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Abstract
Though evidence suggests that higher cardiorespiratory fitness (CRF) levels can offset the adverse effects of other risk fac-
tors, it is unknown if CRF offsets the increased risk of chronic obstructive pulmonary disease (COPD) due to smoking. We 
aimed to evaluate the combined effects of smoking status and CRF on incident COPD risk using a prospective cohort of 
2295 middle-aged and older Finnish men. Peak oxygen uptake, assessed with a respiratory gas exchange analyzer, was used 
as a measure of CRF. Smoking status was self-reported. CRF was categorised as low and high based on median cutoffs, 
whereas smoking status was classified into smokers and non-smokers. Multivariable-adjusted hazard ratios with confidence 
intervals (CIs) were calculated. During 26 years median follow-up, 119 COPD cases were recorded. Smoking increased 
COPD risk 10.59 (95% CI 6.64–16.88), and high CRF levels decreased COPD risk 0.43 (95% CI 0.25–0.73). Compared with 
non-smoker-low CRF, smoker-low CRF was associated with an increased COPD risk in multivariable analysis 9.79 (95% 
CI 5.61–17.08), with attenuated but persisting evidence of an association for smoker-high CRF and COPD risk 6.10 (95% 
CI 3.22–11.57). An additive interaction was found between smoking status and CRF (RERI = 6.99). Except for CRF and 
COPD risk, all associations persisted on accounting for mortality as a competing risk event. Despite a wealth of evidence 
on the ability of high CRF to offset the adverse effects of other risk factors, it appears high CRF levels have only modest 
attenuating effects on the very strong association between smoking and COPD risk.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic 
inflammatory disease of the lungs that results in progres-
sive and irreversible airflow obstruction [1]. It is the third 
leading cause of death globally; there were 3.23 million 
COPD-related deaths in 2019 [2]. Apart from being one of 

the leading causes of death, COPD is associated with sub-
stantial healthcare costs and recurrent hospitalizations and 
also a major cause of disability-adjusted life years [1, 3]. 
COPD represents three percent of the healthcare spending 
in Europe [4]. Though active smoking is the major risk fac-
tor for COPD, not all smokers develop COPD—it has been 
reported that 20–25% of smokers develop COPD [1]. The 
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prevalence of COPD in non-smokers has been estimated to 
be 4%, suggesting the existence of other risk factors [3]. 
Other important risk factors include occupational exposure 
(e.g., dust, fumes, chemicals), indoor air pollution, and 
infections [2, 3]. Though COPD is incurable, early diagno-
sis and treatment can slow the progression of symptoms. In 
addition, COPD is potentially preventable through modula-
tion or reduction in exposure to underlying risk factors.

Cardiorespiratory fitness (CRF), often expressed as maxi-
mal oxygen consumption  (VO2 max) in healthy individuals 
or peak  VO2 in those with limitations to exercise, is a modi-
fiable risk factor that can be improved through exercise train-
ing and increased physical activity [5], which is associated 
with reduced risk of COPD [6]. CRF is an independent pre-
dictor for all-cause and disease-specific morbidity and mor-
tality [5]. High CRF levels have also been demonstrated to 
be associated a lower risk of respiratory diseases including 
incident COPD and death from COPD [7, 8]. CRF, which is 
dependent on both cardiovascular and pulmonary function, 
has recently been proposed as a vital sign and reported to 
be stronger than many traditional risk factors for COPD, 
such as type 2 diabetes mellitus and smoking [5]. There is 
growing consistent evidence that higher levels of CRF can 
attenuate or offset the adverse effects of other risk factors 
[9–11]. Furthermore, studies have demonstrated the protec-
tive effect of higher CRF against smoking-related cancer 
incidence and mortality [12, 13]. Given the overall evidence, 
we hypothesized that CRF could offset the increased risk of 
COPD due to smoking. In this context, we aimed to evalu-
ate the combined effects of smoking status and CRF on the 
risk of incident COPD using a population-based prospective 
cohort of 2295 middle-aged and older Finnish men. We also 
evaluated the separate associations of smoking status and 
CRF with the risk of COPD to confirm previous evidence of 
the associations.

