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ABSTRACT

Vella, CA, Robergs RA, Yamada PM. Fitness, body size, ventilation and the oxygen cost of breathing in adults. JEPonline 2008;11(6):67-76.The purpose of the study was to characterize the oxygen cost of ventilation (VO2VENT) response at submaximal and maximal efforts in men and women with different fitness levels, body sizes, and ages and to determine which factors contribute significantly and independently to maximal VO2VENT. Twenty healthy, non-smoking men (n=18) and women (n=2) participated in the study. During the first visit to the laboratory, height and body mass were measured and body surface area and body mass index were calculated using standard procedures. Fitness (VO2max) and submaximal and maximal ventilation rates were then assessed by an incremental cycle ergometer test. During the second visit, subjects mimicked submaximal and maximal ventilation rates in a cycling posture. Curve fitting (regression) was used to characterize the VO2VENT response to incremental exercise. Multiple regression was used to determine if subject characteristics (body surface area, body mass, body mass index, VO2max, maximal ventilatory equivalent, or maximal ventilation) were independently related to maximal VO2VENT. Body surface area, body mass, body mass index, VO2max, and maximal ventilation were significantly and independently related to maximal VO2VENT (P < 0.001).  Body surface area, body mass, and maximal ventilation were the strongest contributors to maximal VO2VENT.  Although approximately 60-70% of the variance in maximal VO2VENT could be explained, the remaining large unexplained between subjects variability in maximal VO2VENT warrants further research in this area.
Key Words: Lung Compliance, Work of Breathing, Aerobic Power.
INTRODUCTION

In 1958, Bartlett and colleagues (1) demonstrated that the oxygen cost of ventilation (VO2VENT) exponentially increases as ventilation increases up to maximal efforts.  Other studies have confirmed this same curvilinear increase in oxygen consumption (VO2) with ventilation, especially for ventilation ranging from moderate to maximal rates (2-4).  Much of this early work focused on characterizing the VO2VENT between subjects with obstructive pulmonary diseases and healthy controls (3-5).
More recently, Aaron and colleagues (6) used healthy subjects to model the same exponential VO2 response in relation to ventilation during maximal exercise.  They reported that VO2VENT increased exponentially with an increase in ventilation (VE) as exercise intensity increased from mild and moderate to maximal exercise.  These authors also reported that the VO2VENT increased out of proportion with increasing hyperpnea (7).  This exponential increase in VO2VENT up to maximal exercise is well accepted (1,8).  Additional work has shown, using both empirical data and logic, that the oxygen cost of ventilation at VO2max would peak at 10-15% of whole body VO2, presumably because peak limb perfusion is estimated to be 80-85% of cardiac output (6,7,9).  

It is important to note that most of the studies that have examined the VO2VENT have used small sample sizes ranging from five to twelve subjects (2,7,10-14).  The predominantly small sample size of past research scientifically impairs the categorization of VO2VENT among cardiorespiratory fitness levels (VO2max), and the large variability in the VO2VENT leads to the question of what causes or accounts for this variability.  These questions require a study design that involves relatively large sample sizes and the use of multiple regression to predict VO2VENT from a collection of important independent variables.

It is logical to propose that there are multiple determinants to VO2VENT, which could consist of the magnitude of ventilation and the mechanical efficiency of ventilation.  As such, maximal VE during incremental exercise should be a major predictor of VO2VENT at VO2max, as would any variable that increases the work of breathing for a given ventilation.  Interestingly, McCool et al. (15) and Dempsey et al. (8) have argued that high rates of ventilation force the lung to function on a less compliant segment of the pressure-volume curve, which in turn would increase VO2VENT.  In addition, it has been hypothesized that increasing age increases VO2VENT due to a reduction in the elastic recoil of the lung (16,17).
Thus, a report that describes the VO2VENT response in healthy adults of different fitness levels, body sizes, and ages is warranted.  Also, from a basic exercise physiology viewpoint, it is important to describe the relationship between the maximal VO2VENT and subject characteristics.  Therefore, the purpose of this study was to a) characterize the VO2VENT response in healthy adults of different fitness levels, body sizes, and ages, and b) determine which subject characteristics were independently related to the VO2VENT at maximal exercise. We hypothesized that a) VO2VENT would increase exponentially with increasing VE, and b) maximal VE, body size, and fitness would be independently related to maximal VO2VENT.
METHODS
Subjects

