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Abstract

Physical activity is consistently associated with reduced mortality, decreased risk for non-communicable diseases, and improved mental

health in observational studies. Randomized controlled trials and observational Mendelian randomization studies support causal links between

physical activity and health outcomes. However, the scarcity of evidence from randomized controlled trials, along with their inherent challenges

like exposure contrasts, healthy volunteer biases, loss to follow-up, and limited real-world dose�response data, warrants a comprehensive

approach. This review advocates synthesizing insights from diverse study designs to better understand the causal relationship between physical

activity, mortality risk, and other health outcomes. Additionally, it summarizes recent research since the publication of current physical activity

recommendations. Novel observational studies utilizing device-measured physical activity underscore the importance of every minute of activity

and suggest that all intensity levels confer health benefits, with vigorous-intensity potentially requiring lower volumes for substantial benefits.

Future guidelines, informed by device-measured physical activity studies, may offer refined age-specific recommendations, emphasize vigorous-intensity

physical activity, and include daily step counts as a simple, easily assessable metric using commercial wearables.
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1. Introduction

Seventy years ago, Morris et al.1 published the first scien-

tific evidence that physical activity may be beneficially associ-

ated with health. In their classic London Transport Workers

Study, the authors showed that the risk of dying from coronary

heart disease was about twice as high in the “inactive” bus

drivers compared with the “active” conductors. Since then,

numerous observational studies have shown that physical

activity is associated with both longevity2�4 and a lower risk

of developing non-communicable diseases (NCDs), including

cardiovascular diseases (CVDs), type 2 diabetes, and many

types of cancers.5�7 The beneficial effects of physical activity

also extend to mental health conditions and some neurological

disorders (e.g., more active individuals have a lower risk for

depression8 and for dementia and Alzheimer’s disease9).
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Higher levels of physical activity appear to improve health in

the general population, as well as in specific patient groups.

Consequently, the most recent guidelines on physical activity

for public health from the World Health Organization (WHO)

provide similar recommendations for both healthy individuals

and those living with chronic conditions.10 For example, adults,

older adults, and those living with chronic conditions should

aim to accumulate 150�300 min of moderate-to-vigorous

intensity per week, or 75�150 min of vigorous intensity per

week, or an equivalent combination of both.10

The WHO physical activity guidelines are reflected in

national guidelines as well as clinical guidelines for a range of

conditions, such as cancer, diabetes, and heart disease.

However, in both healthy individuals and in those living with

chronic conditions, the effect of physical activity on longevity

and NCDs has not been convincingly demonstrated by

randomized controlled trials (RCTs).11,12

Further, most of the evidence underlying the current guide-

lines is based on observational data examining the relationship
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between self-reported physical activity and major health

outcomes. Unfortunately, self-reported data may be prone to

information biases due to social desirability and cognitive

reporting ability. To reduce this type of bias, more recent

cohort studies have included devices to measure physical

activity and sedentary time. As a result, new evidence on the

associations between physical activity, NCDs, and longevity is

rapidly emerging.

This narrative review aimed to discuss the current under-

standing of the relationship between physical activity, seden-

tary behaviors, and health outcomes. Specifically, we will

summarize the limitations of RCTs when informing public

health and why physical activity guidelines primarily have to

rely on observational data. We will thereafter discuss how the

introduction of device-measured physical activity in observa-

tional research affects the interpretation of the dose�response

associations between physical activity and health outcomes.

We will also discuss how this has contributed to our under-

standing of how different physical activity intensities are asso-

ciated with health. Finally, we will summarize the current

knowledge on how different combinations of physical activity

and sedentary time are associated with health.

2. Observational research vs. randomization within a trial

To date, few well-funded and well-executed RCTs have

examined whether physical activity improves longevity and

prevents NCDs.11,13,14 While randomization within a trial is

considered to provide the highest level of scientific evidence,

they have so far failed to replicate the benefits consistently

seen in observational research. However, there are several

reasons to question whether RCTs are better placed to deter-

mine causal effects of physical activity on longevity than

well-conducted observational studies. The Generation 100

Study was designed to evaluate the effect of 5 years of

supervised exercise training on all-cause mortality in older

Norwegian adults.13 Despite the relatively long follow-up,

intervention including supervised exercise sessions, and

complete follow-up on mortality, participants randomized to

exercise were at no lower risk of mortality than controls

(hazard ratio = 0.94, 95% confidence interval: 0.59�1.41).

