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Abstract A hallmark symptom of heart failure (HF) is

exercise intolerance, typically evidenced by excessive

shortness of breath, and/or fatigue with exertion. In recent

years, the physiologic response to progressive exercise

using direct measures of ventilation and gas exchange,

commonly termed the cardiopulmonary exercise test

(CPX), has evolved into an important clinical tool in the

management of patients with HF. There is currently debate

regarding the optimal CPX response to apply when strati-

fying risk for mortality, hospitalization, or other outcomes

in patients with HF. Early studies in this area focused on

the application of peak VO2 in predicting outcomes in

patients considered for transplantation. More recently, the

focus of these studies has shifted to an emphasis on ven-

tilatory inefficiency, in lieu of or in combination with peak

VO2, in estimating risk. The most widely studied index of

ventilatory inefficiency has been the minute ventilation/

carbon dioxide production (VE/VCO2) slope. A growing

body of studies over the last decade has demonstrated that

among patients with HF, the VE/VCO2 slope more pow-

erfully predicts mortality, hospitalization, or both, than

peak VO2. A number of investigations have also simulta-

neously examined the diagnostic importance of peak VO2

and the VE/VCO2 slope as well as their respective response

to various interventions. This review examines the body of

evidence which has used aerobic capacity and ventilatory

efficiency as prognostic and diagnostic markers as well as

endpoints in interventional trials. Based on this evidence,

recommendations for future clinical and research applica-

tions of these CPX variables are provided.

Keywords Ventilatory expired gas � Exercise test �
Prognosis � Diagnosis � Intervention

Introduction

The risk of the eventual development of heart failure (HF)

has increased as recent treatment advances have decreased

the age-adjusted death rates for most other cardiovascular

diseases. It is therefore not surprising that the prevalence of

HF has risen dramatically in the last two decades [1].

Therefore, a great deal of effort has been directed toward

diagnostic tools and interventions designed to optimally

stratify risk in these patients. A hallmark symptom of HF is

exercise intolerance, typically evidenced by excessive

shortness of breath, and/or fatigue with exertion. In recent

years, the physiologic response to progressive exercise

using direct measures of ventilation and gas exchange,

commonly termed the cardiopulmonary exercise test

(CPX), has evolved into an important clinical tool in the

management of patients with HF. This technology is useful

in terms of quantifying responses to therapy, evaluating

disability, assessing the mechanism of exercise intolerance,
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making activity recommendations, and estimating prog-

nosis. The latter application has received a particular

amount of attention in recent years; numerous studies have

been published over the last decade documenting the

prognostic utility of the CPX in predicting outcomes in

patients with HF [2, 3].

There is currently debate regarding the optimal CPX

variable(s) to apply when stratifying risk for mortality,

hospitalization, or other outcomes in patients with HF.

Early studies in this area focused on the application of peak

oxygen consumption (VO2) in predicting outcomes in

patients considered for transplantation. It is logical that

peak VO2 would be associated with mortality risk in HF

since it is widely considered a global marker of cardio-

pulmonary health. Peak VO2 reflects the degree of

impairment in ventricular function (pumping capacity),

vascular function (O2 delivery), and skeletal muscle met-

abolic capacity (O2 utilization). In a landmark 1991 study

by Mancini et al. [4], patients who achieved a peak VO2

[14 ml O2 kg-1 min-1 had a survival rate that was similar

to those who received a cardiac transplantation ( [90% at

1 year). Conversely, those who achieved a peak VO2

value B 14 ml O2 kg-1 min-1 had a 1-year survival rate

of only 47%. The enduring implication of this finding is

that scarce donor hearts should be reserved for patients

whose one year prognosis (judged by peak VO2) is sig-

nificantly worse than the one year prognosis following

transplant. Numerous subsequent studies have confirmed

the value of peak VO2 stratifying risk in patients with HF

[2, 3].

More recently, the focus of these studies has shifted to an

emphasis on ventilatory inefficiency, in lieu of or in com-

bination with peak VO2, in estimating risk [2]. The

underlying concept behind the use of ventilatory ineffi-

ciency is the fact that patients with HF exhibit excessive

ventilation in accordance with the degree of HF severity.

