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Background: Patients with heart failure with preserved ejection fraction (HFpEF) exhibit pulmonary

abnormalities, but the studies to date have reported wide variability in the ventilatory equivalent for carbon

dioxide (V̇E/V̇CO2) slope. It is possible that aging may contribute to that variability. We sought to compare

ventilatory efficiency and its components in older and younger HFpEF patients during exercise.

Methods and Results: Eighteen older (O; 80 § 4 y) and 19 younger (Y; 59 § 7 y) HFpEF patients per-

formed cardiopulmonary exercise testing to volitional fatigue. Measurements of arterial blood gases were

used to derive VD/VT, dead space ventilation, and alveolar ventilation. V̇E/V̇CO2 slope was greater in older

compared with younger HFpEF patients (O 36 § 7 vs Y 31 § 7; P = .04). At peak exercise, older HFpEF

exhibited greater VD/VT compared with younger HFpEF (O 0.37 § 0.10 vs Y 0.28 § 0.10; P < .01),

whereas PaCO2 was not different between groups (P = .58). V̇E and alveolar ventilation were similar

(P > .23), but dead space ventilation was greater in older compared with younger HFpEF at peak exercise

(P = .04).

Conclusions: Older HFpEF patients exhibit greater ventilatory inefficiency resulting from elevated physi-

ologic dead space during peak exercise compared with younger HFpEF patients. These results suggest that

aging can worsen the pathophysiologic mechanisms underlying ventilatory efficiency during exercise in

HFpEF. (J Cardiac Fail 2019;25:278�285)
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Patients with heart failure (HF) with preserved ejection

fraction (HFpEF) exhibit elevated pulmonary pressures,

reduced lung diffusion capacity, and pulmonary gas

exchange abnormalities.1�6 The ventilatory equivalent for

carbon dioxide (V̇E/V̇CO2) slope is an important prognostic

tool for predicting hospitalizations and mortality in

HFpEF.7�10 The primary contributors to V̇E/V̇CO2 slope

are the fraction of tidal volume comprised of dead space

(VD/VT) and mechanisms regulating arterial carbon dioxide

tension (PaCO2), with VD/VT contributing to a greater

extent on average in HFpEF.6
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Mean V̇E/V̇CO2 slopes reported in the literature

have been widely variable in HFpEF patients (ie,

30�39).2,5�19 Some studies have reported that V̇E/V̇CO2

slope is significantly higher in HFpEF than control popula-

tions, whereas others have detected minimal or no differ-

ence between these groups. Although HFpEF was formerly

considered to be a disease exclusive to aging,20 recent

studies have shown that HFpEF in the current era is

being diagnosed much earlier in life, especially in the

setting of obesity,21,22 and it may be that age is an

important contributor to the diversity in the ventilatory

response to exercise.

Older HF patients display greater comorbidity burden,

reduced quality of life, and diminished peak exercise capac-

ity.20,23,24 Aging also affects pulmonary function, lung

diffusion capacity, respiratory mechanics, pulmonary pres-

sures, and ventilation-perfusion matching.25�27 However,

no study has evaluated how age affects ventilatory control

or its mechanisms (ie, VD/VT and PaCO2 regulation) in

HFpEF. Accordingly, the purpose of the present study was

to comprehensively examine ventilatory efficiency and the

components of the alveolar gas equation in older versus

younger HFpEF patients during peak exercise. We hypothe-

sized that older HFpEF patients would exhibit greater
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V̇E/V̇CO2 slope, resulting from elevated VD/VT, during

exercise compared with younger HFpEF patients.

