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Abstract

Background

Sedentary behavior is related to increased mortality risk. Whether such elevated risk can be

offset by enhanced physical activity has not been examined using accelerometry data.

Materials and Methods

We examined the relations of sedentary time and physical activity to mortality from any

cause using accelerometry data among 1,677 women and men aged 50 years or older from

the National Health and Nutrition Examination Survey (NHANES) 2003–2004 cycle with

follow-up through December 31, 2006.

Results

During an average follow-up of 34.67 months and 4,845.42 person-years, 112 deaths oc-

curred. In multivariate Cox proportional hazard models, greater sedentary time (�median

of 8.60 hours/day) was associated with increased risk of mortality from any cause (relative

risk (RR) = 2.03; 95% confidence interval (CI) = 1.09-3.81). Low level of moderate to vigor-

ous physical activity (<median of 6.60 minutes/day) was also related to enhanced all-

cause mortality risk (RR = 3.30; 95% CI = 1.33-8.17). In combined analyses, greater time

spent sedentary and low levels of moderate to vigorous physical activity predicted a sub-

stantially elevated all-cause mortality risk. As compared with the combination of a low sed-

entary level and a high level of moderate to vigorous physical activity, the risks of mortality

from all causes were 4.38 (95% CI = 1.26-15.16) for low levels of both sedentary time and

physical activity, 2.79 (95% CI = 0.77-10.12) for greater time spent sedentary and high

physical activity level, and 7.79 (95% CI = 2.26-26.82) for greater time spent sedentary and

low physical activity level. The interaction term between sedentary time and moderate to

vigorous physical activity was not statistically significant (p = 0.508).

Conclusions

Both high levels of sedentary time and low levels of moderate to vigorous physical activity

are strong and independent predictors of early death from any cause. Whether a high
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physical activity level removes the increased risk of all-cause mortality related to sedentari-

ness requires further investigation.

Introduction
High amounts of time spent sedentary and low levels of physical activity are major public
health concerns in industrialized countries. On average, United States (U.S.) adults spend 50 to
60% of their day in sedentary behaviors [1] and the vast majority does not participate in regular
physical activity [2]. A growing body of evidence suggests that high levels of sedentary time
represent a risk factor for premature mortality [3–14]. A recent meta-analysis reported a 2% in-
creased risk of mortality for each one hour per day increase in self-reported total sitting time
and a 34% higher mortality risk for those who indicated sitting 10 hours per day [15]. By com-
parison, physical activity is known to prevent premature mortality, with a recent meta-analysis
estimating that increased self-reported physical activity is related to a 35% reduced risk of mor-
tality [16].

It is of particular importance to gain insight into the risk of mortality associated with exces-
sive sedentary time in individuals who are otherwise physically active to determine the optimal
balance between time spent in sedentary behaviors and physical activity for longevity. Should
individuals who sit for most of the day carry health risk despite high physical activity levels,
then future physical activity guidelines may need to be expanded to include recommendations
on daily sedentary time. However, only three studies have examined the joint relations of sed-
entary time and physical activity to risk of mortality to date [4, 6, 8]. Two of those studies ob-
served that high physical activity levels did not fully negate the apparent deleterious effect of
prolonged total sedentary time or television (TV) viewing time on mortality [6, 8]. The third
study reported a positive dose-response relation between sedentary time and mortality that
was similar in both physically active and physically inactive individuals [4]. These investiga-
tions are limited by their use of self-report methods, which bear the potential for reporting er-
rors of sedentary behavior and physical activity [17–21].

To our knowledge, no study has examined the joint relations of objectively measured seden-
tary time and physical activity to risk of mortality. To address this critical issue, we used accel-
erometry data from a nationally representative sample of the U.S. population to examine
whether higher levels of physical activity can alleviate the apparent adverse effect of time spent
sedentary on early mortality from any cause.

Methods

Ethics Statement
The National Center for Health Statistics Research Ethics Review Board approved the survey
protocols, and written informed consent was obtained for all individuals.

Study population
The present study was based on data from the 2003–2004 NHANES cycle that used a multi-
stage probability sampling design to generate a sample of participants representative of the ci-
vilian non-institutionalized U.S. population [22]. For the purposes of our analyses, we included
accelerometry data from individuals aged 50 years or older who achieved a minimum of twelve
hours of monitor wear on one or more days. From 2,510 eligible participants, we excluded 833
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persons for the following reasons: missing or invalid accelerometry data (n = 643), missing in-
formation on survey weight (n = 183), missing data regarding mortality status or duration of
follow-up (n = 6), or unknown information about mortality cause (n = 1), leaving 1,677 partici-
pants for analysis. Information on demographics, socioeconomic status, and medical history
was collected during an in-home interview [22]. Study participants were further invited to a
mobile examination center (MEC) for standardized clinical examinations including anthropo-
metric measurements. Data from participants of the NHANES 2003–2004 survey were linked
to death certificate data from the National Death Index. Additional sources of follow-up for
mortality included the Social Security Administration, the Centers for Medicare and Medicaid
Services, and death certificates [23]. Person-years of follow-up were calculated from the date of
examination until date of death or censoring on December 31, 2006, whichever occurred first.

Physical activity and sedentary behavior measures
Physical activity was assessed using the uniaxial ActiGraph AM-7164 accelerometer (Acti-
Graph, Ft. Walton Beach, FL). The physical activity monitor was positioned on the waist by a
belt for up to seven consecutive days. Wear time was determined by subtracting non-wear time
from 24 hours [24]. Non-wear time was defined as an interval of at least 60 consecutive min-
utes of zero counts, allowing for intervals of 1–2 minutes of relatively low counts (i.e., 1–100
counts) [24–27]. To define sedentary time and moderate to vigorous physical activity, we used
cut-points from published calibration studies [25, 26, 28–30]. Specifically, sedentary time was
defined as less than 100 counts per minute [30]. Moderate to vigorous physical activity was de-
fined as a minimum of 2,020 counts per minute, which represents the weighted average cut-
point for moderate to vigorous physical activity from published calibration studies [25, 26, 28,
29] as described by Metzger et al. [31].

Statistical analysis
We used Cox proportional hazards models to estimate relative risks (RRs) and corresponding
95% confidence intervals (CIs) of mortality. Schoenfeld´s residuals [32] were used to verify the
proportional hazards assumption. Sample weights were included in the models as weight vari-
ables to reduce the variance in the estimation procedure, to avoid the effect of differential prob-
abilities of selection among subgroups, and to compensate for exclusion of sampling areas in
the sampling frame. To estimate the independent effects of sedentary time and moderate to vig-
orous physical activity on mortality from any cause, we mutually adjusted for sedentary time
and moderate to vigorous physical activity. We examined risk of those exposures relative to
low-risk referent categories (i.e., low sedentary time, high moderate to vigorous physical activi-
ty). We dichotomized sedentary time and moderate to vigorous physical activity at their medi-
ans to yield sufficient numbers of participants for analysis and to facilitate the complex nature
of joint associations. The multiplicative interaction between sedentary time and moderate to
vigorous physical activity was evaluated using a Wald test.

