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Abstract

Background—The ventilatory response to exercise can be transiently adjusted in response to 

environmentally (e.g., breathing apparatus) or physiologically altered conditions (e.g., respiratory 

disease), maintaining constant relative arterial PCO2 regulation from rest to exercise (Mitchell and 

Babb, 2006); this augmentation is called short-term modulation (STM) of the exercise ventilatory 

response. Obesity and/or obstructive sleep apnea could affect the exercise ventilatory response and 

the capacity for STM due to chronically increased mechanical and/or ventilatory loads on the 

respiratory system, and/or recurrent (chronic) intermittent hypoxia experienced during sleep. We 

hypothesized that: 1) the exercise ventilatory response is augmented in obese OSA patients 

compared with obese non-OSA adults, and 2) the capacity for STM with added dead space is 

diminished in obese OSA patients.

Methods—Nine obese adults with OSA (age: 39 ± 6 yr, BMI: 40 ± 5 kg/m2, AHI: 25 ± 24 

events/hr [range 6–73], mean ± SD) and 8 obese adults without OSA (age: 38 ± 10 yr, BMI: 37 

± 6 kg/m2, AHI: 1 ± 2) completed three, 20-min bouts of constant-load submaximal cycling 

exercise (8 min rest, 6 min at 10 and 30 W) with or without added external dead space (200 or 400 

ml; 20 min rest between bouts). Steady-state measurements were made of ventilation (V̇E), oxygen 

consumption (V̇O2), carbon dioxide production (V̇CO2), and end-tidal PCO2 (PETCO2). The exercise 

ventilatory response was defined as the slope of the V̇E-V̇CO2 relationship (ΔV̇E/ΔV̇CO2).

Results—In control (i.e. no added dead space), the exercise ventilatory response was not 

significantly different between non-OSA and OSA groups (ΔV̇E/ΔV̇CO2 slope: 30.5 ± 4.2 vs 30.5 

± 3.8, p > 0.05); PETCO2 regulation from rest to exercise did not differ between groups (p > 0.05). 

In trials with added external dead space, ΔV̇E/ΔV̇CO2 increased with increased dead space (p < 
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0.05) and the PETCO2 change from rest to exercise remained small (<2 mmHg) in both groups, 

demonstrating STM. There were no significant differences between groups.

Conclusions—Contrary to our hypotheses: 1) the exercise ventilatory response is not increased 

in obese OSA patients compared with obese non-OSA adults, and 2) the capacity for STM with 

added dead space is preserved in obese OSA and non-OSA adults.
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INTRODUCTION

Healthy, younger and older non-obese women and men exhibit an augmented exercise 

ventilatory response when challenged with added external dead space; this effect is termed 

short-term modulation (STM) of the exercise ventilatory response (Wood et al., 2008a, 2010, 

2011). STM is a mechanism which modulates and adjusts the exercise ventilatory response 

in response to environmentally or physiologically increased respiratory dead space to 

maintain an appropriate ventilatory response and to preserve a constant relative arterial PCO2 

(PaCO2) with respect to its resting level (Mitchell and Babb, 2006; Mitchell et al., 2008).

Adding dead space to the respiratory system increases resting neural respiratory drive, 

ventilation, and PaCO2 due to classical negative feedback from CO2 chemoreceptors; and 

subsequent ventilatory responses to exercise are increased independent from changes in 

chemoreceptor feedback from rest to exercise, demonstrating altered feed-forward 

contributions to breathing in exercise (Mitchell, 1990). Mitchell and colleagues (Bach et al., 

1993; Henderson and Mitchell, 2000; Mitchell et al., 2008) demonstrated that STM requires 

the activation of spinal serotonin receptors in goats; the relevant serotonin receptors have 

been postulated to be located on respiratory motor neurons (Mitchell et al., 2001). Serotonin 

receptor activation may render respiratory motor neurons more excitable, enhancing 

respiratory muscle activation and ventilation for the same descending neural respiratory 

drive during exercise (Mitchell and Johnson, 2003). Obesity places a unique challenge on 

the respiratory system due to increased chest wall and abdominal fat compressing the lungs, 

leading to low lung volume breathing (Babb et al., 2008) and an increase in the work of 

breathing, especially during exercise (Bernhardt and Babb, 2014; Bhammar et al., 2016; 

Gibson, 2000; Kress et al., 1999). Despite these challenges, the ventilatory response to 

exercise is usually preserved in obese adults when corrected for the increased metabolic cost 

of a given work rate (Wasserman and Whipp, 1975).

