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ABSTRACT
Background: Understanding the impact of heart failure (HF)
phenotype on peak oxygen uptake (peak _VO2) is essential for
advancing personalized treatment strategies and enhancing patient
outcomes. Therefore, we conducted a systematic review and meta-
analysis of the evidence examining differences in peak _VO2

(primary objective) and its determinants (secondary objectives)
between patients with HF with reduced (HFrEF) or preserved
ejection fraction (HFpEF).
Methods: Studies comparing peak _VO2 in HFrEF vs HFpEF were found
through PubMed (1967-2024), Scopus (1981-2024), and Web of Sci-
ence (1985-2024). Data extraction and methodologic quality assess-
ment were completed by 2 independent coders. Differences between
HFrEF and HFpEF were compared using weighted mean difference
(WMD) and 95% confidence intervals (95% CIs) derived from random
effects meta-analysis.
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R�ESUM�E
Contexte : Il est essentiel de comprendre l’effet du ph�enotype de
l’insuffisance cardiaque (IC) sur la consommation maximale d’oxygène
( _VO2max) pour am�eliorer les strat�egies de traitement personnalis�ees
et le pronostic des patients. Nous avons donc proc�ed�e à une revue
syst�ematique et r�ealis�e une m�eta-analyse des donn�ees probantes
portant sur les diff�erences au niveau de la _VO2max (objectif principal)
et de ses d�eterminants (objectifs secondaires) entre des patients
pr�esentant une IC avec fraction d’�ejection r�eduite (ICFER) et pr�eserv�ee
(ICFEP).
M�ethodologie : Nous avons identifi�e les �etudes comparant la _VO2max
chez des patients atteints d’ICFER et d’ICFEP dans PubMed (1967-
2024), Scopus (1981-2024) et Web of Science (1985-2024). L’ex-
traction des donn�ees et l’�evaluation qualitative de la m�ethodologie des
�etudes ont �et�e confi�ees à deux programmeurs ind�ependants. Les
diff�erences entre l’ICFER et l’ICFEP ont �et�e compar�ees à partir de la
Heart failure (HF) is a significant global health issue, affecting
more than 64 million individuals worldwide.1 Despite ad-
vancements in treatment, it remains associated with high rates
of morbidity and mortality and reduced quality of life.1

Traditionally, HF has been characterized as 2 main pheno-
typesdheart failure with reduced ejection fraction (HFrEF)
and heart failure with preserved ejection fraction (HFpEF)d
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Results: After screening 3107 articles, 25 unique studies were
included in the analysis for the primary outcome (HFrEF n ¼ 3783;
HFpEF n ¼ 3279). Peak _VO2 (WMD: e1.6 mL/kg/min, 95% CI: e2.3
to e0.8 mL/kg/min), and peak exercise measures of cardiac output
(WMD: e1.1 L/min, 95% CI: e2.1 to e0.2 L/min), stroke volume
(WMD: e10.1 mL, 95% CI: e16.6 to e3.7 mL), heart rate (WMD: e4
bpm, 95% CI: e6 to e2 bpm), and left ventricular ejection fraction
(WMD: e28.2%, 95% CI: e32.6% to e23.8%) were significantly lower
while peak exercise arterial-venous oxygen difference was significantly
higher in HFrEF compared with HFpEF (2.3 mL/dL, 95% CI: 1.6-2.9
mL/dL).
Conclusions: Our findings highlight distinct physiological impairments
along the oxygen cascade in HFrEF compared with HFpEF, with direct
implications for the management and treatment strategies of these HF
subtypes.

diff�erence moyenne pond�er�ee (DMP) et des intervalles de confiance
(IC) à 95 % estim�es à l’aide d’une m�eta-analyse à effets al�eatoires.
R�esultats : Nous avons pass�e en revue 3 107 articles et s�electionn�e
25 �etudes individuelles pour les besoins de l’analyse du paramètre
principal (ICFER, n ¼ 3 783; ICFEP, n ¼ 3 279). La _VO2max (DMP :
-1,6 ml/kg/min; IC à 95 % : -2,3 à -0,8 ml/kg/min), de même que
les mesures du d�ebit cardiaque maximal à l’effort (DMP : -1,1 L/min;
IC à 95 % : -2,1 à -0,2 L/min), le volume d’�ejection systolique
(DMP : -10,1 ml; IC à 95 % : -16,6 à -3,7 ml), la fr�equence cardiaque
(DMP : -4 bpm; IC à 95 % : -6 à -2 bpm) et la fraction d’�ejection
ventriculaire gauche (DMP : -28,2 %; IC à 95 % : -32,6 à -23,8 %)
�etaient nettement moindres tandis que la diff�erence art�erioveineuse
maximale en oxygène à l’effort �etait nettement plus �elev�ee en
pr�esence d’une ICFER, comparativement à l’ICFEP (2,3 ml/dl; IC à
95 % : 1,6 à 2,9 ml/dl).
Conclusions : Nos r�esultats mettent en �evidence des alt�erations
physiologiques distinctes le long de la cascade de l’oxygène en
pr�esence d’une ICFER comparativement à l’ICFEP, une diff�erence qui a
des implications directes pour les strat�egies de prise en charge et de
traitement de ces sous-types d’IC.
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where HFrEF has been extensively studied, leading to better
understanding and established treatments, and HFpEF re-
mains more challenging to study and treat because of its
heterogeneous nature, resulting in fewer targeted therapies.2,3

