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Physical activity trajectories and mortality: population based 
cohort study
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Abstract
Objective
To assess the prospective associations of baseline 
and long term trajectories of physical activity on 
mortality from all causes, cardiovascular disease, and 
cancer.
Design
Population based cohort study.
Setting
Adults from the general population in the UK.
Participants
14 599 men and women (aged 40 to 79) from the 
European Prospective Investigation into Cancer 
and Nutrition-Norfolk cohort, assessed at baseline 
(1993 to 1997) up to 2004 for lifestyle and other risk 
factors; then followed to 2016 for mortality (median 
of 12.5 years of follow-up, after the last exposure 
assessment).
Main exposure
Physical activity energy expenditure (PAEE) derived 
from questionnaires, calibrated against combined 
movement and heart rate monitoring.
Main outcome measures
Mortality from all causes, cardiovascular disease, 
and cancer. Multivariable proportional hazards 
regression models were adjusted for age, sex, 
sociodemographics, and changes in medical history, 
overall diet quality, body mass index, blood pressure, 
triglycerides, and cholesterol levels.
Results
During 171 277 person years of follow-up, 3148 
deaths occurred. Long term increases in PAEE were 
inversely associated with mortality, independent of 

baseline PAEE. For each 1 kJ/kg/day per year increase 
in PAEE (equivalent to a trajectory of being inactive 
at baseline and gradually, over five years, meeting 
the World Health Organization minimum physical 
activity guidelines of 150 minutes/week of moderate-
intensity physical activity), hazard ratios were: 0.76 
(95% confidence interval 0.71 to 0.82) for all cause 
mortality, 0.71 (0.62 to 0.82) for cardiovascular 
disease mortality, and 0.89 (0.79 to 0.99) for 
cancer mortality, adjusted for baseline PAEE, and 
established risk factors. Similar results were observed 
when analyses were stratified by medical history of 
cardiovascular disease and cancer. Joint analyses with 
baseline and trajectories of physical activity show 
that, compared with consistently inactive individuals, 
those with increasing physical activity trajectories 
over time experienced lower risks of mortality from 
all causes, with hazard ratios of 0.76 (0.65 to 0.88), 
0.62 (0.53 to 0.72), and 0.58 (0.43 to 0.78) at 
low, medium, and high baseline physical activity, 
respectively. At the population level, meeting and 
maintaining at least the minimum physical activity 
recommendations would potentially prevent 46% of 
deaths associated with physical inactivity.
Conclusions
Middle aged and older adults, including those 
with cardiovascular disease and cancer, can gain 
substantial longevity benefits by becoming more 
physically active, irrespective of past physical activity 
levels and established risk factors. Considerable 
population health impacts can be attained with 
consistent engagement in physical activity during mid 
to late life.

Introduction
Physical activity is associated with lower risks of all 
cause mortality, cardiovascular disease, and certain 
cancers.1-3 However, much of the epidemiology arises 
from observational studies assessing physical activity 
at a single point in time (at baseline), on subsequent 
mortality and chronic disease outcomes. From 1975 to 
2016, over 90% of these epidemiological investigations 
on physical activity and mortality have used a single 
assessment of physical activity at baseline.4 Relating 
mortality risks to baseline physical activity levels 
does not account for within-person variation over the 
long term, potentially diluting the epidemiological 
associations. As physical activity behaviours are 
complex and vary over the life course,5 assessing 
within-person trajectories of physical activity over 
time would better characterise the association between 
physical activity and mortality.

Fewer studies have assessed physical activity 
trajectories over time and subsequent risks of 
mortality.6-11 Some of these investigations have only 

What is already known on this topic
Physical activity assessed at a single time point is associated with lower risks of 
mortality from all causes, cardiovascular disease, and cancer
Fewer studies have examined long term changes in physical activity and 
quantified the population health impact of different activity trajectories

What this study adds
Middle aged and older adults, including those with cardiovascular disease and 
cancer, stand to gain substantial longevity benefits by becoming more physically 
active, regardless of past activity levels, and changes in established risk factors, 
including overall diet quality, bodyweight, blood pressure, triglycerides, and 
cholesterol
At the population level, meeting and maintaining at least the minimum public 
health recommendations (150 minutes per week of moderate-intensity physical 
activity) would potentially prevent 46% of deaths associated with physical 
inactivity
Public health strategies should shift the population towards meeting the 
minimum recommendations, and importantly, focus on preventing declines in 
physical activity during middle and late life
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included small samples of older adults, in either men 
or women. Importantly, most studies were limited by 
crude categorisations of physical activity patterns, 
without exposure calibration against objective 
measures with established validity. Many studies also 
do not adequately account for concurrent changes 
in other lifestyle risk factors—such as overall diet 
quality and body mass index—which might potentially 
confound the association between physical activity 
and mortality. This is important, as some studies have 
shown that associations between physical activity 
and weight gain are weak or inconsistent, suggesting 
that being overweight or obese might instead predict 
physical inactivity rather than the reverse.12 13 Previous 
investigations have also not quantified the population 
impact of different physical activity trajectories over 
time on mortality. We examined associations of baseline 
and long term trajectories of within-person changes in 
physical activity on all cause, cardiovascular disease, 
and cancer mortality in a population based cohort 
study and quantified the number of preventable deaths 
from the observed physical activity trajectories.

Methods
Study population
The data for this investigation were from the European 
Prospective Investigation into Cancer and Nutrition-
Norfolk (EPIC-Norfolk) study, comprising a baseline 
assessment and three follow-up assessments. The 
EPIC-Norfolk study is a population based cohort study 
of 25 639 men and women aged 40 to 79, resident 
in Norfolk, UK, and recruited between 1993 to 1997 
from community general practices as previously 
described.14

After the baseline clinic assessment (1993 to 
1997), the first follow-up (postal questionnaire) was 
conducted between 1995 and 1997 at a mean of 1.7 
(SD 0.1) years after baseline, the second follow-up 
(clinic visit) took place 3.6 (0.7) years after baseline, 
and the third follow-up (postal questionnaire) was 
initiated 7.6 (0.9) years after the baseline clinic 
visit. All participants with repeated measures of 
physical activity (at least baseline and final follow-up 
assessments) were included, resulting in an analytical 
sample of 14 599 men and women.