Obesity is one of the strongest risk factors for developing obstructive sleep apnea (OSA) 

(Young et al., 1993); up to 77% of obese individuals are diagnosed with OSA (Frey and 

Pilcher, 2003; Lopez et al., 2008; O'Keeffe and Patterson, 2004). Conversely, OSA may 

contribute to weight gain and obesity (Carter and Watenpaugh, 2008; Shah and Roux, 2009). 

OSA is characterized by repetitive episodes of upper airway obstruction during sleep (i.e., 

developing increased respiratory pressures, sleep fractionation and chronic intermittent 

hypoxia (CIH). Thus, obese OSA patients are often burdened by multiple factors, including 

obesity and OSA-related respiratory challenges.
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CIH elicits plasticity in the central neural control of breathing via serotonin-dependent 

mechanisms (Ling et al., 2001). Repetitive activation of serotonin receptors during CIH 

elicits long lasting enhancement of synaptic inputs to respiratory motor neurons and, 

potentially, their responses to increased neural respiratory drive associated with exercise 

(Ling et al., 2001) (i.e., increased neural output from motor neurons to respiratory muscles, 

thereby increasing the exercise ventilatory response). Obesity and CIH associated with OSA 

may impact STM in multiple ways. First, since CIH preconditioning enhances the ability to 

express serotonin-dependent respiratory motor plasticity (Gerst et al., 2011; Ling et al., 

2001), including CIH accompanied by other attributes of OSA (Lee et al., 2009), serotonin-

dependent STM may be enhanced in OSA patients. On the other hand, the capacity for STM 

is limited in both animal models (Mitchell, 1990) and normal humans (Wood et al., 2008a, 

2010, 2011), suggesting that mechanical impairment associated with obesity and increased 

upper airway resistance may overload the system, diminishing the ability to express further 

STM with the addition of respiratory dead space.

STM (or lack thereof) has never been studied in obese humans, either with or without OSA. 

Thus, we tested the hypotheses that: 1) otherwise healthy obese human subjects (without 

OSA) retain the capacity for STM with increased respiratory dead space, at least through a 

limited range; 2) the exercise ventilatory response in obese OSA patients is unchanged 

versus otherwise healthy obese adults; and 3) the capacity for STM with added respiratory 

dead space is enhanced in obese OSA patients.

METHODS

Subjects

Nineteen obese adults diagnosed with (n=9) or without OSA (n=8) were recruited via flyers 

and word-of-mouth from the UT Southwestern Clinical Center for Sleep and Breathing 

Disorders. The presence or absence of OSA was determined as part of their clinical 

evaluation via polysomnography using nasal air flow via nasal cannula, finger pulse 

oximetry, and thoracic respiratory effort at a minimum to score apnea/hypopnea events. An 

apnea-hypopnea index (AHI) was generated. Apnea is defined as a cessation of airflow for 

≥10 s. Hypopnea is defined as a ≥50% reduction in airflow for ≥10 s coupled with a 

reduction in oxygen saturation (≥4%). OSA was defined as an AHI of greater than five 

events per hour during sleep (Epstein et al., 2009). Exclusion criteria included current 

smoker or recent history of smoking, cardiovascular disease, asthma, anxiety or depression, 

and prior use of sleep apnea treatment (such as continuous positive airway pressure). The 

study was approved by the UT Southwestern Medical Center and all subjects gave their 

written informed consent to participate.

