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Prognostic Significance and Measurement of Exercise-Derived
Hemodynamic Variables in Patients With Heart Failure
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ABSTRACT

The peak VO, is an important prognostic measurement in the evaluation of patients with heart failure and
is used to monitor the progress of the condition, especially in selecting patients for cardiac transplantation.
However, peak VO, may be influenced by noncardiac factors such as age, sex, motivation, anemia, and
muscle deconditioning. These confounding factors may diminish somewhat the prognostic power of
peak VO,. Several groups have looked at exercise-derived variables beyond peak VO, to assess whether
a more direct assessment of cardiac function, using exercise-derived hemodynamic variables, may yield
more precise prognostic information than standard cardiopulmonary-derived data. This article reviews
the evidence that cardiac work related to exercise may enhance the prognostic value of peak VO, in
the evaluation of patients with heart failure and briefly discusses the available methods for measuring these

parameters. (J Cardiac Fail 2007;13:672—679)
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Despite continuing advances in the therapy of chronic
heart failure (CHF), the mortality of this syndrome remains
high. Heart transplantation, with I-year survivals now
exceeding 85%, has emerged as an important adjunct to
medical therapy and has been considered the treatment of
choice for patients with end-stage heart disease.'> The re-
sultant increase in referrals to heart transplantation centers
has magnified the need for reliable prognostic markers as
the gap widens between the number of potential transplant
recipients and available donor organs.’

American Heart Association consensus reports have rec-
ommended that peak volume of oxygen utilization (VO,)
be used to help determine the timing of heart transplanta-
tion in ambulatory patients with CHFE.* Specifically, it has
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been suggested that a peak exercise VO, level of less
than or equal to 14 mL-min-kg be used as a key criterion
for the acceptance of ambulatory patients for transplanta-
tion. This recommendation is based on several studies dem-
onstrating that peak exercise VO, is a valuable prognostic
marker in patients with CHF>® and that transplantation
can be safely deferred in patients with peak exercise VO,
levels of more than 14 mL-min-kg. As will be discussed
next, much research has focused on refining this parameter
to identify patients at greatest risk. VO, is such a powerful
predictor because it provides an indirect assessment of the
cardiac reserve. With the advent of new technologies that
greatly simplify the noninvasive measurement of cardiac
output (CO) at rest and with exercise, it is time to readdress
the prognostic value of CO and the hemodynamic response
to exercise in patients with CHF and to review briefly the
available methods that can measure hemodynamic parame-
ters during an exercise stress test.

Confounding Factors of Peak VO,

The use of a specific peak exercise VO, level as a selec-
tion criterion for heart transplantation may have several po-
tential confounding factors. In CHF, patients’ peak exercise
VO, can be influenced by comorbidities and noncardiac
factors, such as muscle deconditioning, motivation, anemia,
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abnormal reflex response, and obesity.” Therefore, peak
VO, is affected not only by the cardiac response to exercise
as observed in healthy subjects but also by limited skeletal
muscle mass and perfusion in patients with advanced CHF.
Thus, it was recently argued by Mancini and LeJemtel® that
the usefulness of peak VO, to predict prognosis in patients
with CHF also results from an objective quantification of
the derangements that the failing heart causes in the periph-
ery. Not unexpectedly, patients with CHF with severe skel-
etal muscle wasting and low peak VO, have a worse
prognosis than patients with little or no muscle wasting
and moderately reduced peak VO,. Nevertheless, it has
been noted that the expected peak VO, varies according
to the age and sex of the individual.” It has also been noted
by several groups that there may be no statistical difference
in survival between patients with peak exercise VO, levels
of 10 to 14 mL-min-kg and patients with levels of 14 to 18
mL-min-kg."”

Potential Prognostic Value of Ancillary Data During
Cardiopulmonary Testing

Several groups have looked at exercise-derived variables
other than peak VO, as predictors of outcomes, such as
blood pressure response to exercise,'' the slope of the ratio
of minute ventilation to carbon dioxide production (VE/
VCO,), or its value at the anaerobic threshold'? and oxygen
kinetics in the post-exercise recovery phase.'® It should be
noted that these parameters, unlike VO,, are not influenced
by the mechanical work done during exercise testing but
reflect alterations in the peripheries that are caused by the
disease in CHF, which can in turn lead to the progression
and symptomatology of CHF.

