
Functional Aerobic Capacity in Patients With Sleep-Disordered
Breathing

Meghna P. Mansukhani, MBBSa, Thomas G. Allison, PhD, MPHb, Francisco Lopez-Jimenez,
MD, MSb, Virend K. Somers, MD, PhDb, and Sean M. Caples, DOa,c,*

aCenter for Sleep Medicine, Mayo Clinic, Minnesota

bDivision of Cardiovascular Diseases, Mayo Clinic, Minnesota

cDivision of Pulmonary and Critical Care Medicine, Mayo Clinic, Minnesota

Abstract

Few studies have examined exercise capacity or cardiovascular responses to maximal exercise

testing and recovery in patients with sleep-disordered breathing (SDB), and results from these

studies are conflicting. The objective of this cross-sectional study conducted at a tertiary referral

center was to examine the association between SDB and exercise testing outcomes independent of

body mass index (BMI) and other cardiopulmonary risk factors. Between January 1, 2005 and

January 1, 2010, 1,424 adults underwent exercise testing and within 6 months before first-time

diagnostic polysomnography. Subjects were categorized by apnea-hypopnea index (AHI) into 4

groups: <5, 5 to 14, 15 to 29, and ≥30. A logistic regression model incorporated age, gender, BMI,

smoking, hypertension, diabetes, beta-blocker use, and cardiac and pulmonary disease as

covariates. The primary variable of interest was functional aerobic capacity (FAC). Mean age was

56.4 ± 12.4 years; 75% were men. Mean BMI was 32.4 ± 7.1 kg/m2, and mean AHI 19.5 ± 22.1

per hour. On multivariate analysis, AHI as a continuous variable showed a negative correlation

with FAC (R2adj = 0.30, p <0.001) and postexercise SBP (R2adj = 0.23, p = 0.03), and positively

correlated with resting and peak DBP (R2adj = 0.09, p = 0.01 and R2adj = 0.09, p = 0.04

respectively). When comparing patients with severe SDB (AHI ≥30) with those without SDB

(AHI <5), FAC and heart rate recovery were significantly lower, and resting, peak, and

postexercise DBP were higher in those with severe apnea (all p <0.05), after accounting for

confounders. In conclusion, SDB severity was associated with reduced FAC and increased resting

and peak DBP. Even after accounting for confounders, severe SDB was associated with attenuated

FAC, impaired heart rate recovery, and higher resting, peak, and postexercise DBP.

We hypothesized that decreased exercise capacity is a possible consequence of the

cardiopulmonary and deconditioning effects of sleep apnea. Few studies have examined

exercise capacity and responses to maximal exercise testing and recovery in patients with
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sleep-disordered breathing (SDB). The limited available data are derived from small studies,

and results are conflicting. Furthermore, in most previous studies, it is difficult to discern the

effects of SDB independent of BMI and cardiopulmonary disease.1 We aimed to conduct a

cross-sectional study at our center to examine the association between SDB and exercise

testing outcomes independent of body mass index (BMI) and other cardiopulmonary risk

factors.

Methods

Patients who were referred to our center for comprehensive exercise testing between January

1, 2005 and January 1, 2010 were identified from the Cardiovascular Health Clinic (CVHC)

database. Of these, subjects who underwent first-time diagnostic polysomnography (PSG) at

the Center for Sleep Medicine at our facility within 6 months following the appropriate

exercise test were identified using the relevant International Classification of Diseases (9th

revision) procedure codes. Verification that this was the first diagnostic PSG and that the

subject was treatment-naive was made by detailed review of the individual electronic

medical records. Patients with amyloid or sarcoid heart disease; liver, kidney, or cardiac

transplant; on dialysis; or with a history of previous lung resection were excluded.

