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ORIGINAL RESEARCH

Revisiting and Implementing the Weber 
and Ventilatory Functional Classifications in 
Heart Failure by Cardiopulmonary Imaging 
Phenotyping
Marco Guazzi , MD, PhD; Barry Borlaug, MD; Marco Metra, MD; Maurizio Losito, MD;  
Francesco Bandera, MD, PhD; Eleonora Alfonzetti, RN; Sara Boveri, PhD; Tadafumi Sugimoto , MD

BACKGROUND: In heart failure, the exercise gas exchange Weber (A to D) and ventilatory classifications (VC- 1 to VC- 4) his-
torically define disease severity and prognosis. However, their applications in the modern heart failure population of any left 
ventricular ejection fraction combined with hemodynamics are undefined. We aimed at revisiting and implementing these 
classifications by cardiopulmonary exercise testing imaging.

METHODS AND RESULTS: 269 patients with heart failure with reduced (n=105), mid- range (n=88) and preserved (n=76) ejection 
fraction underwent cardiopulmonary exercise testing imaging, primarily assessing the cardiac output (CO), mitral regurgita-
tion, and mean pulmonary arterial pressure (mPAP)/CO slope. Within both classes, a progressively lower exercise CO, higher 
mPAP/CO slopes, and mitral regurgitation (P<0.01 all) were observed. After adjustment for age and sex, Cox proportional 
hazard regression analyses showed that Weber (hazard ratio [HR], 2.9; 95% CI, 1.8– 4.7; P<0.001) and ventilatory classes 
(HR, 1.4; 95% CI, 1.1– 2.0; P=0.017) were independently associated with outcome. The best stratification was observed when 
combining Weber (A/B or C/D) with severe ventilation inefficiency (VC- 4) (HR, 2.7; 95% CI, 1.6– 4.8; P<0.001). At multivariable 
analysis the best hemodynamic determinants of peak oxygen consumption and ventilation to carbon dioxide production slope 
were CO (β- coefficient, 0.72±0.16; P<0.001) and mPAP/CO slope (β- coefficient, 0.72±0.16; P<0.001), respectively.

CONCLUSIONS: In the contemporary heart failure population, the Weber and ventilatory classifications maintain their prognostic 
ability, especially when combined. Exercise CO and mPAP/CO slope are the best predictors of peak oxygen consumption 
and ventilation to carbon dioxide production slope classifications representing the main targets of interventions to impact 
functional class and, likely, event rate.
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In heart failure (HF), the high clinical and prognos-
tic value of functional evaluation by exercise gas 
exchange is well established.1,2 Pioneer studies by 

Weber et al3 and Mancini et al4 introduced and pro-
posed the use of cardiopulmonary exercise testing 
(CPET) in daily practice and the oxygen consumption 
(VO2) at peak exercise became then a measure of stan-
dard for staging the severity of the disease, unmasking 
the underlying pathophysiology, and addressing the 

optimal timing for advanced treatment. In their land-
mark paper of 1982, Weber et al3 proposed a classi-
fication based on 4 different categories of peak VO2, 
which paved the way to a large amount of evidence 
and advancements in the care setting and risk stratifi-
cation of patients with HF.5

Starting in the late 1990s, an additional CPET- 
derived variable, that is, the rate of ventilation (VE) 
to carbon dioxide production (VCO2) slope, was 
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repeatedly found to be more predictive than peak 
VO2.

6 Advantages over peak VO2 were confirmed by 
a preserved prognostic ability even in patients with a 
near- normal peak VO2 (≥18 mL/min per kg)7 and by the 
high event- rate prediction also at submaximal stages 

of exercise being the relationship independent of the 
maximal workload.8 Following the mounting evidence 
over the years, in 2007 Arena et al9 proposed the ven-
tilatory classification (VC), that is, 4 classes of VE/VCO2 
slope, as an integrative way to optimize the CPET- 
derived risk stratification in HF.

Nowadays, either variable is used in isolation or 
more often in combination under score’s format for 
prognostic purposes10 and as end point in pharmaco-
logical11,12 and interventional trials.13,14

Although many studies have focused on the 
complex mechanisms and pathways involved in the 
limitations to O2 uptake15– 17 and the perturbed venti-
latory response,18,19 a thorough exercise phenotyping 
by CPET imaging and hemodynamic assessment to 
establish the value of these classifications in a con-
temporary population of HF with preserved (HFpEF), 
midrange, and reduced (HFrEF) left ventricular ejection 
fraction is lacking.

Accordingly, we aimed at revisiting and implement-
ing the use of the Weber and ventilatory (VC) classifi-
cations in a comprehensive cohort of patients with HF 
with a 2- fold aim: (1) to provide some up- to- date per-
spectives and implications in terms of prognostic pre-
diction and (2) to identify the hemodynamic variables 
that better define exercise O2 uptake and ventilatory 
efficiency.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Population
Consecutive patients referred to the Cardiology 
University Department at San Donato HF Unit for 
functional assessment between January 2013 and 
February 2019 were considered for study recruit-
ment. The population was composed of 269 patients 
with HF distributed as follows: HFrEF, n=105; HF 
with mid- range ejection fraction, n=88; and HFpEF, 
n=76. They were tested by CPET imaging with echo 
evaluation of systolic and diastolic left ventricular 
(LV) function, left atrial (LA) dynamics by speckle 
tracking analysis and right ventricular (RV) function 
evaluation. Exclusion criteria consisted of recent 
myocardial infarction (<3  months), unstable angina, 
evidence of inducible myocardial ischemia, atrial fi-
brillation, peripheral artery disease, significant ane-
mia (hemoglobin <10 g/dL), and respiratory diseases 
more than a moderate degree. Patients on pacing 
and with poor echocardiographic image quality for 
LA speckle tracking analysis during exercise were 
excluded from the final analysis. All patients signed 

CLINICAL PERSPECTIVE

What Is New?
• In heart failure, the exercise gas exchange 

Weber (A to D) and ventilatory classifications 
(VC- 1 to VC- 4) historically have been part of de-
fining disease severity and prognosis.

• In 269 patients with heart failure with reduced 
(n=105), midrange (n=88), and preserved (n=76) 
ejection fraction, we revisited and implemented 
these classifications by cardiopulmonary exer-
cise testing.

• The best stratification was observed when 
combining Weber (A/B or C/D) classes with 
VC- 4 and the best hemodynamic determinants 
of peak oxygen consumption and ventilation to 
carbon dioxide production slope were cardiac 
output and mean pulmonary arterial pressure/
cardiac output, respectively.

What Are the Clinical Implications?
• In the contemporary HF population, the Weber 

and ventilatory classifications maintain their 
prognostic ability, especially when combined.

• Exercise cardiac output and mean pulmonary 
arterial pressure/cardiac output slope, as the 
best predictors of peak oxygen consumption 
and ventilation to carbon dioxide production 
slope classifications, may represent targets for 
interventions to impact functional class and, 
possibly, event rate.

Nonstandard Abbreviations and Acronyms

CO cardiac output
CPET cardiopulmonary exercise testing
EOV exercise oscillatory ventilation
HFpEF heart failure with preserved left 

ventricular ejection fraction
HFrEF heart failure with reduced left 

ventricular ejection fraction
mPAP mean pulmonary arterial pressure
PASP pulmonary artery systolic pressure
TAPSE tricuspid annular plane  

systolic excursion
VC ventilatory classification
ΔWR changes in work rate
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2 informed consents, for the test execution for re-
search use as approved by our local ethical commit-
tee. Therapy was maintained during evaluation.