Methods

Patients

Thirty-seven patients diagnosed with HFpEF were

referred to our study by their primary cardiologists for

cardiopulmonary exercise testing (CPET) as part of a

comprehensive HF evaluation at the Mayo Clinic,

Rochester, Minnesota. The HFpEF patients exhibited

typical clinical symptoms (ie, dyspnea and fatigue),

left ventricular ejection fraction (LVEF) �50%, and ele-

vated left heart filling pressures at rest or with exercise.1

Patients were excluded for the following: pulmonary

hypertension, significant coronary artery disease (steno-

sis �50%), clinically significant pulmonary disease,

cor pulmonale, primary renal or hepatic disease, valvular

heart disease (any stenosis, more than mild regurgitation,

etc), hypertrophic or infiltrative cardiomyopathy, constric-

tive pericarditis, and deep vein thrombosis. All of the

authors have full access to the data in the study and take

full responsibility for its integrity and the analysis. All

aspects of this study were approved by the Mayo Clinic
Table 1. Patient C

Characteristic Younger Patients With HFp

n 19
Age (y) 59 § 7
Sex (men/women) 8/11
Height (cm) 170 § 9
Weight (kg) 107 § 22
Body mass index (kg/m2) 37 § 7
LV ejection fraction (%) 60 § 12
Hemoglobin (g/dL) 12.1 § 1.3
Creatinine (mg/dL) 1.4 § 0.4
Coronary artery disease, n (%) 4 (21)
Diabetes mellitus, n (%) 8 (42)
Hypertension, n (%) 18 (95)
NYHA functional class, n (%)
II 5 (26)
III 14 (74)

Drug therapy, n (%)
ACE inhibitor or ARB 12 (63)
Antiarrhythmic 4 (21)
b-Blocker 14 (74)
Ca2+-channel blocker 6 (32)
Digoxin 3 (16)
Nitrate (oral, sublingual, or topical) 4 (21)
Aspirin 13 (69)
Diuretics 15 (79)
Echocardiography
LA volume (mL) 86 § 35
LA volume index (mL/m2) 41 § 15
Mitral E-wave velocity (cm/s) 89 § 27
Mitral A-wave velocity (cm/s) 73 § 23
Mitral E/A 1.4 § 0.6
Mitral septal tissue Doppler
velocity (e0) (cm/s)

7 § 2

Mitral E/e0 15 § 6

LV, left ventricular; NYHA, New York Heart Association; ACE, angiotensin-c
*P < .05 vs younger patients with HFpEF.
Institutional Review Board and conformed with the Decla-

ration of Helsinki.

Echocardiography

Resting 2-dimensional and tissue Doppler echocardiogra-

phy according to guidelines of the American Society of

Echocardiography were used to assess LVEF morphology

and function, ie, early transmitral flow velocity (E), late

transmitral flow velocity (A), E/A ratio, early diastolic

mitral annular velocity (e0), and peak E/e0 ratio.28

CPET protocol

HFpEF patients performed the CPET while remaining

on standard pharmacologic therapy. All participants per-

formed cycling exercise at an initial workload of 20 W

while pedaling at 60 rpm. The workload was increased

by 10 W every 3 minutes until volitional exhaustion.

Heart rate and rhythm were continuously monitored

during the CPET with the use of 12-lead electrocardiog-

raphy. Breath-by-breath open-circuit spirometry (Med-

graphics, St Paul, Minnesota) was used to continuously

measure ventilatory and metabolic data throughout the

CPET. The final 30 seconds of ventilatory and metabolic
haracteristics

EF Older Patients With HFpEF P Value

18
80 § 4* <.01
9/9 .88

168 § 11 .54
89 § 22* .02
31 § 6* .01
61 § 12 .79
12.9 § 1.3 .08
1.3 § 0.5 .34
4 (22) .75
3 (16) .18
18 (100) .98

.93
4 (22)
14 (78)

12 (67) .90
2 (11) .71
11 (61) .64
4 (22) .79
1 (6) .64
3 (17) .94
13 (72) .92
16 (89) .71

83 § 31 .84
40 § 11 .81
97 § 42 .76
83 § 38 .41
1.4 § 0.9 .54
6 § 2 .32

15 § 5 .96

onverting enzyme; ARB, angiotensin-receptor blocker; LA, left atrial.
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data at rest and peak exercise were used for data analy-

sis. The ventilatory efficiency response was expressed as

a linear regression by plotting V̇E (ordinate) and V̇CO2

(abscissa) with the use of data at rest and V̇O2peak,

and the slope was determined for each patient. Using

all exercise data to derive V̇E/V̇CO2 slope is clinically

relevant and prognostically superior to determining

V̇E/V̇CO2 slope with exercise data before the respiratory

compensation threshold in HF patients.29 Sampling of

arterial blood gases occurred at the end of each stage

from the radial artery for measurement of partial pres-

sures of carbon dioxide (PaCO2) and oxygen (PaO2)

as well as pH (pHa) and oxygen saturation (SaO2).

