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therefore, these results must be con-
firmed in larger studies. In addition, we
observed that fit individuals who were
obese (such as those with BMI of 30.0-
34.9, abdominal obesity, or excessive
percent body fat) had a lower risk of all-
cause mortality than did unfit, normal-
weight, or lean individuals. Our data
therefore suggest that fitness levels in
older individuals influence the asso-
ciation of obesity to mortality.

Results concerning the relationship
between mortality and obesity in older
adults have been inconsistent. Some
studies,'®?> but not all,'*?! have sug-
gested a lower risk of mortality in obese
individuals. We found a J-shaped as-
sociation between mortality and BMI
calculated from measured height and
weight. The age-, sex-, and examina-
tion year—adjusted mortality rate per
1000 person-years was the lowest in the
overweight group and the highest in the
class II obesity group (Table 4). How-
ever, the multivariate-adjusted model
(without fitness) showed a nonsignifi-
cant association (HR, 0.87; 95% ClI,
0.70-1.07) with overweight compared
with normal-weight persons (Table 6).
The fully adjusted model (including fit-
ness) attenuated the quadratic trend
(Table 6). Our findings are consistent
with the report from Gale et al,”® who
also found no evidence of increased
mortality risk in mildly to moderately
overweight women and men aged 65 or
older after adjusting for self-reported
physical activity.

Further joint analysis (Table 7)
showed that in fit individuals the mor-
tality risk was not significantly differ-
ent across the 4 BMI categories, while
in unfit individuals the mortality risk
was J-shaped, with lower risk in those
with BMI of 25.0-34.9 and higher risk
in those with BMI of 18.5-24.9 and 35.0
or greater. These results support the hy-
pothesis that moderate and higher fit-
ness levels favorably influence mortal-
ity risk across categories of body
composition. Normal-weight individu-
als in our study had greater longevity
only if they were physically fit; further-
more, obese individuals who were fit
did not have increased mortality.
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The quadratic trend across BMI in the
unfit individuals deserves further com-
ment. In general, unfit individuals were
inactive at baseline, whereas fit indi-
viduals were active. In elderly individu-
als, BMI is also a marker of other fac-
tors such as fitness and muscle mass;
therefore, maintaining BMI at older age
is an overall marker of health."” This
may be attributable to competing causes
of mortality that become important fac-
tors with increasing age. It also may re-

flect selection factors that have al-
lowed survival to older age.

In older populations, abdominal obe-
sity assessed by waist circumfer-
ence???* has been a better mortality pre-
dictor than BMI. Other indicators of
adiposity, such as body fat, also have
been examined for mortality associa-
tions.?**” However, the independent as-
sociation between body fat and mor-
tality in the older population has not
been adequately demonstrated.'** Re-

Lo e e
Table 5. Risk of All-Cause Mortality by Cardiorespiratory Fitness (Fitness)
Categories—Aerobics Center Longitudinal Study, 1979-2003

HR (95% CI) by Fitness Quintile?

Model <87 8.7-11.2 11.3-13.6 13.7-18.3 =18.4
1P 1 [Reference] 0.53 (0.40-0.70) 0.44 (0.33-0.58) 0.43 (0.32-0.58) 0.30 (0.22-0.42)
2c 1 [Reference] 0.51 (0.39-0.68) 0.42 (0.31-0.56) 0.40 (0.30-0.55) 0.27 (0.19-0.39)
3d 1 [Reference]  0.52 (0.40-0.69) 0.43 (0.32-0.57) 0.42 (0.31-0.56) 0.29 (0.21-0.40)
4¢ 1 [Reference] 0.53 (0.40-0.71) 0.43 (0.32-0.57) 0.41(0.31-0.56) 0.27 (0.19-0.39)
5 1 [Reference] 0.54 (0.41-0.72) 0.44 (0.33-0.59) 0.44 (0.33-0.59) 0.31 (0.22-0.43)

Abbreviations: Cl, confidence interval; CVD, cardiovascular disease; Fitness, cardiorespiratory fitness; HR, hazard ratio.

23ee Table 4 footnote for definition of fitness quintiles. For all models, P < .001 for linear trend across quintiles.
Adjusted for age, sex, examination year, smoking status, abnormal exercise electrocardiogram responses, and baseline
health conditions (cardiovascular disease, hypertension, diabetes, and hypercholesterolemia, present or not for each).

C Adjusted for covariates listed for model 1 plus body mass index (entered as continuous variable).

dAdjusted for covariates listed for model 1 plus waist circumference (entered as continuous variable).

€ Adjusted for covariates listed for model 1 plus percent body fat (entered as continuous variable).

fAdjusted for covariates listed for mode! 1 plus fat-free mass (entered as continuous variable).

L e e
Table 6. Risk of All-Cause Mortality by Adiposity Measures—Aerobics Center Longitudinal

Study, 1979-2003

Model 1, P Model 2, P
Adiposity Measure? HR (95% CI)P Value HR (95% CI)°© Value

BMmId

18.5-24.9 1 [Reference] 1 [Reference]

25.0-29.9 0.87 (0.70-1.07) 004° 0.72 (0.58-0.89) 005°

30.0-34.9 1.11 (0.80-1.53) 0.76 (0.54-1.07)

=35.0 1.98 (1.09-3.61) 1.11 (0.60-2.05)
Waist circumference

Normal 1 [Reference] 05¢ 1 [Reference} :} 95

Abdominal obesity 1.25 (1.00-1.56) ' 0.99 (0.79-1.25) '
Percent body fat

Normal 1 [Reference] 78f 1 [Reference] :‘ o7t

Obese 1,03 (0.85-1.25) ' 0.83 (0.67-1.01) '
Fat-free mass quintiles

<50.6 1 [Reference] 1 [Reference]

50.6-56.9 1.04 (0.70-1.53) 1.01 (0.69-1.49)

57.0-61.1 0.92 (0.61-1.38) .369 0.86 (0.57-1.28) 919

61.2-65.9 1.01 (0.66-1.54) 0.90 (0.59-1.37)

=66.0 1.21 (0.79-1.86) 1.02 (0.66-1.57)

Abbreviations: BMI, body mass index; Cl, confidence interval; HR, hazard ratio.

2See “Methods” for definitions.

Adjusted for age, sex, examination year, smoking status, abnormal exercise electrocardiogram responses, and baseline
health conditions (cardiovascular disease, hypertension, diabetes, and hypercholesterolemia, present or not for each).
C Adjusted for covariates listed for model 1 plus fitness (entered as continuous variable in minutes).
Calculated as weight in kilograms divided by height in meters squared.

€For quadratic trend.
For difference.
9For linear trend.
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searchers speculate that the controver-
sial association between adiposity and
mortality in older individuals may be
attributable to selective survival, co-
hort effects, or unadjusted confound-
ing.* We found that BMI or waist cir-
cumference, but not percent body fat,
predicted overall mortality in adults at
least 60 years old. From a practical per-
spective, these findings suggest that
more complicated and expensive body
fat measurement does not provide an
advantage in assessing mortality risk
over more readily available and less ex-
pensive obesity measures such as BMI
or waist circumference. These find-
ings also suggest that total adiposity per
se may not be the factor that increases
mortality risk among elderly individu-
als. Rather, fat distribution and some
other factor intrinsic to BMI (eg, frame
size) may underlie mortality risk in
older adults. Further investigation of the
effects of various measures of adipos-
ity on mortality in other elderly popu-
lations, and on the potential role of con-
founding and modifying variables,
would contribute usefully to this re-
search area.

Our results also support the hypoth-
esis that higher levels of fitness can re-
duce the risk of premature death'***##
and expand the evidence supporting

this relationship in obese older per-
sons. In a prospective cohort of 18 750
Chinese men and 37417 Chinese
wormen 65 or older, Schooling et al'’ re-
cently reported that self-reported physi-
cal activity was strongly associated with
lower mortality in a dose-response man-
ner. Our earlier report in older per-
sons in the Aerobics Center Longitu-
dinal Study also demonstrated that
lower fitness, an objective measure of
functional capacity that is related to re-
cent physical activity habits, is associ-
ated with higher risk of all-cause mor-
tality.”’

However, neither our earlier report
nor that by Schooling et al assessed the
joint associations of physical activity,
BMI, and outcomes. In the current
study, we found that fitness is a strong
predictor of overall death among older
adults, independent of body composi-
tion and other mortality risk factors.
Additional studies are needed that con-
currently evaluate the joint associa-
tion among objective measures of fit-
ness or activity, body size and fatness,
and longevity in the rapidly growing
older population.

Increasing evidence suggests that
skeletal muscle function (eg, strength,
power, endurance) may contribute to
improved physical functioning and lon-

gevity through biological pathways that
are related to but independent of aero-
bic fitness.** Fat-free mass was not a
significant predictor of mortality risk
in the present study. However, it is pos-
sible that the quality of FFM (eg, func-
tional phenotype), rather than the ab-
solute amount of FFM, is the key factor
in determining health risk. We were un-
able to include in the present study an
objective measure of muscle function
to examine its independent and joint
relationship with adiposity, fitness, and
mortality risk. More data are needed to
further explore the role of muscle func-
tion in successful aging and enhanced
longevity among older adults.