Rest and Exercise Echocardiography
A complete echocardiographic evaluation was per-
formed using a Philips IE33 at rest, recording standard 
images to assess LV systolic, diastolic, and valvular 
function. Our exercise echocardiographic evaluation 
has been described previously.19,20 LA dynamics was 
evaluated by measuring LA strain according to the 
American Society of Echocardiography/European 
Association of Cardiovascular Imaging Guidelines,21 
the first for assessing reservoir function and the 
second for booster pump function. These meas-
urements were derived from the apical 4- chamber 
and 2- chamber views and using QRS onset as the 
reference point. During exercise and in the recovery 
period, LA strain and LA strain rate were obtained 
by averaging all segment strain values from the api-
cal 4- chamber views. LV diastolic function was as-
sessed by early (E) to late (A) mitral Doppler wave 
velocity and LV filling pressure by the ratio between 
E and early tissue Doppler velocity wave (e′). LA stiff-
ness was calculated as the ratio between LA- strain 
and E/e′. During exercise, the same projections were 
registered every 2  minutes, especially when a res-
piratory exchange ratio value of >1 was reached. 
Loop registration of at least 5 seconds was used to 
overcome the expected decrease in acoustic qual-
ity caused by hyperventilation. We defined the peak 
state as the period from the last 30 seconds of peak 
exercise to the first minute of the cool- down period. 
Subsequent images were categorized as the recov-
ery period. All echocardiographic parameters were 
obtained according to current indications, as previ-
ously reported.20 Data recordings were performed by 
2 cardiologists (T.S. and F.B.) with a long- standing 
(>10 years) experience on exercise echo stress. The 
analysis of LA dynamics was performed offline by 
1 cardiologist (T.S.), who was blinded to the clinical 
characteristics of the subjects using 2- dimensional 
speckle tracking echocardiography with the ultra-
sound software package QLAB version 10.4 (Philips, 
Amsterdam, the Netherlands). The stroke volume 
was measured applying the equation stroke vol-
ume =VTILVOT×CSALVOT, where VTILVOT is the veloc-
ity time integral of pulsatile Doppler obtained at the 
level of LV outflow tract (LVOT) and CSALVOT is the 
cross- sectional area of LVOT, determined using the 
circumference area formula. Cardiac output (CO) 
was obtained as stroke volume×heart rate, both at 
rest and at peak exercise. Pulmonary artery systolic 
pressure (PASP) was estimated measuring the peak 
velocity of transtricuspid continuous Doppler and 

calculating the gradient as 4×(peak velocity); right 
atrial pressure during exercise was estimated as a 
fixed value of 10 mm Hg, as previously proposed by 
other authors.22 mPAP was calculated using the for-
mula: 0.61×PASP+2. Longitudinal systolic function of 
the right ventricle was measured by tricuspid annular 
plane systolic excursion (TAPSE) from the 4- chamber 
view. Finally, to assess the severity of the RV to pul-
monary circulation uncoupling, we calculated the 
mean pulmonary arterial pressure (mPAP)/CO rela-
tionship and the TAPSE/PASP ratio, both at rest and 
at peak exercise, as previously described.23,24

Cardiopulmonary Exercise Test
In all subjects, a symptom- limited CPET was 
performed on cycle ergometer for all subjects. 
Incremental ramp protocols were designed to ob-
tain a standard of exercise. To facilitate simultaneous 
echocardiographic assessment, we limited the ramp 
steep to a maximum of 15 W per minute. Ventilatory 
expired gas analysis was performed using a meta-
bolic cart (Vmax; Sensormedics, Yorba Linda, CA). 
Standard 12- lead ECG and blood pressure were 
obtained at rest, each minute during exercise, and 
for a period ≥4 minutes during the recovery phase. 
Baseline metabolic evaluation was performed during 
a 1- minute rest period before exercise and during ac-
tive cool- down period for ≥1  minute. VE, VO2, and 
VCO2 were acquired breath- by- breath and averaged 
for 10 seconds. Peak VO2 and peak respiratory ex-
change ratio were expressed as the averaged sample 
obtained during the final 20 seconds. Exercise venti-
lation efficiency was addressed by the VE increase for 
a given VCO2 slope and calculated via least squares 
linear regression (y=mx+b; m is slope). Changes 
(Δ) in VO2 over changes in work rate (ΔWR) flatten-
ing and exercise oscillatory ventilation (EOV) were 
defined as detailed in the European Association for 
Cardiovascular Prevention & Rehabilitation/American 
Heart Association CPET Consensus Statement.5

Statistical Analysis
Data are presented as the mean±SD, numbers (per-
centage) or median (interquartile range) as appro-
priate. Group differences were evaluated using the 
Student t test for normally distributed continuous 
variables, Mann- Whitney U tests for non– normally 
distributed continuous variables, and the chi- square 
or Fisher exact tests for categorical variables. One- 
way analysis of variance or Kruskal– Wallis tests were 
used to compare >2 groups. When a significant dif-
ference was found, post hoc testing with Bonferroni 
comparisons for identified specific group differ-
ences was used. Pearson or Spearman correlation 
coefficients were used to examine the relationship 



J Am Heart Assoc. 2021;10:e018822. DOI: 10.1161/JAHA.120.018822 4

Guazzi et al CPET Imaging in Heart Failure

between continuous variables. Cumulative event- 
free survival estimates were calculated using the 
Kaplan- Meier method. Log- rank test was used for 
comparing the curves. Associations between CPET 
and echocardiographic parameters were determined 
using logistic regression analysis. Choice of covari-
ates to incorporate in the univariate and multivariate 
models was based on the main factors known to be 
related to exercise performance. Associations be-
tween CPET parameters and clinical outcome were 
determined using Cox proportional hazards analysis 
in the univariate and multivariate models after adjust-
ing age and sex. The interaction between the com-
bined Weber and VC stratification versus EOV, ΔVO2/
ΔWR flattening and peak mitral regurgitation, that 
are, the variables well recognized to be associated 
with exercise performance, were assessed by Cox 
proportional hazard regression analyses for clinical 
outcomes. Standardized β- coefficients rather than 
regular β- coefficients were reported. For all tests, a P 
value of <0.05 (2- sided) was considered significant. 
Data were analyzed using the open- source statistical 

software R version 3.3.2 (R Foundation for Statistical 
Computing, www.R- proje ct.org).

RESULTS
Patient Population
Table  1 reports the clinical characteristics and ther-
apy distribution of the entire population (n=269) and 
4 groups according to Weber classes (Weber class A, 
peak VO2 >20 mL/kg per minute, n=35; class B, peak 
VO2 16– 20 mL/kg per minute, n=65; class C, peak VO2 
10– 16  mL/kg per minute, n=124; and class D, peak 
VO2 ≤10 mL/kg per minute, n=45). There were signifi-
cant differences in age, body mass index, prevalence 
of hypertension, diabetes mellitus, and dyslipidemia, 
and the prescription of beta- blockers, loop diuretics, 
aldosterone blockers, ivabradine, statins, and nitrates 
among 4 groups. Significant higher rates of hyperten-
sion, diabetes mellitus, and dyslipidemia were ob-
served from Weber classes A to D. Especially, HFrEF 
phenotype was more represented in Weber class D. 