Methods

The study population was part of the Kuopio Ischemic 
Heart Disease (KIHD) population-based prospective cohort 
study, comprising a representative sample of middle-aged 
and older men aged 42–61 years recruited from Kuopio, 
eastern Finland. They had baseline examinations performed 
from March 1984 through December 1989. The study was 
approved by the Research Ethics Committee of the Univer-
sity of Eastern Finland, and each participant gave written 
informed consent. Participants completed self-adminis-
tered health and lifestyle questionnaire for the assessment 
of smoking and other factors. Smoking was categorised as 
smokers and non-smokers. A participant was defined as a 
smoker if he had ever smoked regularly and had smoked cig-
arettes, cigars, or a pipe within the past 30 days. Peak oxygen 

uptake  (VO2peak) was used as a measure of CRF, which was 
directly assessed using a computerized metabolic measure-
ment system (Medical Graphics, MCG, St. Paul, Minnesota) 
during progressive exercise testing to volitional fatigue on 
an electrically braked cycle ergometer [14]. The standard-
ized testing protocol included a 3-min warm-up at 50 watts 
(W); 1 W = 6.12 kg/min), followed by 20 W/min increases in 
workload with direct analyses of expired respiratory gases. 
We included all incident cases of COPD that occurred from 
study enrollment through 2014. No losses to follow-up were 
recorded in the KIHD study. Participants (using Finnish per-
sonal identification codes) are under continuous annual sur-
veillance for the development of new outcome events. Inci-
dent COPD cases were collected by linkage to the National 
Hospital Discharge Register. Qualified physicians made the 
diagnoses of COPD which was based on clinical history, 
symptoms and spirometry findings (based on forced expira-
tory volume in 1 s (FEV1) and forced vital capacity (FVC)). 
The FEV1/FVC ratio < 0.70 of the participants’ best reading 
was used as the threshold for expiratory airway obstruction, 
i.e., COPD.

Multivariable-adjusted hazard ratios (HRs) with 95% con-
fidence intervals (CIs) for incident COPD were estimated 
using Cox proportional hazard models. Selection of con-
founders was based on their previously established role as 
risk factors for COPD, evidence from previous research, or 
their potential as confounders based on known associations 
with COPD and observed associations with the exposures 
using the available data [15]. CRF was modelled as both 
categorical (tertiles) and continuous (per standard deviation 
(SD) increase) variables. Evaluation of the joint association 
of smoking status and CRF with COPD risk was based on 
the following four combinations of smoking status catego-
ries and median cutoffs for CRF: non-smoker-low CRF; non-
smoker-high CRF; smoker-low CRF; and smoker-high CRF. 
Formal tests of interaction were used to assess if the two 
exposures are independent on the risk of COPD. Interactions 
between smoking status and CRF were examined on both 
the additive and multiplicative scales in relation to COPD 
risk. Additive interactions were assessed using the “rela-
tive excess risk due to interaction” (RERI), computed for 
binary variables as  RERIHR =  HR11 −  HR10 −  HR01 + 1 [16]. 
Multiplicative interactions were assessed using the ratio of 
HRs =  HR11/(HR10xHR01) [16]. A positive additive interac-
tion is indicated if RERI > 0 and a positive multiplicative 
interaction is indicated if the ratio of HRs > 1. All statistical 
analyses were conducted using Stata version MP 17 (Stata 
Corp, College Station, Texas).
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Results

The overall mean (SD) age and CRF of study participants 
at baseline was 53 (5) years and 30.3 (8.0) ml/kg/min, 
respectively (Table 1). Age-standardized values of CRF 
based on methods previously suggested [17] are provided 
in Appendix 1. Smokers comprised 31.5% (723) of the 
study participants. During a median (interquartile range) 
follow-up of 26.0 (18.3–28.0) years, 119 incident cases 
of COPD occurred. Compared to non-smokers, smokers 
had an increased risk of COPD following adjustment for 
age, body mass index, history of type 2 diabetes, histories 
of coronary heart disease, asthma, chronic bronchitis and 
tuberculosis, alcohol consumption, energy intake, leisure-
time physical activity, and socioeconomic status 11.39 
(95% CI 7.16–18.11), which was minimally attenuated 
to 10.59 (95% CI 6.64–16.88) following further adjust-
ment for CRF. A multivariable restricted cubic spline 
curve showed that the risk of COPD decreased continu-
ously with increasing CRF across the range 25–65 ml/kg/
min (P-value for nonlinearity = 0.95) (Fig. 1). The HR for 

COPD per 1 SD increase in CRF in analysis adjusted for 
the covariates above plus smoking status was 0.66 (95% 
CI 0.52–0.84) (Table 2). When the top tertile of CRF was 
compared to the bottom tertile, the corresponding HR for 
COPD was 0.43 (95% CI 0.25–0.73) (Table 2).

Crude cumulative hazard curves showed the risk for 
COPD was highest for smoker-low CRF group compared 
with other groups (P-value for log-rank test < 0.001; 
Fig. 2). Compared with non-smoker-low CRF, smoker-
low CRF was associated with an increased risk of COPD 
in multivariable analysis 9.79 (95% CI 5.61–17.08), 
with attenuated but persisting evidence of an associa-
tion for smoker-high CRF and COPD risk 6.10 (95% CI 
3.22–11.57). Results of interaction analysis showed the 
RERI was 6.99 and the ratio of HRs was 0.72, indicat-
ing the presence of an additive interaction but absence of 
a multiplicative interaction.

