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Abstract

Background: Cardiorespiratory fitness (CRF) is inversely associated with mortality in apparently healthy subjects and in some clinical popula-

tions, but evidence for the association between CRF and all-cause and/or cardiovascular disease (CVD) mortality in patients with established

CVD is lacking. This study aimed to quantify this association.

Methods: We searched for prospective cohort studies that measured CRF with cardiopulmonary exercise testing in patients with CVD and that

examined all-cause and CVD mortality with at least 6 months of follow-up. Pooled hazard ratios (HRs) were calculated using random-effect

inverse-variance analyses.

Results: Data were obtained from 21 studies and included 159,352 patients diagnosed with CVD (38.1% female). Pooled HRs for all-cause and CVD

mortality comparing the highest vs. lowest category of CRF were 0.42 (95% confidence interval (95%CI): 0.28�0.61) and 0.27 (95%CI: 0.16�0.48),

respectively. Pooled HRs per 1 metabolic equivalent (1-MET) increment were significant for all-cause mortality (HR= 0.81; 95%CI: 0.74�0.88) but

not for CVD mortality (HR = 0.75; 95%CI: 0.48�1.18). Coronary artery disease patients with high CRF had a lower risk of all-cause mortality

(HR= 0.32; 95%CI: 0.26�0.41) than did their unfit counterparts. Each 1-MET increase was associated with lower all-cause mortality risk among

coronary artery disease patients (HR = 0.83; 95%CI: 0.76�0.91) but not lower among those with heart failure (HR = 0.69; 95%CI: 0.36�1.32).

Conclusion: A better CRF was associated with lower risk of all-cause mortality and CVD. This study supports the use of CRF as a powerful pre-

dictor of mortality in this population.
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1. Introduction

Despite noteworthy advances in management and treatment

over the last decades, cardiovascular disease (CVD) remains

the leading cause of mortality worldwide.1 The early identifi-

cation of modifiable risk factors for CVD can improve long-

term survival,2 which places emphasis on the importance of
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Regarding risk prediction, a recent scientific update from the

American Heart Association has stated that cardiorespiratory

fitness (CRF) may provide additional prognostic value for

CVD and associated mortality risk beyond traditional cardio-

vascular risk factors, such as hypertension, smoking, obesity,

hyperlipidemia, and type 2 diabetes mellitus.3

A wealth of evidence from many large (retrospective and

prospective) epidemiological cohort studies underpins the link

between CRF and health outcomes, including the risk of all-
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cause, CVD, and cancer mortality in apparently healthy and

clinical populations, which includes patients with diabetes,4 those

who are overweight,5 or who have hypertension.6 Nes et al.7

found that in healthy men (n = 18,348) and women (n = 18,764)

<60 years of age, each 1 metabolic equivalent (1-MET)

increase in exercise capacity from baseline reduced the risk of

CVD mortality by 21%. Additionally, higher levels of CRF in

midlife have been associated with lower risk of heart failure,

myocardial infarction, and stroke.8 To date, however, little is

known about the predictive value of CRF levels in adults with

CVD.

It is well-established that exercise—through increases in

CRF—has quantifiable biological effects on the cardiovascular

system in terms of structure and function, and it is considered

a cornerstone of cardiac rehabilitation programs.9 Increases in

CRF have been shown to provide substantial health benefits in

patients with CVD, including reduced risk of heart failure-

related hospitalization in later life,10 improved short-term mor-

tality after coronary artery bypass grafting,11 lower rates of

recurrent myocardial infarction, and decreases in both CVD

and all-cause mortality.12,13

Despite the recognition of the utility of CRF measurements

in many CVD management guidelines,3,14 these assessments

are not frequently included in routine clinical health screenings

and, when performed, are rarely used for risk stratification.15,16

This lack of use might be explained by the paucity of informa-

tion endorsing the role of CRF in predicting long-term mort-

ality in adults with CVD. It has been proposed that the use of

CRF as a biomarker should be included as a standard part of

clinical encounters (e.g., an accepted “vital sign”).3,14 Under-

standing the associations between CRF and cardiovascular

health could help identify individuals at high risk, improve

care delivery, and promote policy recommendations for physi-

cal fitness and exercise. Thus, the present study aimed to quan-

tify the association between CRF in adults with established

CVD and the risk of all-cause and CVD mortality.