Metabolic, ventilatory, and blood gas measurements

were used to calculate VD/VT (VD/VT = 1¡
[863£ V̇CO2]/[V̇E£ PaCO2]), alveolar ventilation (V̇A;

V̇A = V̇E£ [1¡VD/VT]), dead space ventilation (V̇D),

alveolar volume (VA), and dead space volume (VD).
2,6

Statistical Analyses

Values are reported as mean § SD. Statistical analy-

ses were performed with the use of Sigmastat 2.0 (Jan-

del Scientific, San Rafael, California). Participant
Table 2. Metabolic and

Variable Younger Patients With HFpEF

Rest
n 19
V̇O2 (mL¢kg¡1¢min¡1) 2.3 § 0.6
V̇O2 (L/min) 0.2 § 0.1
V̇CO2 (L/min) 0.2 § 0.1
RER 0.87 § 0.12
HR (beats/min) 69 § 13
SBP (mm Hg) 149 § 22
DBP (mm Hg) 71 § 12
MAP (mm Hg) 97 § 14
V̇E (L/min) 8 § 3
VT (L) 0.5 § 0.2
fB (breaths/min) 15 § 4
VD/VT 0.39 § 0.09
PaCO2 (mm Hg) 42 § 4
PaO2 (mm Hg) 74 § 11
SaO2 (%) 96 § 2
pHa 7.39 § 0.04
Peak exercise
Workload 39 § 12
V̇O2 (mL¢kg¡1¢min¡1)y 8.7 § 2.0
V̇O2 (L/min)y 0.9 § 0.3
V̇CO2 (L/min)y 0.9 § 0.3
RERy 1.04 § 0.11
HR (beats/min)y 100 § 15
SBP (mm Hg)y 182 § 37
DBP (mm Hg)y 77 § 13
MAP (mm Hg)y 112 § 20
V̇E (L/min)y 30 § 11
PaO2 (mm Hg) 74 § 15
SaO2 (%) 95 § 4
pHa 7.38 § 0.04

V̇O2, oxygen uptake; V̇CO2, carbon dioxide production; RER, respiratory ex
blood pressure; MAP, mean arterial pressure; V̇E, ventilation; VT, tidal volume; fB
carbon dioxide tension; PaO2, arterial oxygen tension; SaO2, arterial oxygen satura

*P < .05 vs younger patients with HFpEF;
yP < .05 vs rest.
characteristics were compared with the use of unpaired t

test or chi-square test of association (for categoric data)

when appropriate. Normality was assessed with the use

of the Shapiro-Wilk test, and nonparametric tests were

used when appropriate. Metabolic, ventilatory, and com-

ponents of the alveolar gas equation were compared via

2-way analysis of covariance (ANCOVA; intensity [ie,

rest versus peak exercise] £ age) with body mass index

(BMI) entered into the ANCOVA model as a covariate.

Statistical significance was set at P < .05.
Results

Patient Characteristics

Younger HFpEF patients were heavier and had a greater

BMI compared with older HFpEF patients (Table 1). No

significant differences were present in comorbidities, drug

therapies, or echocardiographic indices between the groups.

Resting echocardiography measurements indicated that

there were increased filling pressures in the older and youn-

ger HFpEF patients. All participants completed the study

without adverse events.
Ventilatory Data

Older Patients With HFpEF P Value

18
2.8 § 0.6 .17
0.3 § 0.1 .47
0.2 § 0.1 .81
0.84 § 0.10 .22
69 § 8 .75
142 § 21 .47
64 § 11 .07
90 § 13 .19
9 § 3 .18

0.5 § 0.2 .94
18 § 5 .09

0.47 § 0.10 .08
41 § 3 .54
69 § 10 .08
94 § 4* .03

7.39 § 0.04 .77

31 § 9* .02
7.9 § 2.0 .18
0.7 § 0.1 .10
0.8 § 0.2 .14
1.07 § 0.09 .62
97 § 16 .94
181 § 28 .97
71 § 7 .12
108 § 13 .43
28 § 7 .92
72 § 15 .87
93 § 6 .36

7.38 § 0.06 .70

change ratio; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic
, breathing frequency; VD/VT, fraction of dead space to VT; PaCO2, arterial
tion; pHa, arterial pH.
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Metabolic and Ventilatory Data

