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Keywords

mortality is not well defined at present. We conducted a systematic
review and meta-analysis to determine the association with
all-cause mortality of different domains of physical activity and of
defined increases in physical activity and energy expenditure.

MEDLINE, Embase and the Cochrane Library were searched up to
September 2010 for cohort studies examining all-cause mortality
across different domains and levels of physical activity in adult
general populations. We estimated combined risk ratios (RRs) asso-
ciated with defined increments and recommended levels, using
random-effects meta-analysis and dose-response meta-regression
models.

Data from 80 studies with 1338143 participants (118 121 deaths)
were included. Combined RRs comparing highest with lowest ac-
tivity levels were 0.65 [95% confidence interval (95% CI) 0.60-0.71]
for total activity, 0.74 (95% CI 0.70-0.77) for leisure activity,
0.64 (95% CI 0.55-0.75) for activities of daily living and
0.83 (95% CI 0.71-0.97) for occupational activity. RRs per 1-h in-
crement per week were 0.91 (95% CI 0.87-0.94) for vigorous exer-
cise and 0.96 (95% CI 0.93-0.98) for moderate-intensity activities of
daily living. RRs corresponding to 150 and 300 min/week of mod-
erate to vigorous activity were 0.86 (95% CI 0.80-0.92) and
0.74 (95% CI 0.65-0.85), respectively. Mortality reductions were
more pronounced in women.

Higher levels of total and domain-specific physical activity were
associated with reduced all-cause mortality. Risk reduction per
unit of time increase was largest for vigorous exercise.
Moderate-intensity activities of daily living were to a lesser extent
beneficial in reducing mortality.

Physical activity, energy expenditure, all-cause mortality, meta-
analysis
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RELATION BETWEEN PHYSICAL ACTIVITY AND ALL-CAUSE MORTALITY

Introduction

Physical activity, defined as movements produced by
skeletal muscles that result in energy expenditure,’
has repeatedly been shown to be associated with
reductions in the risk of all-cause mortality*> and re-
ductions in major causes of death, such as cardiovas-
cular disease*™® and cancer.” However, the likely
reductions in mortality associated with different do-
mains and different levels of physical activity
and energy expenditure are not well defined at
present.51¢

Physical activity is undertaken in different contexts
or domains, which are related to occupation, the rou-
tines of daily living (e.g. domestic activities, active
commuting) and leisure (e.g. recreational activities,
exercise and sports).'"!? The intensity, duration and
frequency within each of these domains are used to
estimate the total amount of physical activity.'!?
Table 1 summarizes physical activity guidelines from
leading public health agencies.'>'® The most recent
guidelines recommend a minimum of 150 min/week
of moderate-intensity physical activity or 75min/
week of vigorous-intensity physical activity or an
equivalent combination of moderate and vigorous
activities.'® Activities of 3—6 metabolic units (METs)
are generally defined as moderate and activities >6
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METs are considered as vigorous.'>'” Resting energy
expenditure is assumed to be 1 MET (~3.5ml oxygen
uptake/kg/min).

We conducted a systematic review and meta-
analysis of prospective epidemiological studies in gen-
eral population samples to quantify relationships
between all-cause mortality and different domains
of physical activity, with standardized increments
and recommended levels of physical activity and
energy expenditure.

Methods

Search strategy and eligibility criteria

We searched MEDLINE (from 1966 to 1 September
2010) and Embase (from 1980 to 1 September 2010)
and the Cochrane Database of Systematic Reviews (up
to issue 8, 2010), with no language restrictions, for
studies in humans of the association between physical
activity and all-cause mortality. Our search consisted
of terms related to physical activity (for example,
‘motor activity’, ‘leisure activities’, ‘exercise’, ‘activities
of daily living’, ‘active transport’) combined with
terms for mortality and prospective studies. The de-
tailed MEDLINE search is given in Supplementary

Table 1 Public health statements on the recommended minimal levels of physical activity in adults

Year, Organization

Recommendation (text)

Recommended minimal levels

1996, Surgeon General’s
Report Guidelines'?

‘The report recommends a moderate amount of
physical activity equivalent to physical activity

150 kcal/day, or 1000 kcal/week

that uses ~150kcal of energy per day, or

1000 kcal per week.’
2004, United Kingdom Chief

‘For general health benefit, adults should

150 min of moderate-intensity

Medical Officer’s Report
Guidelines'*

2007, ACSM-AHA updated
Guidelines for Adults'’

2008, Physical Activity
Guidelines for Americans'®

achieve a total of at least 30 minutes a day of
at least moderate-intensity physical activity
on 5 or more days of the week. The activity
can be lifestyle activity or structured exercise
or sport, or a combination of these.’

‘30 min of moderate-intensity aerobic physical
activity 5 days per week or 20 min of
vigorous-intensity physical activity on 3 days
per week, or a combination of moderate- and
vigorous activity. Moderate-intensive activity
can be accumulated towards the 30 minimum
from bouts lasting 10 or more minutes. This
activity is in addition to the light intensity
activities performed during daily life.”

‘Adults should do at least 150 minutes a week
of moderate-intensity aerobic physical activity
or 75 minutes of vigorous-intensity aerobic
physical activity. For additional and more
extensive health benefits, adults should
increase their aerobic physical activity to
300 minutes a week of moderate-intensity or
150 minutes a week of vigorous-intensity
aerobic physical activity.”

physical activity per week

150 min of moderate-intensity
aerobic physical activity per week
or 60 min of vigorous-intensity
aerobic physical activity per week

150 min of moderate-intensity
aerobic physical activity per week
or 75min of vigorous-intensity
aerobic physical activity per week

ACSM: American College of Sports Medicine; AHA: American Heart Association.
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Table S1, available as Supplementary Data at IJE
online. We also searched the reference lists of relevant
articles, and of previous reviews and meta-analyses.

We included cohort studies in adult general popula-
tions with a follow-up duration of at least 2 years if
they assessed levels of physical activity at baseline
and recorded mortality during follow-up. Studies of
total physical activity (related to work, leisure and
activities of daily living) and studies of domain-
specific physical activity (leisure-time physical activ-
ity, exercise and sports, routine activities of daily
living, physical activity for transportation, occupa-
tional physical activity if not assessed exclusively)
were eligible.

We excluded cohorts of patients with chronic dis-
ease (for example, cardiovascular disease) and studies
using measures of fitness. Studies had to report risk
ratios (RRs) with confidence intervals (CIs) or stand-
ard errors, comparing groups defined by different
levels of physical activity or energy expenditure. Two
investigators (G.S. and M.Z.) independently screened
titles and abstracts. A citation was evaluated further if
one of the two reviewers selected it. Eligibility was
determined by consensus based on the full-text
articles.