2. Methods

The present systematic review and meta-analysis was con-

ducted following the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) guidelines and recom-

mendations.17 Patient consent and ethical committee approval

were not required to conduct the present study. Neither

patients nor the public were involved in the design, conduct,

reporting, or dissemination plans of our research. The study

was registered in the International Prospective Register of

Systematic Reviews (PROSPERO) (registration number:

CRD42020203619).

2.1. Search strategy

The search was conducted independently by 2 investigators

(YE and AGH) using MEDLINE, Embase, and SPORTDiscus

electronic databases, from inception to May 2021. Addition-

ally, a gray literature search of abstracts and conference pro-

ceedings from the European Society of Cardiology, American

Heart Association, American College of Sports Medicine, and
the American College of Cardiology conventions from the last

5 years was undertaken. The following string of medical sub-

ject headings terms was used to identify all possible studies

investigating the predictive value of CRF on mortality in

patients with CVD: peak oxygen, oxygen consumption, aero-

bic capacity, exercise capacity, aerobic fitness, cardiopulmo-

nary fitness, cardiovascular fitness, cardiac rehabilitation,

major adverse cardiovascular events, mortality, death rate, pro-

spective, longitudinal, follow-up, heart failure, CVD, periph-

eral artery disease, coronary heart disease, myocardial

infarction, coronary artery disease, cardiomyopathy, and acute

coronary syndrome (Supplementary File 1). Searching was

restricted to published articles in the English and Spanish lan-

guages. A medical librarian was consulted to audit the quality

of the search strategy. Reference lists of eligible articles were

manually scrutinized for further identification of relevant

articles. Any disagreement was resolved by consensus with a

third author (RRV).

2.2. Selection criteria

After reviewing the title and abstract, 2 investigators (YE

and AGH) systematically assessed the full text of identified

articles for eligibility. To be eligible for inclusion in the meta-

analysis, studies needed to meet the following criteria: (a)

exposure: CRF assessed directly from expired gas analysis or

estimated through various cardiopulmonary maximal or sub-

maximal exercise tests using a treadmill or cycle ergometer;

(b) participants: patients with any type of CVD (i.e., heart fail-

ure, coronary artery disease, peripheral arterial disease, or car-

diomyopathy); (c) outcomes analyzed: all-cause mortality,

and/or overall survival, and/or CVD mortality; and (d) study

design: prospective cohort studies with at least 6 months of fol-

low-up. Studies were excluded if they: (a) did not report data

regarding the variables of interest; (b) reported estimated CRF

through non-exercise prediction algorithms; (c) did not assess

CRF directly from a cardiopulmonary exercise test using a

treadmill or cycle ergometer; or (d) reported insufficient infor-

mation for calculating hazard ratios (HRs) and 95% confidence

intervals (95%CIs). In the case of duplicate studies, the most

recent version was included. Any disagreement was resolved

by consensus with a third author (RRV).

2.3. Data collection process and data items

Data collection was conducted independently by 2 investi-

gators (YE and AGH), using a Microsoft Excel spreadsheet

(Microsoft Corp., Redmond, WA, USA) specifically designed

for the present study. The following information was extracted

from each study that met the selection criteria: (a) study cha-

racteristics (first author’s name, publication year, study loca-

tion, sample size, number of females, study design, follow-up

duration, and cut-offs defining CRF categories); (b) parti-

cipants’ information (sex, age, and number of death events);

(c) assessment details (measurement of peak oxygen uptake,

maximal oxygen consumption (VO2max), and estimation of

METs); and (d) statistical analysis and study results (con-

founding factors, outcome of interest, and main results).
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Missing data from the studies were requested from the corre-

sponding authors of the original published papers.
2.4. Risk of bias in individual studies

