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Abstract  

Objective – To investigate the association of cardiorespiratory fitness with all-cause mortality, 

and cardiovascular, respiratory, COPD and cancer mortality and incidence.  

Design - Prospective population based study. 

Setting - UK Biobank. 

Participants – Of the 502,628 (5.5% response rate) participants recruited by UK Biobank, we 

included 73,259 (14.6%) participants with available data in this analysis. Of these, 1,374 

participants died and 4,210 developed circulatory diseases, 1,293 respiratory diseases and 

4,281 cancer, over a median of 5.0 years [IQR 4.3–5.7] follow-up. 

Main outcome measures - All-cause mortality and circulatory disease, respiratory disease, 

chronic obstructive e pulmonary disease (COPD) and cancer (any-type, colorectal, lung, breast 

and prostate) mortality/incidence. Fitness was estimated with a submaximal cycle ergometer 

test.  

Results – The hazard ratio for all-cause mortality for each MET higher fitness was 0.96 ([95% 

CI 0.93–0.98]). Similar results were observed for incident circulatory (HR 0.96 [0.95–0.97]), 

respiratory disease (HR 0.96 [0.94–0.98]), COPD (HR 0.90 [0.86–0.95]), and colorectal cancer 

(HR 0.96 [0.92–1.00]). Nonlinear analysis revealed that a high level of fitness (>10 METs) was 

associated with a greater incidence of atrial fibrillation (HR 1.24 [1.07–1.44]) and prostate 

cancer (HR 1.16 [1.02–1.32]) compared with average fitness. All results were adjusted for 

sociodemographic, lifestyle, and dietary factors, body composition, and morbidity at baseline 

and excluded events in the first 2 years of follow up.  

Conclusions – Higher cardiorespiratory fitness was associated with lower risk of premature 

mortality and incidence of cardiovascular, respiratory disease and colorectal cancer.  
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INTRODUCTION 

 

There is a large amount of evidence demonstrating that low cardiorespiratory fitness (hereafter 

“fitness”) is a risk factor for all-cause mortality and CVD,1 2 however, evidence regarding its 

association with other health outcomes such as respiratory disease, chronic obstructive 

pulmonary disease (COPD) and cause-specific cancers is scarce.2 The incidence of these health 

outcomes is growing worldwide, and the World Health Organisation lists them within the top 

ten leading-causes of mortality globally. To our knowledge, the associations between fitness 

and these outcomes has not been assessed in a large population-based cohort using standardised 

methods and with systematic adjustment for major confounding factors that could obscure the 

true association between fitness and health outcomes.  

 

A recent meta-analysis conducted by Schmid and colleagues, including six prospective studies 

(71,654 individuals and 2002 cases) reported an inverse association between fitness levels and 

all-cancer mortality.3 However, due to a lack of available data (data was mainly from the 

Aerobics Center Longitudinal Study 4-6), Schmid and colleagues were unable to produce pooled 

estimates for specific cancers. Given the different aetiologies underlying individual cancers, a 

homogeneous association with fitness is unlikely. Therefore, they concluded that more 

evidence is needed to elucidate the true association between fitness and cause-specific cancers.3 

Similarly, there is limited evidence regarding the association of fitness with respiratory 

diseases, including COPD - one of the major diseases with a projected increase in prevalence 

worldwide.7 The aim of this study, therefore, was to investigate the associations of fitness with 

cause-specific incidence and mortality and all-cause mortality in a large, prospective, 

population based cohort.  
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METHODS 

 

Study Design 

UK Biobank recruited 502,628 participants (5.5% response rate), aged 40-69 years, from the 

UK general population between April 2007 and December 2010.8 Baseline assessments took 

place as described in detail elsewhere.9 Outcomes for this study were all-cause mortality and 

incidence and mortality for circulatory disease, all respiratory disease, COPD, all cancers, 

breast cancer, prostate cancer, colorectal cancer and lung cancer.  The exposure variable was 

cardiorespiratory fitness (presented as MET: 3.5ml/kg/min VO2). The covariates were 

sociodemographic factors (age, sex, ethnicity, deprivation, professional qualifications, gross 

income, employment status and month of recruitment), smoking status, dietary intake factors, 

systolic blood pressure, medication for cholesterol or blood pressure, self-rated health status, 

BMI, body fat % and TV-viewing. We performed a landmark analysis, to reduce the potential 

for reverse causality, with follow-up commencing two years after recruitment and only 

including participants who were event-free at this time. 

 

Procedures 

Death certificates held within the National Health Service (NHS) Information Centre (England 

and Wales) and the NHS Central Register Scotland (Scotland) were used to obtain date of 

death. Record linkage to Health Episode Statistics (HES) (England and Wales) and to the 

Scottish Morbidity Records (SMR01) (Scotland) was used to identify date and cause of hospital 

admissions. Detailed information regarding the linkage procedure can be found at 

http://www.ic.nhs.uk/services/medical-research-information-service. Mortality data were 

available up to 31st January 2016 at the time of analysis and so our analysis of all-cause 

mortality was censored at this date or date of death if this occurred earlier. Hospital admission 

data were available until 31st March 2015, therefore analyses of disease specific outcomes were 

http://www.ic.nhs.uk/services/medical-research-information-service
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censored at this date, or the date of first relevant hospitalisation or death if these occurred 

earlier. ICD10 codes were used to define incident and cause-specific mortality outcomes.  

