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ABSTRACT
OBJECTIVES This study sought to deﬁne the invasive hemodynamic correlates of peak oxygen consumption (VO2) in
both supine and upright exercise in heart failure with preserved ejection fraction (HFpEF) and evaluate its diagnostic role
as a method to discriminate HFpEF from noncardiac etiologies of dyspnea (NCD).
BACKGROUND Peak VO2 is depressed in patients with HFpEF. The hemodynamic correlates of reduced peak VO2 and its
role in the clinical evaluation of HFpEF are unclear.
METHODS Consecutive patients with dyspnea and normal EF (N ¼ 206) undergoing both noninvasive upright and
invasive supine cardiopulmonary exercise testing were examined. Patients with invasively veriﬁed HFpEF were compared
with those with NCD.
RESULTS Compared with NCD (n ¼ 72), HFpEF patients (n ¼ 134) displayed lower peak VO2 during upright and
supine exercise. Left heart ﬁlling pressures during exercise were inversely correlated with peak VO2 in HFpEF, even
after accounting for known determinants of O2 transport according to the Fick principle. Very low upright peak
VO2 (<14 ml/kg/min) discriminated HFpEF from NCD with excellent speciﬁcity (91%) but poor sensitivity (50%).
Preserved peak VO2 (>20 ml/kg/min) excluded HFpEF with high sensitivity (90%) but had poor speciﬁcity (49%).
Intermediate peak VO2 cutoff points were associated with substantial overlap between cases and NCD.
CONCLUSIONS Elevated cardiac ﬁlling pressure during exercise is independently correlated with reduced exercise
capacity in HFpEF, irrespective of body position, emphasizing its importance as a novel therapeutic target. Noninvasive
cardiopulmonary testing discriminates HFpEF and NCD at high and low values, but additional testing is required
for patients with intermediate peak VO2. (J Am Coll Cardiol HF 2018;6:665–75) © 2018 by the American College of
Cardiology Foundation.

H

eart failure (HF) can be deﬁned as an

Indeed, although exertional dyspnea is often consid-

inability of the heart to pump blood to the

ered to be caused by left atrial hypertension in HF,

body at a rate commensurate with its

studies in HF with reduced EF (HFrEF) have failed

needs, or to do so only at the cost of elevated ﬁlling

to detect any association between exercise ﬁlling

pressures (1). About one-half of patients with HF

pressures and aerobic capacity (6–8).

have a preserved ejection fraction (HFpEF) (2). High

Peak oxygen consumption (VO 2) as measured by

ﬁlling pressures during exercise are pathognomonic

cardiopulmonary exercise testing (CPET) is the gold

of HFpEF (1–5), but the relationships between hemo-

standard assessment for aerobic capacity (9–11).

dynamics and exercise capacity remain unclear.

Reduced peak V O 2 in HFpEF is used as an endpoint for
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ABBREVIATIONS

clinical trials (12,13) and is known to be

noninvasive and invasive CPET in a large, consecu-

AND ACRONYMS

prognostic (14–16). However, CPET is not

tive series of patients with and without HFpEF.

A VO2 = arteriovenous oxygen
difference

CPET = cardiopulmonary

currently incorporated into HFpEF diagnostic
guidelines (17,18). Reductions in peak VO2 are
often considered to reﬂect poor cardiac

exercise testing

output reserve, but peripheral abnormalities

HF = heart failure

also contribute in many patients with HFpEF

HFpEF = heart failure with

(19,20). Invasive CPET, which combines

preserved ejection fraction

expired gas analysis with direct measures of

HFrEF = heart failure with

hemodynamics, has emerged as the gold

reduced ejection fraction

standard test to identify or exclude HFpEF in

HR = heart rate

patients

NCD = noncardiac etiologies of

(4,9,21,22).

with

unexplained

dyspnea

METHODS
All consecutive patients undergoing invasive hemodynamic exercise testing for the evaluation of unexplained dyspnea over a 15-year period from January
2000 to January 2014 at the Mayo Clinic in Rochester,
Minnesota, were identiﬁed. From this cohort, patients who had undergone both transthoracic echocardiography and CPET within 1 year of the date of
invasive CPET were included. All patients were
evaluated by a cardiologist at Mayo Clinic before and

dyspnea

after testing. The study was reviewed and approved

SEE PAGE 676

PA = pulmonary artery

by the Mayo Clinic Institutional Review Board.

PCWP = pulmonary capillary

Because few data are available relating

HFpEF patients were deﬁned by typical symptoms

VCO2 = CO2 production

ﬁlling pressures to aerobic capacity in people

of HF (dyspnea), normal EF ($50%), and elevated

VE = minute ventilation

with HFpEF and because no study has

pulmonary capillary wedge pressure (PCWP) at rest or

VO2 = oxygen consumption

directly evaluated the potential utility of

wedge pressure

noninvasive CPET in diagnosis, we performed

a

detailed

evaluation

of

both

exercise (rest $15 mm Hg, exercise $25 mm Hg) (1–4).
Patients with signiﬁcant valvular heart disease
(> mild stenosis, > moderate regurgitation), pulmonary arterial hypertension, constrictive pericarditis,
high output failure, unstable coronary disease, primary cardiomyopathies, history of low EF (<50%),

T A B L E 1 Baseline Characteristics

signiﬁcant pulmonary disease, and heart transControl
(n ¼ 72)

HFpEF
(n ¼ 134)

plantation were excluded.
p Value

Anthropometrics

Control subjects with noncardiac causes of dyspnea (NCD) were required to display no evidence of

Age, yrs

54  16

67  11

Female

58

60

28.4  5.8

32.7  6.8

<0.0001

Diabetes

10

25

0.007

mm Hg), and normal rest and exercise PCWP (criteria

Angiographic CAD (n ¼ 46/88)

28

31

0.8

in the preceding text).