A hallmark feature of HF is reduced exercise tolerance,
objectively measured by peak oxygen uptake (peak _VO2).

4

Emerging evidence indicates that the degree of impairment
in peak _VO2 and the mechanisms that contribute to this may
be associated with the specific HF phenotype. Indeed, exercise
intolerance in HFrEF patients are typically considered a result
of more significant “central” (cardiac output [CO]) limita-
tions, whereas “noncardiac” peripheral factors (oxygen
extraction, measured as arterial-venous oxygen difference [a-
vO2 difference]) may more prominently limit exercise toler-
ance in HFpEF.5,6 Currently, however, a large-scale analysis
of the evidence base examining peak _VO2 and its de-
terminants in HFrEF and HFpEF has not been undertaken.
Therefore, the aim of our meta-analysis was to (1) compare
peak _VO2 between patients with HFrEF and HFpEF (pri-
mary outcome) and (2) compare the Fick determinants of
peak _VO2 (ie, CO and a-vO2 difference) between these
phenotypes.

Methods

Data sources and search strategy

A comprehensive, systematic search was performed in the
following bibliographic databases: PubMed (1967-2024),
Scopus (1981-2024), and Web of Science (1985-2024).
Additional Google Scholar searches were performed through
references cited from the studies that met our inclusion
criteria. The search strategy for each database used a combi-
nation of natural language keywords and subject headings,
such as MeSH, wherever they were available. The search
strategy was structured using 3 main concepts: (1) heart failure
and preserved ejection fraction; (2) heart failure and reduced
ejection fraction; and (3) oxygen consumption. A list
including all search terms used and the search strategy for each
database is provided in the Supplementary Material
(Supplemental Appendix S1). Records identified through the
database searches were exported in complete batches and
imported into the Covidence review software (Covidence,
Melbourne, Australia). Ethical approval was not sought as all
data were sourced from previously published studies and did
not involve any individually identifiable or re-identifiable data.

Data synthesis and statistical analysis

Differences in the primary and secondary outcomes were
quantified using meta-analysis based on random effects
models using the R metacont package (R Core Team 2016,
R Foundation for Statistical Computing, Vienna, Austria).
From these models, the weighted average effect size, defined
as weighted mean difference (WMD) with 95% confidence
intervals (CIs), was calculated for each outcome between
the HFrEF and HFpEF groups. The weight assigned to
each study was the inverse of the variance within study.
The larger the sample size and smaller variance of the study,
the higher was the assigned weight. Heterogeneity within
individual effect sizes was calculated by the I2. Forest plots
were created to show individual effect sizes, standard de-
viations, weights, the weighted average effect size, and the
associated P value for testing the significance of the
weighted average effect size at the alpha significance level of
0.05.

Study selection, inclusion and exclusion criteria

After the removal of duplicate citations, 2 study authors
(D.W., C.W.) independently screened the titles and ab-
stracts to identify studies comparing HFrEF vs HFpEF.
The inclusion criteria consisted of (1) direct comparison of
HFrEF and HFpEF patients who were 18 years of age or
older and (2) peak _VO2 measured during a cardiopulmo-
nary exercise test with gas analysis. Studies were excluded if
(1) there was no original or duplicate data, (2) it was
published in a non-English language, or (3) it was a
nonhuman study. The full text of potentially relevant



Figure 1. Study selection. PRISMA (Preferred Reporting Items for Systematic reviews andMeta-Analyses) diagram for selection of studies included
in the meta-analysis.
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articles was independently reviewed by 2 reviewers (D.E.,
C.W.) and any discrepancies during the study selection
process were resolved by a third adjudicator (M.H.).