ICD10 codes I05-I89.9 were used to define circulatory disease (chronic rheumatic heart 

diseases, hypertensive diseases, ischaemic heart disease, pulmonary heart diseases, pulmonary 

circulation disease, cerebrovascular diseases, diseases of arteries, arterioles, and capillaries, 

and diseases of veins, lymphatic vessels, and lymph nodes), ICD10 code J09-J98 or I26-I27 

was used to define respiratory disease and an ICD10 code J44 used to define COPD. An ICD 

code of C0.0-C9.9, recorded on a cancer registration, death certificate or hospital admission 

was used to define cancer events. The following ICD10 codes were used to define cause 

specific cancers: breast cancer (C50), prostate cancer (C61), lung cancer (C34), colorectal 

cancer (C18, C19 or C20) recorded on a cancer registration, death certificate or hospital 

admission.  

 

Physical measurements were taken by trained nurses during participants’ initial assessment 

centre visits, using standardised procedures. Fitness testing was introduced in UK Biobank 

from August 2009, so these data are only available in a sub-group of 74,836 participants. 

Fitness was measured using a previously validated 6-minute incremental ramp cycle ergometer 

test by extrapolating pre-exercise heart rate (work rate at zero Watts), heart rate during exercise, 

and heart rate at the end of the test, to age predicted maximal heart rate (208 – (0.7 x age))10, 

assuming a linear relationship11 as described in detail elsewhere.12 13  

 

Body mass index (BMI) was calculated as weight (kg) divided by height (metres) squared, and 

then categorised according to the WHO criteria14: underweight <18.5, normal weight 18.5-

24.9, overweight 25-29.9, and obese ≥30.0 kg.m-2. Body composition (body fat and fat free 

mass), body fat percentage and weight were measured by bio-impedance using a Tanita BC 

418MA body composition analyser. Smoking status was categorised into ‘current’, ‘previous’ 
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or ‘never’. Area-based socioeconomic status was derived using the Townsend deprivation 

index.15 Professional qualifications, employment status and gross house income were self-

reported at baseline. Baseline questionnaires collected information regarding disease history, 

however all self-reported disease was diagnosed by a physician.13 Self-rated health rating was 

collected through questionnaire.  

 

Physical activity levels were estimated using the self-report IPAQ short-form16, with total PA 

being calculated as the sum of walking, moderate and vigorous activity undertaken in a week, 

expressed as metabolic equivalents (MET-hours.week-1), as described elsewhere.13 Time spent 

TV-viewing (hours.day-1) was collected through a questionnaire, as described elsewhere.17 

Handgrip strength was assessed using a Jamar J00105 hydraulic hand dynamometer and the 

mean of three measurements for each hand was used, grip strength was expressed as kg.18  

 

Further details of these measurements can be found in the UK Biobank online protocol 

(http://www.ukbiobank.ac.uk). 

 

Statistical Analyses 

Non-linear associations between fitness and health outcomes were explored using penalised 

cubic splines fitted in Cox proportional hazard models. Penalised spline is a variation of basis 

spline which achieved better estimation accuracy in nonlinear data than the commonly used 

restricted cubic spline.19 The estimated hazard ratio curves were zeroed at the median fitness 

of the sample. Likelihood ratio tests were used to examine the overall statistical of the 

exposures and whether the nonlinear specification achieved better goodness-of-fit. To reduce 

the potential influence of reverse causality, we performed a landmark analysis, with follow-up 

commencing two years after recruitment and excluded participants who had any focal events 

prior to this time. Moreover, we excluded from all analyses individuals who reported a relevant 

http://www.ukbiobank.ac.uk)/
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conditions for each outcome, e.g. excluding prior circulatory events for circulatory disease 

outcomes and prior cancer events for cancer outcomes. Cox proportional hazard models were 

repeated assuming linear associations between 1-MET increase in fitness and health outcomes.  

All results are reported as hazard ratios (HRs) together with 95% confidence intervals.  

 

To investigate potential interaction effects with socio-demographic factors such as age, sex and 

deprivation, we fitted an interaction term between fitness and each of these factors in our 

models. There was no evidence of interaction with any of the health outcomes (all p>0.05).   

 

Main analyses were adjusted for age, sex, ethnicity, deprivation index, education attainment, 

employment, BMI categories, percent body fat, medication for CVD, TV-viewing, self-

perceived health, smoking status, intake of alcohol, fruit and vegetables, red meat, oily fish, 

processed meat, and prevalent morbidity at recruitment including hypertension and diabetes. 

The selection of these covariates was based on the causal assumption as depicted in Figure S1. 