Assessment of physical activity
Habitual physical activity was assessed with a 
validated questionnaire, with a reference time frame 
of the past year.15 16 The first question inquired about 
occupational physical activity, classified as five 
categories: unemployed, sedentary (eg, desk job), 
standing (eg, shop assistant, security guard), physical 
work (eg, plumber, nurse), and heavy manual work 
(eg, construction worker, bricklayer). The second open 
ended question asked about time spent (hours/week) 
on cycling, recreational activities, sports, or physical 
exercise, separately for winter and summer.

The validity of this instrument has previously been 
examined in an independent validation study, by 
using individually-calibrated combined movement 

and heart rate monitoring as the criterion method; 
physical activity energy expenditure (PAEE) increased 
through each of four ordinal categories of self reported 
physical activity comprising both occupational and 
leisure time physical activity.15 In this study, we 
disaggregated the index of total physical activity into 
its original two variables that were domain specific and 
conducted a calibration to PAEE using the validation 
dataset, in which the exact same instrument had been 
used (n=1747, omitting one study centre that had used 
a different instrument). Specifically, quasi-continuous 
and marginalised values of PAEE in units of kJ/kg/day 
were derived from three levels of occupational activity 
(unemployed or sedentary occupation; standing occu
pation; and physical or heavy manual occupation) and 
four levels of leisure time physical activity (none; 0.1 to 
3.5 hours; 3.6 to 7 hours; and >7 hours per week). This 
regression procedure allows the domain specific levels 
of occupational and leisure time physical activity to 
have independent PAEE coefficients, while assigning a 
value of 0 kJ/kg/day to individuals with a sedentary (or 
no) occupation and reporting no leisure time physical 
activity (LTPA). The resulting calibration equation 
was: PAEE (kJ/kg/day) =0 (sedentary or no job) + 5.61 
(standing job) + 7.63 (manual job) + 0 (no LTPA) + 3.59 
(LTPA of 0.1 to 3.5 hours per week) + 7.17 (LTPA of 3.6 
to 7 hours per week) + 11.26 (LTPA >7 hours per week).

Assessment of covariates
Information about participants’ lifestyle and clinical 
risk factors were obtained at both clinic visits, carried 
out by trained nurses at baseline and 3.6 years later. 
Information collected during clinic visits included: age; 
height; weight; blood pressure; habitual diet; alcohol 
intake (units consumed per week); smoking status (never, 
former, and current smokers); physical activity; social 
class (unemployed, non-skilled workers, semiskilled 
workers, skilled workers, managers, and professionals); 
education level (none, General Certificate of Education 
(GCE) Ordinary Level, GCE Advanced Level, bachelor’s 
degree, and above); and medical history of heart disease, 
stroke, cancer, diabetes, fractures (wrist, vertebral, and 
hip), asthma, and other chronic respiratory conditions 
(bronchitis and emphysema). Additionally, updated 
information on heart disease, stroke, and cancer up 
to the final physical activity assessment (third follow-
up) were also collected by using data from hospital 
episode statistics. This is a database containing details 
of all admissions, including emergency department 
attendances and outpatient appointments at National 
Health Service hospitals in England. Non-fasting blood 
samples were collected and refrigerated at 4°C until 
transported within a week of sampling to be assayed for 
serum triglycerides, total cholesterol, and high density 
lipoprotein cholesterol by using standard enzymatic 
techniques. We derived low density lipoprotein 
cholesterol by using the Friedewald equation.17

We assessed habitual dietary intake during the 
previous year by using validated 130 item food-
frequency questionnaires administered at baseline 
and at the second clinic visit. The validity of this 
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food-frequency questionnaire for major foods and 
nutrients was previously assessed against 16 day 
weighed diet records, 24 hour recall, and selected 
biomarkers in a subsample of this cohort.18 19 We 
created a comprehensive diet quality score for 
each participant, separately for baseline and at 
follow-up, incorporating eight dietary components 
known to influence health and the risk of chronic 
disease.20 The composite diet quality score included: 
wholegrains, refined grains, sweetened confectionery 
and beverages, fish, red and processed meat, fruit and 
vegetables, sodium, and the ratio of unsaturated to 
saturated fatty acids from dietary intakes. We created 
tertiles for each dietary component and then scored 
these as −1, 0, or 1, with the directionality depending 
on whether the food or nutrient was associated 
with health risks or benefits.20 Scores from the eight 
dietary components were summed into an overall diet 
quality score which ranged from −8 to 8, with higher 
values representing a healthier dietary pattern. We 
also collected updated information on body weight 
and height from the two postal assessments (first and 
third follow-up).

Mortality ascertainment
All participants were followed-up for mortality by the 
Office of National Statistics until the most recent censor 
date of 31 March 2016. Causes of death were confirmed 
by death certificates which were coded by nosologists 
according to ICD-9 (international classification of 
diseases, ninth revision) and ICD-10 (international 
classification of diseases, 10th revision). We defined 
cancer mortality and cardiovascular disease mortality 
by using codes ICD-9 140-208 or ICD-10 C00-C97 and 
ICD-9 400-438 or ICD-10 I10-I79, respectively.

Statistical analysis
We used Cox proportional hazards regression models 
to derive hazard ratios and 95% confidence intervals. 
Individuals contributed person time from the date of 
the last physical activity assessment (third follow-
up) until the date of death or censoring. We used all 
available assessments of physical activity to better 
represent long term habitual physical activity and 
used linear regression against elapsed time to derive 
an overall physical activity trajectory (ΔPAEE) for each 
individual. We used the resulting coefficient of the 
calibrated ΔPAEE values in kJ/kg/day/year, together 
with baseline PAEE, as mutually-adjusted exposure 
variables in the Cox regression models.

