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Cardiorespiratory Fitness and Mortality
Risk Across the Spectra of Age, Race,
and Sex
Peter Kokkinos, PHD,a,b,c Charles Faselis, MD,a,c Immanuel Babu Henry Samuel, PHD,d,e Andreas Pittaras, MD,a,c

Michael Doumas, MD,a,f Rayelynn Murphy, MS,a Michael S. Heimall, BS,a Xuemei Sui, PHD,g Jiajia Zhang, PHD,h

Jonathan Myers, PHDi,j

ABSTRACT

BACKGROUND Cardiorespiratory fitness (CRF) is inversely associated with all-cause mortality. However, the associa-

tion of CRF and mortality risk for different races, women, and elderly individuals has not been fully assessed.

OBJECTIVES The aim of this study was to evaluate the association of CRF and mortality risk across the spectra of age,

race, and sex.

METHODS A total of 750,302 U.S. veterans aged 30 to 95 years (mean age 61.3 � 9.8 years) were studied, including

septuagenarians (n ¼ 110,637), octogenarians (n ¼ 26,989), African Americans (n ¼ 142,798), Hispanics (n ¼ 35,197),

Native Americans (n ¼ 16,050), and women (n ¼ 45,232). Age- and sex-specific CRF categories (quintiles and 98th

percentile) were established objectively on the basis of peak METs achieved during a standardized exercise treadmill test.

Multivariable Cox models were used to estimate HRs and 95% CIs for mortality across the CRF categories.

RESULTS During follow-up (median 10.2 years, 7,803,861 person-years of observation), 174,807 subjects died, aver-

aging 22.4 events per 1,000 person-years. The adjusted association of CRF and mortality risk was inverse and graded

across the age spectrum, sex, and race. The lowest mortality risk was observed at approximately 14.0 METs for men (HR:

0.24; 95% CI: 0.23-0.25) and women (HR: 0.23; 95% CI: 0.17-0.29), with no evidence of an increase in risk with

extremely high CRF. The risk for least fit individuals (20th percentile) was 4-fold higher (HR: 4.09; 95% CI: 3.90-4.20)

compared with extremely fit individuals.

CONCLUSIONS The association of CRF and mortality risk across the age spectrum (including septuagenarians and

octogenarians), men, women, and all races was inverse, independent, and graded. No increased risk was observed with

extreme fitness. Being unfit carried a greater risk than any of the cardiac risk factors examined.

(J Am Coll Cardiol 2022;80:598–609) © 2022 by the American College of Cardiology Foundation.

E pidemiologic evidence strongly supports an
inverse and independent association between
all-cause mortality and cardiorespiratory

fitness (CRF), assessed objectively using a standard-
ized exercise treadmill test (ETT) and expressed in

METs.1-7 Compared with least fit individuals (<5.0
METs), lower risk is most evident and proportionally
greater in those with moderate exercise capacity,
often in the order of 5 to 7 METs. Relatively smaller
declines in risk continue with further increases in
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CRF, reaching optimal risk reduction at approximately
10 METs.3-8 The amount of physical activity (PA)
necessary to achieve a certain level of CRF has not
been clearly defined. However, most middle-aged in-
dividuals who meet the current recommendations
of $150 min/wk of moderate-intensity PA9 are likely
to achieve at least a moderate level of CRF.5-9 Less is
known about the association of CRF and mortality
risk in elderly individuals, particularly septuagenar-
ians and octogenarians.2,10-17 As more adults now sur-
vive into old age,18 and the impact of CRF on health
outcomes for elderly individuals is recognized, there
is a need for better understanding of the association
of CRF and mortality risk in this population.19

A potential risk associated with excessive PA has
been reported by some20-22 but not all2,23,24 studies.
Excessive PA is relative to the fitness status of the
individual,25,26 and its potential detrimental effects
are likely greater in older populations.20-24 However,
to our knowledge, no studies have examined the risk
associated with extreme CRF assessed objectively by
ETT across the age spectrum, particularly in
those $70 years of age. Finally, most of the available
evidence in this area is based on studies conducted
among predominantly White populations,2-4,6,7,9 with
limited information available for other races, espe-
cially Native Americans.5,6,27,28

The Veterans Affairs health care system is unique
in that it ensures equal access to medical care

independently of a patient’s financial sta-
tus.29-31 In addition, the electronic health care
database facilitates risk-adjustment models,
thereby increasing the accuracy in deter-
mining health outcomes.32 In the present
study, the unprecedentedly large sample of
>750,000 U.S. veterans nationally permitted
a more accurate assessment of the association
of CRF and mortality risk and a focus on gaps
in the published research while minimizing
the influence of medical care disparities.

METHODS

STUDY POPULATION. The cohort was derived from
the ETHOS (Exercise Testing and Health Outcomes
Study) based at the Veterans Affairs Medical Center in
Washington, DC. We identified 822,995 U.S. veterans
who underwent ETTs performed within Veterans Af-
fairs hospitals across the United States between
October 1, 1999, and September 3, 2020, using the
Bruce protocol. Of those, we excluded 72,693 subjects
(Figure 1) who met the following criteria: 1) <30 years
of age at the time of the ETT (n ¼ 1,962); 2) inability to
achieve maximal effort (the ETT was deemed
incomplete as stated in the medical notes), achieve-
ment of <2.0 METs (n ¼ 24,014), or MET values that
exceeded physiological criteria (n ¼ 18,641); 3)
body mass index (BMI) <18.5 kg/m2 or missing BMI
(n ¼ 5,587); and 4) follow-up period <6 months
(n ¼ 5,701).

To lower the likelihood of including individuals
with overt heart disease, we also excluded those who
met the following conditions within 6 months post-
ETT: 1) coronary artery bypass grafting (n ¼ 2,296);
2) percutaneous coronary intervention (PCI)
(n ¼ 6,238); and 3) myocardial infarction (MI)
(n ¼ 2,370) or diagnosis of chronic heart failure (CHF)
(n ¼ 5,884).

