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ABSTRACT 

THESIS: Cardiopulmonary Exercise Test Responses to the BSU/Bruce Ramp Protocol 

STUDENT: Emily E. Davis 

DEGREE: Master of Science 

COLLEGE: Applied Sciences and Technology 

DATE: July 2014 

PAGES: 67 

Purpose: The purpose of this study was to evaluate known correlates of VO2max including 

subject characteristics and exercise test data to develop an equation to estimate VO2max for the 

BSU/Bruce Ramp protocol.  Methods: 1913 cardiopulmonary exercise tests (CPX) were 

performed by adults aged 48 ± 13 years (range 18-82 years, 54% male).  Linear regression 

analysis was performed to predict VO2max using 946 CPX with the remaining 967 used for cross-

validation. Exclusion criteria applied were RER <1.0, < 18 years old, abnormal test termination, 

and CPX from the same subject repeated within one month.  Results: Total test time had the 

strongest correlation (r=0.82) with VO2max.   Two separate equations were developed to predict 

VO2max.  Total test time alone predicted VO2max with a standard error of 5.5 ml.kg-1.min-1.  

Addition of age, gender, physical activity status, and body weight improved the prediction to 

account for 77% of the variance in VO2max with a standard error of 4.6 ml.kg-1.min-1
.  

Conclusion:  Of the exercise testing variables examined, the same predictors as previous 

analysis of test time, age, gender, body weight, and activity status provided the strongest 

prediction of VO2max. Additional variables of fat free mass and 1-minute heart rate recovery did 

not improve upon the prediction.  Researchers and clinicians need to determine if the accuracy 

limits of ± 1 MET for predicted VO2max are acceptable in clinical practice.  When greater 

accuracy is required, measured VO2max should be obtained. 
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CHAPTER I 

 

INTRODUCTION 

 

 Cardiopulmonary exercise tests (CPX) are routinely performed in clinical as well as 

health and fitness settings to assess functional capacity.  There is a wealth of diagnostic and 

prognostic information clinicians and exercise physiologists are able to gain from CPX (2, 18).  

The different findings of a CPX may guide patient treatment options and are utilized to develop 

individualized exercise prescriptions.  Low cardiorespiratory fitness (CRF) has been found as an 

independent predictor of all-cause mortality and as a risk factor for development of 

cardiovascular disease (CVD) and can be accurately measured during a CPX (29).  

 In 1989 Blair et al. performed a seminal study to examine the relationship between CRF 

and mortality. Subjects were 13,344 men and women who completed a comprehensive health 

assessment and exercise test.  Follow-up took place an average of 8 years following initial 

testing.  Subjects were assigned to a CRF quintile based on treadmill time, age, and gender with 

the first quintile representing “low-fit” group and the fifth quintile representing “high-fit” (10).  

Age-adjusted all-cause mortality rates declined across fitness groups for both men and women. 

Furthermore, individuals with any combination of 3 CVD risk factors (age, recent or current 

smoking, hypercholesterolemia, hypertension, elevated blood glucose, or family history of CVD) 

and with a high CRF had lower death rates than low CRF individuals with no risk factors.  

Another study from Blair et al., found that men who maintain “high-fit” or increase their CRF to 
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the “high-fit” group in over 5 years had lower all-cause mortality than those who had 

consistently low CRF (9).  In this study the same methods for defining CRF as the previous study 

were used; however, the first quintile was defined as “low-fit” and quintiles 2-5 represent “high-

fit”.  Over recent decades CRF has been repeatedly demonstrated as one of the strongest 

predictors of mortality in men and women (8, 10, 25, 29, 30, 40).  Each increase in CRF of 1 

MET (1 metabolic equivalent [MET] equals 3.5 ml.kg-1.min-1) was associated with a reduction in 

all-cause mortality by 12% in asymptomatic men and 17% in asymptomatic women (25, 40).  

The research suggests that the relationship between CRF and mortality holds true in both 

symptomatic and asymptomatic adults.  

 VO2max is measured using open circuit spirometry to analyze exhaled gases and 

ventilation during a CPX. The workload of the CPX must progress to increase the oxygen 

demand of the body to elicit a maximal effort HR and stroke volume.  The Bruce protocol is a 

widely used treadmill CPX protocol that has 3-minute stages.  The Bruce protocol is a useful 

protocol because clinicians across different disciplines are familiar with the protocol and the 

corresponding workloads.  A downfall of the Bruce protocol is that there is a large increase in 

workload of 2 to 3 METS between each stage.  The large change in speed and grade is difficult 

for some patients to manage and may result in early test termination prior to a true onset of 

fatigue (1). Ball State University/Bruce (BSU/Bruce) Ramp protocol has 20-second stages and 

was developed to match the workloads of the standard Bruce every 3rd minute with a smaller 

increase in workload per stage.  Ramp tests are reported as more tolerable for deconditioned or 

clinical populations due to starting at a lower workload with smaller increases in workload when 

compared to the standard Bruce protocol (1). 
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 For numerous reasons it is not feasible for all facilities to directly measure VO2max.  The 

necessary additional equipment to conduct CPX, such as a metabolic system, has an initial cost 

of $10,000 to $40,000 (33).  Other feasibility issues with conducting CPX with measured VO2 

include: recurrent costs for filters and other components, costs to employ skilled test technicians, 

and spatial needs for equipment placement.  Due to the limited ability of some facilities to obtain 

measured VO2max values, prediction equations have been developed to estimate VO2max from 

exercise test data.  In these equations most basic form, VO2max is predicted solely from treadmill 

test time.  Other equations include test time and then add other known correlates of VO2max as 

variables to decrease the error range of the prediction.  These variables may include age, gender, 

and various anthropometric measures.  

 Both the Bruce protocol and BSU/Bruce Ramp protocol have prediction equations that 

estimate VO2max developed from different cohorts of varied sample sizes.  Test time has been 

found to be the strongest predictor of VO2max for both the Bruce protocol and the BSU/Bruce 

Ramp protocol.  First, in 1973 Bruce et al. performed an analysis of 138 healthy and cardiac 

patients and determined that total time of the CPX is the strongest correlate of VO2max (R2 = 

0.82) (12).  Pollock et al. also developed prediction equations for both men and women using 

sample sizes of ~50 for each gender also found test time as the strongest determinant of VO2max 

for all four different protocols compared in the study (44, 45).  The first and only analysis of the 

BSU/Bruce Ramp protocol was performed in 1998; a test time prediction equation and a 

secondary equation using test time, gender, age, physical activity status, and body weight were 

developed (28).  The study had a larger sample size (N=698) compared to the previous studies 

and had a R2 of 0.866 and a SEE of 3.382 ml.kg-1.min-1 for the test time model (28).   
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Significance of the Problem 

 Additional variables of 1-minute HR recovery and fat free mass are now available to 

utilize in the analysis, in addition to a larger sample size since the initial analysis of the 

BSU/Bruce Ramp protocol in 1998.  Furthermore, these additional variables have not been 

included in any other VO2max prediction equations to date.  The need for analysis of a large 

sample of apparently healthy subjects is indicated by the large impact of CRF on health and 

mortality as described above.  

Statement of Purpose and Aims 

The purpose of this study was to evaluate previously established correlates of VO2max 

including baseline subject information and exercise test data to develop an equation to estimate 

VO2max for the BSU/Bruce Ramp protocol. 

Aim 1: To develop a prediction equation to estimate VO2max using the BSU/Bruce  

 Ramp protocol. 

 Hypothesis 1a:  Total treadmill test time will be positively correlated to VO2max and 

 be the strongest predictor of VO2max. 

 Hypothesis 1b:  Inclusion of gender, age, physical activity habits, 1-minute heart rate 

 recovery (HRR), and body composition measures (including fat free mass [FFM]) in 

 addition to total test time will decrease standard error compared to total test time alone. 

Delimitations 

 Exercise test data and demographic information were obtained from the BSU Adult 

Physical Fitness Program (APFP) database.  Records included in analysis were from adults aged 

≥ 18 who completed a CPX with measured oxygen uptake using the BSU/Bruce Ramp protocol.  

Tests were excluded if the subject did not obtain a respiratory exchange ratio (RER) of ≥ 1.0.  
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Tests conducted by the same subject within one month of each other were excluded.  Also, CPX 

coded with an abnormal classification for test termination were excluded.  Abnormal test 

termination criteria included: hypertensive blood pressure response, significant ECG changes, or 

technical difficulties with equipment. 
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Definitions 
 
 
Cardiopulmonary Exercise Test (CPX): Maximal exercise tests with measurement of expired 

 air and ventilation to determine VO2max and other gas exchange variables. 

 

Metabolic Equivalent (MET): 1 MET equals 3.5 ml.kg-1.min-1 of oxygen.  METS are used as an 

 absolute expression of the rate of energy expenditure. 
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Chapter II 

 

Review of Literature 

 

Maximal Oxygen Uptake 

 Cardiopulmonary exercise tests (CPX) have numerous purposes, one of which is 

measurement of maximal oxygen uptake (VO2max). VO2max is the criterion measure of CRF and 

low CRF has been established as a marker of CVD disease risk and mortality (40).  Disease risk 

and mortality reduction associated with increased CRF are comparable to the improvements in 

traditional CVD risk factors such as decreased blood pressure, waist circumference, and blood 

cholesterol levels (29).   

Contributors to VO2max 

 Maximal oxygen uptake (VO2max) is the criterion measure of CRF and is defined as the 

ability of the body to transport oxygen to active muscles to utilize for energy production during 

maximal exercise (1).  The physiological components that contribute to VO2max are the results of 

central and peripheral responses.  The Fick equation states: 

VO2max = cardiac output x arterial-venous O2 difference 

The first component of the Fick equation, cardiac output, represents the product of central factors 

of heart rate (HR) and stroke volume.  Arterial-venous O2 difference represents the gradient 

between arterial and venous circulation.  As a product of multiple systems working together, 

there are numerous physiological factors that contribute to an individual’s VO2max that are 
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modified by age, gender, training status, and genetics.  Maximal HR declines with age; however, 

training may attenuate the decline in maximal HR (4, 17, 43).  Stroke volume is the amount of 

blood ejected from the left ventricle with each beat of the heart.  Maximal stroke volume 

increases with aerobic exercise training (6, 54).   The increase in stroke volume with aerobic 

exercise training is a result of increased plasma volume and improved contractility of the left 

ventricle to pump blood out of the heart.  As the Frank-Starling mechanism states, with increased 

volume there is increased venous return and stretch of the myocardium, which results in 

increased force of contraction and the volume of blood ejected from the left ventricle. 

   Differences in stroke volume may explain the gender differences in VO2max based on the 

concept that men have larger heart mass resulting in the capacity for a higher stroke volume 

compared to women (43).  Furthermore, men have higher hemoglobin and hematocrit levels than 

women, which allows for increased transport of oxygen-rich blood.  Stroke volume may be 

maintained with regular aerobic training in older adults (27).  Heath et al. (27) compared 

determinants of aerobic exercise performance in young athletes, older master’s athletes, and 

untrained older men.  The researchers found a decline in maximal HR with aging, but maximal 

SV was the same in both trained young men and older men.  Stroke volume was lower in the 

untrained older men compared to the trained older men.  The decline in maximal HR is the 

limiting factor for VO2max in the aging athlete, while both maximal HR and SV are limiting in 

untrained individuals.  

