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ABSTRACT

The physiological significance of an exponential regression model between minute ventilation (Ve) and
oxygen uptake (Vo,) during incremental exercise was examined. Thirty-eight subjects, including 12 patients
with chronic heart failure, participated in cardiopulmonary exercise testing on a bicycle ergometer. The
equation VE = a vo2, where a and b are parameters, was used to describe the relation between Ve and Vo,
during incremental exercise. Arterialized blood gas analysis was measured before and during exercise. The
correlation coefficient of the regression model was high (r = 0.97+0.02). Parameter a negatively correlated
with the arterial partial pressure of carbon dioxide during exercise (r=-0.44, p<0.01), and positively corre-
lated with peak Vo, (r=0.47, p<0.01). Parameter b negatively correlated with peak Vo, (r=-0.86, p<0.01)
and positively correlated with the dead space to tidal volume ratio (r=0.68, p<0.01). The regression model,
as well as parameters a and b, is physiologically useful in expressing metabolic response to exercise. This
model, a specific solution to the differential equation dVe/dVo,=bVE, implies that the more a subject
breathes, the greater is the increment in ventilation needed to meet a further increment of metabolic de-
mand.
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INTRODUCTION

The relation between minute ventilation (Ve) and oxygen uptake (Vo,) during incremental
exercise has been considered to be composed of two-? or three-line regression models?. These
models have been theoretically based on the accumulation of lactate above the “ventilatory
anaerobic threshold2.”

The vdidity of these multi-linear models has been questioned, however. Yeh and coworkers?
showed that abrupt changes in arterial lactate concentration are not found during incremental
exercise testing, which results in a curvilinear increase in Ve. According to the aveolar ventila-
tion equation, Ve is expressed as a function of arterial carbon dioxide partial pressure (PaCO,)
and the dead space to tidal volume ratio (Vp/VT), as well as carbon dioxide production (Vcoy).
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A fall in the PaCO, is known to occur at the maximal stages of exercise testing*®. Also, the
Vb/VT ratio changes during incremental exercise®®. As these changes are gradual and not
threshold-like”, the Ve-Vo, relation could be described as a curvilinear model, rather than as
threshold-like linear models.

A non-linear, exponential model has been proposed by Fairshter and coworkers”. Also,
Baba®? has shown that the relation between Vo, and Vg, i.e., reversing the axes of the rela-
tion, during incremental exercise is described by a single logarithmic function. However, the
physiological significance of these non-linear models has not been fully studied.

Therefore, the purpose of this study is to examine the physiological significance of an expo-
nential regression model, VE=a éVo2, where VE represents minute ventilation and Voz iS oxy-
gen uptake during incremental exercise.

METHODS

Subjects

Thirty-eight consecutive subjects (30 males and 8 females), who had been referred to our
laboratory during the period between January and June, 2000, for cardiopulmonary testing, were
enrolled in the present study. Characteristics of the study subjects are listed in Table 1. Written
informed consent was obtained from each participant. This study was performed according to
the Declaration of Helsinki. Our ingtitutional review board approved the study.

Exercise testing

Exercise testing was usually conducted between 15:00 and 18:00 o'clock, and at least 3
hours after a light meal. An electromagnetically-braked cycle ergometer (P. K. Morgan, UK)
was used for the test with a subject pedaing at a rate of 60 rev/min. After 4 minutes of rest,
exercise was initiated by 4 minutes of unloaded cycling followed by a uniform increase in
work rate by 25 watts every 3 minutes. Subjects were encouraged to reach maximal exercise,
which was supported by reaching a gas exchange ratio of no less than 1.0.

Table 1. Correlation matrix of the parameters.

Parameter  Parameter Peak  VE-Vco, PaCo, PaCo, Vo/VT
a b Vo, slope rest ex. ex.
Parameter a
Parameter b -0.62*
Peak Vo, 0.47* -0.86*
Ve-Vco, slope -0.031 0.55* -0.50*
PaCO2 rest -0.13 -0.29 0.27 -0.32
PaCO, ex -0.44* 0.099 -0.15 -0.23 0.70*
VD/VT ex. -0.15 0.68* -0.79% 0.51* -0.14 0.21

Abbreviations: peak Vo, = oxygen uptake at peak exercise; Ve-Vco, Slope = the regression slope between
minute ventilation and carbon dioxide production during exercise; PaCO, rest = arterial partial pressure of

carbon dioxide at rest; PaCO, ex
= physiological dead space to tidal volume ratio during exercise.