Subjects visited the exercise physiology laboratory on two occasions and were asked not to 

eat or consume caffeine for at least 2 h before each visit. On visit 1, standard measurements 

of height, weight, and body circumferences (neck, chest, waist, hips). A resting ECG was 

performed to exclude any significant cardiovascular abnormalities. Spirometry, lung 

volumes, and diffusing capacity measurements were performed via whole body 

plethysmography (model V62W body plethysmograph, SensorMedics), according to 

ATS/ERS guidelines (1995; Pellegrino et al., 2005).
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STM protocol

On visit 2, subjects performed the STM protocol used the same equipment as previously 

described (Wood et al., 2008a, 2010, 2011). Subjects were instrumented with forehead pulse 

oximeter and 3-lead ECG. All subjects performed submaximal exercise on an 

electromagnetically braked cycle ergometer. Subjects performed three 18-min trials, 

consisting of a 6-min rest period followed by 6 min at 10 W and 6 min at 30 W. One trial 

was a control with no added dead space; for the other two trials an external dead space with 

a volume of 200 or 400 mL was added to the breathing circuit. The order of the three trials 

was randomized. A rest period of 20 min was given in between trials. Expired gas was 

collected in 200 L expiratory bags at rest (last 3 min) and during each level of exercise (last 

2 min) for determination of gas exchange (V̇O2, V̇CO2) and minute ventilation (V̇E). End-

tidal PCO2 (PETCO2) and breathing frequency (Rf) was manually recorded from a capnograph 

every 15 s. Tidal volume (VT) was calculated as V̇E/Rf.

Data analysis

Anthropometric measures and pulmonary function variables were assessed using 

independent t-test. The exercise ventilatory response was defined as the slope of the V̇E-

V̇CO2 relationship (ΔV̇E/ΔV̇CO2) as previously described (Wood et al., 2008a). STM was 

assessed using a two-way ANOVA with repeated measures on exercise (three levels: rest, 

10W, 30W) and dead space (three levels: control, 200, 400 mL); Tukey’s posthoc test was 

used in individual comparisons to make statistical inferences. Ventilatory response to 

exercise (i.e., without added dead space) was assessed by comparing the resting, 10W, and 

30W variables from the control trial (i.e., no dead space); one-way ANOVA with repeated 

measures (group and exercise level) was used. The effect of added dead space on ventilation 

at rest was assessed by comparing resting variables from the control trial (i.e. no dead space) 

with the resting variables from the 200 and 400 mL dead space trials; one-way ANOVA with 

repeated measures was used. Hypercapnic ventilatory response was determined by 

calculating the individual slopes of the ΔV̇E/ΔPETCO2 linear regression. All statistical 

analyses were performed with IBM SPSS Statistics Version 22. Data are presented as mean 

± SD.

RESULTS

Two subjects (ID 508 and 520) were excluded from the main analyses due to suspected 

obesity hypoventilation syndrome, which is defined as the combined presence of obesity (i.e 

BMI > 30kg/m2) daytime hypoventilation/hypercapnia (i.e. PaCO2 >45 mmHg), and sleep-

disordered breathing in the absence of alternative neuromuscular, mechanical or metabolic 

explanation for hypoventilation (for a review, see (Mokhlesi, 2010)). Data from these two 

subjects will be presented separately at the end.

Subject characteristics and pulmonary function

Subject characteristics were not different between the Non-OSA and OSA groups (Table 1). 

Body mass indexes ranged from 29.4 – 47.9 kg/m2. One subject was classified as 

overweight, five as obesity class I, two as obesity class II, and seven as obesity class III. In 

the OSA group, the AHI ranged from 6–73 events/hr. Three subjects were classified as 
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having mild OSA (i.e., AHI ≥ 5 < 15), two had moderate OSA (i.e., AHI ≥ 15 < 30), and two 

had severe OSA (i.e., AHI ≥ 30). Neck circumference was significantly greater in the OSA 

group. Figure 2 shows the relationship between AHI and BMI.