This response is reflected by an excessive rise in minute

ventilation relative to work rate, VO2, or CO2 production

(VCO2). The most widely studied index of ventilatory

inefficiency has been the VE/VCO2 slope, defined as the

slope of the linear relation between minute ventilation (VE)

and VCO2. Examples of different VE/VCO2 slope respon-

ses in three patients with HF undergoing symptom-limited

CPX are illustrated in Fig. 1. A VE/VCO2 slope \30 is

widely accepted as a normal response. Increased ventila-

tion–perfusion mismatching [5, 6] and an abnormally

heightened chemosensitivity and ergoreflex response [7–9]

all appear to be linked to the elevated VE/VCO2 slope

observed in HF.

A growing body of studies over the last decade has

demonstrated that among patients with HF, the VE/VCO2

slope more powerfully predicts mortality, hospitalization,

or both, than peak VO2. Although data are sparse, there has

been recent interest in other markers of ventilatory effi-

ciency, including the oxygen uptake efficiency slope

(OUES, derived by the slope of a semi-log plot of minute

ventilation versus VO2) [10], and exercise oscillatory

ventilation (EOV, commonly defined as oscillatory fluc-

tuations in ventilation for greater than 60% of the exercise

test at an amplitude greater than 15% of the resting oscil-

latory fluctuations) [11–13]. However, the body of

available literature at this time does not allow for mean-

ingful comparisons of these responses to the VE/VCO2

slope. Because ventilatory efficiency provides important

information in both the clinical and research settings, there

exists a need to better define its calculation and application

in relation to aerobic capacity, which is presently the most

commonly assessed CPX variable. While a recent Ameri-

can Heart Association Scientific Statement [14] briefly

addressed the prognostic value of both aerobic capacity and

ventilatory efficiency in HF, a comprehensive review of the

literature, which has compared these two CPX markers

does not exist. Therefore, in the following, the body of

evidence which has used aerobic capacity and ventilatory

efficiency as prognostic and diagnostic markers as well as

endpoints in interventional trials in patients with HF is

reviewed. Based on this review, recommendations for

clinical and research applications of these CPX responses

are provided.

Prognostic characteristics of aerobic capacity

and ventilatory efficiency

Summary of prognostic investigations

The landmark investigation by Mancini et al. [4] in 1991

initially demonstrated the prognostic value of peak VO2 in

patients with HF. While the value of peak VO2 has been
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Fig. 1 Examples of VE/VCO2 slope responses in three different HF

patients undergoing symptom-limited CPX
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confirmed by numerous subsequent studies, indices of

ventilatory efficiency were not assessed until the late

1990’s. In 1997, MacGowan et al. [14] reported peak VO2

was a significant predictor of mortality in a cohort of HF

patients, and this study appeared to be the first to include

the VE–VCO2 relationship in a univariate prognostic

analysis. Although a multivariate regression was not per-

formed, the ratio of VE to VCO2 at the ventilatory

threshold was a stronger prognostic marker when compared

to peak VO2. Over the past 10 years, over 20 peer-

reviewed publications have included both aerobic capacity

and ventilatory efficiency in prognostic analyses of patients

diagnosed with HF. Details from these investigations are

outlined in Table 1.

On average, investigations describing the VE–VCO2

relationship dichotomously used a threshold value C34 to

define an abnormal response. Four level classification

systems for the VE–VCO2 relationship have a general

range of \30 for the most favorable class, from 30 to the

low 40s for the middle classes and from the low 40s and

above for the least favorable class. Twenty-four of the 26

investigations reported the VE–VCO2 relationship (repor-

ted as the slope in 22 investigations and as a ratio in 4) was

superior to peak VO2 as a prognostic marker. Three

investigations only reported a univariate analysis while the

remaining studies performed a multivariate regression. Ten

investigations using multivariate analyses found peak VO2

added significant prognostic value to the VE–VCO2 rela-

tionship and was retained in the regression. Eleven

investigations reported peak VO2 did not add prognostic

value to the VE–VCO2 relationship and was removed from

the regression.

Areas requiring additional study regarding

the prognostic characteristics of CPX

The pharmacologic and surgical treatment of patients with

HF has changed dramatically since the initial prognostic

analyses of CPX in the early 1990s. These changes in HF

care have raised additional questions regarding the prog-

nostic applications of CPX that require clarification. Beta-

blocker therapy has become a standard of care in patients

with HF [39]. This drug class has been shown to signifi-

cantly reduce the VE/VCO2 slope without significantly

altering peak VO2 [40–42]. Most early analyses assessing

the prognostic characteristics of these variables did not

report beta-blocker use, attributable to the fact that these

agents were not considered a standard at the time. Later

investigations began to report beta-blockade use, ranging

between 12% and 60% of the overall patient cohorts. A

limited number of investigations have specifically exam-

ined the prognostic impact of beta-blockade use on aerobic

capacity and ventilatory efficiency with mixed results.