BMI was a significant covariate for resting absolute

V̇CO2 and V̇O2, as well as peak-exercise relative V̇O2. At

rest, older HFpEF patients had lower SaO2 than younger

HFpEF patients, but no other differences were present

(Table 2). At peak exercise, older compared with younger

HFpEF patients had a lower workload. V̇E/V̇CO2 slope was

greater in the older than in the younger HFpEF patients

(Fig. 1; P = .04). At peak exercise, PaCO2 was not different

between the groups (P = .58), whereas older HFpEF

patients had greater VD/VT compared with younger HFpEF

patients (Fig. 2; P < .01). At peak exercise, V̇E and VT

were similar between the groups (all P > .19). However,

older HFpEF patients had lower VA as well as greater fB
and VD at peak exercise than younger HFpEF patients

(Fig. 3) (all, P < .05). As a result, older HFpEF patients

had greater V̇D compared with younger HFpEF patients

(P = .04), whereas V̇A was not different between the groups

at peak exercise (P = .23).
Fig. 2. (A) Peak-exercise partial pressure of arterial carbon diox-
ide (PaCO2) and (B) physiologic dead space (VD/VT) in older (O,
open bars; n = 18) and younger (Y, solid bars; n = 19) HFpEF
patients. No differences were present in PaCO2 between groups
(P = .58). VD/VT was greater for older than for younger HFpEF
patients (P < .01). *Significantly different from younger HFpEF
patients. Data are shown as mean and SD.
Discussion

Major Findings

This is the first study comparing ventilatory efficiency

and the components of the alveolar gas equation in older

and younger HFpEF patients during exercise. Consistent

with our hypotheses, ventilatory inefficiency, as indicated

by a higher V̇E/V̇CO2 slope, was greater in older than in

younger HFpEF patients during peak exercise. Furthermore,

VD/VT was elevated in the older HFpEF patients compared

with younger HFpEF patients, whereas PaCO2 was not dif-

ferent. Finally, at similar peak V̇E, older HFpEF patients

had smaller VA but greater fB and VD compared with youn-

ger HFpEF patients, resulting in exacerbated V̇D during

exercise. Taken together, these findings are clinically

important because they provide support for “aging” as a
.

.

Fig. 1. V̇E/V̇CO2 slope in older (O, open bar; n = 18) and younger
(Y, solid bar; n = 19) HFpEF patients. Older HFpEF patients had a
greater V̇E/V̇CO2 slope than younger HFpEF patients (P = .04).
*Significantly different from younger HFpEF patients. Data are
shown as mean and SD.
contributor to the heterogeneous pathophysiologic mecha-

nisms in HFpEF.
Aging and HFpEF

HFpEF has generally been considered to be a disease

associated with aging;20 however, recent studies have

shown that HFpEF is being diagnosed earlier in life. For

example, some recent studies investigating HFpEF have

reported mean ages of 54�58 yrs,9,18 which is consistent

with the younger HFpEF group presented here. From the

present study, the underlying mechanisms contributing to

this younger HFpEF group are unclear. Exercise capacity

was not different between groups; however, the younger

HFpEF patients may likely have had a higher V̇O2peak if

corrected for lean body mass.30 Moreover, obesity and

hypertension have been suggested to play a role;21,22 how-

ever, the younger HFpEF patients were less obese than

the older HFpEF patients and the incidences of comorbidities

were similar between groups. Similarly, the echocardiographic



. .

Fig. 3. Components of the alveolar gas equation at similar V̇E in older and younger HFpEF patients: (A) peak exercise tidal volume (VT),
(B) breathing frequency (fB), (C) alveolar ventilation (V̇A), (D) dead space ventilation (V̇D), (E) alveolar volume (VA), and (F) dead space
volume (VD) in older (O, open bars; n = 18) and younger (Y, solid bars; n = 19) HFpEF patients. V̇E and VT were similar between groups (all
P > .19). Older HFpEF patients had lower VA but greater fB, VD, and V̇D than younger HFpEF patients (all P < .05), whereas V̇A was not
different between groups. *Significantly different from younger HFpEF patients. Data are shown as mean and SD.
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variables were not different between groups. It is important

to note that the diastolic function present in the HFpEF

groups was abnormal (as indicated by the large LA volume

index [40�41 mL/m2] and high E/A and E/e0 [1.4 and

15, respectively]) even when compared with healthy

older adults (LA volume index »30 mL/m2, E/A 0.84�1.2,

E/e0 11�11.7).31�35
Effect of Aging on VE/VCO2 Slope in HFpEF

Ventilatory efficiency (ie, V̇E/V̇CO2 slope) is a strong

prognostic tool in predicting survival in HFpEF. However,

the V̇E/V̇CO2 slope and ratio values reported in HFpEF

have been variable (ie, 30�39).6,8,9,13,15�18,36 In the present

study, we found that older HFpEF patients had a greater
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V̇E/V̇CO2 slope than younger HFpEF patients at peak exer-