Data extraction and quality assessment

The same two reviewers independently extracted data
on the cohort and the domains of physical activity
assessed, the type of physical activity questionnaire
used, the measurement of exposure (e.g. frequency
per week, minutes per day or per week, MET-hours
per day or per week, kilocalories per day or per week,)
the number of assessments and, within each do-
main, the amount of physical activity or energy ex-
penditure, the number of deaths and total number of
person-years of follow-up. We extracted results from
crude or minimally adjusted models (adjusted for few
variables, e.g. age and sex) and from maximally ad-
justed models, which were additionally adjusted for
other variables, including cardiovascular risk factors,
behavioural and socio-economic variables.
Assessment of quality was based on whether or not
the study was population-based (a representative
sample of the population under study), whether par-
ticipants had been selected randomly, whether char-
acteristics of study populations were clearly described
(with respect to age, sex, racial or ethnic affiliation,
health status, physical activity, cardiovascular risk fac-
tors and education), whether a clinical examination
had taken place prior to study onset and whether
follow-up was near-complete (=>90%). We also as-
sessed whether analyses had been adjusted for the
following potential confounding factors: family his-
tory for coronary heart disease, cigarette smoking,
hypertension or systolic or diastolic blood pressure,
lipid factors, diabetes mellitus or blood glucose level,
body mass index (BMI), alcohol consumption, diet,
education, income or social status and marital

status. Finally, we recorded the type of physical activ-
ity questionnaire used (complex questionnaire includ-
ing quantitative history or simpler questionnaire),
how it was administered (interviewer or self-
administered) and how often the exposure variable
was assessed during the course of follow-up (only
once at baseline or at baseline and during follow-up).
First authors of eligible studies were contacted if fur-
ther information or clarifications were needed.

Statistical analysis and definitions

We combined minimally and maximally adjusted RRs
comparing the highest with the lowest activity level
for total physical activity (related to occupation, daily
living and leisure) and for specific domains of phys-
ical activity using the DerSimonian and Laird
random-effects model'® that accounts for both
within- and between-study variation. We considered
the following domains: leisure time, leisure time com-
bined with activities of daily living, activities of daily
living only, exercise and sports only, transportation
and occupational activities. Results for subgroups
(e.g. by gender, by age, by county) were included as
separate data sets. We assessed heterogeneity between
studies using the I* statistic,"” which estimates the
proportion of total variation that is due to heterogen-
eity, rather than chance. Values of 25, 50 and 75%
correspond to low, moderate and high degrees of het-
erogeneity, respectively.

We analysed the association between increments in
physical activity and mortality in two steps. In the
first step, we used the method of Greenland and
Longnecker’®?! to estimate the increase in log RR
per 1unit increase of physical activity. Only studies
with three or more quantitative exposure levels were
included in these analyses. For each study, the
median or mean level of physical activity was as-
signed to the corresponding RR estimate. We assigned
the mid-point of the upper and lower boundaries in
each category if median or mean were not reported.
Some studies reported open upper boundaries for the
highest category (for example >200min/week); we
multiplied the reported upper boundary by 1.25 and
used this value (250 min in the example).

In the second step, the study-specific risk incre-
ments were combined in random-effects meta-
analysis. We grouped studies into three groups:
(i) studies that reported activity levels in units of
time; (ii) studies that reported activity dose in terms
of kilocalories; and (iii) studies that used MET-hours
to describe physical activity dose. We expressed re-
sults in relevant increments in physical activity, e.g.
1 additional h/week, 1000 additional kcal/week or 2
additional MET-h/day. Since most recent activity
guidelines use time per week, we also estimated re-
ductions in mortality associated with minimal
amounts (150 min/week of moderate-intensity physic-
al activity or 75 min/week of vigorous-intensity phys-
ical activity) and optimal amounts (300 min/week of
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moderate-intensity physical activity or 150 min/week
of vigorous-intensity physical activity) as recom-
mended by guidelines.'®

Subgroup and sensitivity analysis

We used univariable and multivariable random-effects
meta-regression models** to examine the influence of
study-level variables on the association between phys-
ical activity and all-cause mortality, including gender
distribution (all male, all female, mixed), mean age
(<50, 50-69, =70 years), region (Europe, North
America, Asia), type of questionnaire used (complex
questionnaire vs simple instrument) and duration
(=11 vs <11 years) and completeness (=90 vs
<90%) of follow-up. We also examined the import-
ance of adjusting for smoking, BMI or several meta-
bolic factors. We repeated analyses with minimally
adjusted RRs. We excluded smaller studies with
standard errors of log (RR)>0.2. Publication bias
was examined in funnel plots and a regression test
of funnel plot asymmetry.”> We used STATA version
11 (College Station, TX, USA) for all analyses.

Results

Identification and characteristics of studies

Our search identified 6933 potentially relevant re-
ports, of which 180 were retrieved for detailed evalu-
ation (Figure 1). Totally, 79 reports were excluded for
the reasons given in Supplementary Table S2, avail-
able as Supplementary Data at IJE online. A total of
101 study reports met the inclusion criteria, including
21 reports from the same study. A total of 80 studies
(1338143 study participants) were included in ana-
lyses, comparing highest with lowest levels of physical
activity.**'” A total of 47 studies had to be
excluded from the dose-response analyses for the
reasons given in Supplementary Table S3, available
as Supplementary Data at IJE online; 33 studies

(844026 participants) were included in these
analyses.32,35,40,43,46,48,49,52—55,57,62,69,71,72,76,78,81,83,84,86,

88-92,95-97,100,102,103

Of the 80 studies, 23 (28.8%) included men only,
9 studies (11.3%) included women only and 24 stu-
dies (30.0%) reported results combining men and
women (Table 2). The studies covered a broad range
of populations of middle and older age. Younger
adults were under-represented. The mean age of
cohort participants at baseline ranged from 28.8 to
85.9 years with a median of 56.4 years. Most studies
were from Europe and North America and published
in 2000-10. A total of 35 studies (43.8%) used de-
tailed physical activity questionnaires, 43 (53.8%)
used one to four questions or a brief global physical
activity questionnaire and in 2 studies (2.5%),%% it
was unclear what questionnaire had been used. About
41 studies (51.3%) assessed leisure-time physical
activity only and 35 studies (43.8%) assessed either
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total physical activity or leisure-time activity com-
bined with routine activities of daily living. Only six
studies (7.5%) assessed physical activities of daily
living separately. A total of 70 studies (87.5%) as-
sessed physical activity at baseline only and 10
(12.5%) performed repeat assessments. About half of
the studies used ordinal categories (e.g. low, moder-
ate, high), 24 (30.0%) used time units per day or
week, 11 (13.8%) estimated MET-hours and 10
(12.5%) reported calorie expenditure. The 33 studies
included in the dose-response analyses were pub-
lished more recently, larger and of higher quality,
with greater completeness of follow-up and frequent
use of detailed questionnaires. Further details are
given in Supplementary Table S4, available as
Supplementary Data at IJE online.

Most studies adjusted for age, three-quarters of the
studies adjusted for cigarette smoking and half of the
studies adjusted for BMI and blood pressure
(Supplementary Table S5, available as
Supplementary Data at IJE online). Other confoun-
ders such as diabetes mellitus, lipid factors and alco-
hol consumption were considered in less than half of
the studies, and measures of socio-economic status
and marital status were included in less than
one-third of studies. Adjustment in maximally ad-
justed analyses ranged from 2 to 23 variables, with
a median of 7 variables.