Twenty healthy male (n=18) and female (n=2) subjects were included in this study.  All were non-smokers without known respiratory or cardiovascular disease.  Subjects were excluded from the study if they had been previously diagnosed with exercise-induced asthma, asthma, or acute upper-respiratory infection.  The University Institutional Review Board approved all experimental procedures and each subject gave verbal and written consent prior to testing.  Testing took place at an altitude of 1572 m (PB=635 mmHg).

Procedures

Prior to testing, the subject’s height and mass were measured, and BSA (18) and body mass index (BMI, kg·m-2) were calculated.  Subjects were then familiarized with the constant-load cycle ergometer (Excalibur Sport, Corval Lode B.V., Lode Medical Technology, Groningen, Netherlands).  A VO2max test was used to determine the subject’s cardiorespiratory fitness level, ventilation (VE) and respiratory rate (RR) during maximal exercise.  After measuring resting expired gases for 2 minutes, a 2-minute warm-up was performed at a workload equivalent to double the minute ramp function of the subject specific ramp exercise protocol (e.g., 40 Watt for a 20 Watt·min-1 ramp function).  A ramp protocol was then used in which the workload was increased by 15-35 Watt·min-1 (0.25-0.58 Watt·sec-1) depending on the fitness level of the subject, with the intent to have the subject reach volitional fatigue between 10 and 14 minutes.  The decision of the ramp function was based on verbal questions to the subject regarding training, cycle experience and fitness.  Subjects were instructed to self-select a cadence above 60 rev·min-1 and maintain this cadence within ±5 r rev·min-1 during the test.  The criterion for termination of the exercise tests was failure of the participant to maintain 60 rev·min-1 on the cycle ergometer, or volitional fatigue.  Maximal oxygen consumption was defined as the highest VO2 value of a seven-breath moving average.

Oxygen consumption (VO2), carbon dioxide production (VCO2), VE and RR were measured breath-by-breath by a fast response turbine flow transducer (K.L. Engineering Model S-430, Van Nuys, CA) and custom developed software (Lab View) with O2 and CO2 electronic gas analyzers (AEI Technologies, Model S-3A and Model CD-3H, Pittsburgh, PA).  Specifically, subjects breathed through one-way valves into a 3 L compliant mixing bag connected to the turbine, which was connected to the expired port of the mouthpiece.  Expired air from the mixing bag was pumped to the gas analyzers continuously, and sampled for 150 ms at the end of each expired breath.

Prior to data collection, the gas analyzers were calibrated using three gases of known concentrations and the flow turbine was calibrated with a 3-liter syringe (Hans Rudolph, Inc., Kansas City, MO).  Raw signals were acquired through a junction box and integrated with a data acquisition card (National Instruments, Austin, Texas) to a computer.  All VO2 values were reported in STPD and VE values were reported in BTPS.  Heart rate was monitored continuously (Quinton 4000, Quinton, Seattle, WA) and recorded as a 5-beat average via electronic integration to the custom developed hardware and software.

No sooner than two days after the exercise test, subjects returned to the laboratory for the determination of VO2VENT.  To obtain this data, subjects were asked to mimic nine different VE (lowest and highest VE and seven evenly distributed VE within the range) they experienced during the VO2max test.  The mimicking trials were performed on the cycle ergometer and in the same posture as the VO2max test to remove the potential for postural differences to alter both VE and VE mechanics (13).  These trials were used to determine the VO2VENT across different ventilatory rates.