All subjects had normal spirometry and diffusing capacities; and normal or slightly reduced 

lung volumes (Table 1). There were no significant differences between groups in pulmonary 

function. No subject had significant changes in lung function following bronchodilator 

inhalation (data not shown).

Ventilation, breathing pattern, and gas exchange at rest and during exercise

Table 2 shows the ventilatory, breathing pattern, and gas exchange responses at rest and 

during 10W and 30W of exercise without added dead space (i.e., control condition). No 

statistically significant differences between groups were observed in the measurements at 

rest (individual p-values given in table). However, V̇E tended to be higher in the OSA 

compared with the Non-OSA group (p = 0.129) (Figure 3). V̇E (p < 0.05), V̇CO2 (p < 0.05), 

and V̇O2 (p < 0.05) increased with exercise intensity (i.e., from rest to 10W to 30W). PETCO2 
did not significantly differ from rest to exercise (p > 0.05). There was no association 

between the individual subject’s AHI and their slope of V̇E/V̇CO2 (Figure 4).

Resting ventilatory response to added dead space

No statistically significant differences were observed between groups in the resting 

ventilatory response to added dead space (p-values in Table 3 and Figure 5). However, V̇E 

and V̇CO2 tended to be higher in the OSA compared with the Non-OSA group (p = 0.118 

and p = 0.144, respectively). At rest, PETCO2 (p < 0.05) and V̇E (p < 0.05) were higher with 

added dead space than without in both groups, indicating that resting ventilatory response 

was augmented with dead space. The elevated V̇E was due to increases in VT (p < 0.05) 

only, not Rf (p > 0.05).

The hypercapnic ventilatory response was within normal limits (mean ± SD of individual 

slopes 2.8 ± 2.3 L/min/Torr) (Figure 6).

Short-term modulation of the exercise ventilatory response

Table 4 shows the changes in ventilation, breathing pattern, and gas exchange variables in 

response to increasing exercise intensity and added dead space between the groups (three-

way ANOVA). A main effect of dead space on the slope of the exercise ventilatory response 

(ΔV̇E/ΔV̇CO2) was observed (Figure 7), the slope increased with increasing dead space; but 

there was no main effect of group (p > 0.05). The slope tended to decrease with increasing 

exercise intensity (p = 0.051). ΔV̇E showed main effects of dead space and exercise intensity 

(p < 0.05), but no differences between groups; V̇E increased with increasing dead space and 

exercise intensity. The increased ΔV̇E in the OSA groups was due to both increased 

breathing frequency and tidal volume (ΔRf and ΔVT). There was a main effect of exercise 

intensity on ΔV̇CO2, CO2 production was higher at higher exercise intensity.
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No significant differences were found in ΔPETCO2. For both groups, ΔPETCO2 from rest to 

each exercise level with added dead space was lower or very close to that without added 

dead space (mean change <2 mmHg), indicating that CO2 was not retained.

Obesity Hypoventilation Syndrome

The two subjects with suspected OHS had two of the highest body mass indexes of the 

subjects in this study (Figure 2) and had lower than predicted lung function (Table 5). In line 

with the definition of OHS, they exhibited elevated resting PETCO2 values (44 and 46 

mmHg, respectively). When challenged with increasing dead space and with increasing 

exercise intensity, ΔPETCO2 was increased (Figure 8) as PETCO2 increased up to 55 and 52 

mmHg, respectively. The ΔV̇E/ΔV̇CO2 slope increased with increasing dead space (i.e., 

control to 400 ml DS) (Figure 8) but it cannot be determined whether this increase was due 

to STM or the retention of CO2. Nevertheless, ventilation was not adjusted to meet the 

demand of the increased dead space.

DISCUSSION

The main findings of this study are: 1) the exercise ventilatory response is similar between 

obese OSA patients and obese adults without OSA, and 2) both groups had equal capacity 

for STM with added respiratory dead space, in contrast to our hypotheses. Additionally, two 

subjects with suspected OHS demonstrated a reduced ventilatory response to exercise and 

CO2 retention, which made determination of STM impossible; thus, careful evaluation of 

OSA patients who may also have OHS is clinically important.