Information on comorbidities and medications was collected by the clinician assessing the

patient at the time of presentation to the CVHC for exercise testing. This was performed

through patient interview and review of the electronic medical record, including results of

other testing such as echocardiogram or pulmonary function tests where available. PSG

measures collected by review of the individual sleep study reports were apnea-hypopnea

index (AHI) and sleep efficiency. Patients were divided into 4 subgroups based on their AHI

(<5, 5–14, 15–29, and ≥30). PSGs were manually scored by registered PSG technologists

and reviewed by physicians board certified in sleep medicine, using standard American

Academy of Sleep Medicine criteria.2

Most patients underwent a treadmill exercise test using the Bruce, Naughton, or modified

Naughton protocols.3 A minority had cycle ergometry. Exercise testing variables included

predicted maximum exercise time, maximum exercise time achieved, predicted metabolic

equivalents (METs), METs achieved, and functional aerobic capacity (FAC), the main

outcome measure. FAC was calculated using a nomogram based on age, sex, baseline

activity level and observed duration of exercise.4 Data on resting heart rate (HR), peak

exercise HR, 1-minute post–peak exercise HR, resting systolic blood pressure (SBP) and

diastolic blood pressure (DBP), peak exercise SBP and DBP, and 3-minute post–peak

exercise SBP and DBP were collected. Heart rate recovery (HRR), SBP, and DBP recovery

were calculated as the difference or ratio between peak exercise and postexercise values,

respectively. Where applicable, reason for termination of the test, electrocardiogram

abnormality, grade of dyspnea or ventricular arrhythmia, and chest pain index were

recorded. Most patients were referred for an exercise test to the CVHC for symptoms of

fatigue, chest pain, and palpitations or for testing before prescribing exercise in sedentary

individuals. Forced expiratory volume in 1 second (FEV1) and forced vital capacity (FVC)

were measured if required depending on test indication (e.g., complex cardiovascular

disease, risk stratification in heart failure, dyspnea on exertion, or in athletes).
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Covariates in the logistic regression analyses included age, gender, BMI (kg/m2), history of

current smoking, hypertension, diabetes mellitus, beta-blocker use, cardiac disease

(including coronary artery disease, cardiomyopathy, heart failure, known arrhythmia,

valvular heart disease, congenital heart disease), and pulmonary disease (chronic obstructive

pulmonary disease, asthma, restrictive lung disease, previous pulmonary embolism or

presence of pulmonary artery stenosis, other pulmonary disease).

The primary variable of interest assessed was FAC. Secondary variables of interest were

HR, peak exercise HR, 1-minute post-peak exercise HR, HRR, resting SBP and DBP, peak

exercise SBP and DBP, 3-minute post-peak exercise SBP and DBP, and SBP and DBP

recovery, electrocardiogram abnormality, and grade of ventricular arrhythmia. Univariate

and multivariate analyses were conducted using AHI as a continuous variable to assess for a

dose-response relationship between severity of SDB and the variable of interest. In

subsequent analyses, subjects with severe SDB were compared with those without SDB

using logistic regression analyses accounting for the complete list of confounders described

earlier. Statistical analyses were performed using JMP software version 8 (SAS Institute,

Cary, North Carolina).

Results

Between January 1, 2005 and January 1, 2010, 41,310 exercise tests were performed at the

CVHC; 3,901 subjects underwent a first-time diagnostic polysomnogram during this time

frame, and of these 2,716 had an exercise test. Reviewing these tests, we found 1,463

patients who underwent a first time diagnostic PSG within 6 months following the exercise

test. After exclusions, the number of subjects analyzed was 1,424. The mean age of the

subjects was 56.4 years (SD 12.4), and 75% were men. Subjects with moderate or severe

SDB tended to be older with a higher BMI, and a greater proportion were male, compared

with those with mild or no SDB. The most common comorbidity was hypertension (Table

1).

One hundred seven patients had a cycle ergometer test. All other patients underwent a

treadmill test, using the Bruce (n = 790) or Naughton or modified Naughton (n = 78)

protocols, and 499 patients had an oxygen consumption test. The most common reason for

termination was the development of fatigue or other symptoms (n = 1,325). FEV1 and FVC

were measured at the time of the exercise test in 198 subjects. All other exercise test

measures were available for the entire cohort (n = 1,425). Maximum exercise time and

METs achieved negatively correlated with AHI (all ps <0.001) and decreased across AHI

categories from no SDB to severe SDB.

Overall, the mean FAC of the cohort was 76.3% (SD 22.1) and showed a progressive

decline across AHI categories from no SDB to severe SDB. Univariate analysis results using

AHI as a continuous variable showed that AHI negatively correlated with FAC (adj. R2 =

0.05, p <0.001), peak HR (adj. R2 = 0.04, p <0.001) and HRR (adj. R2 = 0.01, p <0.001).