Ventilation and RR from the VO2max test were matched as closely as possible to ensure that the subject mimicked his/her actual exercise VE (13).  A metronome, verbal feedback and a computer display of updated VE at every breath were used to provide feedback to the subject to allow matching of actual RR and VE to the targeted RR and VE.  These procedures have previously been shown to produce VE having similar lung flow volume and pressure loop characteristics to exercise VE (13).  Before the trial, two minutes of baseline data were collected.  Then, the subject was given several practice attempts lasting several seconds to match the target VE.  The subject ventilated at the target VE for 3 to 5 minutes.  To maintain end tidal CO2 levels and to avoid hypocapnea, CO2 (FICO2 = 3-5%) was added to the inspirate (12) and accounted for in all indirect calorimetry calculations. Percent end tidal CO2 was measured each breath at the mouth with a Colin Pilot-9200 rapid response capnograph system (Colin Medical Instruments, San Antonio, TX).  Data from the capnograph were acquired at 250 Hz with a BIOPAC data acquisition system (MP100 hardware & Acknowledge software version 3.5.3. for Windows, BIOPAC Systems, Inc, Santa Barbara, CA).  During this trial, oxygen consumption was measured with the same equipment as described earlier.

For each ventilatory trial, the last 30 seconds of steady state VO2VENT was graphed and averaged (Prism®, Graphpad ™ Software, Inc. version 3.0, San Diego, CA).  Each subject reached steady state, which was defined as a deviation in VO2 of less than 25 ml O2/min across this 30-second time interval as assessed by linear regression slope.  By convention, the gross VO2VENT was then corrected for resting VO2 with a constant 0.3 l·min-1 (VO2VENT) and expressed as a function of VO2max.

Statistical Analyses

The VO2VENT data for each subject and all subjects as a group were plotted against VE and non-linear curve fitting (regression) was used to determine the type of VO2VENT response across submaximal to maximal VE rates.  Differences between average percent end tidal CO2 values during the VO2max trial and the VE mimicking trials were compared with a dependent t-test. This was done to ensure that CO2 values were similar between trials, as CO2 is known to influence VE.
Pearson correlation analysis was used to establish relationships between maximal VO2VENT and body mass, BSA, BMI, VO2max, maximal measured VE, maximal mimicked VE, and maximal ventilatory equivalent (VE·VO2-1) Multivariate linear regression analyses were used to establish the independent contributions of body mass, BSA, BMI, VO2max, maximal measured VE, and maximal mimicked VE after adjustment for age and sex. Age and sex (16,17,19) have been shown to affect VO2VENT in healthy samples; therefore, they were used as covariates in the regression models. 
Since VO2VENT has a curvilinear response with increasing VE, the VO2VENT data were tested for normality.  The Shapiro-Wilk test of normality verified that normality did not exist among the VO2VENT data (W = 0.901, p<0.05), but did exist after log transformation (W = 0.947, p>0.05).  Thus, the log of maximal VO2VENT in l·min-1 was used as the dependent variable (log of VO2VENT).  Independent variables were body mass, BSA, BMI, VO2max, maximal measured VE, maximal mimicked VE, and maximal VE·VO2-1. All analyses were performed using SPSS version 15.0 (SPSS Inc., Chicago, IL) with type 1 error set at P < 0.05.

RESULTS

The descriptive characteristics of the subjects are presented in Table 1. Average percent end-tidal CO2 values were similar during the VO2max trial and the VE mimicking trials (36.9±5.4% versus 32.7%±2.5%, p>0.05). The VO2VENT increased exponentially from submaximal to maximal VE in individual subject data and data from all 20 subjects grouped together (Figure 1).  The mean maximal VO2VENT in this sample was 7.2% of VO2max and ranged from 3.6 to 13.4%.  