Our study had several strengths. We
used standardized and objective mea-
surements of fitness and adiposity and
examined their associations with mor-
tality, providing quantitative risk esti-
mates and a lower likelihood of mis-
classification on the exposure variables.
We are unaware of any other report in
which these data are available. The ex-
tensive baseline physical examination
permitted systematic evaluation of the
presence or absence of baseline medi-
cal conditions. The relatively long fol-
low-up (mean, 12 years) was suffi-
cient to accrue enough fatal end points
to allow for assessing the joint associa-

]
Table 7. Joint Associations of Cardiorespiratory Fitness (Fitness) and Adiposity Measures With All-Cause Mortality—Aerobics Center

Longitudinal Study, 1979-20032

Fit Unfit
T 1 | 1 P
Adiposity Measure No. of Deaths RateP HR (95% CI)¢ No. of Deaths RateP HR (95% CI)° Value

BmId

18.5-24.9 158 1.2 1 [Reference] 34 4.9 3.63 (2.47-5.32) <.001

25.0-29.9 162 1.2 0.88 (0.70-1.11) 44 2.7 1.74 (1.23-2.46) <.001

30.0-34.9 32 1.6 1.12 (0.76-1.66) 18 25 1.68 (1.02-2.78) 46

=35.0 2 1.2 0.86 (0.21-3.50) 10 4.8 3.35 (1.74-6.44) .05
Waist circumference®

Normal 274 5.1 1 [Reference] 61 14.5 2.84 (2.15-3.75) <.001

Abdominal obesity 70 6.2 1.21 (0.93-1.58) 45 13.5 2.65 (1.93-3.63) <.001
Percent body fat®

Normal 151 9.1 1 [Reference] 29 26.8 2.94 (1.97-4.38) <.001

Obese 190 8.7 0.96 (0.78-1.19) 72 21.8 2.39 (1.81-3.16) <.001

Abbreviations: BMI, body mass index; Cl, confidence interval; HR, hazard ratio.
2Cross-product tests of interaction between fitness and adiposity exposures were not statistically significant: fitness-BMI (x% = 0.05, P = .82); fitness-waist circumference (x% = 1.38,
P =.24); and fitness-percent body fat (x2 = 0.04, P = .84).
D All-cause death rates per 1000 person-years adjusted for age, sex, and examination year.
€ Adjusted for age, sex, examination year, smoking status, abnormal exercise electrocardiogram responses, and presence vs absence of baseline health conditions (cardiovascular
disease, hypertension, diabetes, and hypercholesterolemia).
Calculated as weight in kilograms divided by height in meters squared.

€See “Methods” for definitions.
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tion among risk factors and mortality
within adiposity strata.

Limitations of the current study in-
clude a focus on participants who were
primarily white and well-educated, had
middle to upper socioeconomic sta-
tus, and were physically able to com-
plete a maximal exercise test. The re-
sults may not apply to other groups of
older adults. However, the homogene-
ity of our sample strengthens the
internal validity of our findings by
reducing potential confounding by un-
measured factors related to socioeco-
nomic status, such as income, educa-
tion, or prestige. Residual confounding
from undetected subclinical disease at
baseline may exist, although it seems
unlikely that it would explain all of the
observed association between fitness,
adiposity, and mortality, especially
given the extensive medical examina-
tion performed at baseline. The pri-
mary results were not changed mean-
ingfully when deaths in the first 2 years
of follow-up were excluded. We did not
have adequate information about diet
or medication use to study these fac-
tors. We focused primarily on all-
cause mortality because of the rela-
tively small number of cause-specific
deaths, which prevented us from strati-
fying cause-specific analyses by adipos-
ity measures.

However, some exploratory analy-
ses were performed for associations be-
tween fitness, BMI, waist circumfer-
ence, percent body fat, or FFM and
cause-specific mortality (data not
shown). In the current study, cardio-
vascular disease and cancer ac-
counted for 74% of total deaths. After
adjusting for age, sex, examination year,
and current smoking, fitness was sig-
nificantly associated with cardiovascu-
lar disease, coronary heart disease, and
cancer mortality (P<.05 for linear
trend, for each). However, the associa-
tions between adiposity exposures and
the above cause-specific mortality out-
comes were variable. Future studies
should include these important expo-
sures and extend the analysis to these
and other specific causes of death with
particular interest to public health, such

©2007 American Medical Association. All rights reserved.

as stroke and diabetes mellitus. Due to
a limited sample of women, who con-
tributed relatively few deaths to the
analysis, we combined women and men
for analyses and adjusted the analyses
for sex. In our previous reports on fit-
ness in which we have been able to
perform parallel analyses in women
and men, results have generally been
similar for women and men.>** In this
cohort we had only a single baseline as-
sessment of fitness, adiposity measure-
ments, and other exposures; thus, we
could not examine whether changes in
any of these variables occurred during
follow-up and whether this may have
influenced the study results.

In conclusion, in this prospective
study of adults 60 years or older, low
fitness predicted higher risk of all-
cause mortality after adjustment for po-
tential confounding factors, including
adiposity. Fit individuals had greater
longevity than unfit individuals, re-
gardless of their body composition or
fat distribution. Our data provide fur-
ther evidence regarding the complex
long-term relationship among fitness,
body size, and survival. It may be pos-
sible to reduce all-cause death rates
among older adults, including those
who are obese, by promoting regular
physical activity, such as brisk walk-
ing for 30 minutes or more on most
days of the week (about 8 kcal/kg per
week), which will keep most individu-
als out of the low-fitness category.” En-
hancing functional capacity also should
allow older adults to achieve a healthy
lifestyle and to enjoy longer life in bet-
ter health.
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ABSTRACT

SUL X, D. LEE, C. E. MATTHEWS, S. A. ADAMS, J. R. HEBERT, T. S. CHURCH, C. LEE, and S. N. BLAIR. Influence of
Cardiorespiratory Fitness on Lung Cancer Mortality. Med. Sci. Sports Exerc., Vol. 42, No. 5, pp. 872-878, 2010. Purpose: Previous
studies have suggested that higher levels of physical activity may lower lung cancer risk; however, few prospective studies have
evaluated lung cancer mortality in relation to cardiorespiratory fitness (CRF), an objective marker of recent physical activity habits.
Methods: Thirty-eight thousand men, aged 20-84 yr, without history of cancer, received a preventive medical examination at the
Cooper Clinic in Dallas, Texas, between 1974 and 2002. CRF was quantified as maximal treadmill exercise test duration and was
grouped for analysis as low (lowest 20% of exercise duration), moderate (middle 40%), and high (upper 40%). Results: A total of
232 lung cancer deaths occurred during follow-up (mean = 17 yr). After adjustment for age, examination year, body mass index,
smoking, drinking, physical activity, and family history of cancer, hazard ratios (95% confidence intervals) for lung cancer deaths
across low, moderate, and high CRF categories were 1.0, 0.48 (0.35-0.67), and 0.43 (0.28~0.65), respectively. There was an inverse
association between CRF and lung cancer mortality in former (P for trend = 0.005) and current smokers (P for trend < 0.001) but not in
never smokers (trend P = 0.14). Joint analysis of smoking and fitness status revealed a significant 12-fold higher risk of death in current
smokers (hazard ratio = 11.9, 95% confidence interval = 6.0-23.6) with low CRF as compared with never smokers who had high CRF.
Conclusions: Although the potential for some residual confounding by smoking could not be eliminated, these data suggest that CRF is
inversely associated with lung cancer mortality in men. Continued study of CRF in relation to lung cancer, particularly among smokers,
may further our understanding of disease etiology and reveal additional strategies for reducing its burden. Key Words: DEATH FROM
LUNG CANCER, PHYSICAL ACTIVITY, SMOKING, PREVENTION, EPIDEMIOLOGY

hysical inactivity is associated with an increased
overall risk of cancer mortality (17) and mortality
associated with specific anatomic sites such as colon
(31) and breast (14). However, there is little information
regarding the association of inactivity and lung cancer,
which is the most common cause of cancer death in the
United States. According to the most recent report from the
American Cancer Society, in 2009, an estimated 116,090
new cases of lung cancer will be diagnosed, and approxi-
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mately 88,900 men are expected to die from this disease (3).
Cigarette smoking is the most important cause of lung can-
cer. Still, many nonsmokers die of the disease, and former
smokers remain at elevated risk after quitting. It is estimated
that in the United States alone, about 3000 hung cancer
deaths occur each year in nonsmoking adults (3). It takes up
to 20 yr for a majority of former smokers’ rates to drop to
those of never smokers (19). Therefore, it is plausible that
other factors besides smoking may play an important etio-
logic role. Moreover, the majority of cigarette smokers do
not develop lung cancer, and this fact adds to the likelihood
that there may be other factors besides smoking that modify
risk. One of these other factors might be physical activity.