Corra et al. [27] found that peak VO2, but not the VE/

VCO2 slope, significantly predicted mortality risk in a

subgroup of HF patients prescribed a beta-blocking agent.

Arena et al. [37] however, found the VE/VCO2 slope was

prognostically superior to peak VO2 irrespective of beta-

blocker use. A key difference between these two investi-

gations was the method employed to calculate the VE/

VCO2 slope. The former investigation only utilized data to

the point of the anaerobic threshold while the latter

investigation incorporated all exercise data. Several

investigations have now demonstrated that calculation of

the VE/VCO2 slope with all exercise data more powerfully

predicts risk [25, 34, 43, 44]. A more thorough discussion

of the calculation of the VE/VCO2 slope is provided

below.

A growing number of patients with HF are undergoing

implantation of resynchronization devices as well as

implantable cardioverter defibrillators. Cardiac resynchro-

nization therapy has been shown to improve both aerobic

capacity and ventilatory efficiency [45, 46]. In addition,

these devices have been shown to favorably impact prog-

nosis in patients with HF [47]. We are unaware of any

investigation that has examined the impact cardiac resyn-

chronization devices and/or implantable cardioverter

defibrillators on the prognostic characteristics of CPX. This

issue warrants further analysis given the growing preva-

lence of these devices in patients with HF.

It has been estimated that approximately 30–40% of the

HF cases are attributable to diastolic dysfunction [48–50].

Patients with diastolic HF have a unique pathophysiology

and different prognostic trajectory [51] as compared to

individuals with systolic HF. Moreover, it appears that

ventilatory efficiency and aerobic capacity characteristics

differ between patients with systolic and diastolic HF [28,

52]. The majority of studies listed in Table 1 have assessed

the prognostic characteristics of CPX in cohorts exclu-

sively with a diagnosis of systolic HF. Presently, only one

investigation has reported on the prognostic characteristics

of CPX in patients with diastolic HF. In a small group of

subjects with diastolic HF, Guazzi et al. [28] found that

both the VE/VCO2 slope and peak VO2 were significant

univariate predictors of mortality, hospitalization, or both.

Multivariately however, the VE/VCO2 slope was the

superior prognostic marker while peak VO2 did not add

value and was removed from the regression. It should be

noted that this analysis included a small number of patients

with diastolic HF (\50 subjects with an ejection fraction

[50%). The findings of the study by Guazzi et al. [28]

should therefore only be viewed with caution at this time.

Significant further study is required before any definitive

conclusions are reached regarding the prognostic utility of

CPX in patients with diastolic HF.
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Although the prevalence of HF is similar between gen-

ders [53], all of the studies assessing the prognostic value

of both aerobic capacity and ventilatory efficiency listed in

Table 1 examined predominantly male cohorts. Notably,

several investigations have found peak VO2 to be a sig-

nificant prognostic marker in females with HF [54–56].

However, these investigations did not include ventilatory

efficiency in their analyses. Guazzi et al. [31] appears to be

the only investigation to date that has assessed the prog-

nostic characteristics of both aerobic capacity and

ventilatory efficiency separately in male and female

patients with HF. Peak VO2 was significantly lower while

the VE/VCO2 slope was significantly higher in females,

suggesting that gender needs to be considered when

applying the CPX to assess prognosis. In a multivariate

analysis, the VE/VCO2 slope was the strongest prognostic

marker while peak VO2 added significant prognostic value

in both males and females. It should be noted that this

analysis was conducted in a small number of females

diagnosed with HF (n = 75). Therefore, while these initial

findings indicate that both the VE/VCO2 slope and peak

VO2 possess prognostic value in females with HF, addi-

tional research is needed in this area.

In recent years, prognostic scoring systems, such as the

Seattle HF Model [57] and the Heart Failure Survival Score

[56, 58] have been shown to be prognostically valuable.

These models include a host of baseline variables such age,

medications, HF etiology, and ejection fraction. The Heart

Failure Survival Score also includes peak VO2 in its pre-

dictive model. We are not aware of any investigation that

has compared the prognostic value of either scoring system

to ventilatory efficiency or assess the value of adding

ventilatory efficiency to the scoring model. Given, the

continued interest in both CPX and the implementation of

scoring systems in the HF population, future research

should be directed toward assessing the combined prog-

nostic value of these evaluation techniques.