cise. Our findings are consistent with studies suggesting

higher V̇E/V̇CO2 slopes and ratios in older compared

with younger HFpEF patients (ie, 34�39 vs 30,

respectively)6,8,9,13,15�18,36 as well as higher V̇E/V̇CO2

slopes in older compared with younger patients with HF and

reduced ejection fraction.14 These findings are clinically

important for older HFpEF patients because a high V̇E/V̇CO2

slope is associated with hospitalizations and mortality.7�10

It is important to note that although the younger HFpEF

patients had a lower V̇E/V̇CO2 slope, they also exhibited the

characteristic reduction in peak tolerance.

Ventilatory efficiency is determined by the level of hyper-

ventilation and VD/VT. At peak exercise in HFpEF patients,

VD/VT contributes to a greater extent to V̇E/V̇CO2 slope than

PaCO2.
6 Our findings indicate that elevated VD/VT was

responsible for the greater V̇E/V̇CO2 slope in the older com-

pared with younger HFpEF patients during exercise, whereas

the degree of hyperventilation was not different between

groups. These findings are consistent with previous studies

reporting increased VD/VT in healthy older compared with

younger adults during exercise,37�39 suggesting that altera-

tions associated with aging are partially responsible for the

elevated VD/VT in HFpEF. From these data it is unclear if

aging and the HFpEF syndrome interact synergistically to

further elevate V̇E/V̇CO2 slope and physiologic dead space

in older HFpEF during exercise. Taken together, these data

suggest that “aging” contributes to the increased VD/VT and

thus worsens ventilatory inefficiency during exercise.

Physiologic dead space can be altered by breathing strat-

egy and ventilation-perfusion mismatch during exercise. In

the present study, older HFpEF patients likely had ventila-

tion-perfusion heterogeneity that subsequently resulted in an

alternate breathing strategy. Specifically, older HFpEF

patients exhibited a greater fB during peak exercise (with

similar V̇E) to offset the lower VA. As a result of this breath-

ing strategy, V̇A was similar between groups whereas V̇D

was consequently greater in the older compared with youn-

ger HFpEF patients. It is likely that the constraint of VA in

the older HFpEF patients was compounded by the presenta-

tion of the HFpEF syndrome and aging. For example, HF

patients often exhibit restrictive lung abnormalities likely

due to cardiomegaly, pulmonary congestion, weakened

inspiratory muscles, or increased elastic recoil pressure,40�42

and as a result lung closing volume is generally above func-

tional residual capacity.43 This latter anomaly results in

cyclic airway opening and closing during tidal breathing and

consequent maldistribution of ventilation43 that is likely fur-

ther exaggerated with aging.44 These aberrant pulmonary

derangements and subsequent altered breathing strategy have

important implications for ventilatory work and blood flow

redistribution in older HFpEF patients.45,46
Methodologic Considerations and Future Directions

There are several methodologic considerations that may

have influenced our results. First, we acknowledge the
relatively small sample size, which may have limited our

ability to determine differences in some measurements (eg,

hemoglobin). Studies with larger sample sizes may be nec-

essary to confirm our findings. Second, younger and older

control groups were not incorporated in this study. There-

fore, future studies are necessary to determine if aging and

the HFpEF syndrome interact synergistically to worsen

ventilatory efficiency during exercise. Third, ventilation-

perfusion matching, pulmonary function (including closing

volume), and respiratory mechanics were not assessed.

Future studies using these techniques are warranted to

determine the underlying pathophysiologic mechanisms

specific to the pulmonary system responsible for the

increased V̇E/V̇CO2 slope and VD/VT in older HFpEF.

Finally, this study did not incorporate an interventional

experimental design. Future studies are required with the

use of interventions such as inhibition of locomotor muscle

neural feedback,47 altering central-peripheral hemodynam-

ics (eg, via inorganic nitrite supplementation16,17), and

modifying dead space to better understand the underlying

pathophysiology of ventilatory inefficiency in HFpEF.

Conclusion

Compared with younger HFpEF patients, older HFpEF

patients exhibit greater ventilatory inefficiency resulting

from elevated physiologic dead space during peak exercise.