Hypertension

84

96

0.007

INVASIVE

6

20

0.004

performed via the right internal jugular vein in the

12.7  1.5

12.2  1.4

0.005

Body mass index, kg/m2

<0.0001
0.8

Comorbidities

Atrial ﬁbrillation
Laboratories
Hemoglobin, g/dl

92  24

80  25

78 (29–187)

435 (107–1,134)

<0.0001

ACE inhibitor/ARB

31

50

0.007

Beta-blocker

35

65

<0.0001

Diuretic

32

55

0.002

48  5

49  6

eGFR, ml/min
NT-proBNP, pg/ml

0.0009

evaluation, including a normal EF, normal pulmonary
artery (PA) pressures (rest <25 mm Hg, exercise <40

CPET. Right

heart catheterization was

fasted state and supine position after minimal sedation as previously described to measure hemodynamics at rest and peak exercise (3–5). Details of the
invasive hemodynamic assessment are provided in

Medications

Echocardiography
LVEDD, mm

cardiac etiology of dyspnea after exhaustive clinical

the Online Appendix.
NONINVASIVE CPET. On a separate day from the

invasive CPET, standard noninvasive upright tread-

0.5

mill or upright cycle ergometry exercise was per-

0.4

formed using the same expired gas analysis technique

EF, %

63  5

62  6

LAVI, ml/m2

30  12

40  15

<0.0001

E/e0 ratio

10  4

13  6

<0.0001

nesota) to measure breath-by-breath V O 2 and CO 2

RVSP, mm Hg

29  5

37  11

<0.0001

production (V CO2), as well as respiratory exchange

Values are mean  SD, %, or median (interquartile range).
ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; CAD ¼ coronary
artery disease; e0 ¼ early diastolic septal tissue Doppler velocity; E ¼ early diastolic mitral inﬂow
velocity; EF ¼ ejection fraction; eGFR ¼ estimated glomerular ﬁltration rate; HFpEF ¼ heart
failure with preserved ejection fraction; LAVI ¼ left atrial volume index; LVEDD ¼ left ventricular
end diastolic dimension; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide; RVSP ¼ right
ventricular systolic pressure.

as the invasive studies (MedGraphics, St. Paul, Min-

ratio (RER ¼ VCO 2/ VO 2), ventilatory efﬁciency (minute
ventilation [VE ]/VCO2 nadir), and O2 pulse (VO 2/heart
rate [HR]) (9–11). Additional details are available in
the Online Appendix.
Because peak V O2 varies with age, sex, and muscle
mass, absolute measured values were converted to
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T A B L E 2 Invasive Hemodynamic and Cardiopulmonary Exercise Data

Control
(n ¼ 72)

Rest
HFpEF
(n ¼ 134)

Peak Exercise
p Value

Control
(n ¼ 72)

HFpEF
(n ¼ 134)

p Value

Vital signs
HR

67  13

63  13

0.02

109  26

100  22

0.005

SBP

139  26

148  30

0.10

168  38

179  35

0.20

MBP

95  17

100  17

0.10

106  20

116  20

0.02

Central hemodynamics
52

93

<0.0001

75

18  6

<0.0001

PA mean pressure, mm Hg

16  4

25  8

<0.0001

25  8

45  10

<0.0001

PASP, mm Hg

28  7

39  11

<0.0001

41  13

63  14

<0.0001

94

16  6

<0.0001

14  5

31  6

<0.0001

—

—

—

0.2  0.2

0.9  0.4

<0.0001
<0.0001

Right atrial pressure mm Hg

PCWP, mm Hg
PCWP/watts, mm Hg/W
O2 delivery and metabolism
Peak watts achieved, W

—

—

67  29

40  18

O2 consumption, ml/min

222  60

225  61

—

0.80

979  350

812  270

0.002

O2 consumption, ml/kg/min

2.7  0.6

2.5  0.6

0.01

12.5  4.7

9.1  2.8

<0.0001

0.04

10.4  3.2

8.4  3.0

<0.0001

0.003

5.42  1.54

4.21  1.40

<0.0001

50  16

43  17

0.02

9.6  2.1

10.0  2.2

0.20

5.4  1.6

4.9  1.4

2.80  0.72

2.49  0.67

Stroke volume index, ml/m2

43  10

41  12

A VO2, ml/dl

4.2  0.8

4.7  0.9

Cardiac output, l/min
Cardiac index, l/min/m2

0.30
0.0001

Values are mean  SD. Adjustment of multiple hypothesis testing was not performed.
A VO2 ¼ arteriovenous O2 content difference; HFpEF ¼ heart failure with preserved ejection fraction; HR ¼ heart rate; MBP ¼ mean blood pressure; PA ¼ pulmonary artery;
PASP ¼ pulmonary artery systolic pressure; PCWP ¼ pulmonary capillary wedge pressure; SBP ¼ systolic blood pressure.

relative values normalized to body weight (ml/kg/

signiﬁcant collinearity in the model (25). Correction

min), as well as percent predicted peak V O2 using both

for multiple hypothesis testing was not performed.

the Wasserman-Hansen equation (current recom-

All tests were 2-sided, with a p value <0.05 consid-

mendation) (11) and the Fletcher et al. (23,24)

ered signiﬁcant. Analyses were performed using JMP

nomogram (Online Table 1).

13.0.0 (SAS Institute, Cary, North Carolina).

STATISTICAL

ANALYSIS. Data

are

reported

as

mean  SD or median (interquartile range). Chi
square, Wilcoxon rank sum, or Student’s t-test were
used as appropriate to compare HFpEF and controls.
Logistic regression was used to evaluate whether
CPET variables could discriminate patients with
HFpEF from NCD. Receiver-operating curves were
constructed to evaluate the diagnostic performance
of each test by the Youden index and C-statistic. To
apply clinically, noninvasive CPET variables were
dichotomously classiﬁed as normal or abnormal

RESULTS
Patients with HFpEF (n ¼ 134) were older and heavier
than patients with NCD (n ¼ 72), with a greater
prevalence of comorbid conditions, including diabetes, hypertension, kidney disease, anemia, and
atrial ﬁbrillation (Table 1). As expected, HFpEF patients displayed more evidence of congestion, with
higher N-terminal pro–B-type natriuretic peptide
levels, E/e 0 , and estimated PA systolic pressure.

based on standard partition values identifying low-

INVASIVE CPET. Right- and left-sided ﬁlling pres-

and higher-risk patients according to Malhotra et al.

