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AbsTrACT
background good midlife cardiorespiratory fitness 
(crF) may reduce the risk of chronic obstructive 
pulmonary disease (cOPD). reverse causation may 
play a role if follow-up time is short. We examined the 
association between crF and both incident cOPD and 
cOPD mortality in employed men with up to 46 years 
follow-up, which allowed us to account for reverse 
causality.
Methods Middle-aged men (n=4730) were recruited 
in 1970–1971. crF was determined as VO2max by 
ergometer test. categories of crF (low, normal, high) 
were defined as ± 1 Z-score (± 1 SD) above or below the 
age-adjusted mean. endpoints were identified through 
national registers and defined as incident cOPD, and 
death from cOPD. Multi-adjusted cox models and 
restricted mean survival times (rMSt) were performed.
results compared with low crF, the estimated risk 
of incident cOPD was 21% lower in participants with 
normal crF (Hr 0.79, 95% ci 0.63 to 0.99) and 31 
% lower with high crF (Hr 0.69, 95% ci 0.52 to 
0.91). compared with low crF, the risk of death from 
cOPD was 35% lower in participants with normal crF 
(Hr 0.65, 95% ci 0.46 to 0.91) and 62% lower in 
participants with high crF (Hr 0.38, 95% ci 0.23 to 
0.61). rMSt showed a delay to incident cOPD and death 
from cOPD in the magnitude of 1.3–1.8 years in normal 
and high crF vs low crF. test for reverse causation did 
not alter the results.
Conclusion in a population of healthy, middle-aged 
men, higher levels of crF were associated with a lower 
long-term risk of incident cOPD and death from cOPD.

InTroduCTIon
Chronic obstructive pulmonary disease (COPD) is 
caused by the gradual destruction of the airways 
and alveoli due to inhalation of tobacco smoke, 
gases and particles, and is the fourth most frequent 
cause of death worldwide with rising incidence.1 2 
Studies have suggested that a high level of physical 
activity and/or leisure time exercise is associated 
with a reduced risk of COPD, and that physical 
inactivity may accelerate disease progression.3 The 
terms physical activity, exercise, and physical fitness 
are often used interchangeably, and though the 
specific definitions vary, the concepts are very posi-
tively correlated.4 Several epidemiological studies 
with varying duration of follow-up have shown that 
a self-reported high level of physical activity is asso-
ciated with decelerated age-related lung function 
decline as assessed by spirometry.5–9 However, due 

to the insidious and progressive nature of COPD, 
very long follow-up is required to minimise bias 
from reverse causation since subclinical disease 
already present at the start of follow-up may affect 
the measured fitness parameter. Also, self-reported 
physical activity and exercise is subjective and prone 
to overreporting, which may result in underestima-
tion of the health benefits of a physically active life-
style.10 In this study, with up to 46 years follow-up, 
we examined middle-aged, employed Danish men 
from the Copenhagen Male Study without COPD 
at baseline for the association between cardiore-
spiratory fitness (CRF) and the long-term risk of 
incident COPD and death from COPD. CRF is 
an objective and reproducible measurement of the 
maximal oxygen uptake capacity (VO2max), and it 
is strongly and consistently associated with overall 
level of physical fitness.8 11 The long follow-up in 
the present study allowed us to address the role of 
reverse causation by exclusion of participants who 
died within 10 years of the initial inclusion.

MeThods
study population
The Copenhagen Male Study is a prospective 
cohort study comprised of 5286 men aged 40–59 
years recruited from 14 large workplaces in 
Copenhagen from 1970 to 1971. All participants 
completed a questionnaire, which included infor-
mation on tobacco use, alcohol consumption, phys-
ical activity, level of education, current occupation, 
and occurrence of known diabetes mellitus.12–15 

Key messages

What is the key question?
 ► Does good midlife cardiorespiratory fitness 
(CRF) reduce the very long-term risk of chronic 
obstructive pulmonary disease (COPD)?

What is the bottom line?
 ► In a population of healthy, employed, Danish 
men followed for 46 years, we showed that 
good midlife CRF was associated with a 
reduced risk of both incident COPD and death 
from COPD.