Sensitivity analyses were conducted to exclude all participants (n=8,358) with prevalent major 

morbidities at baseline (depression, COPD, chronic asthma, chronic liver diseases, alcohol 

problems, substance abuse, eating disorders, schizophrenia, cognitive impartment, Parkinson, 

dementia, chronic pain syndrome, heart diseases and cancer). A sensitivity analysis for 

competing risk was also conducted using the subdistribution method proposed by Fine and 

Gray, with the competing event being the death from all causes other than the focal event.20 

The proportional hazard assumption was verified by tests based on Schoenfeld residuals. 

Statistical significance was set at  <.05, and all analyses were performed using R Statistical 

Software version 3.5.1 with the package survival. 

 

Ethical Approval  
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The UK Biobank study was approved by the North West Multi-Centre Research Ethics 

Committee and all participants provided written informed consent to participate in the UK 

Biobank study.  

 

Patient involvement 

There was no patient involvement in this study and there are no plans to disseminate the results 

of the research to study participants. 

 

RESULTS 

 

Of the 502,628 participants recruited to UK Biobank, fitness was measured in 74,836 (14.9%) 

people. However, after excluding participants with existing diseases at baseline and conducting 

2-year landmark analyses 73,259 were included in the final analyses. The median follow-up 

period was 5.0 years [IQR 4.3–5.7] for deaths, and 4.1 years [IQR 3.5–4.7] for hospital 

admissions. Over the follow-up period, 1,374 participants died and 4,210 developed circulatory 

diseases, 1,293 respiratory diseases and 4,281 cancer.  

 

The characteristics of participants stratified by fitness tertiles, are displayed in Table 1. In 

summary, 45.9% of the study population were female, 91.7% white, 66.4% overweight or 

obese, and 9.3% were current smokers. Mean age was 56.8 years (SD: 8.1), and mean fitness 

was 8.7 METs (SD: 3.4). At baseline, 73.7% reported having and excellent or good health and 

5.3% and 7.0% reported being on medication for cholesterol or blood pressure, respectively. 

The cohort characteristics of participants with and without fitness data are presented in 

Supplementary Table S1. In summary, those with fitness data available had similar age, BMI, 

percent body fat, grip strength compared to those without fitness data available. There was a 

similar proportion of men and women, obese individuals, but a slightly lower proportion of 
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individuals in the most deprived tertile, slightly higher representation of black and south 

Asians, and better self-rated than individuals without fitness data.  

 

Higher fitness was associated with a lower risk of developing circulatory, respiratory disease 

and lung cancer, and a lower risk of all-cause mortality. After adjusting for potential 

confounders, each MET higher fitness was associated with lower risk for the following 

outcomes:  all-cause mortality (HR 0.96 [0.95–0.98], p<0.0001), circulatory disease mortality 

(HR 0.93 [0.90–0.96], p<0.0001), respiratory disease mortality (HR 0.94 [0.90–0.98], p=0.004) 

(Figure 1). We found similar results for disease incidence: each MET higher fitness was 

associated with a lower risk for circulatory disease (HR 0.96 [0.95–0.97], p<0.0001), coronary 

heart disease (HR 0.96 [0.94–0.97], p<0.0001), respiratory diseases (HR 0.96 [0.94–0.98], 

p<0.0001), and colorectal cancer (HR 0.96 [0.92–1.00], p=0.03) (Figure 2).  

 

The nonlinear associations between fitness and mortality outcomes are shown in Figure 3. 

Fitness in the range 2 to 6 METs was generally not associated with all-cause and cancer 

mortality. However, in the 6 to 14 METs range there were linear inverse associations for all-

cause circulatory, respiratory disease, and all cancer mortality (i.e. higher fitness, lower 

mortality). The associations of fitness with circulatory and respiratory disease mortality were 

similar to an inverse sigmoid function, where the curves were relatively flat at both the lower 

(2–4 METs) and upper (10–14 METs) ends and linearly inverse in the middle (4–10 METs).  

 

The nonlinear associations of fitness with incidence outcomes are shown in Figure 4. In the 

range 2 to 8 METS fitness was associated with lower incidence of circulatory disease, coronary 

heart disease, stroke, atrial fibrillation, heart failure, respiratory disease, COPD, and digestive 

and colorectal cancer. The associations flattened at the upper end of fitness (>8 METs) for 

circulatory disease, coronary heart disease, and heart failure, but remained generally linear for 
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stroke, respiratory disease, COPD and digestive and colorectal cancer. High fitness (>10 

METs) was associated with higher incidence of atrial fibrillation and prostate cancer. 

Sensitivity analysis excluding participants with morbidities at recruitment showed similar 

results to the main analysis (Figures S2–S5). 

 

The competing risk analysis was consistent with the main analysis on circulatory and 

respiratory outcomes (Table S2). Fitness was also significantly associated with lower digestive 

(Subdistributional HR [SHR] 0.96 [0.93–1.00], p=0.03) and breast (SHR 0.97 [0.94–1.00], 

p=0.03) cancer incidence, but with a higher hazard for all cancer incidence (SHR 1.01 [1.00–

1.02], p=0.02), in particular prostate cancer (SHR 1.06 [1.04–1.10], p<0.001).  