Study quality assessment

The quality of the included studies was evaluated using the
AXIS appraisal tool,7 a validated 20-point tool designed to
assess the quality of cross-sectional studies. According to this
tool, a score of 0 to 8 indicates very low quality, whereas a
score of 17 to 20 indicates high quality.7

Results
The initial database search and identification of studies

from other methods included 3107 articles. Following full-
text screening, 25 unique studies were included in this
meta-analysis6,8-31 (Fig. 1). In the studies included, based on
left ventricular ejection fraction (LVEF), HFrEF was primarily
defined by a value below 35% to 50%, with some studies
using a more stringent cutoff of �40%, whereas HFpEF was
characterized by an LVEF �50% (Table 1). Additionally,
some studies incorporated clinical symptoms, physical signs,
and biomarker measurements alongside LVEF assessments to
define HF subtypes.

Cardiopulmonary exercise testing was conducted to
quantify peak _VO2 using various modes: 21 studies
employed cycle ergometry, 3 studies used treadmill exercise,
and 1 study did not report the specific exercise testing mode.
Finally, 4 studies measured peak exercise CO6,24,25,31 using
different techniques (ie, invasive right heart catheterization,
echocardiography, or impedance cardiography) and a-vO2

difference, whereas 1 study only reported the latter
parameter.16

Peak oxygen uptake and hemodynamics

Compared with HFpEF, peak _VO2 indexed to body mass
or as an absolute value (Fig. 2) was lower in HFrEF (n ¼
7205, WMD: e1.6 mL/kg/min, 95% CI: e2.3 to e0.8
mL/kg/min, I2: 90%; and n ¼ 690, e0.1 L/min, 95% CI: e
0.2 to 0.0 L/min, I2: 28%). Analysis of studies assessing
central hemodynamics showed that patients with HFrEF had
a significantly lower peak exercise CO and cardiac index (n ¼
814, WMD: e1.1 L/min, 95% CI: e2.1 to e0.2 L/min, I2:
80%, Fig. 3A; and, n ¼ 224, WMD: e1.4 L/min/m2, 95%
CI: e1.8 to e1.0 L/min/m2, I2: 0%), heart rate (n ¼ 5697,
WMD: e4.2 beats/min, 95% CI: e6.4 to e2.0 beats/min,
I2: 41%, Supplemental Fig. S1A), stroke volume and stroke
volume index (n ¼ 637, WMD: e10.1 mL, 95% CI: e16.6
to e3.7 mL, I2: 60%; n ¼ 541, e6.4 mL/m2, 95% CI: e
8.9 to e3.8 mL/m2, I2: 27%, Supplemental Fig. S1, B and
C). Moreover, in individuals with HFrEF, LVEF (n ¼ 814,
WMD: e28.2%, 95% CI: e32.6% to e23.8%, I2: 86%,
Supplemental Fig. S2A) and systolic and diastolic blood
pressure (n ¼ 5467, WMD: e23.8 mm Hg, 95% CI: e27.6
to e20.0 mm Hg, I2: 70%; and, n ¼ 2784, WMD: e3.2
mm Hg, 95% CI: e4.8 to e1.6 mm Hg, I2: 44%, respec-
tively, Supplemental Fig. S3, A and B) were also lower
during exercise, whereas end-diastolic volume (absolute and
indexed) was significantly higher compared with HFpEF



Table 1. Demographic data and details of included studies

Author Group
Number

(% Female)
Age
(yr)

LVEF
(%) BMI

Resting SBP
(mm Hg)

HF-RF
(n)

HF-Med
(n)

Katz7 HFrEF
HFpEF

41 (12)
12 (33)

61
63

21
70

NR
NR

NR
NR

NR
NR

DIU (40)
ACEI (37)
CCB (3)
BB (3)
DIG (32)
DIU (7)
ACEI (2)
CCB (8)
BB (3)
DIG (0)

Kitzman8 HFrEF
HFpEF

60 (35)
59 (86)

70
70

31
60

26
30

136
147

HYP (29)
DM (16)
HYP (47)
DM (10)

DIU (52)
ACEI (49)
CCB (14)
BB (10)
DIG (44)
NIT (18)
DIU (35)
ACEI (18)
CCB (24)
BB (14)
DIG (11)
NIT (6)

Chung9 HFrEF
HFpEF

20 (15)
20 (30)

64
64

31
66

28
30

131
141

HYP (10)
DM (6)
SM (3)
HYP (20)
DM (8)
SM (2)