AHI showed a positive correlation with resting SBP (adj. R2 = 0.002, p = 0.04) and peak

DBP (adj. R2 = 0.003, p = 0.04; Table 2). One-minute postexercise HR showed a negative

correlation (adj. R2 = 0.03, p <0.001) and 3-minute postexercise DBP showed a positive
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correlation (adj. R2 = 0.03, p = 0.03) with AHI, but resting HR, resting DBP, peak SBP, and

SBP and DBP recovery were not significantly associated with AHI (all ps >0.05).

In the multivariate analysis, AHI as a continuous variable continued to be negatively

correlated with FAC (adj. R2 = 0.30, p <0.001). AHI also showed a negative correlation with

postexercise SBP (adj. R2 = 0.23, p = 0.03) and a positive correlation with resting DBP (adj.

R2 = 0.09, p = 0.01) and peak DBP (adj. R2 = 0.09, p = 0.04). After accounting for

confounders, AHI positively correlated with FREIVA (p = 0.04), VT <30 and ≥30 seconds,

maximum exercise time and METs achieved, as well as symptom-limited test/patient

requesting termination (all ps <0.05).

When comparing subjects with severe SDB (AHI ≥30) with those with no SDB (AHI <5) in

multivariate analyses, FAC (adj. R2 = 0.30, p = 0.004) and HRR (adj. R2 = 0.07, p = 0.05)

were lower, and resting DBP (adj. R2 = 0.06, p = 0.004), peak DBP (adj. R2 = 0.09, p =

0.008), and post-exercise DBP (adj. R2 = 0.04, p = 0.03) were higher in those with severe

apnea.

Multiple logistic regression analyses were repeated, including use of calcium antagonist

medications (n = 126), percentage body fat calculated from skin-fold thickness

measurements at the mid-triceps, mid-axillary, and suprailiac regions (data available in

1,253 subjects, mean 28.07%, SD 6.45), and waist-to-hip body ratio (Table 2) as covariates;

results for FAC were again similar (adj. R2 = 0.29, p <0.001). Subsequent multiple logistic

regression analyses were conducted including (1) only those subjects with sleep efficiency

(total sleep time/total recording time) ≥85% (n = 399) to increase accuracy of diagnosis of

sleep disordered breathing, although it should be noted that sleep disordered breathing may

itself affect sleep efficiency, (2) only those with a diagnosis of obstructive sleep apnea (n =

1,314), and (3) baseline exercise parameters along with the other covariates. FAC, resting,

and peak DBP continued to be significantly associated with AHI in each of these analyses

(results not shown).

Discussion

In what is, to our knowledge, the largest study to date exploring the relation between

exercise testing and untreated SDB, we have shown an independent and highly significant

association between SDB severity and reduced exercise capacity (adj. R2 = 0.30, p <0.001),

as well as an independent association between SDB severity and increased peak DBP and

exercise-related ventricular arrhythmias. We have also found that, compared with patients

without SDB (AHI <5), those with severe SDB (AHI ≥30) have significantly reduced FAC

and HRR and higher peak and post-exercise DBP after accounting for multiple possible

confounders including obesity and cardiopulmonary disease.

There are several possible mechanisms through which SDB might contribute to

abnormalities in exercise testing and recovery. Dysregulation of the blood pressure response

to exercise may result from the repetitive cycles of hypoxemia and reoxygenation

characteristic of SDB, which have been associated with endothelial dysfunction and

autonomic instability. Arrhythmias are commonly encountered during PSG in patients with
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SDB. Similar pathways could explain the propensity for ventricular ectopy noted on exercise

testing. Impaired vagal activity, increased platelet aggregation, and/or insulin resistance may

contribute to impairment of left ventricular function,5 including diastolic dysfunction.6

Reduced exercise capacity may indicate early cardiovascular dysfunction in patients with

