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A non-invasively determined surrogate of cardiac
power (‘circulatory power’) at peak exercise is a

powerful prognostic factor in chronic heart failure

A. Cohen-Solal, J. Y. Tabet, D. Logeart, P. Bourgoin, M. Tokmakova and M. Dahan

Service de Cardiologie, Hôpital Beaujon, 92110 Clichy, France

Objectives This study was designed to assess the prognostic
value of a new variable derived from a cardiopulmonary
exercise test, the circulatory power, a surrogate of cardiac
power, at peak exercise, in patients with chronic heart failure.

Background Peak exercise cardiac power and stroke work
are invasive parameters with recently proven prognostic
value. It is unclear whether these variables have better
prognostic value than peak oxygen uptake (VO2).

Methods The study population comprised 175 patients
with chronic heart failure (ejection fraction <45%) who
underwent a cardiopulmonary exercise test. Circulatory
power and circulatory stroke work were defined as the
product of systolic arterial pressure and VO2 and oxygen
pulse, respectively. Prognostic value was assessed by
survival curves (Kaplan–Meier method) and uni- and
multivariate Cox analyses.

Results With a mean follow-up of 25�10 months, ejection
fraction, heart rate, systolic arterial pressure, peak VO2,

VCO2, the anaerobic threshold, minute ventilation, the
ventilatory equivalents of oxygen and carbon dioxide, the
half times of VO2 and VCO2 recoveries, and the circulatory
stroke work and power predicted outcome. Multi-
variate analysis demonstrated that the peak circulatory
power (chi-square=19·9, P<0·001) (but not peak circu-
latory stroke work) was the only variable predictive of
prognosis.

Conclusion The prognostic value of cardiopulmonary
exercise tests in heart failure patients can be improved
by assessing a new variable, the circulatory power — a
surrogate of cardiac power — at peak exercise.
(Eur Heart J, 2002; 23: 806–814, doi:10.1053/euhj.2001.
2966)
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Introduction

The prognosis of patients with chronic heart failure is
generally poor and various exercise-derived parameters
have been proposed to predict it[1]. Among those par-
ameters, peak oxygen uptake (peak VO2) is the most
predictive of outcome in a large number of studies[1–5].
However, this has been challenged recently. First, it has
been suggested that peak VO2 may lose its prognostic
value in some groups of patients with very low or
intermediate ranges of peak VO2

[6–8]. Second, studies
using invasive haemodynamic measurements during
exercise have shown that haemodynamic variables are of
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greater prognostic value than peak VO2 in chronic heart
failure patients: cardiac stroke work has thus emerged as
the most powerful predictor of outcome in these groups
of patients[9–11]. However, one may question the safety
as well as the necessity of performing, as a routine, such
invasive measurements, which are poorly compatible
with a maximal level of exercise.

In our study, we hypothesized that using exercise test
data, we could derive a cardiopulmonary index similar
to stroke work that would have a similar prognostic
value. The product of the oxygen pulse (the ratio oxygen
uptake/heart rate) and systolic arterial pressure roughly
equals the product of stroke work and the arteriovenous
oxygen (AVO2) difference. This equation associates a
peripheral component to the central one of cardiac
stroke work, labelling it ‘the circulatory stroke work’.
Similarly, the product of oxygen uptake and arterial
pressure can be defined as ‘the circulatory power’. Our
hypothesis was that the changes in circulatory stroke
of Cardiology. Published by Elsevier Science Ltd. All rights reserved.
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work and power closely parallel those of cardiac
stroke work and power, respectively, and the additional
information about the blood pressure response further
increases the prognostic value of peak VO2.

The aim of this study was to assess the prognostic
value of peak circulatory stroke work and power during
exercise in patients with chronic heart failure.
Methods
Patients

One hundred and seventy five patients (19 women, 156
men) with stable chronic heart failure secondary to left
ventricular systolic dysfunction, with a mean age of
53�10 years, were included in the study between 1
January 1996 and 31 December 1998. The patients were
in NYHA functional classes II (n=77), III (n=83) or IV
(n=15) and all had a left ventricular ejection fraction
less than 45% (mean 26�10%) (as determined by radio-
nuclide ventriculography or contrast angiography),
except for 22 individuals in whom it was not determined,
mainly because of atrial fibrillation (n=20); all those
patients had an echocardiographic left ventricular end-
diastolic diameter of more than 60 mm and a fractional
shortening of less than 20%. The aetiology of heart
failure was ischaemic in 32 cases and non-ischaemic
(mainly primary cardiomyopathy) in the rest of the
cases. Most of the studied patients were treated with
angiotensin-converting enzyme inhibitors (95%) and
diuretics (82%). Digoxin (32%), nitrates (28%), amiodar-
one (28%) and beta-blockers (12%) were less commonly
used.