The basic model was adjusted for age and sex. An additional model was further adjusted for
education (less than high school, high school, more than high school), ethnicity (Caucasian,
non-Hispanic black, Hispanic), smoking habits (current, former, never), light physical activity
(<310.5 min/day,�310.5 min/day; defined as 100 to 2019 accelerometer counts per minute),
alcohol consumption (current, former, never), history of chronic diseases (diabetes, coronary
heart disease, congestive heart failure, stroke, cancer), and mobility limitations (difficulty walk-
ing a quarter of a mile or walking up ten steps without resting). A third model was mutually ad-
justed for sedentary time (continuous) and moderate to vigorous physical activity
(continuous). In a fourth model, we additionally adjusted for body mass index (BMI) modeled
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as a categorical variable according to the World Health Organization (WHO) cut-points
(<18.5, 18.5–24.9, 25.0–29.9,�30.0 kg/m²). Separate categories were created for covariates
with missing values. In sensitivity analyses, potential reverse causality was assessed by exclud-
ing persons with a history of chronic diseases, those with mobility limitations, or deaths that
occurred during the first year of follow up. We also examined whether findings were altered
when we selected individuals with four or more valid days of accelerometry data instead of one
or more valid day. To explore whether the cut-points selected for the accelerometer counts af-
fected our results, in a further sensitivity analysis we varied the cut-points for sedentary time
(<50 and<150 counts per minute) and moderate to vigorous physical activity (>1,500 and
>2,500 counts per minute).

The type I error rate was set at 0.05 and all tests and confidence limits were two-tailed. All
statistical analyses were performed using SAS release 9.2 and the Cox proportional models
were conducted using the SURVEYPHREG procedure (SAS Institute Inc., Cary, NC).

Results
During a median follow-up time of 34.67 months, the analytic cohort of 1,677 participants ac-
cumulated 4,845.42 person-years of follow-up, among which 112 deaths occurred. Age-
standardized baseline characteristics of the cohort according to the medians of sedentary time
(8.60 h/d) and moderate to vigorous physical activity (6.60 min/d) are shown in Table 1. The
median age of the participants was approximately 67 years. Overall, subjects with sedentary
time above the median were more likely to be Caucasian and to have a history of diabetes, car-
diovascular disease (CVD), cancer, and mobility limitations than those with time spent seden-
tary below the median. Participants with a higher moderate to vigorous physical activity level
were less likely to have formerly smoked and to have a history of diabetes, CVD, cancer, and
mobility limitations than those with a lower moderate to vigorous physical activity level.

In age- and sex-adjusted analyses, a high versus low level of sedentary time was associated
with a statistically significant increased risk of mortality from any cause (RR = 3.25; 95% CI =
1.88–5.62) (Table 2). Adjustment for potential confounding variables attenuated the relation
but it remained statistically significant (RR = 2.08; 95% CI = 1.13–3.82). Additional control for
moderate to vigorous physical activity did not further materially change the result (RR = 2.03;
95% CI = 1.09–3.18). Further adjustment for BMI also had little impact on the risk estimate
(RR = 1.96; 95% CI = 1.10–3.52).

A low versus high level of moderate to vigorous physical activity was associated with a statis-
tically significant increased risk of mortality from any cause in the age- and sex-adjusted model
and confidence limits were wide (RR = 6.32; 95% CI = 2.69–14.88). Multivariate adjustment
strongly attenuated the relation but it persisted to be statistically significant (RR = 3.44; 95% CI
= 1.39–8.50) (Table 2). Additional inclusion of sedentary time in the model had little impact
(RR = 3.30; 95% CI = 1.33–8.17) as did subsequent adjustment for BMI (RR = 3.28; 95% CI =
1.33–8.13).

We next examined the combined relations of sedentary time and moderate to vigorous
physical activity to all-cause mortality (Table 2). As compared with the combination of low
level of sedentary time and high level of moderate to vigorous physical activity, the multivariate
relative risk of all-cause mortality for the combination of greater time spent sedentary and low
level of moderate to vigorous physical activity was 7.79 (95% CI = 2.26–26.82). That association
was not substantially altered after additional adjustment for BMI (RR = 7.82; 95% CI = 2.24–
27.24). The relative risk of all-cause mortality was 4.38 (95% CI = 1.26–15.16) for the combina-
tion of low levels of both sedentary time and moderate to vigorous physical activity and it was
2.79 (95% CI = 0.77–10.12) for the combination of greater sedentary time and high level of
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Table 1. Age-standardized baseline characteristics of the study population by medians of sedentary
time (8.60 hours per day) and moderate to vigorous physical activity (6.60 minutes per day).

Sedentary time (h/d) Moderate to vigorous
physical activity (min/d)

<8.60 �8.60 <6.60 �6.60

Number of individuals 838 839 836 841

Mean age at baseline (years) 64.9 69.5 71.7 62.7

Sex (%)

Men 49.6 48.9 47.7 48.2

Women 50.4 51.1 52.3 51.8

Education (%)

<High school 36.4 46.7 36.8 43.4

High school 22.2 25.4 26.1 22.8

>High school 41.0 27.6 36.7 33.4

Ethnicity (%)

Caucasian 56.9 63.8 62.1 58.0

Black 14.2 14.8 16.9 13.6

Hispanic 26.4 16.5 17.4 24.7

Missing 2.49 4.94 3.67 3.78

BMI (%)

<18.5 kg/m2 0.7 0.7 0.7 0.7

18.5–24.9 kg/m2 30.2 31.2 29.6 31.8

25.0–29.9 kg/m2 40.6 38.2 37.1 41.7

�30.0 kg/m2 26.2 28.1 30.6 23.8

Missing 2.3 1.8 2.0 2.0

Light physical activity (%)

<310.5 min/d 27.8 72.1 69.4 30.7

�310.5 min/d 72.2 27.9 30.6 69.3

Alcohol consumption (%)

Current 52.6 49.7 44.6 55.0

Former 28.8 30.0 34.1 27.2

Never 14.9 16.3 18.0 13.9

Missing 3.71 4.02 3.38 3.93

Smoking status (%)

Current 40.3 38.8 37.0 39.9

Former 13.9 14.9 20.1 11.4

Never 45.8 46.4 42.9 48.7

Chronic disease history

Diabetes (%) 13.7 19.2 23.1 11.5

Coronary heart disease (%) 8.7 9.4 9.9 7.3

Congestive heart failure (%) 4.7 6.8 8.0 3.1

Stroke (%) 5.7 6.9 8.1 4.0

Cancer (%) 14.4 18.2 18.0 16.8

Difficulty walking a quarter of a mile (%) 14.7 18.1 21.7 10.0

Difficulty walking up ten steps (%) 10.5 14.1 17.2 7.6

doi:10.1371/journal.pone.0119591.t001
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Table 2. Age- and sex-, and multivariate-adjusted relative risks (RRs) and 95% confidence intervals
(CIs)* of mortality from any cause according to sedentary time and moderate to vigorous physical
activity.