sures and PA pressures were higher at rest and with

(9) (>20 and <14 ml/kg/min). Linear regression was

peak exercise in the HFpEF group (Table 2). Peak VO2

used to explore relationships between peak V O2 at the

and peak workload performed at invasive CPET were

time of CPET and invasive central hemodynamics in

reduced in HFpEF as compared with NCD patients.

univariate analysis and in multivariable analysis after

This was explained principally by lower CO reserve,

adjusting (a priori) for known determinants of peak

as A VO2 difference reserve was similar in HFpEF and

VO 2 according to the Fick Principle (stroke volume,

NCD. All group differences remained signiﬁcant after

HR, A VO 2 difference), as well as other previously

adjusting for age and body mass index.

established correlates including age and sex. Collin-

NONINVASIVE

earity between exercise variables was assessed by

tained a median of 3 days (interquartile range: 1 to 20

variance inﬂation factors, with values >5 indicating

days) before invasive CPET. As expected by the

CPET. Noninvasive CPET

was ob-
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F I G U R E 1 Peak O 2 Consumption in Patients With HFpEF and Noncardiac Dyspnea

A

B
p<0.0001

p=0.03

150
% predicted peak VO2
(Wasserman)

Peak VO2 (ml/min/kg)

40
30
20
10

100

50

0

0
NCD

HFpEF

NCD

C

D
Number of patients

40

HFpEF

r= 0.64, p<0.0001; y = 0.91x + 7.1

30

Upright peak VO2,
ml/kg/min

668

20

10

20

40

60

80

100

120

0

140

0

% predicted peak VO2 (Wasserman)

5

10

15

20

25

Supine peak VO 2, ml/kg/min

Peak O2 consumption (VO2) in HFpEF (red) and NCD (black) indexed to body weight (A) and after converting to percent predicted peak VO2 by
the Wasserman nomogram (B and C). (D) Correlation between peak VO2 measured during invasive hemodynamic testing in the supine and
upright position. HFpEF ¼ heart failure with preserved ejection fraction; NCD ¼ noncardiac etiologies of dyspnea.

greater muscle mass recruited in the upright position,

supine exercise and also varied inversely with exer-

peak VO 2 attained during upright noninvasive CPET

cise PA pressure and PCWP indexed to workload

was w60% higher than supine invasive CPET (16.6 vs.

(Figure 2). These relationships were stronger for up-

10.2 ml/kg/min; p < 0.0001). However, the 2 tests

right exercise compared with supine exercise for

were well correlated with one another (r ¼ 0.64;

PCWP and PA pressure (interaction p #0.003). Peak

p < 0.0001) (Figure 1).

V O2 correlated directly with exercise cardiac output

As with invasive CPET, HFpEF patients displayed

(Figure 2).

lower peak V O 2 compared with NCD patients during

To determine whether PCWP was an independent

noninvasive upright CPET, with similar peak RER

predictor of peak VO 2, we performed multivariable

(Table 3, Figure 1). The VO 2 at tidal volume was lower

linear regression modeling including known de-

in HFpEF patients, but O 2 pulse and VE /VCO2 nadir

terminants of peak VO2 : age, sex, and the components

were similar in cases and control patients. Residual

based on the Fick principle (HR, stroke volume,

breathing reserve and peak arterial saturations were

and A VO2 difference). After adjusting for these

normal and similar between HFpEF and NCD at peak

covariates, PCWP remained an independent correlate

exercise, indicating that there was not a signiﬁcant

of peak V O2 in patients with HFpEF (p ¼ 0.0004), but

pulmonary limitation to exercise in either group.

not in patients with NCD (p ¼ 0.50) (Table 4).

RELATIONSHIPS BETWEEN HEMODYNAMICS AND

V O2 in the range considered to reﬂect higher risk in

One-half (50%) of HFpEF patients displayed peak
EXERCISE CAPACITY. Peak V O2 measured at invasive

HF (<14 ml/kg/min) (9). Compared with patients

CPET

with

with peak V O2 $14 ml/kg/min, this group displayed

increasing exercise PCWP as measured during peak

more severe hemodynamic derangements during

and

noninvasive

CPET

decreased
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exercise, with poorer cardiac output reserve and
higher PCWP (Figure 3).

T A B L E 3 Noninvasive Cardiopulmonary Exercise Data

Control
(n ¼ 72)

DIAGNOSIS OF HFpEF USING NONINVASIVE CPET.

In addition to older age, multiple CPET variables were

HFpEF
(n ¼ 134)

p Value

Vital signs

predictive of the presence of HFpEF, including chro-

Baseline HR, min1

77  14

73  13

0.02

notropic

Peak HR, min1

142  27

118  20

<0.0001

incompetence,

abnormal

HR

recovery,

reduced VO2 at ventilatory threshold, and low O 2

HR recovery, min1

16  11

10  11

pulse (Table 5). However, none of these variables

Baseline systolic BP, mm Hg

119  19

126  21

0.02

Peak systolic BP, mm Hg

153  31

149  29

0.30

clearly discriminated cases and control patients (all
areas under the curve <0.73). Peak V O2 <14 ml/kg/min
displayed very high speciﬁcity for HFpEF (91%), but

0.0003

Peak exercise capacity
Peak RER
Peak VO2, ml/min

1.14  0.11

1.14  0.13

0.70

1,659  547

1,334  479

<0.0001
<0.0001

poor sensitivity (50%), whereas conversely peak V O 2

Peak VO2, ml/kg/min

20.5  5.6

14.5  4.3

>20 ml/kg/min had high sensitivity (90%), but poor

O2 sat, %

96  12

95  11

0.80

speciﬁcity (49%). Peak V O2 <17 ml/kg/min displayed

Breathing reserve, %

46  15

45  15

0.60

the highest Youden index to discriminate groups
from our data, with an area under the curve of 0.78,
indicating fair to good discrimination. VE /VCO 2 nadir,
which is roughly equivalent to V E /VCO2 slope, was
not effective to discriminate HFpEF from NCD
(Table 5).
Conversion of relative peak VO2 (in ml/kg/min) to