All the patients gave their informed consent and the
protocol was approved by the local ethics committee.
Cardiopulmonary exercise tests

All tests were based on the classical methods and
conducted in the upright position[12]. All patients per-
formed an upright graded bicycle exercise with a work-
load increment of 10 watts per minute after an initial
workload of 20 watts. Most of the patients were familiar
with the procedure and were regularly encouraged to
exercise until maximal exhaustion. The respiratory
exchange ratio was always greater than one at the peak
of exercise.

Respiratory gas analysis was carried out with a
CPX-D Medical Graphics Corporation system (St Paul,
Minnesota, U.S.A.). The system was calibrated with a
standard gas mixture of known concentrations before
each test. In order to stabilize resting gas measurements,
subjects were asked to remain still on the bicycle for
3 min before exercising. A standard 12-lead ECG was
continuously recorded. Heart rate was followed at each
minute and blood pressure was measured by means of a
mercury sphygmomanometer every 2 min and at the
peak of the exercise. Because diastolic blood pressure
can be difficult to measure with accuracy during exercise,
even on a bicycle, its measurement was not taken into
account in this study. Oxygen consumption (VO2), car-
bon dioxide production (VCO2) and the other common
ventilatory parameters (minute ventilation (VE), breath-
ing rate, etc.) were measured on a breath-by-breath
basis. The results were averaged using a moving-average
filter every seven breaths, excluding at each breath the
highest and lowest values in order to reduce breath-by-
breath noise. They were then averaged every 15 s and
printed. Peak oxygen consumption was defined as the
highest oxygen consumption obtained at the end of the
test, and was expressed both in ml . min�1 and in
ml . min�1 . kg�1. The percent of predicted peak oxy-
gen consumption (%) was calculated as peak oxygen
consumption divided by maximal predicted oxygen con-
sumption, using the values reported by Wasserman
et al.[13] (%VO2max). The ventilatory threshold was
determined in 136 patients by classical methods[14,15].

The oxygen pulse (the product of stroke volume and
AVO2 difference) was calculated as the ratio VO2/heart
rate.

The level of ventilation was also assessed by the
ventilatory equivalent of oxygen (VE/VO2) and its
efficiency by the ventilatory equivalent of carbon dioxide
(VE/VCO2).

At peak exercise, patients were asked to stop pedalling
and measurements were continued for 5 min. The half
time of recovery of VO2 was determined as previously
reported, as the time needed for VO2 to decrease by 50%
from its peak value[12]. The half-time of recovery of VO2

could not be determined in 11 patients because of
insufficient duration of recording; in two patients with
severely depressed peak VO2, the half-time recovery of
VO2 was apparently greater than 300 s, which suggested
a non single exponential fitting. The half-time of recov-
ery of VCO2 was assessed in the same way. We also
assessed the kinetics of recovery of heart rate by calcu-
lating the decrease in heart rate from peak exercise until
the end of the first minute of recovery, divided by
maximal predicted heart rate.

Circulatory power was calculated as the product of
VO2 and systolic arterial pressure using, for peak circu-
latory power, the peak VO2 and the last systolic arterial
pressure measurement (see Appendix). When systolic ar-
terial pressure measurement was not obtained at peak
exercise, we considered the value measured at the pre-
vious stage; if the last available measurement occurred
more than 2 min before peak exercise, the systolic arterial
pressure and the circulatory power were not considered
(n=20 patients). Circulatory stroke work was calculated
as the ratio of circulatory power by heart rate.