 

 

DISCUSSION 

 

The current study provides evidence that fitness is associated with a wide range of health 

outcomes that includes respiratory disease, digestive and colorectal cancer, as well as 

circulatory disease and all-cause mortality. Furthermore, these associations are independent of 

potential measured confounding factors including socio-demographics, diet, adiposity, TV-

viewing and self-rated health.  

 

Our study provides novel evidence regarding the association of fitness with respiratory disease; 

COPD specifically. Previous prospective studies have reported a negative association between 

physical activity and COPD21-23 but this is, to our knowledge, the first study to report an 

association with fitness. This is an important novel finding since COPD represents an 

increasing public health burden globally, and is in the top five leading cause of mortality 

worldwide.24 The mechanisms underlying this association remain to be established and are 
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likely multifactorial in nature. One potential mechanism could be due to a higher fitness being 

associated with lower levels of inflammation, which is plays a pivotal role in the 

pathophysiology of COPD.25   

 

Our results corroborate previous reports of the protective effect of fitness against all-cause 

mortality and circulatory disease events.2 26-28 A previous meta-analysis (102,980 participants 

and 6,910 cases of all-cause mortality; 84,323 participants and 4,485 CVD events) reported 

those with low fitness to be at 56% increased risk of all-cause mortality and 47% increased risk 

of CVD incidence, compared to those with intermediate fitness. The magnitude of the 

association was greater in comparison with high fitness individuals. Our associations were of 

smaller magnitude; however, the current study included adjustment for a wide range of 

potentially confounding lifestyle factors which were not included as covariates in any of the 

studies included in the meta-analysis. Another more recent study of 3,141 participants, which 

adjusted for a similar number of covariates as the current study, reported those in the 

intermediate and high fitness groups to be at 20% and 24% reduced hazard of all-cause 

mortality, respectively, after long term (median 28 years) follow up.26 This compares to the 

12.8% reduced risk of all-cause mortality for each SD (3.37 METs) increase in fitness in this 

current study, suggesting fitness is a useful clinical indicator for both short and long term 

mortality risk. What is also evident from these studies is that there is not a strong dose response 

relationship evident between fitness and every health outcome, although some are evident 

(Figures 3–4). The current observational study is not able to uncover the underlying 

mechanisms but it may be that for certain conditions, such as circulatory disease, there is a 

threshold effect (e.g. >10 METs) after which no further benefits of higher fitness are 

measurable.  
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The majority of previous studies demonstrate that higher levels of fitness may confer protective 

effects against all-cancer mortality,2 3 29 30 with limited evidence demonstrating an association 

between fitness and specific cancers. A recent meta-analysis3 conducted by Schmid and 

colleagues, including six prospective studies (71,654 individuals and 2,002 cases; median 

follow up of 16.4 years) reported an inverse association between fitness level and all-cancer 

mortality: high fitness HR: 0.55 [95% CI 0.47-0.65]. Our study found a reverse J-shaped 

relationship, in the nonlinear analysis, for cancer mortality but a non-significant association for 

all cancer incidence, regardless of linearity assumption. It should be noted that the current study 

has a relatively short follow-up compared to previous evidence (meta-analysis median follow 

up 16.4 years)3.  

 

Previous publications from the Aerobics and Cooper Center Longitudinal Studies reported that, 

when compared to unfit men, fit men had lower colorectal cancer incidence (HR 0.67 [0.46- 

0.98]) and mortality (HR 0.58 [0.37- 0.92]). Similar results have been reported by Thompson 

and colleagues, in pre-diabetic and diabetic men. Our finding of an association between fitness 

and colorectal cancer incidence is consistent with these studies.  

 

Contrary to the potential health benefits, this study found a high level of fitness (>10 METs) 

to be associated with higher risk of incident atrial fibrillation and prostate cancer. Our findings 

on prostate cancer was consistent with some of the previous studies.4 31 While the positive 

associations are not broadly replicated 32 and can be subject to health consciousness bias, we 

should note there is mechanistic plausibility for such an association. For example, 

dehydroepiandrosterone sulphate (DHEA-S), an adrenal androgen associated with physical 

fitness 33, has been suggested to promote prostate cancer.32 Furthermore, it has also been 

reported that elite athletes have a significantly higher atrial fibrillation prevalence than the 
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general population34, which is consistent our observed association of fitness with incident atrial 

fibrillation.  

 

We should be cautious in interpreting the findings of the competing risk analysis. In scenarios 

where the exposure is associated with the competing event, the SHR for the focal event may 

be exaggerated and (incorrectly) statistically significant.35 This may be a partial reason for the  

positive association between fitness and all cancer incidence, given that fitness is strongly 

associated with lower circulatory and respiratory mortality in both the main and competing risk 

analyses.  