Mode of exercise and protocol considerations

There is no consensus as to whether testing using the

treadmill, cycle ergometer, or a particular protocol opti-

mally predicts risk in patients with HF. This is potentially

important since both the exercise mode and protocol

influence the ventilatory gas exchange response to exercise

[14]. Witte and Clark [59] reported that both peak VO2 and

the VE/VCO2 slope were significantly lower during CPX

utilizing a cycle ergometer compared to a treadmill in

patients with HF. Nevertheless, Arena et al. [60] reported

the prognostic characteristics of the VE/VCO2 slope and

peak VO2 were similar in two separate HF cohorts, one

group utilizing a treadmill while the other utilized a cycle

ergometer for CPX. As indicated in Table 1, 12 investi-

gations utilized a treadmill, 9 investigations utilized a cycle

ergometer, and 5 utilized both for CPX. In addition, while

some investigations listed in Table 1 employed more

aggressive protocols (e.g., Bruce or modified Bruce), most

opted for more conservative ramping protocols. Even with

differences in mode of exercise and protocol selection, the

prognostic value of ventilatory efficiency and aerobic

capacity remained consistent, indicating ventilatory

expired gas data possesses universally applicable charac-

teristics across exercise testing laboratories with differing

procedures.

Differences in endpoints used for prognostic

investigations

The investigations listed in Table 1 used widely differing

endpoints to assess the prognostic value of CPX. Thirteen

investigations only considered mortality as an endpoint,

eight considered mortality or heart transplantation/left

ventricular assist device implantation, and five considered

mortality or hospitalization as endpoints. Mortality is

considered the only hard endpoint, resistant to selection

bias. Of note, in the 13 investigations only considering

mortality as an endpoint, the VE/VCO2 slope was prog-

nostically superior to peak VO2 in each instance. Notably,

of these 13 investigations, only two addressed the impact of

beta-blocker therapy on the prognostic value of CPX.

Defining optimal prognostic thresholds for aerobic

capacity and ventilatory efficiency

The optimal prognostic thresholds for aerobic capacity and

ventilatory efficiency require further clarification, but

depend upon the characteristics of the population studied.

Initially, a peak VO2 threshold of \/C14 ml O2 kg-1

min-1 was proposed for transplant consideration [4] and

this cutpoint is still the most frequently cited value in

clinical practice. However, this threshold was proposed

prior to the standard use of beta-blocker therapy which has

been shown to improve survival without increasing peak

VO2 in HF. As a result, it has been suggested that

the peak VO2 threshold for prognostic purposes be reduced

to \/C10 ml O2 kg-1 min-1 in patients prescribed a beta-

blocking agent [61]. The most commonly cited dichoto-

mous threshold for the VE/VCO2 slope is \/C34 [15, 22,

26]. Other investigations have assessed the prognostic

characteristics of the VE/VCO2 slope using a four-level

classification [18, 38]. Both of these latter studies found

that mortality risk increases progressively as the VE/VCO2

slope increases from \30 to [40. Furthermore, in a
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subgroup analysis by Arena et al. [38], prognosis likewise

became progressively worse as the VE/VCO2 slope

increased from \30 to [40 in subjects prescribed a beta-

blocking agent. Given the body of evidence presently

available, clinicians should consider patients with a peak

VO2 \10 ml O2 kg-1 min-1 or a VE/VCO2 slope [40 to

be in the highest risk category. Patients with HF who

present both of these characteristics have a particularly

poor prognosis. However, in patients with a preserved

aerobic capacity, a VE/VCO2 slope [40 should still be

considered a strong indicator of poor prognosis given the

independent prognostic value of ventilatory inefficiency.

Optimal expression of ventilatory efficiency

While the expression of peak VO2 is relatively straight-

forward and has been standardized for many years, this is

not the case for ventilatory efficiency. The VE–VCO2

relationship has been expressed as both as slope and ratio.