The Quality Assessment Tool for Observational Cohort and

Cross-sectional Studies was used to determine the risk of bias

of each study. The checklist comprised 14 items for longitudi-

nal studies. Each item of methodological quality was classified

as “yes”, “no”, or “not reported”.
2.5. Summary measures

The a priori plan was to conduct a one-step individual par-

ticipant data meta-analysis. All analyses were carried out using

STATA (Version 16.1; STATA Corp., College Station, TX,

USA). Meta-analysis was performed when at least 3 studies

provided data. HRs with associated 95%CIs were extracted

from studies for mortality (all-cause and CVD), and pooled

HRs were then calculated using the random-effects inverse-

variance model with the Hartung-Knapp-Sidik-Jonkman

adjustment.18 HRs were pooled, comparing the highest vs. the

lowest CRF category in relation to all-cause and CVD morta-

lity. Hazard estimates that were provided in units other than

per 1-MET increments (e.g., per 1-mL/kg/min) were converted

into 1-MET increments using exponential functions. When

studies presented several statistical risk-adjustment models,

only HRs associated with the statistical models that contained

the highest number of additional covariates were considered.
2.6. Synthesis of results

The percentage of variation across studies was estimated

using the inconsistency index (I2) derived from the Cochran Q

statistic,19 considering I2 values of 25%, 50%, and 75% as

low, moderate, and high inconsistency, respectively.19
2.7. Risk of bias across studies

Small-study effects and publication bias were examined

using the Doi plot and Luis Furuya-Kanamori (LFK) index,

both of which have been shown to be superior to the traditional

funnel plot and Egger’s regression intercept test.19 Values of

�1, between �1 and �2, and>�2, are considered to represent

no, minor, and major asymmetry, respectively.20
2.8. Additional analysis

A sensitivity analysis was conducted to assess the robust-

ness of the summary estimates, i.e., to determine whether or

not a particular study accounted for the heterogeneity. Thus, to

examine the effects of every individual result from every indi-

vidual study on the overall findings, results were analyzed

with each study deleted from the model once.

A subgroup analysis according to CVD type (i.e., coronary

artery disease and heart failure) was conducted.

Finally, random-effects meta-regression analyses using the

Hartung-Knapp-Sidik-Jonkman adjustment18 were used to
independently evaluate whether or not results differed accord-

ing to the length of follow-up (in months).

3. Results

3.1. Study selection

The electronic search strategy retrieved 3675 studies. After

removing duplicates and screening titles and abstracts, 348

studies were assessed for eligibility based on their full text. A

reference list of excluded articles and the reasons for their

exclusion based on the full text is reported in Supplementary

File 2. The PRISMA flow diagram illustrating the number of

studies excluded at each stage of the systematic review and

meta-analysis is shown in Fig. 1.

3.2. Study characteristics

Twenty-one prospective cohort studies were included in the

qualitative synthesis, although only 20 were analyzed in the

quantitative synthesis (1 study21 was excluded because partici-

pants were not exclusively patients with established CVD).

Our study comprised a total of 156,371 patients diagnosed

with CVD (38.1% female), with a mean age of 61.4 years.

Sample sizes across studies ranged from 15522 to 122,00721

patients. The follow-up length ranged from 1223 to 16824

months. The most common CVDs were coronary artery dis-

ease23�32 and heart failure,33�37 and other studies included

patients diagnosed with aortic stenosis,22 hypertrophic cardio-

myopathy,38 peripheral artery disease,39 and a combination of

various pathologies.21,40�42 General characteristics of the 21

included studies are summarized in Table 1.

3.3. Summary measures (exposure)

CRF was measured using cardiopulmonary exercise testing

and analyzed through the measurement of peak oxygen uptake

(the value representing the highest volume of oxygen uptake

attained during the test), VO2max (the value representing the point

that oxygen uptake reaches a maximum beyond which no increase

in effort can augment it), or estimation of METs. Cut-off points

for determining CRF categories varied across studies (Table 1).

3.4. Risk of bias within studies

All studies met at least 10 out of the 14 items included in the

Quality Assessment Tool for Observational Cohort and Cross-

sectional Studies and were considered to have fair-to-good

methodological quality. The average score was 10.61/14.00

(Supplementary Table 1).