. = arteria partial pressure of carbon dioxide during exercise; Vo/VT ex.

* p <0.05.
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Analysis of Expired Gas

Subjects breathed through a Hans Rudolph low-resistance nonrebreathing valve. Vcoz, (ml/
min, STPD), Voz (ml/min, STPD), VE (I/min, BTPS), tidal volume (I, BTPS), respiratory rate
(breaths per minute), and the mixed expiratory carbon dioxide concentration (%) were continu-
ously measured on a breath-by-breath basis with the Benchmark Metabolic Measurement Cart
(P. K. Morgan, UK) equipped with oxygen and carbon dioxide analyzers, which were cdlibrated
with standard gases before each exercise testing. The flow meter was also calibrated before
each study with a 3-liter syringe. Obtained data were averaged every 30 seconds and used for
analyses. .

The pesk Vo, was calculated for each subject by averaging values obtained during the final
60 seconds of exercise. The VEe-Vco, slope was determined by linear regression analysis be-
tween Ve and Vco, during incremental exercise. The following equation was used to describe
the relation between VE and Voz during an incremental exercise test:

VE = a &Voz,
where a and b were parameters. The Vp/VT ratio was determined by Bohr's equation (14):
Vo/VT = (PaCO, — PeCO,)/PaCO; — VDe/VT,
where PeCO, is partial pressure of carbon dioxide in mixed expired gas, and Vbe is dead
space of the circuit (=120ml).

Arterialized earlobe blood gas sampling

Arterialized blood samples were obtained from the earlobe before exercise and at the end of
stage 1 (work rate of 25 watts) of each exercise testing, when the exercise intensity did not
exceed anaerobic threshold. The methods of capillary sampling have been previously described
by Pitkin et al'®. Briefly, a stab incision was made in the inferolateral aspect of the pinna after
the earlobe was massaged with nicotinic acid for no less than three minutes. The samples were
then collected into a glass tube and immediately (usually within 1 minute) used for blood gas
analysis by the 278 Blood Gas Analysis System (Chiba-Corning Co. Medfield, Ma). The accu-
racy of arterialized blood gas analysis has been confirmed as a substitute for arteria gas analy-
Si815,16)_

Satistical analysis

Values were expressed as the mean + SD. Simple linear regression analysis was used to ex-
amine the relationships between parameters a and b as functions of peak VO,, the VE- Vcoz
dope, PaCO, at rest, PaCO, during exercise, or the Vo/VT ratio during exercise. Differences in
parameters a and b among normal subjects, patients with heart disease who did not have CHF,
patients with NYHA class | heart failure, and NYHA class Il heart failure were analyzed with
analysis of variance. If a significant difference was detected by the F tests, mean values were
analyzed by Fisher's PLSD test. A p vaue < 0.05 was considered statistically significant.

RESULTS

All exercise tests were performed without complications. The relation between VE and Vo,
was reliably expressed as an exponential function, VE = a eb"02 (r = 0.97+0.02, Figure 1). A
correlation matrix of parameter a, parameter b, peak VoZ, the VE-Vco, slope, PaCO, at rest,
PaCO, during exercise, and the Vp/VT ratio during exercise are shown in Table Il. It is note-
worthy that parameter a negatively correlated with PaCO, during exercise (Figure 2), and posi-
tively correlated with peak Vo,, but not with the Ve-Vco, slope. Also, parameter b negatively
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correlated with peak_qu (Figure 3), positively with the Vo/VT ratio during exercise, and also
positively with the Ve-Vco, slope. Parameter a was not different among groups classified by
clinical conditions, whereas parameter b was significantly different among groups (p < 0.01,
Figure 4).

DISCUSSION

The present study shows that the relation between Ve and VoZ during incremental exercise is
expressed as a simple mono-exponential function, VE = a oz, Parameter a of this equation
negatively correlated with PaCO, during exercise, and positively correlated with peak Vo,. Pa
rameter b correlated positively with the Vo/VT ratio during exercise and correlated negatively
with peak Vo,. These findi ngs show that parameters a and b of the equation are both related
to the degree of ventilation during exercise.
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Figure 1: An example of the ventialation (VE)-oxygen uptake (Vo) relation during incremental exercise. The rela-
tion is well expressed with the exponential regression model, Ve = a ez,
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Figure 2: The relationship between arterial partial pressure of carbon dioxide (PaCO,) and parameter a.
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Figure 3: The relationship between peak oxygen uptake (peak Vo,) and parameter b.
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Figure 4: Comparison of parameter b among groups (normal subjects, patients with heart disease who do not have
chronic heart failure, patients with NYHA class | chronic heart failure, and patients with NYHA class Il
chronic heart failure)’. p < 0.05. between normal subjects.