These results suggest that aging can worsen the pathophysi-

ologic mechanisms underlying ventilatory efficiency during

exercise in HFpEF. Future studies are warranted to deter-

mine the pathophysiologic pulmonary mechanisms respon-

sible for the increased V̇E/V̇CO2 slope and VD/VT during

exercise in older HFpEF patients.

Disclosures

None.

References

1. 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.

2. Obokata M, Olson TP, Reddy YNV, Melenovsky V, Kane
GC, Borlaug BA. Hemodynamics, dyspnea, and pulmonary
reserve in heart failure with preserved ejection fraction.
Eur Heart J 2018;39:2810–21.

3. Borlaug BA, Obokata M. Is it time to recognize a new pheno-
type? Heart failure with preserved ejection fraction with pul-
monary vascular disease. Eur Heart J 2017;38:2874–8.

4. Hoeper MM, Meyer K, Rademacher J, Fuge J, Welte T, Ols-
son KM. Diffusion capacity and mortality in patients with pul-
monary hypertension due to heart failure with preserved
ejection fraction. JACC Heart Fail 2016;4:441–9.

5. Olson TP, Johnson BD, Borlaug BA. Impaired pulmonary dif-
fusion in heart failure with preserved ejection fraction. JACC
Heart Fail 2016;4:490–8.

6. van Iterson EH, Johnson BD, Borlaug BA, Olson TP. Physio-
logical dead space and arterial carbon dioxide contributions to
exercise ventilatory inefficiency in patients with reduced or

http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0006
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0006
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0006
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0006
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0024
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0024
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0024
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0024
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0007
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0007
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0007
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0015
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0015
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0015
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0015
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0027
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0027
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0027
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0045
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0045
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0045


284 Journal of Cardiac Failure Vol. 25 No. 4 April 2019
preserved ejection fraction heart failure. Eur J Heart Fail
2017.

7. Yan J, Gong SJ, Li L, Yu HY, Dai HW, Chen J, et al. Combi-
nation of B-type natriuretic peptide and minute ventilation/
carbon dioxide production slope improves risk stratification
in patients with diastolic heart failure. Int J Cardiol
2013;162:193–8.

8. Nadruz Jr W, West E, Sengelov M, Santos M, Groarke JD,
Forman DE, et al. Prognostic value of cardiopulmonary exer-
cise testing in heart failure with reduced, midrange, preserved
ejection fraction. J Am Heart Assoc 2017;6:e006000.

9. Guazzi M, Myers J, Arena R. Cardiopulmonary exercise test-
ing in the clinical and prognostic assessment of diastolic heart
failure. J Am Coll Cardiol 2005;46:1883–90.

10. 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.

11. Sato T, Yoshihisa A, Kanno Y, Suzuki S, Yamaki T, Sugi-
moto K, et al. Cardiopulmonary exercise testing as prognostic
indicators: comparisons among heart failure patients with
reduced, mid-range and preserved ejection fraction. Eur J
Prev Cardiol 2017;24:1979–87.

12. Reddy YNV, Olson TP, Obokata M, Melenovsky V, Borlaug
BA. Hemodynamic correlates and diagnostic role of cardio-
pulmonary exercise testing in heart failure with preserved
ejection fraction. JACC Heart Fail 2018;6:665–75.

13. Kitzman DW, Little WC, Brubaker PH, Anderson RT, Hund-
ley WG, Marburger CT. Pathophysiological characterization
of isolated diastolic heart failure in comparison to systolic
heart failure. JAMA 2002;288:2144–50.

14. Forman DE, Clare R, Kitzman DW, Ellis SJ, Fleg JL, Chiara
T. HF-ACTION Investigators. Relationship of age and exer-
cise performance in patients with heart failure: the HF-
ACTION study. Am Heart J 2009;158:S6–15.

15. Moore B, Brubaker PH, Stewart KP, Kitzman DW. VE/VCO2

slope in older heart failure patients with normal versus
reduced ejection fraction compared with age-matched healthy
controls. J Card Fail 2007;13:259–62.

16. Borlaug BA, Koepp KE, Melenovsky V. Sodium nitrite
improves exercise hemodynamics and ventricular perfor-
mance in heart failure with preserved ejection fraction. J Am
Coll Cardiol 2015;66:1672–82.

17. Borlaug BA, Melenovsky V, Koepp KE. Inhaled sodium
nitrite improves rest and exercise hemodynamics in heart fail-
ure with preserved ejection fraction. Circ Res 2016;119:
880–6.