 Skeletal muscle has greater ability to respond to aerobic training than the cardiovascular 

system.  Skeletal muscle enzymes, both aerobic and anaerobic, increase 2-fold with exercise 

training (23).  These increases are much larger than the cardiovascular improvements to exercise 

training.  Increased SV and red blood cell mass occurs with exercise training, but there is limit as 



 
!

9 

to how much SV may increase before becoming detrimental to performance.  Aerobic exercise 

training increased fluid volume, but not to the point of detriment.  Therefore, VO2max is limited 

by the rate at which the cardiorespiratory system delivers oxygen to the muscles due to an upper 

limit in fluid volume increases, while the activity of skeletal muscle enzymes suggest the tissue 

have higher capabilities for oxygen uptake.  

Significance of VO2max 

 VO2max has been repeatedly established as a strong predictor of all-cause mortality and 

development of cardiovascular disease (10, 30, 31, 40).  Blair et al. found an inverse relationship 

between CRF and mortality in both men and women when individuals were stratified into CRF 

quintiles based on treadmill test time (8, 10).  Improvement in CRF over a 5 year period was 

associated with decreased mortality rate in a cohort of 9,777 men (age range 20-82 years at 

baseline) who completed two maximal exercise tests (9).  Men whose electrocardiogram were 

normal for both tests and reported no history of CVD, stroke, diabetes, or hypertension were 

classified as healthy (N=6,819, mean age 42 ± 9 years).  Those with any of the above conditions 

at baseline or follow-up testing were classified as unhealthy (N=2958, mean age 47± 10 years).  

Subjects were divided into CRF quintiles based on treadmill time, with the cutoffs specific to 

each age group.  For categorical analysis, the lowest quintile was referred to as unfit and 

quintiles 2-5 were classified as fit.  Men whose fitness increased from the unfit to fit 

classification had a 44% risk reduction of all-cause mortality and 52% risk reduction of CVD 

mortality when compared to those who remained unfit throughout follow-up.   

 From the same study a subgroup of 1,512 men was analyzed to determine if self-reported 

physical activity (PA) was associated with increased CRF.  Physical activity was assigned to a 3-

category scale, with 0 equal to no PA, 1 equal to walking or running up to 10 miles per week, 
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and a 2 equal to more than 10 miles a week of walking or running.  The researchers found that 

individuals with no change in PA category between examinations had an increase in treadmill 

test time by only 8 seconds.  If PA habits increased by 1 category between examinations there 

was a 41 second increase in treadmill test time and if PA increased by 2 categories was a 93 

second increase in treadmill test time (9).  Self-reported PA status was associated with increased 

treadmill test time and may help predict VO2max.  

 A landmark study from Myers et al. (40) established that there was a 12% decrease in 

all-cause mortality for every 1 MET higher VO2max. The sample of this study consisted of 6,213 

males (mean age 59 ± 11 years) with 59% of the subjects having diagnosed CVD.  This study 

also found that subjects who attained ≥ 5 METS had a higher survival rate than those with an 

exercise capacity < 5 METS.  This cutoff has been defined as the frailty threshold, with an 

individual with CRF < 5 METS at a higher risk for disease risk or death than those with CRF ≥ 5 

METS.  A meta-analysis from Kodama et al. (29) further defined the frailty threshold specific to 

age and gender.  For individuals age 50 ± 10 years the frailty threshold was found to be 8 ± 1 

MET for men and 6 ± 1 MET for women.          

 In 2003 Gulati et al. (25) found a 17% reduction in mortality for each MET higher 

VO2max in women.  Of 5,721 women (mean age 52 ± 11 years, mean CRF 8.0 ± 2.7 METS) free 

of CAD who completed a CPX following the Bruce protocol there were 180 deaths after 8 years 

follow-up.  Survival rates were highest in those with CRF > 8 METS and the hazard ratios across 

5-8 METS and < 5 METS were significantly higher than individuals with an exercise capacity> 8 

METS.  CRF was found as an independent predictor of all-cause death in asymptomatic women.  

These studies emphasize that low CRF increases risk for all-cause and CVD related death in both 

men and women.  CPX allows for accurate assessment of fitness and determination of risk.   
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Measurement and Assessment of VO2max  

Indications for CPX 

There are multiple reasons and purposes for performing CPX.  The purposes of CPX include 

diagnosis of CVD and may have prognostic implications (1, 2).  CPX are used to assess CVD 

probability through a classification system using age, gender, presence or absence of symptoms, 

and degree of ST-segment depression (1).  CPX are used as a diagnostic tool to evaluate the 

magnitude of CVD through examination of the workload of onset and degree of ST-segment 

depression in the electrocardiogram which indicates the presence of ischemia (18).  Prognosis 

may also be predicted based on ST-segment depression and exercise capacity using the Duke 

nomogram (35).  CPX values also have significance in certain clinical populations, specifically 

heart failure patients, and if performed may guide physicians in patient treatment plans (2, 34, 

36).   

 In addition, CPX are useful in development of individualized exercise prescriptions. With 

assessment of maximal HR target HR training ranges are set for exercise training.  An 

individual’s caloric expenditure from exercise at a given intensity may also be determined.  A 

comprehensive and accurate exercise prescription assists in the attainment of individual goals 

such as weight loss or improved CRF.   The different indications for CPX establish the benefit of 

CPX for disease evaluation, mortality risk assessment, and exercise prescription development to 

increase CRF above the frailty threshold or slow the rate of decline in CRF. 

Data Acquisition Models  

 Measurement of respiratory gas exchange has been of interest to physiologists since the 

early 1900s and there have been many advances in technology resulting in both laboratory based 

and portable metabolic measurement systems. Numerous validation and reliability studies have 
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been performed on these different metabolic systems.  As part of the Health, Risk Factors, 

Exercise Training and Genetics (HERITAGE) family study the Sensormedics 2900 system was 

found to provide reliable submaximal and maximal results among 4 different testing sites (48, 

55).  This component of the HERITAGE study utilized 3 different cohorts.  The first sample was 

the first 390 subjects enrolled in the study (aged 34.9 ± 14.3 years, 50.7% male), the second 

sample represented the Intracenter Quality Control Substudy (N=55, ages 28 ± 9, 54% male), 

and the third sample was the Traveling Crew Quality Control (N=8, age 33 ± 9, 50% male).  

Three different exercise tests were performed on separate days, with one submaximal, maximal, 

and submaximal-maximal exercise test each. The maximal cycle test began at 50 watts (W) for 3 

minutes, with an increase of 25 W every 2 minutes until volitional fatigue.  The submaximal 

exercise test consisted of cycling at 50 W for 8-12 minutes and at the wattage equivalent to 60% 

of VO2max.  For the submaximal to maximal test the same submaximal procedures were 

completed, followed by 3 minutes at 80% VO2max and a subsequent increase to maximal wattage 

for 2 minutes and if volitional fatigue did not occur the wattage was increased every 2 minutes 

thereafter.  Following this design, each subject had 2 complete sets of submaximal and maximal 

data.  The 55 subjects in the Intracenter Quality Control Substudy (ICQC) were tested following 

the maximal protocol once and 3 other times using the submaximal-maximal protocol within a 2-

week period.  The Travelling Crew Quality Control subjects followed the same protocol as the 

ICQC group; however, repeated submaximal-maximal tests were performed at the 4 different 

testing sites once over a 2-week period with at least 3 days between tests.  Expired gas analysis 

was performed using a rolling average of three 20-second intervals.  The reliability of the 

Sensormedics 2900 at submaximal and maximal levels between subjects re-tested across 2 days 

was shown by the intraclass correlations (ICC) for maximal VO2 (0.97), VCO2 (0.95), and VE 
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(0.89). The ICC’s for VO2, VCO2, and VE at the workloads described above were all ≥ 0.85 with 

the only significant difference in VCO2 at 50 W (ICC 0.82).  The findings of this study found 

that of the 55 subjects in the ICQC there were no significant differences (p<0.05) in the maximal 

VO2 (ICC O.96), VCO2 (ICC O.94), and VE (0.90) values over the 3 tests completed.  The 

submaximal variables in the ICQC group with all ICC’s ≥ 0.8 for VO2, VCO2, and VE with the 

only significant difference between centers in VCO2.  Although this difference was significantly 

different, the authors report it was not represent physiologically significant differences.  

Furthermore, the Travelling Crew Quality Control group had similar findings across the 4 

different testing sites with no significant differences (p<0.05) in maximal VO2 (ICC 0.97), VCO2 

(ICC 0.95), VE (ICC 0.87), or RER (0.74).   These well designed quality control measures 

demonstrated the reliability of the Sensormedics 2900 system both between subjects and between 

centers. 

 A newer model is the Parvomedics Truemax 2400 (PARVO) computerized metabolic 

system.  In 2001, Bassett et al. examined the validity of the PARVO compared to the Douglas 

bag (DB) method (7).  Eight males (age 28 ± 6 years) completed a maximal cycle test with five-

minute stages that increased by 50 watts from 50 to 250 W with a metronome set to keep 

cadence of 51 rpm.  One Truemax2400 system was set up to measure inspired VE and the second 

measured expired VE.  Expired air was collected during the last 2 minutes of each stage by a 

meteorological balloon connected in series to the mixing chamber with a three-way Hans-Rudolf 

Y-stop-cock.  The FEO2 was lower than the DB by 0.04% (P < 0.01) and FECO2 was lower by 

0.03% (P < 0.05) when compared to the DB. On average VO2 was 0.018 L/min higher for the 

inspiratory system compared to the DB (P < 0.05), but these differences did not exist for the 

expiratory system.  The authors suggest that these minor, yet statistically significant differences, 
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would not represent physiological differences and the PARVO may be used in place of the DB 

(7).             

 In 2006, Crouter et al. (15) compared the PARVO, DB, and the Medgraphics VO2000 

systems.  Ten males (age 20 ± 2 years) completed 2 cycle trials with 10 minute stages at 50, 100, 

and 150 W and 11 minutes at 200 and 250 W.  The multi system set-up followed a similar design 

of Bassett et al. (7).  The PARVO DB set-up was the same as described above with the three-way 

valve turned to collect expired gases in the DB during the last 2 minutes of each stage.  In 

addition, for the last 5 minutes of each stage the PARVO-DB headgear was switched to the 

Medgraphics neoprene facemask for 5 minutes of collection with the Medgraphics system.  For 

data analysis, the last 2 minutes of data for each system per stage were averaged to compare the 

same amount of time between the 3 systems.   For the second trial, which took place one day 

later, the order of the equipment use was switched with the Medgraphics used first and the 

PARVO-DB system used second.  There were no significant differences between the PARVO 

and DB in VE, VO2, or VCO2 across all workloads.  The only significant differences (P < 0.05) 

between the PARVO than DB existed in FEO2 and FECO2 at rest and 50 W.  The significant 

differences in FEO2 and FECO2 were similar to the findings from Bassett et al. (7).  Despite 

significant differences in fraction of expired air at some workloads, both studies found that the 

differences did not equate to physiological significant differences in VE, VO2, or VCO2 between 

the PARVO and the criterion DB across workloads ranging from 50 to 250 W. 