Why read on?
 ► This study provides a novel insight into the 
association between CRF and the long-term risk 
of COPD with exceptionally long follow-up.
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Chronic obstructive pulmonary disease

Figure 1 Flowchart of the Copenhagen Male Study 1970–1971. 
COPD, chronic obstructive pulmonary disease; VO2max, maximal oxygen 
uptake capacity.

Figure 2 Cardiorespiratory fitness (CRF) groups according to age 
and VO2max. The study population was divided into three categories 
of CRF. The categories were defined as above or below ±1 Z-score 
(±1 SD) of the age-adjusted mean VO2max (dashed line). The bottom 
15.8% (n=745) of participants were labelled low CRF, the middle 68.6% 
(n=3246) were labelled normal CRF, and the top 15.6% (n=739) were 
labelled high CRF. VO2max, maximal oxygen uptake capacity.

The participants classified themselves as never smokers, former 
smokers or active smokers. Tobacco consumption was calculated 
as grams per day based on the number of reported daily ciga-
rettes, cigars, cheroots or grams of pipe tobacco. Alcohol use was 
registered as low, moderate or high according to average daily 
unit consumption.12–15 Physical activity during leisure time was 
self-reported as low, moderate or high.14 Socioeconomic status 
was based on level of education and occupation.16 Examination 
included interview by a physician with focus on medical history, 
measurement of height, weight and resting blood pressure. 
Participants who reported pre-existing COPD or asthma were 
excluded. Participants were also excluded based on the question-
naire if they responded ‘yes’ to the question: ‘Have you experi-
enced productive cough on most days for at least 3 months of two 
or more consecutive years?’ (ie, the definition of chronic bron-
chitis).17 Figure 1 shows a flowchart of the study population.

VO2max was estimated by standard bicycle ergometer test and 
Astrand’s nomogram.18 The validity and reproducibility of the 
Astrand method is comparable to the gold standard of direct 
measurement of O2 consumption, however with a tendency to 
underestimate VO2max.19 20

Protocols for workload (100W, 150W or 200W) were based 
on the weight and height of the participant.12 13 Since VO2max 
naturally declines with age, the study population was divided 
into three categories of CRF defined as above or below ±1 
Z-score (±1 SD) of the age-adjusted mean VO2max: low CRF 
(bottom 15.8%, n=745), normal CRF (middle 68.6%, n=3246) 
and high CRF (top 15.6%, n=739). Figure 2 shows the distribu-
tion of the three groups according to age and VO2max.

endpoints and follow-up
Incident COPD and death from COPD were used as endpoints. 
Incident COPD was defined as the first registered diagnosis of 
COPD using the International Classification of Diseases (ICD) 
codes ICD-8: 491–492, ICD-10: J41-44. Diagnoses included 
both outpatient and admission diagnoses, whichever occurred 
first. Data to 22 March 2017 were collected from the Danish 
National Patient Registry (DNPR) established in 1976, which 
covers all Danish hospitals.21 Any diagnosis of COPD in the 
period between the study start (1970–1971) and DNPR estab-
lishment (1976) was not registered but would be registered in 
later contacts after 1976. The validity of the COPD diagnosis 
in DNPR has previously been examined and found to be high.22

Death from COPD was identified from the Danish Register of 
Causes of Death to 1 January 2016 using the same ICD-codes as 
for incident COPD.23

Information on vital status throughout the entire duration of 
the study was collected from the Central Person Register (CPR) 
to 9 March 2017.24 Follow-up was 99.9% complete.

The assumed causal processes of the measured, and unmea-
sured, variables are depicted as directed acrylic graphs in online 
supplementary file 1.

statistics
Statistical analyses were performed with STATA version 12.1 
(StataCorp LP, Texas, USA) and R version 3.2.0 (https://www. 
r- project. org/). For baseline characteristics, the categorical 
variables were analysed with the χ2-test, and the continuous 
variables with ANOVA. Analyses included age-adjusted and 
multi-adjusted Cox proportional hazards models and restricted 
mean survival times. For the restricted mean survival time, the 
full follow-up period was utilised.

