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ABSTRACT

COMPARISON OF OXY GEN UPTAKE ON-KINETIC CALCULATIONS DURING SUBMAXIMAL
EXERCISE. Ross Arena, Reed Humphrey, Mary Ann Peberdy, Michael Madigan. JEPonline.
2003;6(2):1-7. The mean response time (MRT) and time constant (TC) are two oxygen uptake (VOz) on-kinetic
calculations whose values are presumed to be interchangeable. This study tests the assumption of uniformity
among different VO, on-kinetic calculations. Nineteen (13 male/6 female) apparently healthy subjects were
recruited for this study. Mean age (+SD) for this group was 44.1+10.1 years. Subjects underwent a progressive
exercise test and six-minute exercise session (1.6 m/hr, 3.0% grade) on separate days. Both breath-by-breath
(bb) and 10-second averaged (avg) ventilatory expired gas data were used to produce four VO, on-kinetic
calculations (MRTyo, MRTayg, TChi, TCag). There were statistically significant differences (p<0.05) between
TCip (17.6 5) and TCayq (22.7 5), MRTyy, (22.9 5), and MRT a4 (24.7 5). Comparisons amongst TCayq (22.7 ),
MRTh, (22.9 5), and MRTaq (24.7 S) did not reach statistical significance (p>0.05). All VO, on-kinetic
calculations were significantly correlated with peak VO, age, and each other. These results indicate that all
MRT and TC calculations may not be interchangeable. All VO, uptake on-kinetic expressions did, however,
appear to represent aerobic capacity and were highly correlated with each other indicating that calculation
method may not have an excessively negative impact.
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INTRODUCTION

Oxygen uptake (VO) on-kinetics during steady-rate exercise, at workloads below an individual’s anaerobic
threshold, fits the mono-exponential regression equation illustrated in Figure 1. Whipp (1) developed an
algebraic expression from this mono-exponential equation that solves for the time constant (TC), otherwise
known as the mean response time (MRT). The MRT equation isillustrated in figure two.
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To demonstrate equality of the TC, derived through non- e
linear regression, and the MRT, solved algebraically, Oz(t) = Oz(sst) (1-7 )
Whipp (1) conducted 15-minute steady-rate exercise
sessions on a lower extremity ergometer at 50 and 75 Ostest
Watts in eight healthy subjects (6 male/2 female, 26.4+4.2
years). VO, was determined by collecting expired gasvia &
aDouglas Bag at rest, 30-second intervals during the first

three minutes of exercise, and every minute thereafter for

the remainder of the session. The author calculated the

rate constant both algebraically and graphically. The

inverse of the rate constant equates to the time constant

2
-

(regression method) and MRT (algebraic method) (2). The A

mean TC/MRT for the 50 and 75 Watt sessions were

45.45/44.44 and 44.44/44.44 s, respectively. From these Start Exercise T  [ime

findings, Whipp (1) concluded the algebraic calculation _ _ _ _

accurately represents the regression calculation and was fr:gté;e é-n;:‘t? {j‘ gﬁbaqua'g i?]q\‘% ' Ogvzr’rt?é‘lg g;?if:]'e gf

therefore a valid measure of VO, on-kinetics during reﬂ_to‘fsteady vl g

steady-rate exercise below one's anaerobic threshold. O4(t) = oxygen uptake at any time ; Oy = Steady-
state VO, ; t =timetaken to reach 63% of the steady-

Several investigations have used either the TC (3,4) or ratevalue; t = any time value

MRT (5-7) to examine O, uptake on-kinetics in apparently

healthy subjects. While not stated directly, there is an assumption that the TC and MRT are interchangeable
based upon the origina work by Whipp (1). Furthermore, ventilatory expired gas analysis systems have
changed significantly since the MRT equation was derived and compared to the TC (1). The present study
therefore compares TC-MRT calculations using a ventilatory expired gas system capable of breath-by-breath
analysis.