We created categories reflecting approximate tertiles 
of both baseline PAEE and ΔPAEE to investigate 
joint effects of baseline and long term trajectories 
of physical activity. We defined the categories of 
baseline PAEE as: low (PAEE=0 kJ/kg/day), medium 
(0<PAEE<8.4 kJ/kg/day), and high (PAEE≥8.4 kJ/
kg/day). We defined the categories of ΔPAEE over 
time as: decreasers (ΔPAEE≤−0.20 kJ/kg/day/year), 
maintainers (−0.20<ΔPAEE<0.20 kJ/kg/day/year), 
and increasers (ΔPAEE≥0.20 kJ/kg/day/year). We then 
created joint exposure categories by cross-classifying 

the three baseline by the three trajectory categories, 
resulting in eight categories. The reference group was 
individuals with consistently low physical activity 
(by definition, there would be no exposure category 
comprising individuals declining from no baseline 
physical activity). We estimated the potential number 
of preventable deaths at the population level in each 
joint exposure category, using the absolute difference 
in adjusted mortality rates between the reference 
group (consistently inactive) and each joint exposure 
category, multiplied by the person years observed 
in the corresponding joint exposure category. We 
derived adjusted mortality rates by using multivariable 
exponential regression, with covariates used in the 
most comprehensively adjusted analytical model.

In model 1 we adjusted for: general demographics 
(age, sex, socioeconomic status, education level, 
and smoking status), dietary factors (total energy 
intake, overall diet quality, alcohol consumption), 
and medical history (asthma, chronic respiratory 
conditions, bone fractures, diabetes, heart disease, 
stroke, and cancer). Age, energy and alcohol intake, 
and diet quality were continuous variables. In model 
2 we accounted for changes in the above covariates by 
further inclusion of updated variables at the second 
clinic visit (3.6 years later), as well as updated status 
of cardiovascular disease and cancer from hospital 
episode statistics up until the final physical activity 
assessment. In model 3 we further accounted for 
changes in body mass index by including continuous 
values of body mass index at baseline and at the 
final physical activity assessment. In model 4 we 
accounted for changes in blood pressure and lipids 
by further including continuous values of systolic 
and diastolic blood pressure, serum triglycerides, 
low density lipoprotein cholesterol, and high density 
lipoprotein cholesterol at baseline and at the second 
clinic visit.

We used height and weight measurements from 
the baseline and second clinic visit to calibrate self 
reported height and weight provided by the postal 
questionnaires. Self reported values were multiplied 
by the ratio of mean clinically-measured values and 
self-reported values. We imputed missing values 
of covariates at follow-up by using regression on 
their baseline values. A complete case analysis was 
conducted as a sensitivity analysis. Reverse causation 
owing to undiagnosed disease was mitigated by 
excluding participants who died within one year of 
the final physical activity assessment (beginning of 
follow-up for mortality) in all analyses. Predefined 
subgroups were age, sex, clinically-defined cut 
points of body mass index, and history of cardiova
scular disease and cancer. We performed additional 
sensitivity analyses by excluding individuals with 
any period-prevalent chronic diseases (heart disease, 
stroke, and cancer) up to the final physical activity 
assessment, as well as excluding deaths occurring 
within two years of the final physical activity 
assessment. All analyses were performed by using 
Stata SE version 14.2.
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Patient and public involvement
Patients and members of the public were not formally 
involved in the design, analysis or interpretation of this 
study. Nonetheless, the research question in this article 
is of broad public health interest. The results of this 
study will be disseminated to study participants and the 
general public through the study websites, participant 
engagement events, seminars, and conferences.

results
study population
Among 14 599 participants with a mean baseline 
age of 58.0 (SD 8.8), followed for a median of 12.5 
(interquartile range 11.9-13.2) years after the final 
physical activity assessment, there were 3148 deaths 
(950 from cardiovascular disease and 1091 from 
cancer) during 171 277 person years of follow-up. 
Table 1 shows the study population characteristics 
at the four assessment time points. On average, 
dietary factors such as total energy intake, alcohol 
consumption, and overall diet quality were similar at 
baseline and at the second clinic visit. The prevalence 
of diabetes, cardiovascular disease, cancer, and 
respiratory conditions increased over time. From 
baseline to the final follow-up assessment, mean body 
mass index increased from 26.1 kg/m2 to 26.7 kg/m2, 
and mean PAEE declined by 17% from 5.9 kJ/kg/day 
to 4.9 kJ/kg/day. The Pearson correlation coefficients 
were r=0.57 between PAEE at baseline and 1.7 years 
later; and r=0.45 between PAEE at baseline and 7.6 
years later (final physical activity assessment).

associations of baseline and trajectories of physical 
activity with mortality
Table 2 shows that for each 1 kJ/kg/day/year increase 
in PAEE over time (ΔPAEE), the hazard ratios were: 
0.78 (95% confidence interval 0.73 to 0.84) for all 
cause mortality, 0.75 (0.66 to 0.86) for cardiovascular 
disease mortality, and 0.88 (0.79 to 0.98) for cancer 
mortality (model 1). Progressive adjustments for time-
updated covariates (model 2), changes in body mass 
index (model 3), and changes in blood pressure and 
blood lipids (model 4) did not attenuate the strength 
of the associations. In all models, baseline PAEE was 
also independently associated with lower mortality; 
for each 10 kJ/kg/day difference between individuals, 
hazard ratios were 0.70 (95% confidence interval 0.64 
to 0.78) for all cause mortality, 0.69 (0.57 to 0.83) for 
cardiovascular disease mortality, and 0.83 (0.70 to 
0.98) for cancer mortality (table 2, model 4). There was 
no evidence of an interaction between baseline PAEE 
and ΔPAEE for all mortality outcomes (P>0.6 from 
likelihood-ratio tests). The effect of PAEE averaged 
across all assessments on overall mortality, was 
0.70 (0.62 to 0.78) for each 10 kJ/kg/day difference 
between individuals. For single time point exposure 
assessments, the inverse association of PAEE with 
mortality at the most recent assessment was stronger 
than that for baseline PAEE; hazard ratios were 
0.68 (0.62 to 0.75) and 0.87 (0.80 to 0.94) for each 
10 kJ/kg/day difference, respectively.

