
Variables Measured during Cardiopulmonary Exercise Testing 
as Predictors of Mortality in Chronic Systolic Heart Failure

Steven J. Keteyian, PhDa, Mahesh Patel, MDb, William E. Kraus, MDb, Clinton A. Brawner, 
PhDa, Timothy R. McConnell, PhDc, Ileana L. Piña, MD, MPHd, Eric S. Leifer, PhDe, Jerome 
L. Fleg, MDe, Gordon Blackburn, PhDf, Gregg C. Fonarow, MDg, Paul J. Chase, PhDh, Lucy 
Piner, MSb, Marianne Vest, MAi, Christopher M. O’Connor, MDb, Jonathan K. Ehrman, 
PhDa, Mary N. Walsh, MDj, Gregory Ewald, MDk, Dan Bensimhon, MDh, and Stuart D. 
Russell, MDl on Behalf of the HF-ACTION Investigators

aDivision of Cardiovascular Medicine, Henry Ford Hospital, Detroit, Michigan bDivision of 
Cardiology, Duke University School of Medicine, Durham, North Carolina cDepartment of 
Exercise Science, Bloomsburg University, Bloomsburg, Pennsylvania dAlbert Einstein College of 
Medicine, Montefiore Medical Center, Bronx, New York eDivision of Cardiovascular Sciences, 
National Heart, Lung, and Blood Institute, Bethesda, Maryland fDepartment of Cardiovascular 
Medicine, Cleveland Clinic, Cleveland, Ohio gAhmanson-UCLA Cardiomyopathy Center, Ronald 
Regan-UCLA Medical Center, Los Angeles, California hDivision of Cardiology, Cone Health, 
Greensboro, North Carolina iUniversity Hospitals Case Medical Center, Cleveland, Ohio jSt. 
Vincent Heart Center of Indiana, Indianapolis, Indiana kDivision of Cardiology, Washington 
University School of Medicine, St. Louis, Missouri lDivision of Cardiology, Johns Hopkins 
Hospital, Baltimore, Maryland

Abstract

BACKGROUND—Data from a cardiopulmonary exercise (CPX) test are used to determine 

prognosis in patients with chronic heart failure (HF). However, few published studies have 

simultaneously compared the relative prognostic strength of multiple CPX variables.

OBJECTIVES—We sought to describe the strength of the association among variables measured 

during a CPX test and all-cause mortality in patients with HF with reduced ejection fraction 
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(HFrEF), including the influence of sex and patient effort, as measured by respiratory exchange 

ratio (RER).

METHODS—Among patients (n = 2,100, 29% women) enrolled in the HF-ACTION (HF-A 

Controlled Trial Investigating Outcomes of exercise traiNing) trial, 10 CPX test variables 

measured at baseline (e.g., peak oxygen uptake [VO2], exercise duration, percent predicted peak 

VO2 [%ppVO2], ventilatory efficiency) were examined.

RESULTS—Over a median follow-up of 32 months, there were 357 deaths. All CPX variables, 

except RER, were related to all-cause mortality (all p < 0.0001). Both %ppVO2 and exercise 

duration were equally able to predict (Wald χ2: ~141) and discriminate (c-index: 0.69) mortality. 

Peak VO2 (mL·kg−1·min−1) was the strongest predictor of mortality among men (Wald χ2: 129) 

and exercise duration among women (Wald χ2: 41). Multivariable analyses showed that %ppVO2, 

exercise duration, and peak VO2 (mL·kg−1·min−1) were similarly able to predict and discriminate 

mortality. In men, a 10% 1-year mortality rate corresponded to a peak VO2 of 10.9 mL·kg−1·min−1 

versus 5.3 mlkg−1/min−1 in women.

CONCLUSIONS—Peak VO2, exercise duration, and % ppVO2 carried the strongest ability to 

predict and discriminate the likelihood of death in patients with HFrEF. The prognosis associated 

with a given peak V2 differed by sex.
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In patients with chronic heart failure (HF), determining risk for clinical events to help guide 

clinical decisions can be accomplished using 1 of several multivariable risk prediction 

models (1–5). These multivariable models are complex yet invaluable for determining 

prognosis, and several have been externally validated against other datasets (6). However, 

each model requires time to assemble the needed variables and compute the risk score, 

which is often completed after the patient and family members are no longer present with 

the clinician. As a result, such scores are not commonly used in routine clinical practice.