Data Processing           

 There are no universal standards for data processing of metabolic data from CPX; 

however, specific recommendations have been made in recent policy statements endorsed by 

organizations such as the American Heart Association (AHA) (37).  The differences in data 
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processing are in part due to differences in data acquisition models.  Metabolic systems may use 

breath-by-breath analysis or a mixing chamber with time averages ranging from 10-60 seconds.  

The 2009 AHA Scientific Statement on Recommendations for Clinical Exercise Laboratories 

recommends using rolling 30-second averages for data analysis (37).  Following the 2009 AHA 

recommendations, in 2010 Robergs et al. surveyed 75 individuals who regularly supervise CPX 

in a university or corporate fitness setting (46).   The findings of this internet-based questionnaire 

illustrate the discrepancies in data reporting.  Forty-eight percent of the respondents used breath-

by-breath analysis, 25% utilize a mixing chamber based system, and for the remaining 25% the 

method of data reduction was dependent upon the purpose of the CPX.  Thirty-second averages 

were used by 38% of respondents, 18% used 60-second averaging, 11% used 20-second 

averaging, and 8% used 15-second averaging.  Although this was not a comprehensive survey of 

all facilities completing CPX, this survey did provide some insight to the methodological 

differences across exercise physiology laboratories and facilities.  

Determination of Maximal Effort        

 Other criteria besides a plateau in oxygen uptake have been established to determine a 

maximal effort.  Respiratory exchange ratio (RER) is commonly used as an indicator of effort. 

An RER of 1.0 is often accepted as criteria for reaching a maximal effort during CPX; however a 

value >1.1 is frequently used in research as a more conservative value (3, 5, 24).  Previous 

studies that developed VO2max prediction equations did not use RER criteria (12, 44, 45) and 

other studies used RER of >1.0 or ≥1.0 as sufficient maximal effort criteria with the previous 

analysis of the BSU/Bruce Ramp protocol using the criteria of ≥1.0 (19, 28).     

 Two additional criteria of a maximal effort do not require gas analysis systems.  

Achievement of ≥ 85% of age predicted maximal heart rate (APMHR) may be used as CPX 
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termination criteria.  Rating of perceived exertion (RPE) is another method to subjectively gauge 

exercise intensity.  RPE is frequently measured using the 15-point Borg RPE scale from 6-20 

(11).  An RPE of ≥ 17 is frequently used as an indicator of a good effort.  APMHR is often 

calculated by 220 – age; however, APMHR is an estimate with inter-individual variability with a 

reported range of  ± 11 bpm (32).  Both RPE and achievement of APMHR may be good 

secondary indicators of a maximal effort CPX.           

 CPX Protocols          

 In 1973, Bruce et al. outlined the basic criteria for objective measurement and assessment 

of VO2max using CPX (12).  These criteria are: use of familiar movement of large muscles, 

starting at a submaximal intensity and progressively increase in workload until fatigue or 

symptoms occur, ensuring safety of test for the patient, take minimal amount of time to 

complete, and have normative standards and test time that strongly correlate to VO2max (12).  In 

general, the workload of a CPX progressively increases by increasing treadmill speed and/or 

grade or resistance on a cycle.  Incremental CPX protocols have an increase in workload every 2-

3 minutes with the goal of achieving a steady state HR during a stage, while ramp protocols have 

a small change in workload that may be continuous or up to one minute in duration per stage.  

Ramp protocols have been found as more tolerable for subjects and to have more uniform 

hemodynamic responses (38).          

 In 2000 Myers et al. surveyed 71 Veterans Affairs Medical Centers with cardiology 

divisions and reported that the Bruce protocol is the most commonly used treadmill CPX (41).  

Of the 75,828 CPX performed, 78% were treadmill CPX with 82% of treadmill CPX using the 

Bruce or modified Bruce protocol.  A benefit of the Bruce protocol is that it is well known by 

clinicians across different disciplines.  The Bruce protocol has 3-minute stages that allow for 
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achievement of steady state HR at each stage; however, there is a large and unequal increase in 

workload of 2-3 METS each stage.  For this reason, the BSU/Bruce Ramp protocol was 

developed in 1991 as an alternative to the Bruce protocol.  Each 20-second stage has an increase 

in speed and/or grade with every third minute of the test having the same workload as the 

standard Bruce protocol.  The BSU/Bruce Ramp protocol has an increase of approximately 0.35 

METS per 20-second stage, or on average of 1 MET per minute (28).  Figure 1 illustrates the 

differences in workload increases during the Bruce protocol and the BSU/Bruce Ramp protocol 

and Appendix B provides the workloads for each stage of the BSU/Bruce Ramp protocol. 

Predicted VO2max 

 In some exercise testing settings such as hospitals or fitness facilities, metabolic 

measurement systems are not utilized due to perceived excess cost or time.  In these situations 

VO2max may be predicted based on exercise test results and baseline subject characteristics.  

Many epidemiological studies use predicted VO2max from either workload as measured in watts 

or speed and grade or test time (25, 29, 40). There have been numerous epidemiological analyses 

using data from the Cooper Clinic dataset in Dallas, TX that assigned subjects to fitness groups 

based on treadmill test time due to the established correlation between treadmill test time and 

VO2max (8-10, 26, 51).  Many of these studies have been used to quantify the risk associated with 

low fitness, despite the fact that VO2max was not directly measured.  

 Bruce et al. first predicted VO2max from treadmill test time during the Bruce protocol in 

1973 with a sample size of 138 men (mean age 49 ± 11 years) and 157 women (mean age 41 ± 

11 years) for healthy persons and cardiac patients (12).  Stepwise multiple regression analysis 

was performed with VO2max as the dependent variable and found that test time was the primary 

determinant of VO2max with an R2 of 0.822.  Addition of sex increased the R2 to 0.846, and 
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further addition of weight and age only increased R2 to 0.855.  Standard error was not reported.  

The equation developed for healthy persons is:   

VO2max (ml.kg-1.min-1) = 6.70 - 2.82 (1, male; 2, female) + 0.056 (test time in seconds) 

A separate equation was developed for the male cardiac patients.  Foster et al. sought to develop 

a generalized prediction equation for the Bruce protocol with a diverse cohort rather than having 

separate equations for different populations (19).  The subjects consisted of males with 

symptomatic angina (N=14), post-MI revascularization surgery (N=36), outpatient cardiac 

rehabilitation patients (N=63), individuals in a preventative exercise program (N=90), and 

athletes (N=27).  The first 200 subjects were used for development of the generalized prediction 

equation and the last 30 subjects were used to compare accuracy of the generalized equation to 

the population specific equations.  Descriptive characteristics were not presented for each sub-

population; however, the validation sample had a mean age of 48 ± 16 years and mean VO2max of 

39.4 ± 15.8 ml.kg-1.min-1 with 49% of the sample classified as having CVD and 77% as exercise 

trained (obtain 30 minutes of exercise 3 times per week).  The cross-validation group had a mean 

age of 43 ± 16 years and mean VO2max of 38.7 ± 13.4 ml.kg-1.min-1 with 47% of the sample 

classified as cardiac status and 63% as trained.  The analysis revealed that a curvilinear equation 

had a stronger correlation than the linear regression equation, with an r of 0.97 (SEE 3.8 ml.kg-

1.min-1 and 0.96 (SEE 4.0 ml.kg-1.min-1) for each, respectively.  Upon adding health status (0, 

CVD; 1, healthy), activity level (0, sedentary; 1, active), and age to the cubic equation r 

increased to 0.981 with a standard error of 3.12 ml.kg-1.min-1.  The full equation states: 

 VO2max (ml.kg-1.min-1) = 15.98 + (0.76 x time in min.) + (0.24 x time2) – (0.006 x time3) 

+ (1.33 x health code) – (0.94 x activity code) + (4.08 x (health x activity)) – (0.05 x age) 
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Both the general equation and population specific equations had strong correlations, but the 

standard error was smallest for the generalized equations and warrants use of this equation for 

both healthy persons and individuals with CVD who complete the Bruce protocol. 

 Pollock et al. first compared four different treadmill protocols in 1976 and developed 

VO2max prediction equations using total treadmill time for each CPX protocol (44).  The subjects 

were 51 males (mean age 41 years, range 35-55 years) with 22 of the subjects being endurance 

trained and the remaining 29 subjects were sedentary.  All subjects completed the Balke, Bruce, 

Ellestad, and modified Astrand protocols with one week between each CPX.  There was not a 

significant difference in VO2max obtained with the 4 protocols. The mean VO2max for the Bruce 

protocol was 40.0 ± 7.2 ml.kg-1.min-1.  The correlation between test time and VO2max was 0.88 for 

the Bruce protocol.  The equation developed using test time alone had a standard error of 0.096 

ml.kg-1.min-1, which seems unlikely due to the R2 demonstrating that only 77% of the variance 

was accounted for with test time.  Similar to Bruce et al., this study demonstrated the relationship 

between total test time and VO2max and that the relationship exists across different protocols; 

although the correlation was lower than the previous findings.  

 In 1982 Pollock et al. performed a similar study in women.  Forty-nine women (mean age 

27 years, range 20-42 years) completed 3 different CPX (45).  Twenty of the subjects were 

defined as active, as they exercised three times a week for 30 minutes, and the additional 29 

subjects were classified as sedentary because the exercise criteria was not met.  The protocols 

performed were the Bruce, 3.0 mph Balke, and an incremental cycle protocol.  Average VO2max 

for the Bruce protocol was 40 ± 4.4 ml.kg-1.min-1
.
  The R2 for the prediction equation using test 

time for the Bruce protocol was 0.828 and the standard error was 2.7 ml.kg-1.min-1.  Test time 
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was the only variable used for the prediction equations for men and women developed by 

Pollock et al.  

 One prediction equation was previously developed using the BSU/Bruce Ramp protocol.  

The study had a sample size of 698 apparently healthy men and women that were divided into a 

validation (N=350) and cross-validation group (N=348) with no significant differences in VO2max 

between the two groups.  The males in the total sample (N=380) had a mean age of 46 ± 12 

years, BMI 28.2 ± 4.6 kg.m-2 and VO2max of 37.3 ± 8.4 ml.kg-1.min-1, while the women (N=318) 

had a mean age of 43.2 ± 11.2 years, BMI 27.4 ± 6.2 kg.m-2, and VO2max of 28.4 ± 7.7 ml.kg-

1.min-1.  Stepwise regression analysis was performed and two prediction equations were 

developed – a full model that used treadmill test time, gender, PA status (Appendix A), age, and 

body weight, and a reduced-model that only uses treadmill test time.  The R-value was 0.941 (SE 

3.13 ml.kg-1.min-1) and 0.931 (SE 3.382 ml.kg-1.min-1) for the full and reduced models, 

respectively.  In this analysis, approximately 87% of the variance in VO2max was explained by 

treadmill test time and 88.5% of the variance was accounted for in the 5 variable model.  There 

was no significant difference in measured versus predicted VO2max in the cross-validation group 

(correlation coefficient 0.931-0.954; 95% CI).   

 VO2max prediction equations are available for both incremental and ramp protocols. 