Most previous cohort studies (2,5,9,12,20,21,26,32,34,39)
have reported an inverse association between risk of lung
cancer and physical activity in men; however, some have not
(7,11,25,30,33,43). These inconsistent findings may be due
partly to the measurement errors inherent in self-reported
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physical activity. Cardiorespiratory fitness (CRF), an objec-
tive and a more reproducible measure that reflects the func-
tional consequences of physical activity habits, may provide
a better exposure with which to evaluate associations with
lung cancer risk. To the best of our knowledge, only one
study (38) has been conducted on CRF and lung cancer
mortality among men. However, this study examined only
men with prediabetes and diabetes. To address cancer pre-
vention strategies, it is important to investigate whether
physical activity or CRF reduces cancer incidence or mor-
tality in the general population prospectively. The objective
- of this report is to examine the risk of lung cancer mortality
across levels of fitness, obtained by maximal exercise test on
a treadmill, in a large cohort of men from the Aerobics
Center Longitudinal Study (ACLS) (17).

METHODS

Study population. The ACLS is a prospective study
composed of patients who received preventive medical
examinations at the Cooper Clinic in Dallas, Texas. The
current analysis included 38,000 men ranging in age from 20
to 84 yr who completed a clinical examination, including
fitness testing, between 1974 and 2002 with mortality follow-
up through December 31, 2003. Men with any physician-
diagnosed cancer or those unable to complete an exercise
stress test to at least 85% of their age-predicted maximal
heart rate (220 minus age in years) were excluded. Women
also were excluded from this analysis because of limitations
in sample size and, concomitantly, lung cancer deaths. Most
participants were white (>95%) and employed or previously
employed in professional occupations. This study was re-
viewed and approved annually by the Cooper Institute insti-
tutional review board.

Baseline examination. Participants provided written in-
formed consent to participate in the examination and follow-
up study. All medical evaluations included personal and
family histories, questionnaire on demographic characteristics
and health habits, physical examination, anthropometry,
electrocardiogram, blood chemistry analyses, blood pressure
measurements, and maximal exercise test on a treadmill. The
comprehensivé medical evaluation is described in detail else-
where (17,38). Briefly, body mass index (BMI) was calcu-
lated as measured weight in kilograms divided by height in
meters squared. On the basis of self-reported current and past
smoking behavior, participants were categorized into one
of three groups: those who currently smoked cigarettes (cur-
rent smokers), those who previously smoked cigarettes
(former smokers), and those who never smoked cigarettes
(never smokers). Number of cigarettes smoked, year started
smoking, and year quitting smoking were used to calculate
pack-years. To measure alcohol use, one unit of alcohol was
defined as 12 oz (3.41 dL) of beer, 5 oz (1.421 dL) of wine,
or 1.5 oz (0.4262 dL) of hard liquor. Physically inactive
was defined as reporting no leisure-time physical activity
such as walking, jogging, running, treadmill exercise, cy-

cling, stationary cycling, swimming, racquet sports, aerobic
dance, or other sports-related activities (e.g., basketball or
soccer) in the 3 months before the baseline examination.
Family history (from parents and siblings; first-degree
relatives) of cancer was obtained from a standardized
questionnaire.

Pulmonary function assessment was performed in a sub-
set of the participants (79% of the total study sample), and
forced expiratory volume in 1 s (FEV1) was obtained with a
Collins 421 Survey spirometer (Collins, MA), as described
elsewhere (8). All procedures were administered by trained
technicians who followed standardized protocols. Hankinson
et al. (13) derived predictive equations for FEV1 specific
for sex, age, and height and derived from healthy partici-
pants of the Third National Health and Nutrition Examina-
tion Survey. The FEV1 was expressed both as raw values
and as a percentage of the predictive values.

We determined CRF using a modified Balke maximal
exercise test, as described in previous publications (6,17).
The treadmill speed was 88 m'min™" for the first 25 min.
During this time, the grade was 0% for the first minute and
2% for the second minute and increased 1% each minute
until 25 min had elapsed. After 25 min, the grade remained
constant while' the speed increased 5.4 mmin~! each
minute until test termination. Patients were encouraged
to give a maximal effort during the test. The mean (SD)
percentage of age-predicted maximal heart rate achieved
during exercise was 101.5 (6.6). Total time of the test
correlates highly (» = 0.92) with measured maximal oxygen
uptake (23). Thus, CRF in this study is analogous to
maximal aerobic power. METs (1 MET = 3.5 mL O, uptake
per kilogram per minute) were estimated from the final
treadmill speed and grade (4). We assigned men to age-
specific fitness categories on the basis of their total time on
the treadmill test. We classified the lowest 20% as low fit,
the next 40% of the fitness distribution as moderately fit,
and the upper 40% as high fit, as in our previous reports, on
the basis of data from the entire cohort. The detailed cut
points of treadmill duration and corresponding MET values
have been reported earlier (36).

Ascertainment of lung cancer death. All par-
ticipants were followed from the date of their baseline
examination until their date of death or until December 31,
2003. The National Death Index was the primary data source
for mortality surveillance. The underlying cause of death was
determined from the National Death Index report or by a
nosologist’s review of official death certificates obtained
from the department of vital records in the decedent’s state
of residence. Lung cancer mortality was defined by the
International Classification of Diseases, Ninth Revision
codes 162.2-162.9 before 1999 and International Clas-
sification of Diseases, Tenth Revision codes C34 during
1999-2003. We computed person-years of exposure as the
sum of follow-up time among decedents and survivors.

Statistical analysis. Baseline characteristics of the
study participants were calculated for the entire cohort and
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by CRF groups. Differences in covariates among the three
fitness groups were assessed using F-tests with two degrees
of freedom. Kaplan—Meier plots were used to compare
survival curves, and Cox proportional hazards models were
used to compute adjusted hazard ratios (HR), associated
95% confidence intervals (CI), mortality rates (deaths per
10,000 person-years of follow-up), and linear trends of

lung cancer mortality for levels of each fitness category.

When calculating HR, the low-fitness group was used as the
reference category. Multivariable-adjusted models con-
trolled for the potential confounding effects of baseline
age (yr), year of examination, BMI (kg'm™2), smoking
status (never, former, or current smoker), alcohol intake
(drinks per week), physically inactive (yes or no), and
family history of cancer (present or not). Tests of linear
trend across increasing categories of fitness were conducted
by treating the CRF exposure as a single continuous
variable. Cumulative hazard plots grouped by exposure
suggested no appreciable violations of the proportional
hazards assumption.

We also conducted Cox regression analyses of CRF strati-
fied by categories of smoking status (never, former, or cur-
rent smoker) and by lung function (FEV1I/FVC >70% or
<70%) to assess whether the associations were stronger in
particular subgroups. Finally, we examined the joint asso-
ciations of CRF and smoking status with lung cancer mor-
tality. We assessed the interaction among exposure groups
using likelihood ratio tests of nested models. Because
smoking is such a strong predictor of lung cancer risk, we
further controlled the pack-years smoking in a subset of men
who had the information available to calculate this variable.

All P values were two-tailed, and values of less than 0.05
were considered to indicate statistical significance. Analyses
were done using the SAS statistical software (Version 9.1;
SAS Inc., Cary, NC).

RESULTS

The baseline characteristics of participants across levels
of fitness are provided in Table 1. Men in the high-fitness
group were more likely to have a lower BMI, to have more
favorable lipid and blood pressure profiles, to be non-
smokers, and to have higher respiratory function (all
P <0.001).

There were 232 deaths from lung cancer during an
average 17.1 yr of follow-up (649,800 person-years of
observation). The risk of lung cancer mortality is lower
across incremental levels of fitness (Table 2). After adjust-
ment for covariates (age, examination year, smoking status,
alcohol intake, physical inactivity, BMI, and family history
of cancer), men with moderate and high CRF had 52% and
57% lower lung cancer risk, respectively, than did men with
low CRF (P for trend < 0.001). The Kaplan—Meier survival
curves also indicate that men with moderate and high CRF
had greater lung cancer-free time as compared with men
with low CRF (Fig. 1).

Although there was no significant interaction of CRF
with smoking status (P = 0.86), we were interested in
examining the smoking-specific association between CRF
and lung cancer mortality (Table 2, Figs. 2 and 3). The age-
adjusted death rate was inversely related to CRF in former
smokers (P for trend = 0.005) and current smokers (P for

TABLE 1. Baseline characteristics of the study participanis across cardiorespiratory fitness (CRF) levels in men, ACLS, Dallas, Texas, 1974-2002.

Cardiorespiratory Fitness

Characteristic All (N = 38,000) Low CRF (n = 6245) Moderate CRF (n = 15,024) High CRF {n = 16,731) P tor Trend
Age (yr) 436+ 9.6 429 +9.1 438£95 436+99 <0.001
BMI (kg-m™2) 26337 292+50 267+33 249+25 <0.001
Maximal METs 11.7£25 88+1.2 107 £ 1.4 13.7+19 <0.001
Treadmill time duration {min) 18.0 £5.1 11325 16.0 £ 25 223+ 35 <0.00t
Lipids (mmol-L™") .