After these exclusions, the final cohort consisted of
750,302 subjects (705,163 men and 45,139 women). Of
those, 552,922 (73.7%) were White; 142,798 (19.0%)
African American; 35,197 (4.7%) Hispanic; and 16,050
(2.1%) Native American, Asian, or Hawaiian; 3,335
subjects (0.4%) declined to report. The study was
approved by the Veterans Affairs Medical Center in
Washington, DC Institutional Review Board.

Detailed information on relevant demographic,
clinical, and medication information, risk factors, and
comorbidities as defined by International Classifica-
tion of Diseases-9th Revision and International Clas-
sification of Diseases-10th Revision coding, with at
least 2 recordings at least 6 months apart, was ob-
tained for all participants from the Veterans Affairs

FIGURE 1 Flowchart for Cohort Selection

Patients accessed for eligibility
(n = 822,995)

Final Cohort
N = 750,302

72,693 Total Exclusions
• 1,962 Age <30 years
• 16,788 Major cardiac events within 6 months
   post ETT
• 5,701 ≤6 months of follow-up
• 5,587 missing BMI, weight, or height
• 42,655 with <2.0 METs or missing MET data

Flowchart depicts exclusions of subjects on the basis of pre-

determined criteria and the final cohort. BMI ¼ body mass

index; ETT ¼ exercise treadmill test.

SEE PAGE 610

AB BR E V I A T I O N S

AND ACRONYM S

BMI = body mass index

CHF = chronic heart failure

CRF = cardiorespiratory fitness

CVD = cardiovascular disease

DM2 = type 2 diabetes mellitus

ETT = exercise treadmill test

MI = myocardial infarction

PA = physical activity

PCI = percutaneous coronary

intervention
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Computerized Patient Record System at the time of
the ETT. The Veterans Affairs records have high
sensitivity for the incidence of chronic condi-
tions.33,34 Historical information included onset of
previous MI, cardiac procedures, CHF, hypertension,
type 2 diabetes mellitus (DM2), hypercholesterole-
mia, cancer (all), renal disease, stroke, smoking status
(current and past), aspirin, and cardiac or antihyper-
tensive medications. Data and analyses are presented
in accordance with the Strengthening the Reporting
of Observational Studies in Epidemiology reporting
guidelines for cohort studies.35

MET EXTRACTION. We randomly selected 3,000
samples of physician clinical notes on exercise ca-
pacity from the data set and identified METs manu-
ally. This annotated data set was further
preprocessed and then used to train the natural lan-
guage processing models. In the preprocessing phase,
we removed special characters ($, &, etc) and
restricted the note to 30 characters before and after
the word “METs” or “MET.” These words were then
replaced with a special character to identify their
location within the notes. Spacy software was then
used to convert the resulting string into word tokens
and then to vector of numbers. The corresponding
labels were created such that 1 meant that the corre-
sponding token contained the MET value and 0 that it
did not. We used a 2-layer convolutional neural
network using the TensorFlow software library to
predict the probable location of METs in the note. The
model was trained over 100 epochs. Once METs were

extracted, the MET data were randomly and manually
checked for errors. The model accuracy on the test
data set was 97%.

CRF CATEGORIES. Peak MET levels were calculated
for each participant by standardized American Col-
lege of Sports Medicine equations on the basis of
treadmill speed and grade.36 To determine the age-
specific CRF categories, we first stratified the cohort
into 5 age groups (30-49, 50-59, 60-69, 70-79, and 80-
95 years). Then, we established 6 CRF categories
within each age group using methods described in our
previous work.37 Briefly, we identified those with a
sex-specific MET level that corresponded to the 20th,
40th, 60th, 80th, 97th, and $98th percentiles within
their respective age categories and stratified the
cohort accordingly. We then combined the respective
percentiles to form the following CRF categories:
least fit (n ¼ 133,741, 4.7 � 1.5 METs), low fit
(n ¼ 208,073, 7.1 � 1.4 METs), moderately fit
(n ¼ 156,685, 9.0 � 1.3 METs), fit (n ¼ 130,382, 10.4 �
1.4 METs), highly fit (n ¼ 91,680, 12.1 � 1.8 METs), and
extremely fit (n ¼ 29,741, 14.3 � 2.1 METs)

ASCERTAINMENT OF DEATHS. The primary outcome
was all-cause mortality. Dates of death were verified
from the Veterans Affairs Beneficiary Identification
Records Locator Subsystem. This system, used to
determine benefits to survivors of veterans, has
been shown to be 95% complete, accurate, and
comparable with the Social Security Administra-
tion.38,39 Vital status was determined as of
September 30, 2021.

TABLE 1 Clinical Characteristics of Participants According to Fitness Categories

All
(N ¼ 750,302)

Least Fit
(n ¼ 133,741)

Low Fit
(n ¼ 208,073)

Moderately Fit
(n ¼ 156,685)

Fit
(n ¼ 130,382)

Highly Fit
(n ¼ 89,850)

Extremely Fit
(n ¼ 31,571)

Age, y 61.3 � 9.8 61.6 � 9.3 62.7 � 10.3 60.0 � 8.2 60.7 � 10.0 60.7 � 10.7 60.6 � 10.7

Peak METs achieved 8.5 � 3.0 4.7 � 1.5 7.0 � 1.4 9.0 � 1.3 10.4 � 1.4 12.0 � 1.6 14.5 � 2.1

Men 705,070 (94.0) 125,277 (93.7) 194,604 (93.5) 149,905 (95.7) 121,266 (93.0) 84,534 (94.1) 29,481 (93.4)

Women 45,232 (6.0) 8,464 (6.3) 13,466 (6.5) 6,780 (4.3) 9,116 (7.0) 5,316 (5.9) 2,090 (6.0)

Weight, kg 92.1 � 17.6 95.5 � 20.2 93.6 � 18.0 93.0 � 17.0 89.9 � 15.5 87.7 � 14.5 84.2 � 13.2