In addition, the VE/VCO2 slope has been calculated using

data from the onset of exercise to both the point of the

ventilatory threshold and maximal exertion. The VE/VCO2

ratio has likewise been calculated at both the ventilatory

threshold and peak exercise. Four investigations have

compared the prognostic value of the VE/VCO2 slope

using submaximal exercise data to that using all exercise

data during a symptom-limited test [25, 34, 43, 44]. In all

instances, while both were significant predictors of prog-

nosis, the VE/VCO2 slope calculated using all exercise data

was superior to submaximal expressions of ventilatory

efficiency in terms of predicting risk. Investigations sup-

porting the exclusion of data past the ventilatory threshold

in the calculation of the VE/VCO2 slope suggest this

eliminates the influence of increasing lactic acidosis, which

increases the steepness of the slope and creates a degree of

nonlinearity. Arena et al. [43] found the change in steep-

ness of the VE/VCO2 slope from the ventilatory threshold

to maximal exercise varied considerably in a group of

patients with HF. In addition, this investigation reported

prognosis significantly worsened as the VE/VCO2 slope

steepened beyond the ventilatory threshold. This would not

be expected if lactic acidosis was the only factor driving

the increase in steepness of the VE/VCO2 slope when

maximal exercise data were incorporated. These investi-

gators hypothesized that a greater increase in the VE/VCO2

slope during the final stages of a symptom-limited exercise

test may reflect a further impairment in cardiopulmonary

function, a response with important prognostic implications

not captured by submaximal expressions of ventilatory

efficiency. To date, no investigation has examined the

relationship between changes in cardiopulmonary perfor-

mance and changes in the VE/VCO2 slope during an

exercise test. This type of diagnostic investigation is nee-

ded to provide physiologic support for studies finding the

VE/VCO2 slope calculated with all exercise data is prog-

nostically superior.

While both the VE/VCO2 slope and ratio provide sig-

nificant prognostic information, the former expression

incorporates a far greater amount of exercise data. The VE/

VCO2 slope should therefore be considered more resistant

to variability in CPX data not reflective of a true physio-

logic response. Given the fact that presently available

metabolic exercise testing systems commonly provide both

these markers of ventilatory efficiency, opting for the slope

for clinical/research purposes does not entail additional

time or inconvenience for the individual interpreting the

exercise test.

Diagnostic characteristics of aerobic capacity

and ventilatory efficiency

A number of cardiac, pulmonary, neurohormonal, and

autonomic physiologic abnormalities underlie heart failure.

These abnormalities are identified by several different

diagnostic testing techniques including invasive hemody-

namic measurements, echocardiography, neurohormonal

blood analysis, electrocardiography, sleep studies, and

pulmonary function. Investigations assessing the relation-

ship between these diagnostic techniques and both aerobic

capacity and ventilatory efficiency are listed in Table 2.

Both peak VO2 and the VE/VCO2 slope/ratio are to be

significantly related to resting and exercise cardiac output

as well as resting pressures in the pulmonary vasculature. It

appears however, that the relationships between invasive

hemodynamics and ventilatory efficiency are somewhat

stronger than those for peak VO2. Several variables

obtained from echocardiography, such as the E wave,

deceleration time, and left ventricular ejection fraction,

have been shown to be significantly related to both peak

VO2 and the VE/VCO2 slope. Certain echocardiographic

variables are more strongly associated with peak VO2

while others have demonstrated a stronger correlation with

the VE/VCO2 slope. The relationship between neurohor-

monal markers assessed in the resting state and both

aerobic capacity and ventilatory efficiency appear to be

mixed. Peak VO2 has demonstrated a significant correla-

tion with norepinephrine and epinephrine. The VE/VCO2

slope was not significantly related to either norepinephrine

or epinephrine in one investigation while there was a sig-

nificant correlation with norepinephrine in another. Several

investigations have reported a significant correlation

between b-type natriuretic peptide and both peak VO2 and

the VE/VCO2 slope. In two instances, the correlation

between this neurohormonal marker and the VE/VCO2
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Table 2 Summary of studies comparing diagnostic value of aerobic capacity and ventilatory efficiency

Study Type of HF and

number of subjects

Mean age and

male/female

Diagnostic compari-

son made to aerobic

capacity and ventila-

tory efficiency

Major finding

Hemodymanic measurements

Sullivan et al. [62] Systolic HF: 64 55.0 ± 10.0 years

62/2

Hemodymanic

measurements via

right heart

catheterization

VE/VCO2 at peak

exercise was

significantly

correlated with

cardiac output at

peak exercise.

Relationship

between cardiac

output at peak

exercise and peak

VO2 was not

reported

Reindl et al. [63] Systolic HF: 57 52.0 ± 11.0 years

47/10

Hemodymanic

measurements via

left and right heart

catheterization

The VE/VCO2 slope

was significantly

correlated with

resting cardiac

output, pulmonary

artery pressure,

pulmonary

capillary wedge

pressure, and

pulmonary

vascular

resistance. Peak

VO2 was

significantly

correlated with

cardiac output,

pulmonary artery

pressure, and

pulmonary

vascular

resistance. In all

instances, r-values

between the VE/

VCO2 slope and

resting

hemodynamics

were greater

Myers et al. [64] Systolic HF: 25 55.5 ± 6.0 years 25/

0

Hemodymanic

measurements via

right heart

catheterization at

rest and maximal

exercise

VE/VCO2 at

maximal exercise

and peak VO2

were significantly

correlated with

cardiac output and

pulmonary

capillary wedge

pressure at

maximal exercise.