Table 1. Clinical Characteristics and Therapy Distribution of the Entire Population and 4 Groups According to Weber 
Classes

All (n=269)
Weber Class A 

(n=35)
Weber Class B 

(n=65)
Weber Class C 

(n=124)
Weber Class D 

(n=45) P Value

Age, y 64.6±13.3 49.7±12.7 61.9±12.6 68.2±10.9 69.9±11.6 <0.001

Male sex

Sex, % 59 69 72 61 60 0.401

Body mass index, kg/m2 26.6±4.5 23.5±3.2 25.9±3.3 27.4±4.5 27.5±5.5 <0.001

Systolic blood pressure, mm Hg 124±20 120±13 124±21 125±21 121±18 0.442

Heart rate, beats/min 69±12 66±13 71±14 69±12 70±10 0.425

Hypertension, % 66 37 62 73 78 <0.001

Diabetes mellitus, % 26 6 20 27 49 <0.001

Dyslipidemia, % 57 26 55 65 64 <0.001

Current or ex- smoker, % 42 40 48 39 40 0.713

Etiology

HFrEF, % 45 11 39 48 71 <0.001

HFmrEF, % 20 23 23 20 16 0.778

HFpEF, % 16 3 15 21 13 0.055

Therapy

ACE inhibitors or ARB, % 66 54 74 40 30 <0.01

β blockers, % 73 46 68 80 80 <0.001

Sacubitril/Valsartan, % 30 25 25 60 65 0.03

Calcium channel blockers, % 11 6 8 13 16 0.362

Loop diuretics, % 64 26 52 72 91 <0.001

Aldosterone blockers, % 39 11 31 49 47 <0.001

Ivabradine, % 7 0 8 4 20 0.001

Statins, % 59 29 54 65 73 <0.001

Nitrates, % 8 0 6 8 18 <0.001

ACE indicates angiotensin converting enzyme; ARB, angiotensin receptor blockers; HFmrEF, heart failure with midrange ejection fraction; HFpEF, heart failure 
with preserved ejection fraction; and HFrEF, heart failure with reduced ejection fraction.

http://www.R-project.org
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A progressive class- dependent impairment in exercise 
ventilatory efficiency and higher rate of ΔVO2/ΔWR flat-
tening pattern and EOV was seen from A to D (Table 2). 
Imaging analysis demonstrated that LV mass, dimen-
sions, E/e′ LA volume index, LA stiffness, mitral regur-
gitation degree at rest and at peak exercise, PASP at 
rest and during exercise, and mPAP/CO slope were 
progressively higher from Weber classes A through 
D. Conversely, left ventricular ejection fraction (LVEF), 
peak CO, peak cardiac power output, LA strain at rest 
and during exercise, TAPSE at rest and at peak ex-
ercise, TAPSE/PASP at rest and during exercise, and 
RV fractional area at rest and at peak exercise were 
progressively reduced (Table 2).

Patients were also divided into 4 subsets according 
to the VC classes: VC- 1, VE/VCO2 slope <30, n=143; 
VC- 2, VE/VCO2 slope 30 to 36, n=73; VC- 3, VE/VCO2 
slope 36 to 45, n=35; and VC- 4, VE/VCO2 slope ≥45, 

n=18 (Table  3). There were significant differences in 
age, sex, and prescription of renin- angiotensin system 
inhibitors, loop diuretics, sacubitril/valsartan, aldoste-
rone blockers, statins, and nitrates among 4 groups. 
No differences in the prevalence of comorbidities 
were observed. HFrEF was prevalent in VC class 4. 
Exercise gas exchange analysis documented a pro-
gressively worse performance (peak VO2, VO2 percent 
predicted), a higher rate of VO2/WR flattening pattern, 
and EOV from VC- 1 to VC- 4 (Table 4). Imaging analy-
sis demonstrated that LV dimensions, mass, E/e′ LA 
volume index, LA stiffness, mitral regurgitation de-
gree at rest and peak exercise, peak systolic PASP at 
rest and during exercise, and mPAP/CO relationship 
were progressively higher from classes VC- 1 to VC- 4. 
Conversely, LVEF, peak CO, peak cardiac power out-
put, LVEF, LA strain at rest and during exercise, TAPSE 
at rest and peak exercise, TAPSE/PASP at rest and 

Table 2. CPET and Exercise Echocardiographic Variable in 4 Groups According to Weber Classes

All (n=269)
Weber Class A 

(n=35)
Weber Class B 

(n=65)
Weber Class C 

(n=124)
Weber Class D 

(n=45) P Value

Peak VO2, mL/kg per min 15.0±5.6 26.1±4.8 17.6±1.1 12.8±1.7 8.6±0.9 …

Percent predicted peak VO2, % 63±21 86±22 72±21 58±14 42±12 <0.001

VE/VCO2 slope 31.2±7.9 26.5±2.5 28.8±5.1 31.4±7.1 38.1±10.9 <0.001

EOV, % 32 11 29 32 56 <0.001

ΔVO2/ΔWR flattening, % 16 0 2 20 37 <0.001

LV mass index at rest, g/m2 121±38 94±27 117±33 125±41 138±35 <0.001

LV end- diastolic volume index at rest, mL/m2 75±33 62±22 72±30 75±33 87±39 0.006

E/e′ at rest 16.5±10.5 8.3±2.5 13.4±6.2 17.7±11.1 23.6±11.8 <0.001

LV ejection fraction at rest, % 44±16 56±14 46±16 44±15 34±13 <0.001

Peak LV cardiac output, L/min 6.8±2.5 9.8±3.1 7.6±1.9 6.3±1.7 4.6±1.5 <0.001

Peak cardiac power output, mm Hg L/min 1.67±0.72 2.53±0.94 1.92±0.57 1.51±0.47 1.01±0.42 <0.001

Mitral regurgitation ≥2 at rest, % 30 6 15 33 62 <0.001

Peak mitral regurgitation ≥2, % 42 6 31 48 71 <0.001

Left atrial volume index at rest, mL/m2 40.4±21.6 27.0±12.7 34.9±14.6 41.9±19.9 54.5±30.0 <0.001

Left atrial stiffness at rest 0.56 (0.28– 1.57) 0.20 (0.17– 0.31) 0.51 (0.27– 1.00) 0.69 (0.34– 1.75) 1.57 (0.77– 3.09) <0.001

Abnormal left atrial stiffness, % 51 6 45 55 84 <0.001

Left atrial strain at rest, % 24.0±13.2 37.3±12.3 25.3±11.2 22.3±12.4 16.5±11.0 <0.001

Left atrial strain during exercise, % 24.7±14.8 39.3±14.5 27.0±13.9 22.4±13.3 16.4±11.8 <0.001

Mean PAP/cardiac output slope, mm Hg/L 
per min

3.9 (2.5– 7.3) 2.4 (1.6– 2.9) 3.0 (1.8– 4.7) 4.0 (2.9– 7.3) 8.3 (4.8– 17.0) <0.001

Systolic PAP at rest, mm Hg 33±14 26±5 29±9 34±14 39±16 <0.001

Peak systolic PAP, mm Hg 53±14 44±9 49±13 54±14 57±13 <0.001

TAPSE at rest, mm 19.3±4.8 21.6±3.6 20.1±4.4 19.6±4.7 15.4±4.4 <0.001

Peak TAPSE, mm 21.8±5.7 26.6±3.9 22.9±4.5 21.6±5.6 17.0±5.3 <0.001

TAPSE/systolic PAP at rest, mm/mm Hg 0.67±0.29 0.88±0.22 0.78±0.31 0.64±0.26 0.45±0.21 <0.001

Peak TAPSE/systolic PAP, mm/mm Hg 0.45±0.22 0.63±0.22 0.56±0.26 0.43±0.17 0.31±0.13 <0.001

RV fractional area change at rest, % 45±12 48±8 46±11 46±11 37±15 <0.001

Peak RV fractional area change, % 42±13 49±8 48±13 42±12 34±15 <0.001

CPET indicates cardiopulmonary exercise test; E/e′, the ratio of the mitral peak velocity of the early filling (E) wave to early diastolic mitral annular velocity (e′); 
EOV, exercise oscillatory ventilation; LV, left ventricular; PAP, pulmonary artery pressure; RV, right ventricular; TAPSE, tricuspid annual plane systolic excursion; 
VE/VCO2, ventilation over CO2; and ΔVO2/ΔWR, Δ oxygen consumption/Δ work rate.
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during exercise, and RV fractional area at rest and at 
peak exercise were progressively reduced (Table 4).

Predictors of Peak VO2 and VE/VCO2 
Slope
Univariate analysis showed a significant association 
between peak VO2 and age (R=−0.50), E/e′ at rest 
(R=−0.44), peak CO (R=0.67), LVEF (R=0.39), peak mi-
tral regurgitation ≥2 (R=−0.39), LA strain during exercise 
(R=−0.46), and mPAP/CO slope (R=−0.55) (Table 5). At 
the multivariable analysis, peak CO (β- coefficients=0.72) 
emerged as the strongest predictor of peak VO2 along 
with age (β- coefficients=−0.108) and E/e′ at rest (β- 
coefficients=−0.66). The CO over exercise workload and 
mPAP/CO relationship for Weber (A and C) and VC (B 
and D) classes are reported in Figure 1.