Total cholesterol 545 +£1.12 5.70 +£ 1.08 5.54 + 1,03 527 + 118 <0.001

HDL-C 1.17 £ 0.32 1.03 £ 0.27 1.11+0.28 125+ 033 <0.001

Triglycerides 1.56 + 1.29 213 £1.74 167 +1.21 123 +1.04 <0.001
Fasting blood glucose (mmol-L™") 5.60 + 2.84 5.84 +1.46 5.59 + 0.93 550 +1.12 <0.001
Blood pressure (mm Hg)

Systolic 122 + 14 124 + 14 121 £13 120 £ 13 <0.001

Diastolic 81+10 84+ 10 8210 79+9 <0.001
Cigarette smoking (%) <0.001

Never 47.6 34.6 4.7 55.1

Former 34.4 32.8 345 34.9

Current 18.0 326 20.8 10.0
Alcohol intake (drinks per week) 47+869 3970 45+70 5268 <0.001
Physically inactive (%) 31.8 65.5 304 12.4 <0.001
FEV1 (L)? 3807 36+0.7 3.8+07 40+06 <0.001
FEV1 predicted (L) 42+05 41:04 42+ 05 42+ 05 <0.001
FEV1% predicted? 92.4 £ 137 85.9 £ 14.3 91.4£133 96.0 + 12.6 <0.001
FVC (L)? 49+08 45+08 4908 51+08 <0.001
FEVi/FVC%* 78272 783+79 782+72 782+70 0.49
Family history of cancer (%) 1.0 0.7 1.1 1.1 0.04

Data are presented as mean + SD, unless specified otherwise.
4 Data only available in 30,185 men.

METs = maximal metabolic equivalents achieved during the treadmill test; HDL-C, high-density lipoprotein cholesterol; FEV1, forced expiratory volume in the first second; FVC, forced

vital capacity.
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TABLE 2. Event rates and hazard ratios for lung cancer mortality by cardiorespiratory fitness (CRF) groups, ACLS, Dallas, Texas, 1974-2003.

Deaths for Lung Caner Event Rate? HR? 95% Ci? HR® 95% Ci°
All men (N = 38,000)
Low CRF 86 73 1.00 Referent
Moderate CRF 86 341 0.48 0.35-0.67
High CRF 60 23 0.43 0.28-0.65
P linear trend <0.001 <0.001
Never smoker (17 = 6245)
Low CRF 7 2.0 1.00 Referent
Moderate CRF 15 13 0.93 0.29-2.96
High CRF 13 1.0 0.76 ’ 0.21-2.79
P linear trend 0.14 0.62
Former smoker (n = 15,024)
Low CRF 29 73 1.00 Referent
Moderate CRF 35 34 0.44 0.26-0.74
" High CRF 33 3.3 0.44 0.24-0.81
P linear trend ’ 0.005 0.02
Current smoker (n1 = 16,731)
Low CRF 50 121 1.00 Referent
Moderate CRF 36 6.3 0.48 0.30-0.76
High CRF 14 5.1 0.38 0.18-0.79
P linear trend <0.001 0.001

HR, hazard ratio; Cl, conference interval; CRF, cardiorespiratory fitness; BMI, body mass index.

2 Event rate is expressed as per 10,000 person-years and adjusted for age.

5 Adjusted for age, examination year, smoking status (never, past, or current), alcohol intake (drinks per week), physical inactivity (yes or no), BMI (kg'm~2), and family history of

cancer (present or not).

¢ Adjusted for age, examination year, cigarettes per day (for former and current smoker), alcohol intake (drinks per week), physical inactivity (yes or not), BMI (kg-m™2), and family

history of cancer (present or not).

trend < 0.001) but not in never smokers (P for trend = 0.14).
Associations attenuated but remained significant within
former and current smokers after adjustment for covariates
plus cigarettes smoked per day. Excluding deaths during the
first 5 yr of follow-up did not materially change the mag-
nitude and pattern of the association. Figure 2 shows the
multivariate-adjusted HR for lung cancer mortality among
nine smoking—fitness combination categories. The highest
relative risk was in the category of current smokers with
low CRF. This group of men had an almost 12-fold higher
risk of dying from lung cancer compared with those
never smokers having high fimess (HR = 11.92, 95%
CI = 6.03-23.58). We further assessed the effect of pack-
years smoking on associations between fitness and lung
cancer risk in a subset of smokers (V = 14,419) who had
the data available for us to calculate pack-years smoking
(Fig. 3). Additional adjustment for pack-years smoking in
this subset slightly attenuated the association between CRF
and lung cancer mortality, but the pattem of the associations
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5 High CRF Log-rank x2=39.26, df=2, P<0.0001
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0 5 10 15 20 25 30

Follow-up (years)
FIGURE 1—XKaplan-Meier survival curves for lung cancer mertality
by cardiorespiratory fitness (CRF) levels, ACLS, Dallas, Texas,
1974-2003.

did not materially change. Among men smoking 20 pack-
years or more, a lower lung cancer mortality risk was
observed among those men who were at least moderate
fit (HR = 0.49, 95% CI = 0.38-0.85) compared with low-
fit men.

Finally, we examined the influence of lung function on
the association between fitness and lung cancer risk in a
large subgroup of men (N = 30,185). There was an inverse
gradient for the risk of lung cancer mortality across levels
of fitness in lower (P for trend = 0.008) and higher (P for
trend = 0.03) lung function groups. Among men with
lower lung function, risk was lower in the moderate
(HR = 0.67, 95% CI = 0.37-1.20) and high (HR = 0.38,
95% CI = 0.16-0.89) CRF groups. In individuals with
higher lung function, risk was lower in both moderate

12
10+
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& 6]
E
Moderate &
27 Ly
High S
¢ + T T ‘é»o“,,\&
Never smoker Former smoker Current smoker ¢

Smoking Status

FIGURE 2—Multivariate risk for lung cancer mortality by smoking
status and fitness level. The height of the bars represents hazard ratios
adjusted for age, examination year, alcohol use, BMI, physical activity,
and family history of cancer. *Signifies a significant difference com-
pared to the reference (All P < 0.05).
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FIGURE 3—Multivariate-adjusted hazard ratios for cardiorespira-
tory fitness (CRF) and lung cancer meortality in a subset of men
(N = 14,419) who had available data to calculate the pack-years in the
ACLS. The height of the bars represents hazard ratios adjusted for
age, examination year, pack-years smoking, alcohol use, BMI, physical
activity, and family history of cancer.

(HR = 0.44, 95% CI = 0.28-0.68) and high (HR = 0.50,
95% CI = 0.29-0.86) CRF groups.

DISCUSSION

The primary finding of this study was that higher levels
of fitness were associated with a lower risk of lung cancer
mortality in men. Compared with smokers, nonsmokers had
the lowest risks of lung cancer mortality regardless of their
fitness levels. Our data also support the hypothesis that
CRF may be protective for lung cancer mortality in current
and former smoking men. These associations persisted
after controlling for potential confounders. To the best of
our knowledge, only one previous study has assessed the
association of CRF with risk of dying of lung cancer (38).
In that study, Thompson et al. (38) found that diabetic and
prediabetic men who were fit, as defined by achieving at
least a moderate level of fitness during a maximal exercise
test, had a 57% lower risk of lung cancer mortality. In our
study, we found that men with at least a moderate fitness
level had a 52% lower lung cancer risk than did men with
low CRF.

Our findings are consistent with evidence from previous
cohort studies in men examining lung cancer incidence
(2,5,9,12,20,21,26,32,34,39). Most of these studies com-
bined fatal and nonfatal lung cancer end point as the outcome
(5,9,20,21,26,32,34,39), and very few used only mortality
data (2,12). A recent meta-analysis also concluded that
higher levels of leisure-time physical activity protect against
lung cancer (37). In a large study published in 1997 by
Thune and Lund (39), a significant inverse relationship

between activity and risk of lung cancer was found. After
appropriate adjustment for potential confounders, only
leisure activity was associated with a lower risk and only
in men. Analysis of data in smokers considered separately
showed a significant association between inactivity and
lung cancer risk. However, the small number of lung cancer
cases in nonsmokers and former smokers precluded
separate analysis in those groups (39). The Harvard Alumni
Health Study also reported a decrease in lung cancer risk in
men (20). An energy expenditure of 12 600 kI'wk ™! had a
39% lower risk of lung cancer compared with the reference
group (<4200 kJwk™'). These findings were significant
when nonsmokers and former smokers were considered
separately. The trend for smokers was similar, but the
results were not statistically significant, perhaps because of
small numbers. In addition, Garfinkel and Stellman (12)
reported a lower incidence of lung cancer death at higher
levels of leisure and occupational activity in 868,000 smok-
ers and nonsmokers participating in the American Cancer
Society’s Cancer Prevention Study II. In contrast to the
earlier studies, Leitzmann et al. (21) reported no association
between physical activity and total lung carcinoma among
never smokers but an inverse association among both for-
mer and current smokers. In agreement with this study, we
found a similar pattem of the association among never,
former, and current smokers. Besides the above studies,
most of the other studies that found an inverse associa-
tion between activity and lung cancer risk did not con-
duct subgroup analyses in current and former smokers
(2,5,9,21,26,32,34). :

The lack of association in never smokers in our study
may be explained partly by the small number of lung cancer
deaths. Because we noted only a slight attenuation of the
relation between CRF and lung cancer mortality after con-
trolling for pack-years of smoking, residual confounding by
cigarette smoking seems unlikely. Another possible expla-
nation might be the potential different etiology of lung
cancer between never smokers and smokers (35,42). It is
known, for example, that smoking is more strongly related
to squamous cell than adenocarcinomas (16). Several etio-
logic factors have been proposed for the development of
lung cancer in the never smokers, including exposure to
radon, cooking fumes, asbestos, and heavy metals, environ-
mental tobacco smokers, human papillomavirus infection,
and inherited genetic susceptibility (35). The different
biology of lung cancer in never smokers is apparent in dif-
ferential responses to epidermal growth factor receptor inhi-
bitors and in increased prevalence of adenocarcinoma
history in never smokers (42). However, there is still the
lack of a clear understanding of the factors responsible for
lung cancer in never smokers. Future studies should have
sufficient numbers of histopathological subtypes to allow
separate analyses.