BMI, kg/m2 29.6 � 4.7 30.6 � 5.9 30.0 � 4.8 29.7 � 4.4 29.0 � 4.0 28.5 � 3.7 27.7 � 3.4

Smoking status 176,719 (23.6) 42,544 (31.8) 51,115 (24.6) 36,678 (23.4) 26,335 (20.2) 15,605 (17.4) 4,442 (14.1)

Hypertension 405,598 (54.1) 90,078 (67.4) 123,537 (59.4) 81,745 (52.2) 61,469 (47.1) 37,689 (41.9) 11,080 (35.1)

DM2 158,039 (21.1) 42,167 (31.5) 51,895 (24.9) 30,662 (19.6) 20,393 (15.6) 10,433 (11.6) 2,489 (7.9)

CVD 225,945 (30.1) 57,816 (43.2) 69,099 (33.2) 41,598 (26.5) 31,813 (24.4) 19,813 (22.1) 5,806 (18.4)

Atrial fibrillation 28,635 (3.8) 8,774 (6.6) 8,813 (4.2) 4,544 (2.9) 3,465 (2.7) 2,377 (2.6) 662 (2.1)

Dyslipidemia 385,990 (51.4) 77,583 (58.0) 112,890 (54.3) 78,641 (50.2) 62,847 (48.2) 40,890 (15.5) 13,139 (41.6)

CKD 28,563 (3.8) 9,048 (6.8) 9,093 (4.4) 4,606 (2.9) 3,303 (2.5) 2,005 (2.2) 508 (1.6)

All cancer 31,796 (4.2) 6,647 (5.0) 10,042 (4.8) 5,496 (3.5) 5,008 (3.8) 3,509 (39) 1,094 (3.5)

Statins 333,334 (44.4) 70,093 (52.4) 100,510 (48.3) 66,405 (42.4) 52,828 (40.3) 33,253 (37.0) 10,245 (32.5)

Hypoglycemics 134,548 (19.9) 36,803 (27.5) 44,890 (21.6) 25,794 (16.5) 16,993 (13.0) 8,260 (9.2) 1,808 (5.7)

Cardiac/antihypertensive medications 430,124 (57.3) 95,449 (71.4) 131,012 (63.0) 87,053 (55.6) 65,125 (49.9) 40,001 (44.4) 11,484 (36.4)

Values are mean � SD or n (%).

BMI ¼ body mass index; CKD ¼ chronic kidney disease; CVD ¼ cardiovascular disease; DM2 ¼ type 2 diabetes mellitus.
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STATISTICAL ANALYSIS. Follow-up time was calcu-
lated from the ETT date to the death date for de-
cedents and to September 30, 2021, for survivors
and is presented as median and mean � SD. Follow-
up time is presented as median and IQR. We
calculated mortality rate as the ratio of deaths to
person-years of observation. Continuous variables
are presented as mean � SD and categorical vari-
ables as relative frequency (percentage). We tested
baseline mean differences of normally distributed
variables between individuals within CRF categories
using 1-way analysis of variance and associations
between categorical variables with chi-square or z
tests. The assumption of equality of variances be-
tween groups was tested using the Levene test and
the assumption of normality using probability-
probability plots.

The proportional hazards model was used to depict
HRs associated with exercise capacity (METs) for all-
cause mortality across the CRF categories. In addi-
tion, we stratified the cohort on the basis of sex, race,
and age groups and calculated HRs for CRF categories
within each of these subgroups. For these models, we

used the least fit CRF category (20th percentile) as the
reference group. We also used the 98th percentile
group (extremely fit) as the referent to express the
incremental increase in risk with decline in CRF. All
analyses were adjusted for the following covariates
assessed at the time of the ETT: age, BMI, race, sex,
history of cardiovascular disease (CVD) and risk fac-
tors (hypertension, DM2, dyslipidemia, and smoking),
chronic kidney disease, cancer (all), and use of car-
diac or antihypertensive medications (b-blockers,
calcium-channel blockers, angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers,
and diuretic medications), insulin, metformin, sulfo-
nylureas, and statins.

The assumption of proportionality for all Cox pro-
portional hazards analyses was tested graphically by
plotting the logarithm of cumulative hazards with
respect to each covariate separately. The propor-
tionality assumption was fulfilled for each model. All
hypotheses were 2 sided, and P values < 0.05 were
deemed to indicate statistical significance. All statis-
tical procedures were performed using SPSS version
26.0 (SPSS).

FIGURE 2 Relative Mortality Risk Associated With Select Clinical Characteristics

Variable

Extremely Fit (Referrent)

Comorbidities

Least 4.09 (3.94-4.24) <0.001
Low 2.88 (2.78-2.99) <0.001
Moderate 2.13 (2.05-2.21) <0.001
Fit 1.66 (1.60-1.73) <0.001
High 1.39 (1.34-1.45) <0.001

Chronic Kidney Disease 1.49 (1.46-1.52) <0.001
Smoking 1.40 (1.39-1.42) <0.001
Diabetes 1.34 (1.33-1.36) <0.001
Atrial Fibrillation 1.34 (1.31-1.36) <0.001
Cancer (all) 1.33 (1.30-1.35) <0.001
Cardiovascular Disease 1.28 (1.27-1.29) <0.001
Hypertension 1.14 (1.13-1.16) <0.001
Age 1.06 (1.06-1.06) <0.001
Body Mass Index 0.98 (0.97-0.98) <0.001

HR (95% CI) P Value

1 2
HR (Log)

3 4 5

Forest plot of HRs and 95% CIs from multivariable Cox regression analysis examining the association between cardiorespiratory fitness categories and

select comorbidities.
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RESULTS

Baseline demographic and clinical characteristics
across CRF categories are presented in Table 1. We
observed significant differences among the 6 CRF
categories among all variables examined. In general,
body weight, BMI, CVD risk factors, and overall dis-
ease burden were progressively more unfavorable for
those in the lowest compared with the highest CRF
categories. Conversely, lower CRF levels were asso-
ciated with progressively higher use of all medica-
tions (P < 0.001).
PREDICTORS OF ALL-CAUSE MORTALITY. The
median follow-up duration was 10.2 years (IQR:
6.1-14.4 years), providing 7,803,861 person-years of
observation. Age was significantly greater in Whites
(61.7 � 9.9 years) compared with African Americans
(58.4 � 9.2 years), Hispanics (58.5 � 10.8 years), and
Native Americans (58.4 � 10.2 years).