METHODS

Subject Characteristics

Virginia Commonwealth University’s Institutional Review Board approved the study and informed written
consent was obtained. Nineteen apparently healthy subjects (13 males/6 females) were recruited for this study.
Mean age (xSD) for this group was 44.1+10.1 years. All subjects were rigorously screened for risk/evidence of
cardiac disease. Pre-test exclusion criteria consisted of a history of tobacco use, total cholesterol 3 240 mg/dL
(if data were available), resting systolic blood pressure ® 140 mmHg, resting diastolic blood pressure > 90
mmHg, diabetes, and/or any past diagnosis of cardiac disease/dysfunction. Exclusion criteria during testing
consisted of evidence of an abnormal hemodynamic response, electrocardiographic changes suggestive of
myocardia ischemia or arrhythmia, and/or the subject reporting symptoms suggestive of myocardial ischemia.
No subject was rejected for these reasons.

Testing Procedur e and Data Collection

Subjects participated in two exercise testing sessions. The metabolic cart (Sensormedics Vmax29, Y orba
Linda, CA) used for ventilatory expired gas analysis was calibrated prior to each exercise session. Thefirst
exercise session consisted of a progressive ramping protocol to determine peak VO, in ml O,/kg/min. The
ramping protocol selected for testing consisted of approximately 2 ml Oy/kg/min increases in workload every 30
s(8,9). Stage one began at 1.0 mi/hr and a 0% grade. Stagesincreased by 0.1 mi/hr and 0.5% grade thereafter.
The same treadmill protocol was used to test all subjects. The second exercise session consisted of steady-rate
treadmill ambulation at 1.6 mi/hr and a 3.0% grade without warm-up creating a square wave protocol. Since
exercise was immediately started at the desired steady-rate workload (1.6 mi/hr and 3% grade), accounting for a
time delay in VO, on-kinetic calculations secondary to a period of exercise at alower intensity was
unnecessary. VO_in L/min was recorded prior to and during exercise.



Comparison of Oxygen Uptake On-Kinetic Calculations 3

The determination and administration of steady-state exercise intensities used for analysis of VO, on-kinetics
have not been standardized. The steady-state intensity used in this study optimized the likelihood of subjects
completing the protocol before volitiona fatigue, allowed a sufficient rise in VO, above resting value to
calculate VO, on-kinetics, and minimized the potential of exercising above the maximal steady state intensity.
Subjects were asked to ambulate at this workload for 6 min. Monitoring for both sessions consisted of
continuous 5-lead electrocardiography (Cardiosoft, Yorba Linda, CA), manual blood pressure pre, during and
post exercise, and continuous heart rate monitoring via the electrocardiogram. A qualified exercise physiologist
conducted the exercise tests with a cardiologist available onsite for consultation. Based on ACSM guidelines
for exercise termination criteria (10), none of the exercise tests were terminated prematurely. The primary
endpoint during progressive exercise testing was volitional fatigue. All subjects completed the six min, steady-
state exercise session.
Calculation of O, uptake on-kinetics
VO, on-kinetics was calculated agebraically (MRT) and MRT = Oz deficit / AO2
through non-linear regression (TC). The MRT was derived
from the equation illustrated in Figure 2. Breath-by-breath A ' 1
and 10-second averaged data were used to produce two § :
MRT calculations (MRTgg and MRTavc). Resting Oz [ :
uptake was the average of all data prior to exercise (3 2 aOEE '
min). Steady-rate VO, was the averaged value over the last T e ) s >
two min of exercise. The difference between rest and \
steady-state VO, multiplied by exercise time (Sx min), is
the expected amount of VO, for the exercise session. The
sum of measured VO, above rest is the actual amount of » resting VO2 r
VO, during the exercise session. The difference between
expected and summed VO; (in liters) is the oxygen deficit. Exercise Time (1)
Division of the oxygen deficit by the difference between
rest and steady-rate VO, (in liters) equalsthe MRT. The Figure 2. The algebraic equation for, aswell asan
resultant MRT, multiplied by 60, produced a value illustration of the concept, describing VO, on-kinetics
expressed in seconds. The TC was determined by curve during steady-state exer cise. _
fitting breath-by-breath (TCag) and 10-second averaged O deficit = oxygen deficit =t * DO, - SO, , wheret:
- o . . exercisetime ; DO, = difference between rest and
(TCave) data according to the equation illustrated in Figure  geqqy gtate VO, : SO, = sum of measured oxygen
1 A graphl ca software package (S| gmaPI ot 5.0, SPSS uptake, above rest, during exercise
Science, Chicago, IL) curve fit the data and derived the TC
in seconds.
Statistical Analysis
Repeated measures analysis of variance (ANOV A) assessed differences in the VO, on-kinetic calculations:
MRTgs-MRTave, TCgs-TCavs, MRTge-TCgg, and MRTayc - TCave. Tukey’s honestly significant difference
(HSD) was used to assess significant differences defined by repeated measures ANOVA. The Pearson product-
moment correlation was used to determine the relationship among the four on-kinetic calculations and age as
well as peak VO,. The correlation between the four VO, on-kinetic calculations was additionally assessed. A
p-vaue £ 0.05 was considered significant for all statistical tests. A statistical software program was used for
data analysis (SPSS 10.0 for Windows, SPSS Science, Chicago, IL). All datare presented as meant+SD.

