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Abstract
Cardiorespiratory fitness has often been interpreted as a surrogate measurement of physical
activity rather than an independent coronary heart disease (CHD) risk factor per se. Fitness is also
known to be highly heritable, however, and rats bred selectively for treadmill endurance have low
CHD risk phenotypes even in the absence of physical activity. Therefore, I assessed whether
cardiorespiratory fitness predicted CHD independent of physical activity in 29,721 men followed
prospectively for 7.7 years as part of the National Runners' Health Study. Specifically, CHD
deaths and incident participant-reported physician-diagnosed myocardial infarction,
revascularization procedures (coronary artery bypass grafting and percutaneous coronary
intervention), and angina pectoris during follow-up were compared to baseline cardiorespiratory
fitness (10-km footrace performance, meters/second). Nonfatal end points for the 80% of these
men who provided follow-up questionnaires included 121 nonfatal myocardial infarctions, 317
revascularization procedures, and 81 angina pectora. The National Death Index identified 44 CHD
deaths. Per meter/second increment in baseline fitness, men's risks decreased 54% for nonfatal
myocardial infarction (p <0.0001), 44% for combined CHD deaths and nonfatal myocardial
infarction (p = 0.0003), 53% for angina pectoris (p = 0.001), and 32% for revascularizations (p =
0.002). Adjustment for physical activity (kilometer/day run) had little effect on the per meter/
second risk decreases for nonfatal myocardial infarction (from 64% to 63%), combined CHD
deaths and nonfatal myocardial infarction (from 34% to 33%), angina pectoris (from 53% to 47%)
or revascularizations (from 32% to 26%). In conclusion, the results suggest that cardiorespiratory
fitness is a CHD risk factor, largely independent of physical activity, which warrants clinical
screening.

Cardiorespiratory fitness has been shown to predict cardiovascular mortality.1 In 1989, this
conclusion was reaffirmed in the seminal report by Blair et al,2 but with a twist. They
suggested that cardiorespiratory fitness may be a more objective measurement of physical
activity than self-reported activity, and they postulated that the substantial cardiovascular
disease decreases they observed with greater cardiorespiratory fitness may be achievable by
becoming physically more active. However, interpreting cardiorespiratory fitness as only a
physical activity surrogate discounts studies that show up to 70% of the variation in aerobic
capacity is inherited in humans,3 and selective breeding for fitness produces substantial
inherited differences in coronary heart disease (CHD) risk factors in rats even in the absence
of training.4 If cardiorespiratory fitness affects incident CHD due to physical activity, then
there will be greater statistical power for demonstrating this in the National Runners' Health
Study than in other population cohorts because (1) 80% of men provided 10-km footrace
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performance times, a measurement of cardiorespiratory fitness; (2) vigorous physical
activity is recognized as being most effective in increasing maximum aerobic consumption
(VO2max)5; and (3) the range of energy expenditures is substantially greater than that
represented in other cohort studies. Demonstrating that cardiorespiratory fitness predicts
lower incident CHD independent of physical activity would argue for its recognition as an
independent CHD risk factor that warrants clinical screening and the need for public health
recommendations that target improved fitness.

Methods
The National Runners' Health Study cohort was recruited from 1991 to 1993 by nationwide
distribution of a 2-page questionnaire to runners identified through subscription lists to
running magazine subscribers and participation in foot race events.6–8 The questionnaire
solicited information on demographics, running history, weight history, smoking habit,
previous heart attacks and cancer, and medication use. To be eligible for the study,
participants were required to provide signed informed consent, be ≥18 years old, and
provide, at a minimum, their name, contact information, gender, birth date, weekly running
distance, body weight, and height. Follow-up questionnaires were mailed from 1998 to
2001. The University of California, Berkeley, committee for the protection of human
subjects approved the study protocol and all participants provided written informed consent.