A total of 174,807 participants died (23.3%) in the
entire cohort, with an average annual mortality rate

of 22.4 events per 1,000 person-years. There were
171,396 deaths in men (24.3%) and 7,350,766 person-
years, for an average annual mortality rate of 23.3
events per 1,000 person-years. In women, there were
3,411 deaths (7.5%) and 453,095 person-years, for an
average annual mortality rate of 7.5 events per 1,000
person-years.

Death rates for the different ethnic groups were as
follows: 139,498 deaths in Whites (28.0 per 1,000
person-years), 26,147 in African Americans (20.1 per
1,000 person-years), 5,514 in Hispanics (18.9 per 1,000
person-years), and 2,738 in Native Americans (19.1 per
1,000 person-years).
COX PROPORTIONAL HAZARDS REGRESSION. In
the fully adjusted model, significant predictors of all-
cause mortality were age (HR: 1.06; 95% CI: 1.07-1.08;
P < 0.001), BMI (HR: 0.97; 95% CI: 0.97-0.99;
P < 0.001), chronic kidney disease (HR: 1.49; 95% CI:
1.46-1.52; P < 0.001), smoking (HR: 1.40; 95% CI: 1.39-
1.42; P < 0.001), atrial fibrillation (HR: 1.34; 95% CI:
1.31-1.36; P < 0.001), CVD (HR: 1.28; 95% CI: 1.27-1.29;

FIGURE 3 Survival Curves According to Cardiorespiratory Fitness Categories
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P < 0.001), all cancers (HR: 1.33; 95% CI: 1.30-
1.36; P < 0.001), hypertension (HR: 1.15; 95% CI: 1.13-
1.16; P < 0.001), and DM2 (HR: 1.34; 95% CI: 1.33-1.33;
P < 0.001).

In addition, higher exercise capacity was inversely
related to mortality risk for the entire cohort and for
each age category. For every increase of 1 MET in
exercise capacity, the adjusted HR for mortality was
0.86 (95% CI: 0.85-0.87; P < 0.001) for the entire
cohort and was similar for men, women, and racial
groups.

Adjusted HRs and CIs for CRF categories and select
clinical comorbidities with the extremely fit CRF
category as the referent are presented in Figure 2. The
adjusted all-cause mortality risk increased progres-
sively with reduced CRF and was highest in the least
fit individuals (HR: 4.09; 95% CI: 3.94-4.24;
P < 0.001), followed by low fit (HR: 2.88; 95% CI: 2.78-
2.99; P < 0.001).

CRF AND MORTALITY RISK ACROSS THE SPECTRUM

OF AGE, SEX, AND ETHNICITY. Survival curves are
presented in Figure 3. After multivariate adjustment,
incrementally higher survival rates were evident with
higher CRF for the entire cohort and for men and
women. Approximately 80% of men and 95% of
women in the highest CRF category (98th percentile)
were alive at 20 years of follow-up, compared
with <40% of men and approximately 75% of women
in the least fit CRF category (20th percentile).

HRs and CIs for the association of CRF and mor-
tality risk within age categories are presented in
Table 2 and the Central Illustration. We observed a
progressively lower mortality risk with increased CRF
in all age groups. For an approximate 50% reduction
in mortality risk, the peak MET level requirements
were approximately 11.0 METs for those aged 30-49

years, 10.0 METs for those aged 50-59 years, 8.0 METs
for those aged 60-79 years, and 7.0 METs for octoge-
narians. Similar trends were noted in the association
of CRF and risk for the 4 race groups (Figure 4).

We observed no erosion of the association of CRF
and risk with extreme fitness for the entire cohort
(Figure 5), men and women (Figure 6), and across the
spectra of age (Central Illustration) and race (Figure 4).
The lowest mortality risk was observed at approxi-
mately 14.0 METs for both men (HR: 0.24; 95% CI:
0.23-0.25) and women (HR: 0.23; 95% CI: 0.17-0.29).
Men with peak exercise capacity of approximately
10.0 to 12.0 METs (fit and highly fit) lived 4.5 years
longer compared with those in the 20th percentile
(age at death 77.7 years vs 73.2 years, respectively).
Those classified as extremely fit ($98th percentile)
lived 6.0 years longer (age at death 79.2 years vs 73.2
years, respectively). Similarly, women with peak CRF
of approximately 10.0 to 11.5 METs (fit and highly fit)
lived 2.5 years longer (age at death 71.5 years vs 69.0
years) compared with those in the 20th percentile and
were 6.7 years older at the time of death (75.7 years vs
69.0 years) for those in the $98th percentile
(approximately 14.0 METs). Those $70.0 years of age
with CRF $7.0 METs lived 2.7 years longer compared
with those with CRF in the #20th percentile (4.7
METs; age at death 87.3 � 6.9 years vs 84.6 � 6.6
years, respectively).