The Generation 100 Study13 was an impressive achievement;

however, it can also be pointed to as an example of the

inherent limitations of RCTs with respect to studying the

effects of physical activity on mortality and NCD outcomes

in general. Using the Generation 100 study, we exemplify

here some of the limitations with randomization within a

trial when examining the effect of physical activity on

longevity.

2.1. Difficulties with achieving the intended exposure contrast

Generation 100 participants were randomized tomoderate-intensity

training, high-intensity interval training, or to follow

national guidelines for physical activity (control condition).

Yet, control participants had a high activity level

throughout the study, and many reported doing high-inten-

sity interval training. At the same time, many participants
in the intervention arms apparently did not meet the

prescribed amounts of exercise, and nearly 25% of study

participants did not complete the trial. A causal interpreta-

tion of a “negative” trial outcome is thus highly uncertain

if the intended and achieved exposure contrast diverge.

2.2. Healthier participants are included in the trial

Participants included in the trial were healthier and more

active than excluded participants, and the death rate among

control participants was half the expected rate. Given that the

largest benefits of physical activity are observed among the

least active, the potential for health benefits may be smaller in

trial participants.

2.3. Understanding the dose�response relationship

Physical activity recommendations are based on the

dose�response relationships between physical activity and

health outcomes. The Generation 100 study included 2 inter-

vention arms with different intensity components. Yet, how

much activity at these intensities would be needed to observe

health benefits was not addressed because this would require

at least 2 additional intervention groups. Further, structured

exercise training does not account for activities of daily living,

such as walking for pleasure, cycling uphill, and short bursts

of vigorous intensity, which may also carry significant health

benefits.15

Given these limitations, which we assume will also be a challenge

for upcoming trials, including the large 50,000-participant

Women’s Health Initiative Strong and Healthy (WHISH) trial,16

we propose that no single study design is suited to determine the

causal effects of physical activity on longevity and NCDs. Instead,

interpretation should be based on triangulation of results from as

many different study designs as possible without assigning a hier-

archy.17 For example, evidence of the beneficial effects of being

sufficiently physically active on NCD risk is supported by experi-

mental data showing the positive effects of physical activity and

regular exercise on lipid and glucose metabolism, blood pressure,

inflammation, and immune function.18 Studies using genetic

variants as instrumental variables, so-called mendelian randomiza-

tion, indicate lower risk of mortality,19,20 heart disease,19 type 2

diabetes,19,20 depression,20 and breast cancer21 in more active indi-

viduals. Finally, large-scale observational studies are the corner-

stone of any effort to determine dose�response associations.

3. Magnitude of the dose�response associations—self-report

vs. device-measured physical activity

3.1. Self-report physical activity and risk for mortality

A recent systematic review of 50 studies, including more than

163 million person-years of follow-up and 811,616 events,

showed a non-linear, dose�response association between

non-occupational, self-reported physical activity and risk for

mortality.6 The risk reduction was approximately 30% at the

minimum recommended levels of physical activity, which is

equivalent to 2.5 h per week of at least moderate-intensity

physical activity (e.g., brisk walking), with only a marginally
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reduced risk at higher levels of physical activity. Similar risk

reductions, between 30% and 40%, were observed by Arem

et al.22 in a pooled analysis of U.S. men and women (n = 661,137;

161,686 deaths); by Wen et al.23 in East Asian men and

women (n = 416,000; 10,780 deaths); and by Lear et al.24 in

a harmonized sample of approximately 130,000 individuals

from 17 high-, middle-, and low-income countries.

However, in all studies the maximal risk reduction was

observed at activity levels substantially higher than the current

physical activity guidelines. For example, the risk was 40%

lower in those reporting 10 h of moderate-intensity physical

activity compared with the inactive referent group in the US

sample.22 When analyzing physical activity across domains

(i.e., transport, leisure, and occupation), Lear et al.24

reported a maximal risk reduction of approximately 30% at

activity levels close to 20 h of at least moderate-intensity per

week. Notably, the shape of the dose�response association was

different between high- and upper-middle-income countries

compared to lower middle- and low-income countries. The

magnitude of the association was stronger in higher-income

countries, and there was no association between recreational

physical activity and the risk of death in low-income countries.

