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Abstract
Background—Cardiorespiratory fitness (fitness) is associated with cardiovascular disease
(CVD) mortality. However, the extent to which fitness improves risk classification when added to
traditional risk factors is unclear.

Methods and Results—Fitness was measured by the Balke protocol in 66 371 subjects without
prior CVD enrolled in the Cooper Center Longitudinal Study between 1970 and 2006; follow-up
was extended through 2006. Cox proportional hazards models were used to estimate the risk of
CVD mortality with a traditional risk factor model (age, sex, systolic blood pressure, diabetes
mellitus, total cholesterol, and smoking) with and without the addition of fitness. The net
reclassification improvement and integrated discrimination improvement were calculated at 10
and 25 years. Ten-year risk estimates for CVD mortality were categorized as <1%, 1% to <5%,
and ≥5%, and 25-year risk estimates were categorized as <8%, 8% to 30%, and ≥30%. During a
median follow-up period of 16 years, there were 1621 CVD deaths. The addition of fitness to the
traditional risk factor model resulted in reclassification of 10.7% of the men, with significant net
reclassification improvement at both 10 years (net reclassification improvement=0.121) and 25
years (net reclassification improvement=0.041) (P<0.001 for both). The integrated discrimination
improvement was 0.010 at 10 years (P<0.001), and the relative integrated discrimination
improvement was 29%. Similar findings were observed for women at 25 years.

Conclusions—A single measurement of fitness significantly improves classification of both
short-term (10-year) and long-term (25-year) risk for CVD mortality when added to traditional
risk factors.
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Physical activity and cardiorespiratory fitness (fitness) are known to be associated with
enhanced health and quality of life,1 and even small improvements in fitness have been
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associated with reduced cardiovascular and all-cause mortality.2– 4 The current physical
activity guidelines recognize the importance of fitness and activity, recommending that all
adults engage in at least moderate-intensity exercise for 150 minutes each week or vigorous-
intensity exercise for 75 minutes each week.1

In addition to being an important focus for lifestyle interventions, low fitness has also been
proposed as a novel cardiovascular disease (CVD) risk factor that could be used clinically to
improve risk stratification.5–7 Fitness has a well-documented inverse association with CVD
mortality,8–14 and with the use of conventional statistical techniques, low fitness has been
associated with a 2- to 3-fold increased risk of death, independent of traditional CVD risk
factors.5,12,14–16 However, the association of a risk marker with CVD does not necessarily
translate into diagnostic or prognostic utility.17–19 For example, the polymorphism in
chromosome 9p21 is associated with a 1.25-fold increased hazard of incident CVD but
results in negligible improvement in risk reclassification.20 Thus, in a recent scientific
statement, the American Heart Association recommends that initial association studies be
followed by a more thorough assessment of the contribution of a marker to clinical risk
assessment with the use of advanced statistical tests such as net reclassification
improvement (NRI), integrated discrimination improvement (IDI), and relative IDI.21

Currently, the extent to which knowledge of baseline fitness level provides clinically
meaningful risk information beyond traditional risk factors in the short term or in the long
term is unclear. Therefore, we sought to determine the contribution of fitness to traditional
risk factors in CVD risk classification using data from the Cooper Center Longitudinal
Study (CCLS) (formerly from the Aerobics Center Longitudinal Study), a well-described
cohort8,9,15 with a large sample size and long-term follow-up.

Methods
Study Population

The CCLS is an ongoing prospective study enrolling 1000 to 4000 participants each year at
the Cooper Clinic in Dallas, TX, details of which have been described previously.8,9,15

These individuals were either self-referred or were referred by their employer or personal
physician. For this study, we included all participants between the ages of 20 and 90 years
with a complete clinical visit who underwent clinical examination at the Cooper Clinic
between 1970 and 2006 (n=67 110). We excluded 739 participants with a prior history of
myocardial infarction for our primary analysis, resulting in a final study sample of 66 371.
All participants with a prior medical history other than myocardial infarction were included
in the analyses. The majority of study participants were white, well educated, and from
middle to upper socioeconomic strata. The CCLS undergoes annual review by the
institutional review board of the Cooper Institute. The requirement for written informed
consent was waived by the institutional review board at the University of Texas
Southwestern Medical Center.