This study demonstrates that STM of the exercise ventilatory response is preserved despite 

increased mechanical loads imposed by obesity or OSA. On the other hand, ventilatory 

responses to exercise or chemoreflex activation are diminished in OHS patients. These 

findings support the view that the respiratory control system exhibits considerable capacity 

for modulation and/or plasticity to increase neural respiratory muscle drive and ventilatory 

output in order to maintain a constant relative PCO2 in response to physiological (e.g. 

obesity, OSA) and imposed (e.g. external added dead space) conditions (Mitchell and Babb, 

2006; Poon et al., 2007). However, the capacity seems to reach a limit in OHS, where the 

ventilatory output fails to compensate for the increasing PCO2 both at rest and during 

exercise. Although limited by the number of subjects, especially in the more severe OSA 

range, our results demonstrate that STM can be expressed in obesity and OSA. Interesting 

findings in a limited group of OHS subjects establish the need for more intensive research in 

this area.

Ventilatory response to exercise

The increase in ventilation during submaximal exercise occurs in direct proportion to the 

increased metabolic CO2 production, such that partial pressure of CO2 in the arterial blood 

is maintained constant (i.e., CO2 is not retained, but isocapnic). An increased slope of this 

V̇E/V̇CO2 relationship is associated with poorer mortality prognosis in chronic heart failure 

(Arena et al., 2007; Chua et al., 1997; Kleber et al., 2000; Ponikowski et al., 2001). In 

patients with OSA, Hargens et al (Hargens et al., 2009) found an increased ventilatory 
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response. The results of the present study were different in that we did not observe an 

augmented ventilatory response in OSA patients (Figure 31 and Table 2). This discrepancy 

could be due to differences in patient selection (our subjects were older and more obese) or 

exercise assessments (our submaximal exercise levels were lower). Hargens et al suggested 

that chemoreflex sensitivity was altered; however, they did not report PCO2 to substantiate 

this assertion (Hargens et al., 2009). If PCO2 was maintained constant during exercise, 

chemoreflex is not a likely explanation. Lin et al (Lin et al., 2006) found no differences in 

the ventilatory response to maximal exercise, including VĖ/V̇CO2 and PETCO2 between OSA 

and healthy subjects, these results are in line with our observations.

Short-term modulation of the exercise ventilatory response

Exercise with added respiratory dead space adjusts the ventilatory response to exercise in 

order to maintain arterial PCO2 regulation with respect to its new, elevated resting level 

(Babb et al., 2010; Mitchell, 1990). STM is an experimental within-trial augmentation of the 

exercise ventilatory response; when the respiratory dead space is removed, the exercise 

ventilatory response reverts to normal. Thus, STM represents the ability of the respiratory 

control system to adjust breathing during exercise to accommodate other respiratory stimuli 

or imposed challenges (such as changes in dead space). First demonstrated in goats 

(Mitchell, 1990), STM is also present and robust in healthy, younger and older women and 

men (Wood et al., 2010, 2011; Wood et al., 2008b). Results of the current study extend those 

prior results to include healthy obese individuals as well as obese patients with OSA 

demonstrating functioning STM; PETCO2 is maintained within 2 mmHg. In the case of OSA 

patients, a notable difference is an increased V̇CO2 as well as increased V̇E, which results in 

an unchanged V̇E/V̇CO2 relationship.