DIU (16)
ACEI (20)
CCB (3)
BB (17)
NIT (7)
STAT (18)
ASP (17)
DIU (6)
ACEI (7)
CCB (12)
BB (11)
NIT (5)
STAT (10)
ASP (10)

Farr10 HFrEF
HFpEF

185 (21)
43 (47)

63
67

30
56

29
31

NR
NR

NR
NR

ACEI (185)
BB (139)
ACEI (43)
BB (28)

Guazzi11 HFrEF
HFpEF

211 (12)
42 (69)

62
61

33
55

NR
NR

NR
NR

NR
NR

DIU (91)
ACEI (171)
BB (120)
INO (106)
DIU (12)
ACEI (33)
BB (28)
INO (8)

Kou12 HFrEF
HFpEF

23 (17)
28 (36)

51
56

33
57

24
23

NR
NR

NR
NR

DIU (16)
ACEI (14)
CCB (2)
BB (23)
ARB (9)
DIU (10)
ACEI (19)
CCB (4)
BB (24)
ARB (4)
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Table 1. Continued.

Author Group
Number

(% Female)
Age
(yr)

LVEF
(%) BMI

Resting SBP
(mm Hg)

HF-RF
(n)

HF-Med
(n)

Jehn13 HFrEF
HFpEF

30 (23)
20 (25)

57
67

30
55

29
27

NR
NR

NR
NR

DIU (26)
ACEI (27)
BB (30)
STAT (27)
ARB (3)
DIG (8)
DIU (6)
ACEI (11)
BB (13)
STAT (15)
ARB (7)
DIG (0)

Dhakal5 HFrEF
HFpEF

56 (20)
48 (58)

59
63

29
62

28
34

123
150

HYP (34)
DM (12)
HYP (29)
DM (14)

DIU (48)
ACEI/
ARB (45)
BB (51)
DIG (28)
MA (3)
DIU (30)
ACEI/
ARB (14)
BB (25)
DIG (6)
MA (4)

Konishi14 HFrEF
HFpEF

173 (51)
76 (16)

66
69

31
55

29
31

NR
NR

HYP (133)
DM (73)
HYP (70)
DM (34)

DIU (135)
ACEI (116)
BB (164)
ARB (52)
MA (97)
DIU (48)
ACEI (40)
BB (59)
ARB (27)
MA (17)

Fu(a)15 HFrEF
HFpEF

30 (30)
30 (33)

60
61

28
58

25
26

131
138

HYP (18)
DM (14)
HYP (25)
DM (19)

DIU (20)
ACEI/
ARB (28)
CCB (5)
BB (24)
STAT (13)
DIU (22)
ACEI/
ARB (28)
CCB (8)
BB (22)
STAT (15)

Fu(b)15 HFrEF
HFpEF

30 (37)
30 (40)

60
63

28
57

27
24

132
139

HYP (20)
DM (11)
HYP (13)
DM (6)

DIU (21)
ACEI/
ARB (25)CCB (6)
BB (24)
STAT (9)
DIU (21)
ACE/
ARB (27)
CCB (8)
BB (23)
STAT (8)

Continued
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Table 1. Continued.

Author Group
Number

(% Female)
Age
(yr)

LVEF
(%) BMI

Resting SBP
(mm Hg)

HF-RF
(n)

HF-Med
(n)

Sato16 HFrEF
HFpEF

498 (16)
438 (23)

59
62

30
60

23
24

105
119

DM (142)
DM (117)

DIU (376)
ACEI/
ARB (455)
CCB (59)
BB (485)
STAT (220)
DIG (85)
MA (345)
DIU (163)
ACEI/
ARB (349)
CCB (124)
BB (348)
STAT (187)
DIG (24)
MA (124)

Van Iterson17 HFrEF
HFpEF

32 (6)
27 (41)

55
71

22
61

28
33

NR
NR

NR
NR

DIU (29)
ACEI (25)
CCB (1)
BB (28)
DIG (23)
NIT (9)
ARB (2)
ASP (22)
AA (10)
DIU (11)
ACEI (12)
CCB (6)
BB (17)
DIG (2)
NIT (10)
ARB (7)
ASP (21)
AA (5)

Nadruz18 HFrEF
HFpEF

630 (27)
195 (47)

56
56

25
55

28
29

114
123

HYP (370)
DM (185)
HYP (119)
DM (37)

DIU (477)
ACEI/
ARB (518)
CCB (24)
BB (565)
STAT (328)
MA (223)
AA (259)
AC (249)
AP (357)
DIU (100)
ACEI/
ARB (137)
CCB (34)
BB (134)
STAT (78)
MA (23)
AA (20)
AC (45)
AP (79)