As for VE/VCO2 slope there were significant associ-
ations with age (R=0.22), male sex (R=0.15), E/e′ at rest 
(R=0.46), LVEF at rest (R=−0.40), peak CO (R=−0.44), 
peak mitral regurgitation ≥2 (R=0.38), LA strain 
during exercise (R=−0.46), and peak TAPSE/PASP 
ratio (R=−0.50). At multivariable analysis, mPAP/CO 
slope (β- coefficients=0.39) emerged as the strongest 

predictor of VE/VCO2 slope along with E/e′ at rest (β- 
coefficients=−0.13) and peak mitral regurgitation >2 
(β- coefficients=2.38).

Outcome Analysis
During the follow- up (median, 761  days; interquartile 
range, 364– 1201 days; n=195), 45 patients with HFrEF 
(n=28), HF with midrange ejection fraction (n=9), and 
HFpEF (n=8) had the composite end point of hospi-
talization for HF/mortality (P=0.05 for events among HF 
subgroups according to LVEF). Cox proportional hazard 
regression analyses showed that Weber (hazard ratio 
[HR], 2.9; 95% CI, 1.8– 4.7; P<0.001) and VC classes (HR, 
1.4; 95% CI, 1.1– 2.0; P=0.017) were independently as-
sociated with the composite end point after adjustment 
for age and sex (Table 6). Kaplan– Meier survival curves 
for Weber (log- rank P<0.001) and VC classes (log- rank 
P=0.049) are reported in Figure 2A and 2B, respectively.

The receiver operating characteristic curves 
demonstrated peak CO >4  L/min to be the optimal 
cutoff point for the composite end point with the area 
under the receiver operating characteristic curve (area 
under the curve, 0.63; 95% CI, 0.53– 0.73; Figure 3A). 

Table 3. Baseline Characteristics in 4 Groups According to Ventilatory Classes

Ventilatory Class 1 
(n=143)

Ventilatory Class 2 
(n=73)

Ventilatory Class 3 
(n=35)

Ventilatory Class 4 
(n=18) P Value

Age, y 60.9±13.7 68.0±12.7 69.3±10.7 70.2±8.0 <0.001

Male sex, % 59 66 80 72 0.122

Body mass index, kg/m2 27.0±4.8 26.6±4.0 25.6±3.8 24.5±3.9 0.067

Systolic blood pressure, mm Hg 126±19 121±21 118±19 124±15 0.085

Heart rate, beats/min 69±13 68±11 70±10 74±11 0.423

Hypertension, % 62 68 74 83 0.206

Diabetes mellitus, % 20 35 27 39 0.067

Dyslipidemia, % 53 64 71 44 0.098

Current or ex- smoker, % 40 42 41 56 0.648

Etiology

HFrEF, % 30 58 63 72 <0.001

HFmrEF, % 18 22 23 28 0.675

HFpEF, % 21 12 11 0 0.06

Therapy

ACE inhibitors or ARB, % 67 74 53 35 <0.01

β blockers, % 67 78 85 72 0.110

Sacubitril/Valsartan, % 20 30 50 75 0.02

Calcium channel blockers, % 13 13 3 6 0.298

Loop diuretics, % 53 68 85 100 <0.001

Aldosterone blockers, % 31 47 44 61 0.019

Ivabradine, % 6 6 9 22 0.069

Statins, % 48 71 71 78 0.001

Nitrates, % 5 8 15 22 0.036

ACE indicates angiotensin converting enzyme; ARB, angiotensin receptor blockers; HFmrEF, heart failure with midrange ejection fraction; HFpEF, heart failure 
with preserved ejection fraction; and HFrEF, heart failure with reduced ejection fraction.
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After adjusting for age and sex, a peak CO <4 L/min 
was also associated with poor outcome (HR, 3.7; 95% 
CI, 2.0– 6.8; P<0.001; Table 6). Kaplan– Meier survival 
curves of peak CO are reported in Figure 3B. The re-
ceiver operating characteristic curves for mPAP/CO 
slope identified the best cutoff as 4.2 mm Hg/L per 
minute (area under the curve, 0.63; 95% CI, 0.52– 
0.73; Figure 3C). After adjusting for age and sex, an 
mPAP/CO slope cutoff of 4.2  mm  Hg/L per minute 
was also associated with poor outcome (HR, 1.8; 
95% CI, 0.97– 3.5; P=0.06). Kaplan– Meier survival 
curves of mPAP/CO are reported in Figure 3D.

Combined Weber and VC Classes Analyses
Figure 4A shows the inverse exponential relationship 
of VE/VCO2 slope versus peak VO2 according to the 
Weber and VC subdivisions. The best prognostic 

stratification was observed when combining to Weber 
(A/B or C/D) and severe ventilation inefficiency (VC- 4 
or not) differentiating between low and high clinical 
risk (Figure  4B, log- rank P<0.001). At Cox propor-
tional hazard regression analyses, the combined 
stratification of Weber and ventilatory class was inde-
pendently associated with the composite end point, 
after adjustment for age and sex (HR, 2.7; 95% CI, 
1.6– 4.8; P<0.001); age, sex, and E/e′ at rest (HR, 1.8; 
95% CI, 1.2– 2.8; P=0.009); age, sex, and peak mitral 
regurgitation ≥2 (HR, 2.1, 95% CI, 1.1– 4.2; P=0.007); 
and age, sex, and mPAP/CO slope (HR, 1.6, 95% 
CI, 1.02– 2.6; P=0.043), but not after adjustment for 
age, sex, and peak CO (HR, 1.6; 95% CI, 0.97– 2.6; 
P=0.064). Because of the high R value (R=0.67) be-
tween peak VO2 and peak CO, statistical significance 
might be blunted after adjustment for peak CO. The 
combination between Weber classes C/D and VC- 4 

Table 4. CPET and Exercise Echocardiographic Variable in 4 Groups According to Ventilatory Classes

Ventilatory Class 1 
(n=143)

Ventilatory Class 2 
(n=73)

Ventilatory Class 
3 (n=35)

Ventilatory Class 4 
(n=18) P Value

Peak VO2, mL/kg per min 16.9±6.2 13.5±3.8 12.4±3.7 10.3±2.7 <0.001

Percent predicted peak VO2, % 65±20 63±23 58±22 49±14 0.007

VE/VCO2 slope 26.2±2.5 32.4±1.6 38.7±2.6 52.5±9.1 …

EOV, % 25 32 44 72 <0.001

ΔVO2/ΔWR flattening, % 11 21 17 33 0.071

LV mass index at rest, g/m2 108±30 130±38 147±46 149±34 <0.001

LV end- diastolic volume index at rest, mL/m2 65±25 77±30 94±49 108±26 <0.001

E/e′ at rest 12.4±6.7 18.3±11.4 23.8±12.8 26.9±10.1 <0.001

LV ejection fraction at rest, % 50±16 40±14 37±13 30±11 <0.001

Peak LV cardiac output, L/min 7.8±2.4 6.0±2.0 5.3±1.8 4.8±1.6 <0.001

Peak cardiac power output, mm Hg/L per min 1.98±0.71 1.42±0.56 1.21±0.50 1.03±0.41 <0.001

Mitral regurgitation ≥2 at rest, % 13 37 57 78 <0.001

Peak mitral regurgitation ≥2, % 25 56 60 89 <0.001

Left atrial volume index at rest, mL/m2 32.6±14.3 42.3±22.1 55.2±26.0 64.8±24.4 <0.001

Left atrial stiffness at rest 0.39 (0.21– 0.64) 0.89 (0.37– 1.66) 1.61 (0.76– 3.30) 2.69 (1.53– 3.39) <0.001