Given the high mortality rate in the KIHD cohort, we 
included a fourth model in the association analysis to esti-
mate the baseline cumulative subhazard of COPD con-
sidering all-cause mortality as a competing outcome to 
COPD. A total of 1112 deaths occurred during follow-up. 
In analyses including all-cause mortality as a competing 
risk event, there was still significant evidence of associa-
tions of smoking status and smoking status-CRF combi-
nations (smoker-low CRF and smoker-high CRF) with 

Table 1  Baseline characteristics of study participants

BMI body mass index, CHD coronary heart disease, DBP diastolic 
blood pressure, HDL-C high-density lipoprotein cholesterol, IQR 
interquartile range, SD standard deviation, SBP systolic blood pres-
sure

Characteristics Mean (SD) or 
median (IQR) or 
n (%)

Cardiorespiratory fitness, ml/kg/min 30.3 (8.0)
Age
Questionnaire/prevalent conditions
Age, year 53 (5)
Alcohol consumption, g/week 31.5 (6.4–92.3)
Total energy intake, kJ/day 9919 (2589)
Leisure-time physical activity, kJ/day 1208 (631–1991)
History of type 2 diabetes 80 (3.5)
Current smoking 723 (31.5)
History of CHD 541 (23.6)
History of asthma 77 (3.4)
History of chronic bronchitis 163 (7.1)
History of tuberculosis 87 (3.8)
Physical measurements
BMI, kg/m2 26.9 (3.5)
SBP, mmHg 134 (17)
DBP, mmHg 89 (10)
Socio-economic status 8.43 (4.25)
Blood biomarkers
Total cholesterol, mmol/l 5.91 (1.07)
HDL-C, mmol/l 1.29 (0.30)
Fasting plasma glucose, mmol/l 5.34 (1.32)
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Fig. 1  Restricted cubic spline of the hazard ratios of incident chronic 
obstructive pulmonary disease with cardiorespiratory fitness. Refer-
ence value for cardiorespiratory fitness is 17 ml/kg/min; dashed lines 
represent the 95% CIs for the spline model (solid line). Models were 
adjusted for age, body mass index, history of type 2 diabetes, preva-
lent coronary heart disease, history of asthma, history of chronic 
bronchitis, history of tuberculosis, alcohol consumption, energy 
intake, leisure-time physical activity, and  socioeconomic status. 
COPD chronic obstructive pulmonary disease
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COPD risk, but the association was attenuated to null for 
CRF and COPD risk (Table 2).

To minimize the effects of potential reverse causation, 
we re-analysed the data on exclusion of the first five years 
of follow-up and the findings were similar to the main 
results (Appendix 2).

Comment

Our findings showed that smokers were about 11 times 
as likely to develop COPD than non-smokers, findings 
which confirm the well-established fact that smoking is the 
major risk factor for COPD. We have also confirmed the 
independent associations of elevated levels of CRF with a 
decreased risk of COPD, which was consistent with a lin-
ear dose–response relationship. New findings based on the 
joint associations of smoking status and CRF with the risk 
of COPD showed that the risk of COPD was substantially 

Table 2  Separate and combined associations of smoking status and cardiorespiratory fitness with the risk of chronic obstructive pulmonary dis-
ease

CI confidence interval, CRF cardiorespiratory fitness, HR hazard ratio, NA not applicable, ref reference, SD standard deviation
Model 1: adjusted for age
Model 2: model 1 plus body mass index, history of type 2 diabetes, prevalent coronary heart disease, history of asthma, history of chronic bron-
chitis, history of tuberculosis, alcohol consumption, energy intake, leisure-time physical activity, and socioeconomic status
Model 3: model 2 plus CRF for smoking status and smoking status for CRF
Model 4: model 3 plus all-cause mortality as a competing risk event

Exposure cat-
egories

Events/total Model 1 Model 2 Model 3 Model 4

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Smoking status
Non-smoker 25/1572 Ref. Ref. Ref. Ref.
Smoker 94/723 12.57 (8.07–

19.59)
< 0.001 11.39 (7.16–

18.11)
< 0.001 10.59 (6.64–

16.88)
 < 0.001 7.72 (3.40–

17.54)
 < 0.001

CRF (ml/kg/min)
Per 1 SD 

increase in 
CRF

119/2295 0.60 (0.48–0.74) < 0.001 0.59 (0.46–0.74) < 0.001 0.66 (0.52–0.84) 0.001 0.74 (0.50–1.10) 0.13

Tertile 1 
(6.4–26.8)

62/765 Ref. Ref. Ref. Ref.

