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Background: Most cohort studies have only a single physical activity (PA) measure and are thus
susceptible to reverse causation and measurement error. Few studies have examined the impact of
these potential biases on the association between PA and mortality.

Methods: A total of 133,819 participants from Nurses’ Health Study and Health Professionals
Follow-up Study (1986—2014) reported PA through biennial questionnaires. Cox regression was
used to estimate hazard ratios (HRs) and 95% confidence intervals (Cls) for PA and mortality
using different analytic approaches comparing single (baseline, simple update=most recent) vs.
repeated (cumulative average) measures of PA and applying various lag times separating PA
measurement and time at risk.

Results: Over 3.2 million person-years, we documented 47,273 deaths. The pooled
multivariable-adjusted HR (95% CI) of all-cause mortality per 10 MET-hours/week was 0.95
(0.94-0.96) for baseline PA, 0.78 (0.77-0.79) for simple updated PA and 0.87 (0.86-0.88) for
cumulative average PA. Simple updated PA showed the strongest inverse association, suggesting
larger impact of reverse causation. Application of 2-year lag substantially reduced reverse
causation, and 4-12-year lags had minimal additional effects. In the dose-response analysis,
baseline or simple updated PA showed a J or U-shaped association with all-cause mortality while
cumulative average PA showed an inverse association across a wide range of PA (0-150 MET-
hour/week). Similar findings were observed for different specific mortality causes.

Conclusion: PA measured at baseline or with short lag time was prone to bias. Cumulative
average PA showed robust evidence that PA is inversely associated with mortality in a dose-
response manner.

Keywords
physical activity; mortality; measurement error; reverse causation; bias

INTRODUCTION

Numerous prospective cohort studies reported beneficial associations of physical activity on
the prevention of many diseases and mortality.(1-3) However, most of these studies used a
single measure of physical activity at baseline to examine the association with subsequent
disease events occurring over various times of follow-up period. These studies require a
strong assumption that individuals’ physical activity measured at baseline does not change
over time. Thus, use of single measure of physical activity is prone to measurement error,
which may also affect the dose-response shape.(4-6) In recent years, very large cohort
studies including over 0.5 million participants (e.g., UK/China Biobank, Million Women
Study) have been initiated and evaluated the association of lifestyle factors including
physical activity with health outcomes.(7-9) The large sample size of these studies allowed
the ascertainment of sufficient numbers of outcomes in short period of follow-up times (~5
years). However, these large studies with a short follow-up time are susceptible to reverse
causation bias because participants with preexisting or undiagnosed diseases who are at
higher risk of subsequent disease or death may be more likely to become inactive. Reverse
causation can be especially problematic for mortality studies, and it tends to overestimate the
inverse association between physical activity and health outcomes.(10) Moreover, use of
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single physical activity assessment, particularly measured close to diagnosis or death, may
also result in spurious relationships. Several physical activity studies have reported a reverse
J or U-shaped association, suggesting an increased risk of disease or mortality at the higher
range of physical activity.(11, 12) The biases of measurement error due to use of only one
questionnaire and reverse causation from short follow-up periods may have contributed to
unreliable results.

These potential biases have generally been under-appreciated or only briefly mentioned as
limitations of the studies. We found only one recent UK Biobank study that evaluated the
influence of reverse causation on the association between physical activity and health
outcomes by different follow-up periods and modeling approaches.(10) This study found a
stronger inverse association between physical activity and health outcomes in multivariable-
adjusted models not excluding those with prevalent diseases and with shorter follow-up
periods than that did not use these approaches. However, this study had a single measure of
self-reported physical activity and relatively short period of follow-up time (median of 7
years) and thus limited ability to assess comprehensively both reverse causation and
measurement error over a long period of time.

In the current study, we leveraged biennially collected physical activity questionnaires over
28 years in two large prospective cohort studies, Nurses’ Health Study (NHS) and Health
Professionals Follow-up Study (HPFS), to examine the association between physical activity
and all-cause and cause-specific mortality. To assess the impact of reverse causation and
measurement error, we used several analytic approaches including comparison of single vs.
repeated measures of physical activity and application of different lag times (between
physical activity assessment and time at risk).