Measurements
All participants underwent a comprehensive clinical examination including self-reported
personal medical history, physical examination, fasting blood levels of glucose and total
cholesterol, and a maximal symptom-limited treadmill exercise test. Details of
anthropometric and laboratory measurements and other variable definitions have been
described previously.8,9,15 Diabetes mellitus was defined by self-report or a fasting blood
glucose ≥126 mg/dL. Smoking habits (current smoker or not) were obtained from a
standardized questionnaire. Fitness was assessed by a maximal treadmill exercise test with
the use of the Balke protocol.8,9 The treadmill speed was set initially at 88 m/min. In the
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first minute, the grade was set at 0%, followed by 2% in the second minute and increased by
1% every minute thereafter. The test was terminated by volitional exhaustion reported by the
participant or by the physician for medical reasons. With this protocol, the exercise time
correlates highly with directly measured maximal oxygen uptake (r=0.92) and allows
estimation of fitness in metabolic equivalent tasks (METs) (1 MET=3.5 mL/kg per minute
of oxygen consumption).22 Exercise time for each participant was compared with age- and
sex-specific nomograms on treadmill performance within the CCLS, allowing each
individual’s exercise time to be classified into an age- and sex-specific quintile of fitness as
described previously, with quintile 1 (lowest level of fitness) as the referent group.8,9 No
individual was excluded on the basis of their performance on the exercise treadmill portion
of the examination.

End Point
Participants were followed from the date of initial examination until death or end of follow-
up on December 31, 2006 (range of follow-up period, 0.01 to 36 years). With the use of data
from the National Death Index,23 CVD as the primary cause of death (indicated by
International Classification of Diseases, Ninth Revision codes 390.0 to 458.9 or equivalent
codes from International Classification of Diseases, Eighth Revision or International
Classification of Diseases, Tenth Revision) was used as the primary outcome variable. To
assess the importance of competing risks, we performed sensitivity analyses using all-cause
death as the outcome variable.

Statistical Analysis
After the proportional hazards assumption was satisfied with the use of Schoenfeld
residuals, Cox regression analyses were used to estimate the risk of CVD mortality with a
traditional factor model (age, systolic blood pressure, diabetes mellitus, total cholesterol, and
smoking) and after the addition of fitness (expressed as age- and sex-specific quintiles with
quintile 1 as the referent group and 4 dummy variables for the other fitness quintiles).
Separate CVD mortality risk prediction models were used for men and women. Lack of
model fit was tested with the Hosmer-Lemeshow test.

To assess model discrimination (the ability of a marker to differentiate between individuals
who did and did not have CVD death), we constructed time-dependent receiver operating
characteristic curves to calculate the Harrell’s C statistic.24,25 The C statistics for models
with and without fitness were compared with bootstrapping. Using the models with and
without fitness, we calculated the NRI.18,26 Net correct reclassification was calculated
separately for those who developed a CVD death (events) and those who survived until the
censored date (December 31, 2006) or had a non-CVD death (nonevents), and then the total
NRI was calculated by taking their sum, as described previously.26 Because there are no
well-established analytical approaches to estimate the NRI with time-to-event data with a
variable follow-up period, we estimated the NRI for 10 years (NRI10) by restricting our
analyses to the first 10 years of follow-up among participants enrolled on or before
December 31, 1996 (n=43 041). Because we used CVD death rather than coronary heart
disease as the outcome variable, we followed the European guidelines27 and not the
Framingham Risk Score to determine clinically meaningful risk categories. The 10-year risk
thresholds for CVD mortality were categorized as <1% (low risk), 1% to <5% (intermediate
risk), and ≥5% (high risk). Sensitivity analyses were performed after adjustment for body
mass index, substituting fitness quintiles with actual measured METs, excluding participants
with diabetes mellitus (n=2603) or those with an abnormal exercise ECG (n=3585) and
including those with prior history of myocardial infarction (n=739).
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After assessing improvement in reclassification in the short term (10 years), we investigated
whether fitness continues to improve classification of the risk of CVD mortality in the long
term (25 years). To estimate the NRI for 25 years (NRI25), we restricted our analyses to the
first 25 years of follow-up among participants enrolled on or before December 31, 1981
(n=16 533). To our knowledge, there are no standard thresholds for 25-year risks of CVD
mortality. Therefore, we constructed 25-year CVD mortality thresholds by extrapolating the
10-year thresholds to 25 years: <8% (low risk), 8% to <30% (intermediate risk), and ≥30%
(high risk). For example, low 10-year (<1%) and low 25-year (<8%) risk thresholds both
correspond to the 83rd percentile of predicted 10-and 25-year risks in the CCLS,
respectively. In sensitivity analysis, we created 25-year risk thresholds, assuming an
exponential relationship of risk over time, resulting in 25-year risk thresholds of <2.7%,
2.7% to <12.2%, and ≥12.2%.