Total mortality

Sedentary time

Sedentary time <8.60 h/d Sedentary time �8.60 h/d

Deaths, n 26 86

Person-yrs 2466.3 2379.1

Age- and sex-adjusted RR (95% CI) 1.0 (ref.) 3.25 (1.88–5.62)

Multivariate-adjusted RR (95% CI) 1.0 (ref.) 2.08 (1.13–3.82)

Multivariate and MVPA-adjusted RR
(95% CI)

1.0 (ref.) 2.03 (1.09–3.81)

Multivariate and MVPA- and BMI-
adjusted RR (95% CI)

1.0 (ref.) 1.96 (1.10–3.52)

Moderate to vigorous physical activity

Moderate to vigorous physical
activity � 6.60 min/d

Moderate to vigorous physical
activity<6.60 min/d

Deaths, n 14 98

Person-yrs 2484.6 2360.8

Age- and sex-adjusted RR (95% CI) 1.0 (ref.) 6.32 (2.69–14.88)

Multivariate-adjusted RR (95% CI) 1.0 (ref.) 3.44 (1.39–8.50)

Multivariate and sedentary time-
adjusted RR (95% CI)

1.0 (ref.) 3.30 (1.33–8.17)

Multivariate and sedentary time- and
BMI-adjusted RR (95% CI)

1.0 (ref.) 3.28 (1.33–8.13)

Combined sedentary time and moderate to vigorous physical activity

Moderate to vigorous physical
activity � 6.60 min/d

Moderate to vigorous physical
activity<6.60 min/d

Sedentary time <8.60 h/d

Deaths, n 6 20

Person-yrs 1619.3 847.1

Age- and sex-adjusted RR (95% CI) 1.0 (ref.) 5.75 (1.79–18.48)

Multivariate-adjusted RR (95% CI) 1.0 (ref.) 4.38 (1.26–15.16)

Multivariate and BMI-adjusted RR
(95% CI)

1.0 (ref.) 4.30 (1.23–15.05)

Sedentary time �8.60 h/d

Deaths, n 8 78

Person-yrs 865.3 1513.8

Age- and sex-adjusted RR (95% CI) 2.87 (0.83–9.88) 15.39 (4.86–48.70)

Multivariate-adjusted RR (95% CI) 2.79 (0.77–10.12) 7.79 (2.26–26.82)

Multivariate and BMI-adjusted RR
(95% CI)

2.79 (0.77–10.21) 7.82 (2.24–27.24)

*Multivariate analyses are adjusted for age, sex, education, ethnicity, smoking, light physical activity,

alcohol consumption, history of diabetes, history of cardiovascular disease (coronary heart disease,

congestive heart failure, stroke), history of cancer, and mobility limitations.

MVPA = moderate to vigorous physical activity; BMI = body mass index; sedentary time and moderate to

vigorous physical activity were mutually adjusted.

doi:10.1371/journal.pone.0119591.t002
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moderate to vigorous physical activity. The interaction term between sedentary time and mod-
erate to vigorous physical activity was not statistically significant (p = 0.508).

In sensitivity analyses, exclusion of persons with a history of diabetes or cancer resulted in a
loss of statistical significance of the relations of time spent sedentary and moderate to vigorous
physical activity to all-cause mortality. By comparison, exclusion of subjects with a history of
CVD or those with mobility limitations did not affect the risk estimates for sedentary time or
moderate to vigorous physical activity (Table 3). When we excluded deaths that occurred dur-
ing the first year of follow-up, the independent association of sedentary time with all-cause
mortality was attenuated (RR = 1.59; 95% CI = 0.84–3.03) but the relation of low level of mod-
erate to vigorous physical activity to all-cause mortality remained evident (RR = 3.06; 95%
CI = 1.13–8.26).

In further sensitivity analyses, the combination of greater time spent sedentary and low level
of moderate to vigorous physical activity remained positively associated with risk of early mor-
tality from any cause even after excluding participants with a history of diabetes (RR = 4.55;
95% CI = 1.15–18.02), CVD (RR = 13.50; 95% CI = 2.80–65.13), cancer (RR = 4.32; 95%
CI = 1.04–17.89), those with mobility limitations (RR = 8.37; 95% CI = 1.98–35.27), or exclud-
ing deaths that occurred during the first year of follow up (RR = 5.40; 95% CI = 1.46–19.98)
(Table 4).

Our findings were not materially altered when we selected individuals with four or more
valid days of accelerometry data instead of one or more valid day, with a relative risk of all-
cause mortality for the combination of greater time spent sedentary and low level of moderate

Table 3. Multivariate relative risks (RRs) and 95% confidence intervals (CIs)* of mortality from any cause according to sedentary time or
moderate to vigorous physical activity among all participants and after exclusion of participants with a history of chronic diseases or mobility
limitations, or deaths occurring within the first year of follow-up.

Total mortality

Deaths, n Person-yrs RR (95% CI) Deaths, n Person-yrs RR (95% CI)

Sedentary time (h/d) <8.60 �8.60

Multivariate-adjusteda 25 2115.3 1.0 (ref.) 62 1934.8 1.38 (0.72–2.65)

Multivariate-adjustedb 15 2141.5 1.0 (ref.) 53 1917.2 2.53 (1.05–6.06)

Multivariate-adjustedc 20 2134.8 1.0 (ref.) 55 1923.7 1.66 (0.81–3.42)

Multivariate-adjustedd 19 2052.3 1.0 (ref.) 63 1820.9 2.17 (1.13–4.14)

Multivariate-adjustede 21 2463.0 1.0 (ref.) 59 2362.8 1.59 (0.84–3.03)

Moderate to vigorous physical activity (min/d) �6.60 <6.60

Multivariate-adjusteda 13 1854.8 1.0 (ref.) 74 2195.3 2.46 (0.87–7.00)

Multivariate-adjustedb 9 1839.8 1.0 (ref.) 59 2218.8 3.72 (1.28–10.77)

Multivariate-adjustedc 12 1888.8 1.0 (ref.) 63 2169.7 2.22 (0.73–6.74)

Multivariate-adjustedd 10 1695.8 1.0 (ref.) 72 2177.4 3.63 (1.48–8.88)

Multivariate-adjustede 11 2344.0 1.0 (ref.) 69 2481.8 3.06 (1.13–8.26)

*Adjusted for age, sex, education, ethnicity, smoking, light physical activity, alcohol consumption, history of diabetes, history of cardiovascular disease

(coronary heart disease, congestive heart failure, stroke), history of cancer, and mobility limitations. Sedentary time and moderate to vigorous physical

activity were mutually adjusted.

a) Participants with history of diabetes excluded.

b) Participants with history of cardiovascular disease events excluded.

c) Participants with history of cancer excluded.

d) Participants with mobility limitations excluded.

e) Participants who died within the first year of follow-up excluded.

doi:10.1371/journal.pone.0119591.t003
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to vigorous physical activity of 8.10 (95% CI = 2.31–28.11). Also, our results were not sensitive
to the selection of different cut-points for the accelerometer counts, with all-cause mortality
risk for the combination of greater time spent sedentary and low level of moderate to vigorous
physical activity ranging from 5.29 (95% CI = 1.32–21.33) to 8.15 (95% CI = 2.27–29.13).

Discussion
In our study of objectively assessed sedentary time and physical activity, we found that both
high levels of sedentary time and low levels of vigorous physical activity were independent pre-
dictors of early mortality from any cause. Greater time spent sedentary remained associated
with increased all-cause mortality risk even among those categorized as having a high level of
moderate to vigorous physical activity, but that relation was not statistically significant. Thus,
we were unable to conclusively determine whether a high level of physical activity counteracts
the increased risk of mortality conferred by greater time spent sedentary.

In our analyses, the strength and direction of the combined association of greater time spent
sedentary and low level of moderate to vigorous physical activity with early mortality remained
evident after accounting for pre-existing chronic diseases or mobility limitations, or disregarding
deaths that occurred during the first year of follow-up. However, because follow-up time was
limited in our study, we cannot rule out that the observed association was partly due to reverse
causation, which could have occurred if pre-existing illness caused participants to increase their
sedentary time or decrease their physical activity level. Mutual adjustment for sedentary time

Table 4. Multivariate relative risks (RRs) and 95% confidence intervals (CI)* of mortality from any cause according to joint categories of
sedentary time and moderate to vigorous physical activity among all participants and after exclusion of participants with a history of chronic
diseases or mobility limitations, or deaths occurring within the first year of follow-up.