The latter is likely explained by the low prevalence and

homogeneous nature of recreational activities in the studies of

low-income country samples.24 In summary, all studies are

consistent, showing a marked risk reduction when comparing

those who are active at levels lower than the equivalent of

current physical activity guidelines with those who report “no”

physical activity (i.e., the referent group). It also seems clear

that high levels of physical activity are required to obtain

maximal risk reduction, and this level varies according to

whether physical activity is operationalized as recreational or

leisure time activity compared with total physical activity

covering all domains (occupation, recreation, transport, and

domestic chores).

The shape of the dose�response association is similar when

cardiovascular and cancer mortality is modeled as the

outcome, but the maximal risk reduction may not be the

same.6,25 In a recent analysis of more than 200,000 East Asian

adults, the risk for CVD mortality was 44% lower compared

with a 36% lower all-cause mortality risk when comparing those

who were inactive with the group meeting physical activity

recommendations.25 However, overall cancer mortality appears

to be less affected by physical activity than CVD mortality, with

a maximal risk reduction of approximately 10%�20%.6

Many prospective observational studies are limited by the

exposure measurements collected at baseline. Repeated

measurements of physical activity reduce within-person

measurement error and lead to a better representation of long-

term physical activity levels. This strengthens the magnitude

of the association with leisure-time physical activity by »20

percentage points and »25 percentage points for all-cause and

CVD mortality, respectively, when comparing the least active

with the most active quartile.25 In summary, observational

data assessing physical activity by self-report suggest that the

maximal risk reduction for all-cause, CVD, and cancer

mortality is observed, in most studies, at higher than the lower
boundary for the physical activity guidelines of at least

150 min of moderate-to-vigorous intensity physical activity

(MVPA) per week.
3.2. Device-measured physical activity and risk for mortality

The most recent guidelines have removed the requirement

that activity should be accumulated in bouts of at least

10 min,10 and studies examining the association between physical

activity and mortality using devices that take every minute into

account are accumulating. Ekelund et al.26 examined the asso-

ciation between total physical activity in a harmonized meta-

analysis including approximately 36,000 men and women

(2149 deaths) and observed a maximal risk reduction for all-

cause mortality of 65%. The amount of physical activity

needed to obtain this risk reduction was similar to that

observed in US men in the National Health and Nutrition

Examination Study; approximately 300 activity counts per

minute. Another study27 mapped physical activity energy

expenditure (PAEE) from wrist-worn accelerometers in the

UK Biobank (n = 96,476; 732 deaths). The authors observed a

75%�80% risk reduction for all-cause mortality at a PAEE of

40 kJ/kg/day (median in the sample and equivalent to the

mean of the general UK population28) compared with a PAEE

of 15 kJ/kg/day.

Another feature of device-based measurements of physical

activity in cohort studies is the possibility of estimating the

number of daily steps accumulated. This metric is easily

understood by the general public, and many are monitoring

their steps using smart watches or mobile phones. A harmo-

nized meta-analysis of 15 studies (n = 47,471; 3013 deaths)

observed a non-linear dose�response association between

total daily steps and risk for mortality. Taking more steps per

day was associated with a progressively lower risk for

all-cause mortality of approximately 40%�50% at

6000�8000 steps per day and 8000�10,000 steps per day in

those �60 years and <60 years, respectively, with no further

risk reduction at higher levels.29 In a follow-up study30

including approximately 20,000 participants for which data on

CVDs were available, a similar nonlinear dose�response

association between total steps per day and risk for CVD was

observed in older (�60 years) but not younger (<60 years)

participants. From the reference of 2000 steps/day, the risk

decreased progressively and was halved at 6000 daily steps

without a clear levelling off at higher step counts. Evidence

is also emerging that a higher number of steps per day is

associated with a lower risk of CVD, cancer incidence,31 and

risk of hospitalization.32

However, total physical activity measured by accelerometers,

operationalized as activity counts per day,26 PAEE,27 or steps

per day,29�32 is not directly comparable to data obtained by

self-report. This is in part because self-reports usually collect

information on MVPA during leisure time. A direct comparison

between accelerometer-derived MVPA and MVPA from self-

report suggests a considerably larger magnitude of risk reduction

at a lower level of physical activity from device-measured

physical activity compared with self-report.18,33
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4. The importance of intensity for reducing the risk of