Sensitivity analyses excluding individuals with any 
period-prevalent heart disease, stroke, and cancer 
occurring up to the final physical activity assessment, 
as well as any deaths occurring within two years of 
this final assessment, showed similar associations 
with mortality for baseline PAEE and ΔPAEE, hazard 
ratios of 0.72 (95% confidence interval 0.63 to 
0.81) for each 10 kJ/kg/day difference and 0.78 
(0.71 to 0.86) for each 1 kJ/kg/day/year difference, 
respectively. Sensitivity analysis that used complete 
cases did not materially change the strength of 
associations (attenuation <5% for ΔPAEE estimates 
for all outcomes), but it attenuated the statistical 
significance for cancer mortality (supplementary 
table 1). Adjustments for occupational physical 
activity categories (sedentary, standing, physical, 
and heavy manual jobs) (supplementary table 2) 
slightly strengthened the association of ΔPAEE with 
cardiovascular disease mortality and attenuated 
the association with cancer mortality, whereas 
associations for baseline PAEE became stronger for 
both these outcomes.

Stratified analyses
Figure 1 shows that, based on the most compre
hensively-adjusted analytical model (model 4), 
significant inverse associations for baseline PAEE 
and ΔPAEE with all cause mortality persisted in 
all subgroups of age, sex, adiposity, and chronic 
disease status. Although tests for interaction were 
not statistically significant for any subgroup, the 
benefit of baseline PAEE on all cause mortality tended 
to be stronger in women (hazard ratio 0.63, 95% 
confidence interval 0.53 to 0.74) than men (0.76, 
0.66 to 0.87; P=0.08). Baseline PAEE and ΔPAEE were 
not associated with cardiovascular disease mortality 
in individuals with obesity. In stratified analyses 
for cancer mortality, the longevity benefits of both 
baseline PAEE and ΔPAEE were only significant in 
older adults.

Joint associations of baseline and trajectories of 
physical activity with mortality
Figure 2 shows that compared with individuals 
who were consistently inactive (low-maintainers), 
individuals with medium and high baseline physical  
activity who maintained these levels (medium-
maintainers and high-maintainers) had significantly 
lower risks of all cause mortality, 28% and 33% 
respectively. Individuals with increasing physical 
activity trajectories experienced additional longevity 
benefits, including those with low baseline activity, 
as well as those with already high levels of baseline 
physical activity. Dose-response gradients were 
observed within and between strata of baseline 
physical activity levels. Within strata of low, 
medium, and high baseline physical activity, 
the risk of mortality was lower across ordinally 
increasing trajectories of: decreasers, maintainers, 
and increasers. Between strata of baseline physical 
activity, the risk of mortality decreased by 24% for 
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low-increasers, 38% for medium-increasers, and 
42% for high-increasers. Medium-decreasers and 
high-decreasers had 10% and 20% lower risks of 
mortality, respectively, compared with the reference 
group of low-maintainers.

Estimation of population impact
Figure 2 shows that if the entire cohort remained 
inactive over time, an additional 24% of deaths (678 
more than the observed 2840 deaths) would have 
potentially occurred. At the population level, the 
greatest number of potential deaths averted were in 
the medium-increasers and medium-maintainers, 
preventing 169 (25%) and 143 (21%) of the deaths 
associated with physical inactivity, respectively. All 
physical activity trajectories that culminated with 
meeting at least the minimum physical activity 
guidelines (equivalent to 5 kJ/kg/day) could potentially 
prevent 93% of the deaths associated with physical 
inactivity at the population level.

Discussion
In this prospective cohort study with repeated 
assessments, we found protective associations for 
increasing physical activity trajectories against 
mortality from all causes, cardiovascular disease, and 
cancer, irrespective of past physical activity levels. 
These associations were also independent of levels 
and changes in several established risk factors such 
as overall diet quality, body mass index, medical 
history, blood pressure, triglycerides, and cholesterol. 
Both higher physical activity levels at baseline and 
increasing trajectories over time were protective 
against mortality. Notably, the strength of associations 
was similar in individuals with and without pre-
existing cardiovascular disease and cancer. These 
results are encouraging, not least for middle aged and 
older adults with cardiovascular disease and cancer, 
who can still gain substantial longevity benefits by 
becoming more active, lending further support to the 
broad public health benefits of physical activity.

Table 1 Study population characteristics at baseline and follow-up assessments. Values are means (SD) unless stated 
otherwise