SDB. Other factors contributing to reduced exercise capacity may include impaired muscle

metabolism,7,8 sleep fragmentation or loss,9-11 and physical deconditioning due to daytime

fatigue and/or somnolence. Although measures of daytime sleepiness were not ascertained

in our study, higher sleep efficiency on polysomnography was seen to positively correlate

with FAC in univariate (adj. R2 = 0.03, p <0.001) and multivariate (adj. R2 = 0.31, p =

0.015) analyses, suggesting that sleep fragmentation may play a role in impaired exercise

capacity seen in subjects with SDB. Increased diastolic blood pressure with exercise may

relate to sympathetic induced vasoconstriction,12 endothelial dysfunction,13 or a blunted

response to beta 2 receptor stimulation,14 mechanisms that have been shown to occur in

patients with SDB. It is worth noting the limited accuracy of BP measurements during

exercise testing; however, in our study, this association persisted even after accounting for a

number of confounders. The large number of subjects analyzed in this study suggests that

this is a reliable result.

FEV1 and FVC were not significantly associated with FAC or other exercise test outcomes.

Measurements of metabolic expired gases were not available, and FEV1 and FVC were

collected only on a small number of patients at the time of exercise testing because a full

cardiopulmonary exercise test was not thought to be required in other subjects based on the

indication for the study and only a few patients were noted to have preexisting pulmonary

disease or previous abnormal pulmonary function tests at the time of presentation to the

CVHC. Hence, it is possible but seems less likely that pulmonary factors such as low lung

volumes may have accounted for the negative association with FAC in this cohort.

Existing literature describing exercise testing in the setting of SDB report conflicting results.

Some studies have shown a decrease in exercise capacity in patients with SDB7,14-19; others

have shown no differences.20-22 The study by Grote et al showed impaired HRR in patients

with SDB.14 A few studies have shown an increased diastolic blood pressure response to

exercise.14,23,24 A recent small case-control study of young men failed to show a difference

in peak cycle ergometric exercise blood pressure in patients with obstructive sleep apnea

(OSA) diagnosed by portable monitoring compared with subjects without OSA.25 The large

size and careful methods of our study offer robust evidence that SDB is associated with

decreased exercise capacity, increased blood pressure responses with exercise, and abnormal

HRR. By limiting the analysis to exercise testing that preceded in-laboratory attended

polysomnography by up to 6 months, we have eliminated the confounding effects of SDB

treatment (i.e., positive airway pressure therapy) on exercise outcomes. Furthermore, by

analyzing the data using AHI as a continuous variable, we found a dose effect of SDB on

exercise outcomes.

Previous studies are largely case-control in design, with relatively small sample sizes. Few

used attended, in-laboratory PSG to confirm the presence or absence of SDB.

Inconsistencies in the definition of SDB (e.g., not accounting for hypopneas) were

encountered and outcomes were not assessed by severity of SDB. Furthermore, many of
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these studies examined selected and specific subpopulations such as lean subjects or young

male patients. Other limitations include variations in exercise testing protocols and lack of

adjustment for BMI or other confounders such as cardiac or pulmonary diseases that are

known to affect exercise testing outcomes.

In contrast, we accounted for a comprehensive set of confounders in logistic regression

analyses and used echocardiogram and pulmonary function testing data where available to

diagnose cardiac and pulmonary disorders in the CVHC. We employed relatively uniform

exercise testing protocols at a single large center. Data on exercise times, METs achieved,

and cardiac exercise testing variables was available for the entire study population,

minimizing any bias due to variable data collection. Subsequent analyses were performed

that included only patients with OSA and that accounted for sleep efficiency, calcium

antagonist use, as well as other exercise testing variables as additional covariates.

Limitations of our study include its cross-sectional nature, possible referral bias, and a

predominantly Caucasian population. It is worth noting that although results of this study

may not be representative of all patients with SDB because this was a referred sample, most

patients who underwent PSG in our study did have an exercise test performed. It is possible

for cardiopulmonary comorbidity to have developed in between the period of exercise test

and PSG; however, this would have occurred in a small proportion of the cohort, if at all,

and hence is unlikely to have significantly affected the overall results. Finally, even though

we tried to account for visceral obesity and fat distribution in the analyses through waist-to-

hip ratio and skin-fold thickness measurements in addition to BMI, there may be unknown

confounders associated with obesity may not have been controlled for.
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