Percent predicted peak VO2 by Wasserman formula
89  24

81  20

0.03

Peak VO2, <80% predicted, %

41

48

0.30

Peak VO2, <70% predicted, %

20

30

0.10

Peak VO2, <60% predicted, %

9

16

0.10

Peak VO2, <50% predicted, %

4

5

0.90

64  18

49  13

<0.0001

80

97

<0.0001

Peak VO2, % predicted

Percent predicted peak VO2 by Fletcher formula
Peak VO2, % predicted

percent predicted peak VO 2 using the Wasserman-

Peak VO2, <80% predicted, %

Hansen equation attenuated the separation between

Peak VO2, <70% predicted, %

71

92

0.0001

Peak VO2, <60% predicted, %

44

78

<0.0001

Peak VO2, <50% predicted, %

23

54

<0.0001

cases and control patients, with a substantial worsening of overlap (Figure 1, Table 3). Indeed, 52% of
patients with invasively veriﬁed HFpEF displayed
peak V O2 $80% predicted using the Wasserman

Other expired gas variables
Peak O2 pulse, ml/min/beat
VO2 at VT, ml/min

12  3

11  3

0.40

1,205  383

985  361

<0.0001

equation. By contrast, 97% of patients with invasively

VO2 at VT, ml/kg/min

14.9  4.0

10.8  3.3

<0.0001

veriﬁed HFpEF displayed peak V O 2 <80% predicted

VT percent of peak VO2, %

74  9

75  13

0.40

according to the Fletcher scheme (Table 3). The

VE/VCO2 nadir

30  5

31  5

0.20

Fletcher-based cutoffs for percent predicted peak VO 2
modestly discriminated cases from control patients,
although the cutoffs were not superior to absolute
peak V O2 indexed to body weight (Table 5).

DISCUSSION
This study examined the invasive hemodynamic
correlates of exercise capacity in HFpEF and the
utility of noninvasive CPET as a potential test to
discriminate HFpEF from noncardiac causes of exer-

Values are mean  SD. Adjustment of multiple hypothesis testing was not performed.
BP ¼ blood pressure; RER ¼ respiratory exchange ratio; RR ¼ respiratory rate; VCO2 ¼ carbon dioxide
production; VE ¼ minute ventilation; VO2 ¼ oxygen consumption; VT ¼ tidal volume; other abbreviations
as in Table 2.

gray zone between these boundaries where CPET may
be less robust to distinguish HFpEF from NCD.
In these patients, more deﬁnitive evaluation using
exercise hemodynamic testing is required to establish
the diagnosis (Figure 4).

tional dyspnea. There are 2 key ﬁndings that have

EXERCISE HEMODYNAMICS AND EXERCISE CAPACITY.

far-reaching implications. First, we observed that

Elevation in left ventricular ﬁlling pressures increases

elevation in cardiac ﬁlling pressures during supine

the hydrostatic pressure in the pulmonary capillaries,

exercise is an independent correlate of reduced ex-

altering Starling forces to favor ﬂuid movement out of

ercise capacity in patients with HFpEF, regardless of

the vascular space and into the interstitium, which

body position, and even after accounting for other

can alter lung compliance and promote dyspnea (26).

known determinants related to oxygen delivery,

Elevation in ﬁlling pressures during exercise in

diffusion, utilization, and extraction according to the

HFpEF is associated with increased risk of death,

Fick principle. Second, we demonstrate that there is

even

good discrimination of HFpEF from NCD using peak

Conversely, reduction in ﬁlling pressures improves

V O 2 values below and above currently suggested

dyspnea as well as morbidity and mortality, at least in

cutoffs (peak V O2 values of <14 and >20 ml/min/kg)

patients with HFrEF (28–30). Although it would seem

(9), but many patients lie within the intermediate

self-evident that increases in PCWP during exercise

when

resting

pressures

are

normal

(27).
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F I G U R E 2 Relationships Between Exercise Capacity and Supine Exercise Hemodynamics

A

B
30

Supine, r= -0.41, p<0.0001
Upright, r= -0.56, p<0.0001

Peak VO2, ml/min/kg

Peak VO2, ml/min/kg

30

Interaction p=0.002

20

10

0

20

40

Supine, r= 0.59, p<0.0001
Upright, r= 0.39, p<0.0001
Interaction p=0.4

20

10

0

0

60

0

5

Exercise PCWP, mmHg

C

10
15
Peak CO, L/min

20

D
Supine, r= -0.39, p<0.0001
Upright, r= -0.51, p<0.0001
Interaction p=0.003

20

10

30

Peak VO2, ml/min/kg

30

Peak VO2, ml/min/kg

670

Supine, r= -0.56, p<0.0001
Upright, r= -0.63, p<0.0001
Interaction p=0.001

20

10

0

0
0

20

40

60

80

0

Exercise PA mean, mmHg

1

2

3

Exercise PCWP/Watts, mmHg/W

Correlation between peak O2 consumption (VO2) in both upright (black) and supine (red) positions, and exercise pulmonary capillary wedge
pressure (PCWP), pulmonary artery (PA) pressure, cardiac output (CO), and PCWP indexed to work performed in watts (W).

should cause dyspnea and thus worsen exercise capacity, studies performed to date conducted in pa-

T A B L E 4 Independent Correlates of Peak V O 2

Variance
Inﬂation Factor

Standardized
b Estimate

Age, yrs

2.46

0.15

0.40

Female

1.22

0.07

0.60

relationship between exercise PCWP and peak V O2.

Peak stroke volume, ml

1.57

0.35

0.03

Intracardiac pressures are lower in the upright posi-

Peak heart rate, min1

1.85

0.37

0.04

tients with HFrEF have failed to identify any
correlation between cardiac ﬁlling pressures and peak
VO2 (6–8).
By contrast, we observed a signiﬁcant inverse

p Value

Noncardiac dyspnea

tion, leading some to question the relevance of he-

Peak A VO2, ml/dl

1.48

0.31

0.05

modynamics measured in the supine position to

Peak PCWP, mm Hg

1.49

0.10

0.50

Age, yrs

1.29

0.20

0.04

Female

1.15

0.04

notable that we observed that the inverse relation-

0.19

Peak stroke volume, ml

1.70

0.26

0.02

ships between elevated left ventricular ﬁlling pres-

Peak heart rate, min1

1.42

0.27

0.007

sures during supine exercise and peak V O2 were even

Peak A VO2, ml/dl

1.22

0.15

0.10

more pronounced for upright exercise (Figure 2).