3.5. Synthesis of results

All-cause (HR = 0.42; 95%CI: 0.28�0.61, p < 0.001,

I2 = 94.6%) and CVD (HR = 0.27; 95%CI: 0.16�0.48,

p = 0.005, I2 = 0.0%) mortality was lower in individuals with

high CRF than in individuals with low CRF. Cochran’s Q sta-

tistic for statistical heterogeneity was 185.81 (p < 0.001) and

1.08 (p = 0.782) for all-cause and CVD mortality, respectively

(Fig. 2).



Fig 1. PRISMA flow diagram of literature search and study selection.

PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Anal-

yses.
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Pooled HRs for the reduction in all-cause mortality risk per

1-MET increase were also statistically significant (HR = 0.81;

95%CI: 0.74�0.88, p < 0.001, I2 = 80.8%), whereas for CVD

mortality they were not (HR = 0.75; 95%CI: 0.48�1.18,

p = 0.138, I2 = 89.8%) (Fig. 3). Cochran’s Q statistic for statis-

tical heterogeneity was 57.34 (p < 0.001) and 29.32 (p <

0.001) for all-cause and CVD mortality, respectively.

According to pathology, patients with coronary artery dis-

ease with high CRF had a lower risk of all-cause mortality

(HR = 0.32; 95%CI: 0.26�0.41, p < 0.001, Q = 7.23,

I2 = 30.9%) than did patients with low CRF. Also, higher CRF

(per 1-MET increase) was associated with lower all-cause

mortality risk among patients with coronary artery disease

(HR = 0.83; 95%CI: 0.76�0.91, p = 0.003, Q = 21.86,

I2 = 77.1%) but not among patients with heart failure

(HR = 0.69; 95%CI: 0.36�1.32, p = 0.134, Q = 11.94,

I2 = 83.3%).

3.6. Risk of bias across studies

Asymmetry suggestive of small-study effects was observed

for all-cause mortality (LFK index =�5.07) and CVD mortal-

ity (LFK index = 3.32), taking into account high vs. low CRF

categories. These results were similar for every 1-MET

increase in relation to mortality (all-cause, LFK index = 1.50;

CVD mortality, LFK index =�2.18) (Supplementary Fig. 1).

3.7. Additional analysis

For high vs. low CRF, there were no significant effects on

mortality according to length of follow-up (all-cause mortality,

b =�0.001, p = 0.665; CVD mortality, b =�0.001, p = 0.729)
(Supplementary Fig. 2). In the same manner, for every 1-MET

increase of CRF, the length of follow-up was not associated

with all-cause mortality (b = 0.002; p = 0.053) or CVD mortal-

ity (b = 0.001, p = 0.808) (Supplementary Fig. 3).

With each study deleted from each model once, non-over-

lapping 95%CIs were observed across all deletions.
4. Discussion

The main finding of the present study is that adults diag-

nosed with CVD with high CRF have substantially reduced

all-cause mortality (58%) and CVD mortality risk (73%) than

do their least fit counterparts. According to the dose-response

analyses, for each 1-MET increase in CRF there was a 19%

reduction in risk for all-cause mortality but not CVD mortality.

These results support the use of CRF measurements as a prog-

nostic health indicator, which may help to identify individuals

with CVD who are at high risk and then guide clinical deci-

sion-making to improve their CRF.

Cross-sectional population studies have suggested that

higher CRF is associated with more favorable coronary or car-

diovascular risk factor profiles.43,44 This accords with a pre-

vious observation showing stronger associations between CRF

and all-cause mortality than between CRF and self-reported

physical activity in 42,373 men and women.45 Diverse physi-

ological mechanisms have been proposed to explain these

associations. For instance, insulin sensitivity and high blood

pressure are major determinants of CVD. It is well-established

that CRF is associated with insulin sensitivity,46 and a signifi-

cant inverse association between CRF and incident hyperten-

sion in both men and women has also been recognized.47,48

Likewise, CRF is central to the management of different cardio-

metabolic risk factors (i.e., glycemic control, lipid profiles, blood

pressure). Improving these clustered cardiometabolic risk variables

associated with increased risk of diabetes, CVD, and all-cause

mortality49,50 may partly explain the survival benefits of CRF in

this population.