Finally, additional analytical approaches were used to account for censoring28 and to
estimate the category-free NRI10 and NRI25.29 The IDI and relative IDI were also
calculated according to the method of Pencina et al.26

Using a Cox proportional hazards model similar to that used to estimate the risk of CVD
mortality, we repeated the analyses, using all-cause mortality as the outcome variable. All
statistical analyses were performed with the use of SAS for Windows (release 9.2; SAS
Institute, Inc., Cary, NC). Two-sided P values <0.05 were considered significant.

Results
During a median follow-up period of 16 years (1 048 344 person-years), there were 4749
all-cause deaths, including 1621 CVD deaths. As expected, the majority of participants had
a low Framingham Risk Score, and only 5% had an exercise test that was interpreted as
abnormal by the treating physician (Table 1).

Fitness and CVD Mortality
With the use of the Hosmer-Lemeshow test, all models had a P value >0.05, suggesting that
the models with and without fitness were well calibrated. All traditional risk factors were
significantly associated with an increased risk for CVD mortality with and without fitness.
Adjusted for these risk factors, all quintiles of fitness were significantly associated with
decreased risk of CVD mortality compared with the lowest quintile, with a stepwise
decrease in risk across higher quintiles of fitness (Figure).

Among the 43 041 participants enrolled before 1996, there were 286 CVD deaths (265 men
and 21 women) during the first 10 years of follow-up. Because there were too few deaths
among women, analyses at 10 years were restricted to men. Adding fitness to traditional risk
factors significantly improved discrimination, as reflected by an increase in the Harrell’s C
statistic from 0.84 (95% confidence interval [CI], 0.82 to 0.86) to 0.86 (95% CI, 0.84 to
0.88) (P<0.001). Cross-tabulations of the 10-year estimated risk of CVD mortality with the
use of the models with and without fitness are shown in Table 2. The addition of fitness to
traditional risk factors resulted in reclassification of 10.7% of the men. The NRI10 for events
was 0.113, and the NRI10 for nonevents was 0.008, achieving an overall NRI10 of 0.121
(P<0.001 for all). The IDI was 0.010 (P<0.001), and the relative IDI showed a 29%
improvement in discrimination slope after the addition of fitness to traditional risk factors.

In sensitivity analyses, we observed a similar pattern of results after accounting for
censoring (NRI10=0.122), adjusting for body mass index (NRI10=0.118), excluding men
with diabetes mellitus (NRI10=0.158), including those with prior myocardial infarction
(NRI10=0.120), using continuous METs instead of quintiles of fitness (Table I in the online-
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only Data Supplement; NRI10=0.153), or excluding those with an abnormal exercise study
(NRI10=0.102) (P<0.001 for all). The category-free NRI10 was 46% (P<0.001).

Among the 16 533 participants enrolled before 1981, 721 men and 60 women had a CVD
death during 25 years of follow-up. Among men, the Harrell’s C statistic increased from
0.81 (95% CI, 0.79 to 0.82) to 0.82 (95% CI, 0.80 to 0.83), NRI25 was 0.041, the IDI was
0.012 (P<0.001 for all), and the relative IDI was 11.1% (Table 3). In women, the Harrell’s C
statistic increased from 0.86 (95% CI, 0.81 to 0.91) to 0.88 (95% CI, 0.82 to 0.92) (P=0.21),
the NRI25 was 0.131 (P=0.04), the IDI was 0.018 (P=0.07), and the relative IDI was 13.5%.
Similar findings were observed with the category-free NRI after we accounted for censoring
and at different thresholds for the NRI25 (data not shown).

When all-cause death was used as the outcome variable, among men, the Harrell’s C statistic
increased from 0.75 (95% CI, 0.74 to 0.76) to 0.76 (95% CI, 0.75 to 0.77), the IDI was 0.02,
the relative IDI was 10%, and the category-free NRI was 23% (P<0.001 for all). In women,
the Harrell’s C statistic increased from 0.75 (95% CI, 0.73 to 0.77) to 0.76 (95% CI, 0.74 to
0.79), the IDI was 0.02, the relative IDI was 12%, and the category-free NRI was 12%
(P<0.001 for all).

Discussion
In >66 000 individuals with >1 million person-years of follow-up, a single measurement of
fitness as measured by exercise treadmill time significantly improved measures of
discrimination and reclassification of CVD mortality risk when added to traditional risk
factors. Even after 25 years of follow-up, baseline fitness provided modest improvement in
discrimination and reclassification, particularly in women. These data extend prior
observations on the association of fitness with CVD mortality, suggesting the potential
clinical utility of incorporating fitness estimates in CVD risk prediction algorithms.