Abnormal left atrial stiffness, % 28 68 88 100 <0.001

Left atrial strain at rest, % 29.4±12.4 20.9±11.9 15.4±9.8 10.5±4.9 <0.001

Left atrial strain during exercise, % 31.3±14.7 18.8±11.1 16.6±10.7 10.8±6.1 <0.001

Mean PAP/cardiac output slope, mm Hg/L 
per min

3.1 (2.2– 4.7) 5.3 (2.6– 8.0) 6.1 (3.4– 10.5) 7.6 (4.2– 18.2) <0.001

Systolic PAP at rest, mm Hg 29±8 32±9 39±21 51±19 <0.001

Peak systolic PAP, mm Hg 48±12 52±12 60±16 64±13 <0.001

TAPSE at rest, mm 21.0±4.0 18.1±5.0 17.1±4.4 14.6±3.8 <0.001

Peak TAPSE, mm 24.4±4.8 19.8±5.5 18.2±4.6 16.3±4.3 <0.001

TAPSE/systolic PAP at rest, mm/mm Hg 0.79±0.26 0.62±0.26 0.51±0.25 0.34±0.15 <0.001

Peak TAPSE/systolic PAP, mm/mm Hg 0.55±0.23 0.41±0.18 0.31±0.10 0.26±0.10 <0.001

RV fractional area change at rest, % 49±9 43±12 39±12 33±11 <0.001

Peak RV fractional area change, % 49±10 40±15 35±13 31±5 <0.001

CPET indicates cardiopulmonary exercise test; E/e′, the ratio of the mitral peak velocity of the early filling (E) wave to early diastolic mitral annular velocity (e′); 
EOV, exercise oscillatory ventilation; LV, left ventricular; PAP, pulmonary artery pressure; RV, right ventricular; TAPSE, tricuspid annual plane systolic excursion; 
VE/VCO2, ventilation over CO2; and ΔVO2/ΔWR, Δ oxygen consumption/Δ work rate.
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exhibited the worst gas exchange phenotype. The 
main and significant hemodynamic differences were 
observed in terms of peak CO, LA strain during ex-
ercise, and peak mPAP/CO slope (Figure 5). No sig-
nificant interaction was found between the combined 
Weber and VC stratification with ΔVO2/ΔWR flatten-
ing (P=0.22) and peak mitral regurgitation (P=0.8). 
An interaction between the combined stratification 
and EOV (P=0.09) was observed at Cox proportional 
hazard regression analyses. Interestingly, at sensitive 
analysis, the combined class stratification differenti-
ated between patients with low and high clinical risk 
according to peak mitral regurgitation severity <2 
(log- rank P=0.01, n=119; and ≥2 log- rank P=0.045, 
n=76).

DISCUSSION
Despite recent advancements in HF treatment, the 
prognosis still needs to be improved, and it is impor-
tant that we continue to refine our ability to accurately 
identify patients with HF at the highest risk for mor-
bidity and mortality, referring these patients earlier for 
advanced therapeutic strategies.25

We aimed at revisiting and refining the clinical appli-
cability and prognostic information of the Weber and 
VC classifications by combining gas exchange analysis 

with hemodynamic assessment by CPET imaging. The 
main study findings are as follows: (1) in a contempo-
rary population of patients with HF incorporating the 
entire spectrum of LVEF phenotypes, the Weber and 
VC classes maintained the ability to predict outcome 
after adjustment for age and sex; (2) the best risk pre-
diction model was observed when the 2 classifications 
were used in combination and analyzing data by re-
gression models controlling for confounders; (3) a lim-
ited CO at peak exercise (cutoff of 4 mL/min per kg) 
and an impaired RV to pulmonary circulation coupling 
(mPAP versus CO relationship; cutoff of 4.2) were the 
best hemodynamic determinants of peak VO2 and VE/
VCO2 slope, respectively.

Implications of the Weber and VC 
Classifications in a Contemporary HF 
Cohort
Historically, the Weber3 and VC9 classifications have 
guided clinicians through the objective quantification of 
exercise impairment and symptoms definition. These 
classifications have provided reference cutoffs for the 
2 most important CPET predictive variables, that is, 
peak VO2 and VE/VCO2 slope to be used in HFrEF for 
risk prediction and proper timeline for advanced treat-
ments, such as heart transplantation.5,26 Over time, 

Table 5. Univariate and Multivariable Analysis for Peak VO2 and VE/VCO2 Slope

Variable

Univariate Multivariable

R P Value β- Coefficients±SE P Value

Peak VO2, mL/kg per min

Age, per y −0.50 <0.001 −0.108±0.022 <0.001

Male sex (= 1) 0.10 0.105 … …

E/e’ at rest −0.44 <0.001 −0.06±0.03 0.032

LV ejection fraction at rest, % 0.39 <0.001 … …

Peak LV cardiac output, L/min 0.67 <0.001 0.72±0.16 <0.001

Peak mitral regurgitation ≥2 (=1) −0.39 <0.001 … …

Left atrial strain during exercise, % 0.46 <0.001 … …

Mean PAP/cardiac output slope, 
mm Hg/L per min

−0.33 <0.001 … …

VE/VCO2 slope

Age, per y 0.24 <0.001 … …

Male sex (=1) 0.15 0.018 2.44±1.01 0.017

E/e′ at rest 0.46 <0.001 0.13±0.05 0.009

LV ejection fraction at rest, % −0.40 <0.001 … …

Peak LV cardiac output, L/min −0.44 <0.001 … …

Peak mitral regurgitation ≥2 (=1) 0.38 <0.001 2.38±1.05 0.024

Left atrial strain during exercise, % −0.46 <0.001 … …

Mean PAP/cardiac output slope, 
mm Hg/L per min

0.55 <0.001 0.39±0.06 <0.001

E/e′ indicates the ratio of the mitral peak velocity of the early filling (E) wave to early diastolic mitral annular velocity (e′); LV, left ventricular; PAP, pulmonary 
artery pressure; and TAPSE, tricuspid annual plane systolic excursion.
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dichotomic cutoffs have been proposed, which have 
been changed with the progressive introduction of 
therapies and interventions significantly impacting the 
natural course of the disease. One of the most striking 
examples has been the “revision” of prognostic cutoffs 
for peak VO2, once beta- blockers have become an in-
tegrative part of HF treatment.27,28

A recent analysis involving a large cohort of patients 
with HF showed a reduction in the mortality rate as-
sociated with specific cutoff values for peak VO2 and 
VE/VCO2 slope, which were derived according to a di-
chotomic approach. They reported how the previously 
validated predictive cutoff for VO2 and VE/VCO2 slope 
have changed over the past 20 years.10

Although this information can be taken as a guid-
ance through a better refinement of clinical decision 
making, they do not clarify how the Weber and VC clas-
sifications apply to the contemporary HF phenotypes 
and questions the potential implications derived from 
using these categorization approaches. Of note, re-
sults were limited to a population of exclusively patients 

with HFrEF lacking the full spectrum of HF, especially 
HF with midrange ejection fraction and HFpEF,29 with-
out performing data analysis in a continuous model 
and using regression models for confounders.

Our findings fully support the role of the Weber and 
VC multilevel classifications demonstrating an unal-
tered prognostic significance of either classification in 
a modern cohort of HF. The best predictive model was, 
however, obtained by combining Weber classes with 
VC classes, and our findings support their integrated 
use with the Weber classes A/B and VC- 1, which seem 
useless when assessed alone.

The value of risk stratification by combining peak 
VO2 and VE/VCO2 slope has been proposed in the 
past30,31 without defining the underlying hemodynamic 
patterns, the predominant determinants, and their as-
sociation with gas exchange variables.