Simple correlations between maximal VO2VENT and subject characteristics
Maximal VO2VENT was correlated positively with body mass (P < 0.001), BSA (P < 0.001), BMI (P = 0.01), VO2max (P < 0.001), maximal measured VE (P < 0.001), and maximal mimicked VE (P < 0.001). Maximal VE·VO2-1 was not correlated with maximal VO2VENT (P = 0.70) (Table 2).  
Independent contributions of subject characteristics to maximal VO2VENT
The independent contributions of body mass, BSA, BMI, VO2max, maximal measured VE, and maximal mimicked VE to maximal VO2VENT are presented in Table 3. Body mass (P < 0.001), BSA (P < 0.001), BMI (P = 0.026), VO2max (P = 0.004), maximal measured VE (P < 0.001) and maximal mimicked VE (P < 0.001) were positively and independently related to log maximal VO2VENT (P < 0.01) when age and sex were used as covariates in the models. Maximal VE·VO2-1 was not independently related to log maximal VO2VENT (P > 0.05, data not shown).  Body surface area, body mass and mimicked and measured maximal VE were the strongest independent predictors of VO2VENT, explaining 73%, 68%, 66% and 64% of the variance in maximal VO2VENT, respectively (Table 3).
Figures 2 and 3 present VO2VENT data for subjects with the most extreme BSA and VE rates across submaximal and maximal ventilatory rates. The subjects with the most extreme findings are presented to emphasize the effect of body size and maximal VE on the VO2VENT response to incremental exercise.
DISCUSSION

The purpose of this study was two-fold. The first objective was to characterize the VO2VENT response in a sample of healthy adults of different fitness levels, body sizes, and ages. The second objective was to determine if the associations between maximal VO2VENT and body mass, BSA, BMI, VO2max, maximal measured VE, and maximal mimicked VE were independent of age and sex, two factors that are known to affect VO2VENT (16,17,19). Our results demonstrate that VO2VENT increased exponentially from submaximal to maximal VE in all subjects and BSA, body mass, BMI, VO2max, maximal measured and mimicked VE, were all positively and independently related to maximal VO2VENT.  
In the current study, the range of VO2VENT at maximal exercise was 3.6 to 13.4% of VO2max.  These findings are consistent with Aaron et al. (6) who reported VO2VENT at maximal exercise requires 10-15% of VO2.  While the upper limit in the current study is comparable to previous research, the lower limit of 3.6% reported in the current study is much lower than previously reported.  The range of maximal VO2VENT in the current study is 8% larger than the range Aaron et al. reported (6). This may be attributed to the larger sample size and thus larger maximal VO2VENT variability in the current study.

As our data collection took place at moderate altitude (1572 m above sea level), there is the possibility that the mild hypoxia and reduced air density may have altered our findings compared to sea level conditions.  Air density decreases with increased altitude, and we computed this change from sea level to 1572 m for dry air at 37(C to be 1.139 to 0.937 kg·m-3; a 17.7% decrease.  Unfortunately, there is no research of VO2VENT at low to moderate altitude. Mazess (20) reported a decrease in VO2VENT during acute exposure to 4,000 m, but that acclimatization to this high altitude caused an increase in VO2VENT compared to baseline (sea level) values, presumably due to increased pulmonary perfusion and resultant decreased lung compliance.  When concerned with the oxygen cost of ventilation during exercise in severe hypoxia, the hyperventilation of hypoxia causes a greater energy cost for ventilation for any exercise load (21).  Consequently, given the small decrease air density and the use of acclimatized residents of low to moderate altitude, it is unlikely that our results were influenced by the low to moderate altitude.

To our knowledge, this is the first study to investigate factors that independently contribute to maximal VO2VENT. Body size, measured by BSA, BMI, and body mass were significantly and independently related to maximal VO2VENT.  The main function of the lungs is to exchange carbon dioxide for oxygen; therefore, larger metabolite concentrations would necessitate larger ventilations.  A large person with a greater body mass would typically exhibit higher lung volumes and ventilations. Of the three body size measurements, BSA demonstrated the highest multiple regression standardized beta value (0.814, Table 3) and explained approximately 73% of the variance in maximal VO2VENT, suggesting that BSA may be an important contributor to maximal VO2VENT. 

The positive relationship between maximal measured and mimicked VE and maximal VO2VENT can be explained by the large energy requirements at high ventilations.  The energy required for inspiration increases nonlinearly as the flow becomes turbulent at high flow rates (8). The energy required for inspiration also increases nonlinearly as the velocity of respiratory muscle shortening increases with an increase in RR (15) and as a greater tidal volume forces the lung to work on a less compliant segment of the pressure-volume curve (8,15).  Thus, a direct relationship between maximal VO2VENT and VE at maximal efforts is expected.