METHODS
Study population

The NHS was initiated in 1976 when 121,701 female nurses aged 30-55 years were
enrolled. The HPFS was initiated in 1986 when 51,529 male health professionals aged 40—
76 years were enrolled. Participants completed questionnaires on demographic, lifestyle and
medical history at enrollment, which were updated every two years. The follow-up rate
exceeded 90% for all questionnaire cycles for both cohorts. In the current study, we included
all participants who reported information on detailed physical activity first assessed in 1986
(82,951 women and 50,868 men). The study protocol was approved by the institutional
review boards of the Brigham and Women’s Hospital and Harvard T.H. Chan School of
Public Health and those of participating registries as required.

Physical activity assessment

In both cohorts, detailed information on physical activity was measured in 1986 and updated
biennially using a validated questionnaire. Participants were asked to report the average
hours they spent per week during the past year on each of the following activities: walking,
jogging, running, swimming, bicycling, calisthenics and other aerobic exercises, squash/
racquetball, tennis, lower-intensity exercise, weight lifting, and outdoor work. For each
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physical activity, we assigned a metabolic equivalent task (MET), which indicates metabolic
rates for a specific activity divided by metabolic rates at rest, based on a compendium of
physical activity(13) to quantify the intensity of physical activities. Total physical activity
was calculated by summing all physical activities in MET-hours per week. Distributions of
physical activity are shown in Supplementary Figure 1.

The reproducibility and validity of the physical activity questionnaire have been described
previously.(14, 15) The correlations between physical activity reported on the questionnaire
and those recorded in four single-week diaries administered across four different seasons
were 0.62 for NHS and 0.58 for HPFS. Moreover, the physical activity questionnaire had
good predictability of resting heart rate (Supplementary Tables 1-2) and inflammatory
biomarkers.(16, 17)

Ascertainment of death

We identified deaths from the National Death Index, next of kin and postal system.(18, 19)
Over 98% of deaths were ascertained using these methods for both cohorts. The cause of
death was determined primarily by physician review of medical records and by death
certificates when records were not available. The International Classification of Diseases
(ICD-8) codes were used to classify deaths from cardiovascular disease (ICD-8 code: 390-
459 and 795), cancer (ICD-8 code: 140-239), respiratory disease (ICD-8 code: 460-519),
and other causes.

Covariate assessment

Information on covariates such as age, race, body weight, height, family history of diseases,
medical history of diseases, and smoking were assessed from the biennial questionnaires.
Dietary information (including alcohol) was assessed using a validated semiquantitative food
frequency questionnaire every four years.(20-22) Body mass index was calculated by body
weight in kg divided by height in meter squared. Alternate Healthy Eating Index was
calculated to assess overall diet quality.(23)

Statistical analysis

Person-time was calculated from the time when physical activity was first available in 1986
until the time of death or the end of study (June 2014 for NHS and January 2014 for HPFS).
Cox proportional regression models with age as time scale with stratifying by calendar time
were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). The primary
outcome of interest was all-cause mortality and secondary outcomes were cause-specific
mortality due to cardiovascular disease, cancer, respiratory disease or other causes. Potential
confounders were selected a prioribased on literature(1-3) and we fitted three models: (1)
Model 1: age-adjusted model; (2) Model 2: multivariable-adjusted model including race
(white or non-white), family history of cardiovascular disease (yes or no), family history of
cancer (yes or no), postmenopausal hormone use (premenopausal, postmenopausal current
user, or postmenopausal never/past user), alcohol intake (0, 0.1-4.9, 5-9.9, 10-14.9, or
15.0+ g/day), total energy intake (quintiles), smoking status (never, ever, 1-14, 15-24, >25
cigs/day), Alternate Healthy Eating Index (quintiles), and body mass index (<21, 21-22.9,
23-24.9, 25-26.9, 27-29.9, 30-34.9, 35-39.9, or 240 kg/m?); and (3) Model 3:
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multivariable-adjusted model excluding participants with prevalent major chronic disease at
baseline (i.e., cardiovascular disease and cancer).

