is becoming recognized as a modifiable risk factor for difficult to control asthma, and more specifically,
nocturnal asthma.9,11,12 In addition, in patients with asthma, treating co-existing OSA with continuous positive airway
pressure (CPAP), which would eliminate apnea-associated swings in negative pleural pressure, improves symptoms of
asthma and quality of life.5,38–40 However, current asthma management guidelines do not include OSA as a factor that
could worsen asthma and whose treatment could improve it, likely because potential mechanisms linking the two
diseases remain unclear. The importance of our findings, therefore, is that they provide proof-of–principle that OSA
can cause an increase in TFVovernight, most likely due to generation of exaggerated negative pleural pressure, and that
this is associated with narrowing of the small airways in individuals with asthma, probably by increasing extravascular
lung water and airway edema.

The present study has some limitations. Firstly, compared to the non-OSA group, the OSA group was older and had
higher BMI, which are also risk factors for OSA. However, we adjusted for these differences statistically using
ANCOVA. It may also show that in asthma, older individuals or those with higher BMI are at higher risk due to
overnight fluid accumulation in the thorax;24 this could be investigated in future studies. Secondly, pleural pressure of
participants was not measured during the sleep, so we could not quantify the degree of the negative pressure generated
during obstructive events. However, it is likely that greater overnight increases in TFV and small airways narrowing in
patients with asthma who have OSA than in those who do not could also be attributed to the exaggerated negative
inspiratory pleural pressure during obstructive events. Thirdly, the sample size of 19 was rather small. However, since the
difference between the two groups in primary outcome (X5) was significant, this sample size was sufficient to detect this
difference and avoid a type 2 error. Lastly, although we did not measure clinical outcomes, our findings have potential
clinical implications. They raise the issue of whether patients whose asthma is difficult to control or who have nocturnal
symptoms should be screened or diagnose for OSA, and if present, treated in an attempt to better control asthma and
prevent exacerbations. More efforts could be done in this population to enhance adherence to CPAP treatment, or
alternative treatments such as exercise or reducing overall body fluid with diet.
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In conclusion, the present study provides strong evidence that in patients with asthma, OSA induced fluid accumula-
tion in the thorax that, in turn, provoked small airways narrowing, a reduction in functionally communicating peripheral
airspaces, and an increase in ventilatory heterogeneity overnight. These observations support a mechanism by which
OSA could worsen asthma and could help to explain the high prevalence of nocturnal symptoms in individuals with
asthma and OSA. Randomized trials will be needed to determine whether management of co-existing OSA in patients
with asthma will reduce overnight thoracic fluid accumulation, and improve respiratory mechanics and symptoms of
asthma. Our findings also raise the possibility that other means of reducing nocturnal thoracic fluid accumulation in
patients with asthma and co-existing OSA such as exercise,41 wearing compression stockings during the day,42 taking
diuretics,43 or raising head would reduce overnight increases in small airways narrowing and nocturnal asthma
symptoms.
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