In both instances,

the r-value

between VE/

VCO2 and

exercise

hemodynamics

were greater
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Table 2 continued

Study Type of HF and

number of subjects

Mean age and

male/female

Diagnostic compari-

son made to aerobic

capacity and ventila-

tory efficiency

Major finding

Echocardiography and neurohormonal markers

De Feo et al. [65] Systolic HF: 239 62.3 ± 8.9 years

209/30

Neurohormonal

markers and

echocardiography

The VE/VCO2 slope

and peak VO2

were significantly

correlated with

left ventricular

ejection fraction,

the E wave, and

deceleration time.

The r-value

between the VE/

VCO2 slope and

left ventricular

ejection fraction

and deceleration

time was greater.

The r-value

between peak

VO2 and the E-

wave was greater.

Only the VE/

VCO2 slope

significantly

correlated with

the E/A ratio.

Only peak VO2

significantly

correlated with

norepinephrine

and epinephrine

Neurohormonal markers

Kruger et al. [66] Systolic HF: 70 60.3 ± 10.4 years

51/19

Neurohormonal

marker

The VE/VCO2 slope

and peak VO2

were significantly

correlated with

BNP. The r-value

between peak

VO2 and BNP was

greater

Passino et al. [67] Systolic HF: 154 62.0 ± 1.0 year

127/27

Neurohormonal

markers

The VE/VCO2 slope

and peak VO2

were significantly

correlated with

NT-proBNP and

norepinephrine. In

both cases, r-

values between

the VE/VCO2

slope and

neurohormonal

markers were

greater
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Table 2 continued

Study Type of HF and

number of subjects

Mean age and

male/female

Diagnostic compari-

son made to aerobic

capacity and ventila-

tory efficiency

Major finding

Scardovi et al. [68] Systolic HF: 134 69.0 ± 11.0 years

99/35

Neurohormonal

marker

The VE/VCO2 slope

and peak VO2

were significantly

correlated with

BNP. The r-value

between the VE/

VCO2 slope and

BNP was greater

Heart rate variability

Ponikowski et al.

[69]

Systolic HF: 72 57.0 ± 9.0 years

62/10

Measures of heart

rate variability via

24 h Holter

monitoring

The VE/VCO2 slope

and peak VO2

were significantly

correlated with

several measures

of heart rate

variability. The r-

value between the

VE/VCO2 slope

and heart rate

variability

measurements

was greater in all

instances

Sleep apnea

Arzt et al. [70] Systolic HF: 30 65.0 ± 2.0 years

(central sleep

apnea)

54.0 ± 1.0 year (no

central sleep apnea)

29/1

Ability of exercise

test variables to

identify subjects

diagnosed with

central sleep

apnea

Apnea–hypopnea

index was

significantly

correlated with

the VE/VCO2

slope but not peak

VO2. An elevated

VE/VCO2 slope

effectively

identified subjects

with central sleep

apnea. Peak VO2

did not provide

diagnostic value

Alveolar–capillary membrane conductance

Guazzi et al. [71] Systolic HF: 67 59.0 ± 9.0 years 50/

17

Alveolar–capillary

membrane

conductance

The VE/VCO2 slope

and peak VO2

were significantly

correlated with

alveolar–capillary

membrane

conductance. The

r-value between

the VE/VCO2

slope alveolar–

capillary

membrane

conductance was

greater
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slope was stronger than that for peak VO2. In a third

investigation the relationship between b-type natriuretic

peptide and peak VO2 was greater. One study examining

the relationship between heart rate variability (via holter

monitoring) and both peak VO2 and the VE/VCO2 slope

found several measures reflecting autonomic dysfunction

were significantly related to both CPX variables. The

correlation between the markers of autonomic function and

the VE/VCO2 slope was found to be stronger than that for

peak VO2. One study examining the relationship between

central sleep apnea and CPX responses reported the VE/

VCO2 slope was significantly related with the apnea–

hypopnea index. Moreover, an elevated VE/VCO2 slope

effectively discriminated between subjects with and with-

out central sleep apnea. Peak VO2 was not significantly

correlated with the apnea–hypopnea index and did not

discriminate between patients with and without central

sleep apnea. Lastly, one investigation examined the rela-

tionship between alveolar–capillary membrane

conductance and both peak VO2 and the VE/VCO2 slope,

finding that the correlation was significant for both vari-

ables. The correlation between alveolar–capillary

membrane conductance and the VE/VCO2 slope was

however, stronger than that for peak VO2.