The rest, peak exercise and change (�) from rest to
peak exercise of the various variables was considered.
Follow-up

The outcome was assessed either directly (when the
patient’s physician was a member of the medical staff),
Eur Heart J, Vol. 23, issue 10, May 2002
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or by contacting the patient’s practitioner. The date and
cause of death were documented in all cases. No patient
was lost to follow-up. The mean follow-up was 25�10
month. The event rate was high: 28 patients (16%) died
(all of cardiac cause) and 32 others (18%) underwent
cardiac transplantation. Since there is no consensus
about the best way to consider heart transplantation in
survival analyses, we used, as previously[5,16], two
methods of analysis. First, we considered both death
and transplantation as end-points (60 events) and
second, we censored at the time of intervention patients
who underwent cardiac transplantation (considering
them alive at this time) (28 events).
Statistical analysis

Numerical values are presented as means�standard
deviation (SD). Differences between group means were
tested by ANOVA, followed by Fisher’s F test. The
chi-square test was used to compare categorical vari-
ables. Linear regression analysis was based on the least-
square method. P values of 0·05 or less were considered
to denote statistically significant differences. All analyses
were done with the Stat View 4.02 program (Abacus
Concept, California, U.S.A.) for MacIntosh.

Prognostic value was determined by a Cox propor-
tional hazards method for the following variables, con-
sidered as continuous variables: age, ejection fraction,
the ventilatory threshold, peak VO2, peak VO2/kg, the
percentage of predicted peak VO2, rest and peak VE/
VO2 and VE/VCO2, rest, peak and � heart rate, rest,
peak and � systolic arterial pressure, the peak circu-
latory power, the peak circulatory stroke work as well as
the half times of VO2, VCO2 and heart recoveries[17].
Aetiology and the NYHA class were entered as cat-
egorical variables. The exercise-derived variables predic-
tive of survival by univariate analysis (P<0·05) were
then entered in a Cox proportional hazards regression
model (forward procedure) to determine their signifi-
cance as independent predictors of outcome in multi-
variate analysis. When a variable was assessed by its
resting, peak or � value, we only entered in the model
the variable with the greatest chi-square value at univari-
ate analysis to avoid colinearity problems. The anaero-
bic threshold was not entered in the model because of
the missing values.

Kaplan–Meier cumulative mortality curves were plot-
ted to the end of the follow-up period to describe trends
in mortality over time in each of the risk categories[18].
Survival curves were compared by using the log-rank
test (medians used as cut-off values).
Results
Exercise variables

Heart rate increased from 86�18 to 145�26 min�1

and systolic arterial pressure from 118�23 to 155�
Eur Heart J, Vol. 23, issue 10, May 2002
33 mmHg from baseline to peak exercise, respectively
for the overall population.

The peak VO2 was 20·3�5·6 ml . min�1 . kg�1, cor-
responding to 69�19% of the predicted values. The
anaerobic threshold was 13·0�3·5 ml . min�1 . kg�1.
The half-time of recovery of VO2 was prolonged to
107�66 s.

Peak exercise circulatory stroke work was 1697�
70 mmHg . ml O2

�1. Peak circulatory power was
243 907�107 312 mmHg . ml O2. min�1 or 3198�
1269 mmHg . ml O2. min�1. kg�2.
Exercise variables and outcome

The aetiologies of chronic heart failure and the left
ventricular ejection fraction were similar in the three
groups of patients, those who died, those who survived
and those who underwent cardiac transplantation.
Patients who died or underwent transplantation had a
poorer functional class, a lower exercise capacity, less
increase in heart rate and arterial pressure and a longer
time to recovery of VO2 and VCO2 (Table 1 and Fig. 1).
VE/VO2 and VE/VCO2 were also increased at peak
exercise in the patients with unfavourable outcome.
Peak ventilation did not differ among the groups. Peak
circulatory stroke work and power were greater in
survivors than in the others. There were no differences
between patients who died or were transplanted, except,
as expected, for age, which was less important in those
who had received transplants.