The use of the percent achieved of predicted peak VO, has
been evaluated. Aaronson and Mancini'* evaluated this pa-
rameter in 272 ambulatory patients with CHF and found
that the overall model discrimination, as assessed by the
area under the receiver operating curve (ROC), was not sig-
nificantly improved with percent predicted peak VO, when
compared with weight-adjusted peak VO, (0.71 vs. 0.66,
Z = 1.60, P = .11). However, it could be argued that in ab-
solute terms, there may be some value in percent predicted
peak VO,. If the absolute and relative improvement were de-
termined, it could mean that the accuracy of the test was ac-
tually improved with percent predicted peak VO, from 32%
(ie, ROC area under the curve [AUC] 0.50 = test not helpful;
ROC AUC curve 1.00 = test perfect; therefore, ROC AUC of
0.16 = 0.16/0.50 x 100 = 32%) to 44%. This is an increase
in absolute accuracy of 12% or a relative increase of 37.5%.
The prognostic value of percent predicted peak VO, was also
investigated by Stelken and colleagues'” in 137 patients with
CHF; they found that the actuarial 2-year survival of patients
who achieved 50% or less predicted peak VO, was 43% com-
pared with 90% in patients who achieved greater than 50%
predicted peak VO, (P = .01). Clearly, more work is needed
in determining further the percent predicted peak VO,.

With respect to other ventilatory variables that can be
derived from respiratory gas exchange analysis that might
have prognostic value in CHF, ventilatory efficiency has
received the most attention.'®!” Ventilatory efficiency is usu-
ally assessed by the VE/VCO, slope and depends on pulmo-
nary hemodynamics, skeletal muscle ergoreceptor and
peripheral chemoreceptor sensitivity, and heightened sympa-
thetic activity. VE/VCO, slope greater than 34 has been re-
ported to be a more accurate prognostic index than peak
VO0,."*!” Arena and colleagues'® proposed that ventilatory
data be used to guide therapy in patients with CHF. However,
there is some concern regarding this strategy.'® In this regard,
the group at Cleveland Clinic prospectively analyzed data on
2015 patients, arguably one of the largest dataset of cardio-
pulmonary exercise testing to date, and found that the VE/
VCO, slope was not predictive of survival in patients with
CHE."? Indeed, a low peak VO, may be an even more power-
ful predictor of mortality in patients receiving beta-blocker
therapy than in those treated without beta-blocker therapy.

Statistical models that include peak VO, have also been
developed. One such model,20 the Heart Failure Survival
Score (HFSS), is a multivariable predictive index that was
developed from data on 80 clinical characteristics of 268
ambulatory patients with advanced CHF. The model was
derived from the smallest number of noninvasive variables
that could predict survival in a derivation sample, which
was later validated in a second cohort of 223 patients. The
final seven variables that were selected included different
aspects of heart failure physiology: myocardial ischemia,
resting heart rate, mean arterial blood pressure, ejection
fraction, intraventricular conduction delay, peak VO,, and
serum sodium. The total HFSS was calculated by summing
the individual variables with each variable weighed slightly
differently. We validated this model and found that an
HFSS of greater than 8.0 was associated with a 1-year
event-free survival of 93% =+ 2%, whereas an HFSS of
8.0 or less was associated with a 1-year event-free survival
significantly less than expected with transplantation. We
validated the predictive power of this model with sequential
use and in the beta-blocker era.”’ Howeyver, it should be
noted that most of these studies were performed largely
in middle-aged men, in whom its predictive value seems
to be excellent. Its predictive value in deconditioned obese
individuals or those at the extreme of age is less certain.
Furthermore, these variables are only indirectly related to
cardiac function. Arguably, these variables can only be
considered as markers of severity of organ failure. Conse-
quently, direct means to improve these values need not
necessarily indicate an improvement in cardiac function.