The impact of heart failure interventions on aerobic

capacity and ventilatory efficiency

Numerous HF intervention trials have included CPX as an

endpoint. Surgical, pharmacological, aerobic exercise

training, inspiratory muscle training, and central sleep

apnea interventions that reported their respective impact on

both aerobic capacity and ventilatory efficiency are listed

in Table 3.

One left ventricular assist device implantation trial

reported both a significant reduction in the VE/VCO2 ratio

at peak exercise and a significant improvement in peak

VO2. All four cardiac resynchronization trials reported a

significant reduction in the VE/VCO2 slope following

device implantation. Three of the four trials also reported a

significant increase in peak VO2 while the fouth reported

no significant change following cardiac resynchronization.

Pharmacologic investigations examining the impact of

angiotensin converting enzyme inhibition, insulin infusion

(in diabetic HF patients), and Sildenafil therapy have all

reported a significant reduction in the VE/VCO2 slope and

a significant increase in peak VO2 following treatment. The

two investigations examining the impact of angiotensin II

receptor blocker treatment were mixed, with one reporting

a significant increase in peak VO2 and no change in the

VE/VCO2 slope while the other reported a significant

decrease in the VE/VCO2 slope and no change in peak

VO2. Trials examining the impact of beta-blockade have

consistently reported a significant reduction in the VE/

VCO2 slope with no change in peak VO2. Aerobic exercise

training studies have consistently reported both a signifi-

cant increase in peak VO2 and a significant decrease in the

VE/VCO2 slope following 2–6 months of training. The

impact of inspiratory muscle training and continuous

positive airway pressure (in patients with central sleep

apnea) on aerobic capacity and ventilatory efficiency have

been described in two separate investigations. In both

instances, the VE/VCO2 slope was significantly reduced

while no change in peak VO2 was noted.

Summary

Aerobic capacity and ventilatory efficiency provide

important prognostic and diagnostic insights and are

responsive to a multitude of accepted HF interventions.

This body of evidence clearly supports the application of

CPX in clinical management and research investigations

involving patients with HF. Peak VO2 continues to be

the most commonly assessed variable in clinical practice

as well as in the research arena. Given the investigations

cited in the present review, we propose the following

broad paradigm shifts for present day clinical and

research settings: (1) Peak VO2 and the VE/VCO2 slope

provide independent and complementary information for

the study of interventions in HF. Both variables should

be considered for prognostic studies. Use of the VE/

VCO2 slope as the primary variable obtained from CPX

should be considered for prognostic studies; (2) All

exercise data, from the initiation of exercise to maximal

exertion should be used to calculate the VE/VCO2 slope;

(3) For diagnostic purposes, both the VE/VCO2 slope

and peak VO2 should be assessed although the former

variable may better reflect the overall, multi-system

pathophysiology associated with HF; and (4) Both the

VE/VCO2 slope and peak VO2 should be considered

endpoints for intervention trials. It should be noted,

however, that certain interventions may impact one CPX

variable while having little influence on the other.

Finally, it is recognized that additional areas of research

must be addressed, particularly in terms of utilizing the

CPX for prognostic purposes. Research directions that

may warrant priority are: (1) The prognostic assessment

of CPX in HF cohorts receiving beta-blocker therapy; (2)

The prognostic assessment of CPX in HF cohorts

undergoing cardiac resynchronization therapy and/or

automated implantable cardioverter defibrillation proce-

dures; (3) The prognostic assessment of CPX in female

cohorts with HF; and (4) The prognostic assessment of

CPX in HF cohorts with diastolic HF.
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d
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ra
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n
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ca
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n
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o
l:

7
3

E
x

p
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±
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p
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p
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p
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b
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p
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p
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P
la

ce
b

o
+

L
o

sa
rt

an

v
s.