Total mortality

Moderate to vigorous physical activity

�6.60 min/d <6.60 min/d

Sedentary time <8.60 h/d Person-yrs Deaths, n RR (95% CI) Person-yrs Deaths, n RR (95% CI)

Multivariate-adjusteda 1427.0 6 1.0 (ref.) 688.3 19 3.87 (1.01–14.83)

Multivariate-adjustedb 1457.2 4 1.0 (ref.) 684.3 11 5.98 (1.25–28.67)

Multivariate-adjustedc 1448.3 6 1.0 (ref.) 686.5 14 2.84 (0.71–11.31)

Multivariate-adjustedd 1412.7 4 1.0 (ref.) 639.7 15 3.91 (0.91–16.81)

Multivariate-adjustede 1618.3 5 1.0 (ref.) 844.8 16 3.53 (0.94–13.19)

Sedentary time �8.60 h/d

Multivariate-adjusteda 768.3 7 2.45 (0.67–9.00) 1166.5 55 4.55 (1.15–18.02)

Multivariate-adjustedb 761.7 5 4.38 (0.87–22.08) 1155.5 48 13.50 (2.80–65.13)

Multivariate-adjustedc 721.3 6 2.21 (0.54–9.02) 1202.3 49 4.32 (1.04–17.89)

Multivariate-adjustedd 764.8 6 2.37 (0.46–12.22) 1056.2 57 8.37 (1.98–35.27)

Multivariate-adjustede 863.6 6 1.88 (0.47–7.52) 1499.3 53 5.40 (1.46–19.98)

*Adjusted for age, sex, education, ethnicity, smoking, light physical activity, alcohol consumption, history of diabetes, history of cardiovascular disease

(coronary heart disease, congestive heart failure, stroke), history of cancer, and mobility limitations.

a) Participants with history of diabetes excluded.

b) Participants with history of cardiovascular disease events excluded.

c) Participants with history of cancer excluded.

d) Participants with mobility limitations excluded.

e) Participants who died within the first year of follow-up excluded.

doi:10.1371/journal.pone.0119591.t004
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and physical activity did not markedly affect the associations with early mortality, suggesting
that the relations of these exposures to mortality are independent from each other.

While residual confounding by obesity may in theory contribute to the positive association
between sedentary time and mortality, in our study the association with sedentary time was
not essentially altered after controlling for BMI. This finding is in accordance with those from
other studies [3, 4, 7, 8, 12, 13], stressing a role of sedentary behavior for mortality risk that is
independent from adiposity.

Three previous studies based on self-administered questionnaires investigated the joint as-
sociation of sedentary behavior and physical activity with total mortality and found that high
physical activity levels did not counteract the apparent deleterious effects of greater time spent
sedentary on mortality risk [4, 6, 8]. One study revealed 94% and 48% increased death rates
among women and men, respectively, comparing high levels of sedentary time and low levels
of moderate to vigorous physical activity with low levels of sedentary time and high levels of
moderate to vigorous physical activity [6]. Another study found a 40% increased risk of mortal-
ity in individuals who reported sitting almost all of the time versus almost none of the time
even among those who were physically active during leisure time [4]. Similarly, a third study
reported that even among participants engaging in moderate to vigorous physical activity
seven hours per week, TV viewing for seven hours per day remained associated with a 1.5-fold
increased risk of mortality compared to TV viewing less than one hour per day [8]. Self-re-
ported questionnaires bear the potential for measurement error [17–21] and may have resulted
in attenuation of the strength of the risk estimates and underestimation of the true effects of
sedentary behavior and physical activity on mortality risk in previous studies. Measurement
error could also have produced an overestimation of the associations.

The findings of the present study confirm the results of a previous study examining the rela-
tion between objectively-assessed sedentary time and risk of mortality from any cause in the
NHANES population [9]. The novelty of our study is that we investigated the joint relations of
sedentary time and physical activity to mortality.

The exact mechanisms linking high sedentariness to enhanced risk of mortality remain to
be elucidated. Sedentary behavior may operate through various metabolic and inflammatory
pathways [33, 34]. For example, epidemiologic studies using objective measures to assess sed-
entary time have reported significant positive associations between total time spent sedentary
and blood glucose and lipid levels [35, 36]. Findings from an experimental study revealed re-
duced peripheral insulin sensitivity in participants who lowered their daily steps from 10,501
to 1,344 steps per day during a 2-week period [37]. Furthermore, observational studies [38–40]
and randomized clinical trials [41, 42] show that reducing TV time and time spent sedentary
decreases the risk of obesity and type 2 diabetes. Animal studies demonstrate that physical in-
activity suppresses lipoprotein lipase (LPL) activity, which is involved in the uptake of free
fatty acids and triglycerides into skeletal muscle and production of high-density lipoprotein
(HDL) cholesterol [43–45]. Glucose uptake may also be lowered by reduced muscle contraction
through blunted translocation of GLUT-4 glucose transporters to the skeletal muscle cell sur-
face [46]. Increased levels of glucose, triglycerides, and free fatty acids can produce excess free
radicals and promote endothelial dysfunction, inflammation, hypercoagulability, and other
atherogenic changes, which may predispose to coronary heart disease [46–49]. Moreover, time
spent sedentary, particularly while watching TV is associated with greater food consumption
and energy intake [50], lower energy expenditure [51], and weight gain [52]. These variables
are associated with increased risk of mortality [53–55].

For physical activity, the potential mechanisms underlying the risk of mortality are sus-
pected to involve improvements in chronic inflammation, immune function, and antioxidant
enzyme systems, changes in sex hormones, and weight reduction [56–58]. Increased exercise
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training may alter cholesterol metabolism, particularly HDL-cholesterol metabolism, with low
levels of HDL-cholesterol responding positively to exercise training [59]. Physical activity has
been shown to reduce thrombotic variables and to decrease overall cardiovascular disease inci-
dence and mortality [60–62]. Moreover, exercise may reduce levels of estrogen and androgens
[63–65], which are positively related to cancer incidence [63, 66, 67] and may partly contribute
to risk of cancer mortality [68, 69].

Strengths and limitations
A particularly favorable feature of the present study is the objective assessment of sedentary
behavior and physical activity, which is considered more accurate than self-report methods
[17–21]. Further strengths of our study include the nationally representative sample of middle-
aged to older adults, its prospective design, and the ability to carefully address the impact of
potential confounding.

Several limitations of our study merit comment, including the short duration of follow-up,
which may have led to reverse causation. Although we conducted extensive sensitivity analyses
by adjusting for health conditions or disability and restricting the data to a relatively healthy
population, it remains likely that we overestimated the effects of sedentary time and moderate
to vigorous physical activity on mortality risk in our study because pre-existing but undiag-
nosed chronic disease may have influenced levels of sedentary time and physical activity at
baseline. Because the physical activity data were skewed, the median value for moderate to vig-
orous physical activity of 6.60 min/day was not very high in the dataset. Although we carefully
adjusted for a wide range of potential confounding variables, unmeasured or unknown con-
founding may have partly accounted for the reported associations.

A further shortcoming of this study is that accelerometers do not allow differentiating be-
tween postures of low energy expenditure (e.g., sitting versus standing). Moreover, using accel-
erometer-based data, we were unable to distinguish between different types of sedentary time
(i.e., watching TV, working, driving, or socializing) and different types of physical activity (i.e.,
recreational, household, transportation, or occupational physical activity), which may differen-
tially affect risk for mortality. In addition, accelerometers are not sensitive to detecting upper
body movements, biking, or swimming, which could have led us to underestimate physical ac-
tivity levels of study participants.