Data measured during a cardiopulmonary exercise (CPX) test (e.g., peak oxygen uptake, 

[VO2]) are used to supplement the determination of prognosis because they have a strong 

and independent association with clinical outcomes, avoid having to gather many variables 

for computation of a risk score, and results can be easily translated to a patient and his/her 

family. In patients with HF with reduced ejection fraction (HFrEF), other CPX-derived 

variables strongly associated with clinical outcomes include ventilatory efficiency (minute 

ventilation-carbon dioxide production [VE -VCO2 slope]), percent predicted peak VO2 
(%ppVO2), and exercise oscillatory ventilation (7,8).

However, most published studies have limited their analyses to the prognostic capabilities of 

just 2 or 3 of these variables, such that few studies have been sufficiently powered or 

contained enough prospective data to evaluate multiple CPX-derived variables 

simultaneously. A single large study that compares the prognostic strength of many CPX 

variables is needed in order to understand their relative importance to prognosis and guide 

clinical decisions. Also, prior studies addressing the influence of the sex-based differences 
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in exercise capacity (9) on survival suggest that the peak VO2 associated with a similar rate 

of survival is higher in men (10,11), inferring that the uniform application of “sex-neutral” 

values when determining risk may not be appropriate.

The primary aim of this study is to determine the strength of the association between 

multiple variables measured during CPX testing and all-cause mortality in a cohort of 

patients with HFrEF. Secondary aims were to determine whether: 1) the findings for the 

entire cohort differed by sex; and 2) the prognostic and discriminatory qualities of CPX-

derived variables were influenced by level of patient effort during testing, as measured by 

peak respiratory exchange ratio (RER).

METHODS

The eligibility characteristics for subjects and the exercise testing protocol used in HF-

ACTION (HF-A Controlled Trial Investigating Outcomes of exercise traiNing) have been 

reported (12,13). HF-ACTION evaluated the effects of exercise training on the combined 

outcome of all-cause mortality and hospitalization in patients with an ejection fraction ≤35% 

and New York Heart Association (NYHA) class II to IV symptoms despite guideline-based 

therapy. The protocol was approved by the institutional review board at each center. After 

providing informed consent and before randomization, subjects underwent an exercise test 

with analysis of expired gases.

EXERCISE TESTING

All CPX tests were completed per American College of Cardiology/American Heart 

Association guidelines (14). There were 2,100 subjects who underwent CPX testing at 

baseline using a modified Naughton treadmill protocol (15). Tests were terminated due to 

general/leg fatigue, symptoms (e.g., angina), adverse changes in blood pressure, 

musculoskeletal complaints, or electrocardiographic evidence of ischemia or arrhythmia. 

Tests were supervised by a physician or health professional such as a clinical exercise 

physiologist with medical supervision available. Subjects were asked to take their 

medications as usual on the day of testing and to take their beta-adrenergic blocking agent 

between 3 and 10 hours before testing.

Testing personnel were instructed to exercise patients to a Borg rating of perceived exertion 

level >16 (6 to 20 scale) and/or an RER (VCO2/VO2) >1.1, but not to use achievement of 

these criteria or heart rate achieved as a reason to stop a test. Two independent reviewers 

determined peak VO2 and ventilatory-derived anaerobic threshold (VAT). Peak VO2 was 

defined as the highest VO2, expressed in absolute terms (l/min−1) and adjusted to body 

weight (mL·kg−1·min−1) for a 15- or 20-second interval within the last 90 seconds of 

exercise or first 30 seconds of recovery, whichever was higher. VAT was determined using 

the V-slope method (16) and %ppVO2 calculated using the Wasserman equation (17). 

Oxygen pulse was computed as absolute VO2 divided by heart rate. VE -VCO2 slope was 

calculated using data from the entire duration of exercise and used 15- or 20-second 

averaged data for VCO2 (l/min−1) and VE (l/min−1). Oxygen uptake efficiency slope was 

calculated using all data and linear regression analysis, with VO2 (ml/min−1) on the y-axis 
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and log VE on the x-axis. Data on exercise oscillatory ventilation or the partial pressure of 

end-tidal CO2 were not available.

The primary outcome of this secondary analysis from the HF-ACTION trial was all-cause 

mortality. All deaths were verified by a clinical endpoint committee (18).

STATISTICAL ANALYSIS

Subject characteristics were summarized by percentages for categorical variables and 

median with 5th and 95th percentiles for continuous variables, computed for the entire cohort 

and for men and women separately.

Lower and higher risk were defined as 1-year mortality rates of ≤3% and ≥10%, 

respectively, with the latter based on patients who would, on average, experience better 

survival at 1 year should they undergo cardiac transplantation (19).