Potential Arguments for Measuring the Hemody-
namic Response to Exercise

It is generally thought that the reason for peak VO, to be
such an important prognostic factor is that it is an indirect
measure for CO and thus provides an index of cardiac re-
serve of the patients with CHF. However, as mentioned
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earlier, it was argued by Mancini and LeJemtel® that the
usefulness of peak VO, to predict prognosis might also
be because it reflects the derangements that the failing heart
causes in the periphery. However, because peak VO, is only
an indirect measure of CO, there may be an argument that
direct measurement of CO may be an even stronger predic-
tor than peak VO,. In recent years, there has been a growing
interest in more refined indices of specific cardiac perfor-
mance than peak VO,, a measure that may depend in part
on muscle function, O, delivery, blood distribution, and
O, extraction capacity. Theoretically, hemodynamic data
should add independent information to peak VO, because
this parameter is the product of CO and arteriovenous dif-
ference in oxygen content (C[a-v]O,):

peak VO,=peak CO x peak C(a-v)O,

Thus, two patients could in principle have the same peak
VO, values, but different peak CO. A patient with pump
failure with low peak VO, will have a low CO and a high
C(a-v) O, at peak exercise, whereas another patient with se-
vere muscle deconditioning might still have a low peak
VO, but a normal peak CO and a low C(a-v) O, because
of reduced ability of the muscle to extract oxygen.

Another potential advantage of CO data is that CO may be
of prognostic value at submaximal exercise. This is not the
case for VO,. At submaximal exercise, VO, is merely a con-
sequence of the amount of mechanical work done, and there
will be little difference between the achieved VO, in the sub-
ject with CHF and the healthy subject. Differences in
achieved VO, will only become apparent at the anaerobic
threshold, which is reached at a lower workload in the sub-
ject with CHF than in the healthy subject. The achieved VO,
at anaerobic threshold, which is reflective of CO at this
point,** is a prognostic indicator in patients with CHE.**
However, many patients with CHF undergoing cardiopulmo-
nary exercise testing are unable to carry out maximal
exercise and achieve anaerobic threshold. Consequently,
submaximal measurements such O, kinetics and ventilatory
efficiency during which are not influenced by mechanical
work done at submaximal exercise have been evaluated as
prognostic markers. CO and derived variables may also
have prognostic value at submaximal exercise loads lower
than the anaerobic threshold. Stringer et al.>* and others>*°
showed that patients with a lower cardiac reserve have
a lower CO response throughout the entire exercise, includ-
ing submaximal exercise. Therefore, there are good reasons
to hypothesize that the CO response to exercise would be an
even stronger prognostic predictor than peak VO,

Evidence of the Prognostic Value of Assessing the
Hemodynamic Response to Exercise in Patients
With Heart Failure

In 1986, Tan®’ published a study on 63 patients with se-
vere heart failure. A series of hemodynamic parameters
(cardiac index, stroke work index, pulmonary artery wedge
pressure, and cardiac power output [CPO]) were measured

at rest and under maximum stimulation with dobutamine
using the thermodilution technique. The CPO was defined
as the product of CO and the mean blood pressure. The pa-
tients were followed for 1 year after the initial test, during
which time 23 of them died. Parameters measured at rest
showed a considerable overlap between survivors and non-
survivors, but with dobutamine stimulation there was an
almost complete separation between survivors and nonsur-
vivors in cardiac index, CPO, and stroke work index. These
results suggested that hemodynamic parameters obtained
during dobutamine stimulation offered important discrimi-
natory prognostic information when compared with resting
values. The study did not allow comparison with the prog-
nostic value of peak VO,. The almost complete separation
of data from survivors and nonsurvivors is interesting, but it
should be noted that the nonsurvivors had heart failure at a
very advanced stage and several of them completely lacked
the ability to increase CO during dobutamine infusion.

The prognostic value of cardiac work-related perfor-
mance over peak VO, was first shown by Griffin and col-
leagues,”® who reported data on 49 patients with CHF at
rest and during maximal exercise with an overall 1-year
mortality rate of 33%. The results showed that stroke
work index at peak exercise dichotomized at 20 g/m” iden-
tified patients with a three- to fivefold higher mortality
compared with the remaining patients. Exercise duration
and peak VO, did not discriminate survivors from nonsur-
vivors. This was followed by the study of Roul et al.,”* who
measured a large number of hemodynamic variables in rest
and exercise in 50 patients. Patients of New York Heart As-
sociation (NYHA) class IV were excluded from the study
because the poor prognosis of this group of patients was
considered to be evident from the clinical data alone.
This makes this study different from the other studies,
which typically include approximately 25% of patients in
NYHA class IV. Nevertheless, the study population had
a 26% mortality over 21.2 * 1.2 months. The study showed
that hemodynamic data measured at rest were weak predic-
tors, whereas CPO and stroke work index measured at peak
exercise were strong predictors. The authors also showed
that peak VO, was almost as powerful as CPO as a survival
predictor, and because their setting required invasive CPO
with the patients lying down, which was not always toler-
ated, they recommended peak VO, as an alternative to
the hemodynamic measurements.