Directed acrylic graphs were created using online freeware 
DAGitty version 2015 (http://www. dagitty. net).25

In the multivariable models, we mutually adjusted for age, 
body mass index (BMI) (<20, 20–25, >25 kg/m2), self-reported 
physical activity (low, moderate, high), smoking status (never, 
former, active), tobacco consumption (grams/day), alcohol 
consumption (0–2 units/day, 3–5 units/day, >5 units/day), arte-
rial hypertension, diabetes mellitus, and socioeconomic status 
(high, moderate, low). The full models with variables are avail-
able in online supplementary file 2.

The sensitivity analyses included tests for reverse causation, 
which were performed by excluding participants who died 
within the first 10 years of inclusion. Furthermore, a competing 
risk analysis with all causes of death as the competing event was 
performed.26 A p value <0.05 was considered significant.

ethics
Written informed consent was obtained from all participants. 
Approval from an ethical committee was not possible since the 
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Table 1 Baseline characteristics

baseline characteristics All Low CrF normal CrF high CrF P value

n (%) 4730 (100) 745 (15,8) 3246 (68,6) 739 (15,6)

Dead, all-cause, n (%) 4338 (91.7) 693 (93.0) 2980 (91.8) 665 (90.0) 0.10

Age at inclusion, years, mean (SD) 48.7 (5.3) 49.1 (5.2) 48.6 (5.4) 48.9 (5.3) 0.10

CRF, mean (SD) 33.0 (7.2) 23.4 (2.5) 32.5 (4.0) 44.6 (5.1) <0.001

Smoking, n (%)

  Never 432 (9.1) 70 (9.4) 298 (9.2) 64 (8.7) <0.001

  Former 931 (19.7) 178 (23.9) 640 (19.7) 113 (15.3)

  Active 3367 (71.2) 497 (66.7) 2308 (71.1) 562 (76.0)

  Grams tobacco/day, median (IQR) 15 (0–21) 13 (0–21) 14 (0–21) 15 (0–23) <0.001

Self-reported physical activity, n (%)

  Low 789 (16.7) 190 (25.5) 519 (16.0) 80 (10.8) <0.001

  Moderate 3428 (72.5) 499 (67.1) 2387 (73.6) 542 (73.3)

  High 509 (10.8) 55 (7.4) 337 (10.4) 117 (15.8)

BMI, n (%)

 <20 kg/m2 2300 (48.7) 237 (31.9) 1581 (48.8) 482 (65.3) <0.001

  20–25 kg/m2 2129 (45.1) 395 (53.1) 1490 (46.0) 244 (33.1)

 >25 kg/m2 293 (6.2) 112 (15.1) 169 (5.2) 12 (1.6)

  Arterial hypertension, n (%) 1972 (41.7) 461 (61.9) 1332 (41.0) 179 (24.2) <0.001

  Diabetes mellitus, n (%) 40 (0.8) 10 (1.3) 23 (0.7) 7 (0.9) 0.22

Alcohol consumption, n (%)

  Light (0–2 units/day) 3881 (82.1) 568 (76.2) 2690 (82.9) 623 (84.3) <0.001

  Moderate (3–5 units/day) 701 (14.8) 141 (18.9) 459 (14.1) 101 (13.7)

  Heavy (>5 units/day) 148 (3.1) 36 (4.8) 97 (3.0) 15 (2.0)

Socioeconomic status, n (%)

  Low 2570 (54.4) 406 (54.6) 1755 (54.1) 409 (55.3) 0.016

  Middle 1349 (28.6) 238 (32.0) 919 (28.4) 192 (26.0)

  High 805 (17.0) 100 (13.4) 567 (17.5) 138 (18.7)

BMI, body mass index; CRF, cardiorespiratory fitness; IQR, interquartile range; SD, standard deviation.