18. Shafiq A, Brawner CA, Aldred HA, Lewis B, Williams CT,
Tita C, 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.

19. Smith JR, van Iterson EH, Johnson BD, Borlaug BA, Olson TP.
Exercise ventilatory inefficiency in heart failure and chronic
obstructive pulmonary disease. Int J Cardiol 2019;274:232–6.

20. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL,
Redfield MM. Trends in prevalence and outcome of heart fail-
ure with preserved ejection fraction. N Engl J Med 2006;355:
251–9.

21. Zacharias M, Joffe S, Konadu E, Meyer T, Kiernan M,
Lessard D, Goldberg RJ. Clinical epidemiology of heart
failure with preserved ejection fraction (HFpEF) in com-
paratively young hospitalized patients. Int J Cardiol
2016;202:918–21.

22. Obokata M, Reddy YNV, Pislaru SV, Melenovsky V, Borlaug
BA. Evidence supporting the existence of a distinct obese phe-
notype of heart failure with preserved ejection fraction. Circu-
lation 2017;136:6–19.
23. Nanayakkara S, Haykowsky M, Mariani J, van Empel V,
Maeder MT, Vizi D, Kaye DM. Hemodynamic profile of
patients with heart failure and preserved ejection fraction vary
by age. J Am Heart Assoc 2017;6:e005434.

24. Thomas S, Rich MW. Epidemiology, pathophysiology, and prog-
nosis of heart failure in the elderly. Heart Fail Clin 2007;3:381–7.

25. Roman MA, Rossiter HB, Casaburi R. Exercise, ageing and
the lung. Eur Respir J 2016;48:1471–86.

26. Smith JR, Cross TJ, van Iterson EH, Johnson BD, Olson TP.
Resistive and elastic work of breathing in older and younger
adults during exercise. J Appl Physiol (1985) 2018;125:
190–7.

27. Smith JR, Kurti SP, Meskimen K, Harms CA. Expiratory flow
limitation and operating lung volumes during exercise in older
and younger adults. Respir Physiol Neurobiol 2017;240:
26–31.

28. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A,
Bohm M, Dickstein K, et al. ESC guidelines for the diagnosis
and treatment of acute and chronic heart failure 2012: the
Task Force for the Diagnosis and Treatment of Acute and
Chronic Heart Failure 2012 of the European Society of Cardi-
ology. Developed in collaboration with the Heart Failure
Association (HFA) of the ESC. Eur J Heart Fail 2012;14:
803–69.

29. Arena R, Myers J, Aslam SS, Varughese EB, Peberdy MA.
Technical considerations related to the minute ventilation/car-
bon dioxide output slope in patients with heart failure. Chest
2003;124:720–7.

30. Osman AF, Mehra MR, Lavie CJ, Nunez E, Milani RV. The
incremental prognostic importance of body fat adjusted peak
oxygen consumption in chronic heart failure. J Am Coll Car-
diol 2000;36:2126–31.

31. Benjamin EJ, Levy D, Anderson KM, Wolf PA, Plehn JF,
Evans JC, et al. Determinants of Doppler indexes of left ven-
tricular diastolic function in normal subjects (the Framingham
Heart Study). Am J Cardiol 1992;70:508–15.

32. Spirito P, Maron BJ. Influence of aging on Doppler echocar-
diographic indices of left ventricular diastolic function. Br
Heart J 1988;59:672–9.

33. Cacciapuoti F, Paoli VD, Scognamiglio A, Caturano M, Cac-
ciapuoti F. Left atrial longitudinal speckle tracking echocardi-
ography in healthy aging heart. J Cardiovasc Echogr
2015;25:40–5.

34. van Empel VP, Kaye DM, Borlaug BA. Effects of healthy
aging on the cardiopulmonary hemodynamic response to exer-
cise. Am J Cardiol 2014;114:131–5.

35. Abudiab MM, Redfield MM, Melenovsky V, Olson TP, Kass
DA, Johnson BD, Borlaug BA. 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.

36. Haykowsky MJ, Brubaker PH, John JM, Stewart KP, Morgan
TM, Kitzman DW. Determinants of exercise intolerance in
elderly heart failure patients with preserved ejection fraction.
J Am Coll Cardiol 2011;58:265–74.

37. Brischetto MJ, Millman RP, Peterson DD, Silage DA, Pack
AI. Effect of aging on ventilatory response to exercise and
CO2. J Appl Physiol Respir Environ Exerc Physiol 1984;56:
1143–50.