SENSITIVITY ANALYSIS. Because patients referred
for ETTs may have higher incidences of clinical
pathologic findings that influence CRF, higher mor-
tality rates observed in the low-fitness categories may
be the result of underlying disease and not low fitness
per se (reverse causality). To attenuate the probabil-
ity of reverse causality, those who experienced major
coronary events or underwent PCI within 6 months

TABLE 2 Mortality Risk Across Fitness Categories According to Age Groups

Age Categories

30-49 y (n ¼ 69,754) 50-59 y (n ¼ 243,313) 60-69 y (n ¼ 299,609) 70-79 y (n ¼ 110,637) 80-95 y (n ¼ 26,989)

No. of Deaths 3,324 (4.8%) 43,220 (17.8%) 66,766 (22.3%) 44,318 (40.1%) 17,179 (63.7%)

Least fit 1,396 (10.8) 1.00 13,854 (33.4) 1.00 22,118 (37.9) 1.00 9,372 (57.4) 1.00 3,357 (75.7) 1.00

Low fit 1,004 (4.9) 0.57
(0.52-0.61)

13,217 (22.2) 0.69
(0.67-0.70)

17,797 (25.8) 0.68
(0.67-0.69)

22,678 (44.2) 0.76
(0.75-0.78)

5,343 (70.7) 0.73
(0.70-0.76)

Moderately fit 269 (3.5) 0.41
(0.36-0.47)

10,537 (14.2) 0.47
(0.46-0.48)

11,890 (20.1) 0.52
(0.51-0.53)

3,896 (34.5) 0.61
(0.58-0.63)

2,820 (63.7) 0.62
(0.59-0.65)

Fit 435 (2.8) 0.36
(0.32-0.40)

2,909 (9.6) 0.34
(0.33-0.36)

10,260 (14.8) 0.39
(0.38-0.40)

3,128 (32.9) 0.56
(0.54-0.59)

3,363 (57.8) 0.54
(0.51-0.56)

Highly fit 210 (1.8) 0.26
(0.22-0.30)

2,136 (7.6) 0.28
(0.27-0.30)

3,668 (11.8) 0.28
(0.27-0.29)

4,315 (24.8) 0.47
(0.45-0.49)

1,690 (51.7) 0.42
(0.40-0.45)

Extremely fit 10 (0.8) 0.16
(0.15-0.30

567 (5.9) 0.22
(0.20-0.24)

963 (7.7) 0.20
(0.19-0.22)

929 (19.3) 0.34
(0.32-0.37)

606 (40.6) 0.27
(0.24-0.29)

Values are n (%) or HR (95% CI). The model was adjusted for age, body mass index, sex, race, history of hypertension, cardiovascular disease, smoking, type 2 diabetes mellitus, dyslipidemia, chronic kidney
disease, cancer (all), use of cardiac or antihypertensive medications, insulin, metformin, sulfonylureas, and statins.
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post-ETT were excluded from the initial cohort. We
also excluded those who had MIs, strokes, CHF, PCI,
or coronary artery bypass grafting or were diagnosed
with cancer 1 year prior to their ETTs and those who
died within the initial 1 year (n ¼ 99,687) and 2 years
(n ¼ 105,532) of follow-up and repeated the analyses.
The association of CRF and mortality risk remained
robust, and the risk reduction did not deviate sub-
stantially from that observed in the entire
cohort (Table 3).

DISCUSSION

Our findings support an inverse, independent, and
graded association between CRF and all-cause mor-
tality across the spectra of age, race, and sex. Mor-
tality risk for individuals classified as least fit (20th
percentile; peak METs 4.7 � 1.5) was >4-fold higher
compared with individuals classified as extremely fit
($98th percentile; peak METs 14.5 � 2.1). This risk
was higher than the risks associated with any of
traditional cardiac risk factors examined (Figure 2).

To our knowledge, this was the largest cohort of
its type with CRF assessed objectively using a

standardized ETT. This allowed us to better
define the association of CRF and mortality risk
across the age spectrum, including septuagenarians
(n ¼ 110,637) and octogenarians (n ¼ 26,989), and
different racial groups, especially Native Americans,
data that were previously either limited or not avail-
able.2,5,11-17 Our findings reveal that CRF has a strik-
ingly similar impact regardless of age or race (Central
Illustration, Figure 4). Additionally, the large cohort of
women (n ¼ 45,232) contributes to the limited infor-
mation on the association of CRF and mortality risk in
women with CRF assessed objectively using an
ETT.40,41

Finally, our cohort consisted of a relatively large
number of individuals with exercise capacity $50%
greater than expected by age and sex.40,42 We found
no evidence of increased risk in these extremely fit
individuals, across all age groups, race, and sex. This
is in accordance with finding of a relatively large
study reported recently2 and refutes some previous
reports of increased risk among those who reported
engaging in inordinately high levels of PA.19-22

Although we do not know the PA status of our
cohort, and genetic factors cannot be excluded, it is

CENTRAL ILLUSTRATION Relative Risk According to Cardiorespiratory Fitness Categories Across the
Age Spectrum
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likely that CRF of this magnitude was largely the
outcome of substantial and consistent engagement in
aerobic activities.43,44

Our observation of no increased risk in those with
extremely high exercise capacities, along with those
of others,2 suggests that appropriate exercise is rela-
tively safe even at high exercise volumes and may
extend life. Consistent with this, the mean age at the
time of death was significantly higher for each CRF
category compared with the least fit individuals (20th
percentile). Men and women in the $98th percentile
of peak exercise capacities of approximately 14.0
METs lived 6.0 and 6.7 years longer, respectively,
compared with those in the #20th percentile of CRF.
This is consistent with previous findings suggesting
that elite athletes live longer than the general
population.45,46

However, evidence of potential cardiac maladap-
tation, cardiac microdamage, myocardial fibrosis,
coronary exercise–induced cardiac biomarker release,
artery calcification, and myocardial fibrosis has been
reported after high-volume and/or high-intensity
exercise bouts.47,48 This is especially true in over-
zealous, relatively low-fit individuals47,49 and those
with a genetic predisposition to cardiac disease or
previous cardiac injury.50,51 Accordingly, the poten-
tially injurious impact of excessive exercise may not

be manifested exclusively in highly fit individuals.
Rather, this may occur in anyone engaging in exercise
practices excessive relative to their fitness status and
without adequate recovery time. In this regard,
detection of exercise-related adverse outcomes may
be obscured. This may explain in part why the present
study and that of Mandsager et al,2 the 2 largest
studies with CRF assessed objectively, demonstrated
no risk associated with extreme CRF, in contrast to
the findings of studies based on PA status.19-21 Future
studies that combine objective assessments of exer-
cise capacity and PA status may be better suited to
address this issue.