When both deaths and transplantations were taken
into account, the following factors were significant
determinants of adverse prognosis on univariate analy-
sis: ejection fraction, heart rate (rest, peak, �), systolic
arterial pressure (rest, peak, �), peak VO2 whatever the
mode of indexation, VCO2, the anaerobic threshold, VE,
VE/VO2, VE/VCO2, the half times of VO2 and VCO2

recoveries, the circulatory stroke work and power (Table
2). The Kaplan–Meier event-free survival curves built on
the basis of the half-time of recovery of VO2 and the
circulatory power are shown in Figs 2 and 3 (both
chi-square=9, P=0·003). When survival was analysed in
terms of quartiles of peak VO2 (Fig. 4) or circulatory
power (Fig. 5), it appeared that prognosis was worse as
peak VO2 declined but that the circulatory power aids in
selecting subgroups with particularly poor prognosis,
those with both reduced peak VO2 and reduced blood
pressure.

The results obtained by multivariate analysis showed
that only the peak circulatory power remained predictive
of outcome (chi-square=19·9, P<0·001), just before the
half-time of recovery of VO2 (chi-square=3·4, P=0·06).
When peak VO2 was forced to enter first in the model
in order to assess the value of the different variables
above peak VO2, only peak systolic arterial pressure
(chi-square=6·1, P=0·01) remained in the model.

When only deaths were considered, most parameters
retained their prognostic value along with age (Table 2).
On multivariate analysis, again, only the peak
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circulatory power independently predicted outcome
(chi-square=10·0, P=0·001). When peak VO2 was
forced to enter first in the model, no variable remained
in the model.
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Figure 1 Box-plots of the values of the peak circulatory
power (top), the half-time of oxygen uptake recovery (T
1/2 VO2, middle), and the peak VO2 (bottom) in patients
who died, underwent transplantation or survived. P<0·05
for death or transplant vs alive for any variable.
Discussion

In recent years, the prognostic value of peak VO2 in
chronic heart failure patients has been challenged by
new exercise-derived variables as well as by the invasive
measurements, which showed significant prognostic
insights beyond that provided by peak VO2.

In our study conducted in a large series of 175 patients
with chronic heart failure and low ejection fraction, we
found, by means of univariate analysis, that various new
cardiopulmonary exercise-derived parameters were
Eur Heart J, Vol. 23, issue 10, May 2002
predictive of prognosis besides peak VO2. The results of
the multivariate analysis confirmed that peak circulatory
power, an index we introduced for the first time in the
literature, was the best predictor of outcome in chronic
heart failure patients. When peak VO2 was forced to
enter the model, peak exercise systolic arterial pressure
remained the only variable independently predictive
of outcome by multivariate analysis, confirming our
hypothesis that the combination of VO2 and the blood
pressure responses strenghtens the prognostic value of
the cardiopulmonary exercise test, especially in the sub-
group of patients with low peak VO2 and blood pressure
at peak exercise.

Cardiac power, the product of cardiac ouput and
mean arterial presure, is a potent index of cardiac
systolic function[19]. Cardiac power was used many years
ago by Tan et al. to predict prognosis[20] and also during
exercise to assess cardiac pumping capability in heart
failure[21]. The same group recently suggested that it was
possible to assess the cardiac power output during
exercise non-invasively by using the CO2 rebreathing
method to measure cardiac output during exercise[22].
The non-invasive measurement of cardiac power by
echocardiography or radionuclide ventriculography dur-
ing exercise or inotropic stimulation has shown some
prognostic value[23,24].

The circulatory power can be assessed non-invasively
during exercise conducted at its maximum. It is given by
the triple product of cardiac output by systolic arterial
pressure by AVO2 difference. It can thus be assumed to
mirror the cardiac power at peak exercise; this is true
only if AVO2 difference did not differ much at peak
exercise among patients, and systolic and mean arterial
pressure increase in parallel during exercise. Regarding
AVO2 difference, although this is not really the case as
some patients can have reduced arterial oxygen content,
especially when they are cachectic, or extract less
oxygen at peak exercise, it has been shown that AVO2

difference varies far less than cardiac output at peak
exercise among patients with heart failure[25–27]. Second,
although systolic and mean arterial pressure may not
vary in parallel during exercise in heart failure patients,
both are often used indifferently during exercise tests.
Therefore, the circulatory power should not be viewed,
in our opinion, as a perfect surrogate of cardiac power,
but as an new global index that incorporates, besides
AVO2 difference, the heart rate, stroke volume, and
blood pressure responses, all parameters whose prognos-
tic value has been demonstrated (it is also plausible that
a reduced AVO2 difference response, because of high
resting value, is associated with a poor haemodynamic
reserve and perhaps a worse outcome). In addition,
unlike the cardiac power measured by right heart cath-
eterization, it can be measured at maximal and not only
at submaximal exercise.