Total physical activity was modeled using different approaches: (1) physical activity
measured once at baseline in 1986 (referred as ‘baseline’), (2) physical activity based on
most recent updated single measure (referred as ‘simple update’), (3) average of repeated
measures of physical activity from baseline to time at risk (referred as ‘cumulative average’).
Total physical activity was included in the models as a continuous variable (10 MET-hour/
week increment). To examine the influence of reverse causation on the association between
physical activity and mortality, we applied different lag time periods between physical
activity assessment and time at risk (2, 4, 8, and 12-year lag). For single measure of physical
activity analysis with lag times, we used a single physical activity information measured 2,
4, 8 or 12 years prior to death for 2, 4, 8 or 12-year lag analyses, respectively. For repeated
measures of physical activity analysis with lag times, we used the same lag time approaches
but averaged all repeated measures of physical activity information measured from baseline
to 2, 4, 8 or 12 years prior to death.

To flexibly model the shape of the association between physical activity and mortality, we
conducted restricted cubic spline models with 3 knots.(24) For this dose-response analysis,
we selected the fully-adjusted model (Model 3) and applied the same other approaches used
for the continuous analyses above to evaluate the impact of reverse causation and
measurement error. To examine whether the influence of the biases on the association
between physical activity and mortality differs by age, we also conducted stratified analysis
by three age groups based on the distribution of age at death (<70, 70-79 or =80 years).

Lastly, we conducted several sensitivity analyses. We performed additional models further
excluding current and past (quitted smoking within 10 years) smokers or adjusting for
physical limitation factors (e.g., health limits in daily, working, leisure activities). To further
validate the physical activity data, we used self-reported resting heart rate data available in
1992 from HPFS to examine the correlation between resting heart rate and physical activity
and medians of resting heart rate across physical activity levels. Proportional hazard
assumption was tested by including a cross product term of physical activity and time
(P>0.05). We pooled the data of two cohorts (NHS and HPFS) after testing for heterogeneity
by cohort (sex) (P>0.05). All statistical analyses were performed using SAS software
(version 9.4, SAS Institute, Cary, NC).

RESULTS

The mean ages of participants over the follow-up were 63.8 years for women (NHS) and
64.0 years for men (HPFS). Participants with higher physical activity had lower body mass
index and higher calorie intake, alcohol intake and overall diet quality. Moreover, they were
less likely to be current smokers (Table 1).

During 3,229,449 person-years of follow-up, we identified 47,273 total deaths. In the pooled
analysis of NHS and HPFS cohorts, higher physical activity was significantly associated
with reduced mortality (Table 2). Adjustment for potential confounding variables and
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exclusion of those with prevalent diseases slightly attenuated the magnitude of the
associations. In the fully adjusted models (Model 3), HRs (95% CI) of death per 10 MET-
hour/week were 0.98 (0.97-0.98) for ‘baseline’ physical activity, 0.88 (0.87-0.88) for
‘simple update’ (most recent) physical activity, 0.91 (0.90-0.91) for ‘cumulative average’
(repeated measure) of physical activity measures. Simple updated (most recent) physical
activity showed the strongest inverse association with mortality. Application of 2-year lag
time (use of physical activity 2 years prior to risk period for death) substantially reduced the
magnitude of the association for the simple updated physical activity measure. HRs (95%
Cl) of death per 10 MET-hour/week were 0.92 (0.91-0.92) for simple update with 2-year lag
and 0.93 (0.93-0.94) for cumulative average with 2-year lag. Application of longer lag times
(use of physical activity 4-12 years prior to death) further attenuated the associations though
all remained statistically significant.