Obesity Hypoventilation Syndrome

The two suspected OHS subjects were classified as obesity class III and exhibited decreased 

lung function, which is in agreement with previous studies (Basoglu and Tasbakan, 2014; 

Javaheri and Simbartl, 2014; Kessler et al., 2001). The ΔV̇E/ΔV̇CO2 slope was increased with 

added dead space; however, ventilation was not increased enough to maintain a constant 

PETCO2 (Figure 8). Thus, it is not clear whether the increased ΔV̇E/ΔV̇CO2 slope is due to 

chemoreceptor feedback or the feedforward short-term modulation but neither increased 

ventilation enough to prevent CO2 retention (Figure 1). The finding that PETCO2 was not 

maintained suggests that the respiratory control has reached its limit for increasing 

ventilatory output in response to hypercapnia. Eucapnic obesity is characterized by chronic 

systemic low grade inflammation and associated inflammatory changes in adipose tissue 

(Hotamisligil, 2006; Schenk et al., 2008), and OHS is associated with increased 

inflammatory and decreased antiinflammatory cytokines when compared with eucapnic 

obese patients (Borel et al., 2009). Thus, it is possible that the limitation of the respiratory 

controller to respond appropriately to hypercapnia may be due to chronic inflammation 

associated with obesity that undermines the serotonin-dependent STM and/or that OHS 

developed because of a deficiency in serotonergic function in the first place.
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Resting hypercapnic ventilatory response

Respiratory dead space increases resting ventilatory drive due to hypercapnia and CO2-

chemoreceptor feedback caused by the dead space and reduced alveolar ventilation (for a 

given tidal volume) (Mitchell, 1990). The slope of the hypercapnic ventilatory response 

ranges from approximately 0.3 to 3.0 L/min/Torr in Bascom et al (Bascom et al., 1990) and 

similar values in Clement et al’s study (Clement et al., 1992), with the exception of one 

subject who failed to increase ventilation (the authors did not provide an explanation for the 

negative slope observed in this subject). The present findings are in agreement since most 

subjects showed a positive correlation between increased PETCO2 and increased V̇E (average 

slope 2.8 ± 2.3 L/min/Torr). Two subjects in the present study stood out as ventilation did 

not increase with increased PETCO2. Subject 528 presented with severe OSA (AHI=73 

events/hr) and subject 508 with suspected OHS (due to elevated resting PETCO2 of 44 Torr). 

Based on this limited data, we cautiously suggest that a negative hypercapnic ventilatory 

response represents the inability of the respiratory system to detect and/or sufficiently 

correct for the increased CO2 and this may be due to advanced stages of OSA/OHS.

Limitations

Subject recruitment for this study was challenging due to the limited number of subjects 

meeting the inclusion criteria. For example, many patients also exhibited uncontrolled 

hypertension or other comorbidities of sleep apnea. Some were on selective serotonin re-

uptake inhibitor medication for diagnosed depression, which we excluded due to 

complicating responses of the serotonin-dependent STM. The limited sample size, especially 

of OHS patients, may reduce the generalization of the results. Additionally, there was a wide 

range of OSA severity (i.e., number of AHI events) and a generally larger variability in the 

OSA patients compared with non-OSA. This high variability in the individual responses 

contributed to the lower statistical power. It is possible that with a more narrow range of 

OSA severity and with a greater number of subjects a statistically difference between groups 

could have been detected. Also, it is unknown for how long the patients had experienced 

OSA or OHS symptoms, or if the duration of symptoms can alter STM.

Conclusions

Here we establish that STM of the ventilatory response to exercise is preserved despite 

obesity and/or OSA, although it may be reduced in patients with obesity hypoventilation 

syndrome. This is an important development in our understanding of plasticity in the 

respiratory control system during exercise. STM represents the capacity to preserve 

homeostatic PCO2 regulation despite (patho-)physiological and environmental challenges. 

The limited findings from the OHS patients open up exiting avenues for future research.
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Highlights

• The ventilatory response to exercise is of fundamental importance to 

every-day activity.

• Short-term modulation alters the exercise ventilatory response to 

maintain PaCO2.

• Obesity and/or obstructive sleep apnea could affect this neural 

mechanism.

• The findings suggest that STM seems to be preserved in obesity and 

OSA.