Lowest vs highest level of physical activity
Table 3 shows combined RRs from maximally ad-
justed analyses of all-cause mortality comparing high-
est with lowest levels of total and domain-specific
physical activity. Figures 2 and 3 show the forest
plots for total and leisure activity. The forest plots
for all other domains are shown in Supplementary
Figures S1-S5, available as Supplementary Data at
IJE online. The strongest associations between phys-
ical activity and mortality were observed for total ac-
tivity (RR 0.65; 95% CI 0.60-0.71), exercise and
sports (RR 0.66; 95% CI 0.61-0.71) and physical
activities of daily living (RR 0.64; 95% CI 0.55—
0.75). Weaker associations were found for occupa-
tional physical activity (RR 0.83; 95% CI 0.71-0.97)
and transport-related physical activity (RR 0.88; 95%
CI 0.79-0.98). Physical activity of daily living and oc-
cupational activity were associated with reduced mor-
tality in women but not in men (Supplementary
Figures S3 and S5, available as Supplementary Data
at IJE online), and physical activity for transportation
was associated with reduced mortality in the overall
analysis but mnot in the sex-specific analysis
(Supplementary Figure S4, available as
Supplementary Data at IJE online).

For all domains, there was heterogeneity between
studies, which was highest for occupational physical
activity (I?=87.6%, P < 0.001) and lowest for exercise
and sports (I°=39.9%, P=0.046). Across all domains
of physical activity, there was a consistently greater
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6933 potentially relevant
reports identified and
screened

A 4

180 full reports retrieved for
detailed evaluation

6753 reports excluded based on title and
abstract

A 4
101 reports met inclusion criteria

A 4

79 reports excluded:

7 ineligible study design
6 ineligible outcome
6 ineligible study population
48 ineligible exposure
36 physical fitness
6 occupational activity only
6 other
12 insufficient or incomplete data

A 4
80 studies included in
meta-analysis comparing
highest with lowest physical
activity levels
(1338143 participants)

21 duplicate reports excluded

Y

33 studies included in
dose-response meta-analysis
(844026 participants)

Figure 1 Selection of studies for meta-analysis

reduction of mortality in women compared with men:
combined RR for total activity (0.58; 95% CI 0.52-0.66
vs 0.72; 95% CI 0.65-0.81) (P=0.018 from
meta-regression, Supplementary Table S6, available
as Supplementary Data at IJE online). For leisure-
time physical activity (P=0.028 from meta-
regression), activities of daily living (P=0.118) and
physical activity for transportation (P=0.038), we
observed a larger reduction in mortality for cohorts
with a mean age of >70 years compared with cohorts
of younger age groups. The reduction in mortality was
smaller in studies that used a complex physical activ-
ity questionnaire. The administration of the question-
naire (interview or self-administered) and the number
of measurements (at baseline or at baseline and
during follow-up) did not affect risk estimates. For
studies of leisure-time activity, reductions in mortality

47 studies excluded:
34 activity categories not described in

detail

3 less than three activity categories

6 incomplete details on number of
deaths, person or person-years

4 other reasons

were smaller with a longer (=11 vs <11 years;
P=0.014) and near complete (=90 vs <90%;
P=0.064) follow-up (Supplementary Table S6, avail-
able as Supplementary Data at IJE online). Finally,
when we repeated analyses with RRs from minimally
adjusted models, the association of physical activity
and all-cause mortality was stronger: RR for total
physical activity  (0.54; 95% CI  0.49-0.60)
(Supplementary Table S7, available as
Supplementary Data at IJE online).

In multivariable meta-regression analyses, I° was
reduced by 20-25% when we included sex, cohort
age, type of physical activity questionnaire, duration
and completeness of follow-up and study region.
When we additionally considered whether studies
had adjusted for smoking, BMI and other
cardio-metabolic and socio-economic variables, I*
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Table 2 Characteristics of studies of physical activity and all-cause mortality included in meta-analyses

Comparisons of highest vs

lowest level of physical Analyses of increments
Characteristic activity (n =80) in physical activity (n=33)
Study population
Median study size (range) 7136 (248-252925) 10385 (248-252925)
Median of mean age?, years (range) 56.4 (28.8-85.9) 56.5 (33.8-85.9)
Men only 23 (28.8) 7 (21.2)
Women only 9 (11.3) 5 (15.2)
Men and women 48 (60.0) 21 (63.6)
Study region
Europe 42 (52.5) 16 (48.5)
North America 26 (32.5) 10 (30.3)
Asia/Australia 12 (15.0) 7 (21.2)
Duration of follow-up
Median of means, years (range) 10.7 (2.0-55.3) 9.7 (2.0-24.0)
Completeness of follow-up
=90% 24 (30.0) 24 (72.7)
<90% or not reported 56 (70.0) 9 (27.3)
Year of publication
<2000 30 (37.5) 8 (24.2)
2000-10 50 (62.5) 25 (75.8)
Physical activity questionnaire
Detailed questionnaire 35 (43.8) 28 (84.8)
Brief questionnaire 43 (53.8) 5 (15.2)
Type of questionnaire not described 2 (2.5) 0 (0.0)
Interviewer administered 39 (48.8) 12 (36.4)
Self-administered 38 (47.5) 21 (63.6)
Administration of questionnaire not described 3 (3.8) 0 (0.0)
Dimensions/types of physical activity assessed
Total physical activity 21 (26.3) 6 (18.2)
Leisure time with activities of daily living 14 (17.5) 4 (12.1)
Leisure-time physical activity 41 (51.3) 4 (12.1)
Exercise and sports 13 (16.3) 8 (24.2)
Walking 11 (13.8) 10 (30.3)
Activities of daily living 6 (7.5) 4 (12.1)
Physical activity for transportation 6 (7.5) 5 (15.2)
Occupational physical activity 8 (10.0) 1 (3.0)
Measures of activity dose or energy expenditure
Ordinal categories,® 1 (%) 41 (51.3) 0 (0.0)
Minutes/hours per day/week 24 (30.0) 22 (66.7)
Kilocalories per day/week 10 (12.5) 8 (24.2)
Metabolic equivalent hours per day/week 11 (13.8) 6 (18.2)
Frequency of physical activity per week 4 (5.0) 2 (6.1)
Miles/kilometres walked per day/week 2 (3.0) 0 (0.0)

Number of studies (%) unless otherwise indicated.
Mean age was estimated for studies which reported age range only.
YFor example, ‘inactive’ or ‘low’ for the lowest and ‘active’ or ‘high’ for the highest activity group.
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Table 3 Maximally adjusted combined RRs comparing groups with highest and lowest levels of physical activity

No. of
No. of participants/

Domain of physical activity studies deaths RR (95% CI) I’ (%) P-value®
Total physical activity” 21 395655/31169  0.65 (0.60-0.71) 79.4 <0.001
Leisure time with routine activities of daily living® 14 480057/23007  0.66 (0.61-0.71) 48.8 0.010
Leisure-time physical activity“l 41 544 056/61 465 0.74 (0.70-0.77) 68.1 0.018
Exercise and sports® 13 460924/20209  0.66 (0.61-0.71) 39.9 0.046
Physical activities of daily living' 6 116712/9065  0.64 (0.55-0.75) 77.0 0.039
Physical activity for transportation® 6 145011/16471  0.88 (0.79-0.98) 76.8 0.016
Occupational physical activity® 6 82412/17069  0.83 (0.71-0.97) 87.6 <0.001

Results from random-effects meta-analyses, adjusted for a median of 7 variables (interquartile range 5-10 variables)

“Represents P-value for heterogeneity,

PIncludes studies assessing leisure-time physical activity, routine activities of daily living and occupational physical activity.
‘Includes studies assessing leisure-time physical activity and one or more components of physical activities of daily living.
dIncludes studies assessing recreational activities including callisthenics, dancing, walking, hiking, golf, bicycling, swimming,

games, exercise and sports.