Individuals with superior aerobic power achieve higher VE rates to meet the greater oxygen demands during maximal exercise than individuals with average or low aerobic power.  Therefore, it is expected that individuals with a higher VO2max would incur a greater maximal VO2VENT than subjects with lower VO2max.  Our findings demonstrate that VO2max was independently related to maximal VO2VENT and explained approximately 53% of the variance in maximal VO2VENT. However, endurance training limited to the ventilatory muscles has been shown to increase the maximal VE and maximal VO2VENT by 19% and 67%, respectively (2). Therefore, relatively unfit subjects who undergo respiratory muscle training may have a high maximal VO2VENT without a high VO2max. Although VO2max was independently related to maximal VO2VENT, our data suggest that body size and maximal VE may be more important than VO2max for determining maximal VO2VENT. 
Our data also demonstrate that maximal VE·VO2-1 was not related to maximal VO2VENT. Maximal VE·VO2-1 represents the efficiency of the body to use oxygen relative to the VE rate, whereas the VO2VENT represents the oxygen use of the ventilatory muscles. Thus, an individual with a lower VE·VO2-1 (use more oxygen per liter of ventilation) would be more efficient than an individual with a higher VE·VO2-1.  It is logical to hypothesize that an individual with a high maximal VE·VO2-1 would also have a high maximal VO2VENT; however, our data do not show a relationship between these variables. The lack of a relationship between these variables suggests that maximal VO2VENT may not be related to the efficiency of the whole body to uptake oxygen and/or the relative hyperventilatory response to incremental exercise. More research is needed in a larger sample of subjects to clarify this relationship in healthy adults.
Figures 2 and 3 demonstrate the effects of differences in body size and maximal VE on the VO2VENT across VE rates. In Figure 2, subject 6 had the largest BSA (2.7 m2) and subject 10 had the smallest BSA (1.8 m2).  These subjects were also the heaviest (113.6 kg) and lightest (50.8 kg) in the study, respectively.  Subject 6 had larger submaximal and maximal VE than subject 10, and therefore subject 6 had a larger VO2VENT at maximal exercise.  In fact, the VO2VENT of subject 10 at maximal exercise approached the VO2VENT of subject 6 at submaximal ventilations.  

Figure 3 shows a similar VO2VENT response in the subjects with the highest and lowest maximal VE levels. Subjects 17 and 10 had maximal measured ventilations of 213.8 l·min-1 and 78.4 l·min-1, respectively. Again, the maximal VO2VENT of subject 10 approximated the VO2VENT of subject 17 at submaximal ventilations.  Together these data suggest that differences in body size and maximal ventilatory rates may account for the large between-subjects variability of maximal VO2VENT.  This large between subjects variability justifies the need for further research incorporating larger sample sizes of healthy, non-smoking subjects.

It should be noted that the relationships demonstrated in this study are specific only to cycling because mimicking hyperventilation as elicited at VO2max probably would not reflect the phasic and tonic activation of the abdominal muscles and rib cage during running (8). 

CONCLUSIONS
In summary, our data demonstrated that VO2VENT increased exponentially from submaximal to maximal VE in all subjects and BSA, body mass, BMI, VO2max, and maximal measured and mimicked VE were all positively and independently related to maximal VO2VENT.  Body mass, BSA, and maximal VE were the strongest independent contributors to maximal VO2VENT in this sample. Our data suggest that large individuals with high maximal ventilation rates may have higher maximal VO2VENT values than small individuals with low maximal ventilation rates. However, these relationships may be influenced by differences in body composition among individuals, an area that is yet to be studied. Body mass, BSA, and maximal VE explained over 60% of the variance in maximal VO2VENT in this sample, the remaining large unexplained between-subjects variability warrants further research in this area.
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Figure 3:  VO2VENT data for the subjects with the smallest and largest maximal VE across submaximal and maximal VE; curve fitted with exponential growth





Table 1: Subject characteristics (N = 20).