Baseline cardiorespiratory fitness was assessed as speed in meters per second of the
participant's best 10-km race during the previous 5 years (reported as finish time in
minutes). Published data support the use of running performance to estimate VO2max.9

Baseline running distances were reported in usual miles run per week, which correlates
strongly between repeated questionnaires (r = 0.89),6 and has been shown to be related to
biomarkers traditionally associated with physical activity.8 Although other leisure-time
physical activities were not recorded for this cohort, data from runners recruited after 1998
(when the question was added to the survey) show running represents (mean ± SD) 91.5 ±
19.1% of all vigorously intense activity, and 73.5 ± 23.7% of total leisure-time physical
activity.

In their follow-up questionnaires, participants reported whether they had percutaneous
transluminal coronary angioplasty or coronary artery bypass grafting, if they had been
diagnosed by a physician as having had a heart attack or angina pectoris since baseline, and
the year of the procedure or diagnosis. Participants reporting any of these procedures or
conditions in the year of their baseline survey or before were excluded from these analyses.
Nonfatal CHD was defined as the earliest myocardial infarction, coronary artery bypass
grafting, percutaneous transluminal coronary angioplasty, or angina pectoris. Fatal CHD was
defined as an International Classification of Disease, Ninth Revision, diagnosis of codes 410
to 414 and 429.2 or an International Classification of Disease, 10th Revision, diagnosis of
codes I20 to I25 as provided by the National Death Index. The end point “all fatal and
nonfatal CHD” includes fatal and non-fatal CHD as described.

Cox proportional hazard model (JMP 5.0, SAS Institute, Cary, North Carolina) was used
with cardiorespiratory fitness (meters per second) as the independent variable and weekly
intakes of alcohol, meat, fish, fruit, and aspirin, pack-years of cigarette use, education, and
age (age and age squared) as covariates. Results were then adjusted for physical activity
(kilometre per day run) to determine whether activity dose explained the association
between fitness and incident disease. In addition, effects of adjusting for participant's
recalled weight when they began running ≥12 km/week (body mass index [BMI] before
exercise) were used to assess possible effects of self-selection7 and adjusted for their
baseline BMI to assess whether BMI mediated the relation between cardiorespiratory fitness
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and CHD. Analyses of nonfatal events included only those participants with follow-up
questionnaires, whereas analyses of all fatal and nonfatal CHD invoked the assumption that
subjects lost to follow-up were free of CHD at the end of follow-up (a conservative
approach because it counted nonfatal CHDs as event-free survival in those lost to follow-
up).

Results
There were 30,604 men who had complete data on age, education, diet, aspirin use, BMI,
smoking history, running distance, and 10-km performance times, of whom 424 were
excluded for baseline cigarette use, 159 for baseline diabetes, and 300 for pre-existing heart
disease. Of those remaining, follow-up questionnaires were obtained for 23,939 men
(80.6%), and causes of death were obtained from the National Death Index in an additional
243 men with complete baseline data who were nonsmokers, nondiabetic, and without pre-
existing heart disease at baseline. Men reported physician diagnoses of 125 myocardial
infarctions, 317 revascularization procedures (percutaneous transluminal coronary
angioplasty or coronary artery bypass grafting), and 81 incident angina pectoris. The
National Death Index identified an additional 44 CHD deaths. Women were excluded
because only 35 reported CHD, which were too few for meaningful analyses.

Table 1 presents men's baseline characteristics by 10-km performance. Their participation in
follow-up was unrelated to 10-km performance. The fittest men were generally younger,
exercised more, consumed somewhat less meat, fish, and alcohol and more fruit, were leaner
before starting to exercise and at baseline, and smoked less before baseline. The 10-km
footrace performance did not differ between those providing and not providing follow-up
questionnaires (p = 0.58). However, those lacking follow-up questionnaires were
significantly younger (41.7 ± 0.13 vs 44.6 ± 0.7 years, p <0.0001), less educated (15.92 ±
0.03 vs 16.52 ± 0.02 years, p <0.0001), ran somewhat more (5.80 ± 0.04 vs 5.65 ± 0.02 km/
day, p = 0.001), smoked more previously (6.46 ± 0.17 vs 5.76 ± 0.09 pack-years, p =
0.0003), and ate less beef (2.66 ± 0.03 vs 2.82 ± 0.02 serving/week, p <0.0001) at baseline.