Exercise stroke work was determined as the most
powerful of all the studied markers in the invasive
studies[9–11,28]. In our study, peak exercise circulatory
stroke work was of lesser prognostic value than peak
exercise circulatory power. This is not surprising because
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Table 2 Univariate predictors of poor outcome (death or death and transplantation) (abbreviations as in Table 1)

Death or transplantation Death only

Chi-square P Chi-square P

Age (year) 0·4 0·55 6·8 0·009
Aetiology (men/women) 2·2 0·14 1·6 0·21
Ejection fraction (%) 11·3 0·0007 6·7 0·009
Work rate peak (w) 25·7 <0·0001 12·2 0·0005
Heart rate rest (min�1) 4·3 0·04 2·4 0·12
Heart rate peak (min�1) 4·9 0·03 4·4 0·036
� HR (min�1) 13·5 0·0002 8·8 0·003
SAP rest (mmHg) 3·8 0·05 0·5 0·45
SAP peak (mmHg) 12·9 0·0003 4·6 0·03
VO2 peak (ml . min�1) 25·1 <0·0001 13·2 0·0003
VO2 peak (ml . min�1 . kg�1) 32·3 <0·0001 15·2 <0·0001
VO2 peak (% predicted) 29·0 <0·0001 8·2 0·004
Ventilatory threshold (ml . min�1) 11·9 0·0005 3·2 0·07
O2 pulse peak (ml) 11·7 0·0006 3·3 0·06
VCO2 peak (ml . min�1) 26·4 <0·0001 12·1 0·0005
VE peak (l . min�1) 5·0 0·025 4·2 0·04
VE/VO2 peak 21·3 <0·0001 4·6 0·03
VE/VCO2 peak 28·6 <0·0001 5·8 0·01
T 1/2 VO2 (s) 25·2 <0·0001 9·7 0·002
T 1/2 VCO2 (s) 17·1 <0·0001 8·7 0·003
� SAP (mmHg) 12·8 0·0004 7·3 0·006
SAP�VO2 peak (mmHg�ml . min�1) 18·3 <0·0001 8·1 0·004
SAP�VO2 peak (mm Hg�% predicted) 24·3 <0·0001 6·6 0·01
SAP�VO2 peak (mmHg�ml . min�1 . kg�1) 26·3 <0·0001 10·7 0·001
peak SAP�peak oxygen pulse (mmHg�ml) 14·2 <0·0001 5·5 0·02
Peak SAP�peak oxygen pulse . kg�1 (mmHg�ml . kg�1) 19·0 <0·0001 6·3 0·01
NYHA class 15·6 0·0004 6·1 0·05
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Figure 2 Event-free survival curves according to T 1/2
VO2, greater ( ) or less ( ) than the median value, 90 s
(log rank: chi-square=9, P=0·003).
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Figure 3 Event-free survival curves according to peak
exercise circulatory power, greater ( ) or less ( ) than
the median value, 3·047 mmHg . ml.min�1 . kg�2 (log
rank: chi-square=9, P=0·003).
circulatory stroke work equals the oxygen pulse times
the arterial pressure; we have shown that the prognostic
value of peak exercise oxygen pulse was less than that of
peak VO2 in heart failure patients[5], probably because
the VO2 response integrates the heart rate response, the
prognostic value of which has been recently con-
firmed[29]. Similarly, the circulatory power integrates the
chronotropic response. Therefore, we support the use of
circulatory power in these patients. Whether this vari-
able has greater prognostic value than the cardiac power
measured during exercise by right heart catheterization
remains to be further evaluated. However, one may
question the reality of a ‘maximal’ exercise test per-
formed with invasive measurements as well as the safety
of performing invasive tests in these groups of frail
patients.

The kinetics of recovery of VO2 is another new
marker, close to the peak circulatory power that
emerged in our analysis. Oxygen consumption recovery
is prolonged in heart failure[12,30–32]. We have previously
shown that the half-time of recovery of VO2 was largely
Eur Heart J, Vol. 23, issue 10, May 2002
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We did not measure the latter in the present study; the
former, although predictive of outcome, did not appear
to be superior to peak circulatory power or peak VO2.