There is increasing evidence of an inverse relationship

between CRF and all-cause and cardiovascular mortality in

healthy people.51 In our analysis, the survival benefit of a bet-

ter CRF in patients with coronary artery disease equated to a

68% reduction in all-cause mortality risk when compared to

their unfit counterparts and a 17% lower all-cause mortality

risk for each 1-MET increase in CRF. Similar observations

were noted in a longitudinal study of men with a median fol-

low-up of 20 years,52 which found that for each 1-MET

increase in CRF level there was a 12% reduction in all-cause

mortality. This was reaffirmed in a different retrospective

longitudinal study with a follow-up of 9 years,53 which

found that a change in CRF from low to intermediate/high

resulted in a significant reduction of death risk for black

(45%) and white (59%) patients. A meta-analysis of obser-

vational studies by Kodama and colleagues51 showed that

for every 1-MET increase in CRF in healthy people there

was 13% reduction in all-cause mortality and a 15% reduc-

tion in CVD mortality. This finding has important clinical

implications, as patients with established coronary artery



Table 1

General characteristics of the prospective cohort studies included.

Study Follow-up

(month)

Sample size

(women/men)

Mean age

(year)

Disease condition Exposure measurement Outcome High vs. low definition Per increment definition Number of

deaths

Adjustment for

covariates

Aijaz et al.

(2009)26
120.0 282 (48/234) 61.0 Coronary heart

disease

Cardiopulmonary tread-

mill testing (symptom-

limited graded exercise

testing)

All-cause mortality Low: VO2peak <19 mL/kg/min

(men) and <15 mL/kg/min

(women)

55 Age and gender

Barons et al.

(2015)27
136.0 2714 (547/2167) 61.3 Coronary heart

disease

Exercise test using the

Bruce protocol or the

modified Bruce protocol

All-cause mortality and

CVD mortality

VO2peak� 22 mL/kg/min

(men),

VO2peak� 19 mL/kg/min

(women, high) vs. VO2peak

<15 mL/kg/min (women, low)

385 (all-cause)

and 192 (CVD)

NR

Coats et al.

(2015)38
67.2 1898 (626/1272) 46.0 Hypertrophic

cardiomyopathy

Maximal exercise test All-cause mortality, or

CVD mortality, sudden

cardiac death, and heart

failure death

Per 1 mL/kg/min

increase in VO2peak

156 (all cause)

and 117 (CVD)

Age, sex, and all exercise

parameters

Dhoble et al.

(2014)22
61.2 155 (16/139) 69.6 Aortic stenosis Maximal exercise test All-cause mortality VO2peak� 19 mL/kg/min

(men) or� 15 mL/kg/min

(women), or� 80% (high) vs.

<80% (low) for men and

women

41 Age, gender, symptom

status, Charlson index,

and AV area

Goda et al.

(2009)40
45.6 549 (112/437) 63.4 Various (ischemic

heart disease, valvu-

lar heart disease,

dilated cardiomyopa-

thy, hypertrophic

cardiomyopathy, and

other CVD)

Incremental symptom-

limited exercise test

CVD mortality >14.5 mL/min/kg (high) vs.

<14.5 mL/min/kg (low)

Per 1-SD mL/kg/min

change in VO2

29 (all-cause)

and 28 (CVD)

NR

Goel et al.

(2011)28
24.0 855 (170/685) 62.4 CAD Cardiopulmonary exer-

cise testing

All-cause mortality High vs. <21.5 mL kg/1/min

(men) or <16.8 mL kg/1/min

(women)

Per 1 mL/kg/min in

VO2peak

159 Age, smoking, systolic

blood pressure, diastolic

blood pressure, myocar-

dial infarction, heart fail-

ure, diabetes, COPD,

renal disease, and BMI

Hai et al.