A prior multivariable Cox model from HF-ACTION that included 45 clinical and 

demographic candidate variables and 3 CPX variables (peak VO2, VE -VCO2 slope, and 

exercise duration) determined that peak VO2 (mL·kg−1·min−1) and exercise duration were 

strong and independent predictors of clinical outcomes (2). The current study analyses 

included the above 3 CPX variables and 7 additional CPX variables (peak VO2 [l/min−1], 

%ppVO2, RER, heart rate reserve, VO2 at VAT, peak oxygen pulse, oxygen uptake 

efficiency slope).

Univariable associations with mortality were assessed using Cox proportional hazards model 

and the corresponding hazard ratio (HR) and 95% confidence interval (CI). The c-index was 

optimism corrected using the bootstrap method. Multivariable associations were similarly 

computed, but adjusted for age and sex to mimic what information might be readily 

available to the clinician at the time they discuss test results with the patient. The 

proportional hazards assumption of the univariate Cox regressions was assessed by the Wald 

test for linearity of the log hazard ratio using restricted cubic splines. For the 10 CPX 

variables, we studied only absolute peak VO2 and oxygen uptake efficiency slope showed 

statistical evidence of non-linearity. For those 2 variables, modeling with restricted cubic 

splines did not change the c-index from the value obtained by assuming proportional 

hazards.

Using the Cox model, 1- and 3-year survival probabilities were plotted by sex as a function 

of peak VO2. Kaplan-Meier curves were plotted and stratified based on peak VO2 category 

(<12, 12–18, >18 mL·kg−1·min−1) and peak RER (<1.05, ≥1.05).

RESULTS

Table 1 shows baseline characteristics for all patients and for men (n = 1,493) and women (n 

= 607) undergoing CPX testing at baseline. In general, men were slightly older and more 

likely to have an ischemic cardiomyopathy and report race as white. Table 2 shows the 

responses of patients during CPX testing. Absolute and adjusted peak VO2, exercise 

duration, and VO2 at VAT were higher in men.
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CLINICAL ENDPOINTS

The median duration of follow-up was 32 (8, 48 [5th, 95th percentile]) months. Overall, there 

were 357 deaths, with a crude annual mortality rate of 6.6%. Univariable analysis showed 

that all of the variables measured during CPX testing, except for RER, were strongly (all p < 

0.0001) related to all-cause mortality (Table 3). Percent predicted peak VO2 and exercise 

duration were the 2 strongest predictors of mortality (Wald χ2: 141 and 142, respectively) 

and equal relative to their ability to discriminate mortality (c-index: 0.69 for both). Peak VO2 
(mL·kg−1·min−1) and VE -VCO2 slope were also strong predictors of mortality (Wald χ2: 130 

and 133, respectively).

Peak VO2 was the strongest predictor of mortality among men (Wald χ2: 129; p < 0.0001) 

whereas in women, exercise duration was the strongest (Wald χ2: 41; p < 0.0001). Peak VO2 
in men and exercise duration in women similarly discriminated mortality (c-index: 0.708 

and 0.710, respectively). Sex-specific 1-year and 3-year survival probability curves for peak 

VO2 are presented in the Central Illustration and Figure 1, respectively. At a peak VO2 of 

11 mL·kg−1·min−1 the estimated 1-year mortality rate is <4% in women versus ~10% in 

men.

In the multivariable analyses for the 10 CPX test-derived variables, each adjusted for age 

and sex, all CPX variables were significant (p <0.0001) predictors of mortality, except for 

RER (Table 4). As evidenced by the Wald chi-square test and the c-index, %ppVO2, 

exercise duration, and adjusted peak VO2 were all able to similarly predict and discriminate 

all-cause mortality. The association between VE -VCO2 slope and mortality remained 

significant, but the strength of the association was reduced. For every 1 mL·kg−1·min−1lower 

peak VO2, there was ~16% greater risk. Similarly, for every 5 percentage point lower 

%ppVO2, there was a corresponding ~19% higher risk. Table 5 shows the %ppVO2, exercise 

duration, and peak VO2 values that correspond to lower-risk (1-year mortality = 3%) and 

higher-risk (1-year mortality = 10%) patients. A 10% 1-year mortality rate corresponded to a 

peak VO2 of 10.9 mL·kg−1·min−1 in men versus a value of 5.3 mL·kg−1·min−1 in women.