Limitation

A large number of our patients underwent cardiac
transplantation. As peak VO2 is now widely used to
determine the time of transplantation, we therefore
conducted another model of analysis considering only
death as outcome, despite the fact that this analysis may
severely bias the results of our population where trans-
plantation was largely performed: this yielded similar
results and peak circulatory power remained the best
and only predictor of death by multivariate analysis.

We have neglected LV end-diastolic pressure in the
formula of the circulatory stroke work or power,
although it is not negligible in heart failure, especially
during exercise.

The accuracy of blood pressure measurement at peak
exercise may not be perfect. Cuff arterial pressure is not
aortic pressure and given the increased arterial stiffness
and amplification of systolic pressure from the aorta to
the periphery with age, the value of the circulatory
power in very old patients needs more evaluation.
Conclusions

The product of peak VO2 by peak systolic arterial
pressure (the circulatory power), a surrogate of peak
exercise cardiac power, an invasive parameter which has
shown greater prognostic value than peak VO2 in
patients with chronic heart failure, but is difficult to
measure at a maximal level of exercise, has a high
prognostic value. Peak exercise circulatory stroke work,
a surrogate of peak stroke work, has less prognostic
value. Our results highlight the prognostic value of the
blood response beyond peak VO2: patients with a low
circulatory power have a particularly poor prognosis.
Finally, the half-time of recovery of VO2 appears as
another powerful prognostic parameter, very simple to
determine.

This study was presented at the American College of Cardiology
meeting, in Anaheim, in March 2000.
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Figure 4 Event-free survival curves according to
quartiles of peak VO2 (% of predicted values) (log rank:
chi-square=33, P<0·0001). =Lower quartile; =
quartile 25–50%; =quartile 50–75%; =upper quartile.
Logrank chi-square=33, P<0·0001.
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Figure 5 Event-free survival curves according to
quartile of peak exercise circulatory power (log rank:
chi-square=46, P<0·0001). =Lower quartile; =
quartile 25–50%; =quartile 50–75%; =upper quartile.
Logrank chi-square=46, P<0·0001.
References

[1] Cohn J, Johnson G, Shabetai R et al. Ejection fraction,
peak oxygen consumption, cardio-thoracic ratio, ventricular
arrhythmias, and plasma norepinephrine as determinants of
prognosis in heart failure. Circulation 1993; 87 (Suppl VI):
VI-5–VI-16.

[2] Mancini D, Eisen H, Kussmaul W, Mull R, Edmunds L,
Wilson J. Value of peak exercise oxygen consumption for
optimal timing of cardiac transplantation in ambulatory
patients. Circulation 1991; 83: 778–86.

[3] Aaronson KD, Mancini DM. Is percentage of predicted
maximal exercise oxygen consumption a better predictor of
independent of the level of exercise, at least as long as it
remains greater that 75% of the maximum[12]. This can
be particularly interesting in chronic heart failure
patients who, as a result of fear or poor motivation, and
in whom peak VO2 is often underestimated, often stop
exercising before maximum symptoms. Whether this
parameter is more dependent on cardiac or peripheral
factors is a matter of debate[33]. De Groote et al.[34],
whose assessment was different from ours, found that
the kinetics of recovery of VO2, was an independent
predictor of outcome in patients with a less reduced
peak VO2. We extend these observations by showing
that the half-time of recovery of VO2 (but not the
half-time of recovery of VCO2) has a highly powerful
prognostic value even in patients with severe heart
failure. The kinetics of heart rate recovery was found to
have no prognostic value in this population of patients
with heart failure.

Recent studies have also found that markers of venti-
latory efficiency such as peak VE/VCO2 or the slope of
VE/VCO2 relationship are of prognostic value[29,35,36].



Circulatory power and prognosis in heart failure 813
survival than peak exercise oxygen consumption for patients
with severe heart failure? J Heart Lung Transplant 1995; 14:
981–9.