Of special interest also is the impact of CRF on
longevity, particularly for elderly individuals. For
those $70.0 years of age with exercise capacity of
approximately $7.0 METs, the life expectancy was
approximately 2.7 years longer compared with those
with CRF in the #20th percentile (87.3 � 6.9 years
vs 84.6 � 6.6 years, respectively). These findings
suggest the potential for extended longevity
through CRF levels achievable by most middle-aged
and older individuals by meeting the current rec-
ommendations of $150 min/wk of moderate-
intensity PA.5-9

STUDY LIMITATIONS. The retrospective nature of the
study does not demonstrate causation, regardless of

FIGURE 4 Relative Mortality Risk Across Fitness Categories According to Race
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FIGURE 5 Mortality Risk for the Entire Cohort According to Peak METs Achieved
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categories (peak METs achieved) and mortality risk for the entire cohort.

FIGURE 6 Mortality Risk for Men and Women According to Peak METs Achieved
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the strong association of CRF and mortality risk.
Accordingly, we cannot discern whether increased
mortality risk was the outcome of poor CRF or sub-
clinical disease that underlies low CRF (reverse cau-
sality). To minimize the probability of reverse
causality we excluded individuals who experienced
major coronary events or underwent percutaneous
transluminal coronary angioplasty within 6 months
post-ETT. In addition, in our sensitivity analyses, we
excluded individuals diagnosed with CVD or cancer 1
year prior to their ETTs and those who died within the
initial 1 and 2 years of follow-up. The association of
CRF and mortality risk did not change substantially
from that of the entire cohort in either instance
(Table 3). These findings suggest that the probability
of reverse causality was minimal.

We also recognize that CRF was based on a par-
ticipant’s performance on a single ETT, and we
cannot account for changes in CRF during the follow-
up period and their association with mortality.
Nevertheless, changes in CRF are not likely to inval-
idate the association of CRF and mortality risk.12 Also,
we acknowledge that veterans referred for ETT may
have clinical indications that make them distinct from
the general population.

In addition, individuals $80 years of age
completing ETTs may not be representative of a
community cohort, as the ability to perform a Bruce
protocol at that age may indicate a select group of
individuals.

Finally, we assumed that a high CRF status of a
given individual was the outcome of increased PA.
However, we recognize that CRF is also determined
by genetic factors52 and that the independent or
synergistic effects of genetic factors and CRF on
mortality risk are beyond the scope of the present
study.

CONCLUSIONS

The salient message from present study is that rela-
tively poor CRF is a stronger predictor of mortality
than any of the traditional risk factors examined
regardless of age, sex, or race. Notably, at least a 50%
reduction in risk can be achieved by most individuals
with moderate CRF for their respective age categories
(Central Illustration). This CRF level is likely to be
achieved by meeting the current PA recommenda-
tions of 150 min/wk.9 These findings have public

health significance, particularly for septuagenarians
and octogenarians, considering the limited informa-
tion on the association of CRF and mortality risk in
this growing segment of the population. Thus, it is
prudent that CRF status be included in routine clin-
ical practice, as advocated by public health pro-
fessionals and recent scientific statements.9,43,44
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TABLE 3 Mortality Risk Across Fitness Categories After Exclusions

Model 1
(n ¼ 750,302)

Model 2
(n ¼ 650,615)

Model 3
(n ¼ 644,770)

Least fit 1.00 1.00 1.00

Low fit 0.71 (0.70-72) 0.71 (0.70-0.72) 0.72 (0.71-0.73)

Moderately fit 0.53 (0.52-0.54) 0.54 (0.53-0.55) 0.54 (0.53-0.55)

Fit 0.42 (0.41-0.43) 0.42 (0.41-0.43) 0.42 (0.40-0.43)

Highly fit 0.35 (0.34-0.36) 0.35 (0.34-0.36) 0.35 (0.34-0.36)

Extremely fit 0.25 (0.24-0.26) 0.26 (0.25-0.27) 0.26 (0.25-0.27)

Values are HR (95% CI). Model 1 includes the entire cohort. Model 2 excludes those who were
diagnosed with or had at least one of the following 1 year prior to ETT: MI, stroke, CHF, CABG,
percutaneous transluminal coronary angioplasty or percutaneous coronary intervention, cancer
(all), and death within 1-year post-ETT (n ¼ 99,687). Model 3 excludes those who were diagnosed
with who or had at least one of the following within 1 year prior to ETT: MI, stroke, CHF, CABG,
percutaneous transluminal coronary angioplasty or percutaneous coronary intervention, cancer
(all), and death within 2 years post-ETT (n ¼ 105,532).

CABG ¼ coronary artery bypass graft; CHF ¼ chronic heart failure; ETT¼ exercise treadmill test;
MI ¼ myocardial infarction.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Increased CRF

attained by performing moderate intensity PA for $150 minutes

weekly reduces mortality by $50% across all age groups, races,

and sex, independent of comorbidities, and extremely high

fitness does not increase mortality.

TRANSLATIONAL OUTLOOK: Studies that measure peak

work load achieved on exercise testing are needed to determine

whether very high levels of exercise affect mortality in individ-

uals without cardiovascular risk factors.

J A C C V O L . 8 0 , N O . 6 , 2 0 2 2 Kokkinos et al
A U G U S T 9 , 2 0 2 2 : 5 9 8 – 6 0 9 Fitness, Aging, and Mortality

607



RE F E RENCE S

1. Sanchis-Gomar F, Lavie CJ, Marín J, et al. Ex-
ercise effects on cardiovascular disease: from basic
aspects to clinical evidence. Cardiovasc Res. Pub-
lished online September 3, 2021. https://doi.org/
10.1093/cvr/cvab272

2. Mandsager K, Harb S, Cremer P, Phelan D,
Nissen SE, Jaber W. Association of cardiorespira-
tory fitness with long-term mortality among
adults undergoing exercise treadmill testing.
JAMA Netw Open. 2018;1:e183605.