However, Myers et al. found that a treadmill ramp protocol provided a more accurate estimation 

of VO2max than the Bruce protocol (39).  This study had 10 healthy adults, 10 heart failure 

patients, 11 CVD patients with symptom-limited exercise tolerance, and 10 asymptomatic CVD 

patients (mean age 60.2 years, 60% male). All subjects completed the following 6 CPX on 

different days in a randomized order.  The tests were Bruce, Balke 3.0, individualized treadmill 

ramp, cycle with 25 W increase every 2 minutes, cycle with 50 W increase every 2 minutes, and 
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an individualized cycle ramp protocol.  The Bruce protocol had a 16% difference between 

measured VO2max and estimated VO2max from the work rate, while the ramp protocol had only a 

6% difference between estimated and predicted VO2max (39).  This study suggests ramp protocols 

may be better used for prediction of VO2max than a standard incremental protocol such as the 

Bruce protocol possibly due to the smaller and gradual changes in workload. Further research 

using a larger cohort is needed to support this claim. 

 One contradictory study, from Froelicher et al., found that treadmill test time increased 

without an increase in VO2max during sequential CPX protocols (20).  This was in a sample size 

of 15 males (mean age 32 years) who completed 3 different treadmill CPX 3 times over 9 weeks. 

Test order was randomized and subjects completed the CPX at the same time of day for each 

test.  No information was given on familiarization to the tests, but it was noted that no handrail 

support was used during the tests.  Subjects were instructed to follow their regular routine during 

the 9 weeks while keeping their weight and physical activity stable. One-minute measurements 

of oxygen uptake were calculated using the Douglas Bag method to collect expired air.  Maximal 

effort was determined by physical appearance of volitional fatigue; however, mean maximal HR 

across all tests was 185 bpm and mean APMHR for the subjects was 188 bpm which also 

suggests the tests were of maximal effort.  There were no significant differences in VO2max 

across the tests, therefore training could not have accounted for the increase in test time.  The 

authors conclude that the increase in test time over the course of sequential testing could occur 

from changes in mechanical efficiency or decreased anxiety, as was noted by a lower 

submaximal HR and VO2 for any given workload.  Also, increased treadmill experience and 

familiarity with the CPX may explain the increased test time. 
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  Furthermore, Froelicher et al. also performed a study to determine if one protocol was 

better than another for prediction of VO2max (21). Seventy-nine men completed the Bruce 

protocol (mean age 36.2 ± 8 years, 58% regular exercisers) and 77 completed the Balke protocol 

(mean age 34.4 ± 8.8 years, 57% regular aerobic exercisers).  Analyses were performed to 

predict VO2max resulted in a prediction equation for the Bruce protocol: 

VO2max (ml.kg-1.min-1)  = -8.38 + (4.7 x treadmill test time in minutes) 

The standard error was 4.7 ml.kg-1.min-1 and the correlation between test time and VO2max was 

0.87.  Test time explained 75.6% of the variance in VO2max.  When age was added to the 

equation there was no significant change compared to using test time alone. The previous 

research on VO2max prediction equations warrants the use of additional variables because total 

test time does not account for all of the variation in VO2max.  The prediction equations developed 

by Kaminsky and Whaley and Foster et al. both demonstrate the benefit of adding additional 

variables to strengthen the prediction equation, although use of a larger sample size would be 

beneficial.   

Additional Variables 

 The utility of other variables in addition to test time in VO2max prediction equations has 

been observed in numerous studies (12, 19, 28).  Age, gender, PA habits, and various measures 

of body composition have been incorporated in previously developed VO2max prediction 

equations.  Heart rate recovery (HRR) and lean body mass are two variables that previous 

research has not explored in VO2max prediction equations. 

  Abnormal HRR to CPX has become a topic of interest and current research has 

established that an abnormally slow HRR is a predictor of mortality (42, 50).  Independent of 

age, trained subjects have been found to have faster HRR (16).  Even though some research 
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suggests there is a decline in the rate of HRR with aging, this may not necessarily hold true in 

exercise trained older adults.  Different values for HRR have been established depending on if 

the CPX recovery period was active or passive. Cole et al. found an abnormal 1-minute HRR to 

be defined as ≤12 bpm during an active recovery at 1.5 mph with a 2.5% incline in a sample of 

2,428 age 57 ± 12 years with 63% men (14). Abnormal HRR was significantly correlated (P < 

0.001) with mortality.  Over 6 years of follow up the subjects with abnormal HRR (N=639) had 

150 all-cause deaths (24%) while there were only 63 deaths (3%) among the subjects with 

normal HRR (N=1789).    Abnormal 1-min HRR and VO2max have both been found as predictors 

of mortality and PA habits have been tied to HRR as well. 

 The Coronary Artery Risk Development in Young Adults (CARDIA) study examined 

HRR after CPX in a population based sample of 1,627 young adults aged 18-30 years old (13).  

All subjects completed 2 CPX an average of 7 years apart and PA was assessed using a 

questionnaire.  The researchers found that the highest tertile of reported PA was associated with 

faster HRR (P <0.001) due to better autonomic function.  Effects of exercise training include 

increased vagal tone and as one enters the recovery period post-exercise the enhanced 

parasympathetic activation results in a faster HRR (47). Potentially, 1-min HRR may benefit a 

VO2max prediction equation when using a coding sequence of normal or abnormal 1-min HRR.  

Trained individuals with higher VO2max will tend to present with normal HRR compared to 

untrained due to the differences in parasympathetic activity. 

 Anthropometric measures have been incorporated into prediction equations to estimate 

VO2max using variables such as body weight, BMI, waist circumference, or percent body fat (52, 

53).  Although none of the prediction equations that also use treadmill test time for the Bruce 

protocol include anthropometric measures.  The previous full-model prediction equation 
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developed for the BSU/Bruce Ramp protocol utilizes body weight in the equation (28).  Lean 

mass has not been included in any VO2max prediction equations.  One commonly used measure of 

body composition is skinfold measurements.  Body fat is estimated from measurements at 3, 4, 

or 7 different skinfold sites which is used to estimate body density and ultimately percent body 

fat.  Fat free mass may be extrapolated from skinfold percent body fat; however this does not 

represent lean mass alone.  Since skinfold measurements use a 2-compartment model fat free 

mass represents lean mass in addition to other tissues and bone density.   

 Lean body mass may be increased or maintained through regular PA. With exercise 

training lean tissue increases and mitochondrial density increases which results in higher oxygen 

uptake.  Both muscle size and strength decrease with the aging process (17, 22).  Although, 

regular PA has been found to slow the decline in lean mass with age (27).  Therefore, percent fat 

free mass is expected to be higher in trained subjects than untrained and is expected to be 

correlated with treadmill test time and VO2max.  Assessment of the correlation between various 

anthropometric measures and VO2max is necessary to determine whether measures of adiposity or 

lean mass will improve VO2max prediction equations.  
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Figure 2.1 Differences in workload changes between the Bruce protocol and BSU/Bruce 
Ramp protocol. METS; metabolic equivalents. 

0 

2 

4 

6 

8 

10 

12 

14 

16 

1 2 3 4 5 6 7 8 9 10 11 12 13 

M
ET

S 

Test Time (minutes) 

Bruce 

BSU/Bruce 



 
!

26 

 

 

CHAPTER III 

 

METHODOLOGY 

 

 This was a cross-sectional study using a retrospective cohort from the Ball State 

University (BSU) Adult Physical Fitness Program (APFP) database.  The primary aim of this 

project was to develop an updated prediction equation to estimate VO2max for the BSU/Bruce 

Ramp protocol from treadmill test time and other established correlates of VO2max such as age, 

gender, and PA status. 

Study Population 

 Data were collected between the years of 1991 and 2014. Subjects were self-referred, 

apparently healthy adults without known coronary artery disease from the surrounding area of 

Muncie, Indiana who primarily underwent exercise testing to join the APFP.  Subject data was 

stored in an electronic database (Filemaker Pro 11, Filemaker, Inc., Santa Clara, CA).  Data were 

extracted by the APFP Database Administrator and de-identified data was provided with the 

criteria of: reaching an RER ≥ 1.0 and performing a CPX using the BSU/Bruce Ramp protocol.  

 CPX were excluded if the subject was < age 18 or if the test termination reason was listed 

as abnormal.  Abnormal responses included: unfavorable electrocardiographic responses, 

elevated BP, or other indications for stopping CPX (1).                                                                                                  
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Data Exportation 

 Variables extracted for the analysis were baseline information of: gender, test date, age at 

test date, resting HR, resting BP, height, weight, waist circumference, hip circumference, percent 

body fat from skinfolds, smoking status (0, smoker; 1, non-smoker), and physical activity status 

(coded 0-6). The 6-digit physical activity code was reduced to 2 variables for analysis purposes.  

Physical activity categories 1-4 were classified as inactive (0) and 5-6 were classified as active 

(1).  Exercise test data extracted were: total test time, VO2max ml.kg-1.min-1, VO2max L.min-1, 

VO2peak ml.kg-1.min-1, maximal ventilation (VEBTPS), maximal RER, maximal HR (HRmax), 

maximal blood pressure, peak RPE, 1-min HRR (continuous), and 1-min HRR (coded as normal 

[>12 bpm] or abnormal [≤12 bpm]), and reason for test termination.  

Laboratory Procedures        

 Subjects typically underwent two days of testing in the laboratory.  Visit one consisted of 

completion of written informed consent, review of a comprehensive health history questionnaire, 

and measurements of: resting HR, resting blood pressure, height, weight, skinfolds, waist and hip 

circumferences, and 12-lead electrocardiogram.  Standardized procedures, as set forth by the 

American College of Sports Medicine (ACSM), were performed by trained technicians for the 

resting blood pressure, skinfolds, and circumference measurements.  Resting HR and BP were 

measured after at least 5 minutes of seated rest.  Waist circumference measurements were made 

at the narrowest part of the torso above the umbilicus and below the xiphoid process.  Hip 

measurements were taken at the maximal circumference of the buttocks.  Two measurements for 

each site were taken and averaged.  If the two measurements differed by more than 1 cm a third 

measurement was made and the outlier was not averaged.  All skinfold measurements were made 

on the right side of the body using procedures described by the ACSM.  Two measurements were 
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made per site and averaged.  If the values differed by more than 10% a third measurement was 

taken and the outlier was not averaged.  Body density was estimated using the gender specific 3-

site equations (males: chest, abdomen, thigh; females: chest, abdomen, thigh) then converted to 

percent body fat using the Siri body density equation.  For this study, fat free mass was defined 

as 100 – percent fat mass. 

CPX Procedures and Measurements 

 The CPX was typically completed on a separate day.  Minutes prior to beginning the 

CPX, a trained technician measured supine and standing BP. Subjects were read scripted 

instructions prior to the CPX explaining the Borg 6-20 RPE scale (11).  During the CPX, BP was 

measured during the last 30 seconds of every third minute.  RPE was reported during the last 10 

seconds of every minute and at completion of the CPX.  Each subject was given instruction to 

signal the test technicians when they felt as if they only had 20-30 seconds left to continue the 

test.  Test technicians reduced the speed and grade of the treadmill to 1.7 mph with 0% grade 

after the given time period.  This was the standard method for test termination.  

 The BSU/Bruce Ramp protocol was first used in the APFP cohort in 1991.  The 

BSU/Bruce Ramp protocol has a change in workload every 20-seconds that results in a ~0.35 

MET increase every 20 second stage or 1 MET every minute.  Appendix B lists the stages of the 

test, speed, grade, and corresponding test time.  From September 1991-July 2001 the 

SensorMedics 2900 Metabolic Measurement Cart (SensorMedics Corp., Yorba Linda, CA).  