Considering the limited evidence on CPET prog-
nostic scores and multilevel classificatory systems in 
HFpEF31– 35 and HF with midrange ejection fraction,17,32,33 
our observations provide new perspectives on the use 

Figure 1. Linear relationship between rest to peak CO and maximal work rate for Weber (A) and VC (B) classes Kaplan- 
Meier and mPAP/CO slope changes rest to peak for weber (C) and VC classes (D).
CO indicates cardiac output; mPAP, mean pulmonary artery; and VC, ventilatory class.
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of gas analysis classificatory systems in the continuum 
of LVEF phenotypes, overcoming, in some instances, 
the need of using LVEF categorization for HF syndrome.

Added Value of CPET Imaging to the 
Weber and VC Classifications
When Weber and coworkers introduced their classifi-
catory system, a firm link was reported between inva-
sively measured cardiac index changes during exercise 

and O2 uptake, showing that the limited CO increase 
and O2 supply rather than peripheral O2 extraction is 
the key limiting step to exercise performance in HF.34,35 
In agreement, we report the same ability to define ex-
ercise impairment by noninvasively measured CO by 
echo- Doppler technique with a linear stepwise reduc-
tion according to increasing classes. Interestingly, at 
multivariable analysis, CO at peak exercise emerged as 
the most powerful hemodynamic determinant of peak 
VO2, with a cutoff of 4 L/min at peak exercise identi-
fied as the best discriminator of outcome in the entire 
population.

When Arena and coworkers proposed the VC clas-
sificatory system, the hemodynamic assessment was 
not part of their algorithm. Studies investigating hemo-
dynamic correlates and determinants of VE/VCO2 slope 
have consistently shown that the highest ventilatory 
slope correlates are the coexistence of RV dysfunction 
and the increased pulmonary pressure and pulmonary 
vascular resistances.8,31,36 An elevated mPAP/CO slope 
during exercise, an endurance indicator of RV to pulmo-
nary circulation coupling, emerged as the most power-
ful variable related to an impaired ventilation efficiency 
and a VE class- dependent upward shift in the mPAP/
CO slope was observed. Our findings extended even 
to patients with HFpEF, through the noninvasive ap-
proach, to the landmark observations recently reported 
by Nayor et al.37

Out of the specific hemodynamic determinants, 
findings point to the multifold putative mechanisms in-
volved in CO limitation. Interestingly, the impairment in 
the LA dynamics, in the LV filling and the degree of mitral 

Table 6. Age and Sex Adjusted Hazard Ratio for HF 
Hospitalization/Mortality

Adjusted 
Hazard Ratio 95% CI

Weber class 2.9 1.8– 4.7

A=1

B=2

C=3

D=4

Ventilatory class 1.4 1.1– 2.0

Peak cardiac output, <4 L/min=1 3.7 2.0– 6.8

Mean PAP/cardiac output slope, 
≥4.2 mm Hg/L per min=1

1.8 0.97– 3.5

The combined stratification using 
Weber and ventilatory classes

2.1 1.3– 3.5

Weber class A/B=1

Weber classes C/D without 
ventilatory class 4=2

Weber classes C/D with ventilatory 
class 4=3

HF indicates heart failure; and PAP, pulmonary artery pressure.

Figure 2. Kaplan- Meier stratification according to Weber (A) and VC (B) classifications.
VC indicates ventilator class.
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regurgitation were progressively impaired throughout 
Weber and VC classes, further stressing the concept 
that the blunted cardiac reserve is the main driver of 
gas exchange abnormalities encountered in HF.

Overall, these findings support the idea that CPET 
imaging can be a reliable alternative to the invasively ob-
tained measures during maximal performance, filling the 
gap between isolated gas exchange assessment and 
the key limiting steps in the hemodynamic response. 
This approach may clearly facilitate and remarkably im-
prove accuracy in the daily ambulatory practice.

Study Limitations
The cutoff of a CO of 4 L/min as well as of an mPAP/
CO2 slope of 4.2  mm  Hg/L per minute emerged as 
best predictors of worse Weber and VC classifica-
tions need, of course, to be confirmed in different 

laboratories. Twenty- five percent of patients with HFrEF 
were receiving sacubitril/valsartan therapy, a rate too 
low for specifically addressing a subgroup analysis on 
this population. It appears, however, that the classifica-
tions maintain specific and straightforward prognostic 
ability for the most advanced classes, and future stud-
ies should further confirm or deny how much staging 
the Weber A/B and VC- 1/2 classes can still provide an 
optimal stratification of risk in optimally treated patients. 
Of note, in recent years because of the rapid advance-
ment in evidence base and availability of many thera-
peutic options and decision- making algorithms, CPET 
imaging would not be the main reference test in the 
final indication to heart transplantation as CPET classi-
fications, especially the Webe classification, have been 
in the past.

Overall, our findings may be of potential limited gen-
eralizability to the entire spectrum of patients with HF 

Figure 3. ROC curve analysis for the best CO slope and mPAP/CO slope (A and C) and Kaplan- 
Meir analyses using the best identified cutoff for peak CO (≥4  L/min, B) and mPAP/CO slope 
(≥4.2 mm Hg/L per min, D).
CO indicates cardiac output; and MPAP, mean pulmonary pressure.
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because of the lack of representation of patients on 
pacing and with poor echocardiography quality.

CONCLUSIONS AND PERSPECTIVES
Revisiting and phenotyping the Weber and VC classifi-
cation by CPET imaging in a contemporary HF popula-
tion has yielded to some noteworthy implications. Both 
classifications still appear valuable and updated for HF 
populations throughout the LVEF subdivision, support-
ing the European Society of Cardiology Guidelines HF 

classificatory system. The best risk prediction model 
was observed when the 2 classificatory systems were 
combined.

CO and mPAP/CO slope emerged as the best 
determinants of peak VO2 and VE/VCO2 slope, re-
spectively. Hemodynamic variables emerged as 
strongly predictive of worse outcome, and may well 
represent the hemodynamic determinants to be ad-
dressed and targeted in daily ambulatory practice to 
improve exercise performance, symptoms, and, very 
likely, prognosis across the wide spectrum of the HF 
population.

Figure 4. Distribution of VE/VCO2 slope vs peak VO2 according to VC C/D with and without VC IV (A).
Kaplan- Meier survival analysis of Weber classification and VC combinations (B). VC, indicates ventilatory classification; VE/VCO2, 
ventilation to carbon dioxide production; VO2, oxygen consumption and WC, Weber classification.

Figure 5. Peak CO (A), left atrial strain (B) and mPAP/CO slope (C) among the 3 groups according to the Weber and 
ventilatory classifications and in patients with and without EOV.
T- test or Mann- Whitney U test were used to compare differences between patients with and without EOV. EOV indicates exercise 
oscillatory ventilation; VC, ventilatory classification; and WC, Weber classification.



J Am Heart Assoc. 2021;10:e018822. DOI: 10.1161/JAHA.120.018822 13

Guazzi et al CPET Imaging in Heart Failure

ARTICLE INFORMATION
Received August 4, 2020; accepted December 18, 2020.

Affiliations
From the Cardiology Division, Department of Health Sciences, San Paolo 
University Hospital, Milano, Italy (M.G., T.S.); Department of Cardiovascular 
Medicine, Mayo Clinic, Rochester, MN (B.B.); Civil Hospitals, Brescia, Italy 
(M.M.); Department of Cardiology, University of Brescia, Italy (M.M.); Policlinico 
San Donato: Department of Biological Sciences for Health, University of 
Milano, Italy (M.L., F.B., E.A., S.B.); and Department of Clinical Laboratory, Mie 
University Hospital, Tsu, Japan (T.S.).

Sources of Funding
The present investigation was supported by a Grant of the Monzino 
Foundation (Guazzi), Milano, Italy.

Disclosures
None.

REFERENCES
 1. Fiuzat M, Lowy N, Stockbridge N, Sbolli M, Latta F, Lindenfeld J, Lewis 

EF, Abraham WT, Teerlink J, Walsh M, et al. Endpoints in heart failure 
drug development: history and future. JACC Heart Fail. 2020;8:429– 
440. DOI: 10.1016/j.jchf.2019.12.011.