Several prior studies have observed a consistent, inverse association between levels of
fitness and the risk for CVD mortality, including the CCLS,8,9,15 the Veterans Affairs
study,14 and the Lipid Research Clinics Study.10 In addition, a few recent studies have
demonstrated that low fitness is associated with increased CVD and all-cause mortality,
even after adjustment for global risk scores.5–7,12,16 In the present study, we assessed the
performance of fitness in improving clinically relevant metrics of discrimination,
calibration, and reclassification beyond traditional risk factors.

Although traditional risk factors alone provided excellent discrimination of CVD mortality
in the CCLS cohort, the addition of fitness improved all measures of discrimination. Given
the limitation of using discrimination as the sole risk-prediction performance criterion,17 the
ability of a novel marker to reclassify subjects across clinically relevant thresholds of risk
represents a new benchmark.21 The NRI represents clinically meaningful improvement in
risk classification achieved with a new marker and is calculated by measuring the net change
in risk categories among cases and controls after the addition of a new marker to the
baseline model.18,26 Unlike the NRI, the IDI is a measure of improvement in discrimination
that is independent of risk categories and represents the improvements in true-positive rates
minus the worsening in false-positive rates with the new marker.18,26 The relative IDI
represents proportional improvement in discrimination by the new model versus the
traditional model.18,26

Of note, the addition of fitness to traditional risk factors correctly reclassified 18.5% of
cases into a higher-risk category but incorrectly reclassified 7.2% of cases into a lower-risk
category, for a net correct classification of 11.3% among men with CVD death. In contrast,
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the addition of fitness had a negligible effect on the reclassification of noncases, resulting in
an overall significant NRI10 of 0.121 (Table 2). These findings suggest that an assessment of
fitness may have significant impact on risk prediction algorithms by providing a meaningful
improvement in the identification of those individuals at risk for future CVD mortality. In
addition, these data might also be useful to practicing clinicians, facilitating more effective
risk communication regarding the health benefits of fitness. Not only is fitness a marker for
CVD that improves multiple clinically relevant risk-prediction performance metrics, but
fitness itself represents an established treatment target with few associated risks.1

Risk prediction in the general population remains a challenge because the majority of the
general population is low risk.21,30 –32 Prior efforts have emphasized the potential role of
blood-based markers (eg, C-reactive protein and cystatin C) and imaging modalities (eg,
brachial flow-mediated dilation and carotid intima-media thickness) in risk prediction
algorithms.33–36 With the exception of coronary artery calcium, most of these novel risk
markers have limited discrimination and reclassification ability.33–37 Although significant
improvements in the NRI are achieved with coronary artery calcium,37 there are particular
concerns about radiation exposure and cost with the widespread use of coronary artery
calcium scanning.38 In contrast, significant NRI is achieved with the addition of fitness
without any associated radiation exposure. At a minimum, the findings from the present
study suggest that in the short term, a single measurement of fitness is at least as useful as
most biomarkers and imaging modalities in stratifying CVD risk.

Current CVD risk prediction algorithms (Framingham Risk Score, European Systematic
Coronary Risk Evaluation [SCORE]) assess only short-term CVD risk and classify >98% of
women aged <60 years and 80% of men aged <50 years as low short-term risk for CVD39

despite the fact that >1 in 3 adults will develop CVD in their lifetime.38,40,41 In response,
recent guidelines on primary prevention of CVD have emphasized long-term risk assessment
in individuals at low short-term risk.32,40 By extending the follow-up time in this study, we
were able to accrue enough events to assess the reclassification ability of fitness for long-
term risk separately in men and women. We observed that the improvement in risk
classification persisted even after 25 years of follow-up, particularly in women (Table 3).
The NRI25 in the overall cohort was lower than the NRI10, which may be due to changes in
fitness level over time, thus weakening the association of fitness with long-term CVD
mortality. Nevertheless, these data suggest the potential role for fitness as a novel approach
for long-term risk prediction, particularly in women.