Conclusion
In conclusion, in this population of middle-aged to older individuals, we found that both high
levels of sedentary time and low levels of moderate to vigorous physical activity were indepen-
dent predictors of early mortality from any cause. Whether greater moderate to vigorous physi-
cal activity compensates for the increased mortality risk associated with a high volume of
sedentary time requires further investigation in larger studies with longer follow-up. While cur-
rent recommendations and intervention approaches focus on adequate levels of physical activity
for protection of health, individual-level and public health efforts to reduce the time spent sed-
entary have been given less weight [70, 71] and only a few countries have incorporated sedentary
behavior recommendations in their guidelines [72–74]. Physical activity guidelines may need to
be expanded by incorporating recommendations to reduce time spent in sedentary behaviors.

Author Contributions
Conceived and designed the experiments: MFL DS CR. Performed the experiments: MFL DS
CR. Analyzed the data: CR. Contributed reagents/materials/analysis tools: MFL DS CR. Wrote
the paper: DS MFL.

Sedentary Behavior and Physical Activity in Predicting Early Mortality

PLOS ONE | DOI:10.1371/journal.pone.0119591 March 13, 2015 10 / 14



References
1. Healy GN, Matthews CE, Dunstan DW,Winkler EA, Owen N. Sedentary time and cardio-metabolic bio-

markers in US adults: NHANES 2003–06. Eur Heart J. 2011; 32:590–7. doi: 10.1093/eurheartj/ehq451
PMID: 21224291

2. Centers for Disease Control and Prevention. Facts about Physical Activity. 2012. Available: http://www.
cdc.gov/physicalactivity/data/facts.html. Accessed January 15, 2014.

3. Dunstan DW, Barr EL, Healy GN, Salmon J, Shaw JE, Balkau B, et al. Television viewing time and mor-
tality: the Australian Diabetes, Obesity and Lifestyle Study (AusDiab). Circulation. 2010; 121:384–91.
doi: 10.1161/CIRCULATIONAHA.109.894824 PMID: 20065160

4. Katzmarzyk PT, Church TS, Craig CL, Bouchard C. Sitting time and mortality from all causes, cardio-
vascular disease, and cancer. Med Sci Sports Exerc. 2009; 41:998–1005. doi: 10.1249/MSS.
0b013e3181930355 PMID: 19346988

5. Stamatakis E, Hamer M, Dunstan DW. Screen-based entertainment time, all-cause mortality, and car-
diovascular events: population-based study with ongoing mortality and hospital events follow-up. J Am
Coll Cardiol. 2011; 57:292–9. doi: 10.1016/j.jacc.2010.05.065 PMID: 21232666

6. Patel AV, Bernstein L, Deka A, Feigelson HS, Campbell PT, Gapstur SM, et al. Leisure time spent sitting
in relation to total mortality in a prospective cohort of US adults. Am J Epidemiol. 2010; 172:419–29. doi:
10.1093/aje/kwq155 PMID: 20650954

7. Wijndaele K, Brage S, Besson H, Khaw KT, Sharp SJ, Luben R, et al. Television viewing time indepen-
dently predicts all-cause and cardiovascular mortality: the EPIC Norfolk study. Int J Epidemiol. 2011;
40:150–9. doi: 10.1093/ije/dyq105 PMID: 20576628

8. Matthews CE, George SM, Moore SC, Bowles HR, Blair A, Park Y, et al. Amount of time spent in seden-
tary behaviors and cause-specific mortality in US adults. Am J Clin Nutr. 2012; 95:437–45. doi: 10.
3945/ajcn.111.019620 PMID: 22218159

9. Koster A, Caserotti P, Patel KV, Matthews CE, Berrigan D, Van Domelen DR, et al. Association of sed-
entary time with mortality independent of moderate to vigorous physical activity. PLoS One. 2012; 7:
e37696. e37696. doi: 10.1371/journal.pone.0037696. PMID: 22719846

10. Chau JY, Grunseit A, Midthjell K, Holmen J, Holmen TL, Bauman AE, et al. Sedentary behaviour and
risk of mortality from all-causes and cardiometabolic diseases in adults: evidence from the HUNT3 pop-
ulation cohort. Br J Sports Med. 2013. 10.1136/bjsports-2012-091974.

11. Inoue M, Iso H, Yamamoto S, Kurahashi N, Iwasaki M, Sasazuki S, et al. Daily total physical activity
level and premature death in men and women: results from a large-scale population-based cohort
study in Japan (JPHC study). Ann Epidemiol. 2008; 18:522–30. doi: 10.1016/j.annepidem.2008.03.008
PMID: 18504139

12. van der Ploeg HP, Chey T, Korda RJ, Banks E, Bauman A. Sitting time and all-cause mortality risk in
222 497 Australian adults. Arch Intern Med. 2012; 172:494–500. doi: 10.1001/archinternmed.2011.
2174 PMID: 22450936

13. Pavey TG, Peeters GG, BrownWJ. Sitting-time and 9-year all-cause mortality in older women. Br J
Sports Med. 2012. doi: 10.1136/bjsports-2012-091676.

14. Weller I, Corey P. The impact of excluding non-leisure energy expenditure on the relation between
physical activity and mortality in women. Epidemiology. 1998; 9:632–5. PMID: 9799173

15. Chau JY, Grunseit AC, Chey T, Stamatakis E, BrownWJ, Matthews CE, et al. Daily sitting time and all-
cause mortality: a meta-analysis. PLoS One. 2013; 8:e80000. doi: 10.1371/journal.pone.0080000.
PMID: 24236168

16. Samitz G, Egger M, Zwahlen M. Domains of physical activity and all-cause mortality: systematic review
and dose-response meta-analysis of cohort studies. Int J Epidemiol. 2011; 40:1382–400. doi: 10.1093/
ije/dyr112 PMID: 22039197

17. Healy GN, Clark BK, Winkler EA, Gardiner PA, BrownWJ, Matthews CE. Measurement of adults’ sed-
entary time in population-based studies. Am J Prev Med. 2011; 41:216–27. doi: 10.1016/j.amepre.
2011.05.005 PMID: 21767730

18. Matthews CE, Moore SC, George SM, Sampson J, Bowles HR. Improving self-reports of active and
sedentary behaviors in large epidemiologic studies. Exerc Sport Sci Rev. 2012; 40:118–26. doi: 10.
1097/JES.0b013e31825b34a0 PMID: 22653275

19. Schatzkin A, Subar AF, Moore S, Park Y, Potischman N, Thompson FE, et al. Observational epidemio-
logic studies of nutrition and cancer: the next generation (with better observation). Cancer Epidemiol
Biomarkers Prev. 2009; 18:1026–32. doi: 10.1158/1055-9965.EPI-08-1129 PMID: 19336550

20. Ferrari P, Friedenreich C, Matthews CE. The role of measurement error in estimating levels of physical
activity. Am J Epidemiol. 2007; 166:832–40. PMID: 17670910