(2010)29
78.5 386 (89/297) 64.0 Myocardial

infarction

Cardiopulmonary exer-

cise testing

CVD mortality For men and women, >4

METs (high) vs. <4 METs

(low)

40 (CVD) Diabetes, LVEF, acute

pulmonary edema, revas-

cularizations, angioten-

sin-converting enzyme

inhibitor, statin, exercise

training

Hung et al.

(2014)30
72.6 9852 (3016/6836) 61.0 CAD Cardiopulmonary exer-

cise testing

All-cause mortality For men and women, >12

METs (high) vs. <6 METs

(low)

Per 1-MET increase 3824 Age; sex; race; obesity;

resting heart rate and sys-

tolic and diastolic blood

pressures; history of

hypertension, dyslipide-

mia, smoking, diabetes

mellitus, atrial fibrilla-

tion, or heart failure;

indication for stress test-

ing; medications used to

treat COPD, hyperten-

sion, or hyperlipidemia;

aspirin; clopidogrel; and

(continued on next page)
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Table 1 (Continued)

Study Follow-up

(month)

Sample size

(women/men)

Mean age

(year)

Disease condition Exposure measurement Outcome High vs. low definition Per increment definition Number of

deaths

Adjustment for

covariates

b-adrenergic blocking

agents

Kato et al.

(2018)33
48.0 1501 (400/1111) 61.0 Heart failure Cardiopulmonary exer-

cise testing

Heart failure events

(including death)

Per 1 mL/kg/min

increase in VO2peak

141 Estimated glomerular fil-

tration rate, peak oxygen

consumption, atrial fibril-

lation, and brain natri-

uretic peptide

Keteyian et al.

(2008)31
59.0 2812 (794/2018) 61.0 Coronary heart

disease

Cardiopulmonary exer-

cise testing

All-cause and CVD

mortality

For men, VO2peak � 22.8

(high) vs. VO2peak <14.9

(low)

For women, VO2peak � 16.6

(high) vs. VO2peak <11.9

(low)

Per 1-MET increase 280 (103 CVD) NR

Keteyian et al.

(2018)34
93.6 707 (287/420) 59.0 Heart failure Cardiopulmonary exer-

cise testing

All-cause mortality Per 1-MET increase 242 Age, sex, hypertension,

diabetes, history of ische-

mic heart disease, year of

cardiac rehabilitation,

Charlson comorbidity

index, b-adrenergic

blockade, angiotensin-

converting enzyme inhib-

itor or angiotensin recep-

tor blockade, and diuretic

use

Kiviniemi et al.

(2015)32
24.0 1531 (477/1054) 67.0 Stable CAD Cardiopulmonary exer-

cise testing

CVD deaths and

hospitalization

For men and women, �73%

exercise capacity (high) vs.

<73% (low)

39 Age, sex, diabetes, smok-

ing, history of acute

myocardial infarction,

history of coronary inter-

vention, BMI, Canadian

Cardiovascular Society

grading of angina pecto-

ris, LVEF, mass index,

and resting heart rate

Leeper et al.

(2013)39
135.6 725 (17/708) 62.0 Peripheral arterial

disease

Cardiopulmonary exer-

cise testing

All-cause and CVD

mortality

Per 1-MET increase 364 Age, pack-years, and

heart failure history

Mandsager et al.

(2018)21
100.8 122,007 (49,834/72,173) 53.4 CAD, diabetes,

hypertension, hyper-

lipidemia, ESRD,

and current/prior

smoker

Cardiopulmonary exer-

cise testing

All-cause mortality For men and women,>97.7th

percentile (high) vs. <25th

percentile (low)

13,637 Age, sex, BMI, history of

CAD, hyperlipidemia,

hypertension, diabetes,

smoking, ESRD, year of

testing, and current use of

aspirin, b-blockers, or

statins

Martin et al.

(2013)23
12.0 5641 (1359/4282) 60.0 CAD Cardiopulmonary exer-

cise testing

All-cause mortality For men and women, >8

METs (high) vs. <5 METs

(low)

Per 1-MET increase NR Age, sex, and comorbid

conditions

Mikkelsen et al.