Kato19(a) HFrEF
HFpEF

112 (12)
264 (25)

45
45

26
65

25
24

109
118

HYP (46)
DM (26)
HYP (82)
DM (37)

BB (78)
BB (69)

Kato19(b) HFrEF
HFpEF

146 (16)
494 (28)

62
63

27
66

24
23

110
123

HYP (77)
DM (72)
HYP (267)
DM (138)

BB (98)
BB (168)

Kato19(c) HFrEF
HFpEF

56 (25)
285 (44)

76
76

28
68

22
22

115
126

HYP (37)
DM (21)
HYP (177)
DM (91)

BB (39)
BB (100)

372 CJC Open
Volume 7 2025



Table 1. Continued.

Author Group
Number

(% Female)
Age
(yr)

LVEF
(%) BMI

Resting SBP
(mm Hg)

HF-RF
(n)

HF-Med
(n)

Tanaka20 HFrEF
HFpEF

30 (40)
30 (43)

67
69

33
60

33
37

NR
NR

HYP (12)
DM (13)
HYP (18)
DM (20)

DIU (29)
ACEI/
ARB (26)
CCB (2)
BB (27)
MA (14)
DIU (27)
ACE
ARB (26)
CCB (12)
BB (18)
MA (7)

Kondo21 HFrEF
HFpEF

37 (8)
28 (29)

66
70

31
58

24
23

123
126

HYP (21)
DM (24)
HYP (22)
DM (13)

DIU (29)
ACEI/
ARB (32)
BB (34)
MA (24)
DIU (14)
ACE/
ARB (22)
BB (24)
ALDA (10)

van Wezenbeek22 HFrEF
HFpEF

109 (28)
57 (67)

57
53

36
58

34
40

NR
NR

NR
NR

NR
NR

Pugliese23 HFrEF
HFpEF

205 (35)
188 (52)

65
72

33
56

27
32

120
135

HYP (135)
DM (51)
HYP (160)
DM (73)

DIU (29)
ACEI/
ARB (146)
CCB (33)
BB (176)
DIU (19)
ACEI/
ARB (132)
CCB (51)
BB (120)

Bandera24 HFrEF
HFpEF

137 (23)
40 (70)

67
76

30
62

26
29

120
130

HYP (96)
DM (48)
SM (54)
HYP (32)
DM (14)
SM (11)

DIU (112)
ACEI/
ARB (110)
CCB (12)
BB (118)
DIU (32)
ACEI/
ARB (26)
CCB (11)
BB (23)

Adams25 HFrEF
HFpEF

20 (25)
20 (75)

61
70

29
64

30
33

125
138

HYP (17)
DM (7)
HYP (20)
DM (6)

DIU (16)
ACEI/
ARB (19)
CCB (1)
BB (20)
DIU (14)
ACEI/
ARB (19)
CCB (8)
BB (15)

Gong26 HFrEF
HFpEF

598 (28)
585 (51)

58
58

25
59

28
30

114
129

HYP (425)
DM (167)
SM (55)
HYP (376)
DM (113)
SM (26)

DIU (403)
ACEI/
ARB (422)
BB (527)
DIU (357)
ACEI/
ARB (242)
BB (365)

Continued
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Table 1. Continued.

Author Group
Number

(% Female)
Age
(yr)

LVEF
(%) BMI

Resting SBP
(mm Hg)

HF-RF
(n)

HF-Med
(n)

Wernhart27 HFrEF
HFpEF

153 (15)
123 (41)

53
60

22
60

28
27

NR
NR

HYP (68)
DM (52)
SM (90)
HYP (68)
DM (16)
SM (35)

DIU (119)
ACEI/ARB
/ARNI (143)
BB (147)
DIU (34)
ACEI/ARB
/ARNI (54)
BB (62)

Baccanelli28 HFrEF
HFpEF

126 (NR)
22 (NR)

65
64

33
58

NR
NR

119
118

NR
NR

NR
NR

Ali29 HFrEF
HFpEF

11 (36)
21 (62)

79
81

27
63

30
30

115
124

HYP (8)
DM (3)
OB (5)
HYP (17)
DM (7)
OB (9)

DIU (11)
ACEI (5)
BB (10)
CCB (1)
ARB (1)
DIU (19)
ACEI (5)
BB (8)
CCB (7)
ARB (5)

Rozenbaum30 (a) HFrEF
HFpEF

40 (0)
43 (0)