In Figure 1, we conducted restricted cubic spline models to examine the dose-response
relationship between physical activity and all-cause and cause-specific mortality. For a
single measure of physical activity, baseline physical activity showed a U-shaped association
with all-cause mortality, while simple updated (most recent) physical activity showed a
reverse J-shaped association with all-cause mortality. On the other hand, cumulative average
(repeated measures) of physical activity showed a consistently inverse association with all-
cause mortality, showing large reduction of risk until around 50 MET-hour/week and a weak
inverse trend after 50 MET-hour/week, especially when considering time lag. Application of
2-year lag substantially reduced the magnitude of the association when using both single and
repeated measures of physical activity, particularly in the lower range of physical activity.
Longer lag times only slightly further attenuated the associations. At the higher range of
physical activity, single measures of physical activity showed no additional benefits or slight
upwards trend. The association between PA and mortality had different patterns in the 0-50
MET-hour/week and 50-150 MET-hour/week ranges for simple updating and cumulative
average (Table 3). With a 2-year lag, the magnitude of the inverse association for all-cause
mortality (per 10 MET-hour/week) was stronger for simple updating (HR = 0.85) than for
cumulative updating (HR = 0.90), but in the 50-150 MET-hour/week range, there was no
significant association for simple updating (HR = 0.99) and a moderate inverse association
for cumulative updating (HR = 0.97).

For cause-specific mortality, we observed similar patterns with regard to comparison of
single vs. repeated measures of physical activity and application of lag times (Figure 1 and
Supplementary Table 3). The shape of the associations was similar for all-cause death,
cardiovascular disease death, respiratory disease death and other causes of death. However,
physical activity showed the largest reduction of risk for mortality due to respiratory disease
in the lower range of physical activity. Unlike the other three causes of death, which showed
a plateau after 50 MET-hour/week, physical activity was more linearly inversely associated
with cancer-specific mortality extending up to 150 MET-hours/week.

When stratified by age, older people tended to have more linear association between
physical activity and all-cause mortality, compared to younger people (Figure 2).
Application of 2-year lag time appeared to adjust for reverse causation and unexpected
increase of mortality in the high end of physical activity, especially for younger people. In
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the sensitivity analyses, stratified analysis by sex (Supplementary Figure 2), exclusion of
current/past smokers (Supplementary Table 2) or adjustment for physical limitation-related
factors did not change the results materially (data not shown). Exclusion of respiratory
deaths from all-cause mortality showed slightly attenuated but similar shape of the
associations (Supplementary Figure 3). Spearman correlations of resting heart rate were
-0.187 for baseline physical activity, —0.169 for simple updated physical activity and -0.209
for cumulative average physical activity (Supplementary Table 1). Higher correlations were
observed for cumulative average then baseline or simple updated physical activity in both
lower and higher range of physical activity. Similar patterns were shown when examined
medians of resting heart rate across physical activity (Supplementary Table 2).

DISCUSSION

In two large prospective cohort studies, we examined how the use of single physical activity
measurement versus repeated measures and how different time lags affected the association
between physical activity and mortality. A single measure of physical activity at baseline
without updating showed a weak and somewhat U-shaped dose-response relationship with
mortality. Simple updated physical activity, essentially examining short-term associations
with morality, showed a strong inverse association up to 50 MET-hours/week and no further
association above this level. In contrast, cumulative average of repeated measures of
physical activity showed a consistent inverse association with mortality across all range of
physical activity levels, but with stronger inverse associations at the lower end of physical
activity (0-50 MET-hour/week). Compared to the simple-updated, the cumulative average
measure showed a less steep inverse association below 50 MET-hours/week. Moreover,
physical activity with no or short lag time showed the strongest association with mortality,
and application of a 2-year lag between physical activity assessment and period of risk
attenuated the magnitude of the association, while longer time lags greater than 2 years only
minimally further changed the association.

Extensive evidence suggests that high level of physical activity is associated with decreased
risk of many diseases and mortality.(1-3) While a true benefit of physical activity remains
relatively uncontroversial, questions remain regarding the magnitude of the association, the
timing, and the dose-response and type of activities. Most of the evidence is based on a
single measure of physical activity, which limits the ability to address these features. In
particular, smaller size cohorts tend to have long follow-up times to allow adequate time to
accumulate disease or death, which may be prone to regression dilution bias (measurement
error). In contrast, some recent very large cohorts can accumulate sufficient cases in a
relatively short time period, which can be prone to reverse causation bias. Because of
repeated measures in our two cohorts over 3 decades of follow-up, we were able to address
the effects of using a single versus repeated measure of physical activity on the dose-
response.