“Includes studies assessing structured aerobic and muscle-strengthening exercise and sports.

Includes non-exercise activities including housework, gardening, stair climbing, walking and cycling as part of daily life.
®Includes studies assessing walking and/or cycling to and from work.

MIncludes physical activities as part of occupation. Two studies®®*? did not report relative risks for occupational physical activity

because there was no association with all-cause mortality.

was not reduced further. Supplementary Figures S6
and S7, available as Supplementary Data at IJE
online show the funnel plots for total and leisure ac-
tivity. There was some evidence of funnel plot asym-
metry for total and leisure activity (P =0.20 and 0.052
from regression test) but not for other domains.
Results were similar when excluding smaller studies
with standard errors of log(RR)>0.2.

Combined RRs comparing highest with lowest cate-
gories of physical activity from the 33 studies included
in the analyses of incremental increases in physical
activity were identical with the results from all 80
studies: 0.71 (95% CI 0.67-0.75) and 0.71 (95% CI
0.68-0.73), respectively.

Results by increments of physical activity

Among the 33 studies estimating RRs associated with
incremental levels of physical activity (Table 2), a
total Of 22 S‘[udies32'35’40’43’49’52’53’55’57’59’62’76’78’81’
88-90,92,95,96,102,103 \vere included in the analysis of
time units. Six of these studies assessed leisure-time
activities of moderate and vigorous inten-
sity®> 49239092102 and eight assessed vigorous exercise
and sports separately.>>#049:>>89.90.96.103 Teny grydies
examined walking,>>°%°7-6278:88.:89.9596102 fqur activ-
ities of daily living®' 5%¢102
ical activities for transportation.

Figure 4 shows the forest plots of maximally
adjusted RRs per increment of physical activity of
1 h/week. The largest reduction in mortality was
observed for vigorous-intensity exercise and sports
(combined RR 0.91; 95% CI 0.87-0.94). The reduction

and five assessed phys-
59,76,89,96,102

was smaller for moderate to vigorous leisure-time
activities (combined RR 0.94; 95% CI 0.92-0.97) and
smallest for moderate-intensity activities of daily
living, walking and physical activity for transporta-
tion, with combined RRs of 0.96-0.97. RRs comparing
minimum or optimum levels of physical activity (75,
150, 300 min/week), as recommended by recent guide-
lines,'® with the lowest level of activity ranged from
0.97 to 0.61, depending on level, domain and intensity
of activity (Table 4).

There was substantial heterogeneity between studies
(I’=73.1-96.4%). For activities of daily living
(P=0.031 from meta-regression) and walking
(P=0.19), we observed a larger reduction in mortality
for cohorts with a mean age of >70 years compared
with those of younger age groups. RRs were again
closer to 1, if a complex questionnaire had been
used to assess physical activity.

Eight studies (56773 study participants; 7742
deaths) examined the amount of energy spent on
leisure-time activities,*®”*#¢ leisure time combined
with activities of daily living*®>*>>”" or activities of
daily living alone.®' An increment of 1000 kcal/week
was associated with an 11% lower mortality (RR 0.89;
95% CI 0.85-0.93) (Figure 5). RRs comparing
minimum recommended or higher levels of energy
expenditure (500, 1000, 2000, 3000 kcal/week)
with the lowest level of activity ranged from 0.92
to 0.61 in women and from 0.97 to 0.81 in men
(Table 5).

There was moderate heterogeneity across studies
(I°=49.7%, P=0.030). The reduction in mortality
per 1000kcal increment per week was considerably
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Author Stratum Year RR (95% ClI)
Men |
Lindsted Age 50-59 1991 —_—— 0.66 (0.50-0.87)
Lindsted Age 60-69 1991 — 0.76 (0.63-0.92)
Lindsted Age 70-79 1991 . 0.89 (0.78-1.01)
Lindsted Age 80-89 1991 I - 1.03 (0.91-1.16)
Lindsted Age 90-99 1991 I —— 1.19 (0.99-1.43)
Ruigomez 1995 —— 0.59 (0.37-0.95)
Mensink 1996 o 0.78 (0.42-1.44)
Morgan 1997 e 0.63 (0.44-0.89)
Bijnen 1998 ——] 0.77 (0.59-1.00)
Sherman 1999 + 0.58 (0.43-0.79)
Crespo 2002 — 0.55 (0.46-0.65)
Aijo Glostrup 2002 o - 0.41 (0.21-0.78)
Aijo Géteborg 2002 & - 0.35 (0.16-0.76)
Aiijo Jyvaskyla 2002 — 0.75 (0.32-1.79)
Panagiatakos 2003 — 0.83 (0.67-1.03)
Hu 2005 - 0.63 (0.57-0.69)
Khaw 2006 —— 0.68 (0.55-0.85)
Inoue 2008 —.— 0.73 (0.66-0.81)
Orsini 2008 —— 0.65 (0.56-0.75)
Hayasaka 2009 g 0.75 (0.55-1.03)
Subtotal (/2 = 81.3%, P =0.000) < 0.72 (0.65-0.81)
. I
Women I
Ruigomez 1995 —_——— 0.77 (0.46-1.29)
Mensink 1996 , o 1.29 (0.58-2.86)
Morgan 1997 ——t 0.48 (0.36-0.65)
Weller 1998 —— 0.71 (0.54-0.94)
Sherman 1999 —OJI— 0.61 (0.45-0.82)
Aijo Glostrup 2002 ¢ T 0.44 (0.21-0.93)
Aijo Goteborg 2002 € o - 0.37 (0.15-0.94)
Aijo Jyvaskyla 2002 o | 0.34 (0.18-0.64)
Hu 2005 —— 0.58 (0.52-0.64)
Trolle-Lagerros 2005 —_— 0.46 (0.33-0.65)
Carlsson 2006 —_—— 0.39 (0.28-0.54)
Khaw 2006 —_—— 0.68 (0.49-0.94)
Inoue 2008 —0— 0.61(0.51-0.72)
Hayasaka 2009 —,—0—— 0.83 (0.59-1.16)
Subtotal (/2 = 49.6%, P=0.018) < 0.58 (0.52-0.66)
. |
Both sexes |
Lubin 2003 o— 0.53 (0.29-0.97)
Trichopoulou 2003 —— 0.72 (0.55-0.94)
Manini 2006 > - 0.33 (0.15-0.73)
Arrieta Age 35-59 2008 —— 0.54 (0.45-0.64)
Arrieta Age 60-74 2008 —o—! 0.55 (0.48-0.63)
Subtotal (/2 = 24.9%, P = 0.256) <5| 0.57 (0.50-0.64)
Overall (/2 =79.4%, P = 0.000) é 0.65 (0.60-0.71)

I

| | |
3 5 1 2
Favours more activity Favours less activity

Figure 2 Mortality from all causes in individuals with highest compared with lowest levels of total physical activity.