�
Mean�
±�
SE�
�
Age (years)�
29.65�
±�
1.37�
�
Height (cm)�
177.91�
±�
2.23�
�
Body mass (kg)�
75.34�
±�
3.37�
�
BSA (m2)�
2.20�
±�
0.06�
�
BMI (kg·m-2)�
23.62�
±�
0.70�
�
VO2max (l·min-1)�
4.25�
±�
0.23�
�
Maximal VE·VO2-1�
30.15�
±�
1.07�
�
Measured maximal VE BTPS (l·min-1)�
176.75�
±�
7.95�
�
Mimicked maximal VE BTPS (l·min-1) �
160.25�
±�
9.08�
�
Maximal VO2VENT (l·min-1)�
0.62�
±�
0.04�
�
VO2VENT/VO2max (%)�
7.15�
±�
0.01�
�
SE, standard error; BSA, body surface area; BMI, body mass index; VO2max, maximal oxygen consumption; VE·VO2-1, ventilatory equivalent; VE, ventilation; BTPS, body temperature and pressure saturated; VO2VENT, oxygen cost of maximal ventilation as measured during the mimicking trial; VO2VENT, gross VO2VENT minus resting VO2.
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Figure 1: Measured oxygen cost of ventilation (VO2VENT) data for all subjects determined from mimicked submaximal and maximal ventilation rates, curve fitted with exponential growth.
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Table 2: Correlation coefficient (r) for the log of maximal VO2VENT and independent variables.


Independent Variable�
Correlation Coefficient�
�
Body mass�
0.814*�
�
BSA�
0.851*�
�
BMI�
0.563*�
�
VO2max�
0.726*�
�
Measured maximal VE�
0.798*�
�
Mimicked maximal VE�
0.805*�
�
Maximal VE·VO2-1�
-0.090�
�
VO2VENT, oxygen cost of ventilation; BSA, body surface area; BMI, body mass index; VO2max, maximal oxygen consumption; VE ventilation; VE·VO2-1, ventilatory equivalent; *p< 0.01.





Table 3:  Independent relationships between maximal VO2VENT and subject characteristics with age and sex as covariates.


Variable�
R�
R2�
Standardized Beta�
p-level�
�
Model 1�
0.826�
0.682�
�
�
�
Body mass�
�
�
0.772�
< 0.001�
�
Age�
�
�
-0.094�
NS�
�
Sex�
�
�
-0.099�
NS�
�
�
�
�
�
�
�
Model 2�
0.856�
0.733�
�
�
�
BSA�
�
�
0.814�
<0.001�
�
Age�
�
�
-0.052�
NS�
�
Sex�
�
�
-0.077�
NS�
�
�
�
�
�
�
�
Model 3�
0.648�
0.419�
�
�
�
BMI�
�
�
0.504�
0.026�
�
Age�
�
�
-0.152�
NS�
�
Sex�
�
�
-0.268�
NS�
�
�
�
�
�
�
�
Model 4�
0.727�
0.528�
�
�
�
VO2max�
�
�
0.711�
0.004�
�
Age�
�
�
-0.029�
NS�
�
Sex�
�
�
-0.020�
NS�
�
�
�
�
�
�
�
Model 5�
0.800�
0.640�
�
�
�
Measured maximal VE�
�
�
0.840�
<0.001�
�
Age�
�
�
-0.011�
NS�
�
Sex�
�
�
0.071�
NS�
�
�
�
�
�
�
�
Model 6�
0.814�
0.663�
�
�
�
Mimicked maximal VE�
�
�
0.859�
<0.001�
�
Age�
�
�
-0.108�
NS�
�
Sex�
�
�
0.089�
NS�
�
VO2VENT, oxygen cost of ventilation; NS, not significant, BSA is body surface area; BMI, body mass index; VO2max, maximal oxygen consumption; VE, ventilation.





Figure 2: VO2VENT data for the subjects with the smallest and largest BSA across submaximal and maximal ventilation rates, curve fitted with exponential growth.
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