In our analysis, we found large differences in the magnitude of association between a single
measure of physical activity at baseline vs. repeated measures (cumulative average) of
physical activity in relation to mortality. A single measure of physical activity at baseline
with 28 years of follow-up showed an approximately 2—-3 fold weaker association than the
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use of repeated measures. Furthermore, the relationship appeared somewhat U-shaped. As
participants may change their physical activity over time,(4, 5) the use of a single measure
will likely induce non-differential measurement error in regards to outcome ascertainment,
which underestimates the true effect of physical activity on health outcomes, particularly for
studies with longer period follow-up times.(6) On the other hand, with the repeated
measures of physical activity in our cohort, we estimated a stronger association, possibly by
reducing regression dilution bias. Furthermore, we found no evidence of a reversal of benefit
at higher doses of physical activity up to 150 MET-hours/week, suggesting that previous
findings showing a U-shape relationship between physical activity and mortality might be an
artifact of bias.(11, 12)

Using single and repeated measures of physical activity, when we applied different lag times
(0, 2, 4, 8, 12 years) between physical activity assessment and time at risk, we found a
stronger inverse association with shorter lag times, especially with lag <2 years. For
cumulative average, in the range of 0-50 MET-hours/week, the HR (for a 10 MET-hours/
week increment) for 0 lag was 0.87, which reduced to 0.90 with 2-year lag and
incrementally reduced the HR to 0.93 with 12-year lag. Interestingly, at the higher range of
physical activity (>50 MET-hours/week), there seemed less of a lowering of the benefit with
greater lags, and perhaps even an increasing trend towards the null. A potential explanation
of these findings is that those with severe preexisting or undiagnosed health conditions are
more likely to decrease their physical activity (or become completely inactive) and these
people are at higher risk of mortality. Therefore, it is likely that some of the benefits
observed from engaging in some vs. no physical activity in large prospective cohort studies
with short follow-up may partially reflect reverse causation bias. A recent UK Biobank
study reported consistent results as in the current study, suggesting potential reverse
causation in the lower range of physical activity for analysis of short follow-up periods (1-2
years).(10)

There is inconclusive evidence in respect to the dose-response relationship between physical
activity and health outcomes, particularly at the higher range of physical activity. Several
studies suggested that high amount of physical activity over 30-40 MET-hour/week
(approximately 3-5 times the physical activity recommendation) does not provide additional
benefits(2, 3) or can be even deleterious.(11, 12, 25) In our study, both single and repeated
approaches showed large reductions in mortality until around 50 MET-hour/week but after
50 MET-hour/week, single measure of physical activity showed some increasing trends
while repeated measure of physical activity showed a weak but gradually decreasing trend
even at the high end of physical activity (50-150 MET-hour/week). Our study using
cumulative average suggests that the inflection point where benefit of activity tapers off or
even reverses is much higher than suggested by some of the studies and that being physically
active consistently (long-term) is more important than being physically active sporadically. It
also indicates that studies that reported increased mortality (attenuated benefits) in
participants with high amount of physical activity may be due to measurement error and/or
reverse causation in using a single measure rather than true biologic effects. Being extremely
active and then becoming inactive could be harmful physiologically or is a sign of reverse
causation.
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In recent years, there has been increasing number of published papers using very large
cohort studies with a relatively short follow-up period (~5 years) that examined the
association between physical activity in relation to health outcomes. Some of these studies
have received great attention, especially for assessing physical activity through
accelerometer, which may substantially reduce measurement error compared to
questionnaires.(26—29) Importantly, all accelerometer studies have used a single measure of
physical activity over time, and our study suggest that repeated measures provides a
considerably stronger inverse association between physical activity and mortality likely due
to lower measurement error. In addition, to reduce reverse causation, previous studies often
excluded deaths occurred in the first year of follow-up, but our study shows that exclusion of
1-year follow-up may not be enough to address reverse causation. Future prospective studies
should consider applying at least 2-year lag period to minimize the impact of reverse
causation on the association between physical activity and mortality, and to provide more
conservative estimates. Accelerometer studies may also need to consider applying repeated
measures of physical activity to reduce within-person variability and capture long-term
habitual physical activity of cohort participants.