Results from random-effects meta-analysis of maximally adjusted RRs from 21 cohort studies (395 655 participants; 31 169
deaths). Arrows indicate that the plotted 95% CI is not showing the full width of the calculated 95% CI which is given in
the RR column. The open diamonds show the summary estimate from the meta-analysis, and the dashed line the value of

the summary estimate for all studies combined

stronger for women (RR 0.85; 95% CI 0.81-0.89)
when compared with men (RR 0.93; 95% CI 0.91-
0.96) (P=0.009 from meta-regression), and for stu-
dies of cohorts with a median age >70 vyears

(RR 0.84; 95% CI 0.80-0.88) compared with studies
of younger cohorts with RRs in the range of 0.91-0.92
(P=0.074 from meta-regression). Reduction in mor-
tality was smaller in studies with a longer duration of
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Author Stratum Year RR (95% CI)
Men :
Slattery 1989 —— 0.83 (0.70-0.97)
Rakowsky 1992 —:-0—- 0.81 (0.62—-1.07)
Weyerer 1993 < 0.57 (0.21-1.54)
Rosolova 1994 —_—— 0.80 (0.53—1.21)
Eaton 1995 g 0.91 (0.83-0.99)
Kampert 1996 — 0.92 (0.29-2.90)
Mensink 1996 —t 0.79 (0.48-1.31)
Folsom 1997 —rt 0.68 (0.47—0.99)
Leon 1997 — 0.83 (0.71-0.97)
Rosengren 1997 :-‘- 0.83 (0.77-0.90)
Erikksen 1998 —_—TT 0.86 (0.59—-1.26)
Hakim 1998 —_— 0.56 (0.37-0.83)
Andersen 2000 - 0.71 (0.65—-0.78)
Hirvensalo 2000 ———— 1.09 (0.63—-1.88)
Smith 2000 |- 0.83 (0.77—-0.91)
Meyer 2002 | —or 0.93 (0.80—1.08)
Yu 2003 _— 0.76 (0.56—1.04)
Barengo 2004 T 0.79 (0.70—-0.90)
Fuijita 2004 | = 0.91 (0.80—1.04)
Carlsson 2007 ——i— 0.64 (0.50-0.82)
Inoue 2008 == 0.78 (0.69-0.88)
Byberg 2009 — 0.71 (0.60—-0.85)
Park 2009 — 0.63 (0.52—-0.76)
Subtotal (/2 = 46.1%, P = 0.009) 0 0.80 (0.76—0.84)
. |
Women |
Rakowsky 1992 —_—— | 0.40 (0.26-0.61)
Weyerer 1993 o : 0.66 (0.18—2.43)
Kampert 1996 T < 1.14 (0.27-4.81)
Lissner 1996 o , 0.45 (0.24—0.85)
Mensink 1996 & 0.81 (0.44-1.49)
Folsom 1997 e 0.58 (0.36—-0.93)
Kushi 1997 —— 0.68 (0.60—0.77)
Andersen 2000 - : 0.59 (0.52—-0.67)
Hirvensalo 2000 T 1.15 (0.72-1.83)
Barengo 2004 | —— 0.98 (0.83-1.16)
Fuijita 2004 — 0.75 (0.62—0.90)
Carlsson 2006 — 0.59 (0.48-0.72)
Carlsson 2007 —t— 0.75 (0.50-1.13)
Ford 2008 — : 0.57 (0.49-0.65)
Inoue 2008 ——r 0.87 (0.73-1.03)
Subtotal (/2 =74.2%, P = 0.000) CJP 0.69 (0.60—-0.79)
. |
Both sexes !
La Croix 1996 —_—— 0.91 (0.58—-1.42)
Fried 1998 —o—} 0.56 (0.43-0.73)
Johansson 1999 —_— 0.53 (0.39-0.74)
Seki 2001 —_— 0.64 (0.45-0.92)
Konlaan 2002 - 0.77 (0.68-0.87)
Woo 2002 —_—— | 0.46 (0.36—-0.58)
Khaw 2006 ———1 0.82 (0.63—-1.06)
Lan 2006 o - 0.43 (0.21-0.88)
Schooling 2006 -+- 0.73 (0.67—-0.80)
Arrieta Age 35-59 2008 T 0.89 (0.72-1.10)
Arrieta Age 60-74 2008 — 0.72 (0.62—0.84)
Landi 2008 € 4 t 0.36 (0.13-1.03)
Stessman 2009 —t— 0.66 (0.46—0.95)
Kvaavik 2010 —0:— 0.70 (0.59-0.83)
Ueshima 2010 — 0.70 (0.56—-0.88)
Subtotal (/2 = 55.6%, P = 0.005) d 0.69 (0.63-0.75)
. |
Overall (/2= 68.1%, P =0.000) o3 0.74 (0.70-0.77)

I

| | |
.3 .5 1 2

Favours more activity

Favours less activity

Figure 3 Mortality from all causes in individuals with highest compared with lowest levels of leisure-time physical activity.
Results from random-effects meta-analysis of maximally adjusted RRs from 41 cohort studies (544 056 participants; 61465
deaths). Arrows indicate that the plotted 95% CI is not showing the full width of the calculated 95% CI which is given in
the RR column. The open diamonds show the summary estimate from the meta-analysis, and the dashed line the value of
the summary estimate for all studies combined
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Relative
Author Year  Sex Risk (95% CI)
Leisure-time physical activity (a)
Leon 1997  men L 0.99 (0.99, 1.00)
Bijnen 1998 men L 4 0.99 (0.97, 1.00)
Andersen 2000 men - 0.92 (0.90, 0.94)
Andersen 2000 women - 0.86 (0.83, 0.88)
Leitzmann 2007  both sexes L 0.97 (0.96, 0.97)
Dam 2008  women > 0.95 (0.94, 0.96)
Ueshima 2010  both sexes ———— 0.88 (0.82, 0.95)
Subtotal (/2 = 96.4%, p = 0.000) <> 0.94 (0.92, 0.97)
Exercise (b)
Mensink 1996 men g 0.68 (0.51, 0.89)
Mensink 1996  women € g 0.62 (0.41, 0.93)
Kushi 1997  women ————— 0.81 (0.73, 0.90)
Bijnen 1998  men - 0.96 (0.93, 0.99)
Lee 2000 men —_— 0.92 (0.88, 0.96)
Matthews 2007 , women —— 0.94 (0.91, 0.98)
Leitzmann 2007 ©  both sexes — 0.86 (0.83, 0.89)
Besson 2008  both sexes —— 0.91 (0.87, 0.95)
Kvaavik 2010  both sexes - 0.95 (0.92, 0.97)
Subtotal (/2 =81.0%, p = 0.000) > 0.91(0.87, 0.94)
Walking (c)
La Croix 1996  both sexes —— 0.98 (0.90, 1.08)
Wannamethee 1998 men —_— 0.97 (0.92, 1.02)
Stessman 2000 men 0.67 (0.51, 0.87)
Stessman 2000 women € g 0.66 (0.45, 0.98)
Seki 2001  both sexes g 0.64 (0.45, 0.92)
Fujita 2004 men & 0.99 (0.97, 1.01)
Fujita 2004  women - 0.96 (0.93, 0.98)
Schnohr 2007 men - 1.00 (0.98, 1.01)
Matthews 2007  women L | 0.99 (0.98, 1.00)
Schnohr 2007  women -# 0.99 (0.97, 1.00)
Besson 2008  both sexes ———— 0.95 (0.87, 1.04)
Landi 2008  both sexes < 0.73(0.59, 0.91)
Ueshima 2010  both sexes —_—— 0.87 (0.81, 0.94)
Subtotal (/2 =73.1%, p = 0.000) < 0.97 (0.95, 0.99)
Physical activity for transportation (d)
Batty 2001  men — 0.97 (0.91, 1.02)
Barengo 2004 men T 1.03 (0.99, 1.06)
Barengo 2004 women —:l— 0.99 (0.95, 1.03)
Matthews 2007  women 0.99 (0.98, 1.00)
Matthews 2007  women —— 0.94 (0.89, 0.99)
Besson 2008  both sexes 0.94 (0.88, 1.00)
Ueshima 2010  both sexes —— 0.87 (0.81, 0.94)
Subtotal (/2 =72.9%, p = 0.001) <> 0.97 (0.94, 1.00)
Routine activites of daily living (e)
Bucksch 2005 men - 0.99 (0.97, 1.01)
Bucksch 2005 women - 0.96 (0.93, 0.98)
Matthews 2007  women L) 0.98 (0.98, 0.99)
Besson 2008  both sexes | 0.99 (0.98, 1.00)
Ueshima 2010  both sexes —— 0.77 (0.72, 0.82)
Subtotal (/2 =92.9%, p = 0.000) <> 0.96 (0.93, 0.98)
| | |
5 .8 1 1.2
Favours more activity Favours less activity