Wilson et al.” investigated the relationship between he-
modynamic data (CO and pulmonary wedge pressure)
and peak VO, in 64 patients with stable CHF listed for car-
diac transplantation. The data showed no correlation be-
tween peak VO, and hemodynamic data recorded at all
workloads in a 3-minute Naughton protocol. A significant
portion of the patients (44%) had only mild or moderate he-
modynamic dysfunction despite a peak VO, value less than
the recommended limit for transplantation (<14 mL-kg-
min). Conversely, 33% of patients with a peak VO, greater
than 14 had severely impaired CO at peak exercise. Their
conclusion was that invasive hemodynamic information
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should be used in combination with VO, to determine
transplant eligibility. Patients with a low VO, who can
demonstrate appropriate cardiac function at peak exercise
should not be listed, because the cause for the low VO, is
probably the result of deconditioning, obesity, or other pe-
ripheral factors. The same researchers® studied a larger
group of 185 patients in NYHA classes II, III, and IV
with the same exclusion and inclusion criteria as in the
prior study. Both VO, and CO were measured at rest and
maximum exercise. The CO response to exercise was de-
fined as normal or reduced. The normal CO response was
derived from data previously reported by Higginbotham
et al.,>! who measured the CO response to upright exercise
in healthy subjects and calculated a regression curve and
95% confidence limits for the relation between cardiac in-
dex and VO,. Chomsky and colleagues® at Vanderbilt con-
verted this regression curve to CO by multiplying the
cardiac index by 1.8 m? an average body surface area.
This conversion resulted in the following equation for the
lower limit of normal for CO: 5 x VO, (L/min) + 3 L/
min. The CO response to exercise was the most powerful
predictor of survival in this study population according to
both univariate and multivariate analyses. In patients with
a reduced CO response, the overall 1-year survival was
poor (72%). The additional finding of a peak VO, of less
than or equal to 10 mL-min-kg in such patients identified
a group with a particularly unfavorable prognosis (38%
were alive at 1 year). In contrast, the overall 1-year survival
of patients with a normal CO response was 95%, which is
far superior to that expected after transplantation. The fa-
vorable prognosis of this group was evident regardless of
the peak VO,. This was particularly noteworthy in patients
with a peak VO, of less than or equal to 14 mL-min-kg (1-
year survival: 94%), a group who would be recommended
for transplantation on the basis of the most recent American
Heart Association consensus statement.* Although it was
not statistically significant (P = .09), survivals did tend to
be lower in patients with a reduced CO response and
peak VO, less than 10 mL-min-kg.

The findings by Chomsky and his colleagues® were
clearly provocative at the time and required further confir-
mation. Mancini et al.*? repeated Wilson and colleagues’’
protocol and found that peak VO, did correlate with peak
CO. Multivariate analysis demonstrated that only left ven-
tricular stroke work and stroke work index were predictive
of survival. The inability to predict survival using either
VO, or CO may have been the result of the small sample
size (65 patients). Thus, it became unclear whether the
risk of the catheter placement, particularly for serial assess-
ment, was acceptable given that the data obtained only
minimally and indirectly improved risk prognostication.
However, a larger study with the hemodynamic measure-
ments was done by Metra et al.>® with the participation
of 219 patients with CHF. Among the hemodynamic param-
eters, peak stroke work index was found to be the strongest
predictor at both 1 and 2-year follow-ups. Although peak
stroke work index was correlated to peak VO,, the latter

was a weaker predictor. They noted that more than 40%
of the patients with normal hemodynamic response had
a peak VO, of less than 14 mL-min-kg. On this basis,
they recommended that hemodynamic measurements dur-
ing exercise be used in heart failure evaluation to avoid
transplantation in patients whose exercise limitation is
due more to muscle deconditioning than to pump failure.