Compared to the other causes of deaths, respiratory disease death showed a markedly
stronger inverse association in the lower range of physical activity. Previous studies showed
some evidence that high physical activity was associated with improved lung capacity and
reduced risk of lung diseases.(30-32) However, the substantial reduction of respiratory
disease mortality may also reflect large degree of reverse causation because poor lung
function due to preexisting or undiagnosed lung diseases, which may last over a decade, can
hinder physical activity. In our lag analyses, there was suggestion of reduction in
association, especially in the cumulative average physical activity, even from 2-12 years,
though it was not as steep as 0-2 years.

Strengths of our study include a large sample of participants with 28 years of follow-up
period. We had sufficient statistical power and wide variations in physical activity levels (0-
150 MET-hour/week) to precisely examine the dose-response relationship between physical
activity and mortality. Moreover, repeated measures of physical activity and covariates
allowed us to utilize different analytical approaches comparing single vs. repeated measures
of physical activity and various lag analyses. There are several limitations as well. First, our
cohorts collected self-reported data thus some measurement error is inevitable, though our
questionnaires were validated. However, to our knowledge, there are no cohort studies with
objective physical activity information measured at multiple times over a long follow-up
period. Given that the majority of cohort studies rely on self-reported questionnaires, our
findings may provide more practical implications for future studies. Second, although we
adjusted for multiple known potential confounding variables in our analyses, we cannot rule
out residual or unmeasured confounding. Lastly, our cohorts predominantly consisted of
white health professionals which may limit the generalizability of our findings but it
strengthens internal validity.

In conclusion, we found that the impact of measurement error and reverse causation can be
considerable for studies with only a single measure of physical activity or with a short lag
time. Use of repeated measures of physical activity was more robust to such biases and
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showed evidence that a high level of physical activity is associated with reduced risk of all-
cause and cause-specific mortality in a dose-response manner. Our study suggests that the
optimal benefits of physical activity can be reached around 50 MET-hours per week which
corresponds to approximately 10 hours of moderate activities per week and there was no
evidence of reverse association (J or U-shape) but an inverse trend even at very high physical
activity levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B. Repeated measures of physical activity

B. All Causes of Death

o o © o o
o o I » o

HR of All-cause Mortality

o o o
[NERTIN

o
2

0 50 100
Repeated Measures of Physical Activity (MET-hour/week)

Deaths 120 36906 2151
PYs 7856 2765799 216767

Cumulative average —-—-2-yr lag ---- 4-yrlag ------- 8-yr lag -

B. Cardiovascular Disease Death

o oo
288 -

116

13251

12-yr lag

HR of CVD Mortality
°
&

o o o o o
[ R O

0 50 100
Repeated Measures of Physical Activity (MET-hour/week)

Deaths 40 9285 542
PYs 7941 2798969 218664

Eur J Epidemiol. Author manuscript; available in PMC 2022 March 01.

Cumulative average —-— 2-yrlag ----4-yrlag ------- 8-yrlag -

12-yrlag

150

29
13361



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Leeetal.

o o

HR of Cancer Mortality
°

o o o o

Deaths
PYs

ity

HR of Respiratory Disease Mortali
oo o

A. Cancer Death

0 50 100 150
Single Measure of Physical Activity (MET-hour/week)

221 11678 694 82
38703 2799877 175641 21964
Baseline Simple update — - — - 2-yr lag - - - - 4-yr lag ------- 8yrlag - 12:yr lag

A. Respiratory Disease Death

06
05
04
03
02
01

0 50 100 150

Single Measure of Physical Activity (MET-hour/week)
Deaths 66 2947 133 16
PYs 38892 2809580 176277 22032
Baseline simple update — - —- 2-yr lag - - - - 4-yr lag ------- 8-yrlag e 12-yr lag
A. Other Causes of Death