From August 2001-May 2005 exhaled gases were measured using the SensorMedics VMax 

system (SensorMedics Corp., Yorba Linda, CA).  Both SensorMedics systems utilized breath-

by-breath options.  Since June 2005 the TrueOne 2400 Metabolic system (ParvoMedics, Sandy, 

UT), which utilized a mixing chamber, was used to measure exhaled gases.  Paramagnetic 
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oxygen analyzers were used for all systems.  Non-dispersive infrared systems were used for 

carbon dioxide analysis. Each system was calibrated each day prior to testing by a trained 

technician according to the manufacturer’s recommendations.  If multiple CPX were performed 

on the same day the metabolic and gas analysis systems were calibrated between every two tests 

for the Parvomedics.  The SM 2900 and SM Vmax systems were calibrated prior to each test.  

Table 1 describes the criteria used to determine VO2max.  Clinical Exercise Physiology Program 

staff verified all CPX data collected with use of data processing criteria outlined in Table 2.  

Statistical Methods 

 Data were randomly assigned to a validation or cross-validation group using random 

number assignment to group 1 or group 2, with group 1 representing the validation group. 

Unpaired t-tests were performed to compare descriptive characteristics and CPX results between 

males and females by age group for both groups and the total sample.  Unpaired samples t-tests 

were performed to compare descriptive characteristics between men and women. To determine if 

differences existed between metabolic systems, one-way analysis of variance was performed to 

compare age, BMI, BW, FFM, test time, VO2max, and RER by metabolic system using the total 

sample.  Bonferroni post-hoc analyses were performed where indicated.   

 Pearson correlation coefficients were calculated for each variable to assess the correlation 

to VO2max.  For the categorical variables of gender, HRR, and PA status a point-biserial 

correlation was performed. Hierarchical multiple linear regression analysis was performed to 

develop the prediction equation using the validation group. Test time was entered as the first 

predictor, and then the variables of age, gender, and PA status were added to the prediction 

model.  Next, the multiple regression was conducted separately using each body composition 

variable.  The body composition variables consisted of: body weight, percent fat free mass, waist 
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circumference, hip circumference, waist-to-hip ratio, fat free mass (kg), and BMI.  The same 

process as described above was followed for comparison of HR variables (resting HR, maximal 

HR, 1-min HRR, and 1-min HRR (coded as normal or abnormal).  The equations developed from 

the validation group and the equations from the 1998 analysis were applied to the cross-

validation group.  Paired samples t-tests were performed to compare predicted VO2max to 

measured VO2max. The statistical significance level was set at α < 0.05.  Analyses were 

performed using SPSS (v. 20.0, IBM Corp., Armonk, NY). 
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Table 3.1 Determination of Maximal Values 

 VO2max VO2peak 

 Primary Method Secondary Method+  

SensorMedics 
2900 

5 breath average 30 second average Highest 5 breath 
average reading 
within last 90 

seconds of test** 
Average of last 26-34 

seconds 

Average of last two 30-
second readings* within ± 

3.5 ml.kg-1.min-1 

    

SensorMedics 
VMax 

20 second average 30 second average Highest 20-second 
reading within last 

90 seconds of test** 
Average of last two or 

three 20-second readings* 
within ±2.0 ml.kg-1.min-1 

Average of last two 30-
second readings* within ± 

3.5 ml.kg-1.min-1 
    

ParvoMedics 
TrueOne 2400 

20 second average n/a 
Highest 20-second 
reading within last 

90 seconds of test** 
Average of last two or 

three 20-second readings* 
within ±2.0 ml.kg-1.min-1 

n/a 

+Secondary method was used if primary method was not available 
*If higher readings occurred earlier within last 90 seconds of test those values were used 
**Within ± 3.5 ml.kg-1.min-1 of VO2max 
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Abstract 

Purpose: The purpose of this study was to evaluate known correlates of VO2max including 

subject characteristics and exercise test data to develop an equation to estimate VO2max for the 

BSU/Bruce Ramp protocol.  Methods: 1913 cardiopulmonary exercise tests (CPX) were 

performed by adults aged 48 ± 13 years (range 18-82 years, 54% male).  Linear regression 

analysis was performed to predict VO2max using 946 CPX with the remaining 967 used for cross-

validation.  Exclusion criteria applied were RER <1.0, < 18 years old, abnormal test termination, 

and CPX from the same subject repeated within one month.  Results: Total test time had the 

strongest correlation (r=0.82) with VO2max.   Two separate equations were developed to predict 

VO2max.  Total test time alone predicted VO2max with a standard error of 5.5 ml.kg-1.min-1.  

Addition of age, gender, physical activity status, and body weight improved the prediction to 

account for 77% of the variance in VO2max with a standard error of 4.6 ml.kg-1.min-1
.  

Conclusion: Of the exercise testing variables examined, the same predictors as previous analysis 

of test time, age, gender, body weight, and activity status provided the strongest prediction of 

VO2max. Additional variables of fat free mass and 1-minute heart rate recovery did not improve 

upon the prediction.  Researchers and clinicians need to determine if the accuracy limits of ± 1 

MET for predicted VO2max are acceptable in clinical practice.  When greater accuracy is required, 

measured VO2max should be obtained. 
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Introduction 

 Cardiopulmonary exercise tests (CPX) are routinely performed in clinical as well as 

health and fitness settings to assess functional capacity.  CPX provides diagnostic and prognostic 

information on cardiovascular disease (CVD) risk and health status through a non-invasive 

method.  The different findings of a CPX may guide patient treatment options and are utilized to 

develop individualized exercise prescriptions.  Low CRF has been found as an independent 

predictor of all-cause mortality and as a risk factor for development of cardiovascular disease 

and can be measured non-invasively during a CPX (18).  Over recent decades CRF has been 

repeatedly demonstrated as one of the strongest predictors of mortality in men and women (3, 4, 

15, 18, 19, 23).  Each increase in CRF of 1 MET (1 metabolic equivalent [MET] equals 3.5 

ml.kg-1.min-1) has been found to be associated with lowered all-cause mortality by 12% in 

asymptomatic men and 17% in asymptomatic women (15, 23).  Maximal oxygen uptake 

(VO2max) is the criterion measure of CRF and is defined as the ability of the body to transport 

oxygen to active muscles to utilize for energy production during maximal exertion.  VO2max is 

measured during a CPX using open circuit spirometry to measure exhaled gases and ventilation. 

Some facilities have limitations to measurement of VO2max.  The necessary additional 

equipment to conduct CPX, such as a metabolic system, has an initial cost of $10,000 to $40,000 

with recurring costs for filters and additional components (20).  Trained personnel are needed to 

conduct high quality CPX, resulting in time and financial considerations.  Due to the limited 

ability of some facilities to measure VO2max, prediction equations have been developed to 

estimate VO2max from subject characteristics and exercise test data.  In these equations most basic 

form, VO2max is predicted solely from treadmill test time.  Other equations include test time and 

additional known correlates of VO2max, such as age, gender, and anthropometric measures, to 
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decrease the error range of the prediction.  The prediction equations developed are specific to the 

CPX protocol, as test time is typically the strongest predictor.  The initial analysis of the widely 

utilized Bruce treadmill protocol had a test time prediction equation and there have been 

subsequent studies that have developed test time prediction equations for the Bruce protocol (6, 

14, 24, 25).  However, there has been only one previous analysis using the BSU/Bruce Ramp 

protocol in 1998 (17).  This analysis had a sample size of 698 men and women and the standard 

error of the equation developed was 3.4 ml.kg-1.min-1.  As over 15 years have passed since the 

initial analysis of this protocol, there is need for a new analysis and evaluation of the need for an 

updated VO2max prediction equation.  The purpose of this study was to evaluate known correlates 

of VO2max including baseline subject information and exercise test data to develop an equation to 

estimate VO2max for the BSU/Bruce Ramp protocol. 

Methods 

Study Population 

 Data were collected from a retrospective dataset.  The Ball State University (BSU) Adult 

Physical Fitness (APFP) database is an open cohort first established in 1971. The BSU/Bruce 

Ramp Protocol was first utilized with the APFP cohort in 1991.  Prior to completion of the CPX 

each subject provided written informed consent and underwent a comprehensive cardiovascular 

risk screening assessment.   

Data Extraction 

 De-identified data was extracted from the APFP database with baseline information 

including: gender, test date, age at test date, resting HR, resting BP, height, weight, waist 

circumference, hip circumference, percent body fat from skinfolds, smoking status (0, non-

smoker; 1, smoker), and physical activity status (coded 0-6, with 0=unknown). The 6-digit 
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physical activity code was reduced to 2 variables for analysis purposes.  Physical activity 

categories 1-4 were classified as inactive (0), 5-6 were classified as regularly active (1), and 21 

records were coded as unknown and were not included in the full-model analysis.  Exercise test 

data extracted were: total test time, VO2max ml.kg-1.min-1, VO2max L.min-1, VO2peak ml.kg-1.min-1, 

maximal ventilation (VEBTPS), maximal RER, maximal HR (HRmax), maximal blood pressure, 

peak RPE, 1-min HRR, and 1-min HRR (coded as normal or abnormal), and reason for test 

termination. Exclusion criteria of RER <1.0, < 18 years old, abnormal test termination, or tests 

from the same subject within one month were applied.  The final dataset used for development of 

the VO2max prediction equation consisted of 1913 CPX records from a time period of 1991-2014.  

Laboratory Procedures 

 Subjects typically underwent two days of testing in the laboratory.  Visit one consisted of 

completion of written informed consent, review of a comprehensive health history questionnaire, 

and measurements of: resting HR, resting BP, height, weight, skinfolds, waist and hip 

circumferences, standard 12-lead electrocardiogram, and pulmonary function testing.  

Standardized procedures, as set forth by the American College of Sports Medicine (ACSM), 

were performed by trained technicians for the resting blood pressure, skinfolds, and 

circumference measurements (1).  Resting HR and BP were measured after at least 5 minutes of 

seated rest.  Body density was estimated using the gender specific 3-site equations (males: chest, 

abdomen, thigh; females: triceps, suprailiac, thigh) then converted to percent body fat using the 

Siri body density equation (26).  For this study, fat free mass was defined as 100 – percent fat 

mass.  Circumference measurements at sites described by the ACSM and were made twice at 

both the waist and hip.  If values were not within 10%, a third measurement was taken and the 

outlier was removed before averaging the two values.   
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 The CPX was typically completed on a separate day.  Minutes prior to beginning the 

CPX, a trained technician measured supine and standing BP. Subjects were read scripted 

instructions prior to the CPX explaining the Borg 6-20 RPE scale (5).  During the CPX, BP was 

measured during the last 30 seconds of every third minute.  RPE was reported during the last 10 

seconds of every minute and at the peak of the CPX.  Each subject was given instruction to 

signal the test technicians when they felt as if they only have 20-30 seconds left to continue the 

test.  Test technicians reduced the speed and grade of the treadmill to 1.7 mph with 0% grade 

after the given time period.  This was the standard method for test termination.  