Sedentary Behavior and Physical Activity in Predicting Early Mortality

PLOS ONE | DOI:10.1371/journal.pone.0119591 March 13, 2015 11 / 14

http://dx.doi.org/10.1093/eurheartj/ehq451
http://www.ncbi.nlm.nih.gov/pubmed/21224291
http://www.cdc.gov/physicalactivity/data/facts.html
http://www.cdc.gov/physicalactivity/data/facts.html
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.894824
http://www.ncbi.nlm.nih.gov/pubmed/20065160
http://dx.doi.org/10.1249/MSS.0b013e3181930355
http://dx.doi.org/10.1249/MSS.0b013e3181930355
http://www.ncbi.nlm.nih.gov/pubmed/19346988
http://dx.doi.org/10.1016/j.jacc.2010.05.065
http://www.ncbi.nlm.nih.gov/pubmed/21232666
http://dx.doi.org/10.1093/aje/kwq155
http://www.ncbi.nlm.nih.gov/pubmed/20650954
http://dx.doi.org/10.1093/ije/dyq105
http://www.ncbi.nlm.nih.gov/pubmed/20576628
http://dx.doi.org/10.3945/ajcn.111.019620
http://dx.doi.org/10.3945/ajcn.111.019620
http://www.ncbi.nlm.nih.gov/pubmed/22218159
http://dx.doi.org/10.1371/journal.pone.0037696
http://www.ncbi.nlm.nih.gov/pubmed/22719846
http://dx.doi.org/10.1136/bjsports-2012-091974
http://dx.doi.org/10.1016/j.annepidem.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18504139
http://dx.doi.org/10.1001/archinternmed.2011.2174
http://dx.doi.org/10.1001/archinternmed.2011.2174
http://www.ncbi.nlm.nih.gov/pubmed/22450936
http://dx.doi.org/10.1136/bjsports-2012-091676
http://www.ncbi.nlm.nih.gov/pubmed/9799173
http://dx.doi.org/10.1371/journal.pone.0080000
http://www.ncbi.nlm.nih.gov/pubmed/24236168
http://dx.doi.org/10.1093/ije/dyr112
http://dx.doi.org/10.1093/ije/dyr112
http://www.ncbi.nlm.nih.gov/pubmed/22039197
http://dx.doi.org/10.1016/j.amepre.2011.05.005
http://dx.doi.org/10.1016/j.amepre.2011.05.005
http://www.ncbi.nlm.nih.gov/pubmed/21767730
http://dx.doi.org/10.1097/JES.0b013e31825b34a0
http://dx.doi.org/10.1097/JES.0b013e31825b34a0
http://www.ncbi.nlm.nih.gov/pubmed/22653275
http://dx.doi.org/10.1158/1055-9965.EPI-08-1129
http://www.ncbi.nlm.nih.gov/pubmed/19336550
http://www.ncbi.nlm.nih.gov/pubmed/17670910


21. Celis-Morales CA, Perez-Bravo F, Ibanez L, Salas C, Bailey ME, Gill JM. Objective vs. self-reported
physical activity and sedentary time: effects of measurement method on relationships with risk biomark-
ers. PLoS One. 2012; 7:e36345. doi: 10.1371/journal.pone.0036345. PMID: 22590532

22. Centers for Disease Control and Prevention/National Center for Health Statistics. National Health and
Nutrition Examination Survey: questionnaires d, and related documentation [survey operations manu-
als, consent documents, brochures, and interview and exammanuals online]. Hyattsville, MD, U.S. De-
partment of Health and Human Services. Available: http://www.cdc.gov/nchs/nhanes/nhanes_
questionnaires.htm. Accessed December 17, 2013.

23. NHANES (1999–2004). Linked Mortality Files. Available: http://www.cdc.gov/nchs/data_access/data_
linkage/mortality/nhanes_99_04_linkage.htm. Accessed April 22, 2013.

24. Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell M. Physical activity in the United
States measured by accelerometer. Med Sci Sports Exerc. 2008; 40:181–8. PMID: 18091006

25. Brage S, Wedderkopp N, Franks PW, Andersen LB, Froberg K. Reexamination of validity and reliability
of the CSAmonitor in walking and running. Med Sci Sports Exerc. 2003; 35:1447–54. PMID: 12900703

26. Freedson PS, Melanson E, Sirard J. Calibration of the Computer Science and Applications, Inc. accel-
erometer. Med Sci Sports Exerc. 1998; 30:777–81. PMID: 9588623

27. Leenders NY, ShermanWM, Nagaraja HN, Kien CL. Evaluation of methods to assess physical activity
in free-living conditions. Med Sci Sports Exerc. 2001; 33:1233–40. PMID: 11445774

28. Yngve A, Nilsson A, SjostromM, Ekelund U. Effect of monitor placement and of activity setting on the
MTI accelerometer output. Med Sci Sports Exerc. 2003; 35:320–6. PMID: 12569223

29. Leenders NY, Nelson TE, ShermanWM. Ability of different physical activity monitors to detect move-
ment during treadmill walking. Int J Sports Med. 2003; 24:43–50. PMID: 12582951

30. Matthews CE, Chen KY, Freedson PS, Buchowski MS, Beech BM, Pate RR, et al. Amount of time
spent in sedentary behaviors in the United States, 2003–2004. Am J Epidemiol. 2008; 167:875–81. doi:
10.1093/aje/kwm390 PMID: 18303006

31. Metzger JS, Catellier DJ, Evenson KR, Treuth MS, RosamondWD, Siega-Riz AM. Patterns of objec-
tively measured physical activity in the United States. Med Sci Sports Exerc. 2008; 40:630–8. doi: 10.
1249/MSS.0b013e3181620ebc PMID: 18317384

32. Schoenfeld D. Partial Residuals for the Proportional Hazards Regression-Model. Biometrika. 1982;
69:239–41.

33. Lynch BM. Sedentary behavior and cancer: a systematic review of the literature and proposed biologi-
cal mechanisms. Cancer Epidemiol Biomarkers Prev. 2010; 19:2691–709. doi: 10.1158/1055-9965.
EPI-10-0815 PMID: 20833969

34. Owen N, Healy GN, Matthews CE, Dunstan DW. Too much sitting: the population health science of
sedentary behavior. Exerc Sport Sci Rev. 2010; 38:105–13. doi: 10.1097/JES.0b013e3181e373a2
PMID: 20577058

35. Healy GN, Wijndaele K, Dunstan DW, Shaw JE, Salmon J, Zimmet PZ, et al. Objectively measured
sedentary time, physical activity, and metabolic risk: the Australian Diabetes, Obesity and Lifestyle
Study (AusDiab). Diabetes Care. 2008; 31:369–71. PMID: 18000181

36. Gennuso KP, Gangnon RE, Matthews CE, Thraen-Borowski KM, Colbert LH. Sedentary behavior,
physical activity, and markers of health in older adults. Med Sci Sports Exerc. 2013; 45:1493–500. doi:
10.1249/MSS.0b013e318288a1e5 PMID: 23475142

37. Krogh-Madsen R, Thyfault JP, Broholm C, Mortensen OH, Olsen RH, Mounier R, et al. A 2-wk reduction
of ambulatory activity attenuates peripheral insulin sensitivity. J Appl Physiol (1985). 2010; 108:1034–40.
doi: 10.1152/japplphysiol.00977.2009 PMID: 20044474

38. Hu FB, Leitzmann MF, Stampfer MJ, Colditz GA, Willett WC, Rimm EB. Physical activity and television
watching in relation to risk for type 2 diabetes mellitus in men. Arch Intern Med. 2001; 161:1542–8.
PMID: 11427103

39. Mitchell JA, Bottai M, Park Y, Marshall SJ, Moore SC, Matthews CE. A prospective study of sedentary
behavior and changes in the body mass index distribution. Med Sci Sports Exerc. 2014; 46:2244–52.
doi: 10.1249/MSS.0000000000000366 PMID: 24781893

40. Hu FB, Li TY, Colditz GA, Willett WC, Manson JE. Television watching and other sedentary behaviors
in relation to risk of obesity and type 2 diabetes mellitus in women. JAMA. 2003; 289:1785–91. PMID:
12684356

41. Robinson TN. Reducing children’s television viewing to prevent obesity: a randomized controlled trial.
JAMA. 1999; 282:1561–7. PMID: 10546696