Tertile 2 
(26.9–33.2)

32/765 0.46 (0.30–0.71) < 0.001 0.49 (0.31–0.76) 0.002 0.49 (0.31–0.77) 0.002 0.72 (0.29–1.79) 0.48

Tertile 3 
(33.3–65.0)

25/765 0.36 (0.22–0.58) < 0.001 0.34 (0.20–0.58) < 0.001 0.43 (0.25–0.73) 0.002 0.61 (0.20–1.81) 0.37

Smoking status and CRF (ml/kg/min) combination
Non-smoker-low 

CRF
17/733 Ref. Ref. NA NA Ref.

Non-smoker-
high CRF

8/839 0.43 (0.18–1.00) 0.05 0.45 (0.19–1.07) 0.07 NA NA 0.28 (0.06–1.27) 0.10

Smoker-low 
CRF

60/415 10.11 (5.88–
17.37)

< 0.001 9.79 (5.61–
17.08)

< 0.001 NA NA 4.89 (1.82–
13.15)

0.002

Smoker-high 
CRF

34/308 7.13 (3.92–
12.97)

< 0.001 6.10 (3.22–
11.57)

< 0.001 NA NA 4.44 (1.42–
13.89)
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P-value for log-rank < 0.001

Fig. 2  Crude cumulative Kaplan–Meier curves for COPD during fol-
low-up according to combined categories of smoking status and CRF. 
COPD chronic obstructive pulmonary disease, CRF cardiorespiratory 
fitness
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increased in men who were smokers and had low CRF lev-
els; however, the substantial risk of COPD due to smoking 
was slightly attenuated but persisted in the presence of high 
CRF levels. Formal analysis showed significant evidence 
of interactive effects of smoking status and CRF (on the 
additive scale) on the long-term risk of COPD. Given the 
high mortality rate in our study cohort which might have 
hindered our event of interest, the association between CRF 
and COPD was less robust when all-cause mortality was 
adjusted for as a competing risk event. This was not a sur-
prising finding as CRF was independently associated with 
all-cause mortality in the cohort (findings not shown). All 
findings remained similar on exclusion of the first five years 
of follow-up.

Physical fitness, a strong predictor of future health status 
[18], has CRF and muscular fitness as its main components 
[19]. High levels of CRF have well-established health ben-
efits and the ability to modify or offset the adverse effects 
of other risk factors. The current findings show that high 
CRF levels do have interactive and attenuating effects on 
the association between smoking and COPD risk, but these 
effects are only modest. This could be due to the fact that 
the relationship between smoking and COPD is very strong 
and causal [20]. A substantial proportion of COPD cases are 
caused by other factors such as occupational exposure, envi-
ronmental tobacco smoke, indoor air pollution, and genetic 
factors, but their contribution is much less than active smok-
ing. Though the chronic inflammatory process in COPD per-
sists after smoking cessation, the most clinically and cost-
effective treatment for COPD is still smoking cessation [20].

Our evaluation of the separate effects of CRF levels on 
COPD risk showed that high CRF levels could confer pro-
tective effects irrespective of smoking status. Taking the 
whole evidence together, it can be postulated that CRF has 
the potential to reduce the risk of COPD, but its effect is 
modest in the presence of active smoking. Like other adverse 
chronic outcomes, the beneficial effects of CRF on COPD 
may be exerted via the effects of regular physical activity. In 
addition to the anti-inflammatory effects of habitual physical 
activity [21], it has direct effects which include increasing 
the amount of ventilation in pulmonary airways and reduc-
ing lung function decline, hence preventing or delaying the 
onset of COPD [22].

The strengths of this study include the evaluation of the 
combined effects of smoking status and fitness levels, utili-
zation of a large sample, the prospective cohort design with 
long follow-up, and the direct measurement of  VO2peak using 
expired gas analysis, which provides a gold standard meas-
ure of CRF. We had access to a comprehensive panel of rel-
evant confounders which allowed adequate adjustment and 
we were able account for the effect of reverse causation. Our 
limitations were mainly inherent and included the lack of 
granular data on smoking status which was only categorized 

into smokers and non-smokers, inability to generalize the 
findings to women and other ethnicities and the potential 
for biases such as residual confounding and regression dilu-
tion. Our reproducibility substudies of CRF measurements 
within the KIHD study show high within-person variability 
in CRF levels measured many years apart [23] which sug-
gests the risk estimates observed in the current analysis are 
underestimated.

In conclusion, both smoking status and CRF are each 
independently associated with COPD risk in middle-aged 
and older Finnish men. Contrary to previous evidence on 
the ability of high CRF levels to offset the adverse effects 
of other chronic risk factors, high CRF levels have only 
modest attenuating effects on the heightened risk of COPD 
due to active smoking. The association between smoking 
and COPD risk is very strong and may only be modestly 
attenuated by lifestyle changes that increase CRF, such as 
increased exercise training and physical activity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10654- 021- 00835-4.
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