Table 2 presents the hazard ratios for CHD by baseline cardiorespiratory fitness levels. Each
meter/second increment in running performance was associated with a 44% lower risk for
CHD death and nonfatal myocardial infarction, a 54% lower risk for nonfatal myocardial
infarction, a 53% lower risk for angina pectoris, and 32% lower risk for revascularization
procedures (percutaneous transluminal coronary angioplasty or coronary artery bypass
grafting). Adjustment for physical activity had little effect on the hazard ratios. Fatal CHDs
were too few for separate analyses. Adjustment for men's pre-exercise BMI also had little
effect on the hazard ratios, and except for angina pectoris, all remained significant when
adjusted for baseline BMI.

Figure 1 shows that risk for nonfatal myocardial infarction decreased linearly with
increasing fitness. Those runners able to run faster than 4.75 m/s had an 89% lower risk than
the least fit (i.e., slowest) men. There was significantly less risk in those running ≥3.25
compared to <3.25 m/s (p = 0.001), ≥3.75 compared to 3.25 to 3.74 m/s (p = 0.05), and
≥4.25 compared to 3.75 to 4.24 m/s (p = 0.01). Adjustment for physical activity had no
effect on risk decrease associated with baseline fitness. Adjustment for the men's BMI when
they began running (i.e., self-selection) also had little effect on the risk decrease, as did
adjustment for baseline BMI, although adjustment for the latter did eliminate the
significance of all fitness intervals <4.25 m/s but not those intervals ≥4.25 m/s. Including
fatal CHD with nonfatal myocardial infarctions yielded similar results except for a loss of
significance at the highest fitness category. Angina pectoris risk also decreased linearly with
cardiorespiratory fitness, and the risk was essentially nonexistent in the fittest men. Risk for
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revascularization procedures decreased primarily at >4 m/s in race performance (Figure 2)
and was only slightly attenuated by adjustment for physical activity. Those who ran 4.5 to
4.9 m/s were at 58% lower risk for revascularization than those who ran <4.0 m/s, and those
who ran ≥5.0 m/s had no detectable risk.

Discussion
These analyses demonstrate significant inverse associations between incident CHD and
cardiorespiratory fitness as measured by 10-km performance times that could not be
explained by physical activity. The somewhat weaker associations for revascularization
procedures may reflect their occurrence at a younger age with less disease progression than
myocardial infarctions. Results are consistent with these runners' fitness-related decreases in
BMI, hypertension, hypercholesterolemia, diabetes, blood pressures, and plasma triglyceride
concentrations when adjusted for activity.6,8 Table 2 suggests the CHD–fitness relation was
mediated in part by BMI, but not because leaner men and women chose to run further,
because adjusting for pre-exercise BMI did not affect the risk decrease. These results are
also consistent with meta-analyses that distinguished CHD–risk decreases associated with
fitness from those associated with physical activity.10

When assessed in the laboratory, cardiorespiratory fitness is generally assessed by VO2max,
which is the highest rate of oxygen uptake and use during exercise.11 In 1923, Hill and
Lupton12 hypothesized that success in middle- and long-distance running required a high
VO2max, which varied across runners. In humans, the ability of the cardiorespiratory system
to deliver oxygen to the muscle is the primary determinant of VO2max (70% to 85%13),
with trained subjects able to produce 60% greater maximum cardiac output than the
untrained.14 The muscle's mitochondrial enzyme activities and increased fat oxidation are
the primary determinants of submaximal exercise performance relative to VO2max.11 The
correlation of VO2max with 10-km performance time (r = −0.9115) is comparable to its
correlation with treadmill test duration as employed by Blair et al2 (r = 0.92 to 0.94),
although in trained subjects running economy may play a larger role in setting the lactate
threshold determining performance than in the untrained.11