 

Strengths and Limitations 

While the UK Biobank enabled our research question to be tested in a large prospective cohort, 

these analyses are not without limitations. The UK Biobank cohort is relatively representative 

of the UK general population in respect of age, sex, ethnicity and deprivation within the 

recruited age range, however there was only a 5.5% response rate for recruitment, and the 

cohort is not representative of the population in other respects with evidence of a “selection” 

or “healthy volunteer” bias such as lower disease rates, alcohol consumption and smoking 

levels.361 This would limit the generalisation of our findings but it could also influence our 

estimates of associations, through collider bias.37 Prospective data collection of incident events 

reduces, but does not eliminate, the risk of reverse causation. Residual confounding is possible 

in any observational study, but we have tried to minimise this risk by adjusting for all measured 

potential confounding factors, excluding individuals with medically diagnosed comorbidities 

at baseline and performing our analyses using a 2-years landmark analysis. The UK Biobank 

did not employ the gold standard direct maximal measurement of cardiorespiratory fitness, as 

such tests were not feasible on this scale, previous data has shown that submaximal predictions 

using linear extrapolation are reliable and valid,38  although a degree of error will be introduced. 
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Furthermore, we have relied on self-reporting for several of our covariates which opens up the 

possibility of residual confounding, although this is likely to be small. On top of this, several 

outcomes have relatively low number of events (e.g. COPD mortality have less than 100 

events) and thus cannot be used in the analysis. Further work is, therefore, needed to confirm 

our findings for these outcomes.  

 

Conclusions 

The current study extends previous evidence that higher fitness is associated with lower CVD 

disease and all-cause mortality by demonstrating that fitness is also associated with wider 

health outcomes including respiratory disease and colorectal cancer. Although fitness has an 

important genetic component, regularly performing moderate to vigorous intensity, endurance-

based activities (e.g. brisk walking, running, cycling) can increase fitness. Such exercise 

training (ranging from 4–36 weeks) can increase fitness by ≥1 MET (~10%) in a range of adult 

populations (e.g. healthy, obese, heart disease, hypertension and diabetes),2 39 which highlights 

that the majority of adults in the population can acquire clinically important gains in fitness.  
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SUMMARY BOX 

WHAT IS ALREADY KNOWN ON THIS TOPIC 

 Fitness is associated with cardiovascular disease and all-cause mortality.   

WHAT THIS STUDY ADDS 

 This study provides robust evidence in a large prospective population-based cohort that the 

association between fitness and health outcomes extends beyond CVD to respiratory 

disease, colorectal cancer and all-cause mortality.  
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FIGURE/TABLE LEGENDS 

 

Table 1. Cohort characteristics by cardiorespiratory fitness tertiles  

 

Figure 1. Associations between cardiorespiratory fitness and mortality outcomes 

Hazard ratio associated with 1-MET increase in cardiorespiratory fitness adjusted for age, sex, 

ethnicity, deprivation index, education attainment, employment, BMI categories, percent body 

fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of alcohol, 

fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at recruitment 

including hypertension and diabetes. Participants with prior relevant conditions and events in 

the first two years of follow-up were excluded.  

 

 

Figure 2. Associations between cardiorespiratory fitness and incidence outcomes 

Hazard ratio associated with 1-MET increase in cardiorespiratory fitness adjusted for age, sex, 

ethnicity, deprivation index, education attainment, employment, BMI categories, percent body 

fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of alcohol, 

fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at recruitment 

including hypertension and diabetes. Participants with prior relevant conditions and events in 

the first two years of follow-up were excluded.  

 

Figure 3. Nonlinear associations between cardiorespiratory fitness and mortality 

outcomes  

Hazard ratio associated different levels of cardiorespiratory fitness adjusted for age, sex, 

ethnicity, deprivation index, education attainment, employment, BMI categories, percent body 

fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of alcohol, 

fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at recruitment 

including hypertension and diabetes. Participants with prior relevant conditions and events in 

the first two years of follow-up were excluded.  

 

 

Figure 4. Nonlinear associations between cardiorespiratory fitness and incidence 

outcomes  

Hazard ratio associated with different levels of cardiorespiratory fitness adjusted for age, sex, 

ethnicity, deprivation index, education attainment, employment, BMI categories, percent body 

fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of alcohol, 

fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at recruitment 

including hypertension and diabetes. Participants with prior relevant conditions and events in 

the first two years of follow-up were excluded.  
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SUPPLEMENTARY MATERIALS  

 

 

Table S1. Cohort characteristics of participants with and without fitness data  

 

 

Table S2. Competing risk analysis 

 

 

Figure S1. Directed acyclic graph illustrating the causal assumption of this study 

 

 

Figure S2. Associations between CRF and mortality outcomes among healthy 

participants 

Hazard ratio associated with 1-MET increase in cardiorespiratory fitness adjusted for age, 

sex, ethnicity, deprivation index, education attainment, employment, BMI categories, percent 

body fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of 

alcohol, fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at 

recruitment including hypertension and diabetes. Participants with prevalent morbidities at 

recruitment and events in the first two years of follow-up were excluded. 