3. Kokkinos PF, Faselis C, Myers J, Panagiotakos D,
Doumas M. Interactive effects of fitness and statin
treatment on mortality risk in veterans with dys-
lipidemia: a cohort study. Lancet. 2013;381:394–
399.

4. Kokkinos P, Faselis C, Myers J, Sui X, Zhang J,
Blair SN. Age-specific exercise capacity threshold
for mortality risk assessment in male veterans.
Circulation. 2014;130:653–658.

5. Kokkinos P, Myers J, Faselis C, Doumas M,
Kheirbek R, Nylen E. BMI-mortality paradox and
fitness in African American and Caucasian men with
type 2 diabetes.Diabetes Care. 2012;35:1021–1027.

6. Myers J, Prakash M, Froelicher V, Do D,
Partington S, Atwood JE. Exercise capacity and
mortality among men referred for exercise testing.
N Engl J Med. 2002;346:793–801.

7. Blair SN, Kohl HW III, Paffenbarger RS Jr,
Clark DG, Cooper KH, Gibbons LW. Physical fitness
and all-cause mortality. A prospective study of
healthy men and women. JAMA. 1989;262:2395–
2401.

8. Myers J, Kokkinos P, Arena R, LaMonte MJ. The
impact of moving more, physical activity, and
cardiorespiratory fitness: why we should strive to
measure and improve fitness. Prog Cardiovasc Dis.
2021;64:77–82.

9. Nelson ME, Rejeski WJ, Blair SN, et al. Physical
activity and public health in older adults: recom-
mendation from the American College of Sports
Medicine and the American Heart Association.
Circulation. 2007;116:1094–1105.

10. Dixon A. The United Nations decade of healthy
ageing requires concerted global action. Nat Ag-
ing. 2021;1:2.

11. Faselis C, Doumas M, Pittaras A, et al. Exercise
capacity and all-cause mortality in male Veterans
with hypertension aged $70 years. Hypertension.
2014;64:30–35.

12. Kokkinos P, Myers J, Faselis C, et al. Exercise
capacity and mortality in older men a 20-year
follow-up study. Circulation. 2010;122:790–797.

13. Schnohr P, Scharling H, Jensen JS. Changes in
leisure-time physical activity and risk of death: an
observational study of 7000 men and women. Am
J Epidemiol. 2003;158:639–644.

14. Yates LB, Djousse L, Kurth T, Buring JE,
Gaziano JM. Exceptional longevity in men: modi-
fiable factors associated with survival and function
to age 90 years. Arch Intern Med. 2008;168:284–
290.

15. Stessman J, Hammerman-Rozenberg R,
Cohen A, Ein-Mor E, Jacobs JM. Physical activity,

function, and longevity among the very old. Arch
Intern Med. 2009;169:1476–1483.

16. Goraya TY, Jacobsen SJ, Pellikka PA, et al.
Prognostic value of treadmill exercise testing in
older individuals. Ann Intern Med. 2000;132:862–
870.

17. Spin JM, Prakash M, Froelicher VF, et al. The
prognostic value of exercise testing in elderly
men. Am J Med. 2002;112:453–459.

18. Centers for Disease Control and Prevention.
Life expectancy at birth, at 65 years of age, and at
75 years of age, by race and sex: United States,
selected years 1900-2007. Accessed June 16,
2022. http://www.cdc.gov/nchs/data/hus/2010/
022.pdf

19. Forman DE, Arena R, Boxer R, et al. Prioritizing
functional capacity as a principal endpoint for
therapies oriented to older adults with cardiovas-
cular disease. A scientific statement from Amer-
ican Heart Association Council on Exercise, Cardiac
Rehabilitation, and Prevention, and the Council on
Nutrition, Physical Activity, and Metabolism. Cir-
culation. 2017;135:e894–e918.

20. Schnohr P, O’Keefe JH, Marott JL, Lange P,
Jensen GB. Dose of jogging and long-term mor-
tality: the Copenhagen City Heart Study. J Am Coll
Cardiol. 2015;65:411–419.

21. Schnohr P, O’Keefe JH, Lavie CJ, et al. U-sha-
ped association between duration of sports activ-
ities and mortality: the Copenhagen City heart
study. Mayo Clin Proc. 2021;96:3012–3020.

22. Lavie CJ, O’Keefe JH, Sallis RE. Exercise and
the heart-the harm of too little and too much. Curr
Sports Med Rep. 2015;14:104–109.

23. Stewart RAH, Held C, Hadziosmanovic N, et al.
Physical activity and mortality in patients with
stable coronary heart disease. J Am Coll Cardiol.
2017;70:1689–1700.

24. Arem H, Moore SC, Patel A, et al. Leisure time
physical activity and mortality a detailed pooled
analysis of the dose-response relationship. JAMA
Intern Med. 2015;175:959–967.

25. Mittleman MA, Maclure M, Tofler GH,
Sherwood JB, Goldberg RJ, Muller JE. Triggering
of acute myocardial infarction by heavy physical
exertion: protection against triggering by regular
exertion. N Engl J Med. 1993;329:1677–1683.

26. Willich ST, Lewis M, Löwel H, Arntz HR,
Schubert F, Schröder R. Physical exertion as a
trigger of acute myocardial infarction. N Engl J
Med. 1993;329:1684–1690.

27. Kokkinos P, Myers M, Kokkinos JP, et al. Ex-
ercise capacity and mortality in Black and White
men. Circulation. 2008;117:614–622.