NCDs and mortality

4.1. Light- and moderate-intensity physical activity

Physical activity intensity is typically categorized into

sedentary, light, moderate, vigorous, and very vigorous inten-

sity. Self-report questionnaires are unlikely to accurately

measure sedentary time and light-intensity physical activity

(LPA) and cannot assess short and sporadic bouts of activity

of any intensity. In recent years, evidence based on accelerom-

etery has emerged suggesting that LPA may reduce the risk of

all-cause mortality with a similar magnitude of risk reduction

achievable as that observed for MVPA. However, one meta-

analysis found that approximately 5 h of LPA per day are

needed to obtain a 50% risk reduction compared with approxi-

mately 20�25 min of MVPA.26 By stratifying LPA into “low-

intensity” and “high-intensity” LPA, the researchers suggested

that 70�80 min per day of “high-intensity” LPA (moderate

walking) produced similar risk reduction for all-cause

mortality as is observed for approximately 25 min of

MVPA.26 However, since many of the participants in the

aforementioned meta-analysis were older, “high-intensity”

LPA may be equivalent to MVPA in younger individuals.

Another recent meta-analysis summarizing the association

between LPA and the risk for CVD mortality showed a 20%

risk reduction for every 30 min of additional daily LIPA; the

nonlinear dose�response association suggested a 50% risk

reduction for CVD mortality at approximately 100 min of

LPA per day.34 Thus, recent evidence reported in studies

assessing physical activity by devices suggests that LPA has

beneficial associations with health; however, the amount of

LPA needed to reduce the risk of premature death appears to

be approximately 3�4 times higher than that of MVPA. A

direct comparison between LPA and MVPA and their associa-

tions with mortality risk should also consider that LPA appears

to be more sensitive to bias from reverse causation as

compared with MVPA.35

4.2. Vigorous-intensity physical activity

The physical activity guidelines suggest that a specific

amount of physical activity with moderate intensity (i.e.,

150 min/week) can be substituted with half the amount of

vigorous-intensity physical activity (VPA) to obtain the same

health benefits.10 This notion has recently been challenged by

studies that specifically examined the associations between

VPA and the risk of incident diseases and mortality. For

example, in analyses using data from the UK Biobank

(n = 71,893), Ahmadi et al.36 suggested that as little as

15�20 min of VPA per week was associated with an up to

40% lower risk of death from all-cause mortality, CVD, and

cancer. The risk was further reduced with higher amounts of

VPA. In a sample of non-exercisers from the UK Biobank

(n = 25,241), as little as 4�5 min of VPA per day was associ-

ated with 26%�30% and 32%�24% reduced risk for all-cause

and CVD mortality, respectively;15 similarly, a median of
4.5 min of daily VPA was associated with an »30% reduced

risk for physical activity-related cancer incidence.37

Higher levels of adiposity increase the risk of mortality and

NCDs, including CVD. A meta-analysis of 8 prospective

cohort studies including 34,492 participants (2034 deaths)

showed a lower risk of mortality irrespective of adiposity

levels at higher levels of device-measured physical activity.38

Recent data for 70,830 UK Biobank participants suggest that

about 500 min of MVPA or 30�35 min of VPA per week (as

measured with devices) effectively eliminated the CVD risk

associated with abdominal obesity.39 Moreover, both studies

showed higher risk of death and CVD when physical activity

was low in non-obese people.

In summary, the available literature suggests that light,

moderate, and vigorous intensities of physical activity can be

combined in different amounts to reduce the risk for NCDs

and premature death. Large amounts of LPA, up to 4�6 h per

day, are needed to reduce the risk of mortality to a level equivalent

to that of 25 min of MVPA.26 On the other end of the intensity

spectrum, it seems that no more than about 5 min of VPA per

day are needed to substantially reduce the risk of incident

diseases and mortality and to eliminate the risk of major CVD

associated with obesity.39 However, the results observed for

VPA need to be replicated in more heterogeneous populations

with repeated measurements of exposure and confounding

variables using different monitor placements (e.g., hip) and

extensively validated accelerometer prediction algorithms.

The general belief, on which the current physical activity

recommendations are based, that a specific amount of MVPA

can be substituted with half of that amount of VPA to provide

the same health benefits is challenged by these recent observa-

tions. If confirmed, future physical activity public health

guidelines may need to consider a stronger emphasis on VPA

rather than MVPA.

4.3. Volume vs. intensity

Another pertinent issue related to the intensity of physical

activity is whether a higher intensity has additional health

benefits over and above that of the total volume of intensity.