Cox modeling involving peak VO2, age, and sex showed that beta-adrenergic blocking 

agent, aldosterone antagonist, NYHA class (II versus III/IV), and biventricular pacemaker 

did not modify the relationship between peak VO2 and mortality (i.e., no interaction effect, p 

values not significant). The interaction term was significant for loop diuretic (p = 0.01; yes = 

HR: 0.83; 95% CI: 0.81 to 0.86; no = HR: 0.91; 95% CI: 0.85 to 0.97) and for angiotensin-

converting enzyme inhibitor/angiotensin II receptor blocker (p = 0.02; yes = HR: 0.83; 95% 

CI: 0.81 to 0.86; no = HR: 0.92; 95% CI: 0.84 to 1.01).

To evaluate the potential influence of achieved peak RER on predicting mortality, we first 

investigated survival probability during follow-up for 3 different categories of peak VO2 
both above (Figure 2A) and below (Figure 2B) an RER of 1.05. As shown in both figures, a 

peak VO2 <12 mL·kg−1·min−1 was associated with poorer survival when compared to the 

other 2 categories. Table 6 shows the c-index values, adjusted for age and sex, for peak VO2, 

exercise duration, and VE -VCO2 slope for 5 different RER categories. In general, at an RER 

>0.95, adjusted peak VO2 shared a generally similar ability to discriminate events (c-

indexes: 0.696 to 0.730).
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DISCUSSION

In a multicenter study involving a demographically diverse cohort of patients with HFrEF, 

multiple CPX variables were significantly related to survival, with %ppVO2 and exercise 

duration demonstrating the strongest association (Wald χ2 ~141, c-index ~ 0.690). After 

adjusting for age and sex, peak VO2, %ppVO2, and exercise duration were the strongest 

predictors of survival (Wald χ2 ~132, c-index ~0.710).

This information is unique and important because it is derived from an analysis that 

evaluated 10 CPX test variables in the same large cohort of patients with HFrEF to compare 

the relative strength of each variable’s independent relationship with mortality. Although 

there is extensive literature describing the relationship between various gas exchange 

variables and clinical outcomes in HF, most prior studies focused on comparing a then novel 

variable to 1 to 3 other traditional variables such as peak VO2 or VE -VCO2 slope. Two 

smaller or single-site studies also evaluated the association between multiple CPX variables 

and clinical events such as mortality, and reported results consistent with our current 

findings (20,21).

In our previously published predictive risk model that involved 48 demographic, clinical, 

and CPX-derived candidate variables, exercise duration and adjusted peak VO2 were 2 of the 

strongest variables associated with increased risk for clinical outcomes (2). In the present 

study, exercise duration was again 1 of the strongest predictors of mortality, which might 

lead one to rely on this variable alone for clinical risk stratification. Certainly, exercise 

duration is readily available to clinicians and avoids the costs for gas exchange equipment 

and staff needed to conduct CPX testing. Since the potential for colinearity exists between 

exercise duration and peak VO2 we examined for this and found that a significant correlation 

existed between the 2 variables (r = 0.80). To explore this association further, we fit a Cox 

model that included both peak VO2 and exercise duration, still adjusted for age and sex. We 

found that peak VO2 and exercise duration remained independently predictive of mortality (p 

< 0.0001). This indicates that both variables carry unique and important information about 

prognosis and as such, can be interpreted independently.

We offer 3 notes of caution relative to the use of exercise duration to determine risk. First, 

the exercise tests completed in this study used the same modified Naughton treadmill 

protocol; therefore, the predictive power of exercise duration if measured using a different 

protocol is unclear. Second, exercise duration was measured during a CPX test, from which 

attainment of peak effort (and therefore exercise duration) was likely influenced by the 

testers’ “real-time” interpretation of RER achieved. Third, exercise duration is influenced by 

subject familiarization, such that serial testing results in a significantly greater exercise 

duration with repeat testing, independent of any significant change in measured peak VO2 
(22). If exercise testing is used as an adjunctive strategy to stratify risk in patients with 

HFrEF, the concurrent analysis of expired gases can provide an “RER-guided” exercise 

duration and a means to collect other important information that can help further parse risk 

(23). If regular exercise testing without gas exchange is performed, using the modified 

Naughton protocol and striving to achieve true symptom-limited maximum effort on initial 

and all subsequent testing will allow for comparison of results to data derived from HF-
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ACTION. In men, an exercise duration of 12.2 min was associated with a 1-year mortality 

rate of 3% (lower risk) and an exercise duration of 5.7 min was associated with a 1-year 

mortality rate of 10% (higher risk) (Table 5). In women, exercise durations of 8.3 min and 

3.0 min were associated with 3% and 10% mortality risk at 1-year, respectively.