Figure 3 Midlife cardiorespiratory fitness and the long-term risk of 
chronic obstructive pulmonary disease. The figure shows the results 
from the multi-adjusted Cox proportional hazards models. It displays 
the association between cardiorespiratory fitness (CRF) and chronic 
obstructive pulmonary disease (COPD) in healthy, middle-aged men. 
CRF is inversely associated with the long-term risk of incident COPD and 
death from COPD in an exposure-response relationship.

ethics committee did not exist prior to 1980, which was after the 
establishment of the Copenhagen Male Study 1970–1971.

resuLTs
baseline characteristics
Baseline characteristics of the study population are shown in 
table 1. Follow-up was up to 46 (mean 28.3) years. Of 4730 
participants, 4338 (91.7%) died. Mean age at time of study 
inclusion was 48.7 (SD 5.3) years. In total, 626 (13.2%) partic-
ipants were diagnosed with COPD, and 233 (4.9%) were regis-
tered with COPD as cause of death.

A low CRF was associated with lower levels of self-reported 
physical activity, higher body mass index, higher alcohol 
consumption, lower socioeconomic status, and higher incidence 
of diabetes mellitus and arterial hypertension. The prevalence of 
former and active smokers, and the overall tobacco consump-
tion, was higher in participants with normal and high CFR than 
with low CRF (table 1).

Cardiorespiratory fitness and the risk of incident CoPd
Normal and high CRF was compared with low CRF in an 
age-adjusted Cox proportional hazard model. This showed an 
exposure-response relationship with reduced risk of incident 
COPD with increased level of CRF. The age-adjusted showed 
that when compared with low CRF, the risk of incident COPD 

was reduced by 18% in participants with normal CRF (HR 0.82 
[95% CI: 0.66 to 1.01, p=0.07]), and by 22% for participant 
with high CRF (HR 0.78 [95% CI: 0.60 to 1.02, p=0.08]).

Figure 3 presents the results from the multi-adjusted anal-
yses of CRF and incident COPD. The estimates were similar 
to those observed in the univariate analyses. The estimated risk 
of incident COPD was reduced by 21% in participants with 
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Chronic obstructive pulmonary disease

normal CRF (HR 0.79 [95% CI: 0.63 to 0.99, p=0.038]), and 
by 31% in participants with high CRF (0.69 [95% CI: 0.52 to 
0.91, p=0.01]). Cumulative incidence curves of incident COPD 
are available in online supplementary table 3. The exclusion of 
participants who were diagnosed with COPD during the first 10 
years of follow-up did not change the estimates of the sensitivity 
analyses (data not shown).

Cardiorespiratory fitness and the risk of death from CoPd
Comparison of normal and high CRF with low CRF in an age-ad-
justed Cox proportional hazards model showed a reduced risk of 
death from COPD with increased level of CRF. The age-adjusted 
risk of death from COPD, relative to low CRF, was estimated to 
be reduced by 27% in participants with normal CRF (HR 0.73 
[95% CI: 0.52 to 1.01, p=0.058]), and by 50% in participants 
with high CRF (HR 0.50 [95% CI: 0.32 to 0.80, p=0.003]). The 
results from the multi-adjusted analyses of CRF and the risk of 
death from COPD are presented in figure 3. In this analysis the 
same association was observed: Compared with low CRF, the 
risk of death from COPD was reduced by an estimated 35% in 
participants with normal CRF (HR 0.65 [95% CI: 0.46 to 0.91, 
p=0.012]), and with 62% for participants with high CRF (HR 
0.38 [95% CI: 0.23 to 0.61, p<0.001]). Cumulative incidence 
curves of death from COPD are available in online supplemen-
tary table 3.

restricted mean survival time
Using restricted mean survival times, we found that increased 
levels of CRF were associated with a delay to both diagnosis of 
COPD and death from COPD. Time to diagnosis was delayed 
by 1.79 years for normal vs low CRF (95% CI: 0.14 to 3.45, 
p=0.034), and of 1.45 years (95% CI: −0.71–3.60, p=0.19) for 
high vs low CRF. Death from COPD was delayed by 1.28 years 
(95% CI: 0.04 to 2.52, p=0.042) for normal vs low CRF, and by 
1.8 years (95% CI 0.19 to 3.42, p=0.028) for high vs low CRF.