Figure 4 Meta-analysis of maximally adjusted RRs for all-cause mortality per increment of 1 h of physical activity per week
for different domains and subdomains of physical activity. Results from random-effects meta-analysis of maximally ad-
justed RRs from 22 cohort studies (638 871 participants; 50563 deaths). The median dose of physical activity for the lowest
(reference) and highest activity category was 11 and 420 mm/week respectively. “Included studies that assessed mixed
leisure-time physical activities of moderate and vigorous intensity. “Included studies that assessed vigorous-intensity ex-
ercise and sports. “Included studies that assessed walking as part of daily life, for transportation and for exercise. “Included
studies that assessed walking and/or cycling to and from work. “Included studies that assessed moderate-intensity activities
including housework, gardening, stair climbing, walking and cycling as part of daily life. Arrows indicate that the plotted
95% CI is not showing the full width of the calculated 95% CI which is given in the RR column. The open diamonds show
the summary estimate from the meta-analysis, and the dashed line the value of the summary estimate for all studies
combined
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Table 4 Maximally adjusted RRs of all-cause mortality for 60, 150 and 300 min/week of physical activity compared with
lowest level of activity for different domains and types of moderate- and vigorous-intensity physical activity

1 0y
No. of Combined RR (95% CI)

Domain or type of physical activity studies 60min (75 min)? 150 min® 300 min®

Vigorous exercise and sports® 8 0.91 (0.87-0.94) 0.78 (0.72-0.88) 0.61 (0.51-0.74)
[0.89 (0.85-0.93)]

Moderate and vigorous leisure-time activities? 6 0.94 (0.92-0.97) 0.86 (0.80-0.92) 0.74 (0.65-0.85)

Moderate activities of daily living® 4 0.96 (0.93-0.98) 0.90 (0.84-0.96) 0.81 (0.71-0.92)

Walking' 10 0.97 (0.95-0.99) 0.93 (0.87-0.97)  0.86 (0.79-0.95)

Physical activity for transportation® 5 0.97 (0.94-1.00) 0.92 (0.86-0.99) 0.85 (0.74-0.99)

The median amount of physical activity for the lowest activity category (reference) was 11 min/week.

®The US Department of Health and Human Services (HHS) Guidelines 2008'® recommend at least 150min/week of
moderate-intensity aerobic physical activity or 75 min of vigorous-intensity aerobic physical activity.

For additional and more extensive health benefits, the HHS recommends that adults should increase their acrobic physical activity
to 300 min/week of moderate-intensity or 150 min/week of vigorous-intensity aerobic physical activity.

“Included studies assessed vigorous-intensity exercise and sports.

dIncluded studies assessed mixed leisure-time physical activity of moderate and vigorous intensity.

“Included studies assessed moderate-intensity activities including housework, gardening, stair climbing, walking and cycling as part
of daily life.

Included studies assessed walking as part of daily life, for transportation and for exercise.

fIncluded studies assessed walking and/or cycling to and from work.

Author Year RR (95% ClI)
I
Men |
Villeneuve 1998 —:0—— 0.93 (0.81-1.08)
Haapanen-Niemi 2000 —:0—— 0.90 (0.73-1.11)
Lee 2000 :-0- 0.93 (0.90-0.96)
Yu 2003 —i’—- 0.90 (0.80-1.02)
Bucksch 2005 : —r 0.96 (0.91-1.02)
Subtotal (/2 = 0.0%, P = 0.743) 1O 0.93 (0.91-0.96)
|
Women :
Villeneuve 1998 —OE—— 0.88 (0.73-1.05)
Haapanen-Niemi 2000 * ; 0.83 (0.55-1.27)
Gregg 2003 — 0.85 (0.80-0.90)
Bucksch 2005 — 0.83 (0.75-0.92)
Subtotal (/2 =0.0%, P=0.951) G 0.85 (0.81-0.89)
i
Both sexes i
Fried 1998 —0—:- 0.83 (0.75-0.91)
Lan 2006 0.77 (0.61-0.98)

Subtotal (/2 =0.0%, P = 0.582) 0.82 (0.75-0.89)

Overall (/2 =49.7%, P=0.030) 0.89 (0.85-0.93)

I
1 1.2

Favours more activity Favours less activity

1ol

Figure 5 Meta-analysis of maximally adjusted RRs of all-cause mortality for 1000kcal in energy expenditure per week
compared with lowest level of activity. Results from random-effects meta-analysis from eight cohort studies (56 773 study
participants; 7742 deaths) of moderate- and vigorous-intensity leisure-time activities and moderate-intensity activities of
daily living. The median level of energy expenditure for the lowest (reference) and highest activity category was 114 and
2490 kcal/week, respectively. Arrows indicate that the plotted 95% CI is not showing the full width of the calculated 95% CI
which is given in the RR column. The open diamonds show the summary estimate from the meta-analysis, and the dashed
line the value of the summary estimate for all studies combined
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Table 5 Maximally adjusted RRs of all-cause mortality for 500, 1000, 2000 and 3000 kcal/week of physical activity com-

pared with lowest level of activity

Combined RR (95% CI)

Sex slgl(l)(.ii(:efs 500 kcal® 1000 kcal® 2000 kcal 3000 kcal
Men 5 0.97 (0.95-0.98) 0.93 (0.91-0.96) 0.87 (0.83-0.92) 0.81 (0.75-0.88)
Women 4 0.92 (0.90-0.94) 0.85 (0.81-0.89) 0.72 (0.65-0.79) 0.61 (0.53-0.70)
Overall 8 0.94 (0.92-0.96) 0.89 (0.85-0.93) 0.78 (0.72-0.86) 0.69 (0.61-0.79)

The median level of energy expenditure for the lowest activity category (reference) was 114 kcal/week

4A consensus statement on dose-response issues concerning physical activity and health suggested that volumes of physical activity
as low as 500 kcal/week might demonstrate a slight favourable effect on all-cause mortality'®.