 

 

Figure S3. Associations between CRF and mortality outcomes among healthy 

participants 

Hazard ratio associated with 1-MET increase in cardiorespiratory fitness adjusted for age, 

sex, ethnicity, deprivation index, education attainment, employment, BMI categories, percent 

body fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of 

alcohol, fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at 

recruitment including hypertension and diabetes. Participants with prevalent morbidities at 

recruitment and events in the first two years of follow-up were excluded. 

 

 

Figure S4. Nonlinear associations between CRF and mortality outcomes among healthy 

participants 

Hazard ratio associated with different levels of cardiorespiratory fitness adjusted for age, sex, 

ethnicity, deprivation index, education attainment, employment, BMI categories, percent 

body fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of 

alcohol, fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at 

recruitment including hypertension and diabetes. Participants with prevalent morbidities at 

recruitment and events in the first two years of follow-up were excluded. 

 

 

Figure S5. Nonlinear associations between CRF and mortality outcomes among healthy 

participants 

Hazard ratio associated with different levels of cardiorespiratory fitness adjusted for age, sex, 

ethnicity, deprivation index, education attainment, employment, BMI categories, percent 

body fat, medication for CVD, TV-viewing, self-perceived health, smoking status, intake of 

alcohol, fruit and vegetables, red meat, oily fish, processed meat, prevalent morbidity at 

recruitment including hypertension and diabetes. Participants with prevalent morbidities at 

recruitment and events in the first two years of follow-up were excluded.



19 

REFERENCES 

1. Kodama S, Saito K, Tanaka S, et al. Cardiorespiratory Fitness as a Quantitative 

Predictor of All-Cause Mortality and Cardiovascular Events in Healthy Men and 

Women A Meta-analysis. JAMA 2009;301(19):2024-35. 

2. Ross R, Blair SN, Arena R, et al. Importance of Assessing Cardiorespiratory Fitness in 

Clinical Practice: A Case for Fitness as a Clinical Vital Sign: A Scientific Statement 

From the American Heart Association. Circulation 2016;134(24):e653-e99. doi: 

10.1161/CIR.0000000000000461 

3. Schmid D, Leitzmann MF. Cardiorespiratory fitness as predictor of cancer mortality: a 

systematic review and meta-analysis. Ann Oncol 2015;26(2):272-78. doi: 

10.1093/annonc/mdu250 

4. Byun W, Sui X, Hébert JR, et al. Cardiorespiratory fitness and risk of prostate cancer: 

Findings from the Aerobics Center Longitudinal Study. Cancer epidemiology 

2011;35(1):59-65. doi: 10.1016/j.canep.2010.07.013 

5. Peel JB, Sui X, Adams SA, et al. A prospective study of cardiorespiratory fitness and 

breast cancer mortality. Medicine and science in sports and exercise 2009;41(4):742-

48. doi: 10.1249/MSS.0b013e31818edac7 

6. Peel JB, Sui X, Matthews CE, et al. Cardiorespiratory Fitness and Digestive Cancer 

Mortality: Findings from the Aerobics Center Longitudinal Study. Cancer 

Epidemiology Biomarkers and Prevention 2009;18(4):1111. 

7. Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002 

to 2030. PLoS Med 2006;3(11):e442. doi: 10.1371/journal.pmed.0030442 

8. Matthews PM, Sudlow C. The UK Biobank. Brain 2015;138:3463-65. doi: 

10.1093/brain/awv335 

9. Thompson SG, Willeit P. UK Biobank comes of age. Lancet 2015;386(9993):509-10. 

doi: 10.1016/S0140-6736(15)60578-5 

10. Tanaka H, Monahan KD, Seals DR. Age-predicted maximal heart rate revisited. 

Journal of the American College of Cardiology 2001;37(1):153-56. doi: 

10.1016/s0735-1097(00)01054-8 

11. American College of Sports Medicine. Guidelines for Exercise Testing and 

Prescription. 9th Edition ed. Baltimore: Wolters Kluwer Health/Lippinoctt, Williams 

& Wilkins 2014. 

12. Swain DP. Energy cost calculations for exercise prescription - An update. Sports 

Medicine 2000;30(1):17-22. doi: 10.2165/00007256-200030010-00002 

13. Celis-Morales C, Lyall DM, Anderson J, et al. The association between physical 

activity and risk of mortality is modulated by grip strength and cardiorespiratory fitness: 

evidence from 498,135 UK-Biobank participants. European Heart Journal 

2016;38(2):116-22. doi: 10.1093/eurheartj/ehw249 [published Online First: In Press] 

14. Consultation W. Obesity: Preventing and managing the global epidemic - Introduction. 

Who Tech Rep Ser 2000;894:1-253. 

15. Mackenbach JP. Health and Deprivation - Inequality and the North - Townsend,P, 

Phillimore,P, Beattie,A. Health Policy 1988;10(2):207-07. doi: Doi 10.1016/0168-

8510(88)90006-1 

16. IPAQ. Guidelines for Data Processing and Analysis of the International Physical 

Activity Questionnaire (IPAQ) - Short Form,Version 2.0: IPAQ; 2004 [updated April 

Version 2:[Available from: www.ipaq.ki.se. accessed 22th July 2015. 