Limitations
Several limitations should be noted. First, the CCLS represents a unique cohort of
predominantly white participants with high socioeconomic status and lower risk factor
burden compared with the general population.39 Despite these unique characteristics, levels
of fitness and the effect of traditional risk factors in the CCLS are overall quite similar to
those observed in the general population.41,42 Importantly, we believe that the healthy nature
of the CCLS participants actually represents an important strength, providing an estimate of
the contribution of fitness to reclassification of risk for CVD mortality among low-risk
individuals not referred for exercise testing. Although further analyses regarding cost-
effectiveness of exercise testing are needed, simpler methods of fitness assessment, such as
the Rockport Walking Test, may make assessing fitness an efficient and effective CVD risk
stratification tool.43

Second, the MET levels used in this study are estimated from treadmill testing and not
measured by metabolic testing. Although participants were encouraged not to hold onto the
railing and were given encouragement to exert maximal effort, the fitness level could be
overestimated if subjects used the handrails on the treadmill for support.
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Third, we did not have high-density lipoprotein cholesterol in our baseline model, and
additional adjustment for high-density lipoprotein cholesterol may have attenuated the effect
of fitness on the NRI. However, prior literature suggests a more limited contribution of high-
density lipoprotein cholesterol to risk prediction for CVD mortality.44 Similarly, data on
other laboratory measurements, such as hemoglobin A1C and high-sensitivity C-reactive
protein, were also not available.

Fourth, using CVD death as the outcome variable based on the National Death Index has
well-recognized limitations, with potential misclassification of the cause of death at older
ages.45 In addition, competing risks increase with advancing age because of the higher
levels of non-CVD death at older ages. Nevertheless, in the present study, we also
performed sensitivity analyses using all-cause death as the outcome variable and observed a
similar pattern of results. Furthermore, we have shown recently that the effect of fitness on
long-term risk for CVD mortality remains even after adjustment for competing risks.41

Finally, we acknowledge that fitness levels and risk factor burden may have changed during
the follow-up period. We believe that this observation actually represents an important
strength of our findings, suggesting that a single, baseline measure of fitness retains its
effect on the reclassification of risk for CVD mortality at 25 years of follow-up.

Conclusions
In a predominantly low-risk, asymptomatic cohort of individuals without known CVD, the
addition of fitness to traditional risk factors significantly improves reclassification of the risk
of CVD mortality across short-term and long-term follow-up.
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CLINICAL PERSPECTIVE

Cardiorespiratory fitness has a well-documented inverse association with cardiovascular
disease mortality independent of traditional risk factors. However, the extent to which
fitness provides clinically meaningful risk information beyond traditional risk factors is
unclear. In the present study, we assessed the contribution of fitness to traditional risk
factors in cardiovascular disease risk classification using data from >66 000
asymptomatic individuals enrolled in the Cooper Center Longitudinal Study. During a
median follow-up period of 16 years, there were 1621 cardiovascular disease deaths. We
found that the addition of fitness to the traditional risk factor model resulted in significant
net reclassification improvement at both 10 years and 25 years. These findings suggest
that an assessment of fitness may have significant impact on risk prediction algorithms
by providing a meaningful improvement in the identification of those individuals at risk
for future cardiovascular disease mortality. In addition, these data might also be useful to
practicing clinicians, facilitating more effective risk communication regarding the health
benefits of fitness.
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Figure.
Association of traditional risk factors and fitness with cardiovascular disease (CVD)
mortality. The hazard ratios were obtained with Cox proportional hazards models.
Participants in the lowest age- and sex-specific fitness quintile were the reference category.
*Hazard ratios are per 1 SD (per 10 years for age, per 14 mm Hg for systolic blood pressure
[BP], and per 40 mg/dL for total cholesterol).
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Table 1

Participant Characteristics in the Cooper Center Longitudinal Study

Characteristic Men (n=49 307) Women (n=17 064)

Age, y 44 (38, 51) 44 (37, 52)

Systolic BP, mm Hg 120 (112, 130) 110 (102, 120)

Diastolic BP, mm Hg 80 (76, 88) 76 (70, 82)

Total cholesterol, mg/dL 205 (180, 232) 196 (173, 222)

Diabetes mellitus, % 5 2

Smoking, % 18 9

Fitness level in METs 11.3 (9.9, 13.1) 9.4 (8.1, 10.8)

Framingham risk score

 <5%, % 59 95

 <10%, % 81 97

 10–20%, % 13 0

 >20% or diabetes mellitus, % 6 2

Abnormal exercise ECG, n (%) 2686 (5) 899 (5)

CVD deaths, n (%) 1462 (3) 159 (1)

All-cause deaths, n (%) 4134 (8) 615 (4)

Follow-up period, y 17 (7, 25) 12 (5, 22)

Data are presented as median (25th, 75th percentile) or percentages. BP indicates blood pressure; METs, metabolic equivalent tasks; and CVD,
cardiovascular disease.
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