 Data acquisition systems varied as technology changed over the years.  From September 

1991-July 2001 the SensorMedics 2900 Metabolic Measurement Cart (SM 2900) (SensorMedics 

Corp., Yorba Linda, CA) was used to measure expired gases.  From August 2001-May 2005 

exhaled gases were measured using the SensorMedics VMax system (SM VMAX) 

(SensorMedics Corp., Yorba Linda, CA).  Both SensorMedics systems utilized breath-by-breath 

options.  Since June 2005 the TrueOne 2400 Metabolic system (PARVO) (ParvoMedics, Sandy, 

UT), which utilized a mixing chamber, was used to measure VO2max.  Paramagnetic oxygen 

analyzers were used for all systems.  Non-dispersive infrared systems were used for carbon 

dioxide analysis.  The flowmeter and gas analyzers were calibrated each day prior to testing and 

if multiple tests were performed, the system was calibrated between every two tests.  Subjects 

breathed through a Hans Rudolph two-way rebreathing valve (2700 Series, Hans Rudolph Inc., 

Kansas City, MO) and wore a nose clip. Table 4.1 outlines the data processing methods that were 

used for each system.                                   

Statistical Analysis          

 Data were randomly assigned to a validation or cross-validation group.  Unpaired t-tests 
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were performed to compare descriptive characteristics and CPX results between males and 

females by age group for both groups and the total sample.  Unpaired samples t-tests were 

performed to compare descriptive characteristics between men and women. To determine if 

differences existed between metabolic systems, one-way analysis of variance was performed to 

compare age, BMI, BW, FFM, test time, VO2max, and RER by metabolic system using the total 

sample.  Bonferroni post-hoc analyses were performed where indicated.   

 Pearson correlation coefficients were calculated for each variable to assess the correlation 

to VO2max.  For the categorical variables of gender, HRR, and PA status a point-biserial 

correlation was performed. Hierarchical multiple linear regression was performed to develop the 

prediction equation using the validation group.  Test time was entered as the first predictor, and 

then the variables of age, gender, and PA status were added to the prediction model.  Next, the 

multiple regression was conducted repeatedly using each body composition variable one at a 

time.  The body composition variables consisted of: body weight, percent fat free mass, waist 

circumference, hip circumference, waist-to-hip ratio, fat free mass (kg), and BMI.  The same 

process as described above was followed for comparison of HR variables (resting HR, maximal 

HR, 1-min HRR, and 1-min HRR [coded as normal or abnormal]). The equations developed 

from the validation group and the equations from the 1998 analysis were applied to the cross-

validation group.  Paired samples t-tests were performed to compare predicted VO2max to 

measured VO2max. The statistical significance level was set at α < 0.05.  Analyses were 

performed using SPSS (v. 20.0, IBM Corp., Armonk, NY). 

Results 

 Tables 4.2 provide descriptive characteristics and CPX results for the total sample, 

validation group, and cross-validation group.  No significant differences  (p>0.05) were present 
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with comparison of the validation group to cross-validation group in age, BMI, body weight, 

FFM, hip circumference, VO2max, RERmax, total test time, VEBTPS, HRrest, or HRmax.  There were 

significant differences (p<0.05) between men and women in the total sample with men having 

significantly higher age, BMI, body weight, FFM, test time, VO2max, VEBTPS and lower resting 

and maximal HR compared to women. 

 As noted in Table 4.3, there were significant differences in age, maximal HR, test time, 

VO2max, and RER between the 3 metabolic systems. Gender differences across the systems also 

existed, with men representing 57% of the SM 2900 sample and only 47% of the PARVO 

sample.  Follow-up testing revealed significant differences (p<0.05) between the SM 2900 from 

VMAX and PARVO in age, maximal HR, test time, and VO2max.  RER was significantly lower 

with the VMAX system compared to the SM 2900.  

 Correlation coefficients between VO2max and the potential predictor variables are 

presented in Table. 4.4.  The test time–VO2max correlation was explored by metabolic system as 

well. When reported by metabolic system the correlation between test time and VO2max varied.  

The SM 2900 system (N=1196) had the highest correlation between total test time and VO2max at 

0.88, followed by the SM VMAX (N=223) with 0.82, and PARVO (N=494) with a correlation of 

0.80. To further examine this relationship the correlation between test time and VO2max was 

examined by 2 different data processing methods.  Peak 5 breath and the average of 26-34 

seconds were combined (N=783) and had a correlation of 0.88, while the use of 2-3 20-30 

second averages (N=1070) had a weaker correlation of 0.79.  The difference in correlation 

between VO2max and test time between tests utilizing an average of ≤ 34 seconds compared to 

data with a 40-60 second average was 16%, with the shorter time duration having a stronger 

correlation.   
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 The prediction equations are presented in Tables 4.5 and 4.6.  Ultimately two prediction 

equations were developed, with the first equation using only test time and the second using test 

time and ancillary correlates of VO2max.  The test-time model accounts for 67% of the variance in 

VO2max with a standard error of 5.5 ml.kg-1.min-1
.  Addition of age, gender, physical activity, and 

body weight decreased the standard error to 4.6 ml.kg-1.min-1
 and accounts for 77% of the 

variance in VO2max.  The SEE and R2 changed by an average of 0.01 with inclusion of additional 

body composition and heart rate variables.  The additional variables were not included in the 

prediction equation due to the small changes in variance explained.   

 The cross-validation group was used to compare measured versus predicted VO2max using 

the current equations and 1998 equations with the results presented in Table 4.8. The Pearson 

correlation coefficient between the current full-model predicted VO2max and measured VO2max 

was 0.88 (p<0.01) with a VO2max of 31.2 ± 8.5 ml.kg-1.min-1 and 31.2 ± 9.5 ml.kg-1.min-1, 

respectively.  The Pearson correlation coefficient between the current test-time model predicted 

VO2max and measured VO2max was 0.83 (p<0.01) with a VO2max of 31.0 ± 7.7 ml.kg-1.min-1
 and 

31.2 ± 9.5 ml.kg-1.min-1, respectively.  Paired samples t-test revealed no significant differences 

between either prediction equation to measured VO2max (test time p=0.26, full model p=0.96); 

however, there were significant differences between measured and predicted VO2max using the 

1998 equations (test time p=0.00, full model p=0.00).  Similar to previous analyses, since there 

were not significant difference between predicted and measured VO2max in the cross-validation 

group the sample was combined and the prediction equations were presented using the total 

sample in Table 4.6.    
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Discussion 

 The primary purpose of the present study was to develop an updated VO2max prediction 

equation for the BSU/Bruce Ramp protocol.  To date, this is only the second prediction equation 

developed using this protocol.  Similar to previous findings of Kaminsky and Whaley (17), the 

strongest predictors of VO2max were test time, gender, PA status, BW, and age.  The population 

was older than the previous analysis (17) by approximately 4 years for men and 3 years for 

women, with a similar percentage of women in both studies.  Analysis of additional body 

composition and heart rate variables were new to this analysis.   Another unique aspect of this 

analysis was the use of different metabolic systems to collect the criterion VO2max measurement. 

 The first variable explored was total test time.  As expected, total test time was the 

strongest correlate of VO2max (r=0.82).  This finding is consistent with the results of the previous 

analysis of the BSU/Bruce protocol and across other treadmill protocols (6, 12, 17, 24, 25).  The 

correlation was weaker than that of the analysis from Kaminsky and Whaley, which had a 

correlation of 0.93.  In this laboratory for CPX conducted after 1995 the BSU/Bruce Ramp 

protocol was selected for individuals who have a pre-test predicted VO2max ≥ 5 METS using the 

full-model % fat prediction non-exercise equation from Whaley et al. (30) The range of test 

times was from 3.7 to 21.5 minutes with a mean of 11.4 minutes (13 METS) for men and 9.8 

minutes (10 METS) for women.  The prediction equation may best apply to individuals with a 

capacity of ≥ 5 METS.  

 There are numerous factors that may contribute to the differences in VO2max by metabolic 

system, which may pose as a limitation to this study.  There is limited research that compares 

inter-instrument variability among the 3 systems; however, studies have confirmed the reliability 

and validity of both the SM 2900 and PARVO (2, 9, 27).  As noted in Table 4.3, mean age and 
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total test time were significantly lower and VO2max significantly higher for the SM 2900 system 

compared to the SM VMAX and PARVO.    Aside from metabolic system differences, the 

primary method of data reduction differed.  If the assumption was made that the test was stopped 

at the end of a stage, the primary SM 2900 method would account for approximately 1-2 stages 

of the protocol, while the PARVO method could represent an average of 2 or 3 stages. The 

expected change in VO2 per 20-second stage is approximately 1 ml.kg-1.min-1. Therefore, the 

weaker relationship between total test time and VO2max with the PARVO may be explained by 

the differences in data processing and the extended time averaged with the latter models. The 

previously developed prediction equation for the BSU/Bruce Ramp protocol solely used the SM 

2900 metabolic system with VO2max defined as a peak 5-breath value that had at least 2 data 

points within 2 ml.kg-1.min-1 (17). The previous study used a shorter duration of time that 

represents VO2peak, rather than VO2max and used one VO2max criteria method.  The addition of 2 

more metabolic systems and different time durations for defining VO2max may contribute to the 

increased standard error found in this study. 

 Variables with a known association to VO2max including age, gender, and PA status 

improved the prediction model above the use of test time alone.  In addition to test time, age, 

gender, and PA status accounted for an additional 15% of the variance in VO2max.  VO2max 

declines with age, albeit the decline with age is influenced by PA (16).  On average, men have a 

higher VO2max than women, due to larger heart size and increased hematocrit and hemoglobin 

compared to women.  All of these variables contribute to VO2max, which was associated with an 

increase in treadmill test time.  Therefore, as the prediction equations found, test time explained 

67% of the variance and addition of the other associated variables increased the variance 
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explained to 77%. In the previous analysis test time had greater variance explained of 86%, but 

addition of the same additional variables only increased the variance explained to 88%.   

 After total test time, estimated percent FFM had the next strongest correlation to VO2max 

of 0.64. The previous study (17) compared the use of BMI or body weight in the equation and 

found that body weight was a stronger predictor of VO2max.  Although FFM % had a correlation 

of 0.64 to VO2max and BW had a correlation of -0.2, the reduction in SEE between inclusion of 

FFM % or BW was only 0.03 ml.kg-1.min-1.  Body weight was ultimately included in the 

prediction equation because it is the most common and easily obtainable body composition 

measure. Estimated FFM % had a correlation with gender of 0.57 and it is established that men 

have increased lean mass compared to women; therefore, the inclusion of both FFM and gender 

may have weakened the contribution of FFM on the prediction. Also, estimated FFM % from 

skinfold measurements has error associated with the measurement method which could affect the 

use of FFM % in the prediction equation and may explain why with a correlation of 0.64 it did 

not improve the prediction model.  Use of BMI, body weight, waist circumference, hip 

circumference, or waist to hip ratio did not improve upon the equation.  The strongest prediction 

equation included the same variables of the previous analysis: test time, age, gender, BW, and 

activity status.  

 The previous study (17) had a younger sample than the current study, with men aged (46 

± 12 years) and women  (43 ± 11 years). One factor that may influence total test time is treadmill 

handrail support.  Handrail support during treadmill exercise decreases the oxygen demand of the 

workload, which may increase predicted VO2max by allowing the subject to complete higher 

workloads due to a lower oxygen cost.  The first VO2max prediction equation from test time for 

the Bruce protocol reported use of handrail support of 1 or 2 fingers for balance and had a total 
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test time-VO2max correlation of 0.84 (6).  Of the 3 previous treadmill test time prediction 

equations that reported no use of handrail support (12, 14, 17) the correlation between test time 

and VO2max ranged from 0.87 to 0.93, which are all stronger than that of the current study.  