P
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ra
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p
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p
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b

in
at

io
n

P
ea

k
V

O
2

si
g

n
ifi

ca
n

tl
y

in
cr

ea
se

d
af

te
r

8
w

ee
k

s
o

f

P
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P
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+
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n
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n
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.
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O
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p
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w
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P
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+
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p
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b
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±
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p
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e
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p
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.0

±
8
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ra
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p
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p
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v
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v
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v
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p
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tl
y
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d
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w
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2
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e
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d
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.
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]
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y

st
o

li
c

H
F
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6

1
4
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b
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5
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0

8
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1
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b
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5
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.0
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1
2

.0
y
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1
3

4
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o
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p
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o
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ia
b
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s

b
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w
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n
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o

g
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u
p

s

T
h

e
V

E
/V
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O
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o
p

e
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si
g

n
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ca
n
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y
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b
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o
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d
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9
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w
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p
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b
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p
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p

e

w
as

si
g

n
ifi

ca
n

tl
y

re
d

u
ce

d
fo

ll
o

w
in
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n
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p
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.
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0
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p
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l
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o

d
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ar
t
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h
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E
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p
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p
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.
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p
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±
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7
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p
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p
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b
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2
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2
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9
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p
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2
/0

A
er

o
b

ic
ex

er
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o
l

fo
r

3
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b
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b
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p
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m
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b
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p
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s

et
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.
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p
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p
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p
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p
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p
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p
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p
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.
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ra
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d
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p

ex
er

ci
se

te
st

s
at

3
an

d

6
m

o
n

th
s

T
h

e
V

E
/V

C
O

2
sl

o
p
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p
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b
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al

.
[8

5
]

S
y

st
o

li
c

H
F

:
3

2
C

o
n

tr
o

l:

5
8

.0
±

2
.0

y
ea

rs

1
0

/6

E
x

p
er

im
en

ta
l:

5
4

.0
±

3
.0

y
ea

rs

1
1

/5

In
sp

ir
at

o
ry

m
u

sc
le

tr
ai

n
in

g
v

s.
p

la
ce

b
o

fo
r

3
m

o
n

th
s

B
as

el
in

e
an

d
fo

ll
o

w
-u

p

te
st

3
m

o
n

th
s

ap
ar

t

T
h

e
V

E
/V

C
O

2
sl

o
p

e

w
as

si
g

n
ifi

ca
n

tl
y

re
d

u
ce

d
an

d
p

ea
k

V
O

2
w

as
si

g
n

ifi
ca

n
tl

y

in
cr

ea
se

d
in

th
e

in
sp

ir
at

o
ry

m
u

sc
le

tr
ai

n
in

g
g

ro
u

p
,

n
o

ch
an

g
e

in
p

la
ce

b
o

g
ro

u
p

C
o

n
ti

n
u

o
u

s
p

o
si

ti
ve

a
ir

w
a

y
p

re
ss

u
re

A
rz

t
et

al
.

[8
6
]

S
y

st
o

li
c

H
F

:
1

4
6

4
.0

±
2

.0
y

ea
rs

N
o

t

re
p

o
rt

ed

P
at

ie
n

ts
d

ia
g

n
o

se
d

w
it

h

ce
n

tr
al

sl
ee

p
ap

n
ea

re
ce

iv
ed

3
m

o
n

th
s

o
f

C
P

A
P

th
er

ap
y

B
as

el
in

e
an

d
fo

ll
o

w
-u

p

ex
er

ci
se

te
st

s

3
m

o
n

th
s

ap
ar

t

T
h

e
V

E
/V

C
O

2
sl

o
p

e

w
as

si
g

n
ifi

ca
n

tl
y

re
d

u
ce

d
fo

ll
o

w
in

g

3
m

o
n

th
s

o
f

C
P

A
P

.

N
o

si
g

n
ifi

ca
n

t

ch
an

g
es

in
p

ea
k

V
O

2

w
er

e
n

o
te

d

266 Heart Fail Rev (2008) 13:245–269

123



Appendix 1: Commonly used terms in cardiopulmonary

exercise testing

• CPX or CPET: Cardiopulmonary exercise testing

• EOV: Exercise oscillatory ventilation
• May also be referred to as EOB (exercise oscillatory

breathing)

• MET: Metabolic equivalent
• One MET = 3.5 ml O2 kg-1 min-1

• ml O2 kg-1 min-1: milliliters of oxygen/kilogram of

body weight/minute

• OUES: Oxygen uptake efficiency slope

• Peak VO2: Peak oxygen consumption

• RER: Respiratory exchange ratio

• VCO2: Carbon dioxide production/output

• VE: Minute ventilation

• VE/VCO2: Minute ventilation/carbon dioxide

production
• Expressed as a slope or ratio

• May be referred to as ‘‘ventilatory efficiency’’

• VT: Ventilatory threshold
• Non-invasive representation of anaerobic threshold

• W: Watts
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