42. Epstein LH, Roemmich JN, Robinson JL, Paluch RA, Winiewicz DD, Fuerch JH, et al. A randomized
trial of the effects of reducing television viewing and computer use on body mass index in young

Sedentary Behavior and Physical Activity in Predicting Early Mortality

PLOS ONE | DOI:10.1371/journal.pone.0119591 March 13, 2015 12 / 14

http://dx.doi.org/10.1371/journal.pone.0036345
http://www.ncbi.nlm.nih.gov/pubmed/22590532
http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm
http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm
http://www.cdc.gov/nchs/data_access/data_linkage/mortality/nhanes_99_04_linkage.htm
http://www.cdc.gov/nchs/data_access/data_linkage/mortality/nhanes_99_04_linkage.htm
http://www.ncbi.nlm.nih.gov/pubmed/18091006
http://www.ncbi.nlm.nih.gov/pubmed/12900703
http://www.ncbi.nlm.nih.gov/pubmed/9588623
http://www.ncbi.nlm.nih.gov/pubmed/11445774
http://www.ncbi.nlm.nih.gov/pubmed/12569223
http://www.ncbi.nlm.nih.gov/pubmed/12582951
http://dx.doi.org/10.1093/aje/kwm390
http://www.ncbi.nlm.nih.gov/pubmed/18303006
http://dx.doi.org/10.1249/MSS.0b013e3181620ebc
http://dx.doi.org/10.1249/MSS.0b013e3181620ebc
http://www.ncbi.nlm.nih.gov/pubmed/18317384
http://dx.doi.org/10.1158/1055-9965.EPI-10-0815
http://dx.doi.org/10.1158/1055-9965.EPI-10-0815
http://www.ncbi.nlm.nih.gov/pubmed/20833969
http://dx.doi.org/10.1097/JES.0b013e3181e373a2
http://www.ncbi.nlm.nih.gov/pubmed/20577058
http://www.ncbi.nlm.nih.gov/pubmed/18000181
http://dx.doi.org/10.1249/MSS.0b013e318288a1e5
http://www.ncbi.nlm.nih.gov/pubmed/23475142
http://dx.doi.org/10.1152/japplphysiol.00977.2009
http://www.ncbi.nlm.nih.gov/pubmed/20044474
http://www.ncbi.nlm.nih.gov/pubmed/11427103
http://dx.doi.org/10.1249/MSS.0000000000000366
http://www.ncbi.nlm.nih.gov/pubmed/24781893
http://www.ncbi.nlm.nih.gov/pubmed/12684356
http://www.ncbi.nlm.nih.gov/pubmed/10546696


children. Arch Pediatr Adolesc Med. 2008; 162:239–45. doi: 10.1001/archpediatrics.2007.45 PMID:
18316661

43. Hamilton MT, Hamilton DG, Zderic TW. Role of low energy expenditure and sitting in obesity, metabolic
syndrome, type 2 diabetes, and cardiovascular disease. Diabetes. 2007; 56:2655–67. PMID:
17827399

44. Hamilton MT, Hamilton DG, Zderic TW. Exercise physiology versus inactivity physiology: an essential
concept for understanding lipoprotein lipase regulation. Exerc Sport Sci Rev. 2004; 32:161–6. PMID:
15604935

45. Bey L, Hamilton MT. Suppression of skeletal muscle lipoprotein lipase activity during physical inactivity:
a molecular reason to maintain daily low-intensity activity. J Physiol. 2003; 551:673–82. PMID:
12815182

46. Thorp AA, Owen N, Neuhaus M, Dunstan DW. Sedentary behaviors and subsequent health outcomes
in adults a systematic review of longitudinal studies, 1996–2011. Am J Prev Med. 2011; 41:207–15.
doi: 10.1016/j.amepre.2011.05.004 PMID: 21767729

47. O’Keefe JH, Gheewala NM, O’Keefe JO. Dietary strategies for improving post-prandial glucose, lipids,
inflammation, and cardiovascular health. J Am Coll Cardiol. 2008; 51:249–55. doi: 10.1016/j.jacc.2007.
10.016 PMID: 18206731

48. O’Keefe JH, Bell DS. Postprandial hyperglycemia/hyperlipidemia (postprandial dysmetabolism) is a
cardiovascular risk factor. Am J Cardiol. 2007; 100:899–904. PMID: 17719342

49. Miller M, Stone NJ, Ballantyne C, Bittner V, Criqui MH, Ginsberg HN, et al.Triglycerides and cardiovas-
cular disease: a scientific statement from the American Heart Association. Circulation. 2011;
123:2292–333. doi: 10.1161/CIR.0b013e3182160726 PMID: 21502576

50. Bowman SA. Television-viewing characteristics of adults: correlations to eating practices and over-
weight and health status. Prev Chronic Dis. 2006; 3:A38. PMID: 16539779

51. Ainsworth BE, Haskell WL, Whitt MC, Irwin ML, Swartz AM, Strath SJ, et al. Compendium of physical
activities: an update of activity codes and MET intensities. Med Sci Sports Exerc. 2000; 32:S498–504.
PMID: 10993420

52. Blanck HM, McCullough ML, Patel AV, Gillespie C, Calle EE, Cokkinides VE, et al. Sedentary behavior,
recreational physical activity, and 7-year weight gain among postmenopausal U.S. women. Obesity
(Silver Spring). 2007; 15:1578–88. PMID: 17557996

53. Klenk J, Rapp K, Ulmer H, Concin H, Nagel G. Changes of body mass index in relation to mortality: re-
sults of a cohort of 42,099 adults. PLoS One. 2014; 9:e84817. doi: 10.1371/journal.pone.0084817.
PMID: 24416291

54. Manini TM, Everhart JE, Patel KV, Schoeller DA, Colbert LH, Visser M, et al. Daily activity energy ex-
penditure and mortality among older adults. JAMA. 2006; 296:171–9. PMID: 16835422

55. Willcox BJ, Yano K, Chen R, Willcox DC, Rodriguez BL, Masaki KH, et al. Howmuch should we eat?
The association between energy intake and mortality in a 36-year follow-up study of Japanese-
American men. J Gerontol A Biol Sci Med Sci. 2004; 59:789–95. PMID: 15345727

56. McTiernan A. Mechanisms linking physical activity with cancer. Nat Rev Cancer. 2008; 8:205–11. doi:
10.1038/nrc2325 PMID: 18235448

57. Neilson HK, Friedenreich CM, Brockton NT, Millikan RC. Physical activity and postmenopausal breast
cancer: proposed biologic mechanisms and areas for future research. Cancer Epidemiol Biomarkers
Prev. 2009; 18:11–27. doi: 10.1158/1055-9965.EPI-08-0756 PMID: 19124476

58. Parker L, McGuckin TA, Leicht AS. Influence of exercise intensity on systemic oxidative stress and anti-
oxidant capacity. Clin Physiol Funct Imaging. 2013. doi: 10.1111/cpf.12108.