Characteristic Baseline
Follow-up

First Second Third
Period 1993-1997 1995-1999 1998-2000 2002-2004 
Sample size (n) 14 599 11 889 11 408 14 599
Follow-up duration from baseline (years) NA 1.7 (0.1) 3.6 (0.7) 7.6 (0.9)
Age (years) 58.0 (8.8) 60.1 (8.8) 62.0 (8.8) 65.5 (9.0)
Women (%) 56.6 56.6 56.6 56.6
Education level (%):
  Unemployed to semiskilled workers 15.1 NA NA NA
  Skilled workers 38.1 NA NA NA
  Managers and professionals 46.7 NA NA NA
Dietary factors:
  Energy intake (kcal/day) 2055 (593) NA 1961 (554) NA
  Alcohol (units/week)* 7.1 (9.1) NA 6.9 (9.0) NA
  Overall diet quality score† 0.2 (2.9) NA 0.38 (2.5) NA
Smoking status (%):
  Current 9.4 NA 6.3 NA
  Former 41.0 NA 35.9 NA
Comorbidities (%): 
  Diabetes 1.7 NA 3.2 NA
  Heart disease 2.3 NA 3.0 5.3
  Stroke 0.9 NA 2.2 3.4
  Cancer 4.9 NA 7.6 9.6
  Asthma 8.3 NA 10.5 NA
  Chronic obstructive pulmonary disease 8.5 NA 10.7 NA
  Bone fractures 6.6 NA 6.8 NA
  Moderate to poor self rated health 15.8 NA 15.9 NA
Risk factors:
  Body mass index (kg/m2) 26.1 (3.8) 26.3 (3.8) 26.6 (3.9) 26.7 (4.2)
  Systolic blood pressure (mm Hg) 134.1 (17.8) NA 134.5 (17.9) NA
  Diastolic blood pressure (mm Hg) 82.0 (11.0) NA 81.8 (11.1) NA
  Triglycerides (mmol/L) 1.76 (1.09) NA 1.86 (1.07) NA
  Cholesterol (mmol/L):
    Total 6.14 (1.15) NA 6.06 (1.15) NA
    HDL 1.43 (0.42) NA 1.50 (0.46) NA
    LDL 3.94 (1.02) NA 3.76 (1.04) NA
PAEE (kJ/kg/day) 5.9 (4.7) 5.0 (4.6) NA‡ 4.9 (4.8)
ΔPAEE (kJ/kg/day/year) NA NA NA −0.11 (0.66)
NA=not available; HDL=high density lipoprotein; LDL=low density lipoprotein; PAEE=physical activity energy expenditure; ΔPAEE=trajectory of PAEE over 
time (annual rate of change), derived from within-individual regression of PAEE across all available physical activity assessments. 
*1unit=8 g
†range −8 to 8
‡Physical activity at the second follow-up was not included in this analysis, since a different questionnaire was used.
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Independent and joint effects of baseline and 
trajectories of physical activity
The absence of an interaction between baseline 
physical activity levels and long term trajectories of 
physical activity on the risk of mortality suggests that 
the relative longevity benefit of increasing physical 
activity is consistent, irrespective of baseline levels. 
Increasing PAEE by 1 kJ/kg/day per year—equivalent 
to a trajectory of being inactive at baseline and then 
subsequently increasing physical activity to 5 and  
10 kJ/kg/day, five and 10 years later, respectively—
was associated with a 24% lower risk of all cause 
mortality. This gain in longevity from increasing 
physical activity over time, is in addition to the 
benefits already accrued from baseline physical 
activity, such as a 30% lower risk of mortality for a 
between-individual difference of 10 kJ/kg/day. For 
reference, 5 kJ/kg/day corresponds to the World Health 
Organization minimum physical activity guidelines 
of 150 minutes per week of moderate-intensity 
physical activity, and 10 kJ/kg/day corresponds to 
the WHO recommendations of 300 minutes per week 
of moderate-intensity physical activity for additional 
health benefits. Figure 3 shows how these levels 
of physical activity can be achieved in any number 
of ways during leisure time and at work, with the 
required duration depending on relative intensities of 
the activities undertaken.

The joint analyses of physical activity trajectories 
beginning from different baseline levels showed that 
adults who were already meeting at least the minimum 
physical activity recommendations (150 minutes 
per week of moderate physical activity), experience 
substantial longevity benefits by either maintaining 
or further increasing physical activity levels. This 

is evidenced by medium-maintainers and high-
maintainers experiencing 28% and 33% lower risks 
of mortality, with an additional ~10% lower risk for 
increasers in both these baseline groups. 

Adults already meeting the equivalent of the 
higher WHO physical activity recommendations 
(300 minutes per week of moderate physical activity) 
still gain further longevity benefits by increasing 
physical activity levels to over 14 kJ/kg/day. This 
energy expenditure corresponds to approximately 
three times the recommended minimum (equivalent 
to 450 minutes per week of moderate physical 
activity). 

The joint analyses also revealed that some, but not 
all, of the longevity benefits from past physical activity 
levels are lost when previously active individuals 
decrease their activity levels. Compared with the 
consistently inactive, medium-decreasers and high-
decreasers experienced 10% and 20% lower risks 
of mortality, respectively. However, these effects 
appear modest, compared with the 28% and 33% 
lower risks of mortality for medium-maintainers and 
high-maintainers, respectively. The low-increasers 
also experienced slightly lower risks of mortality 
than the high-decreasers (24% v 20% lower than the 
consistently-inactive reference group, respectively) but 
both had higher risks of mortality than the medium-
maintainers (28% lower risk), despite all these three 
groups ending up at approximately the same physical 
activity level at the final exposure assessment. There 
might be several explanations for this, including: 
the relative importance of past versus more recent 
physical activity; differential factors that might have 
caused these specific physical activity trajectories in 
the first place, beyond differences in period-prevalent 

Table 2 Associations of mutually-adjusted baseline physical activity energy expenditure (PAEE) and trajectories of 
physical activity (ΔPAEE) with mortality. Values are hazard ratios (95% confidence intervals) unless stated otherwise