• However, it may be diminished in obesity hypoventilation syndrome 

patients.
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Figure 1. 
Model of the interactions between the feedforward and feedback mechanisms when 

challenged with added ventilatory dead space, obesity, and obstructive sleep apnea.
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Figure 2. 
Relationship between apnea-hypopnea index (AHI) and body mass index (BMI) for non-

OSA (filled circles), OSA (open circles), and special cases 508 (open diamond) and 520 

(open square).
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Figure 3. 
Ventilatory response at rest and at 10W and 30W cycling exercise. Mean ± SD. The slope of 

ΔV̇E/ΔV̇CO2 was calculated from each individual subject’s linear regressions.
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Figure 4. 
Individual responses to submaximal 30W exercise. No association between the severity of 

sleep apnea (i.e., AHI) and the ventilatory response to exercise (i.e., slope of ΔV ̇E/ΔV̇CO2).
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Figure 5. 
Resting ventilatory response without (i.e., control) and with added dead space (i.e., 200 mL 

and 400 mL).
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Figure 6. 
Hypercapnic ventilatory response at rest for each subject.
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Figure 7. 
Interaction between the effects of exercise and dead space level on slope of the exercise 

ventilatory response (ΔV̇E/ΔV̇CO2), and change in PETCO2 (ΔPETCO2) from rest to each work 

rate for Non-OSA (left-hand panels) and OSA (right-hand panels) groups. DS, dead space. 

Dotted line with open circles, control (no added dead space); dashed line with filled 

triangles, 200 mL added dead space; dashed and dotted line with open triangles, 400 mL 

added dead space. Mean ± S.D.
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Figure 8. 
Interaction between the effects of exercise and dead space level on slope of the exercise 

ventilatory response (ΔV̇E/ΔV̇CO2), and change in PETCO2 (ΔPETCO2) from rest to each work 

rate for subject 508 (left-hand panels) and 520 (right-hand panels). DS, dead space. Dotted 

line with open circles, control (no added dead space); dashed line with filled triangles, 200 

mL added dead space; dashed and dotted line with open triangles, 400 mL added dead space.
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Table 1

Subject characteristics and pulmonary function.

Non-OSA (n=8) OSA(n=8)

Age (yr) 38 ± 10 39 ± 6

Height (cm) 170.0 ± 9.2 175.0 ± 5.8

Weight (kg) 106.8 ± 15.8 121.9 ± 17.5

BMI (kg/m2) 37.1 ± 6.3 39.8 ± 5.2

AHI (events/hr) 1.3 ± 1.7 25.4 ± 23.6

Neck circumference (cm) 39.5 ± 4.2 44.5 ± 3.7*

FVC (%pred) 98 ± 7 95 ± 13

FEV1 (%pred) 94 ± 11 95 ± 11

FEV1/FVC (%) 79 ± 7 82 ± 3

TLC (%pred) 96 ± 8 89 ± 11

FRC (%TLC) 45 ± 2 39 ± 7

IC (%pred) 94 ± 11 98 ± 15

ERV (L) 1.0 ± 0.4 0.8 ± 0.4

RV (%pred) 76 ± 8 72 ± 12

DLCO (%pred) 86 ± 12 89 ± 18

DLCO/VA (%pred) 113 ± 11 126 ± 24

BMI, body mass index; AHI, apnea-hypopnea index; FVC, forced vital capacity; FEV1, forced expiratory volume in 1s; TLC, total lung capacity; 

FRC, functional residual capacity; IC, inspiratory capacity; ERV, expiratory reserve volume; RV, residual volume; DLCO, lung diffusing capacity; 
VA, alveolar volume; %pred, as a percent of predicted. Values are means ± SD.

*
p<0.05
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Table 2

Ventilation, breathing pattern and gas exchange at rest and during exercise (i.e., control condition).