Ventilatory efficiency is also a strong or potentially stronger predictor of prognosis in 

patients with HFrEF (8). In our study VE –VCO2 slope was associated with mortality but the 

strength of the association (based on Wald chi-square test) was better for %ppVO2 and 

exercise duration (and peak VO2 in our multivariable analysis). Perhaps the sample size, 

severity of illness, and diverse demographics of our cohort, which was derived from dozens 

of CPX laboratories, diminished the prognostic characteristics of VE -VCO2 slope in our 

study.

SEX-BASED DIFFERENCES IN EXERCISE CAPACITY AND MORTALITY

We explored whether known sex-based differences in exercise capacity (9) influenced the 

prognostic qualities of the CPX-derived variables (Table 3, Central Illustration, Figure 1). 

Among men in our cohort, a 10% 1-year mortality rate corresponded to a peak VO2 of 10.9 

mL·kg−1·min−1, versus a value of 5.3 mL·kg−1·min−1 in women (Table 5). These findings 

are consistent with prior studies that also showed that the adjusted peak VO2 associated with 

a similar rate of survival is higher in men than women with HFrEF (10,11). The data suggest 

that the traditional peak VO2 “cut-point” values used to determine risk and need for 

advanced HF therapies likely differs by sex, a point that is currently considered in only 1 of 

the professional guideline statements (24).

Across 5 categories of RER, the ability of peak VO2 to discriminate mortality (c-index) was 

similar for all categories higher than a peak RER of 0.95 (Table 6). Additionally, a peak VO2 
<12 mL·kg−1·min−1 identified patients with a poor outcome over 3 years of follow-up, 

regardless of whether the RER is greater or lesser than 1.05 (Figure 2). Thus, clinicians 

should strive to achieve the highest RER possible during testing but not dismiss the potential 

prognostic and risk stratification capabilities associated with adjusted peak VO2 if the 

achieved RER is <1.05 (18).

CLINICAL IMPLICATIONS

Since Mancini et al. identified a peak VO2 <14 mL·kg−1·min−1 as the cutoff for increased 

mortality compared to cardiac transplantation (25), other therapies that do not change 

exercise capacity (e.g., beta-blockers) but do reduce mortality have become part of 

guideline-based care in patients with HF. When evaluating patients for advanced therapy 

such as cardiac transplantation, deciding which CPX test-derived variables to use in 

conjunction with other risk stratification tools is, to some extent, up to the personal 

preferences of the individual clinician. Observations in this analysis suggested that using 

either %ppVO2 or adjusted peak VO2 (mL·kg−1·min−1) might be optimal in that both: are 

cited in professional statements; are not influenced by subject familiarization to exercise 

testing; are currently used by many clinicians; have a substantive body of evidence 

supporting their use; and are easily explained to patients (7,26–31). Table 5 summarizes sex-

specific cut-points that clinicians might use relative to helping guide when to refer a patient 
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to an advanced heart failure program (i.e., 1-year risk for mortality >3%) and when to 

evaluate for cardiac transplantation (i.e., 1-year risk = 10%), with the latter representing 

patients at high risk who would, on average, experience better survival should they undergo 

cardiac transplantation (19).

In reality, more than 1 CPX-derived variable is often used to determine or parse risk 

(27,32,33) and the variable(s) used may vary depending on the patient. For example, when 

testing older women or obese patients, using %ppVO2 has limitations because of the 

relatively few number of women and obese patients included in the studies that developed 

the prediction equations. Conversely, a 35-year-old man with a peak VO2 of 19 

mL·kg−1·min−1 might appear to be at a lower risk for mortality; however, this may not be 

the case when his exercise tolerance is expressed as %ppVO2 (e.g., 45%).

STUDY LIMITATIONS

The current analysis represents a post hoc analysis of prospectively collected data and, 

therefore, has limitations. First, some CPX-derived candidate variables (e.g., exercise 

oscillatory ventilation) were not available. Guazzi et al. observed a high prevalence (36%) of 

exercise oscillatory ventilation, which was a strong predictor of outcome in their study (33). 

More recently, when compared to 30 other CPX test-related variables, the strength of 

exercise oscillatory ventilation’s association with clinical events was lower (18). This 

notwithstanding, most other CPX-derived variables that are strong independent predictors of 

outcome were included in our analysis. Second, although we assessed a large cohort of 

ambulatory patients with HFrEF on evidence-based therapies, including many female and 

nonwhite subjects, our findings should not be extended to patients with HF with preserved 

ejection fraction. Third, use of the modified Naughton treadmill protocol (15) is likely more 

common in the United States than other countries; therefore, the generalizability of our 

findings for exercise duration and possibly determination of ventricular tachycardia may be 

affected if other modalities or protocols for testing are used. Peak VO2 values are known to 

be 5% to 20% higher if measured using a treadmill versus a cycle ergometer (9). Finally, our 

cohort is younger (median = 59 years) than the general population of patients with HFrEF, 

with 41% of patients ≥62 years of age.