14

o o poR o

HR of Other Causes of Mortality
°

06
05
04
03
02
01

0 50 100 150

Single Measure of Physical Activity (MET-hour/week)
Deaths 249 12487 728 9%
PYs 38654 2797524 175529 21952

Baseline

Simple update — - — - 2-yr lag - - - - 4-yr lag ------- 8yrlag - 12:yr lag

Page 14

B. Cancer Death
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Figure 1. Dose-response relationship between physical activity and all-cause and cause-specific
mortality using different analytic approaches (pooled results of Nurses’ Health Study and Health

Professionals Follow-up Study, 1986-2014).

All models adjusted for the same covariates for model 3 (fully adjusted model) in Table 2. P
for non-linearity<0.001 for all. Number of deaths: 39,293 total deaths including 9,896 CVVD
deaths, 12,675 cancer deaths, 3,162 respiratory deaths and 13,560 other causes of deaths.
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Figure 2. Dose-response relationship between physical activity and all-cause mortality stratified
by age (pooled results of Nurses’ Health Study and Health Professionals Follow-up Study, 1986—
2014).

All models adjusted for the same covariates for model 3 (fully adjusted model) in Table 2. P
for non-linearity<0.001 for all. Number of deaths: 9,445 for age<70, 14,308 for age 70-79,
and 15,540 for =80 years.
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Age-standardized characteristics of participants according to physical activity (Health Professionals Follow-up
Study and Nurses’ Health Study, 1986—2014)3

Physical activityc

NHS (82,951 women) HPFS (50,868 men)
Quintilel  Quintile3 Quintile5 Quintilel Quintile3  Quintile 5
Age. yearsb 63.9(10.2) 63.7(10.0) 63.8(9.9) 64.6(11.4) 64.2(11.2) 63.1(11.0)
Body mass index, kg/m? 27.4 (5.7) 25.9 (4.6) 24.6 (4) 26.6 (3.9) 25.7(3.2) 25.2 (3.1)
White, % 97.0 97.8 97.7 93.5 95.3 95.5
Family history of CVD, % 37.9 38.6 38.4 33.2 335 322
Family history of cancer, % 38.8 40.3 39.9 14.9 16.2 16.3
Smoking status, %
Never smoker 444 46.2 445 45.8 48.3 52.4
Past smoker 39.9 43.1 46.1 43.9 45.7 43.0
Current smoker 15.7 10.7 9.4 10.3 6.1 4.5
Postmenopausal hormone use, %  21.0 25.8 27.0
Calorie intake, kcal/d 1702 (461) 1747 (449) 1789 (462) 1892 (567) 1963 (560) 2077 (586)
Alcohol intake, g/d 5.4 (10) 5.7 (9.1) 6.8 (9.4) 10.2 (15.2) 11.1(13.9) 11.9(13.7)
Alternate Fleathy Eating Index ~ 48.1(9.1)  51.7(9.4) 553(9.8) 50.2(10.4) 54.1(10.5) 56.9 (10.8)

Values are presented as means (SD) for continuous variables and percentages for categorical variables.

aUpdated information over the study follow-up was used

bVaIue is not age adjusted

DMedian, interquartile range, and range of total physical activity: 14, 6.3-26.4, and 0-150 MET-hour/week
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Table 2.

Association between physical activity (PA) and all-cause mortality using different analytical approaches
(pooled results of Nurses’ Health Study and Health Professionals Follow-up Study, 1986-2014)

1duosnuey Joyiny
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Physical activity

Hazard ratio (95% CI) per 10 MET-hour/week

Model 12

Model 2b

Model 3°

Single measure of PA
Baselinel
Simple updateZ
2-yr Ia93
4-yr Iag3
8-yr Iags7

12-yr Ia93

Repeated measures of PA
Cumulative average4
2-yr Iag5
4-yr Iag5
8-yr Iag5

12-yr Iag5

0.95 (0.95-0.96)
0.85 (0.84-0.85)
0.90 (0.89-0.90)
0.90 (0.89-0.90)
0.90 (0.90-0.91)