It should be noted that the above studies have largely been
based on invasively derived parameters. In 2001, Williams
et al.>* published the first study on the correlation between
survival and hemodynamic data obtained by noninvasive
measurement of CO using CO, rebreathing integrated with
a standard exercise test. This modification compared with
previous studies is more important because it is difficult to
imagine that the complex procedure of invasive measure-
ments could be implemented in the standard clinical exercise
test. A total of 219 patients with relatively mild heart failure
(mean peak VO, 23 mL-min-kg) were studied. This study
found that peak CPO was a stronger predictor than peak
VO, with several patients with reduced VO, (ie, peak < 14
mL-min-kg) but with a peak CPO higher than the identified
critical value of 1.96 watts. This group of patients had an ex-
cellent prognosis with an 89% 4-year survival. This same
group of investigators recently reported on the extended fol-
low-up of a cohort of patients (n = 219, 166 male, mean age
56 years) with a median duration of 8.6 years of follow-up.
Survivals at 10 years in patients with good (> 8.1 L/min),
moderate (=5.8, < 8.1 L/min), or poor (=5.8 L/min) CO re-
serve were 89%, 63%, and 36.1%, respectively (P < .001)35
(Fig. 1).

By incorporating both the pressure and the flow domains
of the cardiovascular system, CPO is an integrated measure
of the cardiac hydraulic pumping capacity, and it has been
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Fig. 1. Kaplan-Meier survival curves built on tertiles of CO re-
serve: good (> 8.1 L/min), moderate (=5.8, < 8.1 L/min), or
poor (=5.8 L/min). Survivals at 10 years in patients with good
(> 8.1 L/min), moderate (=5.8, < 8.1 L/min), or poor (=5.8
L/min) CO reserve were 89%, 63%, and 36.1%, respectively (P
< .001). Williams SG, Jackson M, Cooke GA, et al. How do dif-
ferent indicators of cardiac pump function impact upon the long-
term prognosis of patients with chronic heart failure. Am Heart J
2005;150:983.
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argued that it provides a comprehensive indicator of cardiac
function.?® CPO has been shown to be a powerful predictor
of mortality in patients with acute cardiac diseases, includ-
ing cardiogenic shock.”’® Do these findings call for the
implementation of CPO determination in all transplant
evaluations of patients with heart failure? It should be em-
phasized that the equipment for the rebreathing CO,
method of measuring CO is not widely available. There
are also methodologic problems. CO is measured during
a separate run at a work rate corresponding to the peak
work rate in the preceding incremental test, and thus repre-
sents a high work load but not the true peak CPO, a target
that still eludes us mainly because of the time taken to con-
duct the measurements. Further, CPO requires the measure-
ment of mean arterial pressure, and this may be difficult
during the cardiopulmonary exercise test. In an attempt to
overcome some of these problems, Cohen-Solal and col-
leagues™ proposed another index, the “peak circulatory
power,” which is the product of the peak VO, and the
last systolic arterial pressure measurement. It is therefore
not as “correct’” as CPO, but it has been argued that the in-
formation for its calculation is available from any cardio-
pulmonary exercise test without the need for special
equipment. The value of the ‘“‘circulatory power” was as-
sessed by Cohen-Solal et al.** in a study involving 175
patients with heart failure during a 25 = 10-month follow-
up, which had a 16% mortality and 18% who underwent
cardiac transplantation. Multivariate analysis demonstrated
that the peak “circulatory power” (%> = 19.9, P < .001)
was the only variable predictive of prognosis. When sur-
vival was analyzed in terms of quartiles of peak VO, or cir-
culatory power, it seemed that prognosis was worse as peak
VO, declined, but that circulatory power aids in selecting
subgroups with particularly poor prognosis (those with
both reduced peak VO, and reduced blood pressure). The
authors did not compare the predictive value of circulatory
power and CPO. The circulatory power represents the vol-
ume of VO, added to the mixed venous blood by the lungs
and transferred to the systemic arterial circulation against
a pressure gradient by the heart. Scharf et al.*® approxi-
mated CPO by multiplying the predicted peak VO, with
SBP; they called it “exercise cardiac power” and found it

to be the most powerful predictor of mortality. An exercise
cardiac power of less than 5000% mm Hg indicated a poor
prognosis with a 1-year mortality rate of 37%, whereas only
2% of the patients with an exercise cardiac power of greater
than 9000% mm Hg died during the first year. Williams and
colleagues*' examined the relationship between circulatory
power and CPO in a cohort of 219 ambulatory patients with
stable CHF and found a weak but statistically significant
relation between circulatory power at rest and CPO at
rest (R = 0.48, P < .0001). However, a stronger correlation
was observed between the variables at peak exercise (R =
0.84, P < .0001). The results of many of the cited studies
were obtained before the beta-blocker era and thus may not
be typical for today’s patients. In a recent report,** the Van-
derbilt group reassessed the value of the CO response to
exercise in the pre—beta-blocker era (n = 292) in patients
with CHF in the current beta-blocker era (n = 203) and found
that the CO response to exercise continued to provide addi-
tional prognostic information beyond peak VO, in both eras.