Clearly, the most important predictor of lung cancer is
smoking, although it is more important in squamous cell
cancers. Could the increased risk in the low-fit group be the
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result of unreported smoking in that group rather than low
fitness? This is unlikely for several reasoms. First, the
association of lower mortality across fitness groups holds
for current smokers among whom, by definition, smoking
would not be underreported. Second, adjustments were
made carefully for current and former smoking behavior
and number of cigarettes smoked daily as well as for pack-
years smoking. After adjustment for cigarette smoking in
the main analyses and adjustment for pack-years smoking
in a subset of men, we found similar results. In addition,
among men smoking 20 pack-years or more, a reduced
lung cancer mortality risk was observed among those who
were at least moderately fit compared with low-fit men.
Therefore, it is unlikely that the results of the present study
reflect confounding by cigarette smoking. The data from
the Norway study provide another reason that it is unlikely
that the observed inverse association between activity or
fitness and decreased risk of lung cancer is due to unre-
ported smoking in a low activity or low-fit group (39). In
this study, the low activity group had fewer squamous cell
cancers than the other activity groups, and squamous cell
cancer is the type most closely associated with smoking. It
would be unlikely for this to occur if the observed asso-
ciation was due to nonreported smoking rather than activity
or fitness.

It is important to note that some studies have failed to
report any association between physical activity and lung
cancer (7,11,25,30,33,43). Leitzmann et al. (21) suggested
that the inconsistent findings may be due to small sample
sizes, variation in the magnitude of residual confounding by
smoking, potential recall bias, or imprecise assessments of
physical activity. In addition, population differences in the
study cohorts, differences in lung cancer end points used
(fatal, nonfatal, or combined fatal or nonfatal cases), duration
of follow-up after the baseline exposure measurement, or
some combination of all of the above factors may contribute
to the inconsistency of results as well. Although all of the
previous studies except one (38) have been based on self-
reported questionnaire measures, self-reported measures of
physical activity are only modestly correlated with objective
measures obtained using criterion methods (1,27). The
objectively measured CRF from the current study might be
a more accurate and better exposure to consider. Although
CRF has a genetic component (25%—40%) (15), it is clear
that usual physical activity is its primary determinant.

Some plausible mechanisms exist for a protective effect
of exercise and fitness against lung cancer. There are nu-
merous studies documenting improvement in overall im-
mune function with increasing activity through increasing
the number of natural killer cells (28). Exercise is associated
with reduced systemic inflammation (particularly C-reactive
protein) (18), which has been proposed to promote carcino-
genesis in a wide spectrum of cancers, including lung
cancer (10). Physical activity may increase pulmonary ven-
tilation, and perfusion (8,29), which accompany improved
fitness (8), might decrease the interaction time of potential

carcinogens in the airway and thus decrease the risk of
lung cancer (40). Further, physical activity may enhance
endogenous antioxidant defenses and reduce oxidative
stress (24).

Strengths of the current study include its prospective
design, maximal exercise testing to quantify CRF, and hard
end-point of lung cancer mortality as the study outcome.
We also were able to stratify the analyses by smoking status
and lung function, which helped to shed light on some
potential effect modifications. One weakness of our study is
the lack of dietary data. However, a recent study that has
adjusted for intakes of fruit, vegetables, and red meat found
that these adjustments did not significantly change the
conclusions (21). Another limitation of the current study is

" that the study population consists mainly of European

American men in the middle and upper socioeconomic
strata; thus, the results may not be generalizable to other
adult populations. However, it should not affect the internal
validity. In terms of exposure assessment, we classified men
at study enrollment, but in the present analysis, we were
unable to evaluate the effect of changes in physical activity
or fitness over time on lung cancer mortality outcomes. It
is possible that sedentary or low-fit men increased their
activity or fitness levels at some point in the follow-up in-
terval. In addition, others may have experienced decreases
in these characteristics. Such misclassification of exposure
would likely underestimate the magnitude of the associa-
tion observed in the present study. Finally, we had insuffi-
cient information to assess the effect of CRF on lung cancer
incidence. Additional studies are warranted to confirm and
expand on the associations we report herein and to better
understand the relationship between fitness and lung cancer
risk.

In summary, our data provide evidence that low levels of
fitness may play a causal role in lung cancer mortality. This
finding is consistent with earlier studies on self-reported phys-
ical activity and lung cancer. In addition, we observed a
greater reduction in lung cancer risk than that found in the
physical activity studies. There are plausible mechanisms
for a protective effect of fitness on lung cancer mortality. It
is unlikely that uncontrolled and residual confounding ex-
plain the observed association. If fitness does decrease the
risk of lung cancer mortality as shown in our data, then there
is something more than avoiding tobacco that can be done
to lower risk of the leading cause of cancer death in the
United States. The lowest risk among nonsmokers and the
large reduction in risk in former smokers have important,
encouraging public health implications. The consensus
public health guideline (41) to obtain 150 min-wk™ ' of
moderate-intensity physical activity such as brisk walking or
jogging will move most individuals out of the low-fitness
category. It may also help smokers to quit smoking (22).
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Background: Several studies show an inverse association
between self-reported physical activity and type 2 diabe-
tes. It is not known whether physical activity or cardiores-
piratory fitness is associated with the onset of objectively
determined impaired fasting glucose and type 2 diabetes.

Objective: To determine whether cardiorespiratory fit-
ness, an objective marker of physical activity, is associated
with risk for impaired fasting glucose and type 2 diabetes.

Design: Population-based prospective study.
Setting: Preventive medicine dinic.

Patients: 8633 nondiabetic men (of whom 7511 did not
have impaired fasting glucose) who were examined at
least twice.

Measurements: Cardiorespiratory fitness (determined
by a maximal exercise test on a treadmill), fasting plasma
glucose level, and other clinical and personal characteris-
tics and incidence of impaired fasting glucose and type 2
diabetes.

Results: During an average follow-up of 6 years, 149
patients developed type 2 diabetes and 593 patients de-
veloped impaired fasting glucose. After age, cigarette
smoking, alcohol consumption, and parental diabetes were
considered, men in the low-fitness group (the least fit 20% of
the cohort) at baseline had a 1.9-fold risk (95% Cl, 1.5- to
2.4-fold) for impaired fasting glucose and a 3.7-fold risk (Cl,
2.4- to 5.8-fold) for diabetes compared with those in the
high-fitness group (the most fit 40% of the cohort). The risk
for impaired fasting glucose was elevated in older men and
those with a higher body mass index. Age, body mass index,
blood pressure, triglyceride level, and a history of parental
diabetes were also directly related to risk for type 2 diabetes.

Conclusions: Low cardiorespiratory fitness was associ-
ated with increased risk for impaired fasting glucose and
type 2 diabetes. A sedentary lifestyle may contribute to the
progression from normal fasting glucose to impaired fast-
ing glucose and diabetes. Risk for type 2 diabetes was
elevated in older persons and those with higher body mass
index, blood pressure, and triglyceride levels and a paren-
tal history of diabetes.

This paper is also available at http://www.acponline.org.

Ann Intern Med. 1999;130:89-96.

pe 2 diabetes is a common disease in industri-

alized countries. It is a major cause of cardio-
vascular disease and all-cause mortality (1-6), and
its prevalence has increased continuously over the
past few decades (1). The American Diabetes As-
sociation currently defines impaired fasting glucose
as a fasting plasma glucose level from 6.1 to 6.9
mmol/L (110 to 125 mg/dL) and type 2 diabetes as
a fasting plasma glucose level of 7.0 mmol/L (126
mg/dL) or more (1).

Data from several prospective studies show an
inverse association between physical activity and di-
abetes (7-13). However, these studies are limited by
the use of self-reporting of physical activity and
presence of type 2 diabetes (7-12). Self-reporting of
physical activity tends to be imprecise, and type 2
diabetes is undiagnosed in about 50% of the prev-
alent cases (14). This leads to misclassification on
both exposure and outcome measures (15). These
limitations may result in underestimation of the true
association between sedentary habits and risk for
type 2 diabetes. Impaired fasting glucose is a strong
predictor of type 2 diabetes, cardiovascular disease,
and other diabetic complications (6, 16-18). The
underlying cause of impaired fasting glucose is un-
known, and no prospective study of the association
between physical activity and impaired fasting glu-
cose has been published.