28. Ehrman J, Brawner CA, Al-Mallah MH,
Qureshi WT, Blaha MJ, Keteyian SJ. Cardiorespi-
ratory fitness change and mortality risk among
Black and White patients: Henry Ford Exercise. Am
J Med. 2017;130:1177–1183.

29. Benjamins MR, Silva A, Saiyed NS, De Maio FG.
Comparison of all-cause mortality rates and in-
equities between Black and White populations

across the 30 most populous US cities. JAMA Netw
Open. 2021;4:e2032086.

30. Gornick ME, Eggers PW, Reilly TW, et al. Ef-
fects of race and income on mortality and use of
services among Medicare beneficiaries. N Engl J
Med. 1996;335:791–799.

31. Kizer KW, Demakis JG, Feussner JR. Reinvent-
ing VA health care: systematizing quality
improvement and quality innovation. Med Care.
2000;38(suppl 1):I7–I16.

32. Selim AJ, Berlowitz DR, Fincke G, et al. Risk-
adjusted mortality rates as a potential outcome
indicator for outpatient quality assessments. Med
Care. 2002;40:237–245.

33. McCarron KK, Reinhard MJ, Bloeser KJ,
Mahan CM, Kang HK. PTSD diagnoses among Iraq
and Afghanistan veterans: comparison of admin-
istrative data to chart review. J Trauma Stress.
2014;27:626–629.

34. Floyd JS, Blondon M, Moore KP, Boyko EJ,
Smith NL. Validation of methods for assessing
cardiovascular disease using electronic health data
in a cohort of veterans with diabetes. Pharma-
coepidemiol Drug Saf. 2016;25:467–471.

35. Vandenbroucke JP, von Elm E, Altman DG,
et al. Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE): expla-
nation and elaboration. PLoS Med. 2007;4:e297.

36. ACSM’s Guidelines for Exercise Testing and
Prescription. 10th ed: Wolters Kluwer 2018,
Philadelphia, Pennsylvania.

37. Kokkinos P, Myers J, Franklin B, Narayan P,
Lavie CJ, Faselis C. Cardiorespiratory fitness and
health outcomes: a call to standardize fitness
categories. Mayo Clin Proc. 2018;93:333–336.

38. Sohn MW, Arnold N, Maynard C, Hynes DM.
Accuracy and completeness of mortality data in
the Department of Veterans Affairs. Popul Health
Metrics. 2006;4:2.

39. Page WF, Mahan CM, Kang HK. Vital status
ascertainment through the files of the Depart-
ment of Veterans Affairs and the Social
Security Administration. Ann Epidemiol. 1996;6:
102–109.

40. Gulati M, Black HR, Shaw LJ, et al. The prog-
nostic value of a nomogram for exercise capacity
in women. N Engl J Med. 2005;353:468–475.

41. Mora S, Redberg RF, Cui Y, Flaws JA,
Sharrett AR, Blumenthal RS. Ability of exercise
testing to predict cardiovascular and all-cause
death in asymptomatic women: a 20-year
follow-up of the Lipid Research Clinics Preva-
lence Study. JAMA. 2003;290:1600–1607.

42. Morris CK, Myers J, Froelicher VF,
Kawaguchi T, Ueshima K, Hideg A. Nomogram
based on metabolic equivalents and age for
assessing aerobic exercise capacity in men. J Am
Coll Cardiol. 1993;22:175–182.

43. Ross R, Blair SN, Arena R, et al. Importance of
assessing cardiorespiratory fitness in clinical
practice: a case for fitness as a clinical vital sign: a
scientific statement from the American Heart As-
sociation. Circulation. 2016;134:e653–e699.

Kokkinos et al J A C C V O L . 8 0 , N O . 6 , 2 0 2 2

Fitness, Aging, and Mortality A U G U S T 9 , 2 0 2 2 : 5 9 8 – 6 0 9

608



44. American College of Sports Medicine. ACSM’s
Guidelines for Exercise Testing and Prescription.
10th ed. New York: Wolters Kluwer; 2018.

45. Garatachea N, Alejandro Santos-Lozano A,
Sanchis-Gomar F, et al. Elite athletes live longer
than the general population: a meta-analysis.
Mayo Clin Proc. 2014;89:1195–1200.

46. Kettunen JA, Kujala UM, Kaprio J, et al. All-
cause and disease-specific mortality among male,
former elite athletes: an average 50-year follow-
up. Br J Sports Med. 2015;49:893–897.

47. Franklin BA, Thompson PD, Al-Zaiti SS, et al.
Exercise-related acute cardiovascular events and
potential deleterious adaptations following long-

term exercise training: placing the risks into
perspective-an update: a scientific statement from
the American Heart Association. Circulation.
2020;14:e705–e736.

48. Aengevaeren VL, Hopman MTE,
Thompson PD, et al. Exercise-induced cardiac
troponin I increase and incident mortality and
cardiovascular events. Circulation. 2019;140:804–
814.

49. Neilan TG, Januzzi JL, Lee-Lewandrowski E,
et al. Myocardial injury and ventricular dysfunction
related to training levels among nonelite partici-
pants in the Boston Marathon. Circulation.
2006;114:2325–2333.

50. Eijsvogels TM, Molossi S, Lee DC, Emery M,
Thompson M. Exercise at the extremes: the
amount of exercise to reduce cardiovascular
events. J Am Coll Cardiol. 2016;67:316–329.

51. Vahatalo JH, Huikuri HV, Holmstrom LTA, et al.
Association of silent myocardial infarction and
sudden cardiac death. JAMA Cardiol. 2019;4:796–
802.

52. Kim DS, Wheeler MT, Ashley EA. The genetics
of human performance. Nat Rev Genet. 2022;23:
40–54.

KEY WORDS aging, fitness, mortality, race

J A C C V O L . 8 0 , N O . 6 , 2 0 2 2 Kokkinos et al
A U G U S T 9 , 2 0 2 2 : 5 9 8 – 6 0 9 Fitness, Aging, and Mortality

609

View publication stats

https://www.researchgate.net/publication/362406048