Oz deficit

VO:2

RESULTS

Data of the four VO, on-kinetic calculations are listed in Figure 3. Repeated measures ANOV A demonstrated a
statistically significant difference between the four VO, on-kinetic calculations (F = 4.5, p<0.05, effect size =
0.23). Tukey’sHSD reveaed TCgg Was significant less than all other VO, on-kinetic calculations. All other
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Tablel. Resultsfrom theTukey's
HSD paired mean comparisons.

TCBB - TCAVG 5.1* S

MRTgs - MRTavg  1.8M° o  TCbb *

MRTgg - TCgs 5.1* g

MRTavg - TCavs 2.0V MRTavg

MRTavc - TCas 7.1

MRTgg - TCgg 5.3* MRTbb

MRTgg - TCavs 0.2Ns

p<0.05 ; NS = not significant 0 5 10 15 20 25 30 35 40

VO, On-Kinetics (s)
Table 2. Resultsfrom correlation
analysis between VO, on-kinetic

. Figure 3. MeantSD VO, data for the four conditions. X-axis values
calculations and both peak VO, and g 2

areasfollows: 1=TCbb; 2=TCavg; 3=MRTbb; 4=MRTavg

age
MRTgs -0.73* 0.59* Table 3. Resultsfrom correlation analyses between
MRTave -0.74* 0.64* VO, on-kinetic calculations.
TCas -0.52* 0.58* MRTee MRTavc TCeg TCave
TCavc -0.50* 0.67* MRTgg ----- 0.90* 0.72*  0.68*
* p<0.05 MRTave - - 0.72* 0.75*
TCgg - == e 0.79*
TCAVG --------------------
* p<0.05

comparisons did not reach statistical significance. Results from the repeated measures ANOV A and Tukey’s
HSD are outlined in Table 1 and Figure 3.

There were statistically significant correlations between al of the VO, on-kinetic calculations and both peak
VO, and age. Furthermore, all four VO, on-kinetic calculations were significantly correlated with each other.
The correlation analyses are listed in Tables 2 and 3.

DISCUSSION

The results indicated that not all VO, on-kinetic calculations were interchangeable. The common denominator
for these differences appears to be the un-averaged, exponential calculation (TCgg). Variability in breath-by-
breath data is a well-documented phenomenon (11). These breath-by-breath fluctuations in VO, may have
significantly altered exponential curve fitting thereby producing a significant difference between TCgg-TCave.
Data sampling did not significantly alter MRT values and both were similar to TCaye. The latter result is not
surprising considering the MRT calculation itself entails data averaging.