[4] Stelken AM, Younis LT, Jennison SH et al. Prognostic value
of cardiopulmonary exercise testing using percent achieved of
predicted peak oxygen uptake for patients with ischemic and
dilated cardiomyopathy. J Am Coll Cardiol 1996; 27: 345–52.

[5] Cohen-Solal A, Barnier P, Pessione F et al. Comparison of the
long term prognostic value of peak exercise oxygen uptake
and peak oxygen pulse in patients with chronic heart failure.
Heart 1998; 78: 572–6.

[6] Kao W, Winkel EM, Johnson MR, Piccione W, Lichtenberg
R, Costanzo MR. Role of maximal oxygen consumption in
establishment of heart transplant candidacy for heart failure
patients with intermediate exercise tolerance. Am J Cardiol
1997; 79: 1124–30.

[7] Osada N, Chaitman B, Miller L et al. Cardioplumonary
exercise testing identifies low risk patients with heart failure
and severely impaired exercise capacity considered for heart
transplantation. J Am Coll Cardiol 1998; 31: 577–82.

[8] Opasich C, Pinna GD, Bobbio M et al. Peak exercise oxygen
consumption in chronic heart failure: toward efficient use in
the individual patient. J Am Coll Cardiol 1998; 31: 766–75.

[9] Roul G, Moulichon M, Bareiss P et al. Prognostic factors of
chronic heart failure in NYHA class II or III: value of invasive
exercise haemodynamic data. Eur Heart J 1995; 16: 1387–98.

[10] Chomsky DB, Lang CC, Rayos GH et al. Hemodynamic
exercise testing: A valuable tool in the selection of cardiac
transplantation candidates. Circulation 1996; 94: 3176–83.

[11] Metra M, Faggiano P, D’Aloia A et al. Use of cardiopul-
monary exercise testing with hemodynamic monitoring in the
prognostic assessment of ambulatory patients with chronic
heart failure. J Am Coll Cardiol 1999; 33: 943–50.

[12] Cohen-Solal A, Laperche T, Morvan D, Geneves M, Caviezel
B, Gourgon R. Prolonged kinetics of recovery of oxygen
consumption and ventilatory variables after maximal graded
exercise in patients with chronic heart failure. Analysis with
gas exchange and NMR spectroscopy study. Circulation 1995;
91: 2924–32.

[13] Wasserman K, Hansen J, Sue D, Whipp B. Normal values.
In: Wasserman K, Hansen J, Sue D, Whipp B, eds. Principles
of exercise testing and interpretation. Philadelphia: Lea &
Febiger, 1987: 72–85.

[14] Wasserman K, Whipp B, Koyal S, Beaver W. Anaerobic
threshold and respiratory gas exchange during exercise. J Appl
Physiol 1973; 35: 236–43.

[15] Cohen-Solal A, Benessiano J, Himbert D, Paillole C, Gourgon
R. Ventilatory threshold during exercise in patients with mild
to moderate chronic heart failure: determination, relation with
lactate threshold and reproducibility. Int J Cardiol 1991; 30:
321–7.

[16] Cohen-Solal A, Esanu Y, Logeart D et al. Cardiac metaiodo-
benzylguanidine uptake in patients with moderate chronic
heart failure: relationship with peak oxygen uptake and
prognosis. J Am Coll Cardiol 1999; 33: 759–66.

[17] Cox D. Regression methods and life tables. J Roy Stat Soc
1972; B 34: 187–220.

[18] Kaplan E, Meier A. Non-parametric estimation for
incomplete observations. J Am Stat Assoc 1958; 53: 457–81.

[19] Kass D, Beyar R. Evaluation of contractile state by maximal
ventricular power divided by the square of end-diastolic
volume. Circulation 1991; 84: 1698–1708.

[20] Tan L. Cardiac pumping and prognosis in heart failure.
Lancet 1986; ii: 1360–3.

[21] Tan L, Bain R, Littler W. Assessing cardiac pumping
capability by exercise testing and inotropic stimulation. Br
Heart J 1989; 62: 20–5.

[22] Williams S, Cooke G, Parsons W, Wright D, Tan L. The use
of exercise cardiac power output as a prognostic indicator in
patients with chronic heart failure (abstract). Eur Heart J
2000; 21 (Suppl): 535.