Peak PCWP, mm Hg

1.01

0.29

activities of daily life, which are more likely to be
performed in the upright position. In this regard, it is

Importantly, these data show for the ﬁrst time to
our knowledge that elevated exercise PCWP is an

HFpEF

Abbreviations as in Tables 2 and 3.

0.0006
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F I G U R E 3 Characteristics of HFpEF Patients With Severely Depressed Aerobic Capacity

CO, L/min

40

Peak PCWP (mmHg)

6
4
2

p=0.0002

30
20
10
0

0

C

B

p=0.004

8

HFpEF with
Peak VO2
>14 ml/kg/min

HFpEF with
Peak VO2
<14 ml/kg/min

10

HFpEF with
Peak VO2
>14 ml/kg/min

D

Peak exercise

HFpEF with
Peak VO2
>14 ml/kg/min

8

Group p<0.0001

HFpEF with
Peak VO2
<14 ml/kg/min

6

1.5

Peak PCWP/Watts

ΔCO/ΔVO2 (ml/ml)

A

HFpEF with
Peak VO2
<14 ml/kg/min

p<0.0001

1.0

0.5

Rest

4
10

20

30

40

PCWP

0.0
HFpEF with
Peak VO2
>14 ml/kg/min

HFpEF with
Peak VO2
<14 ml/kg/min

Compared with HFpEF patients with peak VO2 $14 ml/kg/min (black), patients with severely decreased peak VO2 (<14 ml/kg/min) (red)
display (A) worse CO response relative to metabolic demand (DCO/DVO2), (B) higher PCWP, (C) higher PCWP relative to cardiac output
reserve, and (D) higher PCWP relative to ergometric work performed. Abbreviations as in Figures 1 and 2.

independent correlate of reduced peak V O 2. Accord-

more constrained by poor output, whereas HFpEF

ing to the Fick principle, VO 2 is equal to the product of

patients may be more likely to cease exercising

cardiac output and A V O 2 difference. Remarkably,

because of dyspnea caused by high ﬁlling pressures,

exercise PCWP remained a signiﬁcant correlate

or other sequelae of high PCWP, such as inadequate

of

right ventricular ejection in the setting of exercise-

peak

V O2

even

after

accounting

for

these

determinants, as well as other known correlates

induced pulmonary hypertension (5).

including age, sex, and body mass. These data
emphasize the important role of elevated PCWP in the

NONINVASIVE CPET IN DIAGNOSIS. Studies to date

pathophysiology of exercise intolerance in HFpEF

have uniformly reported that peak V O2 is depressed in

and support ongoing research into pharmacological

HFpEF (1,4,5,19,20,38–46). However, surprisingly lit-

and device-based interventions to reduce exercise

tle data exist on the diagnostic utility of CPET for

PCWP in HFpEF (13,31–36).

HFpEF, with most prior studies focusing on its prog-

The reasons for the variance between the current

nostic role (14–16). Current HF guidelines acknowl-

data in patients with HFpEF and prior studies per-

edge the difﬁculty in establishing the diagnosis of

formed in patients with HFrEF are unclear (6–8).

HFpEF (17), but do not directly address the diagnostic

Although HFpEF patients are limited in part by car-

potential of CPET for HFpEF (10,11,47). The 2016 HF

diac output reserve (1,5), this impairment may not be

guidelines from the European Society of Cardiology

as profound as is observed in patients with HFrEF

do give a Grade IIa recommendation for CPET in the

(20,37). It may be that in HFrEF, exercise capacity is

evaluation of HF among patients with unexplained
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aerobic capacity beyond what would be seen in totally

T A B L E 5 Noninvasive CPET Predictors of HFpEF

Univariate

healthy volunteers. Because a large proportion of

OR (95% CI)

AUC

Sensitivity

Speciﬁcity

p Value

patients fall within this intermediate range, the cur-

Age >60 yrs

7.5 (4.0–14.4)

0.7256

80

35

<0.0001

rent data suggest that CPET alone may not be best

Chronotropic incompetence

2.2 (1.2–4.0)

0.5935

69

49

0.009

HR recovery <6 beats/min

suited to serve as a key for noninvasive diagnosis of

4.2 (1.9–10.8)

0.6081

31

90

0.001

VO2 at AT <9 ml/kg/min

6.1 (2.3–21.2)

0.6091

28

94

0.001

HFpEF, and invasive hemodynamic exercise testing,
ideally with simultaneous CPET, should remain as the

VO2 at AT <11 ml/kg/min

6.8 (3.3–15.1)

0.6957

54

85

<0.0001

O2 pulse <0.14 ml/beat/kg

3.2 (1.8–6.0)

0.6371

73

54

0.0001

reference standard in the evaluation of possible

VE/VCO2 >30

1.1 (0.6–2.0)

0.5112

48

50

0.80

HFpEF.

VE/VCO2 >36

1.7 (0.7–4.4)

0.5284

16

90

0.30

CONVERTING

Peak VO2/kg

PEAK

VO2

TO

PERCENT

PREDICTED.

Conversion of measured peak V O2 to percent pre-

Peak VO2 <14 ml/kg/min

10.7 (4.6–29.1)

0.7071

50

91

<0.0001

Peak VO2 <20 ml/kg/min

8.1 (4.0–17.2)

0.6906

90

49

<0.0001

Peak VO2 <17 ml/kg/min

12.4 (6.2–24.6)

0.7778

80

76

<0.0001

Peak VO2 <50% predicted

1.1 (0.3–5.1)

0.5012

5

96

0.90

derived using data from 77 male shipyard workers, is

Peak VO2 <60% predicted

2.0 (0.8–5.7)

0.5367

16

91

0.10

the recommended method to make this determina-

Peak VO2 <70% predicted

1.7 (0.8–3.4)

0.5474

30

80

0.10

Peak VO2 <80% predicted

tion. We observed that percent predicted peak VO 2

1.4 (0.8–2.5)

0.5376

48

59

0.30

using this method only obscured differences between

Peak VO2 <50% predicted

3.9 (2.1–7.7)

0.6544

54

77

<0.0001

Peak VO2 <60% predicted

4.6 (2.5–8.6)