Physiological and clinical significances of parameter a

Parameter a, the y-intercept of the regression equation, is a positive number determined for
each set of exercise testing data. This demonstrates that some volume of ventilation (= a) is
needed even when metabolic demand is conceptually zero (Figure 5). A greater value of a
shows that a larger y-intercept, i.e., the volume of ventilation when metabolic demand is con-
ceptually zero, leads to greater ventilation throughout exercise testing (Figure 5). Therefore, a is
a parameter that represents the degree of ventilation during exercise.

Physiological and clinical significances of parameter b

Parameter b is also related to the degree of ventilation during exercise: a greater value of
parameter b means a greater metabolic response to exercise at a given Vo,, or a given meta-
bolic demand (Figure 5). This is also supported by our result that parameter b correlated with
the Vo/VT ratio during exercise. The finding that parameter b strongly correlated with peak Vo,
and is different among normal subjects, patients with heart disease who do not have chronic
heart failure, patients with NYHA class | heart failure, and patients with NYHA class Il heart
failure, indicates that parameter b can be used as an index of exercise tolerance. Mgjor factors
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Figure 5: The effects of parameters a and b on metabolic response to exercise. The upper panel shows the relation
of whole exercise data. The lower panel shows a magnified view of the relation around the y-intercept.
Curve 1 represents the relation between minute ventilation (Ve) and oxygen uptake (Vo,) during incre-
mental exercise when parameter a is 200 and parameter b 0.04. Curve 2 and the curve 3 represent the
relation when parameter a is doubled (a = 400) and when parameter b is doubled (b = 0.08), respec-
tively. The effect of parameter a is pronounced when metabolic demand (Vo) is low, as it represents the
y-intercept of the graph. The effect of parameter b is pronounced when exercise intensity is high.

that influence parameter b and the metabolic response to exercise and which can be predicted
by the modified alveolar gas eguation are: 1) CO, production (derived from muscle aerobic me-
tabolism as well as from plasma buffer action by bicarbonate), 2) arterial pCO, (CO, setpoint),
and 3) physiological dead space ventilation. Thus, deconditioned subjects or patients with cer-
tain diseases, such as congestive heart failure, who have reduced working muscle mass and im-
paired flow of blood to these muscles, inefficient extraction of and utilization of oxygen by
these muscles and early appearance of lactic acidosis, will be expected to have a large param-
eter b.

Regression equation

The regression equation used for the present study is a specific solution to the following dif-
ferential equation, o )

dVe/dVo, = bVE.

This equation means that the rate of increase in Ve against the increase in metabolic de-
mand (Vo) is linearly proportional to VE. In other words, the more a subject ventilates for a
given metabolic demand, the greater is the increment of ventilation needed to meet a further in-
crement of metabolic demand. This simple exponential model provides us with further informa-
tion for our understanding of metabolic response to exercise.
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Comparison with VE- VCOZ slope

As discussed above, parameters a and b are both related to the metabolic response to exer-
cise. The VE-VCOZ slope is already known as the standard method to evaluate exercise ventila-
tion. What are the differences between the VE- V_coz slope and the parameters in the present
study? The Ve-Vco, slope correlated with peak Vo, as well as with the Vo/VT ratio during
exercise. However, parameter b more closely correlated with peak Vo, and the Vp/VT ratio.
Moreover, while parameter a correlated with PaCO, during exercise, the VE-Vco, dope did not.
These results indicate that the parameters a and b may be more appropriate indices to describe
exercise ventilation.

CONCLUSIONS

The regression model, as well as parameters a and b in the present study, are physiologi-
caly useful in expressing the metabolic response to exercise. Results obtained here provide the
physiological background of the oxygen uptake efficiency slope, an objective measure of exer-
cise tolerance.

ACKNOWLEDGEMENTS

We thank Yoshifumi Morotome, MPK. and Shinsuke Mochizuki for the collection of data.
We also thank Dr. Noriaki |keda at Kitasato University for useful suggestions. The experiments
in the present study comply with current Japanese laws.