A portion of these findings conflict with the assumption derived from the original work by Whipp (1) and has
implications for generalization of findings using different VO, on-kinetic calculations. The findingsin the
present study do not support interchangeability of the TC and MRT when the TC is calculated via un-averaged
VO, data. Interchangeability of the TC and MRT is, however, supported when datais averaged over 10 s
intervals. Additionally, MRT calculations appear to maintain comparability irrespective of data sampling. The
|atter two observations support the intention of the original work by Whipp (1), which was to produce a ssimple
algebraic derivation that accurately represents a more complex exponential calculation (TC) of O, uptake on-
kinetics.
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The present study was undertaken subsequent to a similar investigation in a group of patients diagnosed with
heart failure by the same group of authors (12). The initial investigation in the heart failure group reveaed the
four VO, on-kinetic calculations (MRTgg, MRTave, TCgg, and TCavg) were all significantly different from one
another. The disparity between findings in the original investigation and the findings reported in the present
study may be secondary to ventilatory expired gas responses unigue to the heart failure population. A number
of patients with heart failure demonstrate ventilatory expired gas oscillations; the mechanism of which is not
entirely clear (13,14). Thisoscillatory pattern, unique to patients with heart failure, can clearly have an impact
on VO, on-kinetic calculations. The authors therefore caution readers in generalizing findings of the present
study outside of apparently healthy populations.

A question raised from these findings is which VO, on-kinetic calculation most accurately reflects physiology
in apparently healthy subjects? Previous evidence indicates faster VO, on-kinetics is associated with higher
levels of aerobic capacity (15-20) and younger age groups (16,21). In the present study, all four VO, on-kinetic
calculations were significantly correlated with age and aerobic capacity as well as each other. With respect to
the latter finding, however, coefficient of determination (r?) values find that a great deal (>50%)of variance
between the VO, on-kinetic calculations is left unexplained. The authors therefore do not feel comfortablein
defining an optima VO, on-kinetic calculation from these findings. The correlation analysis does indicate that
while all VO, on-kinetic calculations were not interchangeable, they may all accurately represent one’s
physiology. Such a conclusion would presently validate the use of several VO, on-kinetic calculationsin
assessing aerobic fitness via transitions between steady state exercise intensities, although additiona study is
required. Specifically, future investigations addressing reliability and sensitivity features (discriminating
between healthy and unhealthy populations or detecting changes in cardiovascular function in a given individual
over time) of several VO, on-kinetic calculations would facilitate the determination of a standardized
expression.

The fact that only un-averaged and 10 s averaged data, collected during a single exercise session, was used for
the VO, on-kinetic calculations is considered a weakness of the present study. Other averaging intervals may
produce different values that prove superior. The authors do feel 10 s averaging is a reasonable compromise
between un-averaged data, which may result in unacceptable variability, and larger averaging intervals, which
may produce too few data points to adequately represent the on-kinetic response. Additionaly, several
investigations have calculated VO, on-kinetics by averaging breath-by-breath data from severa exercise
sessions at the same steady-rate intensity (22). Other investigations have reduced noise by time-interpolating
breath-by-breath data to produce second-by-second values (19,23). These techniques improve exponential
curve fitting of dataand, if employed in the present study, may have negated the differences between the TC
and MRT. Serial measures and additional data processing do, however, increase the complexity of calculating
V O, on-kinetics and should be avoided if comparable information is obtained from simpler techniques.
Maximally smplifying the caculation of VO, on-kinetics, without sacrificing the usefulness of information
gained from this measure, will gresatly facilitate clinical application. To support simplification by employing a
single session measure of VO, on-kinetics, ardiability analysis must be conducted and demonstrate adequate
repeatability over several days in subjects whose physiologic function remains stable.

Conclusions

Several methods are presently used to calculate VO, on-kinetics. The TC and MRT are presumed to be
interchangeable. The findings reported here do not completely support this assumption. Given the
demonstrated potential VO, on-kinetics has in differentiating between varying levels of aerobic fitness (15-20),
efforts should be directed toward determining optimal expression and standardizing this non-invasive, smple
measure.
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