We examined the relation of cardiorespiratory
fitness, objectively determined by a maximal exer-
cise test on a treadmill, to the incidence of impaired
fasting glucose and type 2 diabetes. Cases of im-
paired fasting glucose and diabetes at baseline and
follow-up were determined by using the American
Diabetes Association’s current guidelines (1).

Methods

Patients

In our population-based prospective study, we
included 8633 men 30 to 79 years of age at baseline
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(mean, 43.5 years) who completed at least two med-
ical evaluations at the Cooper Clinic in Dallas,
Texas, from 1970 to 1995. Patients come to the
Cooper Clinic for preventive medical examinations
and health promotion counseling. Many are sent by
their employers for these services, some are re-
ferred by their personal physicians, and others are
self-referred. More than 97% of the patients are
white, and most are employed in executive or pro-
fessional occupations. More than 75% are college
graduates. Although study participants came from
middle and upper socioeconomic strata, they were
similar to other well-characterized population-based
cohorts in terms of blood pressure, cholesterol level,
body weight, and cardiorespiratory fitness (19).

The study was reviewed and approved annually
by the institutional review board at the Cooper In-
stitute for Aerobics Research. Additional details of
the study methods and population characteristics of
the cohort have been published elsewhere (20, 21).
Because clinical or subclinical heart disease and
other conditions associated with type 2 diabetes may
alter the level of physical activity and thus cardio-
respiratory fitness, we excluded men with an abnor-
mal resting or exercise electrocardiogram or a his-
tory of heart attack, stroke, or cancer at the
baseline clinical examination (n = 2350).

The baseline evaluation was performed after par-
ticipants gave written informed consent for the ini-
tial medical examination and registration in the fol-
low-up study. Examinations were done after patients
had fasted for at least 12 hours and included per-
sonal and family health histories, a questionnaire on
demographic characteristics and health habits, a
physical examination, an exercise test, anthropomet-
ric measurement, electrocardiography, blood chem-
istry analyses, and blood pressure measurement.
Technicians who followed a standard manual of op-
erations administered all procedures.

Impaired fasting glucose and type 2 diabetes
were diagnosed according to American Diabetes
Association criteria that define impaired fasting glu-
cose as a fasting plasma glucose level of 6.1 to 6.9
mmol/L (110 mg/dL to 125 mg/dL) and diabetes as
a fasting plasma glucose level of 7.0 mmol/L (126
mg/dL) or more (1). Patients who did not meet
these criteria but who reported a history of diabetes
or current therapy with oral antidiabetic agents or
insulin were also considered to have diabetes. We
excluded patients who had diabetes at baseline ac-
cording to any of these criteria (n = 377).

Cardiorespiratory fitness was assessed with a
maximal exercise test that followed a modified
Balke protocol (22). Details of treadmill speed and
elevation have been described elsewhere (20, 21).
Briefly, the test began with the patient walking on a
horizontal treadmill at 88 m/min. After the first

minute, the elevation increased to 2%; the elevation
then increased 1% each minute up to 25 minutes.
For the few patients who were still able to continue,
the elevation was held constant after 25 minutes
and the speed was increased by 5.4 m/min until the
patient reached volitional fatigue. Use of this pro-
tocol for the exercise test correlates highly (r =
0.92) with measured maximal oxygen uptake (23).
All patients in our study achieved at least 8§5% of
their age-predicted maximal heart rate; average
maximal heart rates (* SD) in each age group were
186 = 11 beats/min for patients 30 to 39 years of
age, 179 = 12 beats/min for those 40 to 49 years of
age, 172 * 13 beats/min for those 50 to 59 years of
age, and 162 = 17 beats/min for those 60 years of age
or older. Average maximal heart rates in each age
group exceeded the age-predicted rate (220 beats/
min — age in years), which indicates that the exer-
cise test can be considered maximal performance.

We defined level of fitness by total time on the
treadmill at the baseline examination, as in our
previous studies (20, 21). Treadmill times were
placed in frequency distributions for specific age
groups (30 to 39, 40 to 49, 50 to 59, or 60 or more
years of age). The least fit 20% of the participants
in each age group were classified as low fitness, the
next 40% as moderate fitness, and the remaining
40% as high fitness. The respective cut-points for
total treadmill time in the low-, moderate-, and
high-fitness groups were 945 seconds or less, 946 to
1259 seconds, and 1260 seconds or more for pa-
tients 30 to 39 years of age; 849 seconds or less, 850
to 1020 seconds, and 1021 seconds or more for
patients 40 to 49 years of age; 750 seconds or less,
751 to 1035 seconds, and 1036 seconds or more for
patients 50 to 59 years of age; and 644 seconds or
less, 645 to 953 seconds, and 954 seconds or more
for patients 60 years of age or older. These cut-
points at the 20th and 60th percentiles to define
fitness levels were used in previous studies (20, 21)
and were selected before analysis for our investiga-
tion. However, we calculated these cut-points with
patients in the current study, from which unhealthy
persons were excluded. Therefore, they differ some-
what from the cut-points derived from the entire co-
hort of the Aerobics Center Longitudinal Study (21).

For some analyses, such as the models that in-
cluded change in fitness from baseline to follow-up,
cardiorespiratory fitness was expressed as maximal
metabolic units (metabolic equivalents [METs], cal-
culated as the working metabolic rate/resting meta-
bolic rate; 1 MET is equivalent to an oxygen uptake
of 3.5-mL™"-kg™ ') achieved on the exercise test.
In other analyses, time on the treadmill was used as
a continuous variable.

Serum samples were analyzed by using auto-
mated techniques in a laboratory that participates in
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Table 1.

Baseline Characteristics of 8633 Men According to Cardiorespiratory Fitness Level

Characteristic Cardiorespiratory Fitness Level*

Low Moderate High
Participants, n 1665 3425 3543
Mean age, y 439 = 8.1 436 = 10.9 432 = 8.1
Mean exercise tolerance, metabolic equivalents 9.3+09 11.3+0.8 13.7+1.2
Mean body mass index, kg/m? 283 +39 264+29 250+23
Mean waist circumference, cmt 99.8 = 10.5 93.0 +16.0 85.6 =176
Mean total cholesterol level, mmol/L 5.67 = 1.01 5.54 +1.00 533*=1.18
Mean high-density lipoprotein cholesterol level, mmol/L 1.06 = 0.27 1.13+0.28 1.27 £0.32
Mean triglyceride level, mmol/L 1.92 +1.28 1.58 £1.13 117 £0.79
Mean diastolic blood pressure, mm Hg 82.6 99 80.7 £9.2 78.8 £ 8.7
Mean systolic blood pressure, mm Hg 122.3 £13.7 1200+ 124 1195+ 128
Mean alcohol use, g/wk 185.9 * 264.4 176.0 £ 281.3 172.2 £ 2972
Current smoker, % 31 19 10
Parental diabetes, % 28 26 26

* All P values for trend across fitness groups were less than 0.05 except for parental diabetes.

1 Data from 5759 men.

the Centers for Disease Control and Prevention
Lipid Standardization Program. Blood pressure was
measured by using auscultatory methods with a
mercury sphygmomanometer. We defined high
blood pressure as systolic blood pressure of at least
140 mm Hg, diastolic blood pressure of at least 90
mm Hg, or a history of hypertension. Height and
weight were measured with a standard physician’s
scale and stadiometer, and body mass index was
calculated as weight in kg/height in m? Waist cir-
cumference was measured with a standard anthro-
pometric tape.

Statistical Analysis

We used SAS statistical software for data analy-
ses (24). The incidence of impaired fasting glucose
was calculated for men with normal fasting glucose
at baseline, and the incidence of diabetes was based
on data from all 8633 patients. For analyses with
impaired fasting glucose as the outcome, we ex-
cluded 1122 men who had impaired fasting glucose
at baseline and an additional 69 men who had nor-
mal fasting plasma glucose at baseline but devel-
oped diabetes during follow-up. Rates of impaired
fasting glucose or diabetes were calculated by divid-
ing the number of incident cases during the study
period by the number of person-years over the same
period. We defined the study period as the interval
between the baseline examination and the last follow-
up visit. We used logistic regression to estimate the
association between dependent variables and inde-
pendent variables after adjustment for possible con-
founding factors. We used general linear models to
study the cross-sectional association of fitness level
and parental history of diabetes (24, 25). To ac-
count for the possible cohort effect of baseline year,
we examined the relation between incident cases
and baseline year and found no association. We
used tests for ordinal linear trend to evaluate the
possible relation of higher treadmill time with risk

for impaired fasting glucose or diabetes after divid-
ing the sample into the three fitness groups. All P
values are two-sided, and those less than 0.05 were
considered statistically significant.

Role of the Funding Source

The funding agencies did not participate in the
collection, analysis, or interpretation of data pre-
sented in this report or in the decision to submit the
manuscript for publication.