0.6704

78

56

<0.0001

Peak VO2 <70% predicted

4.5 (2.0–10.3)

0.6018

92

29

0.0002

displayed percent predicted peak VO2 that was mini-

<0.0001

mally impaired according to the Wasserman formula:

dicted peak VO2 is currently recommended when
evaluating patients with unexplained dyspnea using
CPET (10,11). The Hansen-Wasserman formula (23),

% Pred (Wasserman)

% Pred (Fletcher)

Peak VO2 <80% predicted

8.1 (2.8–29.7)

0.5851

97

20

HFpEF and NCD (Figure 1). Importantly, a large proportion of patients with invasively proven HFpEF

52% of HFpEF patients displayed peak VO2 $80% by
AUC ¼ area under the curve; CI ¼ conﬁdence interval; OR ¼ odds ratio; Pred ¼ predicted; VE/VCO2 ¼ ventilatory
efﬁciency; other abbreviations as in Tables 2 and 3.

the Wasserman equation, and 84% of HFpEF patients
displayed peak VO2 $60% by this method. These data
raise serious questions regarding the use of this formula in the evaluation of patients with HFpEF.

dyspnea, but there is no evidence supporting this
recommendation (Level of Evidence: C) (18).

A different nomogram from Fletcher et al. (24)
performed better to discriminate the groups, but

The current data ﬁll this knowledge gap, providing

this was not superior to using measured peak VO 2

the ﬁrst direct evidence on the ability of noninvasive

values adjusted for body weight, which is much easier

CPET to distinguish HFpEF from NCD. Importantly,

to apply clinically and appears to discriminate HFpEF

the diagnosis was determined in all participants using

from NCD. Further study is required to identify the

the gold standard of invasive CPET testing, allowing

optimal metrics to normalize aerobic capacity for

for the ability to deﬁnitively establish or refute the

diagnostic purposes.

presence of HFpEF, rather than reaching a “diagnosis

STUDY LIMITATIONS. There is selection bias in that

of exclusion,” which is often used in clinical practice

patients were referred for an invasive procedure for

(17), or relying on echocardiography and natriuretic

unexplained

peptide testing, which are poorly sensitive (3,4). The

testing is necessary to clearly establish or refute the

inclusion of a comparator group of older patients with

presence of HFpEF, which is not possible with

noncardiac dyspnea and a normal EF is a strength,

noninvasive studies, and this study would not have

because this reﬂects the sort of patients that are

been possible without the gold standard assessment

encountered in everyday practice.
Peak V O 2 relative to body weight emerged as the

dyspnea.

However,

invasive

CPET

(3,4). Patients with signiﬁcant pulmonary disease
were excluded because this cohort is more readily

most useful discriminatory noninvasive CPET vari-

identiﬁable using examination, imaging, and pulmo-

able to diagnose HFpEF among these patients with

nary function testing, and we can therefore make no

unexplained dyspnea, with very high sensitivity and

conclusions regarding the ability of CPET testing to

speciﬁcity at extreme values (>20 or <14 ml/kg/min).

discriminate this group from patients with isolated

However, there was a large intermediate zone (14 to

HFpEF or NCD. Functional class was not ascertained

20 ml/kg/min) with substantial overlap. This appears

in this study, and the speciﬁc causes of noncardiac

to be related to the fact that many patients with

dyspnea were rarely identiﬁed because the focus was

noncardiac dyspnea display mild impairments in

on identifying or excluding HFpEF speciﬁcally.
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F I G U R E 4 Utilization of CPET in the Evaluation of Unexplained Dyspnea

CPET for Unexplained Dyspnea

Non-HF cause
identified

No Non-Heart Failure Cause Identified

Peak VO 2 <14ml/kg/min

Probable
HFpEF

Intermediate Peak VO 2

-Confirm
diagnosis
-Evaluate
severity or PH

Exercise
Hemodynamics

abnormal

HFpEF

Hypoxemia, Low Breathing
reserve: Lung disease
EKG ischemia: Coronary disease
Low RER: Ortho limitaon/pain

Peak VO 2 >20ml/kg/min

Definite rule
out needed

Probable
Non-Cardiac
dyspnea

normal

Non-Cardiac
dyspnea

Proposed diagnostic algorithm for cardiopulmonary exercise testing (CPET) for unexplained dyspnea. When obvious causes have been
excluded, measurement of peak VO2 by CPET allows for discrimination of HFpEF from noncardiac dyspnea at very low (<14 ml/kg/min) or
relatively peak VO2 (>20 ml/kg/min), respectively. However, given the substantial overlap in the intermediate range, additional testing, as
with hemodynamic exercise testing, is required in patients with peak VO2 14 to 20 ml/kg/min. EKG ¼ electrocardiogram; RER ¼ respiratory
exchange ratio; other abbreviations as in Figure 1.

Noninvasive CPET testing, echocardiography, and

used to longitudinally follow clinical course or gauge

invasive CPET were not performed simultaneously,

the efﬁcacy of therapeutic interventions.

but because the median time between noninvasive
CPET and invasive CPET was only 3 days, there is

CONCLUSIONS

minimal risk of medication or other physiological
changes that might have inﬂuenced test results. Ex-

Elevation in left ventricular ﬁlling pressure with ex-

ercise was performed in different positions, but the

ercise is independently correlated with depressed

observation that upright exercise performance was

exercise capacity, supporting its central role in the

even more tightly correlated with hemodynamics

pathophysiology of HFpEF. Very low or relatively

measured in the supine position is a strength of this

preserved peak VO2 measured noninvasively by CPET

study, particularly because cardiac catheterization is

is useful to discriminate HFpEF from NCD, but people

most commonly performed in the supine position.

with exertional dyspnea and only mildly depressed

CPET with or without stress imaging is also valuable

peak VO2 require additional testing to clarify the

to detect ischemic disease and other NCD (Figure 4),

diagnosis because NCD may also reduce peak VO2 .

and these were not evaluated in this study because
patients with signiﬁcant pulmonary disease were

ADDRESS FOR CORRESPONDENCE: Dr. Barry A.

excluded. Furthermore, among patients with HFpEF,

Borlaug, Mayo Clinic and Foundation, 200 First Street

CPET can provide valuable information about pul-

SW, Rochester, Minnesota 55905. E-mail: borlaug.

monary and chronotropic reserve and may also be

barry@mayo.edu.