38. Harris EA, Thomson JG. The pulmonary ventilation and heart
rate during exercise in healthy old age. Clin Sci 1958;17:
349–60.

39. Mummery HJ, Stolp BW, de LDG, Doar PO, Natoli MJ, Boso
AE, et al. Effects of age and exercise on physiological dead
space during simulated dives at 2.8 ATA. J Appl Physiol
(1985) 2003;94:507–17.

40. Johnson BD, Beck KC, Olson LJ, O’Malley KA, Allison TG,
Squires RW, Gau GT. Ventilatory constraints during exercise
in patients with chronic heart failure. Chest 2000;117:321–32.

http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0045
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0045
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0046
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0046
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0046
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0046
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0046
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0022
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0022
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0022
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0022
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0012
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0012
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0012
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0011
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0011
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0011
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0011
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0034
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0034
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0034
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0034
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0034
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0032
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0032
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0032
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0032
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0017
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0017
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0017
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0017
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0010
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0010
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0010
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0010
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0020
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0020
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0020
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0020
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0020
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0004
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0004
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0004
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0004
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0005
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0005
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0005
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0005
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0035
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0035
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0035
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0035
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0035
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0040
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0040
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0040
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0031
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0031
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0031
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0031
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0047
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0047
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0047
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0047
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0047
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0025
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0025
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0025
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0025
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0023
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0023
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0023
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0023
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0042
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0042
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0033
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0033
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0036
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0036
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0036
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0036
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0038
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0038
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0038
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0038
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0019
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0002
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0002
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0002
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0002
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0030
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0030
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0030
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0030
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0003
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0003
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0003
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0003
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0041
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0041
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0041
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0009
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0009
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0009
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0009
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0044
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0044
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0044
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0001
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0001
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0001
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0001
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0014
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0014
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0014
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0014
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0008
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0008
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0008
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0008
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0013
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0013
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0013
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0021
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0021
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0021
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0021
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0016
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0016
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0016
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0016


Aging influences ventilatory efficiency in HFpEF � Smith et al 285
41. Olson TP, Beck KC, Johnson BD. Pulmonary function
changes associated with cardiomegaly in chronic heart failure.
J Card Fail 2007;13:100–7.

42. Smith JR, Olson TP. Ventilatory constraints influence physio-
logic dead space in heart failure. Exp Physiol 2019;104:70–
80.

43. Torchio R, Gulotta C, Greco-Lucchina P, Perboni A, Monta-
gna L, Guglielmo M, Milic-Emili J. Closing capacity and gas
exchange in chronic heart failure. Chest 2006;129:1330–6.

44. Leblanc P, Ruff F, Milic-Emili J. Effects of age and body
position on “airway closure” in man. J Appl Physiol
1970;28:448–51.
45. Olson TP, Joyner MJ, Dietz NM, Eisenach JH, Curry TB,
Johnson BD. Effects of respiratory muscle work on blood
flow distribution during exercise in heart failure. J Physiol
2010;588:2487–501.

46. Smith JR, Hageman KS, Harms CA, Poole DC, Musch TI.
Effect of chronic heart failure in older rats on respiratory mus-
cle and hindlimb blood flow during submaximal exercise.
Respir Physiol Neurobiol 2017;243:20–6.

47. Olson TP, Joyner MJ, Eisenach JH, Curry TB, Johnson BD.
Influence of locomotor muscle afferent inhibition on the venti-
latory response to exercise in heart failure. Exp Physiol
2014;99:414–26.

http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0026
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0026
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0026
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0039
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0039
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0039
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0043
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0043
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0043
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0018
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0018
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0018
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0018
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0018
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0028
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0028
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0028
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0028
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0037
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0037
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0037
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0037
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0029
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0029
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0029
http://refhub.elsevier.com/S1071-9164(18)30952-7/sbref0029

	Exercise Ventilatory Efficiency in Older and Younger Heart Failure Patients With Preserved Ejection Fraction
	Methods
	Patients
	Echocardiography
	CPET protocol
	Statistical Analyses

	Results
	Patient Characteristics
	Metabolic and Ventilatory Data

	Discussion
	Major Findings
	Aging and HFpEF
	Effect of Aging on VE/VCO2 Slope in HFpEF
	Methodologic Considerations and Future Directions

	Conclusion
	Disclosures
	References