[23] Marmor A, Jain D, Cohen L, Nevo E, Wackers F, Zaret B.
Left ventricular peak power during exercise: a noninvasive
approach for assessment of contractile reserve. J Nucl Med
1993; 34: 1877–85.

[24] Marmor A, Schneeweiss A. Prognostic value of noninvasively
obtained left ventricular contractile reserve in patients with
severe heart failure. J Am Coll Cardiol 1997; 29: 422–8.

[25] Weber K, Kinasewitz G, Janicki J, Fishman A. Oxygen
utilisation and ventilation during exercise in patients with
chronic cardiac failure. Circulation 1982; 65: 1213–23.

[26] Higginbotham MB, Morris KG, Conn EH, Coleman RE,
Cobb FR. Determinants of variable exercise performance
among patients with severe left ventricular dysfunction. Am J
Cardiol 1983; 51: 52–60.

[27] Sullivan M, Knight J, Higginbotham M, Cobb F. Relation
between central and peripheral hemodynamics during exercise
in patients with chronic heart failure. Muscle blood flow is
reduced with maintenance of arterial pressure. Circulation
1989; 80: 769–81.

[28] Mancini D, Katz S, Donchez L, Aaronson K. Coupling of
hemodynamic measurements with oxygen consumption dur-
ing exercise does not improve risk stratification in patients
with heart failure. Circulation 1996; 94: 2492–6.

[29] Robbins M, Francis G, Pashkow F et al. Ventilatory and
heart rate responses to exercise. Better predictors of heart
failure mortality than peak oxygen consumption. Circulation
1999; 100: 2411–17.

[30] Meakins T, Long C. Oxygen consumption, oxygen debt and
lactic acid in circulatory failure. J Clin Invest 1927; 4: 273–93.

[31] Hayashida W, Kumada T, Kohno F et al. Post-exercise
oxygen uptake kinetics in patients with left ventricular
dysfunction. Int J Cardiol 1993; 38: 63–72.

[32] Riley M, Stanford CF, Nicholls DP. Ventilatory and heart
rate responses after exercise in chronic cardiac failure. Clin Sci
1994; 87: 231–8.

[33] Lim HY, Lee CW, Park SW et al. Effects of percutaneous
balloon mitral valvuloplasty and exercise training on the
kinetics of recovery oxygen consumption after exercise in
patients with mitral stenosis. Eur Heart J 1998; 19: 1865–71.

[34] De Groote P, Millaire A, Decoulx E, Nugue O, Guimier P,
Ducloux G. Kinetics of oxygen consumption during and after
exercise in patients with dilated cardiomyopathy: New
markers of exercise intolerance with clinical implications.
J Am Coll Cardiol 1996; 28: 168–75.

[35] Chua TP, Ponikowski P, Harrington D et al. Clinical corre-
lates and prognostic significance of the ventilatory response to
exercise in chronic heart failure. J Am Coll Cardiol 1997; 29:
1585–90.

[36] MacGowan GA, Janosko K, Cecchetti A, Murali S. Exercise-
related ventilatory abnormalities and survival in congestive
heart failure. Am J Cardiol 1997; 79: 1264–6.
Appendix

(1) Calculation of circulatory stroke work
Stroke work=stroke volume�(LV systolic arterial

pressure�LV end-diastolic pressure).
Stroke work�arteriovenous oxygen difference=

stroke volume�(LV systolic arterial pressure�LV end-
diastolic pressure)�arteriovenous oxygen difference.

If LV end-diastolic pressure is neglected:
Stroke work�arteriovenous oxygen difference=

stroke volume�LV systolic arterial pressure�
arteriovenous oxygen difference=stroke volume�
arteriovenous oxygen difference�arterial systolic
pressure.

Thus:
Stroke work�arteriovenous oxygen difference=

oxygen pulse�arterial systolic pressure.
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(2) Calculation of circulatory power
Cardiac power=cardiac output�mean arterial

pressure
If systolic arterial pressure is used in place of mean

arterial pressure:
Cardiac power=cardiac output�systolic arterial

pressure
Eur Heart J, Vol. 23, issue 10, May 2002
Thus:
Cardiac power�arteriovenous oxygen difference=

cardiac output�systolic arterial pressure�arterio-
venous oxygen difference=VO2�systolic arterial
pressure
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