Although caution is warranted in extrapolating rodent findings to humans, selective breeding
in rats suggests genetic differences could strongly influence interindividual differences in
cardiorespiratory fitness and their relation to CHD. Untrained high-capacity running (HCR)
rats are able to run an 8.4-fold greater distance and 2.5-fold faster than those selected for
low-capacity running (LCR) and have 39% lower percent visceral fat, 16% lower fasting
glucose, 57% lower insulin, 63% lower triglycerides, and 48% lower free fatty acid
concentrations in plasma and 13% lower 24-hour blood pressure.4 HCR rats have 30%
greater VO2max because of their improved oxygen supply, extraction ratio, and tissue
diffusion capacity than LCR rats.16 Their muscles have 46% lower triglyceride and 56%
diacylglycerol content and 73% higher triglyceride lipase activity than those of LCR rats.17

In humans, training-induced increases in VO2max are inherited.18 Similarly, HCR rats show
greater training response19 and greater training-induced increases in skeletal muscle
expression of genes associated with lipid metabolism and fatty acid elongation than LCR
rats.19

Selective breeding has also identified associations between genetic predisposition to poor
cardiorespiratory fitness and CHD. Untrained HCR rats have greater expression of α-
myosin heavy chain protein than untrained LCR rats, which have more β-myosin heavy
chain protein expression.20 The α-myosin heavy chain protein has a higher adenosine
triphosphatase activity21 and higher proportions of the α- to β-myosin heavy chain isoforms
correlated with greater cardiomyocyte contractile velocity and more economical force
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generation.22 Exercise training increases α-myosin heavy chain, whereas aging, heart
failure, cardiomyopathy, and pressure overload increase β-myosin heavy chain.23 Greater β-
myosin heavy chain protein expression in LCR rats is consistent with their low VO2max16

and their shift in substrate usage from normal mitochondrial fatty acid β oxidation to
carbohydrate metabolism.24 Untrained HCR rats have increased susceptibility to cardiac
failure leading to fatal intractable irregular contractions during hypoxia, due possibly to
cosegregating deficiencies in cardiac calcium homeostasis.21

The present findings are relevant to the formulation of public health guidelines. Current
guidelines primarily target the volume of physical activity rather than cardiorespiratory
fitness,25 whereas fitness-targeted guidelines would place greater emphasis on vigorous
exercise and interval training. Fitness improvements are achieved by training intensities that
exceed 50% VO2max except in low fit subjects (VO2max <40 ml/min/kg) who improve
with training at ≤40% VO2max.26 Vigorous physical activities (i.e., running and other
activities requiring over sixfold the energy expenditure of sitting at rest) are more effective
at improving cardiorespiratory fitness than moderate-intensity physical activities (i.e., brisk
walking and other activities requiring three- to sixfold the energy expenditure of sitting at
rest). Interval training at 90% to 95% of maximum heart rate has also been shown to
produce greater increases in VO2max than endurance training at 70% or 85% of maximum
heart rate.27 Although current guidelines acknowledge the potential benefit of more vigorous
exercise, they primarily treat vigorous exercise as a means for achieving the same total
activity dose over a shorter duration. In humans, comparable increases in skeletal muscle
carbohydrate metabolism, lipid oxidation, and mitochondrial biogenesis have been reported
for 4 to 6 30-second sprints performed 3 times weekly as for 200 to 300 minutes per week of
submaximal cycling.28 In LCR rats, high-intensity interval training at 85% to 90% of
VO2max produced significant corrections in metabolic syndrome.29