64
61

37
65

NR
NR

127
127

NR
NR

NR
NR

Rozenbaum30 (b) HFrEF
HFpEF

22 (100)
35 (100)

63
62

37
64

NR
NR

135
143

NR
NR

NR
NR

AA, antiarrhythmic; AC, anticoagulant; ACEI, angiotensin converting enzyme inhibitor; ALDA, aldosterone antagonist; ARB, angiotensin II receptor blocker;
AP, antiplatelet; ARNI, angiotensin receptor-neprilysin inhibitor; ASP, Aspirin; BB, b-blocker; BMI, body mass index; CCB, calcium channel blocker; DIG,
digoxin; DIU, diuretics; DM, diabetes mellitus, HF-Med, heart failure medications; HFrEF, heart failure and reduced ejection fraction; HF-RF, heart failure risk
factors; HFpEF, heart failure and preserved ejection fraction; HYP, hypertension; INO, inotropes; LVEF, left ventricular ejection fraction; NIT, nitrate; MA,
mineralocorticoid receptor antagonist; NR, not reported; OB, obese; SBP, systolic blood pressure; SM, smoker; STAT, statin.
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(n ¼ 244, WMD: 73 mL, 95% CI: 21-125 mL, I2: 93%;
n ¼ 421, 42.5 mL/m2, 95% CI: 27.2-57.8 mL/m2, I2: 90%,
Supplemental Fig. S2, B and C). Finally, peak a-vO2 dif-
ference was significantly higher in HFrEF vs HFpEF (n ¼
934, WMD: 2.3 mL/dL, 95% CI: 1.6-2.9 mL/dL, I2: 70%,
Fig. 3B).

Study quality and bias

The average AXIS score was 14, reflecting a moderate
quality level.7 Publication bias was assessed using the both the
funnel plot and Egger test. The funnel plot shows approximate
symmetry, and the Egger test is nonsignificant with a P value of
0.83, which implies that there is no evidence of publication bias
(Supplemental Fig. S4). A high degree of heterogeneity (I2 ¼
60%-90%) was observed in most outcomes in this analysis. To
further explore and address the sources of this heterogeneity, 2
additional approaches were applied: outlier removal and meta-
regression analysis. Jehn et al.13 and Wernhart et al.28 were
identified as potential outliers because of their exceptionally
large effect sizes, the 2 largest among all included studies. The
removal of these studies led to a modest reduction in hetero-
geneity (I2 decreased from 90.0% to 87.5%). Although this
reduction in I2 was not large, it demonstrates that these studies
introduced some variability that was not consistent with the
rest of the studies. Following the outlier removal, meta-
regression was conducted to further investigate potential sour-
ces of heterogeneity using 3 key covariates: sample size, pub-
lication year (dichotomized as �2018 vs >2018), and
hypertension status. Meta-regression explained 81% of the
heterogeneity (R2), reducing I2 to 54%. This significant
reduction indicates that these covariates account for a
substantial portion of the variability between studies. Smaller
studies (P ¼ 0.0009), studies published after 2018 (P ¼ 0.02),
and those studies involving hypertensive patients reported
larger effect sizes (P ¼ 0.01). However, hypertension status was
missing in 32% of the studies, suggesting that more hetero-
geneity might have been accounted for if complete data were
available for this covariate. Other potential moderators,
including age, resting systolic blood pressure, resting left-
ventricular ejection fraction in the HFrEF group, diabetes
status, and medication use (ie, diuretics, angiotensin converting
enzyme inhibitors, angiotensin receptor blockers, or b-
blockers), were also explored. These covariates did not explain
additional heterogeneity and reduced the model’s explanatory
power (R2). This suggests that these factors may not have
played a significant role in the variability of effect sizes in this
meta-analysis. The role of sex could not be determined as few
studies reported results subgrouped by sex.
Discussion
The findings of this meta-analysis of exercise limitations in

patients with HF, the largest conducted to date, identifies key
differences in HF phenotypes related to peak _VO2.. Specif-
ically, patients with HFrEF have significantly lower peak _VO2

than those with HFpEF. In the few studies that measured the
Fick determinants, patients with HFrEF showed greater “cen-
tral” limitations secondary to a lower stroke volume and CO.
In contrast, peripheral limitations are a more predominant
feature of HFpEF, as peak exercise a-vO2 difference was
significantly lower in those with HFpEF vs HFrEF. These
findings highlight the differential physiology driving reduced