Results

During an average follow-up of 6.1 = 4.8 years
(range, 1 to 24.8 years) that included 52 588 person-
years, 593 men developed impaired fasting glucose
and 149 developed diabetes. Of the men with inci-
dent diabetes, 139 (93%) were not aware of their
diabetes at the follow-up examination; disease was
identified on the basis of fasting plasma glucose
levels alone. The respective incidence rates per 1000
person-years among patients 30 to 44 years of age,
45 to 59 years of age, and 60 years of age or older
were 10.2, 17.2, and 23.4 for impaired fasting glu-
cose and 1.9, 3.8, and 8.9 for type 2 diabetes.

Table 1 shows baseline characteristics of partici-
pants in each fitness level for selected variables. In
general, men in the high-fitness group had the low-
est levels of total cholesterol and triglycerides, body
mass index, waist circumference, diastolic blood
pressure, and systolic blood pressure; the lowest
prevalence of current cigarette smoking; and the
highest levels of high-density lipoprotein cholesterol
at baseline.

The relation between fitness level and incidence
of impaired fasting glucose or type 2 diabetes is
shown in Table 2. We limited the analyses of car-
diorespiratory fitness and impaired fasting plasma
glucose to incident cases during follow-up. Of the
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Table 2. Incidence of Impaired Fasting Glucose in
7442 Men with Normal Baseline Fasting Plasma
Glucose Levels and Type 2 Diabetes among
8633 Men
Condition Cardiorespiratory Fitness Level*
Low Moderate High
Impaired fasting glucose
Participants, n 1339 2938 3165
Total person-years 7719 18017 19 238

Participants who

developed impaired

fasting plasma

glucose, n 147 254 192
Incidence of impaired

fasting glucose per

1000 person-years 19.0 141 10.0
QOdds ratio (95% ChHt 2.0(1.6-2.5) 1.5(1.2-1.8) 1.0
Odds ratio (95% Ch¥ 1.9(1.5-2.4) 1.5(1.2-1.8) 1.0

Type 2 diabetes
Participants, n 1665 3425 3543
Total person-years, n 9752 21075 21761
Participants who
developed diabetes, n 58 57 34

Incidence of diabetes

per 1000 person-

years 5.9 2.7
QOdds ratio (95% Cht 3.7(2.4-5.7) 1.7 (1.1-2.6)
Odds ratio (95% Ch# 3.7 (2.4-5.8) 1.7(1.1-2.7)

NN
[=NeNel

* Tests for trend in incidences of impaired fasting glucose and diabetes across fitness
levels were significant (P < 0.01).

1 Adjusted for age and years of follow-up.

# Adjusted for age, parental diabetes, alcohol consumption, current smoking, and years
of follow-up.

8633 men in the study, 1122 had impaired fasting
glucose at baseline and an additional 69 men with
normal baseline glucose values developed diabetes
during follow-up, leaving 7442 men in the impaired
fasting glucose analyses. Impaired fasting glucose
developed in 593 of the 7442 men during follow-up.
After adjustment for age, parental diabetes, current
smoking, and alcohol use, men in the low-fitness
group had a 1.9-fold higher risk for impaired fasting
glucose than men in the high-fitness group. We
observed a dose-response gradient across the three
fitness levels (test for trend, P < 0.001). When we
repeated this analysis including the 69 men with
normal baseline fasting plasma glucose who devel-
oped type 2 diabetes during follow-up, results were
similar to the data shown in Table 2.

We then examined the association between base-
line fitness and incidence of type 2 diabetes in all
8633 men. Because men with impaired fasting glu-
cose at baseline were eight times more likely than
men with normal fasting glucose values at baseline
to develop diabetes, we examined the relation of
fitness to diabetes separately in these two groups.
After finding that the association between fitness
and diabetes in these two groups was similar, we
combined the groups in further analyses. Men in the
low-fitness group had a 3.7-fold greater risk for
diabetes than men in the high-fitness group after
adjustment for age, parental diabetes, current smok-
ing, and alcohol use. In addition, we found a dose—

response gradient between fitness level (in both cat-
egorical and continuous variables) and incidence of
impaired fasting glucose and diabetes (test for
trend, P < 0.001).

We evaluated the association between cardiores-
piratory fitness level and impaired fasting glucose
and type 2 diabetes after additional adjustment for
high levels of high-density lipoprotein cholesterol
and triglycerides, elevated body mass index, high
blood pressure, and parental diabetes. Men in the
low-fitness group had a greater adjusted risk for
impaired fasting glucose and diabetes at baseline
than did men in the high-fitness group (Table 3).
Significant trends (P < 0.001) were seen across fit-
ness groups for both outcome measures. In addi-
tion, older age and high body mass index had sig-
nificant direct associations with impaired fasting
glucose. Likewise, older age, high body mass index,
high blood pressure, high triglycerides, and parental
diabetes were significantly (P values ranged from
0.045 to 0.001) and directly associated with diabetes.

We measured waist circumference in a subgroup
of 5759 study participants. The age-adjusted odds
ratio for diabetes was 2.7 (95% CI, 1.6 to 4.8) in
men with a waist circumference of 90 cm or more
compared with those with a waist circumference less
than 90 cm. However, after fitness level, waist cir-
cumference, and other covariables were included in
the same model, waist circumference, body mass
index, and parental diabetes became nonsignificant

Table 3. Adjusted Odds Ratios for Incidence of Impaired
Fasting Glucose and Type 2 Diabetes by
Cardiorespiratory Fitness Level and Other
Potential Risk Factors Estimated by Multiple
Logistic Regression

Variable Odds Ratio P Value
(95% ClI)
Impaired fasting glucose*
Cardiorespiratory fitness levelst
High 1.0
Moderate 1.4(1.1-1.7) 0.002
Low 1.7 (1.3-2.1) <0.001
Age (every 10 years) 1.5(1.3-1.7) <0.001
Body mass index = 27 kg/m? 1.5(1.2-1.8) 0.002
High blood pressure (>140/90 mm Hg
or history of hypertension) 1.1(0.9-1.4) >0.2
Triglyceride level = 1.69 mmol/L 1.2 (0.9-1.8) 0.16
Parental diabetes 1.2(1.0-1.4) 0.12
Type 2 diabetes*
Cardiorespiratory fitness levelt
High 1.0
Moderate 1.4(0.9-2.2) e
Low 2.6(1.6-4.2) <0.001
Age (per 10 years) 1.6(1.3-2.0) <0.001
Body mass index = 27 kg/m? 2.0(1.4-2.9) <0.001
High blood pressure (>140/30 mm Hg
or history of hypertension) 1.5(1.0-2.2) 0.045
Triglyceride level = 1.69 mmol/L 20(1.4-2.7) <0.001
Parental diabetes 1.9(1.4-2.7) <0.001

* Model included baseline age; fitness level; high body mass index; high blood pressure;
high levels of high-density lipoprotein cholesterol, total cholesterol, and triglyceride;
parental diabetes; current smoking; alcohol consumption; and years of follow-up.

t Tests for trend across fitness groups for both impaired fasting glucose and type 2
diabetes were significant (P < 0.001).
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Parental Diabetes Neo Parental Diabetes

Figure.

P=0.006

Rate per 1000 Person-Years
W o= N W R o 0

BMI >27 kg/m? BMI < 27 kg/m?

Rate per 1000 Person-Years

\

P=0002
Impaired Fasting Normal Fasting
Glucose

Glucose

Incidence of type 2 diabetes per 1000 persons-years by cardiorespiratory fitness levels according to age group (top left), body mass

index (BMI) (top right), history of parental diabetes (bottom left), and impaired fasting glucose (bottom right). White bars represent the
low-fitness group, striped bars represent the moderate-fitness group, and black bars represent the high-fitness group.

(odds ratios of about 1.4 to 1.6), whereas the odds
ratio was 2.8-fold (CI, 1.5- to 5.3-fold) higher in
men in the low-fitness group than in men in the
high-fitness group. No significant interactions were
found between fitness level and covariables.

As shown in Tables 2 and 3, cardiorespiratory
fitness had an independent inverse association with
impaired fasting glucose and diabetes. To further
illustrate the independent association of fitness with
diabetes, incidence rates in the low-, moderate-, and
high-fitness groups are shown in the Figure in strata
of other correlates of diabetes risk. The inverse
gradient of rates across fitness groups is present in
younger and older men, those with high or low body
mass index, those with and those without a parental
history of diabetes, those with impaired fasting glu-
cose at baseline, and those with normal baseline
glucose levels. We saw similar gradients for diabetes
across fitness groups in strata of systolic blood pres-
sure, high-density lipoprotein cholesterol level, tri-
glyceride level, and smoking status (data not shown).

We also evaluated the relation of change in fit-
ness from the first to the second examination to risk
for impaired fasting glucose and type 2 diabetes in
additional models with adjustment for baseline lev-
els of high-density lipoprotein cholesterol and tri-
glycerides, body mass index, blood pressure, and
history of parental diabetes. An increase in fitness
of 1 MET was associated with a 20% (CI, 10% to
30%) increase in risk for impaired fasting glucose
and a 28% (CI, 12% to 47%) increase in risk for
type 2 diabetes.