673

674

Reddy et al.

JACC: HEART FAILURE VOL. 6, NO. 8, 2018
AUGUST 2018:665–75

Cardiopulmonary Exercise Testing in HFpEF

PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Although

HFpEF, respectively, whereas intermediate values and

exercise capacity (peak oxygen consumption [VO2]) is

currently used complex nomograms were less

depressed in HFpEF, its hemodynamic determinants and

discriminatory.

role in diagnosis remains unclear. We demonstrate that:
1) peak VO2 correlates with invasive cardiac output and

TRANSLATIONAL OUTLOOK: Therapies targeting

biventricular ﬁlling pressures regardless of body position

PCWP with exercise and its impact on exercise capacity

during exercise; 2) peak PCWP is an independent correlate

require further study. Future research should seek to

of peak VO2 only in HFpEF; and 3) peak VO2 <14 ml/kg/min

clarify role of additional testing to improve the ability of

or >20 ml/kg/min was useful to rule-in and rule-out

noninvasive CPET to discriminate HFpEF from NCD.

REFERENCES
1. Abudiab MM, Redﬁeld MM, Melenovsky V, et al.

11. Guazzi M, Arena R, Halle M, Piepoli MF,

failure patients with preserved ejection fraction.

Cardiac output response to exercise in relation to
metabolic demand in heart failure with preserved
ejection fraction. Eur J Heart Fail 2013;15:776–85.

Myers J, Lavie CJ. 2016 focused update: clinical
recommendations for cardiopulmonary exercise
testing data assessment in speciﬁc patient populations. Circulation 2016;133:e694–711.

J Am Coll Cardiol 2011;58:265–74.

2. Shah SJ, Kitzman DW, Borlaug BA, et al.
Phenotype-speciﬁc treatment of heart failure with
preserved ejection fraction: a multiorgan roadmap.
Circulation 2016;134:73–90.
3. Borlaug BA, Nishimura RA, Sorajja P, Lam CS,
Redﬁeld MM. Exercise hemodynamics enhance
diagnosis of early heart failure with preserved
ejection fraction. Circ Heart Fail 2010;3:588–95.
4. Obokata M, Kane GC, Reddy YN, Olson TP,
Melenovsky V, Borlaug BA. Role of diastolic stress
testing in the evaluation for heart failure with
preserved ejection fraction: a simultaneous
invasive-echocardiographic study. Circulation
2017;135:825–38.
5. Borlaug BA, Kane GC, Melenovsky V, Olson TP.
Abnormal right ventricular-pulmonary artery
coupling with exercise in heart failure with preserved ejection fraction. Eur Heart J 2016;37:
3293–302.
6. Franciosa JA, Leddy CL, Wilen M, Schwartz DE.
Relation between hemodynamic and ventilatory
responses in determining exercise capacity in severe congestive heart failure. Am J Cardiol 1984;
53:127–34.
7. Franciosa JA, Ziesche S, Wilen M. Functional
capacity of patients with chronic left ventricular
failure. Relationship of bicycle exercise performance to clinical and hemodynamic characterization. Am J Med 1979;67:460–6.
8. Fink LI, Wilson JR, Ferraro N. Exercise ventilation and pulmonary artery wedge pressure in
chronic stable congestive heart failure. Am J Cardiol 1986;57:249–53.
9. Malhotra R, Bakken K, D’Elia E, Lewis GD. Cardiopulmonary exercise testing in heart failure.
J Am Coll Cardiol HF 2016;4:607–16.
10. Guazzi M, Adams V, Conraads V, et al. EACPR/
AHA scientiﬁc statement. Clinical recommendations for cardiopulmonary exercise testing data
assessment in speciﬁc patient populations. Circulation 2012;126:2261–74.

12. Redﬁeld MM, Chen HH, Borlaug BA, 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;309:1268–77.
13. Reddy YNV, Lewis GD, Shah SJ, et al. INDIEHFpEF (Inorganic Nitrite Delivery to Improve Exercise Capacity in Heart Failure With Preserved
Ejection Fraction): rationale and design. Circ Heart
Fail 2017;10:e003862.
14. Guazzi M, Myers J, Arena R. Cardiopulmonary
exercise testing in the clinical and prognostic
assessment of diastolic heart failure. J Am Coll
Cardiol 2005;46:1883–90.
15. Guazzi M, Labate V, Cahalin LP, Arena R. Cardiopulmonary exercise testing reﬂects similar
pathophysiology and disease severity in heart
failure patients with reduced and preserved ejection fraction. Eur J Prev Cardiol 2014;21:847–54.
16. Shaﬁq A, Brawner CA, Aldred HA, et al. Prognostic value of cardiopulmonary exercise testing in
heart failure with preserved ejection fraction. The
Henry Ford HospITal CardioPulmonary EXercise
Testing (FIT-CPX) project. Am Heart J 2016;174:
167–72.
17. Yancy CW, Jessup M, Bozkurt B, et al. 2013
ACCF/AHA guideline for the management of heart
failure: a report of the American College of Cardiology Foundation/American Heart Association
Task Force on Practice Guidelines. J Am Coll Cardiol 2013;62:e147–239.
18. Ponikowski P, Voors AA, Anker SD, 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). Eur Heart J 2016;37:2129–200.
19. Haykowsky MJ, Brubaker PH, John JM,
Stewart KP, Morgan TM, Kitzman DW. Determinants of exercise intolerance in elderly heart