"The Surgeon General’s Report Guidelines’> recommend a moderate amount of physical activity that uses ~1000kcal/week as
minimum level for achieving substantial health benefits. This amount is roughly equivalent to 150-200 min of moderate-intensity

physical activity per week.

follow-up (>11 vs <11
meta-regression).

Finally, in six studies (183271 participants; 13289
deaths),678421:96:97.100 tqta] physical activity was ex-
pressed in MET-hours per day. All studies investigated
cohorts with a median age of 50-59 years and used a
similar, complex questionnaire to assess total activity.
All studies except one”® measured total activity over
24h. An increment of 2 MET-h/day (~1h of
light-intensity activity or 30 min of moderate-intensity
activity) was associated with a 5% lower risk in
all-cause mortality (RR 0.95; 95% CI 0.93-0.96),
with  moderate  heterogeneity  across  studies
(I’ =68.7%, P=0.002) (Figure 6). RRs for increments
of 2, 4 and 7 MET-h/day ranged from 0.79 to 0.94 in
women and from 0.83 to 0.95 in men (Table 6);
P=0.51 for difference between genders from
meta-regression.

years) (P=0.043 from

Discussion

This systematic review and meta-analysis of cohort
studies in general populations supports an inverse re-
lationship between increasing levels of total and
domain-specific physical activity and all-cause mortal-
ity, with stronger associations for women than for
men, and for exercise and sports, leisure-time activ-
ities and activities of daily living than for occupational
and transport-related activity. Reductions in mortality
per increment of time of physical activity were larger
for vigorous exercise and moderate to vigorous leisure
activities than for moderate activities of daily living,
physical activity for transportation and walking.
Reductions in all-cause mortality rates corresponding
to recommended minimum levels of physical activity
or energy expenditure ranged from 7 to 14%.

Findings in relation to previous studies and
recommendations

This study extends the results from previous reviews
and meta-analyses®>'%*'%7 but is, to our knowledge,
the first to quantify the reduction in all-cause

mortality risk associated with well-defined increments
in total and domain-specific physical activity and
energy expenditure. A recent systematic review and
meta-analysis combined cohort studies of different
domains of physical activity and found a 29% reduc-
tion in all-cause mortality, when comparing the least
and most active groups of 21 cohorts; a result identi-
cal to the combined RR of all 80 studies included in
our systematic review (0.71; 95% CI 0.68-0.73).'%
Similar to our results, the risk reduction was larger
for women than for men. Lollgen et al.'°® combined
data from cohort studies of leisure-time physical
activity and found also larger reductions in women.
Hamer and Chida'® examined the association
between walking and mortality and suggested a 20%
risk reduction for an estimated exposure of ~3 h/week,
a considerably larger reduction compared with this
study (RR 0.91; 95% CI 0.86-0.97), but their estimate
was not based on a formal dose-response analysis. In
our analysis of studies of walking, the mortality reduc-
tion per increment in time per week was comparable
with that observed for other moderate-intensity activ-
ities of daily living. A recent meta-analysis'®’ also
found a smaller reduction in mortality risk for studies
that assessed walking. This meta-analysis'®” quanti-
fied the dose-response relationship of non-vigorous
physical activity and all-cause mortality in 22 cohort
studies and found, compared with no activity, a 19%
reduction in mortality risk associated with 11 MET-h/
week (~2.5h of moderate physical activity). This
study suggested a curvilinear relationship between
physical activity and all-cause mortality with larger
benefits from moving from little activity to low levels
of activity and smaller additional benefits when the
same increment is added to higher levels of activity.
The results implied that 1h/week of physical activity
(compared with 0h) offers nearly two-thirds of the
mortality reduction associated with 10h/week, which
may not be plausible and could reflect reverse causal-
ity, where in the lowest activity group many individ-
uals are sedentary because of ill health. One large
cohort study found evidence for such a
phenomenon.'®
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Author Year RR (95% Cl)
Men

Crespo 2002 0.93 (0.91-0.95)
Orsini 2008 0.96 (0.94-0.97)
Inoue 2008 0.96 (0.95-0.97)

Hayasaka 2009
Subtotal (/2 =72.2%, P=0.013)

0.93 (0.89-0.98)
0.95 (0.93-0.97)

Women
Carlsson 2006 0.93 (0.91-0.95)
Inoue 2008 0.93 (0.92-0.95)

Hayasaka 2009
Subtotal (/2 =39.2%, P=0.193)

0.98 (0.93-1.03)
0.94 (0.92-0.95)

Both sexes
Besson 2008
Subtotal (/2= .%, P=".)

0.96 (0.94-0.99)
0.96 (0.94-0.99)

Overall (/2 = 68.7%, P=0.002) 0.95 (0.93-0.96)

____<>___0_*______Q_It__f__t_____.e_+_$__+__i____

I I I
.5 .8 1 1.2

Favours more activity Favours less activity

Figure 6 Meta-analysis of maximally adjusted RRs for all-cause mortality per increment of 2 MET-h/day. Results from
random-effects meta-analysis from six cohort studies (183271 participants; 13289 deaths) of total physical activity. The
median level for the lowest (reference) and highest activity category was 27.3 and 44.4 MET-h/day, respectively. 1 MET
represents an individual’s energy expenditure while sitting quietly, which is ~3.5ml O,/kg/min."” Activities <3 METs are
generally defined as light, activities 3-6 METs are considered as moderate and activities >6 METs are defined as vigor-
ous.”!” MET-hours per day are estimated by multiplying the time score spent at each activity per day by its MET value.
About 24 MET-h correspond to sitting quietly for 24 h. For example, an office worker with no outside exercise could have a
score of 27 MET-h. A labourer who is involved in heavy activity in his job could have a score of >40 MET-h. An increment
of 2 MET-h/day is ~1h of light-intensity activity based on a MET value of 2.0 or 30 min of moderate-intensity activity based
on a MET value of 4.5

Table 6 Maximally adjusted RRs of all-cause mortality associated with an increment of 2, 4 and 7 MET-h in total physical
activity per day compared with lowest level of activity

Combined RR (95% CI)

No. of 2 MET-h/day 4 MET-h/day 7 MET-h/day

Sex studies (~850 MET-min/week)? (~1800 MET-min/week)®® (~3000 MET-min/week)®
Men 4 0.95 (0.93-0.97) 0.90 (0.87-0.93) 0.83 (0.78-0.89)
Women 3 0.94 (0.92-0.95) 0.88 (0.87-0.93) 0.79 (0.74-0.85)
Overall 6 0.95 (0.93-0.96) 0.90 (0.87-0.92) 0.83 (0.79-0.87)

The median level for the lowest activity category (reference) was 27.3 MET-h/day. Twenty-four MET-hours correspond to sitting
quietly for 24 h.

The International Physical Activity questionnaire'®! uses 600-2999 MET-min/week as the range for classifying total activity as
‘moderate’” and 3000 MET-min/week as the cut point for classifying total activity as ‘high’.