CONCLUSIONS

We assessed and compared multiple CPX-derived variables for their association with 

mortality in a large cohort of patients with HFrEF and showed that the relationship for all 

variables, except for RER, was highly significant. The 2 variables that demonstrated the 

strongest ability to predict risk and discriminate likelihood of all-cause mortality were 

%ppVO2 and exercise duration. Multivariable adjusted analyses identified these same 2 

variables and peak VO2 (mL·kg−1·min−1) as having the strongest ability to predict risk and 

discriminate likelihood of mortality. RER had little impact on the ability of peak VO2 or 

exercise duration to discriminate mortality. Substantial sex differences were found and 

future research and consensus thinking is needed to determine if the level of importance 

placed on variables measured during CPX testing for the purposes of risk stratification and 

prognosis should differ based on sex.
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ABBREVIATIONS AND ACRONYMS

CPX cardiopulmonary exercise

HF heart failure

HFrEF heart failure with reduced ejection fraction

RER respiratory exchange ratio

VAT ventilatory-derived anaerobic threshold

VE -VCO2 slope ventilatory efficiency (minute ventilation-carbon dioxide production)

VO2 oxygen uptake

%ppVO2 percent predicted peak VO2
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE

In patients with heart failure and reduced ejection fraction undergoing cardiopulmonary 

exercise testing with standard protocols, the exercise duration, peak oxygen uptake, and 

percent predicted peak oxygen uptake correlate more closely with mortality than other 

measured variables. A peak VO2 of ~11 mL·kg−1·min−1 in men and ~ 5 mL·kg−1·min−1 in 

women is associated with approximately a 10% risk of mortality within 1 year.

TRANSITIONAL OUTLOOK

Further studies are needed to determine the incremental value of incorporating these 

exercise measurements into existing clinical risk scores to guide referral of patients to a 

specialized heart failure program for consideration of advanced therapies including 

cardiac transplantation.
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FIGURE 1. Three-year Survival and Baseline Peak VO2
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Using a Cox proportional hazards model, 3-year survival probabilities as a function of 

baseline peak oxygen uptake (peak VO2) in men and women are similar to those seen at 1 

year (Central Illustration). Vertical bars represent 95% confidence intervals.
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FIGURE 2. Survival Rates Categorized by Peak VO2
Kaplan-Meier survival curves stratified based on peak VO2 category (<12, 12–18, >18 

mL·kg−1·min−1), both greater than or equal to (A) and less than (B) a respiratory exchange 

ratio (RER) of 1.05.
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FIGURE 3. CENTRAL ILLUSTRATION One-year Survival and Baseline Peak VO2
This study examined the strength of the association among variables measured during a 

cardiopulmonary exercise test and all-cause mortality in patients with heart failure with 

reduced ejection fraction. Peak oxygen uptake (peak VO2) was the strongest predictor of 

mortality among men and exercise duration among women. When comparing baseline peak 

VO2, 1-year probability of survival curve as determined using a Cox proportional hazards 

model varies between men and women. At a peak VO2 of 11 mL·kg−1·min−1, the estimated 

1-year mortality rate is <4% in women versus ~10% in men. Vertical bars represent 95% 

confidence intervals.
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TABLE 1

Demographic and Clinical Characteristics

All Patients (N = 2,100) Men (n = 1,493) Women (n = 607)

Age, yrs 59 (36–78) 60 (39–79) 57 (34–78)

Race*

 Black 705 (34) 420 (28) 285 (47)

 White 1,251 (60) 970 (65) 281 (46)

 Other 113 (5) 84 (6) 29 (2)

NYHA class

 II 1,338 (64) 960 (64) 378 (62)

 III/IV 762 (36) 533 (36) 229 (38)

Ischemic etiology 1,060 (50) 873 (58) 187 (31)

Left ventricular ejection fraction, % 25 (14–37) 24 (14–36) 25 (13–39)

Atrial fibrillation 441 (21) 371 (25) 70 (12)

Diabetes 681 (32) 504 (34) 177 (29)

Hypertension* 1,270 (61) 922 (62) 348 (58)

Systolic blood pressure, mm Hg 112 (88–146) 111 (90–146) 112 (86–148)

Diastolic blood pressure, mm Hg 70 (54–90) 70 (54–90) 70 (54–90)

Heart rate, beats·min−1 70 (54–92) 70 (54–90) 71 (54–88)