Figure 2. Peak in _VO2 in patients with HFrEF vs HFpEF. Peak _VO2 (A) indexed to body weight (mL/kg/min) or (B) in absolute values (L/min) in
patients with heart failure with reduced ejection fraction (HFrEF) vs patients with heart failure with preserved ejection fraction (HFpEF) derived from a
random effects meta-analysis. CI, confidence interval; MD, mean difference; SD, standard deviation.
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Figure 3. Fick’s principle determinants of peak _VO2 in patients with HFrEF vs HFpEF. Peak exercise (A) cardiac output (CO, L/min) and (B) arterio-venous
oxygen content difference (a-vO2 difference, mL/dL) in patients with heart failure with reduced ejection fraction (HFrEF) vs patients with heart failure with
preserved ejection fraction (HFpEF) derived from a random effects meta-analysis. CI, confidence interval; MD, mean difference; SD, standard deviation.

376 CJC Open
Volume 7 2025
exercise intolerance in HFrEF vs HFpEF and reinforce the
importance of using exercise training and rehabilitation strate-
gies that target the “weak links” in the O2 pathway.

33

Impaired peak _VO2 in HFrEF and HFpEF:
Implications for functional independence

Decreased exercise tolerance is a defining characteristic of
HF, regardless of the phenotype. We observed that patients
with HFrEF had a peak _VO2 that was 10% lower than those
with HFpEF. This difference holds clinical importance, as it
exceeds previously established thresholds for a clinically
meaningful difference in peak _VO2,

34 and may contribute to
important differences in disability and functional limitations.
Indeed, the peak _VO2 in HFrEF was 19% below the threshold
required for full and independent living (18 mL/kg/min),35

whereas in HFpEF, it was only 9% below this threshold. As
a result, daily activities demand near-maximal or maximal
effort, with more significant impairments expected in HFrEF
patients. In addition, the combination of a lower peak exercise
CO and lower peak _VO2 may also explain the higher specific
cardiovascular mortality in HFrEF compared with HFpEF.1

Peak exercise CO in HFrEF and HFpEF

In accordance with the Fick principle, several important
pathophysiological differences may drive the markedly reduced
peak _VO2 values observed in both HF phenotypes. CO and its
determinants are crucial in modulating peak _VO2 in patients
with HF. Our findings from the subgroup of studies assessing
peak exercise hemodynamics show that CO at peak exercise is
1.1 L/min lower in HFrEF than in HFpEF, mainly because of
a lower stroke volume, as the difference in maximal heart rate
between groups was minimal (4 beats/min). Four studies
included in our analysis measured the determinants of stroke
volume during peak exercise6,24,25,31 and consistently reported
that HFrEF patients have higher peak exercise end-diastolic
volume (index) and concomitantly lower LVEF. Taken
together, despite a higher preload, the lower peak exercise
stroke volume and LVEF in HFrEF is due to impaired
contractility as peak exercise systemic vascular resistance was
similar in the 2 studies where it was measured.24,31 In turn,
impaired contractility in HFrEF is most likely an effect of
altered contractile properties of the myocardium secondary to
damaged or necrotic tissue. Abnormal peripheral vascular
endothelial function and increased muscle sympathetic nerve
activity has been observed to a greater extent in HFrEF vs
controls3,36-38 and may also contribute to higher ventricular
afterload during exercise. However, whether this contributes to
the greater impairment in peak _VO2, and CO observed in
patients with HFrEF, requires further investigation.

Peak a-vO2 difference in HFrEF and HFpEF

Our study found that the peak exercise a-vO2 difference
was 2.3 mL/dL higher in HFrEF compared to HFpEF, which
suggests that patients in the latter group have a greater degree
of peripheral impairment than those with HFrEF. However,
because of a lower CO (and thus leg blood flow) at peak
exercise, HFrEF patients will have a greater time for oxygen to
be extracted by the active muscles.33 Alternatively, the lower
O2 extraction in HFpEF may be due to heterogeneity in
capillary transit time, muscle blood flow heterogeneity, and to
abnormal muscle oxygen diffusive conductance (transport of
O2 from the red blood cell in the microvasculature to mito-
chondria in skeletal muscle) even when muscle venous O2

pressure is low.33,39-41 Indeed, Esposito et al.42 previously
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reported that muscle oxygen diffusive conductance is 22% to
32% lower in HFrEF patients compared with control subjects
during peak cycle exercise or single-leg knee extension exercise
where the limiting role of the heart is minimized.