This study's primary limitation is its lack of clinical and medical record verification of CHD.
The Nurses' Health Study reported that, although 32% of participant-reported myocardial
infarctions could not be confirmed using World Health Organization criteria (symptoms and
typical electrocardiographic changes or increase of serum cardiac enzymes), most were
nevertheless hospitalizations for cardiac disease.30 Moreover, men who run regularly may
differ from others genetically, socioeconomically, psychologically, and with respect to other
health behaviors. However, biological processes that relate CHD to fitness will likely be
similar in runners and nonrunners. Moreover, significant associations of fitness with
multiple CHD end points strongly support their association.
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Figure 1.
Hazard ratio from survival analyses of men's reported physician-diagnosed myocardial
infarction (top), nonfatal infarction plus CHD death (International Classification of Disease,
Ninth Revision, codes 410 to 414 and 429.2; International Classification of Disease, 10th
Revision, codes I20 to I25) (middle), and angina pectoris (bottom) by cardiorespiratory
fitness (10-km footrace performance). Hazard ratios were adjusted for age, education,
intakes of meat, fish, fruit and alcohol, aspirin use, and pack-years of cigarette use.
Significance levels provided (above bars and to left of arrows) are relative to all greater
fitness levels (e.g., men who exceed 4.24 m/s had significantly lower risk of CHD death and
nonfatal myocardial infarction than men who ran 3.75 to 4.24 m/s at p = 0.04, middle panel).
Significant differences relative to the least fit (slowest) runners are coded (*p <0.05; †p
<0.01; ‡p <0.001; §p <0.0001). Sample sizes are provided in Table 1. Fitness categories
were defined a priori to be of constant width and symmetrically distributed (Table 1) while
providing adequate sample sizes within each category.
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Figure 2.
Hazard ratio from survival analyses of participant-reported revascularization procedures
(percutaneous transluminal coronary angioplasty [PTCA] and coronary artery bypass
grafting [CABG]) by cardiorespiratory fitness adjusted (adj.) for age, education, intakes of
meat, fish, fruit and alcohol, aspirin use, and pack-years of cigarette use. Significance levels
provided (above bars and to left of arrows) are relative to all faster 10-km performances
(Figure 1). Significant differences relative to the least fit (slowest) runners are coded (*p
<0.05; †p <0.01). Fitness categories were chosen to illustrate that risk decrease for
revascularization procedures was due primarily to decreasing risk in the fittest men.
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Table 2
Hazard ratios for coronary heart disease and angina by baseline cardiorespiratory fitness
(10-km race performance, per meter/seconds) from Cox proportional hazard model

Hazard ratio per Meter/Second (95% confidence interval) and Statistical Significance

Unadjusted for km/
day or BMI

Adjusted for Physical
Activity (km/day)

Adjusted for BMI
Before Exercise

Adjusted for BMI at
Baseline

Coronary heart disease death and
nonfatal myocardial infarction

0.56 (0.42–0.77) 0.57 (0.41–0.80) 0.59 (0.43–0.82) 0.68 (0.49–0.94)

 p value 0.0003 0.001 0.002 0.02

Nonfatal myocardial infarction 0.46 (0.32–0.66) 0.46 (0.32–0.69) 0.49 (0.33–0.72) 0.58 (0.39–0.86)

 p value <0.0001 0.0002 0.0003 0.008

Angina pectoris 0.47 (0.30–0.74) 0.53 (0.33–0.89) 0.45 (0.28–0.74) 0.52 (0.32–0.85)

 p value 0.001 0.02 0.002 0.01

Percutaneous transluminal coronary
angioplasty and coronary artery
bypass grafting

0.68 (0.54–0.86) 0.74 (0.57–0.96) 0.69 (0.54–0.88) 0.83 (0.64–1.06)

 p value 0.002 0.02 0.003 0.14

Adjusted for age (age and age squared), education, aspirin use, pack-years of cigarette use, and intakes of meat, fruit, and alcohol. Additional
adjustment for physical activity (kilometers per day), BMI when first began running ≥12 km/day (BMI before exercise) or BMI at baseline where
indicated. Samples consist of 29,721 men with fatal and nonfatal end points combined and 23,939 men with nonfatal end points alone.
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