20. Dhakal BP, Malhotra R, Murphy RM, et al.
Mechanisms of exercise intolerance in heart failure
with preserved ejection fraction: the role of
abnormal peripheral oxygen extraction. Circ Heart
Fail 2015;8:286–94.
21. Maron BA, Cockrill BA, Waxman AB,
Systrom DM. The invasive cardiopulmonary exercise test. Circulation 2013;127:1157–64.
22. Givertz MM, Fang JC, Sorajja P, et al. Executive
summary of the SCAI/HFSA clinical expert
consensus document on the use of invasive hemodynamics for the diagnosis and management of
cardiovascular disease. J Card Fail 2017;23:
487–91.
23. Hansen JE, Sue DY, Wasserman K. Predicted
values for clinical exercise testing. Am Rev Resp
Dis 1984;129:S49–55.
24. Fletcher GF, Balady G, Froelicher VF,
Hartley LH, Haskell WL, Pollock ML. Exercise
standards. A statement for healthcare professionals from the American Heart Association.
Writing Group. Circulation 1995;91:580–615.
25. Vatcheva KP, Lee M, McCormick JB,
Rahbar MH. Multicollinearity in Regression Analyses Conducted in Epidemiologic Studies. Epidemiology (Sunnyvale) 2016;6:227.
26. Olson TP, Johnson BD, Borlaug BA. Impaired
pulmonary diffusion in heart failure with preserved
ejection fraction. J Am Coll Cardiol HF 2016;4:
490–8.
27. Dorfs S, Zeh W, Hochholzer W, et al. Pulmonary capillary wedge pressure during exercise and
long-term mortality in patients with suspected
heart failure with preserved ejection fraction. Eur
Heart J 2014;35:3103–12.
28. Solomonica A, Burger AJ, Aronson D. Hemodynamic determinants of dyspnea improvement in
acute decompensated heart failure. Circ Heart Fail
2013;6:53–60.
29. Zile MR, Bennett TD, El Hajj S, et al. Intracardiac pressures measured using an implantable
hemodynamic monitor: relationship to mortality in

Reddy et al.

JACC: HEART FAILURE VOL. 6, NO. 8, 2018
AUGUST 2018:665–75

patients with chronic heart failure. Circ Heart Fail
2017;10:e003594.
30. Abraham WT, Adamson PB, Bourge RC, et al.
Wireless pulmonary artery haemodynamic monitoring in chronic heart failure: a randomised
controlled trial. Lancet 2011;377:658–66.
31. Borlaug BA, Koepp KE, Melenovsky V. Sodium
nitrite improves exercise hemodynamics and ventricular performance in heart failure with preserved ejection fraction. J Am Coll Cardiol 2015;
66:1672–82.
32. Borlaug BA, Melenovsky V, Koepp KE. Inhaled
sodium nitrite improves rest and exercise hemodynamics in heart failure with preserved ejection
fraction. Circ Res 2016;119:880–6.
33. Kaye DM, Hasenfuss G, Neuzil P, et al. Oneyear outcomes after transcatheter insertion of an
interatrial shunt device for the management of
heart failure with preserved ejection fraction. Circ
Heart Fail 2016;9:e003662.
34. Feldman T, Komtebedde J, Burkhoff D, et al.
Transcatheter interatrial shunt device for the
treatment of heart failure: rationale and design of
the randomized trial to REDUCE Elevated Left
Atrial Pressure in Heart Failure (REDUCE LAP-HF I).
Circ Heart Fai 2016;9:e003025.
35. Borlaug BA, Carter RE, Melenovsky V, et al.
Percutaneous pericardial resection: a novel potential treatment for heart failure with preserved
ejection fraction. Circ Heart Fail 2017;10:e003612.
36. Hasenfuss G, Hayward C, Burkhoff D, et al.
A transcatheter intracardiac shunt device for heart

Cardiopulmonary Exercise Testing in HFpEF

failure with preserved ejection fraction (REDUCE
LAP-HF): a multicentre, open-label, single-arm,
phase 1 trial. Lancet 2016;387:1298–304.
37. Zile MR, Kjellstrom B, Bennett T, et al. Effects
of exercise on left ventricular systolic and diastolic
properties in patients with heart failure and a
preserved ejection fraction versus heart failure and
a reduced ejection fraction. Circ Heart Fail 2013;6:
508–16.
38. Kitzman DW, Little WC, Brubaker PH, et al.
Pathophysiological characterization of isolated
diastolic heart failure in comparison to systolic
heart failure. JAMA 2002;288:2144–50.
39. Obokata M, Reddy YN, Pislaru SV,
Melenovsky V, Borlaug BA. Evidence supporting
the existence of a distinct obese phenotype of
heart failure with preserved ejection fraction. Circulation 2017;136:6–19.
40. Bhella PS, Prasad A, Heinicke K, et al.
Abnormal haemodynamic response to exercise in
heart failure with preserved ejection fraction. Eur J
Heart Fail 2011;13:1296–304.
41. Kosmala W, Rojek A, Przewlocka-Kosmala M,
Mysiak A, Karolko B, Marwick TH. Contributions of
nondiastolic factors to exercise intolerance in
heart failure with preserved ejection fraction. J Am
Coll Cardiol 2016;67:659–70.
42. Phan TT, Abozguia K, Nallur Shivu G, et al.
Heart failure with preserved ejection fraction is
characterized by dynamic impairment of active
relaxation and contraction of the left ventricle
on exercise and associated with myocardial

energy deﬁciency. J Am Coll Cardiol 2009;54:
402–9.
43. Santos M, Opotowsky AR, Shah AM, Tracy J,
Waxman AB, Systrom DM. Central cardiac limit to
aerobic capacity in patients with exertional pulmonary venous hypertension: implications for
heart failure with preserved ejection fraction. Circ
Heart Fail 2015;8:278–85.
44. Maeder MT, Thompson BR, Brunner-La
Rocca HP, Kaye DM. Hemodynamic basis of exercise
limitation in patients with heart failure and normal
ejection fraction. J Am Coll Cardiol 2010;56:855–63.
45. Borlaug BA, Melenovsky V, Russell SD, et al.
Impaired chronotropic and vasodilator reserves
limit exercise capacity in patients with heart failure
and a preserved ejection fraction. Circulation
2006;114:2138–47.
46. Borlaug BA, Olson TP, Lam CS, et al. Global
cardiovascular reserve dysfunction in heart failure
with preserved ejection fraction. J Am Coll Cardiol
2010;56:845–54.
47. Guazzi M, Bandera F, Ozemek C, Systrom D,
Arena R. Cardiopulmonary exercise testing: what is
its value? J Am Coll Cardiol 2017;70:1618–36.

KEY WORDS diagnosis, exercise, heart
failure, hemodynamics, HFpEF
A PP END IX For an expanded Methods section
and references as well as a supplemental table,
please see the online version of this paper.

675