17. Celis-Morales CA, Lyall DM, Steell L, et al. Associations of discretionary screen time 

with mortality, cardiovascular disease and cancer are attenuated by strength, fitness and 

physical activity: findings from the UK Biobank study. BMC Medicine 2018;16(1):77. 

doi: 10.1186/s12916-018-1063-1 

file:///C:/Users/cc191y/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/ZNATOM8P/www.ipaq.ki.se


20 

18. Celis-Morales CA, Welsh P, Lyall DM, et al. Associations of grip strength with 

cardiovascular, respiratory, and cancer outcomes and all cause mortality: prospective 

cohort study of half a million UK Biobank participants. BMJ 2018;361 

19. Govindarajulu US, Malloy EJ, Ganguli B, et al. The comparison of alternative 

smoothing methods for fitting non-linear exposure-response relationships with Cox 

models in a simulation study. The international journal of biostatistics 2009;5(1) 

20. Fine JP, Gray RJ. A proportional hazards model for the subdistribution of a competing 

risk. Journal of the American Statistical Association 1999;94(446):496-509. 

21. Behrens G, Matthews CE, Moore SC, et al. Body size and physical activity in relation 

to incidence of chronic obstructive pulmonary disease. CMAJ : Canadian Medical 

Association Journal 2014;186(12):E457-E69. doi: 10.1503/cmaj.140025 

22. Garcia-Aymerich J, Lange P, Benet M, et al. Regular physical activity modifies 

smoking-related lung function decline and reduces risk of chronic obstructive 

pulmonary disease - A population-based cohort study. American Journal of Respiratory 

and Critical Care Medicine 2007;175(5):458-63. doi: 10.1164/rccm.200607-896OC 

23. Moy ML, Gould MK, Liu I-LA, et al. Physical activity assessed in routine care predicts 

mortality after a COPD hospitalisation. ERJ Open Research 2016;2(1) 

24. WHO. Global health risks: mortality and burden of disease attributable to selected 

major risks. 1st ed. Geneva, Switzerland: World Health Organization, 2009. 

25. Oh JY, Sin DD. Lung inflammation in COPD: why does it matter? F1000 Medicine 

Reports 2012;4:23. doi: 10.3410/M4-23 

26. Shuval K, Finley CE, Barlow CE, et al. Independent and joint effects of sedentary time 

and cardiorespiratory fitness on all-cause mortality: the Cooper Center Longitudinal 

Study. BMJ Open 2015;5(10):e008956. doi: 10.1136/bmjopen-2015-008956 

27. Kodama S, Saito K, Tanaka S, et al. Effect of web-based lifestyle modification on 

weight control: a meta-analysis. International Journal of Obesity 2012;36(5):675-85. 

doi: 10.1038/ijo.2011.121 

28. Blair SN, Kohl HW, Barlow CE, et al. Changes in physical-fitness and all-cause 

mortality - a prospective-study of healthy and unhealthy men. JAMA 

1995;273(14):1093-98. doi: 10.1001/jama.273.14.1093 

29. Laukkanen JA, Pukkala E, Rauramaa R, et al. Cardiorespiratory fitness, lifestyle factors 

and cancer risk and mortality in Finnish men. Eur J Cancer 2010;46(2):355-63. doi: 

10.1016/j.ejca.2009.07.013 

30. Robsahm TE, Falk RS, Heir T, et al. Measured cardiorespiratory fitness and self-

reported physical activity: associations with cancer risk and death in a long-term 

prospective cohort study. Cancer Med 2016;5(8):2136-44. doi: 10.1002/cam4.773 

31. Lakoski SG, Willis BL, Barlow CE, et al. Midlife cardiorespiratory fitness, incident 

cancer, and survival after cancer in men: The cooper center longitudinal study. JAMA 

Oncology 2015;1(2):231-37. doi: 10.1001/jamaoncol.2015.0226 

32. Arnold JT, Le H, McFann KK, et al. Comparative effects of DHEA vs. testosterone, 

dihydrotestosterone, and estradiol on proliferation and gene expression in human 

LNCaP prostate cancer cells. 2005;288(3):E573-E84. 

33. Abbasi A, Duthie Jr EH, Sheldahl L, et al. Association of dehydroepiandrosterone 

sulfate, body composition, and physical fitness in independent community‐dwelling 

older men and women. 1998;46(3):263-73. 

34. Abdulla J, Nielsen JRJE. Is the risk of atrial fibrillation higher in athletes than in the 

general population? A systematic review and meta-analysis. 2009;11(9):1156-59. 

35. Dignam JJ, Zhang Q, Kocherginsky MNJCCR. The use and interpretation of competing 

risks regression models. 2012:clincanres. 2097.11. 

36. Collins R. What makes UK Biobank special? Lancet 2012;379(9822):1173-74. doi: 

10.1016/S0140-6736(12)60404-8 



21 

37. Munafò MR, Tilling K, Taylor AE, et al. Collider scope: when selection bias can 

substantially influence observed associations. International Journal of Epidemiology 

2018;47(1):226-35. doi: 10.1093/ije/dyx206 

38. Evans HJL, Ferrar KE, Smith AE, et al. A systematic review of methods to predict 

maximal oxygen uptake from submaximal, open circuit spirometry in healthy adults. 