No studies have specifically examined the impact of HF
phenotype on peak exercise muscle oxygen diffusive conduc-
tance. However, comparing findings from several prior inva-
sive hemodynamic studies suggests that the mean muscle
oxygen diffusive conductance values for HFrEF are 41%
higher than those reported for patients with HFpEF patients
during single-leg knee extension exercise.42,43 These differ-
ences may be influenced by variations in age (HFrEF: 53 years
vs HFpEF: 70 years), sex (HFrEF: 0% females vs HFpEF:
70% females), and body mass (HFrEF: 96 kg vs HFpEF: 106
kg), which individually or collectively affect whole peak ex-
ercise VO2 and O2 extraction.

33

Both HFrEF and HFpEF exhibit similar skeletal muscle
abnormalities that include reductions in oxidative enzymes,
percentage of type I (oxidative) muscle fibers, volume density of
mitochondria, and surface density of mitochondrial
cristae.4,44-50 Additionally, there is impaired mitochondrial
oxidative capacity, and a reduction in the capillary-to-fiber
ratio.3,47-49,51 Given these morphologic perturbations occur
to a similar extent in both HF phenotypes, it is plausible that
skeletal muscle quality plays a significant role in the greater
impairment in O2 extraction in HFpEF.52 Indeed, patients
with HFpEF display greater myosteatosis (increased inter-
muscular fat relative to skeletal muscle), which is related to a
lower peak _VO2, aerobic endurance, and physical
function.53-55 Furthermore, compared to HFrEF, patients with
HFpEF show more rapid depletion of high-energy phosphate
during small muscle mass exercise, indicating severe skeletal
muscle bioenergetic impairment.56 Thus, indicators associated
with skeletal muscle composition and metabolism may be
altered to a greater degree in patients with HFpEF, thereby
attenuating the increase in a-vO2 difference during peak exer-
cise compared to patients with HFrEF.

Considerations

The heterogeneity in our meta-analyses warrants consider-
ation when interpreting our findings. This variability may stem
from the moderate quality of included studiesdwhich is not
uncommon for HF exercise studies32,57dand may be due to
differences in study design, different testing protocols, modal-
ities (upright or supine cycle, treadmill), and exercise termi-
nation criteria (often not reported) among the included studies.
Moreover, there was variability in the criteria and cutoff points
used to define HFrEF and HFpEF groups, which may also
have contributed to heterogeneity. Meta-regression analysis
revealed that studies with a smaller sample size, those published
in 2018 or later, and hypertension status (greater in HFrEF)
had a larger effect size. However, hypertension status was
missing in 32% of studies, suggesting that more heterogeneity
might have been accounted for if complete data were available
for this covariate. Importantly, other covariates (diabetes,
resting blood pressure, or HF medication) did not explain
additional heterogeneity. Consequently, although not a direct
aim of this meta-analysis, an important finding is the lack of
standardization and insufficient reporting of key details related
to the protocols and approaches for assessing peak _VO2,
diagnosing HF subtype, and reporting potential confounders
(ie, medications, comorbidities) that needs to be addressed in
future studies. However, despite the inherent variability in
comparing exercise tests across independent research labora-
tories, our meta-analysis provides the most robust analysis to
date regarding the HF phenotypeespecific differences in peak
_VO2. Finally, despite the limited number of studies measuring
peak exercise CO (each using different techniques with
inherent limitations58,59), our analysis includes the largest
sample size of HFrEF and HFpEF patients (n ¼ 814 and n ¼
934, respectively) reported to date for these parameters.
Conclusions
Our findings suggest that compared to patents with

HFpEF, patients with HFrEF have greater impairment in peak
_VO2 that may contribute to increased functional limitations
and disability. In the subset of studies investigating the de-
terminants of reduced peak _VO2 (encompassing 1,748 pa-
tients), we also demonstrated that decreased peak _VO2 in
HFrEF patients is primarily due to central factors, whereas
HFpEF patients are more peripherally limited, with more
impaired cardiac function playing a role in the former, and
reduced skeletal muscle quality and metabolism likely playing a
more significant role in the latter. Although at the individual
level, patients may experience multiple limitations along the O2

cascade, the above-mentioned salient phenotype-specific trends
are evident. This highlights that instead of a one-size-fits-all
approach, interventions such as exercise training and rehabili-
tation should be tailored to the specific HF phenotype: with a
greater focus on improving cardiac function in patients with
HFrEF and improving microvascular and skeletal muscle
quality in patients with HFpEF. Understanding that addressing
limitations along the entire O2 cascade will result in the greatest
improvement in peak _VO2,

33,60 this targeted approach may
offer the greatest benefit in alleviating the pronounced exercise
intolerance characteristic of each HF phenotype.
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