Blood urea nitrogen, mg/dl−1 20 (10–49) 21 (11–53) 17 (9–43)

Creatinine, mg/dl−1 1.2 (0.8–2.1) 1.2 (0.8–2.2) 1.0 (0.7–1.8)

Medications and devices

 ACEI or ARB 1,982 (94) 1,408 (94) 574 (95)

 Beta-adrenergic blocking agent 1,980 (94) 1,408 (94) 572 (94)

 Aldosterone receptor antagonist 935 (45) 647 (43) 288 (47)

 Loop diuretic 1,628 (78) 1,165 (78) 463 (76)

 Biventricular pacemaker 373 (18) 291 (19) 82 (14)

Values are median (5th–95th percentiles) or n (%).

*
Indicates the number of patients (%) with nonmissing data.

ACEI = angiotensin-converting enzyme inhibitor; ARB = angiotensin II receptor blocker; NYHA = New York Heart Association.
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TABLE 2

Cardiopulmonary Exercise Test Responses

All Patients Men Women

Absolute peak VO2, l/min−1 1.34 (1.00–2,40) 1.45 (0.37–2.52) 1.11 (6.05–1.81)

Relative peak VO2, mL·kg−1·min−1 14.6 (8.3–23.7) 15.2 (8.7–24.3) 13.4 (7.7–21.0)

Percent predicted peak VO2, % 60 (34–90) 57 (32–86) 68 (39–95)

VE – VCO2 slope 32.4 (23.4–52.1) 32.6 (23.5–53.5) 31.8 (23.4–48.9)

VO2 at VAT, mL·kg−1·min−1 10.7 (6.9–15.7) 10.8 (7.1–15.9) 10.0 (6.5–14.7)

Oxygen uptake efficiency slope 1655 (846–2800) 1788 (876–2886) 1401 (750–2276)

Peak oxygen pulse, ml/beat−1 11.3 (6.0–18.6) 12.5 (6.8–19.4) 9.0 (5.1–13.7)

Peak respiratory exchange ratio 1.08 (0.91–1.27) 1.09 (0.92–1.28) 1.06 (0.88–1.24)

Exercise duration, min 9.8 (4.0–17.0) 10.0 (4.2–17.7) 9.0 (3.5–15.2)

Peak heart rate, beats/min−1 120 (86–160) 118 (85–157) 125 (89–162)

Borg rate of perceived exertion 17 (13–20) 17 (13–20) 17 (13–20)

Heart rate reserve (peak-rest), beats/min−1 49 (17–86) 47 (16–85) 54 (20–90)

Values are median (5th–95th percentiles).

VAT = ventilatory-derived anaerobic threshold; VE = minute ventilation; VCO2 = carbon dioxide production; VO2 = oxygen uptake.
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TABLE 3

Association between Variables Measured during CPX Testing and Mortality (Univariate Analyses)

Parameters Hazard Ratio (95% 
Confidence Interval)

Wald chi-square* c-index (Optimism Corrected)

Percent predicted peak VO2, per 5% change

 All 0.81 (0.78–0.84) 141 0.690 (0.661– 0.719)

 Men 0.81 (0.78–0.85) 100 0.678 (0.646–0.712)

 Women 0.82 (0.76–0.89) 30 0.690 (0.628–0.753)

Exercise duration, min

 All 0.83 (0.80–0.85) 142 0.689 (0.660–0.718)

 Men 0.83 (0.80–0.85) 117 0.700 (0.669–0.731)

 Women 0.78 (0.73–0.84) 41 0.710 (0.641–0.779)

Relative peak VO2, mL·kg−1·min−1

 All 0.85 (0.83–0.87) 130 0.684 (0.655–0.713)

 Men 0.83 (0.81–0.86) 129 0.708 (0.676–0.740)

 Women 0.84 (0.78–0.90) 25 0.673 (0.605–0.740)

Absolute peak VO2, per 100 ml/min−1

 All 0.88 (0.86–0.90) 96 0.663 (0.632–0.694)

 Men 0.86 (0.84–0.89) 109 0.689 (0.656–0.722)

 Women 0.79 (0.73–0.86) 30 0.700 (0.634–0.766)

Peak respiratory exchange ratio, per 0.1 units

 All 0.97 (0.88–1.07) 1 (p=0.50) 0.501 (0.469–0.533)

 Men 0.96 (0.86–1.07) 1 (p=0.47) 0.507 (0.472–0.543)

 Women 0.84 (0.68–1.05) 2 (p=0.12) 0.527 (0.453–0.601)