Outcome
Model

1* 2† 3‡ 4§
Sample size (n) 14 599 14 599 14 587 13 360
Person years 171 277 171 277 171 138 156 075
All cause mortality
Deaths 3148 3148 3145 2840
Baseline PAEE¶ 0.70 (0.63 to 0.77) 0.71 (0.65 to 0.79) 0.72 (0.65 to 0.79) 0.70 (0.64 to 0.78)
ΔPAEE** 0.78 (0.73 to 0.84) 0.78 (0.73 to 0.84) 0.78 (0.73 to 0.84) 0.76 (0.71 to 0.82)
Cardiovascular disease mortality
Deaths 950 950 949 850
Baseline PAEE 0.72 (0.60 to 0.86) 0.73 (0.61 to 0.88) 0.75 (0.62 to 0.89) 0.69 (0.57 to 0.83)
ΔPAEE 0.75 (0.66 to 0.86) 0.76 (0.66 to 0.86) 0.76 (0.67 to 0.87) 0.71 (0.62 to 0.82)
Cancer mortality
Deaths 1091 1091 1090 977
Baseline PAEE 0.80 (0.69 to 0.94) 0.82 (0.70 to 0.96) 0.83 (0.70 to 0.97) 0.83 (0.70 to 0.98)
ΔPAEE 0.88 (0.79 to 0.98) 0.89 (0.79 to 0.99) 0.89 (0.79 to 0.99) 0.89 (0.79 to 1.00)
*Adjusted for age, sex, smoking status, education level, social class, self rated health, alcohol intake, energy intake, overall diet quality (comprising fruit 
and vegetables, red and processed meat, fish, wholegrains, refined grains, sweetened confectionery and beverages, ratio of unsaturated to saturated fat 
intake, and sodium) as well as for medical history at baseline (cardiovascular disease, cancer, diabetes, asthma, chronic obstructive pulmonary diseases, 
and bone fractures).
†Adjusted for covariates in model 1 and time-updated variables for smoking, alcohol intake, energy intake, diet quality and medical history at the second 
clinic visit, as well as period-prevalent heart disease, stroke and cancer from hospital episode statistics up to the final physical activity assessment (third 
follow-up).
‡Adjusted for covariates in model 2 and body mass index at baseline and at the final physical activity assessment.
§Adjusted for covariates in model 3 and systolic and diastolic blood pressure, triglycerides, low density lipoprotein cholesterol, and high density 
lipoprotein cholesterol at baseline and at the second clinic visit.
¶For 10 kJ/kg/day differences in baseline PAEE.
**For 1 kJ/kg/day per year increase in ΔPAEE.
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cardiovascular disease or cancer; and the degree 
to which physical activity levels were maintained 
or continued to change beyond the last exposure 
assessment until the date of final censoring.

Population impact
Although mortality benefits were greatest in the 
high-increasers (hazard ratio of 0.58), the fraction of 
potential deaths averted at the population level were 

All cause mortality

  Age group

    <65

    ≥65

  Sex

    Men

    Women

  BMI

    Normal

    Overweight

    Obese

  Cardiovascular disease, cancer, or both

    None

    Pre-existing

  Overall

Cardiovascular disease mortality

  Age group

    <65

    ≥65

  Sex

    Men

    Women

  BMI

    Normal

    Overweight

    Obese

  Cardiovascular disease, cancer, or both

    None

    Pre-existing

  Overall

Cancer mortality

  Age group

    <65

    ≥65

  Sex

    Men

    Women

  BMI

    Normal

    Overweight

    Obese

  Cardiovascular disease, cancer, or both

    None

    Pre-existing

  Overall

0.78 (0.66 to 0.91)

0.65 (0.57 to 0.75)

0.76 (0.66 to 0.87)

0.63 (0.53 to 0.74)

0.68 (0.57 to 0.80)

0.74 (0.63 to 0.86)

0.73 (0.55 to 0.95)

0.71 (0.62 to 0.80)

0.70 (0.58 to 0.85)

0.70 (0.64 to 0.78)

0.74 (0.53 to 1.05)

0.67 (0.53 to 0.85)

0.75 (0.59 to 0.95)

0.58 (0.42 to 0.81)

0.58 (0.42 to 0.82)

0.75 (0.57 to 1.00)

0.86 (0.53 to 1.37)

0.68 (0.53 to 0.86)

0.73 (0.53 to 1.00)

0.69 (0.57 to 0.83)

0.92 (0.74 to 1.15)

0.68 (0.52 to 0.90)

0.85 (0.68 to 1.06)

0.79 (0.61 to 1.02)

0.82 (0.62 to 1.08)

0.85 (0.66 to 1.08)

0.79 (0.50 to 1.24)

0.82 (0.66 to 1.00)

0.83 (0.62 to 1.12)

0.83 (0.70 to 0.98)

Outcome Mutually adjusted
hazard ratio (95% CI)

Mutually adjusted
hazard ratio (95% CI)

10 035

3325

5754

7606

5747

5904

1709

11 132

2228

13 360

10 035

3325

5754

7606

5747

5904

1709

11 132

2228

13 360

10 035

3325

5754

7606

5747

5904

1709

11 132

2228

13 360

No

1109

1731

1495

1345

1041

1348

451

1927

913

2840

249

601

478

372

303

396

151

533

317

850

539

438

503

474

352

476

149

645

332

977

Deaths

122 554

33 521

65 533

90 541

67 918

68 643

19 514

132 842

23 233

156 075

122 554

33 521

65 533

90 541

67 918

68 643

19 514

132 842

23 233

156 075

122 554

33 521

65 533

90 541

67 918

68 643

19 514

132 842

23 233

156 075

Person
years

ΔPAEE per 1 kJ/kg/day/year

0.79 (0.71 to 0.88)

0.75 (0.68 to 0.83)

0.79 (0.72 to 0.87)

0.73 (0.65 to 0.83)

0.76 (0.68 to 0.87)

0.76 (0.68 to 0.84)

0.82 (0.67 to 1.00)

0.77 (0.70 to 0.84)

0.76 (0.66 to 0.86)

0.76 (0.71 to 0.82)

0.71 (0.56 to 0.90)

0.73 (0.61 to 0.87)

0.72 (0.60 to 0.86)

0.69 (0.55 to 0.88)

0.68 (0.54 to 0.87)

0.71 (0.58 to 0.87)

0.87 (0.61 to 1.24)

0.73 (0.61 to 0.87)

0.70 (0.56 to 0.89)

0.71 (0.62 to 0.82)

0.94 (0.81 to 1.09)

0.81 (0.66 to 0.98)

0.88 (0.75 to 1.03)

0.89 (0.74 to 1.06)

0.89 (0.73 to 1.09)

0.89 (0.75 to 1.05)

0.82 (0.59 to 1.14)