(2020)41
72.0 1561 (406/1155) 63.6 CAD, chronic heart

failure, and heart

valve replacement

Cardiopulmonary exer-

cise testing

All-cause mortality Per 1 mL/kg/min

increase in VO2peak at

baseline

52 Age, sex, working status

(employed, unemployed,

retired, and being on dis-

ability pension), educa-

tion, index diagnosis,

medication, tobacco use,

(continued on next page)
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Table 1 (Continued)

Study Follow-up

(month)

Sample size

(women/men)

Mean age

(year)

Disease condition Exposure measurement Outcome High vs. low definition Per increment definition Number of

deaths

Adjustment for

covariates

COPD, diabetes, kidney

disease, and peripheral

artery disease.

Nadruz et al.

(2017)35
50.4 969 (315/654) 55.0 Heart failure Cardiopulmonary exer-

cise testing

All-cause mortality Per 1 mL/kg/min

increase in VO2peak

164 Age, sex, LVEF, chronic

kidney disease, resting

heart rate, resting systolic

blood pressure, and CAD

Orimoloye et al.

(2019)36
116.4 167 (91/76) 63.9 Heart failure with

preserved ejection

fraction

Cardiopulmonary exer-

cise testing

All-cause mortality �7 METs (high) vs. 1�4

For men and women,

METs (low)

Per 1-MET increase 103 Age, sex, race, modifi-

able risk factors (hyper-

tension, diabetes

mellitus, smoking status,

weight), medication use

including b-blockers,

angiotensin receptor

blockers, medications for

chronic lung disease, and

history of CAD

Sato et al.

(2017)37
90.0 1190 (221/969) 61.0 Heart failure Cardiopulmonary exer-

cise testing

All-cause mortality and

cardiac death

248 (173 cardiac

deaths)

Age, gender, BMI, pres-

ence of anemia and

COPD

Straw et al.

(2020)42
48.0 199 (27/172) 76.0 Various (before

endovascular aneu-

rysm repair)

Cardiopulmonary exer-

cise testing

All-cause mortality For men and women, >15

mL/kg/min vs. <15 mL/kg/

min (low) in VO2peak

98 Age and sex

Taylor et al.

(2016)24
168.0 670 (136/534) 60.0 Coronary heart

disease

Cardiopulmonary exer-

cise testing

All-cause mortality �7 METs for women and �8
METs for men (high) vs. <5

METs for women and <6

METs for men (low)

Per 1-MET increase 206 CAD diagnosis, CVD

and other comorbidities,

exercise test abnormali-

ties, secondary preven-

tion medications, and

self-report physical

activity

Abbreviations: AV = aortic valve; BMI = body mass index; CAD = coronary artery disease; COPD = chronic obstructive pulmonary disease; CVD = cardiovascular disease; ESRD = end-stage renal disease;

LVEF = left ventricular ejection fraction; METs =metabolic equivalents; NR = not reported; SD = standard deviation; VO2 = oxygen consumption; VO2peak = peak oxygen consumption.
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Fig 2. Forest plot showing the hazard ratios of all-cause mortality in patients with CVD, comparing high vs. low CRF. Weights are from random-effects model.

95%CI = 95% confidence interval; CRF = High cardiorespiratory fitness; CVD = cardiovascular disease.
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disease have an increased risk of new cardiovascular

events.54 It reinforces the need for risk stratification in this

population and confirms the great potential for patient

health gain through the promotion of CRF.

Our meta-analysis revealed a positive association between

higher CRF levels in patients with heart failure and a reduction

in their mortality risk. This result could be explained in part by

the small number of analyzed studies (n = 3). Additionally,

because heart failure is a common endpoint for various CVDs

and typically appears in aged individuals, it could be argued

that changes in CRF by themselves could confer the same sur-

vival benefit as they do in other forms of CVD. Similarly, other

studies have reported positive findings. In a population-based

follow-up study of 1873 men aged 42�61 years without heart

failure or chronic respiratory disease, 152 incident heart failure

events were recorded after a mean follow-up of 20.4 years. The

age-adjusted heart rate per unit increase (mL/kg/min) in CRF

was 21%, which was minimally attenuated to 6% after further

adjustment for established heart failure risk factors (body mass

index, systolic blood pressure, history of CVD, diabetes, heart

rate, and left ventricular hypertrophy).55 Similarly, associa-

tions between low CRF and a substantially higher risk for heart

failure hospitalization later in life have been found in healthy,

middle-aged adults.8 Other cohort studies have reported simi-

lar associations between physical activity, CRF, and incident

heart failure.56,57

Interestingly, patients living with CVD experience marked

reductions in their CRF. Abnormal endothelial function,
impaired stroke volume response, ventilatory dysfunction,