Table 1 summarizes the results of the nine cited studies,
which include approximately 1200 patients with CHF. In
the studies in which peak VO, was measured, it was shown
that this parameter is significantly weaker in risk prediction
than the hemodynamic parameters. In several of the studies,
patient groups were identified with good hemodynamic re-
sponsiveness but with peak VO, less than 14 mL-min-kg.
These patients were shown to have a considerably better
prognosis than those with a poor hemodynamic response.
We have not pooled the data largely because of different in-
clusion and exclusion criteria and differences in test proto-
cols and observation times. Nevertheless, the qualitative
conclusion seems to be in favor of including hemodynamic
measurements as part of the exercise testing in the evalua-
tion of transplant candidates.

Methods for Measuring Cardiac Output

Methods of measuring CO, especially at peak exercise, are not
straightforward. Invasively derived hemodynamic measurements
during exercise raise serious concerns regarding risks and com-
plexity of testing. Insertion of a catheter into the pulmonary artery
may be associated with complications (eg, pneumothorax, local

Table 1. Prognostic Value of Hemodynamic Exercise Testing in Heart Failure

Measured Hemodynamic

Better Predictor

Study N Parameter Method Used Cutoff Value Than Peak VO,
Tan?’ 63 CPO and others Thermodilution 1 watt NA
Griffin et al.*® 49 Stroke work index and others Thermodilution 20 g x m/m* Yes
Roul et al.?’ 50 CPO Thermodilution 2 watts Yes
Stroke work index and others Thermodilution 39 g x m/m? Yes
Chomsky et al.* 185 CO response Thermodilution CO=5xV0,+3 Yes
Mancini et al. > 65 CO response Thermodilation CO=5x%xV0,+3 No
Stroke work index Thermodilution Yes
Metra et al.* 219 Stroke work index Thermodilution 30 g x m/m> Yes
Williams et al.** 219 CPO CO, rebreathing 1.96 watts Yes
Cohen-Solal et al.* 175 Circulatory power Peak VO, and SBP 3047 mm Hg mL-min-kg Yes
Scharf et al.* 154 Exercise power capacity % Peak VO, and SBP 5000% mm Hg Yes
Total = 1179

NA, not available; VO,, volume of oxygen utilization; CO, cardiac output; CPO, cardiac power output; SBP, systolic blood pressure.
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pain, vasovagal reactions, atrioventricular blocks, and arrhyth-
mias). During exercise, patients are tethered to the Swan-Ganz
catheter, restricting movement and occasionally causing pain.
The discomfort associated with an intravascular catheter may pre-
vent patients from achieving their true maximum exercise capabil-
ity. Movement during exercise can cause dislodgement of the
catheter from its appropriate position, leading not only to errone-
ous measurements but also to potential increases of the risk of ar-
rhythmias to the patient. Moreover, patients with CHF often have
tricuspid insufficiency, which is made worse by exercise. The
presence of tricuspid insufficiency decreases the accuracy of ther-
modilution output measurements.