0.86 (0.74 to 1.00)

0.91 (0.74 to 1.11)

0.89 (0.79 to 1.00)

0.25 0.5 1 1.5

Mutually adjusted
hazard ratio (95% CI)

Mutually adjusted
hazard ratio (95% CI)

0.25 0.5 1 1.5

Baseline PAEE per 10 kJ/kg/day

Fig 1 | Associations of baseline and long term trajectories of physical activity energy expenditure (PAEE) with all cause, cardiovascular disease, and 
cancer mortality, stratified by age group, sex, body mass index (BMI), and disease status. Hazard ratios are mutually adjusted for both baseline PAEE 
and ΔPAEE, and are based on the most comprehensively adjusted model for changes in covariates, including medical history, diet quality, body mass 
index, blood pressure, and lipids (model 4 from table 2).
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greatest for the medium-increasers (25%) and the 
medium-maintainers (21%), in contrast with 10% for 
the high-increasers. This is owing to the combination 
of a moderately strong aetiological association (hazard 
ratio of 0.72) and a greater prevalence of medium-
maintainers (23 032 person years, 15% of total person 
years), compared with high-increasers (6988 person 

years, 4% of total). All physical activity trajectories 
during middle to late adulthood that culminate 
with meeting at least the minimum physical activity 
guidelines could potentially prevent 93% of deaths 
attributable to physical inactivity. The last 7% were 
the 48 deaths potentially prevented by the medium-
decreasers, who as a group did not meet the minimum 

Low

  Maintain

  Increase

Medium

  Decrease

  Maintain

  Increase

High

  Decrease

  Maintain

  Increase

1.00

0.76 (0.65 to 0.88)

0.90 (0.81 to 1.00)

0.72 (0.62 to 0.82)

0.62 (0.53 to 0.72)

0.80 (0.71 to 0.91)

0.67 (0.53 to 0.84)

0.58 (0.43 to 0.78)

Hazard ratio
(95% CI)

Hazard ratio
(95% CI)

WHO minimum physical activity (PA) guidelines
WHO recommendations for additional health benefits

(150 mins/week of moderate-intensity PA) ≈ PAEE of 5 kJ/kg/day
(300 mins/week of moderate-intensity PA) ≈ PAEE of 10 kJ/kg/day

Reference

70 (10)

48 (7)

143 (21)

169 (25)

104 (15)

75 (11)

69 (10)

Potential deaths
averted (%)

Physical
activity
trajectory

2207

1127

2606

1923

1631

2482

818

566

No

842

210

709

290

206

452

81

50

Deaths

23 613

13 270

29 727

23 032

19 852

29 605

9987

6988

Person
years

2433

1905

2270

1811

1583

2081

1678

1439

Adjusted
mortality rate

0.4 0.80.6 1 1.2

0 (0)

0 (0)

5.5 (1.6)

5.5 (1.6)

5.5 (1.6)

11.9 (2.8)

11.9 (2.8)

11.9 (2.8)

0 (0.4)

6.4 (3.2)

1.0 (1.9)

5.3 (1.8)

10.0 (3.0)

5.0 (3.8)

11.0 (2.7)

14.4 (3.1)

Baseline
PAEE (SD)

Most recent
PAEE (SD)

Fig 2 | Joint associations of baseline and trajectories of physical activity energy expenditure (PAEE) with all cause mortality. Hazard ratios (HR) are 
based on the most comprehensively adjusted model for age, sex, sociodemographics, and changes in medical history, diet quality, body mass 
index, blood pressure, and lipids (model 4 from table 2). Adjusted mortality rates are expressed per 100 000 person years. WHO=World Health 
Organization.

Physical inactivity

PAEE = 0 kJ/kg/day
Sedentary occupation
No leisure time physical activity

PAEE = 5 kJ/kg/day
Meeting WHO minimum physical activity guidelines
(150 mins/week of moderate-intensity physical activity or equivalent)

0
Minutes/day

20 40 6010 30 50

Brisk walk (5 km/h ≈ 4.5 METs)

Heavy cleaning or repair work (≈ 3.5 METs)

Walking dog (≈ 3 METs)

Light gardening (≈ 2.5 METs)

PAEE = 10 kJ/kg/day
Meeting WHO recommendations for additional health benefits
(300 mins/week of moderate-intensity physical activity or equivalent)

Run (15 km/h        ≈ 14 METs)

Sports (eg, casual tennis ≈ 8 METs)

Light jog (6 km/h ≈ 6 METs)

Shoveling (moderate effort ≈ 5 METs)

Fig 3 | Physical activity energy expenditure (PAEE) of common activities performed during leisure time and at work. 
MET=metabolic equivalent of task. WHO=World Health Organization
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physical activity guidelines at the final exposure 
assessment. Had this group maintained their baseline 
physical activity levels, an additional 136 deaths 
(nearly three times as many) may have been prevented. 
Comparatively fewer, yet still an extra 119 deaths (twice 
as many) could have been prevented if high-decreasers 
had maintained their baseline physical activity levels. 
These two groups with declining physical activity 
levels were also the most prevalent trajectories in the 
cohort. Thus, in addition to shifting the population 
towards meeting the minimum physical activity 
recommendations, public health efforts should also 
focus on the maintenance of physical activity levels, 
specifically preventing declines over middle and late 
life. The WHO minimum guidelines of 150 minutes per 
week of moderate-intensity physical activity appears 
to be a realistic public health target, given that these 
levels were observed to be broadly attainable at the 
population level. Individuals with existing chronic 
conditions such as cardiovascular disease and cancer—
for whom our study has also shown to gain longevity 
benefits—might choose to engage in commensurably 
lower-intensity activities but for a longer duration (fig 
3). Further research is, however, needed to specifically 
ascertain the health benefits of lower-intensity 
physical activity in both healthy individuals and those 
with major chronic diseases.21