Handrail support may have accounted for the weaker correlation in the study that used limited 

handrail support; however, different sample sizes, subject characteristics, or data processing 

methods could also explain the differences. In fact, Manfre et al. (21) found that limited handrail 

support, as defined by using two fingers from one hand as support on a front handrail, did not 

significantly increase treadmill test time compared to without handrail support in healthy men; 

however, the findings were different for healthy women and males with CAD. Healthy women 

and men with CAD significantly increased their treadmill time, and as a result predicted VO2max 

increased, when limited handrail support was used.  VonDuvillard and Pivitotto (28) found 

significant differences in treadmill test time in women when comparing CPX with and without 

handrail support, but no significant differences in VO2max were present between tests. Therefore, 

the impact of handrail support during treadmill CPX in predicting VO2max is unclear.  For this 

study, limited handrail support was suggested when necessary for balance.  The use of handrail 

support was not reported as part of data collection, so it was not possible to control for handrail 

support within this study and exclude those subjects who may have utilized excessive handrail 

support.  CPX technicians were trained in the same manner and provided subjects with similar 

verbal instruction on handrail support.  Based on these findings numerous factors could 

contribute to the weaker correlation between test time and VO2max in this analysis; the inability to 

exclude those CPX with possible substantial handrail support, in addition to the use of 3 different 

metabolic systems and data processing differences. 
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 One-minute HRR was also examined as a potential predictor of VO2max both as a 

continuous variable and as a categorical variable (grouped as normal or abnormal). Faster rates 

of HRR are associated with training status, so it was hypothesized that HRR would improve the 

prediction equation.  Heart rate recovery coded as normal or abnormal had a correlation with 

VO2max of 0.14 and HRR as a continuous variable had a correlation of 0.28.  The inclusion of 

HRR in the prediction equation did not significantly improve the prediction equation.  Faster 

HRR is associated with increased vagal activity which has been found in athletes (11).  Since 

HRR is associated with PA status (7), the inclusion of HRR may have been minimized by the 

inclusion of PA status in the prediction equation.  Only 15% of subjects had an abnormal HRR; 

which may be a lower prevalence compared to previous studies that reported 15-26% of total 

subjects of healthy adults had abnormal HRR (8, 29). Table 4.7 shows the distribution of HRR 

by PA status.  Seventy-nine percent of the 274 subjects with abnormal HRR were classified as 

inactive, while 90% of the active subjects had normal HRR.  Similar results were found in 

younger adults, in which subjects with higher self reported PA had faster HRR (7) and faster 

HRR was found in various exercise training studies (10).  As PA and HRR are correlated, the 

additional inclusion of HRR did not further improve upon the baseline prediction equation. 

 This study had a larger standard error as compared to the previous prediction equation 

(17). Differences in data processing compared to the previous analysis may contribute to the 

increased error.  Also, the coding for PA status differed from the previous study and may have 

weakened the analysis though loss of the distinctions of the 6-digit PA code.  Re-coding PA 

status into dummy variables allowed for ease of analysis and made the model more generalizable 

to facilities that do not use the 6-digit Getchell PA Code and is similar to a previous study that 

used a coding scheme of active or inactive (13).  This study suggests that prediction of VO2max 
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from exercise testing data from the BSU/Bruce Ramp protocol is best performed using treadmill 

test time, age, gender, PA status, and body weight.  However, the standard error of 4.6 ml.kg-

1.min-1 was increased compared to the previous study. Cross-validation analysis using the 1998 

equations and new equations suggests that the new equations provide better prediction of VO2max.  

The comparison should be interpreted with caution because the VO2max criteria for the 1998 

equation represented VO2peak and the current data utilized VO2max. The error exceeding ± 1 MET 

may not be acceptable in certain settings and in those cases measured VO2max should be obtained.  

Strengths and Limitations 

 Strengths of this study included availability of a large sample size of CPX for analysis.  

The CPX were all completed in the same laboratory with trained technicians who received the 

same training for operation of equipment and instruction of CPX. A limitation to this study was 

that different metabolic systems and VO2max criteria were used for data collection.  The 

correlations between test time and VO2max varied by system, possibly due to methodological 

differences in data processing between systems.  Significant differences existed in mean age, 

VO2max, RER, and test time among the 3 metabolic systems, which may contribute to the 

correlational differences across systems. The different methods of data processing may have also 

affected the results, but both represent limitations to the study and impede comparison to the 

1998 prediction equations.  Other possible limitations to this study were that the protocol was 

selected for subjects with a predicted VO2max of ≥ 5 METS, which may limit the findings of this 

study to similar populations.  

Conclusions 

 VO2max may be predicted from total treadmill test time for the BSU/Bruce Ramp protocol 

within ± 1.6 METS.  Of the variables examined, the same additional predictors as previous 
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analyses provide the best estimation of VO2max.  Test time, age, gender, BW, and activity status 

explain 77% of the variance in VO2max. This study utilized the largest sample size to date to 

predict VO2max from exercise test data.  The findings revealed that of the variables examined, the 

same previously established correlates of VO2max provide the best prediction for this cohort, 

although the estimation of VO2max may not be as useful as the previous prediction equations or 

measured VO2max.  

 Further research using a large, diverse sample size to predict VO2max from exercise test 

data may be useful to further confirm the findings of this study with other exercise test protocols.  

Since prediction of VO2max from exercise test data was not improved from previous research, this 

study supports the need for directly measured VO2max.  Further research may serve to provide an 

updated survey of exercise testing facilities to determine current common barriers to 

measurement of VO2max. Also, data processing techniques need to be considered and 

standardized when determining VO2max values.  In future research care should be made to 

provide standardization of methodology when large datasets are analyzed together; if this is not 

possible researchers’ should aim to examine and report differences in data processing techniques. 
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Table 4.1 Determination of Maximal Values 

 VO2max VO2peak 

 Primary Method Secondary Method+  

SensorMedics 
2900 

5 breath average 30 second average Highest 5 breath 
average reading 

within last 90 seconds 
of test** 

Average of last 26-34 
seconds 

Average of last two 30-
second readings* within ± 

3.5 ml.kg-1.min-1 
    

SensorMedics 
VMax 

20 second average 30 second average Highest 20-second 
reading within last 90 

seconds of test** 
Average of last two or three 
20-second readings* within 

±2.0 ml.kg-1.min-1 

Average of last two 30-
second readings* within ± 

3.5 ml.kg-1.min-1 
    

ParvoMedics 
TrueOne 2400 

20 second average n/a 
Highest 20-second 

reading within last 90 
seconds of test** 

Average of last two or three 
20-second readings* within 

±2.0 ml.kg-1.min-1 
n/a 

+ Secondary method was used if primary method was not available 
* If higher readings occurred earlier within last 90 seconds of test those values were used 
** Within ± 3.5 ml.kg-1.min-1 of VO2max 
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Table 4.2 Subject Characteristics 
 Total Sample Validation Cross-Validation 
 Men (N=1025) Women (N=888) Men (N=509) Women (N=437) Men (N=516) Women (N=451) 

Age (years) 50 ± 13 46 ± 12* 50 ± 13 46 ± 11 50 ± 13 46 ± 13 
BMI (kg.1m2) 28.5 ± 5.0 27.3 ± 6.2* 28.3 ± 4.8 27.5 ± 6.1 28.6 ± 4.9 27.1 ± 6.3 
BW (kg) 90.5 ± 17.0 73.5 ± 17.3* 90.0 ± 16.8 74.5 ± 12.0 91.2 ± 17.1 72.7 ± 17.6 

FFM (%) 75.8 ± 6.5 65.9 ± 7.8* 75.8 ± 6.3 65.7 ± 7.7 75.8 ± 6.7 66.0 ± 7.9 

Test Time (min.) 11.4 ± 2.2 9.8 ± 2.2* 11.5 ± 2.3 9.8 ± 2.1 11.2 ± 2.2 9.9 ± 2.3 

VO2max  (ml.kg1.min-1) 34.6 ± 9.5 27.3 ± 7.9* 34.9 ± 9.5 26.9 ± 7.6 34.3 ± 9.5 27.6 ± 8.2 

RER 1.20 ± 0.12 1.20 ± 0.12 1.20 ± 0.10 1.19 ± 0.12 1.21 ± 0.13 1.21 ± 0.11 

VEBTPS  (L.min-1) 113.8 ± 29.5 74.5 ± 19.3* 113.8 ± 29.7 74.3 ± 19.4 113.9 ± 29.4 74.6 ± 19.2 

Resting HR (bpm) 66.1 ± 10.8 69.3 ± 9.6* 66.1 ± 10.6 69.7 ± 9.6 66.1 ± 11.1 69.0 ± 9.7 

Maximal HR (bpm) 172.5 ± 17.8 174.5 ± 15.2* 172.9 ± 17.7 174.3 ± 15.0 172.1 ± 18.0 174.7 ± 15.5 
BMI, body mass index; BW, body weight; RER, respiratory exchange ratio; VE, ventilation; HR, heart rate. 
*Denotes significant difference between men and women in total sample (p< 0.01) 
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Table 4.3 Metabolic Systems Comparison 
 
 

 SM 2900 (N=1196) SM VMAX (N=223) PARVO (N=494) 

Age (years)* 46 ± 12 50 ± 12† 51 ± 14† 

% Males 57 53 47 

BMI (kg.1m2) 28.0 ± 5.5 27.4 ± 5.6 27.9 ± 5.6 

FFM (%) 71.3 ± 8.6 71.5 ± 8.4 70.6 ± 8.9 

VO2max (ml.kg1.min-1)* 32.4 ± 9.5 30.2 ± 9.9† 29.0 ± 9.0† 

RER* 1.19 ± 0.12 1.22 ± 0.10† 1.20 ± 0.11 

Test Time (min)* 10.5 ± 2.2 10.9 ± 2.4† 11.1 ± 2.5† 
*Denotes significant difference between groups (p< 0.05) 
† Denotes significant difference from SM 2900 (p< 0.05) 
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Table 4.4 Correlations Matrix 

 Age Gender BMI BW 
(kg) FFM % Hip Waist WHR HRmax VO2max 

PA 
Code Smoker Test 

Time HRR  

Age  1 0.16** 0.02 0.02 -0.05* -0.04 0.14** 0.13** -0.62** -0.38** 0.04 0.05* -0.27** -0.18** 

Gender 0.16** 1 0.10** 0.44** 0.57** -0.25 0.48 0.36 -0.06 0.38** 0.09** 0.00 0.33** 0.04 

BMI 0.02 0.10** 1 0.87** -0.50** 0.84** 0.79** 0.15** -0.12** 0.42** -0.25** -0.03 -0.42** -0.08** 

BW 
(kg) 0.02 0.44** 0.87** 1 -0.21** 0.76** 0.87** 0.26** -0.10** -0.20** -0.19** -0.03 -0.22** -0.06* 

FFM% -0.05* 0.57** -0.50** -0.21** 1 -0.55** -0.18** 0.25** 0.08** 0.64** 0.30** 0.00 0.59** 0.13** 

Hi  -0.04 -0.25 0.84** 0.76** -0.55** 1 0.69 -0.14 -0.07 -0.44** -0.29** -0.03 -0.47** -0.08** 