To address the possibility that fitness may vary
according to genetic predisposition to diabetes, we
compared the baseline fitness levels of patients with
a history of parental diabetes with those of patients
without such a history. Age-adjusted mean maximal

METs were only 1% lower in the former group than
in the latter group (11.9 compared with 11.8 METs;
P = 0.02); this small difference was not significant
after additional adjustment for body mass index
(P>0.2).

Discussion

The most novel finding in our study was the
steep inverse gradient for incidence of impaired
fasting glucose across cardiorespiratory fitness cate-
gories. To our knowledge, this is the first prospec-
tive study to evaluate the relation of fitness or phys-
ical activity to the onset of impaired fasting glucose.
Our most important finding is the strong inverse
association between baseline cardiorespiratory fit-
ness and development of type 2 diabetes deter-
mined objectively by using American Diabetes As-
sociation criteria for the fasting plasma glucose level
(1). This association is clinically significant; the risk
for diabetes is 3.7-fold higher in men in the low-
fitness group than in men in the high-fitness group.
The inverse associations between fitness and im-
paired fasting glucose and diabetes persisted after
adjustment for age, parental history of diabetes,
alcohol consumption, and cigarette smoking. Be-
cause body mass index, waist circumference, high
levels of high-density lipoprotein cholesterol and
triglycerides, and high blood pressure may be me-
diators linking physical inactivity to higher risk for
impaired fasting glucose and diabetes (26-29), we
further adjusted for these variables. After this ad-
justment, the associations between cardiorespiratory
fitness and study outcomes were diminished some-
what but remained statistically significant (Table 3).
Age and body mass index were also significantly
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associated with impaired fasting glucose and type 2
diabetes. In addition, blood pressure, triglyceride
level, and a history of parental diabetes were asso-
ciated with type 2 diabetes in these analyses. These
data support the hypothesis that the effect of phys-
ical activity on impaired fasting glucose and diabetes
may be mediated, at least in part, by some of these
variables, but physical activity also has an indepen-
dent effect on these outcomes. The hypothesis that
inactivity and low fitness are causally related to
diabetes risk is strengthened further by our obser-
vation that an improvement in fitness from the first
to the follow-up examinations was independently
associated with risk for diabetes.

Several investigators report a prospective associ-
ation between physical activity and type 2 diabetes
(7-13). In most (7-10, 12) but not all (11, 13)
studies, a significant inverse association is seen be-
tween physical activity and risk for diabetes. In
these studies, risk for diabetes was typically 30% to
125% higher among sedentary patients than among
physically active patients. This may be an underes-
timate of the true risk associated with an inactive
lifestyle. Some studies included self-reported physi-
cal activity as the exposure and self-reported type 2
diabetes as the outcome. A misclassification of ex-
posure in these studies is probably the result of
relatively imprecise assessment of self-reported
physical activity, especially in obese persons, who
tend to overestimate their activity level (30). Diabe-
tes was also self-reported in these studies (7-12).
This leads to misclassification on the outcome vari-
able because type 2 diabetes is undiagnosed in
about 50% of the prevalent cases (14), and this
problem may be even more severe for new cases. In
our study, 93% of the men with incident diabetes
diagnosed by objective fasting plasma glucose crite-
ria did not report diabetes on the follow-up medical
history questionnaire. Therefore, an important
strength of our study is the objective measurement
of cardiorespiratory fitness as the exposure and fast-
ing plasma glucose measurements at baseline and
tollow-up to detect incident impaired fasting plasma
glucose and diabetes. We should have had many
fewer misclassifications of both the exposure and
outcome variables than did previous prospective
studies on this topic. In addition, waist circumfer-
ence has been proposed as an important predictor
of type 2 diabetes (29), and none of the previous
studies between physical activity and diabetes con-
sidered the effect of this variable. When we adjusted
for waist circumference in a subgroup of men, the
strong inverse association between fitness and dia-
betes remained.

Our study is the first large prospective investiga-
tion to examine the relation of cardiorespiratory
fitness to incident diabetes as determined by Amer-

ican Diabetes Association criteria. Cardiorespiratory
fitness was associated with type 2 diabetes in a
recent small study (31). An oral glucose tolerance
test was used to identify incident cases of diabetes,
but these data were not available to exclude preva-
lent diabetes cases at baseline. In one report, vital
capacity was used as a surrogate of physical fitness;
only a weak correlation (r = 0.17) was seen between
estimated maximal oxygen uptake and vital capacity
(32). Nevertheless, their results are consistent with
our findings.

We considered whether a genetic predisposition
for diabetes among unfit persons might partially
explain our findings. We found a twofold increased
risk for diabetes in men with diabetic parents com-
pared with those whose parents did not have diabe-
tes, which is consistent with results from many ep-
idemiologic studies (33). Numerous reports have
suggested genes or loci that may underlie type 2
diabetes, but few of these findings have been repli-
cated (33, 34). In a small case—control study, Ny-
holm and colleagues (35) found that maximal oxy-
gen intake was 14% lower in 21 diabetic relatives
than in 22 nondiabetic relatives. However, the in-
vestigators did not account for differences in age or
sex between case-patients and controls. The ratio
between men and women was 34% lower in diabetic
relatives, and the diabetic relatives were an average
of 2.2 years older than the controls. Because men
and younger persons tend to have higher fitness
levels (20), the lower maximal oxygen uptakes seen
in diabetic relatives may have been due to con-
founding by age and sex. After adjusting for age and
body mass index, we found no difference in cardio-
respiratory fitness for the men in our study by strata
of parental history of diabetes. Furthermore, we saw
a similar inverse gradient for diabetes risk across
fitness categories in men with and those without a
parental history of diabetes. Thus, although genetic
factors may influence diabetes risk, our data do not
support the hypothesis that these factors are deter-
minants of cardiorespiratory fitness. Cardiorespira-
tory fitness has a genetic component, but it is de-
termined primarily by exercise habits (36, 37).

The limitations of our study must be considered.
We assessed cardiorespiratory fitness by using a
maximal exercise test that followed a standard pro-
tocol (22), but maximal oxygen uptake was not mea-
sured directly. However, exercise test performance
measured with this protocol correlates highly (r =
0.92) with measured maximal oxygen uptake (23).
The high maximal exercise heart rates indicate that
study participants achieved maximal effort.

In addition, although we determined the pres-
ence of diabetes by using objective criteria, we were
unable to identify patients with type 1 diabetes and
specific types of diabetes (1). However, according to
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the estimated annual incidence of type 1 diabetes in
the United States (9.2 in 100 000 years for adults)
(38), type 1 diabetes should constitute only about
3% of our cases. This does not create a serious
misclassification problem. Finally, our study partici-
pants were all men and more than 97% were white;
whether our results also apply to women or minority
ethnic groups remains to be determined.

Many studies have evaluated insulin resistance
and diabetes and the effect of physical activity on
insulin resistance (39-44). Although exceptions ex-
ist, overall these studies support a favorable effect
of physical activity on insulin resistance (44). Skel-
etal muscle is the predominant site of insulin resis-
tance in impaired fasting glucose and diabetes, and
increased glucose transport, phosphorylation, and
muscle glycogen synthesis after exercise training is
similar in normal persons and in those with insulin
resistance (40). These phenomena, along with in-
creased delivery of insulin to active muscle caused
by increased blood flow during exercise, may be
some of the mechanisms by which physical activity
improves insulin sensitivity (41). In addition, physi-
cal activity may reduce insulin resistance by its fa-
vorable effect on body fat (29). We do not have
baseline data on insulin resistance and do not know
whether the men in the low-fitness group were in-
sulin resistant. However, Eriksson and Lindgarde
(32) found that both baseline insulin response and
fitness estimated crudely by vital capacity were in-
dependent predictors of diabetes.

We did not use oral glucose tolerance tests, but
this should not be a serious limitation. The Amer-
ican Diabetes Association recommends that diabe-
tes prevalence and incidence in epidemiologic stud-
ies be determined by using fasting plasma glucose
levels (1). Use of the American Diabetes Associa-
tion criteria avoids the discrepancy between cut-
point values for fasting plasma glucose level and
plasma glucose level as measured by the oral glu-
cose tolerance test (1, 17, 18). The overall incidence
of diabetes and the eightfold increased risk for di-
abetes among men with impaired fasting glucose in
our study were similar to results of other studies of
white populations in which the incidence and prev-
alence of type 2 diabetes were estimated by the
World Health Organization (16). Advantages of using
the fasting plasma glucose level are that it is more
reproducible, simpler, less costly, and easier to obtain
than the plasma glucose level following an oral glu-
cose tolerance test (1, 18).

In conclusion, we found strong evidence that
high cardiorespiratory fitness is associated with re-
duced risk for impaired fasting glucose and type 2
diabetes. Public health recommendations for physi-
cal activity (45) should be implemented and may

contribute to reducing the incidence of impaired
fasting glucose and type 2 diabetes.
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