"In The Eurobarometer study,!'® <600 MET-min/week of total activity were classified as ‘sedentary’, 600-2999 MET-min/week
were classified as ‘low total activity’ (some activity but not sufficient for health) and >3000 MET-min/week were classified as
‘sufficient total activity’, this is in addition to 24 MET-h/day.

1
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Our study found a larger reduction in mortality per
increment of time of physical activity per week for
vigorous-intensity exercise and sports but a smaller
reduction for moderate-intensity activities of daily
living, including domestic activities, gardening and
walking. It is unclear whether this difference in risk
reduction between vigorous- and lower-intensity
activities for the same total duration can be attributed
to the intensity of the activity or merely to the differ-
ence in energy expenditure. Vigorous-intensity phys-
ical activities expend more total energy per unit of
time than do lower intensity physical activities.'”
Only few studies accounted for this correlation.

Two earlier reviews, without meta-analysis,*> sug-
gested an energy expenditure of ~1000kcal/week as
recommended by the Surgeon General'®> would reduce
all-cause mortality by 20-30% and risk reduction
would be comparable for men and women. In our
study, 1000kcal/week were associated with a 7%
(95% CI 4-9) reduction in men and 15% (95% CI
11-19) reduction in women. The level of kilocalories
per week associated with a certain amount of physical
activity differs by body mass.'” Calorie goals cor-
rected for body mass or based on sex are required
when making physical activity recommendations in
terms of kilocalories per week. In our study, a 10%
reduction in all-cause mortality corresponded to an
energy expenditure of 1500kcal/week in men and
650 kcal/week in women.

Finally, our study was the first to combine data
of studies that assessed total activity (daily living,
active commuting, occupation, leisure time). The
Eurobarometer study''® proposed 3000 MET-min/week
accumulated over 7 days (~7 MET-h/day) as the
cut-point for ‘sufficient total activity’. In our study,
this level was associated with a reduction in mortality
risk of 17% in men and 21% in women.

Strengths and limitations

Our study has several strengths. We assessed the as-
sociation with all-cause mortality for total activity but
also for each domain of physical activity. This is im-
portant because activities within domains are likely to
differ between men and women and between differ-
ent age groups.”® We calculated RRs associated with
standardized differences in physical activity using ac-
cepted methods.*?**' We excluded studies of patients
with chronic conditions to reduce the possibility that
low levels of physical activity are a consequence of dis-
ease. We excluded studies of physical fitness:
although physical activity and fitness are inter-
related, other factors determine levels of fitness,
including genetic factors."'' We did not use scales to
measure study quality or risk of bias, which may pro-
duce misleading results''? but assessed the import-
ance of key methodological characteristics and other
sources of hetereogeneity in meta-regression ana-
lyses.'”?* We did not convert different measures or
units, such as hours per week, kilocalories per week
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or MET-hours per week to one common measure (e.g.
MET-hours per week), because we think that such
calculations are problematic and prone to error. For
example, the widely used definition of 1 MET as 3.5
ml O,/kg/min may be a substantial overestimation of
resting energy expenditure,'’® which would seriously
affect calculations of energy expenditure from physic-
al activity questionnaires.

Our analysis was based on observational studies and
is therefore susceptible to the biases inherent in the
original studies.''*!''> Most studies considered several
potential confounders. Interestingly, associations were
attenuated only slightly when adjusting for these, but
we cannot rule out residual confounding. The meth-
ods used to measure physical activity varied among
studies and relied on self-reported data, which may be
susceptible to recall and other information bias.''®!'"”
The assessment of physical activity at baseline only
may also have introduced bias, particularly in studies
of longer duration. Overall, it seems likely that inac-
curacies in the measurement of physical activity led to
non-differential misclassification and attenuation of
associations. Of note, a study that measured energy
expenditure in elderly individuals objectively, using
doubly labelled water, found larger reductions in mor-
tality than typically seen in studies relying on
self-reported data.®

We assumed a linear relation between the natural
logarithm of the RR and increasing levels of physical
activity, but did not test the appropriateness of this
assumption. Several studies of physical activity and
mortality” that tested for a linear trend of declining
all-cause mortality rates with increasing levels of
physical activity found such a trend, which have led
to consensus statements that incorporated a linearity
between volume of physical activity and mortality
rates."’

Another limitation relates to the substantial hetero-
geneity between the results from the different studies.
While many studies used ordinal categories (e.g. ‘in-
active’, ‘moderately active’, ‘highly active’), others
used more objective criteria (e.g. MET-hours, kilocal-
ories). Heterogeneity was smaller in the latter. Length
and loss of follow-up, and to what extent studies ad-
justed for confounding factors were other sources of
heterogeneity."'®* When comparing highest with
lowest activity categories, heterogeneity was lower
for vigorous exercise and sports and higher for
moderate-intensity activities. Vigorous-intensity activ-
ities are recalled more reliable than moderate- and
light-intensity activities.

Biological mechanisms and future

research directions

Several biological mechanisms may contribute to the
reduction in the risk of premature death associated
with physical activity. Physical activity leads to fa-
vourable changes in cardiovascular risk factor profiles
and improvements in endothelial function.!'®'°



1396 INTERNATIONAL JOURNAL OF EPIDEMIOLOGY

Reductions in cancer mortality may be related to
reduced fat stores, increased energy expenditure,
changes in sex hormone levels, improved immune
function, reductions in insulin levels and insulin-like
growth factors and reduced generation of free rad-
icals.'?'™'%3 In elderly people, regular physical activity
reduces the risk of falls, of osteoporotic fractures and
disability, which in turn may reduce mortality.'**
Reductions in mortality were consistently higher in
women when compared with men, independently of
the domain of physical activity assessed. It therefore
seems unlikely that this gender difference is simply
due to differential reporting of physical activity and
misclassification.'*>'*® In women, increases in phys-
ical activity have been associated with changes in hor-
mone levels, in oestrogen metabolism and body fat
distribution.'?”'2®

Our study may underestimate the true magnitude of
associations due to imprecise measurements of phys-
ical activity but reductions in all-cause mortality of
even a few percent are important at the population
level. Questions remain not only about the true mag-
nitude of the effect on mortality and the exact shape
of the dose-response relation, but also on the import-
ance of intensity, duration and frequency of physical
activity, independent of total activity and about the
role of gender and age on the association between
physical activity and mortality. Future studies
should use instruments that capture all subdomains
of total activity, and provide accurate estimates of ab-
solute amounts of activity or energy expenditure.
Objective methods such as heart rate recorders

and movement sensors, or doubly labelled
water, 8116129139 are promising in this context, but
difficult to apply in large population-based studies.
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KEY MESSAGES

for moderate-intensity activities of daily living.

message

e This meta-analysis is the first to quantify the reduction in all-cause mortality associated with incre-
ments in total and domain-specific physical activity and energy expenditure.

e Reduction in mortality risk was greatest for increments of vigorous exercise and sports and smaller

e The relative reduction in mortality risk was consistently greater in women than in men.

e Relative mortality reductions corresponding to 150 and 300 min of moderate to vigorous physical
activity per week were 14 and 26%, respectively, supporting the ‘some is good; more is better’
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