59. Tambalis K, Panagiotakos DB, Kavouras SA, Sidossis LS. Responses of blood lipids to aerobic, resis-
tance, and combined aerobic with resistance exercise training: a systematic review of current evidence.
Angiology. 2009; 60:614–32. doi: 10.1177/0003319708324927 PMID: 18974201

60. Lavie CJ, Church TS, Milani RV, Earnest CP. Impact of physical activity, cardiorespiratory fitness, and
exercise training on markers of inflammation. J Cardiopulm Rehabil Prev. 2011; 31:137–45. doi: 10.
1097/HCR.0b013e3182122827 PMID: 21427600

61. Panagiotakos DB, Kokkinos P, Manios Y, Pitsavos C. Physical activity and markers of inflammation
and thrombosis related to coronary heart disease. Prev Cardiol. 2004; 7:190–4. PMID: 15539966

62. Dhaliwal SS, Welborn TA, Howat PA. Recreational physical activity as an independent predictor of mul-
tivariable cardiovascular disease risk. PLoS One. 2013; 8:e83435. doi: 10.1371/journal.pone.0083435
PMID: 24386198

63. Kaaks R, Lukanova A, Kurzer MS. Obesity, endogenous hormones, and endometrial cancer risk: a syn-
thetic review. Cancer Epidemiol Biomarkers Prev. 2002; 11:1531–43. PMID: 12496040

Sedentary Behavior and Physical Activity in Predicting Early Mortality

PLOS ONE | DOI:10.1371/journal.pone.0119591 March 13, 2015 13 / 14

http://dx.doi.org/10.1001/archpediatrics.2007.45
http://www.ncbi.nlm.nih.gov/pubmed/18316661
http://www.ncbi.nlm.nih.gov/pubmed/17827399
http://www.ncbi.nlm.nih.gov/pubmed/15604935
http://www.ncbi.nlm.nih.gov/pubmed/12815182
http://dx.doi.org/10.1016/j.amepre.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21767729
http://dx.doi.org/10.1016/j.jacc.2007.10.016
http://dx.doi.org/10.1016/j.jacc.2007.10.016
http://www.ncbi.nlm.nih.gov/pubmed/18206731
http://www.ncbi.nlm.nih.gov/pubmed/17719342
http://dx.doi.org/10.1161/CIR.0b013e3182160726
http://www.ncbi.nlm.nih.gov/pubmed/21502576
http://www.ncbi.nlm.nih.gov/pubmed/16539779
http://www.ncbi.nlm.nih.gov/pubmed/10993420
http://www.ncbi.nlm.nih.gov/pubmed/17557996
http://dx.doi.org/10.1371/journal.pone.0084817
http://www.ncbi.nlm.nih.gov/pubmed/24416291
http://www.ncbi.nlm.nih.gov/pubmed/16835422
http://www.ncbi.nlm.nih.gov/pubmed/15345727
http://dx.doi.org/10.1038/nrc2325
http://www.ncbi.nlm.nih.gov/pubmed/18235448
http://dx.doi.org/10.1158/1055-9965.EPI-08-0756
http://www.ncbi.nlm.nih.gov/pubmed/19124476
http://dx.doi.org/10.1111/cpf.12108
http://dx.doi.org/10.1177/0003319708324927
http://www.ncbi.nlm.nih.gov/pubmed/18974201
http://dx.doi.org/10.1097/HCR.0b013e3182122827
http://dx.doi.org/10.1097/HCR.0b013e3182122827
http://www.ncbi.nlm.nih.gov/pubmed/21427600
http://www.ncbi.nlm.nih.gov/pubmed/15539966
http://dx.doi.org/10.1371/journal.pone.0083435
http://www.ncbi.nlm.nih.gov/pubmed/24386198
http://www.ncbi.nlm.nih.gov/pubmed/12496040


64. McTiernan A, Tworoger SS, Rajan KB, Yasui Y, Sorenson B, Ulrich CM, et al. Effect of exercise on
serum androgens in postmenopausal women: a 12-month randomized clinical trial. Cancer Epidemiol
Biomarkers Prev. 2004; 13:1099–105. PMID: 15247119

65. McTiernan A, Tworoger SS, Ulrich CM, Yasui Y, Irwin ML, Rajan KB, et al. Effect of exercise on serum
estrogens in postmenopausal women: a 12-month randomized clinical trial. Cancer Res. 2004;
64:2923–8. PMID: 15087413

66. Key T, Appleby P, Barnes I, Reeves G, Endogenous H, Breast Cancer Collaborative G. Endogenous
sex hormones and breast cancer in postmenopausal women: reanalysis of nine prospective studies. J
Natl Cancer Inst. 2002; 94:606–16. PMID: 11959894

67. Lukanova A, Lundin E, Akhmedkhanov A, Micheli A, Rinaldi S, Zeleniuch-Jacquotte A, et al. Circulating
levels of sex steroid hormones and risk of ovarian cancer. Int J Cancer. 2003; 104:636–42. PMID:
12594820

68. Arem H, Moore SC, Park Y, Ballard-Barbash R, Hollenbeck A, Leitzmann M, et al. Physical activity and
cancer-specific mortality in the NIH-AARP Diet and Health Study cohort. Int J Cancer. 2013. doi: 10.
1002/ijc.28659.

69. Thomson CA, McCullough ML, Wertheim BC, Chlebowski RT, Martinez ME, Stefanick ML, et al. Nutri-
tion and Physical Activity Cancer Prevention Guidelines, Cancer Risk, and Mortality in the Women’s
Health Initiative. Cancer Prev Res (Phila). 2014; 7:42–53. doi: 10.1158/1940-6207.CAPR-13-0258
PMID: 24403289

70. World Health Organization (2011) Global recommendations on physical activity for health. Available:
http://whqlibdoc.who.int/publications/2010/9789241599979_eng.pdf. Accessed January 15, 2014.

71. U.S. Department of Health and Human Services (2008) Physical activity guidelines for Americans.
Washington, DC. Available: http://www.health.gov/paguidelines/pdf/paguide.pdf. Accessed January
15, 2014.

72. Kushi LH, Doyle C, McCullough M, Rock CL, Demark-WahnefriedW, Bandera EV, et al. American Can-
cer Society Guidelines on nutrition and physical activity for cancer prevention: reducing the risk of can-
cer with healthy food choices and physical activity. CA Cancer J Clin. 2012; 62:30–67. doi: 10.3322/
caac.20140 PMID: 22237782

73. Australian Government. Department of Health. Australia’s Physical Activity and Sedentary Behaviour
Guidelines. Available: http://www.health.gov.au/internet/main/publishing.nsf/content/health-pubhlth-
strateg-phys-act-guidelines. Accessed September 30, 2014.

74. Canadian Society for Exercise Physiology. Canadian Physical Activity Guidelines and Canadian Sed-
entary Behaviour Guidelines. Available: http://www.csep.ca/english/view.asp?x=804. Accessed Sep-
tember 30, 2014.

Sedentary Behavior and Physical Activity in Predicting Early Mortality

PLOS ONE | DOI:10.1371/journal.pone.0119591 March 13, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/15247119
http://www.ncbi.nlm.nih.gov/pubmed/15087413
http://www.ncbi.nlm.nih.gov/pubmed/11959894
http://www.ncbi.nlm.nih.gov/pubmed/12594820
http://dx.doi.org/10.1002/ijc.28659
http://dx.doi.org/10.1002/ijc.28659
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0258
http://www.ncbi.nlm.nih.gov/pubmed/24403289
http://whqlibdoc.who.int/publications/2010/9789241599979_eng.pdf
http://www.health.gov/paguidelines/pdf/paguide.pdf
http://dx.doi.org/10.3322/caac.20140
http://dx.doi.org/10.3322/caac.20140
http://www.ncbi.nlm.nih.gov/pubmed/22237782
http://www.health.gov.au/internet/main/publishing.nsf/content/health-pubhlth-strateg-phys-act-guidelines
http://www.health.gov.au/internet/main/publishing.nsf/content/health-pubhlth-strateg-phys-act-guidelines
http://www.csep.ca/english/view.asp?x=804