Waist  0.14** 0.48** 0.79** 0.87** -0.18** 0.69 1 0.36 -0.19 -0.25** -0.21** -0.03 -0.26** -0.11** 

WHR 0.13** 0.36** 0.15** 0.26** 0.25** -0.14 0.36 1 -0.76 -0.05* 0.02 -0.00 -0.07** -0.06** 

HRmax -0.62** -0.06** -0.12** -0.10** 0.08** -0.07 -0.19 -0.76 1 0.39** 0.02 0.04 0.31** 0.20** 

VO2max -0.38** 0.38** -0.42** -0.20** 0.64** -0.44** -0.25** -0.05* 0.39** 1 0.39** 0.09** 0.82** 0.28** 

PA 
Code 0.04 0.09** -0.25** -0.19** 0.30** -0.29** -0.21** 0.02 0.02 0.39** 1 0.09 0.38** 0.14** 

Smoker 0.05* 0.00 -0.03 -0.03 0.00 -0.03 -0.03 -0.00 0.04 0.09** 0.09** 1 0.08** 0.04 

Test 
Time -0.27** 0.33** -0.42** -0.22** 0.59** -0.47** -0.26** -0.07** 0.31** 0.82** 0.38** 0.08** 1 0.23** 

HRR -0.18** 0.04 -0.08** -0.06* 0.13** -0.08** -0.11** -0.06** 0.20** 0.28** 0.14** 0.04 0.23** 1 

** Significant correlation p<0.01. *Significant correlation p<0.05. BMI, body mass index; BW, body weight; WHR, waist to hip ratio; HRmax, maximal heart rate; 
VO2max, maximal oxygen uptake; HRR, heart rate recovery.  
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Table 4.5 VO2max Prediction Equations (Validation Group) 

Variable Test Time Model (B) Full Model (B) 

Constant -3.831 23.547 
Test time (min) 3.279 2.115 
BW (kg)  -0.102 
Gender  
  (0, female; 1, male)  6.532 

Age (years)  -0.228 
Activity Code  
  (0, inactive; 1, active)  2.901 

R 0.81* 0.86* 
R2 0.66 0.77 
SEE ml.kg-1.min-1 5.6 4.6 

*p< 0.01. BW, body weight; SEE, standard error of estimate. 
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Table 4.6 VO2max Prediction Equations (All Data) 

Variable Test Time Model (B) Full Model (B) 

Constant -4.211 22.063 
Test time (min) 3.322 2.198 
BW (kg)  -0.99 
Gender  
  (0, female; 1, male)  6.303 

Age (years)  -0.215 
Activity Code  
  (0, inactive; 1, active)  2.481 

R 0.82* 0.88* 
R2 0.67 0.77 
SEE ml.kg-1.min-1 5.5 4.6 
*p< 0.01. BW, body weight; SEE, standard error of estimate. 
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Table 4.7 Cross-Tabulation for PA and HRR 

 Abnormal HRR 
(≤ 12 bpm) 

Normal HRR 
(>12 bpm) Totals 

Inactive  216 1008 1224 

Active 58 561 619 

Totals 274 1569 1843 

Significant difference in distribution between groups (p< 0.01). 
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Table 4.8 Cross-Validation Analysis 

 N Mean ± SD Correlation Paired Samples  
T-Tests  (p-value) 

Test Time Models 

   Measured 
   1998 Equation 

967 

31.2 ± 9.5 
34.5 ± 9.1 0.83 0.00* 

   New Equation 31.0 ± 7.6 0.83 0.27 

Full Models 

   Measured 
   1998 Equation 

952 

31.2 ± 9.5 
35.1 ± 9.1 0.83 0.00* 

   New Equation 31.2 ± 8.5 0.87 0.96 

Paired samples t-tests to compare measured vs. predicted for each equation. 
*Denotes significant differences between measured and predicted VO2max. 
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CHAPTER V 

 

SUMMARY AND CONCLUSIONS 

 

 The primary purpose of this study was to develop an updated equation for prediction of 

VO2max.  The sample size analyzed was the largest sample analyzed using the BSU/Bruce Ramp 

protocol and of any treadmill test time prediction of VO2max, as the previous analysis of the 

BSU/Bruce Ramp protocol had a smaller sample size of 698 subjects.  Total treadmill test time 

was the strongest predictor of VO2max with 67% of the variance explained by total test time, 

which is lower than the previous study that found 87% of the variance to be explained by total 

test time.  The differences from the previous study may be due to increased sample size and 

characteristics of subjects or differences in data collection and data processing methods for the 

criterion VO2max value.  Of the variables significantly correlated to VO2max, the strongest 

prediction model included all of the same variables as the previous analysis: test time, age, 

gender, body weight, and activity status. Addition of additional variables with a significant 

correlation to VO2max did not improve the prediction equation beyond a SEE of 4.6 ml.kg-1.min-1. 

 Variables of interest not previously explored in VO2max prediction equations were FFM 

and HRR.  These variables had a significant correlation to VO2max; however, the equation did not 

improve upon adding these variables.  Even though a larger sample size was analyzed, the same 

correlates as previously established best predicted VO2max.  This study confirmed, with the 

largest sample size to date, that VO2max may be predicted from exercise test time for the 
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BSU/Bruce Ramp protocol and the same variables as previous research established (age, gender, 

PA status, and BW) with a standard error > 1 MET.  The updated equations provided a better 

prediction of VO2max for this cohort than the previous prediction equations. Both the 1998 and 

new prediction equations were applied to the current dataset for comparison; however, different 

VO2max criteria was used between the 2 studies which limits the interpretability of the 

comparison.  The updated prediction equations are recommended for use in the current APFP 

cohort.  While measured VO2max is preferred, estimated VO2max may be utilized when facilities 

lack necessary equipment to conduct CPX.   

Recommendations for Future Research 

 Since prediction of VO2max did not improve with a larger sample or different correlates, 

there are a few different directions for future research.  First, VO2max prediction equations for 

other treadmill test protocols should be developed using large sample sizes to confirm the main 

finding of this study, that the prediction of VO2max from exercise testing data cannot be improved 

beyond the already established prediction equations. Of the new correlates examined none 

provided a stronger prediction equation, but exploration of the variability of VO2max in subjects 

with the same test time may be useful. Also, the differences in metabolic systems and 

methodology to quantify VO2max need further exploration because the correlation between test 

time and VO2max differed by metabolic system and method of data reduction.  

 In settings where measured VO2max is likely underutilized, such as hospital stress testing 

facilities, future research of prediction equations may be warranted. For example, updated 

population specific prediction equations for specific disease populations may be useful in 

facilities where patients with cardiac, pulmonary, or metabolic diseases are regularly assessed 

because for each stage of the Bruce protocol oxygen uptake has been found to be lower in 
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cardiac patients compared to healthy controls (49).  Development of population specific 

equations was not within the scope of the current study due to expected small sample sizes of 

individuals with chronic diseases within the APFP cohort.      

 If the future research confirms that the prediction of VO2max from exercise test data 

indeed cannot improve beyond approximately ±1 MET, then the focus of research should shift 

towards assessing barriers to obtaining measured VO2max values.  Cost of equipment, need for 

skilled technicians, or lack of understanding of the importance of these measures are expected 

reasons for not measuring VO2max, however there are not current reports confirming this.  There 

is clinical value from other measures obtained from the metabolic system, such as VE/VCO2 

slope and PETCO2 and these values, in addition to VO2max, aid in disease status and prognosis (3, 

34, 36, 37).  However, there is limited data to describe the current state of clinical exercise 

physiology laboratories.  There are up to date recommendations from national organizations that 

define procedures and standards for exercise testing (2, 18, 37), but research assessing the degree 

to which these recommendations are followed is insufficient.  Large-scale surveys or interview 

based research of facilities conducting exercise testing is warranted to define the specific 

limitations to measuring VO2max.  Also, this type of research may serve to describe the most 

commonly used modes and protocols for exercise tests and assess methods of data processing 

used when a metabolic system is available.  Information such as this may help guide clinicians, 

administrators, and policy makers to improve the standards in diagnostic and preventative care 

settings that utilize exercise testing. 
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APPENDIX A: Physical Activity Codes 

 

Physical Activity Status 

0 = Unknown 

1 = Complete lack of exercise 

2 = Sedentary occupation/moderate recreational activity 

3 = Moderate occupational activity/moderate recreational activity 

4 = Heavy occupational activity/moderate recreational activity 

5 = Participates regularly in exercise program (3 days·week-1of walk, run, swim, cycle, dance, 
etc. 

6 = Highly trained (≥20 miles·week-1of run, swim, or cycle) 
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APPENDIX B:  BSU/Bruce Ramp Protocol (28) 
 
Highlighted stages represent workloads and times same as Standard Bruce protocol. 
 

Stage Time Speed 
(mph) 

Grade 
(%) 

1 0:00 1.7 0.0 
2 0:20 1.7 1.3 
3 0:40 1.7 2.5 
4 1:00 1.7 3.7 
5 1:20 1.7 5.0 
6 1:40 1.7 6.2 
7 2:00 1.7 7.5 
8 2:20 1.7 8.7 
9 2:40 1.7 10 
10 3:00 1.8 10.2 
11 3:20 1.9 10.2 
12 3:40 2.0 10.5 
13 4:00 2.1 10.7 
14 4:20 2.2 10.9 
15 4:40 2.3 11.2 
16 5:00 2.4 11.2 
17 5:20 2.5 11.6 
18 5:40 2.5 12.0 
19 6:00 2.6 12.2 
20 6:20 2.7 12.4 
21 6:40 2.8 12.7 
22 7:00 2.9 12.9 
23 7:20 3.0 13.1 
24 7:40 3.1 13.4 
25 8:00 3.2 13.6 
26 8:20 3.3 13.8 
27 8:40 3.4 14.0 
28 9:00 3.5 14.2 
29 9:20 3.6 14.4 
30 9:40 3.7 14.6 
31 10:00 3.8 14.8 
32 10:20 3.9 15.0 

 
 

Stage Time Speed 
(mph) 

Grade 
(%) 

33 10:40 4.0 15.2 
34 11:00 4.1 15.4 
35 11:20 4.2 15.6 
36 11:40 4.2 16.0 
37 12:00 4.3 16.2 
38 12:20 4.4 16.4 
39 12:40 4.5 16.6 
40 13:00 4.6 16.8 
41 13:20 4.7 17.0 
42 13:40 4.8 17.2 
43 14:00 4.9 17.4 
44 14:20 5.0 17.6 
45 14:40 5.0 18.0 
46 15:00 5.1 18.0 
47 15:20 5.1 18.5 
48 15:40 5.2 18.5 
49 16:00 5.2 19.0 
50 16:20 5.3 19.0 
51 16:40 5.3 19.5 
52 17:00 5.4 19.5 
53 17:20 5.4 20.0 
54 17:40 5.5 20.0 
55 18:00 5.6 20.0 
56 18:20 5.6 20.5 
57 18:40 5.7 20.5 
58 19:00 5.7 21.0 
59 19:20 5.8 21.0 
60 19:40 5.8 21.5 
61 20:00 5.9 21.5 
62 20:20 5.9 22.0 
63 20:40 6.0 22.0 
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