0.91 (0.90-0.91)

0.87 (0.86-0.87)
0.91 (0.90-0.91)
0.91 (0.90-0.91)
0.91 (0.91-0.92)

0.92 (0.92-0.93)

0.97 (0.97-0.98)
0.87 (0.86-0.87)
0.91 (0.90-0.91)
0.91 (0.90-0.91)
0.91 (0.90-0.91)

0.92 (0.91-0.92)

0.90 (0.89-0.90)
0.92 (0.91-0.93)
0.92 (0.92-0.93)
0.93 (0.92-0.93)

0.94 (0.93-0.94)

0.98 (0.97-0.98)
0.88 (0.87-0.88)
0.92 (0.91-0.92)
0.92 (0.91-0.93)
0.93 (0.92-0.94)

0.94 (0.93-0.94)

0.91 (0.90-0.91)
0.93 (0.93-0.94)
0.93 (0.93-0.94)
0.94 (0.93-0.95)

0.95 (0.94-0.96)

1duosnuey Joyiny
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aModeI 1: 47,273 deaths and 3,229,449 person-years, Age-adjusted model used Cox regression model using age (month) as time scale with
stratification by calendar time (year) and cohort

bModeI 2: 47,273 deaths and 3,229,449 person-years, Model 1 additionally adjusted for race (white or non-white), family history of cardiovascular
disease (yes or no), family history of cancer (yes or no), postmenopausal hormone use (premenopausal, postmenopausal current user, or

postmenopausal never/past user)alcohol intake (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), smoking status (never,
ever, 1-14, 15-24, =25 cigs/day), Alternate Healthy Eating Index (quintiles), and body mass index (<21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30—

34.9, 35-39.9, or 240 kg/m?2).

cModeI 3: 39,293 deaths and 3,003,673 person-years, Model 2 excluding prevalent diseases (cardiovascular disease and cancer).
lPhysicaI activity measured at baseline in 1986;

2Physical activity measured closest (most recent) to death;

3Physical activity measured 2, 4, 8 or 12 years prior to death;

4Average of repeated measures of physical activity from baseline to death;

5Average of repeated measures of physical activity measured 2, 4, 8 or 12 years prior to death.
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Table 3.

Page 18

stratified by PA levels (pooled results of Nurses’ Health Study and Health Professionals Follow-up Study,

1986-2014)

Physical activity

Hazard ratio (95% CI) per 10 MET-hour/week

0-50 MET-hour/week

50-150 MET-hour/week

Single measure of PA
Baseline‘Z
Simple updatez
2-yr Ia93
4-yr Ia93
8-yr Iag3

12-yr Ia93

Repeated measures of PA
. 4
Cumulative average
2-yr Iag5
4-yr Iag5
8-yr Iag5

12-yr Iag5

0.95 (0.94-0.96)
0.78 (0.77-0.79)
0.85 (0.84-0.86)
0.85 (0.84-0.86)
0.86 (0.85-0.87)

0.88 (0.87-0.89)

0.87 (0.86-0.88)
0.90 (0.89-0.91)
0.91 (0.90-0.92)
0.92 (0.91-0.93)

0.93 (0.92-0.94)

1.00 (0.98-1.02)
1.00 (0.99-1.02)
0.99 (0.98-1.01)
1.00 (0.98-1.02)
0.99 (0.97-1.01)

0.99 (0.97-1.01)

0.99 (0.96-1.02)
0.97 (0.94-0.99)
0.97 (0.94-1.00)
0.96 (0.93-0.99)

0.96 (0.93-1.00)

All models adjusted for the same covariates for model 3 (fully adjusted model) in Table 2.

'ZPhysicaI activity measured at baseline in 1986;

2., . -
Physical activity measured closest (most recent) to death;

3Physica| activity measured 2, 4, 8 or 12 years prior to death;

4 . L .
Average of repeated measures of physical activity from baseline to death;

5Average of repeated measures of physical activity measured 2, 4, 8 or 12 years prior to death.
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