chronotropic incompetence, and abnormal peripheral oxygen

utilization have been highlighted as potential contributors to

exercise limitation.58,59 Among the different strategies aimed

to manage the deleterious effects of these disease-related

changes (frequently in combination with age-related

changes), increasing physical activity has shown to be one

of the most effective approaches by far. This is mainly

because of its ability to elicit protective benefits in the

development of subclinical changes in heart structure and

function in patients with CVD, including improvements in

endothelial function,60,61 left ventricular distensibility,62

and diastolic function.63 Regular physical activity also pro-

motes biological adaptations in skeletal muscle through

increased size and number of skeletal muscle mitochon-

dria64 and increased muscle capillary density,65 which col-

lectively may confer a positive synergistic effect on

survival among patients with CVD. Nevertheless, individu-

alized exercise should be prescribed by an experienced pro-

fessional and should be based on several factors determined

by a patient’s clinical history, exercise stress testing, or

functional imaging and echocardiography.

The generalizability of these results is subject to certain

limitations. First, our analysis and interpretation were limited

by the availability of studies conducted in adults diagnosed

with CVD, which mainly included patients with coronary heart

disease and heart failure. Therefore, we could not conclusively

determine whether CRF confers a survival benefit in all



Fig 3. Forest plot showing the hazard ratios of all-cause mortality in patients with CVD per each 1-MET increase in CRF. 95%CI = 95% confidence interval;

CRF = High cardiorespiratory fitness; CVD = cardiovascular disease; MET =metabolic equivalent.
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patients with CVD. Second, most studies measured CRF at

baseline with subsequent mortality follow-up and did not

address changes in individual levels of fitness over time due to

changes in lifestyle habits. Third, it is possible that misclassifi-

cation bias may have affected our results (e.g., in cases where

we transformed the reported CRF data into MET units or

where calls were made in the classification of low vs. high

CRF patients, which varied from study to study based on pre-

diction equations or standard cut-off points). Further studies

should recognize and implement universal thresholds or cut-

off points that distinguish low, moderate, and high CRF cate-

gories in patients with CVDs, thereby allowing comparison

within studies and improving risk stratification. We believe

that evaluating VO2max as a percentage of age-, body mass

index-, and sex-predicted VO2max equations may infer the con-

tribution of physical fitness in prognosis with more accuracy.66

Several studies in our analysis assessed CRF in

patients undergoing an exercise-based cardiac rehabilitation

program,23,24,26�31,34,41 which may have provided additional

health benefits in this population. However, whenever possi-

ble, we included data on CRF levels prior to cardiac rehabilita-

tion programs, minimizing the potential influence of these

interventions on our results. We therefore advocate caution

when interpreting the present findings, as they may be affected

by limitations present in the original articles. In the era of
precision medicine, there is a need for more sophisticated

tools, such as machine learning, modeling, and simulation sol-

utions techniques, which could help to better predict the asso-

ciation between CRF and clinical outcomes.
5. Conclusion

Our findings support the relevance and use of CRF as a

powerful and useful prognostic indicator for mortality in

patients with CVD. More focus on physical activity in this

population should be explicitly promoted with an aim to

increase CRF. Further research is needed to determine whether

exercise-based strategies according to risk category lead to

improvements in risk of mortality; this could be achieved

through the design and implementation of large-scale random-

ized controlled trials in different populations of patients diag-

nosed with CVD. This may help to determine how best to use

physical activity recommendations and exercise therapy to

reduce mortality risk in patients with CVD.
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