REFERENCES

1) Wasserman, K., Whipp, B.J,, Koya. SN., and Beaver, W.L.: Anaerobic threshold and respiratory gas exchange
during exercise. J. Appl. Physiol., 35, 236-243 (1973).

2) Orr, G.W., Green, H.J,, Hughson, R.L., and Bennett, G.W.: A computer regression model to determine ventila-
tory anaerobic threshold. J. Appl. Physiol., 52, 1349-1352 (1982).

3) Yeh, M.P, Gardner, R.M., Adams, T.D., Yanowitz, F.G., and Crapo, R.O.: “Anaerobic threshold”: problems of
determination and validation. J. Appl. Physiol., 55, 1178-1186 (1983).

4) Wasserman, K., Zhang, Y., Gitt, A., Belardindlli, R., Koike, A., Lubarski, L., and Agostoni, PG.: Lung function
and exercise gas exchange in chronic heart failure. Circulation, 96, 22212227 (1997).

5) Matsumoto, A., Itoh, H., Eto, Y., Kobayashi, T., Kato, M., Omata, M., Watanabe, H., Kato, K., and
Momomura, S.: End-tidal CO, pressure decreases during exercise in cardiac patients: association with severity
of heart failure and cardiac output reserve. J. Am. Coll. Cardiol., 36, 242—249 (2000).

6) Sullivan, M.J., Higginbotham, M.B., and Cobb, F.R.: Increased exercise ventilation in patients with chronic
heart failure: intact ventilatory control despite hemodynamic and pulmonary abnormalities. Circulation, 77,
552-559 (1988).

7) Fairshter, R.D., Salness, K., Walters, J., Minh, V., and Wilson, A.: Relationships between minute ventilation,
oxygen uptake, and time during incremental exercise. Respiration, 51, 223-231 (1987).

8) Baba, R., Nagashima, M., Goto, M., Nagano, Y., Yokota, M., Tauchi, N., and Nishibata, K.: Oxygen uptake
efficiency slope: a new index of cardiorespiratory functional reserve derived from the relation between oxygen
uptake and minute ventilation during incremental exercise. J. Am. Coll. Cardiol., 28, 15671572 (1996).

9) Baba, R., Kubo, N., Morotome, Y., and lwagaki, S.: Reproducibility of the oxygen uptake efficiency slope in
normal healthy subjects. J. Sports Med. Phys. Fitness, 39, 202-206 (1999).

10) Baba, R., Tsuyuki, K., Kimura, K., Ninomiya, K., Aihara, M., Ebine, K., Tauchi, N., Nishibata, K., and
Nagashima, M.: Oxygen uptake efficiency slope as a useful measure of cardiorespiratory functional reserve in
adult cardiac patients. Eur. J. Appl. Physiol., 80, 397—401 (1999).



102
Reizo Baba et al.

11) Baba, R., Nagashima, M., Nagano, Y., Ikoma, M., and Nishibata, K.: Role of the oxygen uptake efficiency
slope in evaluating exercise tolerance. Arch. Dis. Child., 81, 73-75 (1999).

12) Baba, R.: Oxygen uptake efficiency slope and its value in the assessment of cardiorespiratory functional re-
serve. Congestive Heart Failure, 6, 256-258,276 (2000).

13) Hollenberg, M., and Tager, |1.B.: Oxygen uptake efficiency slope: an index of exercise performance and car-
diopulmonary reserve requiring only submaximal exercise. J Am. Coll. Cardiol., 36, 194-201 (2000).

14) Wasserman, K., Hansen, JE., Sue, D.Y., Whipp, B.J., and Casaburi, R.: Calculations, formulae, and examples.
In Principles of Exercise Testing and Interpretation. 2™ ed., edited by Wasserman, K., Hansen, JE., Sue, D.Y.,
Whipp, B.J.,, and Casaburi, R., pp. 454-464 (1994), Lea and Febiger, Philadelphia

15) Pitkin, A.D., Roberts, C.M., and Wedzicha, J.A.: Arterialised earlobe gas analysis. an underused technique.
Thorax, 49, 364-366 (1994).

16) Maclntyre, J., Morman, JN., and Smith, G.: Use of capillary blood in measurement of arterial PO,. Brit. Med.

J., 3, 640-643 (1968).