Noninvasive Measurement of CO During Exercise

Impedance cardiography. Impedance cardiography™®
uses changes in thoracic electrical impedance to measure thoracic
fluid content, changes in the duration of cardiac ejection, and the
velocity of blood flow within the aorta. However, the theory be-
hind impedance cardiography makes several assumptions that
may be questioned. The thorax is considered to be a cylinder filled
with blood. During cardiac systole, it is assumed that the stroke
volume is added to the volume of the blood filled cylinder and
that this affects only the area of the cylinder (ie, expands the di-
ameter of the cylinder and not the length). On the basis of this
somewhat simplistic assumption, the electrical impedance is ex-
pected to be reduced by an amount directly proportional to the
stroke volume. Thus, the electrical impedance in the thorax is rea-
soned to be proportional to the blood volume in the thorax, and
this volume increases by an amount equal to the stroke volume.
Thereafter, CO is derived by multiplying the heart rate with the
change in the impedance signal and a calibration factor. Given
the complexity of the anatomy and physiology of the human
body, it is difficult to reason with the simplistic assumption that
is applied with this technique. It is difficult to validate and assess
the quantitative significance of the derivation from this model.
Nevertheless, the technique has become increasingly popular
over the past 10 years largely because of its ease of use.** With
respect to reproducibility, mean absolute percent changes in intra-
day hemodynamic measures were reported to be less than 8%.%
A previous meta-analysis of 34 published studies*® on impedance
cardiography showed mean coefficients of correlation that ranged
from 0.65 to 0.83 with large individual variations. Recently, the
PREDICT trial*’ showed that impedance cardiography may help
identify patients with CHF who are at risk of decompensation.
With respect to the method’s utility during exercise, it should be
noted that it is generally not recommended for use in exercise be-
cause of the sensitivity to electrical noise. However, there have
been reports with encouraging results of its use during exer-
cise.*** The primary advantage of impedance cardiography is
that no patient cooperation is required and that it provides beat-
by-beat data. The disadvantages are that the method rests largely
on an empirical basis and that existing validation data are rather
inconclusive. Its use during cardiopulmonary exercise testing in
patients with CHF has yet to be fully defined.

Rebreathing Methods

CO; rebreathing methods. The CO, methods are based on
the indirect Fick principle, using mass conservation for CO,. The
principle is called “indirect” because the blood concentrations of
CO; in mixed venous and arterial blood are estimated indirectly
rather than being measured directly in the blood, as in the direct

Fick method. There are many variations of the same theme, but fun-
damentally the CO, methods are rebreathing or breath-hold (pro-
longed expiration) methods.*® Only full CO, rebreathing methods
have been used in exercise testing, including in patients with CHF.**

The CO, methods have a number of significant advantages
when compared with impedance cardiography. They are truly an-
alytic in nature, that is, the algorithms are derived solely from
a plausible gas exchange model with no need of empirical correc-
tions or calibrations. The difficulty with CO, rebreathing methods
is that they are dependent on the estimation of the a-v difference in
CO; content from alveolar CO, partial pressures. The difference is
obtained by two almost independent estimations of arterial and
mixed venous CO, contents. Small independent errors in esti-
mated values of either will lead to a relatively large error in the
difference. The estimation of arterial and mixed venous CO, con-
tents from the CO, partial pressure profile in the respired air is un-
certain because the relationship between CO, partial pressure and
CO, content in blood depends on a number of factors that vary
from patient to patient (eg, hemoglobin concentration, tempera-
ture, acid-base status, and blood oxygenation). This uncertainty
combined with the tendency to large errors in the a-v difference
is probably the main cause of occasionally unrealistic CO values
when CO, methods are used. Sun and colleagues’' also high-
lighted a problem during exercise and cast doubt on the widely ac-
cepted assumption52 that Paco, is linearly related to CO,
concentration over a broad physiologic range. During heavy exer-
cise in both healthy subjects and those with cardiac disease, lactic
acidosis supervenes resulting in a buffering of H* with the release
of CO, from HCO3'. Acidosis therefore has the effect of reducing
the total CO, concentration at a given Paco,, and it has been cal-
culated that the failure to take the pH into consideration could po-
tentially cause an underestimation of CO by up to 50% at high
levels of exercise. Finally, a problem with CO, rebreathing
methods is that to obtain reasonably fast equilibration with mixed
venous CO; it is necessary to add high concentrations of CO, to
the rebreathing mixture. It is difficult to choose the right CO, con-
centration, and inhaled CO, occasionally causes discomfort to the
patient with a strong feeling of suffocation.

Foreign gas rebreathing methods. With the foreign gas
methods it is somewhat easier to estimate the three terms in the
Fick equation than with the CO, methods. The blood-soluble
gas is the substance to which the equation of mass conservation
is applied. Because a foreign gas is used, the mixed venous con-
tent of this gas is zero. As for CO,, the arterial partial pressure
is taken to be equal to the alveolar partial pressure. The conversion
from partial pressure to content in the blood is simple, because the
gas has no chemical interaction with the blood. Content is linearly
dependent on partial pressure. The blood insoluble gas is used to
measure the lung volume, which is required to calculate CO. For-
eign gas methods require accurate measurement of two foreign
gases in low concentrations. The most recent technologically
advanced analyzers outperform mass spectrometers by a factor
of 20 in terms of signal-to-noise ratio, allowing the use of such
low gas concentrations that previous problems of disagreeable
taste and smell of the inert gases have vanished.