 2. Guazzi M, Bandera F, Ozemek C, Systrom D, Arena R. Cardiopulmonary 
exercise testing: what is its value? J Am Coll Cardiol. 2017;70:1618– 
1636. DOI: 10.1016/j.jacc.2017.08.012.

 3. Weber KT, Kinasewitz GT, Janicki JS, Fishman AP. Oxygen utilization 
and ventilation during exercise in patients with chronic cardiac failure. 
Circulation. 1982;65:1213– 1223. DOI: 10.1161/01.CIR.65.6.1213.

 4. Mancini DM, Eisen H, Kussmaul W, Mull R, Edmunds LH Jr, Wilson 
JR. Value of peak exercise oxygen consumption for optimal timing 
of cardiac transplantation in ambulatory patients with heart failure. 
Circulation. 1991;83:778– 786. DOI: 10.1161/01.CIR.83.3.778.

 5. Guazzi M, Adams V, Conraads V, Halle M, Mezzani A, Vanhees L, Arena 
R, Fletcher GF, Forman DE, Kitzman DW, et al. EACPR/AHA Scientific 
Statement. Clinical recommendations for cardiopulmonary exercise 
testing data assessment in specific patient populations. Circulation. 
2012;126:2261– 2274. DOI: 10.1161/CIR.0b013 e3182 6fb946.

 6. Arena R, Myers J, Guazzi M. The clinical and research applications of 
aerobic capacity and ventilatory efficiency in heart failure: an evidence- 
based review. Heart Fail Rev. 2008;13:245– 269. DOI: 10.1007/s1074 
1- 007- 9067- 5.

 7. Ponikowski P, Francis DP, Piepoli MF, Davies LC, Chua TP, Davos CH, 
Florea V, Banasiak W, Poole- Wilson PA, Coats AJS, et al. Enhanced 
ventilatory response to exercise in patients with chronic heart failure and 
preserved exercise tolerance: marker of abnormal cardiorespiratory re-
flex control and predictor of poor prognosis. Circulation. 2001;103:967– 
972. DOI: 10.1161/01.CIR.103.7.967.

 8. Guazzi M, Arena R, Halle M, Piepoli MF, Myers J, Lavie CJ. 2016 fo-
cused update: clinical recommendations for cardiopulmonary exercise 
testing data assessment in specific patient populations. Circulation. 
2016;133:e694– e711. DOI: 10.1161/CIR.00000 00000 000406.

 9. Arena R, Myers J, Abella J, Peberdy MA, Bensimhon D, Chase P, 
Guazzi M. Development of a ventilatory classification system in patients 
with heart failure. Circulation. 2007;115:2410– 2417. DOI: 10.1161/CIRCU 
LATIO NAHA.107.686576.

 10. Paolillo S, Veglia F, Salvioni E, Corrà U, Piepoli M, Lagioia R, Limongelli 
G, Sinagra G, Cattadori G, Scardovi AB, et al. Heart failure prognosis 
over time: how the prognostic role of oxygen consumption and ventila-
tory efficiency during exercise has changed in the last 20 years. Eur J 
Heart Fail. 2019;21:208– 217. DOI: 10.1002/ejhf.1364.

 11. Lewis GD, Malhotra R, Hernandez AF, McNulty SE, Smith A, Felker 
GM, Tang WHW, LaRue SJ, Redfield MM, Semigran MJ, et al. Effect 
of oral iron repletion on exercise capacity in patients with heart failure 
with reduced ejection fraction and iron deficiency: the IRONOUT HF 
randomized clinical trial. JAMA. 2017;317:1958– 1966. DOI: 10.1001/
jama.2017.5427.

 12. Redfield MM, Chen HH, Borlaug BA, Semigran MJ, Lee KL, Lewis 
G, LeWinter MM, Rouleau JL, Bull DA, Mann DL, et al. Effect of 

phosphodiesterase- 5 inhibition on exercise capacity and clinical status 
in heart failure with preserved ejection fraction: a randomized clinical 
trial. JAMA. 2013;309:1268– 1277. DOI: 10.1001/jama.2013.2024.

 13. Jakovljevic DG, Yacoub MH, Schueler S, MacGowan GA, Velicki L, 
Seferovic PM, Hothi S, Tzeng BH, Brodie DA, Birks E, et al. Left ven-
tricular assist device as a bridge to recovery for patients with advanced 
heart failure. J Am Coll Cardiol. 2017;69:1924– 1933.

 14. Jung MH, Hansen PB, Sander K, Olsen PS, Rossing K, Boesgaard S, 
Russell SD, Gustafsson F. Effect of increasing pump speed during ex-
ercise on peak oxygen uptake in heart failure patients supported with 
a continuous- flow left ventricular assist device: a double- blind random-
ized study. Eur J Heart Fail. 2014;16:403– 408. DOI: 10.1002/ejhf.52.

 15. Bailey CS, Wooster LT, Buswell M, Patel S, Pappagianopoulos PP, 
Bakken K, White C, Tanguay M, Blodgett JB, Baggish AL, et al. Post- 
exercise oxygen uptake recovery delay: a novel index of impaired car-
diac reserve capacity in heart failure. JACC Heart Fail. 2018;6:329– 339.

 16. Houstis NE, Eisman AS, Pappagianopoulos PP, Wooster L, Bailey 
CS, Wagner PD, Lewis GD. Exercise intolerance in heart failure with 
preserved ejection fraction: diagnosing and ranking its causes using 
personalized O2 pathway analysis. Circulation. 2018;137:148– 161. DOI: 
10.1161/CIRCU LATIO NAHA.117.029058.

 17. Popovic D, Arena R, Guazzi M. A flattening oxygen consumption trajec-
tory phenotypes disease severity and poor prognosis in patients with 
heart failure with reduced, mid- range, and preserved ejection fraction. 
Eur J Heart Fail. 2018;20:1115– 1124. DOI: 10.1002/ejhf.1140.

 18. Guazzi M, Villani S, Generati G, Ferraro OE, Pellegrino M, Alfonzetti E, 
Labate V, Gaeta M, Sugimoto T, Bandera F. Right ventricular contrac-
tile reserve and pulmonary circulation uncoupling during exercise chal-
lenge in heart failure: pathophysiology and clinical phenotypes. JACC 
Heart Fail. 2016;4:625– 635. DOI: 10.1016/j.jchf.2016.03.007.

 19. Sugimoto T, Bandera F, Generati G, Alfonzetti E, Bussadori C, Guazzi 
M. Left atrial function dynamics during exercise in heart failure: patho-
physiological implications on the right heart and exercise ventilation 
inefficiency. JACC Cardiovasc Imaging. 2017;10:1253– 1264. DOI: 
10.1016/j.jcmg.2016.09.021.

 20. Sugimoto T, Bandera F, Generati G, Alfonzetti E, Barletta M, Losito M, 
Labate V, Rovida M, Caracciolo M, Pappone C, et al. Left atrial dy-
namics during exercise in mitral regurgitation of primary and second-
ary origin: pathophysiological insights by exercise echocardiography 
combined with gas exchange analysis. JACC Cardiovasc Imaging. 
2020;13:25– 40. DOI: 10.1016/j.jcmg.2018.12.031.

 21. Vieira MJ, Teixeira R, Goncalves L, Gersh BJ. Left atrial mechanics: 
echocardiographic assessment and clinical implications. J Am Soc 
Echocardiogr. 2014;27:463– 478. DOI: 10.1016/j.echo.2014.01.021.

 22. Magne J, Lancellotti P, Pierard LA. Exercise- induced changes in de-
generative mitral regurgitation. J Am Coll Cardiol. 2010;56:300– 309. 
DOI: 10.1016/j.jacc.2009.12.073.