Non-OSA
(n=8)

OSA
(n=8)

p-value group p-value
interaction

V̇E/V̇CO2 slope

Rest-10W 30.5 ± 4.2 30.5 ± 3.8 0.465 NS

Rest-30W 27.0 ± 3.3 30.1 ± 5.8

PETCO2 (mmHg)

Rest 39.6 ± 1.9 38.6 ± 3.7 0.383 NS

10W 40.7 ± 2.2 39.4 ± 3.7

30W 41.3 ± 2.3 39.5 ± 4.7

ΔPETCO2 (mmHg)

Rest-10W 0.8 ± 1.3 0.8 ± 2.4 0.793 NS

Rest-30W 1.5 ± 1.8 0.9 ± 2.6

V̇E (L/min)

Rest 12.2 ± 1.9 14.7 ± 3.8 0.129 NS

10W a 22.3 ± 5.0 27.2 ± 9.1

30W a,b 26.2 ± 5.3 31.8 ± 8.3

V̇CO2 (mL/min)

Rest 289 ± 69 345 ± 82 0.218 NS

10W a 620 ± 158 744 ± 235

30W a,b 802 ± 162 904 ± 203

V̇O2 (mL/min)

Rest 353 ± 77 414 ± 77 0.165 NS

10W a 756 ± 180 912 ± 278

30W a,b 926 ± 172 1085 ± 252

Rf (b/min)

Rest 15.6 ± 5.2 15.2 ± 2.9 0.507 NS

10W a 20.0 ± 7.8 21.9 ± 7.1

30W a 20.3 ± 7.7 25.6 ± 8.1

VT (mL)

Rest 852 ± 299 984 ± 273 0.947 NS

10W a 1212 ± 372 1256 ± 174

30Wa 1421 ± 473 1277 ± 242

V̇E/V̇CO2, slope of the exercise ventilatory response (ΔV̇E/ΔV̇CO2) from rest to each level of exercise; PETCO2, end-tidal PCO2; Δ PETCO2, 

change in end-tidal PCO2; V̇E ventilation; V̇CO2,CO2 production; V̇O2, oxygen consumption; Rf, respiratory frequency; VT, tidal volume. 

Values are means ± SD.

a
significantly different from rest;

b
significantly different from exercise at 10W.
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Table 3

Ventilatory response to added dead space at rest.

Non-OSA OSA p-value GRP p-value
interaction

PETCO2 (mmHg)

Control 39.4 ± 1.8 38.6 ± 3.7 0.348 0.051

200 ml DS a 41.5 ± 1.9 40.8 ± 3.2

400 ml DS a 42.4 ± 1.3 40.2 ± 3.0

V̇E (L/min)

Control 12.5 ± 1.4 14.7 ± 3.8 0.118 NS

200 ml DS a 16.4 ± 2.0 18.4 ± 2.5

400 ml DS a,b 19.3 ± 3.6 24.9 ± 4.2

V̇CO2 (mL/min)

Control 294 ± 65 345 ± 82 0.144 NS

200 ml DS 291 ± 62 350 ± 57

400 ml DS 284 ±83 340 ± 83

Rf (b/min)

Control 15.6 ± 5.2 15.2 ± 2.9 0.857 NS

200 ml DS 16.2 ± 5.5 17.2 ± 3.9

400 ml DS 16.3 ± 5.3 17.0 ± 4.6

VT (mL)

Control 852 ± 299 984 ± 273 0.503 NS

200 ml DS a 1055 ± 256 1105 ± 227

400 ml DS a,b 1236 ± 271 1326 ± 243

For abbreviations, see Table 2. DS, dead space. Values are means ± SD.

a
significantly different from control trial;

b
significantly different from 200ml trial.
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Table 5

Subject characteristics for OHS subjects 508 and 520.

Subject 508 Subject 520

Sex F M

Age (yr) 42 38

Height (cm) 149.7 185.9

Weight (kg) 106.3 175.2

BMI (kg/m2) 47.4 50.7

AHI (events/hr) 20 43

Neck circumference (cm) 37.6 49.5

FVC (%pred) 91 90

FEV1 (%pred) 85 83

FEV1/FVC (%) 78 75

TLC (%pred) 83 83

FRC (%TLC) 35 39

IC (%pred) 82 81

ERV (L) 0.2 0.5

RV (%pred) 78 90

DLCO (%pred) 68 69

DLCO/VA (%pred) 146 113

For abbreviations, see Table 1.
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