Test for reverse causation
Test for reverse causation was performed in the multi-adjusted 
analysis and in the restricted mean survival time-analysis. This 
was done by excluding all participants who died within 10 years 
of inclusion (n=386). The results of the multi-adjusted analyses 
were essentially unchanged. For incident COPD the estimates 
were: HR 0.78 (95% CI: 0.63 to 0.98, p=0.032) for normal vs 
low CRF, and HR 0.69 (95% CI: 0.51 to 0.91, p=0.01) for high 
vs low CRF. For death from COPD the estimates were: HR 0.65 
(95% CI: 0.46 to 0.91, p=0.012) for normal vs low CRF, and 
HR 0.38 (95% CI: 0.23 to 0.61, p<0.001) for high vs low CRF.

The results from the restricted mean survival time-analyses 
after excluding all participants who died within 10 years of 
inclusion demonstrated even further delay to diagnosis of COPD 
and death from COPD: Diagnosis was delayed by 2.1 years for 
normal vs low CRF (95% CI: 0.31 to 3.88, p=0.021), and of 
1.75 years (95% CI: −0.56–4.06, p=0.14) for high vs low CRF. 
Death from COPD was delayed by 1.47 years (95% CI: 0.13 to 
2.80, p=0.032) for normal vs low CRF and by 2.0 years (95% 
CI: 0.31 to 3.77, p=0.021) for high vs low CRF.

Competing risk analysis
In a competing risk analysis with death from all causes as 
competing risk, normal and high CRF remained associated with 
a reduced risk of long-term incident COPD compared with low 
CRF, although the observations were not statistically significant: 
HR 0.86 (95% CI: 0.69 to 1.08, p=0.19) for normal vs low CRF 

and HR 0.89 (95% CI: 0.67 to 1.19, p=0.43) for high vs low 
CRF. Normal and high CRF remained associated with a reduced 
risk of death from COPD with observations that remained statis-
tically significant: HR 0.71 (95% CI: 0.51 to 0.99, p=0.048) 
for low vs normal CRF, and HR 0.51 (95% CI: 0.32 to 0.83, 
p<0.007) for low vs high CRF. Altogether, the results from the 
competing risk analyses suggest that the relationship between 
CRF, COPD and the competing event have the same direction.

dIsCussIon
In this study, we examined the association between CRF and the 
long-term risk of COPD in middle-aged, healthy, employed men. 
We found that CRF was inversely associated with the long-term 
risk of incident COPD and death from COPD. Compared with 
a low midlife CRF, participants with a high CRF had a reduced 
risk of incident COPD and death from COPD by approximately 
one third and one half, respectively. Furthermore, high midlife 
CRF was observed to delay time to both diagnosis and death in 
the magnitude of 1½−2 years. Test for reverse causation had 
no significant influence on the results. Altogether, the findings 
therefore point towards a possible causal inverse relationship 
between CRF and COPD.

To the best of our knowledge, this study is the first to report 
a relationship between objectively assessed CRF and the very 
long-term risk of COPD in healthy, middle-aged men. Through 
national registries, we were able to follow the participants for up 
to 46 years with near complete follow-up.

Our results are in line with previous studies with shorter 
follow-up, which have demonstrated positive associations 
between increased levels of physical activity and pulmonary 
function.5 27 28

In a recent Finnish study of 382 men, investigators examined 
CRF and the long-term risk of a composite endpoint defined as 
any diagnosis of COPD, pneumonia or asthma.27 The multi-ad-
justed analysis revealed an inverse, exposure-response relation-
ship between CRF and the risk of respiratory disease when 
extremes of CRF-level quartiles were compared, however no 
separate analysis of COPD was performed, and the results were 
not tested for reverse causation.27 In another study, a cohort of 
middle-aged smokers was followed for 10 years in the Copen-
hagen City Heart Study. The researchers found that self-reported 
moderate and high levels of regular physical activity were asso-
ciated with reduced lung function decline (assessed with spirom-
etry) and a reduced risk of COPD.5 The results were later tested 
for time-dependent confounding in a marginal structural model 
which confirmed the original results.29 In another study, which 
followed 186 middle-aged men for 25 years, regular exercise 
and high levels of leisure time physical activity were associated 
with a slower decline in pulmonary function in all smoking 
categories.24