Again, data derived from the UK Biobank (n = 88,412) suggest

that higher volumes of PAEE (derived from wrist-worn

devices) are associated with a lower risk of incident CVD.

However, if the same amount of PAEE is achieved from

MVPA, the health benefits are even greater.40 Studies exam-

ining whether the intensity of stepping (high vs. low cadence)

has additional benefits beyond that of total steps per day are

inconsistent. The Steps for Health Collaborative29 observed a

lower risk of death (33% risk reduction; 95% confidence

interval: 0.56�0.83) in the most active quartile compared with

the least active quartile for an intensity defined as the highest

number of steps over a 30-min period (peak 30 min). However,

other intensity measures were not related to lower risk when

adjusted for the total number of steps. Thus, it is currently

unclear whether the benefits of physical activity on health

outcomes are more pronounced if the activity is performed at a
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higher intensity when the total amount of physical activity is

identical.

5. Physical activity mitigates the detrimental association

between sedentary time/behavior and health

Studies using device-measured sedentary time suggest that

higher amounts appear to be associated with a higher risk for

mortality,26 and this association seems to be statistically inde-

pendent of time spent in MVPA and other confounders,

including body mass index. Further, the dose�response seems

almost linear when sedentary time exceeds 9 h per day.26

However, data from a harmonized meta-analysis in more than

1 million men and women showed that the detrimental associa-

tion between sedentary time and risk for mortality was elimi-

nated in those reporting 60�70 min of MVPA per day.41

Similar analyses in approximately 36,000 men and women, in

which these behaviors were measured by devices, confirmed

the observations from the self-report data. Approximately

30�40 min of MVPA per day appears to attenuate or even

eliminate the detrimental association observed between

device-measured sedentary time and all-cause mortality.42 It is

noteworthy that the latter 2 studies examined the joint associa-

tions between physical activity and sedentary time with

mortality, which is conceptually different from examining the

association between sedentary time and mortality adjusted for

MVPA. The joint association analyses consider the 2 expo-

sures in combination and provide evidence that combining

high levels of sedentary time with high levels of physical

activity may mitigate the risk of premature mortality.

The modifying effect of MVPA was further examined in a

pooled individual participation data analysis of almost 12,000

middle-aged and older men and women (Sagelv et al.43).

Being sedentary for more than 12 h per day (median split) was

associated with a 38% higher mortality risk, but only among

individuals not meeting the current physical activity guidelines

(operationalized as accumulating less than 22 min per day of

MVPA). In those meeting the physical activity guidelines,

there was no association between sedentary time and mortality

(Sagelv et al.43). The current WHO physical activity guidelines

state that, “to reduce the detrimental effects of high sedentary

time on health, adults should aim to do more than the recom-

mended levels of moderate-to-vigorous intensity physical

activity”.10 If future high-quality studies support the observa-

tions discussed above, this recommendation may need to be

reconsidered.

6. Summary

Due to the absence of robust evidence from RCTs, the

evidence underlying current physical activity recommenda-

tions mainly relies on self-reported observational data. In

contrast, the removal of the “10-minute block” from the latest

recommendations is supported by data from device-measured

physical activity; the current thinking is that every minute

counts. This discrepancy will likely be resolved, at least in

part, when the evidence for the next generation of physical

activity recommendations is summarized, evidence that likely,
to a large extent, will be based on observational research

assessing physical activity and sedentary time with devices.

Studies incorporating device-measured physical activity in

large cohorts, combining data from multiple studies in harmo-

nized meta-analyses, and individual-participation data anal-

yses published since the release of the current physical activity

recommendations have already generated novel findings. This

may result in a recommended number of steps per day, as this

is a simple metric that can be easily assessed by commercial

wearables and smartphones; however, we should keep in mind

that wearables and research devices may differ somewhat in

their measurements of steps. Furthermore, there may be a

reconsideration of the current understanding of the relationship

between moderate and vigorous intensity, which suggests that

150 min of physical activity at a moderate intensity is equal to

75 min of physical activity at a vigorous intensity. New data

summarized in this review suggest “more bang for the buck” if

activity is performed at a higher intensity, although additional

research is needed to determine whether this is independent of

the total volume of physical activity. Finally, more refined

age-specific recommendations may be a consequence of the

more precise dose�response associations observed between

physical activity and health outcomes when the exposure vari-

ables are derived from devices.
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