Journal of Science and Medicine in Sport 2015;18(2):183-88. doi: 

https://doi.org/10.1016/j.jsams.2014.03.006 

39. Valkeinen H, Aaltonen S, Kujala UM. Effects of exercise training on oxygen uptake in 

coronary heart disease: a systematic review and meta‐analysis. Scandinavian Journal 

of Medicine & Science in Sports 2010;20(4):545-55. doi: 10.1111/j.1600-

0838.2010.01133.x 

 

  

https://doi.org/10.1016/j.jsams.2014.03.006


22 

Table 1. Cohort characteristics by cardiorespiratory fitness tertiles  

  

Overall 

(n=73259) 

Low fitness 

(n=14365) 

Medium fitness 

(n=29342) 

High fitness 

(n=29552) 

Mean (SD) age 56.80 (8.10) 57.29 (7.97) 56.96 (8.07) 56.41 (8.19) 

Female 33637 (45.9) 6582 (45.8) 13479 (45.9) 13576 (45.9) 

Ethnicity         

White 66912 (91.7) 12364 (86.4) 26469 (90.6) 28079 (95.4) 

South Asians 2078 (2.8) 626 (4.4) 1031 (3.5) 421 (1.4) 

Black 2068 (2.8) 874 (6.1) 905 (3.1) 289 (1.0) 

Chinese  300 (0.4) 50 (0.3) 107 (0.4) 143 (0.5) 

Mixed background 1612 (2.2) 399 (2.8) 699 (2.4) 514 (1.7) 

Mean (SD) deprivation index -1.13 (2.95) -0.51 (3.21) -1.18 (2.93) -1.39 (2.80) 

BMI categories         

Underweight 355 (0.5) 67 (0.5) 70 (0.2) 218 (0.7) 

Normal 24192 (33.0) 2812 (19.6) 7545 (25.7) 13835 (46.8) 

Overweight 31151 (42.5) 5384 (37.6) 13628 (46.5) 12139 (41.1) 

Obese 17516 (23.9) 6070 (42.3) 8088 (27.6) 3358 (11.4) 

Mean (SD) percent body fat 31.41 (8.52) 34.62 (8.86) 32.54 (8.18) 28.77 (7.89) 

Medications         

Blood pressure medications 5160 (7.0) 1572 (10.9) 2049 (7.0) 1539 (5.2) 

Cholesterol medications 3897 (5.3) 1152 (8.0) 1597 (5.4) 1148 (3.9) 

None of above 64202 (87.6) 11641 (81.0) 25696 (87.6) 26865 (90.9) 

Mean (SD) TV viewing 2.73 (1.62) 3.20 (1.88) 2.83 (1.57) 2.41 (1.47) 

Mean (SD) self-perceived health 2.16 (0.71) 2.54 (0.79) 2.17 (0.66) 1.97 (0.65) 

Alcohol drinking         

Never 5761 (7.9) 1813 (12.6) 2353 (8.0) 1595 (5.4) 

Special occasions only 8823 (12.0) 2386 (16.6) 3862 (13.2) 2575 (8.7) 

One to three times a month 8265 (11.3) 1814 (12.6) 3547 (12.1) 2904 (9.8) 

Once or twice a week 18331 (25.0) 3427 (23.9) 7482 (25.5) 7422 (25.1) 

Three or four times a week 16819 (23.0) 2464 (17.2) 6489 (22.1) 7866 (26.6) 
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Daily or almost daily 15260 (20.8) 2461 (17.1) 5609 (19.1) 7190 (24.3) 

Smoking         

Never 40783 (55.7) 7944 (55.3) 16636 (56.7) 16203 (54.8) 

Former 25655 (35.0) 4861 (33.8) 10210 (34.8) 10584 (35.8) 

Current 6821 (9.3) 1560 (10.9) 2496 (8.5) 2765 (9.4) 

Mean (SD) weekly dietary intake         

Portions of fruit and vegetable 4.15 (2.50) 3.98 (2.58) 4.06 (2.51) 4.32 (2.44) 

Portions of red meat  1.92 (1.39) 2.02 (1.54) 1.95 (1.40) 1.84 (1.30) 

Frequency of oily fish 1.66 (0.92) 1.61 (0.95) 1.63 (0.92) 1.71 (0.90) 

Frequency of processed meat 1.85 (1.07) 1.94 (1.09) 1.89 (1.06) 1.77 (1.06) 

Prevalent morbidities at recruitment         

Hypertension 16718 (22.8) 4746 (33.0) 6939 (23.6) 5033 (17.0) 

Diabetes 3919 (5.3) 1410 (9.8) 1583 (5.4) 926 (3.1) 

Others 15757 (21.5) 4255 (29.6) 5926 (20.2) 5576 (18.9) 

 

 

 