Lung function declines gradually with age and this process is 
greatly accelerated in smokers.1 In the present study, smoking 
was very prevalent at the enrolment with more than 70% 
of the men being active smokers. The baseline characteris-
tics demonstrated that smoking and the amount of tobacco 
consumed was higher in participants with high baseline CRF. 
This ‘healthy smoker effect’ has previously been described in 
observational studies.30 The phenomenon is suggested to be 
related to selection bias, that is, taking up the habit of smoking 
may not be random and may be done more frequently by indi-
viduals who are relatively resistant to the detrimental effect 
of smoking. Another possible explanation on the slightly 
higher CRF among smokers may be a stimulating effect on 
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Chronic obstructive pulmonary disease

erythropoietin level due to lower oxygen tension in the blood 
of smokers which stimulates the blood marrow to produce 
more red blood cells. Ultimately, this effect would result in 
an underestimation of the harmful effect of smoking demon-
strated in many observational studies.30

The mechanisms that connect CRF with the development 
and progression of COPD are unknown. CRF is a pivotal 
physiological indicator of the integrated ability of the cardiac, 
pulmonary, muscular, and cellular systems to transport oxygen 
from the inspired air to the mitochondria and produce ATP as 
the fuel for physical activity. While no previous studies have 
examined the association between CRF and COPD specifi-
cally, several studies have suggested that high levels of physical 
activity may reduce lung function decline thereby delaying the 
progression of COPD.3 5–9 30 We were not able to study this 
relationship due to lack of spirometric data in our cohort and 
due to our approach of using the objectively measured CRF 
rather than self-reported physical activity. However, other 
mechanisms connecting CRF and COPD are also possible. We 
could speculate that low-grade systemic inflammation may 
play a role. Physical inactivity, which is a measurable feature 
of even early COPD, is associated with high levels of markers 
of systemic inflammation.28 31–33 This includes elevated levels 
of high-sensitivity C-reactive protein, fibrinogen, interleukin 
1 and 6 and an increased release of reactive oxygen species 
from inactive muscle tissue that contribute to increased 
systemic oxidative stress similarly to the effects observed in 
smoking.28 31 32 Contrarily, regular physical activity reduces 
both markers of systemic inflammation and oxidative stress.3 32 
Earlier studies have shown that increased levels of inflamma-
tory markers are related to poorer prognosis of COPD due 
to increased number of exacerbations, higher prevalence of 
comorbidities and higher mortality.34 Therefore, it is plau-
sible that higher levels of physical activity among individuals 
with high levels of CRF can affect COPD development and 
progression.

Finally, no causality can be claimed from the observed asso-
ciations which is an inherent bias of all observational studies. 
As such, it is possible that participants with high levels of CRF 
were more resilient to and less symptomatic of underlying 
COPD, and therefore had a delayed healthcare contact. But 
since death from COPD is also reduced with increasing levels 
of CRF, it is unlikely that delayed time to diagnosis can explain 
our results entirely.

Some limitations apply to the results presented in this study. 
Although we excluded individuals with previous diagnosis of 
COPD, asthma and those with symptoms of chronic bronchitis 
at baseline, the lung function was not assessed by spirometry 
at baseline and was not included in the diagnosis of incident 
COPD. Yet, with regard to the assessment of incident COPD, 
a previous study has shown a high validity of COPD diagnosis 
in the Danish Patient Register.22 Another limitation is lack of 
monitoring of smoking habits and CRF during the follow-up. 
However, these potential limitations would only draw the 
findings toward the null hypothesis and therefore underline 
the robustness of the findings.

ConCLusIons
In a population of healthy, employed, Danish men we showed 
that good midlife CRF was associated with a very long-term 
reduced risk of both incident COPD and death from COPD, and 
a delay to diagnosis and death. Tests for reverse causation did 
not change the results.

In individuals at risk of developing COPD, fitness enhancing 
physical activity should be encouraged not only to reduce 
dyspnea but also to delay development, progression and death 
from COPD.
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