 23. Guazzi M, Dixon D, Labate V, Beussink- Nelson L, Bandera F, Cuttica 
MJ, Shah SJ. RV contractile function and its coupling to pulmonary 
circulation in heart failure with preserved ejection fraction: stratifica-
tion of clinical phenotypes and outcomes. JACC Cardiovasc Imaging. 
2017;10:1211– 1221. DOI: 10.1016/j.jcmg.2016.12.024.

 24. Guazzi M, Naeije R, Arena R, Corra U, Ghio S, Forfia P, Rossi A, Cahalin 
LP, Bandera F, Temporelli P. Echocardiography of right ventriculoarte-
rial coupling combined with cardiopulmonary exercise testing to pre-
dict outcome in heart failure. Chest. 2015;148:226– 234. DOI: 10.1378/
chest.14- 2065.

 25. Guglin M, Zucker MJ, Borlaug BA, Breen E, Cleveland J, Johnson MR, 
Panjrath GS, Patel JK, Starling RC, Bozkurt B, et al. Evaluation for heart 
transplantation and LVAD implantation: JACC council perspectives. J 
Am Coll Cardiol. 2020;75:1471– 1487. DOI: 10.1016/j.jacc.2020.01.034.

 26. Balady GJ, Ades PA, Bittner VA, Franklin BA, Gordon NF, Thomas 
RJ, Tomaselli GF, Yancy CW; American Heart Association Science 
Advisory and Coordinating Committee. Referral, enrollment, and deliv-
ery of cardiac rehabilitation/secondary prevention programs at clinical 
centers and beyond: a presidential advisory from the American Heart 
Association. Circulation. 2011;124:2951– 2960. DOI: 10.1161/CIR.0b013 
e3182 3b21e2.

 27. Arena RA, Guazzi M, Myers J, Abella J. The prognostic value of ventila-
tory efficiency with beta- blocker therapy in heart failure. Med Sci Sports 
Exerc. 2007;39:213– 219. DOI: 10.1249/01.mss.00002 41655.45500.c7.

 28. O’Neill JO, Young JB, Pothier CE, Lauer MS. Peak oxygen consump-
tion as a predictor of death in patients with heart failure receiving beta- 
blockers. Circulation. 2005;111:2313– 2318.

https://doi.org/10.1016/j.jchf.2019.12.011
https://doi.org/10.1016/j.jacc.2017.08.012
https://doi.org/10.1161/01.CIR.65.6.1213
https://doi.org/10.1161/01.CIR.83.3.778
https://doi.org/10.1161/CIR.0b013e31826fb946
https://doi.org/10.1007/s10741-007-9067-5
https://doi.org/10.1007/s10741-007-9067-5
https://doi.org/10.1161/01.CIR.103.7.967
https://doi.org/10.1161/CIR.0000000000000406
https://doi.org/10.1161/CIRCULATIONAHA.107.686576
https://doi.org/10.1161/CIRCULATIONAHA.107.686576
https://doi.org/10.1002/ejhf.1364
https://doi.org/10.1001/jama.2017.5427
https://doi.org/10.1001/jama.2017.5427
https://doi.org/10.1001/jama.2013.2024
https://doi.org/10.1002/ejhf.52
https://doi.org/10.1161/CIRCULATIONAHA.117.029058
https://doi.org/10.1002/ejhf.1140
https://doi.org/10.1016/j.jchf.2016.03.007
https://doi.org/10.1016/j.jcmg.2016.09.021
https://doi.org/10.1016/j.jcmg.2018.12.031
https://doi.org/10.1016/j.echo.2014.01.021
https://doi.org/10.1016/j.jacc.2009.12.073
https://doi.org/10.1016/j.jcmg.2016.12.024
https://doi.org/10.1378/chest.14-2065
https://doi.org/10.1378/chest.14-2065
https://doi.org/10.1016/j.jacc.2020.01.034
https://doi.org/10.1161/CIR.0b013e31823b21e2
https://doi.org/10.1161/CIR.0b013e31823b21e2
https://doi.org/10.1249/01.mss.0000241655.45500.c7


J Am Heart Assoc. 2021;10:e018822. DOI: 10.1161/JAHA.120.018822 14

Guazzi et al CPET Imaging in Heart Failure

 29. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, 
Falk V, González- Juanatey JR, Harjola V- P, Jankowska EA, et al. 2016 
ESC guidelines for the diagnosis and treatment of acute and chronic heart 
failure: the Task Force for the diagnosis and treatment of acute and chronic 
heart failure of the European Society of Cardiology (ESC). Developed with 
the special contribution of the Heart Failure Association (HFA) of the ESC. 
Eur Heart J. 2016;37:2129– 2200. DOI: 10.1093/eurhe artj/ehw128.

 30. Guazzi M, De Vita S, Cardano P, Barlera S, Guazzi MD. Normalization 
for peak oxygen uptake increases the prognostic power of the ventila-
tory response to exercise in patients with chronic heart failure. Am Heart 
J. 2003;146:542– 548. DOI: 10.1016/S0002 - 8703(03)00321 - 1.

 31. Klaassen SHC, Liu LCY, Hummel YM, Damman K, van der Meer P, Voors 
AA, Hoendermis ES, van Veldhuisen DJ. Clinical and hemodynamic 
correlates and prognostic value of VE/VCO2 slope in patients with heart 
failure with preserved ejection fraction and pulmonary hypertension. J 
Card Fail. 2017;23:777– 782. DOI: 10.1016/j.cardf ail.2017.07.397.

 32. Rovai S, Corrà U, Piepoli M, Vignati C, Salvioni E, Bonomi A, Mattavelli 
I, Arcari L, Scardovi AB, Perrone Filardi P, et al. Exercise oscillatory 
ventilation and prognosis in heart failure patients with reduced and 
mid- range ejection fraction. Eur J Heart Fail. 2019;21:1586– 1595. DOI: 
10.1002/ejhf.1595.

 33. Sato T, Yoshihisa A, Kanno Y, Suzuki S, Yamaki T, Sugimoto K, Kunii H, 
Nakazato K, Suzuki H, Saitoh S- I, et al. Cardiopulmonary exercise test-
ing as prognostic indicators: comparisons among heart failure patients 
with reduced, mid- range and preserved ejection fraction. Eur J Prev 
Cardiol. 2017;24:1979– 1987. DOI: 10.1177/20474 87317 739079.

 34. Esposito F, Mathieu- Costello O, Shabetai R, Wagner PD, Richardson 
RS. Limited maximal exercise capacity in patients with chronic heart 
failure: partitioning the contributors. J Am Coll Cardiol. 2010;55:1945– 
1954. DOI: 10.1016/j.jacc.2009.11.086.

 35. Stringer WW, Hansen JE, Wasserman K. Cardiac output estimated 
noninvasively from oxygen uptake during exercise. J Appl Physiol. 
1997;82:908– 912. DOI: 10.1152/jappl.1997.82.3.908.

 36. Lewis GD, Shah RV, Pappagianopolas PP, Systrom DM, Semigran MJ. 
Determinants of ventilatory efficiency in heart failure: the role of right 
ventricular performance and pulmonary vascular tone. Circ Heart Fail. 
2008;1:227– 233. DOI: 10.1161/CIRCH EARTF AILURE.108.785501.

 37. Nayor M, Xanthakis V, Tanguay M, Blodgett JB, Shah RV, Schoenike 
M, Sbarbaro J, Farrell R, Malhotra R, Houstis NE, et al. Clinical and 
hemodynamic associations and prognostic implications of ventilatory 
efficiency in patients with preserved left ventricular systolic function. 
Circ Heart Fail. 2020;13:e006729.

https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1016/S0002-8703(03)00321-1
https://doi.org/10.1016/j.cardfail.2017.07.397
https://doi.org/10.1002/ejhf.1595
https://doi.org/10.1177/2047487317739079
https://doi.org/10.1016/j.jacc.2009.11.086
https://doi.org/10.1152/jappl.1997.82.3.908
https://doi.org/10.1161/CIRCHEARTFAILURE.108.785501