The foreign gas rebreathing method has been validated in both
healthy subjects and patients with various diseases.>>>* The repro-
ducibility of this method during exercise testing in patients with
CHF has been reported with an interday coefficient of variation
of 10.8%.>* In that study, data were obtained in 20 patients with
CHF during cardiopulmonary exercise testing.”> CO measured
with foreign gas rebreathing was compared with CO obtained
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with direct Fick and thermodilution from rest to maximum work-
load, and the foreign gas rebreathing method was reported to agree
better with direct Fick than the thermodilution method. We re-
cently performed 92 consecutive bicycle exercise tests in 88 pa-
tients with HF by using the Innocor system.>® Patients were able
to rapidly learn the rebreathing technique and easily integrate it
into the exercise protocol, and 86% of the tests had successful
measurement of both metabolic and CO data. Resting CO in-
creased from 3.5 = 1.1 L/min at rest to 7.2 * 2.7 L/min with
peak exercise. Peak VO, averaged 12.6 = 4.7 mL-kg-min. Peak
VO, and peak CO had a significant linear correlation (r = 0.64;
P < .0001). In general, gas-exchange methods (CO, and foreign
gas methods) tend to be less accurate in patients with advanced
stages of pulmonary disease. These patients have difficulties
breathing the necessary minimum volume, which, if combined
with significant ventilation inhomogeneity, causes inadequate
gas mixing. Another disadvantage of the gas-exchange methods
is that they require patient cooperation, which can be difficult to
achieve in elderly and anxious patients.

It is fair to say that at this time there is no ideal method for de-
termining CO or CPO,,,, during exercise in patients with CHF.
This largely depends on each clinician’s decision about how
much tradeoff between the accuracy of the method and the ease
of measurement is acceptable. In general, impedance cardiography
is easy to use, but there are some concerns about its use during ex-
ercise. On the other hand, rebreathing methods require patients to
learn the rebreathing technique. In addition, the theoretic maximal
value for CO or CPO is only obtained when all the cardiac mea-
surements and settings (loading conditions, heart rate) are opti-
mized and precisely obtained. Perfect optimization of these
settings is in practice unattainable because compromises are inev-
itable (eg, patient ability to cope with the device, patient discom-
fort). Therefore, measurements made in practice are at best only
an approximation of the true CO or CPO.

Conclusions

Over the years, there have been many indicators found to
be predictive of prognosis in CHF. They can broadly be di-
vided into those that are surrogates of outcomes of CHF
and those that are direct indicators of cardiac dysfunction.
The former category includes serum urea and plasma brain
natriuretic peptide. The variables belonging to the latter cat-
egory are those in which improvement may lead directly to
an improvement of the condition. Because the cardiac
work related to exercise (eg, CO and CPO response to exer-
cise) has been found to be not only a predictor of prognosis
but also an indicator of cardiac function that correlates with
exercise, this more likely belongs to the latter category of
prognostic indicators. Cotter and colleagues™® suggested
that there could be a hierarchy of precision of these exercise
measures, with the most indirect measures, such as NYHA
functional class, exercise duration, and 6-minute walking
distance, at the lower end of the hierarchy; peak VO, and
submaximal measures such as VE/VCO, slope in the middle
of the hierarchy; and the direct measures of cardiac reserve,
such as CPOmax or its derivatives, being the most predic-
tive.3® However, it should be noted that the clinical useful-
ness of peak VO, was established by a large body of data

acquired over two decades and is now widely used in
many centers. These exercise parameters could be used to
enhance the prognostic discriminatory power of peak VO,.
Questions remain regarding the reality of a ““maximal” ex-
ercise test performed with invasive measurements and the
safety of performing invasive tests in these groups of frail pa-
tients. Although noninvasive methods of assessing CO are
available and increasingly easier to use, the available data
have largely come from single centers with special interest
in exercise physiology. Therefore, the widespread clinical
application of assessment of cardiac work related to exercise
in the evaluation of patients with CHF is still to be deter-
mined by larger clinical trials.
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