Ventilatory efficiency (VE – VCO2 slope), per 5 units

 All 1.29 (1.23–1.34) 133 0.648 (0.616–0.68)

 Men 1.27 (1.21–1.33) 99 0.641 (0.605–0.677)

 Women 1.34 (1.20–1.49) 28 0.668 (0.592–0.743)

Heart rate reserve, per 5 beats/min−1

 All 0.87 (0.85–0.90) 103 0.660 (0.630–0.689)

 Men 0.88 (0.85–0.90) 73 0.656 (0.623–0.688)

 Women 0.87 (0.82–0.92) 22 0.643 (0.567–0.719)

VO2 at VAT, mL·kg−1·min−1

 All 0.83 (0.78–0.87) 56 0.640 (0.606–0.674)

 Men 0.80 (0.76–0.85) 60 0.659 (0.621–0.697)

 Women 0.83 (0.72–0.95) 8 (p=0.005) 0.627 (0.545–0.710)

Peak oxygen pulse, ml/beat−1
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Parameters Hazard Ratio (95% 
Confidence Interval)

Wald chi-square* c-index (Optimism Corrected)

 All 0.90 (0.88–0.93) 43 0.611 (0.580–0.643)

 Men 0.86 (0.83–0.89) 72 0.653 (0.618–0.687)

 Women 0.83 (0.75–0.92) 13 0.637 (0.572–0.703)

Oxygen uptake efficiency slope (all data), per 100 
units

 All 0.94 (0.90–0.93) 75 0.639 (0.607–0.671)

 Men 0.90 (0.89–0.92) 84 0.657 (0.622–0.693)

 Women 0.85 (0.80–0.91) 25 0.698 (0.635–0.761)

*
p values significant at p< 0.0001 except where otherwise indicated.

CPX = cardiopulmonary exercise; other abbreviations as in Table 2.
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Table 4

Association between Variables Measured during CPX Testing and Mortality* (Multivariable Analyses)

Parameters Hazard Ratio (95% 
Confidence Interval)

Multivariate Wald 
chi-square value†

Overall Model c-index 
(Optimism Corrected)

Percent predicted peak VO2, per 5% change 0.81 (0.78–0.84) 133 0.707 (0.678–0.736)

Exercise duration, min 0.84 (0.82–0.87) 131 0.712 (0.681–0.744)

Relative peak VO2, mL·kg−1·min−1 0.84 (0.82–0.87) 133 0.711 (0.682–0.740)

Absolute peak VO2, per 100 ml/min−1 0.86 (0.84–0.88) 112 0.699 (0.670–0.723)

Peak RER, per 0.1 units 0.94 (0.86–1.04) 1 (p=0.24) 0.612 (0.581–0.643)

Ventilatory efficiency (VE – VCO2 slope), per 5 units 1.25 (1.19–1.31) 90 0.666 (0.635–0.696)

Heart rate reserve, per 5 beats/min−1 0.89 (0.86–0.91) 74 0.673 (0.644–0.703)

VO2 at VAT, mL·kg−1·min−1 0.82 (0.78–0.86) 56 0.674 (0.640–0.707)

Peak oxygen pulse, ml.beat−1 0.87 (0.84–0.90) 59 0.662 (0.632–0.692)

Oxygen uptake efficiency slope (all data), per 100 units 0.91 (0.89–0.93) 78 0.670 (0.639–0.700)

*
p values significant at p < 0.0001 except where otherwise indicated.

†
Adjusted for age and sex.

RER = respiratory exchange ratio; other abbreviations as in Tables 2 and 3.
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TABLE 6

Mortality Discrimination based on c-index per RER Categories

Peak RER
Overall Model c-index

Peak Oxygen Uptake (Peak VO2) Exercise Duration Ventilatory Efficiency (VE-VCO2 Slope)

≤0.95 (n = 230) 0.600 (0.501–0.691) 0.562 (0.468–0.656) 0.532 (0.428–0.638)

>0.95 to ≤1.00 (n = 234) 0.717 (0.639–0.795) 0.755 (0.679–0.831) 0.707 (0.611–0.804)

>1.00 to ≤1.05 (n = 317) 0.703 (0.633–0.774) 0.700 (0.621–0.778) 0.676 (0.604–0.747)

>1.05 to ≤1.10 (n = 430) 0.696 (0.624–0.768) 0.691 (0.608–0.774) 0.652 (0.582–0.722)

>1.10 (n = 850) 0.730 (0.689–0.771) 0.737 (0.693–0.781) 0.683 (0.634–0.732)

Abbreviations as in Tables 2 and 4.
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