Comparisons with existing studies
This study also showed that the longevity benefits 
of increasing physical activity are independent of 
intermediary changes in several established risk 
factors, including body mass index, blood pressure, 
triglycerides, and cholesterol. These results are 
interesting, relative to other studies that have shown 
considerable attenuation of the strength of associations 
after adjustment for similar cardiometabolic bio
markers.2 22 In our study, it is somewhat surprising 
that the inverse associations of physical activity with 
cardiovascular disease mortality were not attenuated 
(but rather strengthened) after adjusting for established 
cardiometabolic risk factors. These findings support 
research into other potential mechanisms, including 
vascular function,23 novel lipids,24 and autonomic 
nervous system activity,25 through which physical 
activity might protect against cardiovascular disease. In 
our study, the protective associations of physical activity 
were stronger for cardiovascular disease mortality 
than for cancer mortality, suggesting that longevity 
benefits were primarily driven through the prevention 
of cardiovascular-related deaths. Adjustment for 
occupational physical activity strengthened the inverse 
associations with cardiovascular disease mortality for 
both baseline PAEE and ΔPAEE; this was also the case 
for the association between baseline PAEE and cancer 
mortality, but the association between ΔPAEE and cancer 
mortality was attenuated. The existing body of evidence, 
from a meta-analysis of nine international cohort 
studies also reported stronger inverse associations 
for cardiovascular disease mortality, compared with 
cancer mortality.26 27 The weaker associations with 

cancer mortality might reflect the notion that cancers 
are a collection of neoplastic diseases, which might be 
aetiologically diverse and characterised by separate 
pathophysiologies.1

Our results for the association of baseline physical 
activity with mortality were broadly similar to those 
reported in the literature, although our estimates have 
accounted for changes in physical activity over time, 
which to some degree would correct for regression 
dilution bias.28 In a pooled analysis of data from high 
income countries within the Prospective Urban Rural 
Epidemiologic (PURE) study,29 medium baseline 
physical activity (150 to 750 minutes per week of 
moderate-intensity physical activity) was associated 
with a 31% lower risk of mortality. This is similar to our 
estimates of a 30% lower risk of mortality for a 10 kJ/
kg/day difference between individuals (equivalent to 
300 minutes per week of moderate-intensity physical 
activity). 

Another pooled analysis examining the dose-
response relation between baseline leisure time 
physical activity and mortality also reported 
lower mortality risks of between 31% to 37% at a 
comparable volume of physical activity.30 Comparisons 
with previous studies, examining specifically the 
changes and patterns of physical activity over time on 
mortality, are difficult owing to methodological and 
analytical heterogeneity between studies, precluding 
the synthesis of published results using meta-analytic 
methods. There was considerable variation in the 
operational definitions of the “changes” in physical 
activity over time. Some classified “changes” as in
creases and decreases, compared with unchanged 
physical activity irrespective of baseline levels31; 
others grouped varying activity levels over time as 
“mixed patterns,”4 potentially obscuring the benefits 
for individuals who improved physical activity levels 
over time; yet others used a reference group of the 
“consistently-active.”6 9 Furthermore, the time periods 
for studying these physical activity trajectories were 
also variable, with some studies examining short 
term changes within one to two years,32 33 and others 
examining changes over 10 years.6 10 11 Nonetheless, 
the relative risks of our high-maintainer and medium-
maintainer groups (with hazard ratios of 0.67 and 
0.72, respectively) were broadly in the ranges of 
the consistently-active groups reported in previous 
studies.7 8 11 Future work examining physical activity 
trajectories over time on health outcomes could 
consider pooling of individual-level harmonised 
data from compatible studies with repeated follow-
up assessments, ideally combined with external 
calibration; this would enable standardisation of 
exposure definitions and analytical approaches.

Strengths and limitations of the study
On balance, we present a comprehensive analysis, 
examining longitudinal physical activity trajectories 
in a large cohort with long follow-up for mortality, 
and quantified the population health impact from 
different physical activity trajectories. To overcome 
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limitations in the majority of studies which have 
predominantly examined mortality associations 
with physical activity assessed at a single time point, 
we incorporated repeated measures of physical 
activity calibrated against objective measurements 
of individually-calibrated combined movement 
and heart rate monitoring. The use of longitudinal, 
within-individual trajectories of physical activity 
over time also precludes any confounding by time-
invariant factors such as genetics. Our approach offers 
a stronger operationalisation of physical activity 
exposures, representing a method which can be 
used in future longitudinal studies investigating the 
associations between physical activity and subsequent 
health outcomes. Our study showed robust protective 
associations between physical activity and mortality, 
even after controlling for established risk factors, 
such as overall diet quality, body mass index, blood 
pressure, triglycerides, and cholesterol. 

Some limitations of our study are that the analytical 
sample comprised of individuals who were available 
for follow-up approximately a decade after initial 
recruitment. Thus, a healthy cohort effect cannot 
be excluded. This, however, would only serve to 
render our findings more conservative. As the study 
was observational, residual confounding owing to 
unmeasured factors might still be possible. However, 
it would be virtually impossible to study the effects of 
habitual physical activity on mortality in a randomised 
controlled trial, and the observational nature of this 
study broadly shows the attainable longevity benefits 
of physical activity trajectories observed in the real 
world.

Conclusion
We showed that middle aged and older adults, 
including those with cardiovascular disease and 
cancer, stand to gain substantial longevity benefits by 
becoming more physically active, irrespective of past 
physical activity levels and established risk factors—
including overall diet quality, body mass index, blood 
pressure, triglycerides, and cholesterol. Maintaining 
or increasing physical activity levels from a baseline 
equivalent to meeting the minimum public health 
recommendations has the greatest population health 
impact, with these trajectories being responsible 
for preventing nearly one in two deaths associated 
with physical inactivity. In addition to shifting the 
population towards meeting the minimum physical 
activity recommendations, public health efforts should 
also focus on the maintenance of physical activity 
levels, specifically preventing declines over mid to late 
life.
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