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ABSTRACT
Background: Moderate-to-vigorous–intensity physical activity is rec-
ommended to maintain and improve health, but the mortality ben-
efits of light activity and risk for sedentary time remain uncertain.
Objectives: Using accelerometer-based measures, we 1) described
the mortality dose-response for sedentary time and light- and moderate-
to-vigorous–intensity activity using restricted cubic splines, and
2) estimated the mortality benefits associated with replacing seden-
tary time with physical activity, accounting for total activity.
Design: US adults (n = 4840) from NHANES (2003–2006) wore an
accelerometer for #7 d and were followed prospectively for mor-
tality. Proportional hazards models were used to estimate adjusted
HRs and 95% CIs for mortality associations with time spent seden-
tary and in light- and moderate-to-vigorous–intensity physical ac-
tivity. Splines were used to graphically present behavior-mortality
relation. Isotemporal models estimated replacement associations for
sedentary time, and separate models were fit for low- (,5.8 h total
activity/d) and high-active participants to account for nonlinear
associations.
Results: Over a mean of 6.6 y, 700 deaths occurred. Compared with
less-sedentary adults (6 sedentary h/d), those who spent 10 seden-
tary h/d had 29% greater risk (HR: 1.29; 95% CI: 1.1, 1.5). Com-
pared with those who did less light activity (3 h/d), those who did
5 h of light activity/d had 23% lower risk (HR: 0.77; 95% CI: 0.6,
1.0). There was no association with mortality for sedentary time or
light or moderate-to-vigorous activity in highly active adults. In
less-active adults, replacing 1 h of sedentary time with either light-
or moderate-to-vigorous–intensity activity was associated with 18%
and 42% lower mortality, respectively.

Conclusions: Health promotion efforts for physical activity have
mostly focused on moderate-to-vigorous activity. However, our
findings derived from accelerometer-based measurements suggest
that increasing light-intensity activity and reducing sedentary time
are also important, particularly for inactive adults. Am J Clin Nutr
2016;104:1424–32.

Keywords: sedentary behavior, physical activity, mortality,
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INTRODUCTION

During the past century, obligatory physical activity has been
progressively engineered out of daily life, and the amount of sed-
entary time has increased, especially in more-developed countries
(1–4). To prevent the adverse health effects of our increasingly
sedentary ways of life, regular participation in physical activity of at
least moderately vigorous intensity is recommended [i.e., energy
cost $3 metabolic equivalents (METs) (5, 6)]. Recently, excessive
sedentary time, or too much sitting, has emerged as a putative
mortality risk factor independent from moderate-to-vigorous ac-
tivity (7). Notably, the behavioral mechanism proposed to explain
this association has been a loss of light-intensity physical activity
(,3 METs) because of increased sedentary time (8, 9), suggesting
that light activity may have greater health-enhancing impact than
previously thought. This is important because interventions that
seek to increase light-intensity physical activity could be a powerful
additional strategy to increase physical activity and improve health.

Studies using accelerometers have now linked more light-
intensity activity with lower mortality, but the dose-response
relation remains uncertain. Early reports focused on older adults
(10, 11) and had short follow-up periods (12–14)—raising
concern about reverse causality. Two new reports with longer
follow-up found light activity to be associated with lower
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mortality after adjusting for moderately vigorous activity (15,
16). Loprinzi (15) reported a 1-h increase in light activity to be
associated with 16% lower mortality, whereas Fishman et al.
(16) estimated that replacing 1 h of sedentary time with light
activity was associated with 39% lower mortality. These studies
provide important new evidence, but both used modeling methods
that assume a linear relation between physical activity and mor-
tality, yet the shape of this relation is generally believed to be
nonlinear (17–19). To our knowledge, the mortality dose-response
curves for accelerometer-measured physical activity and seden-
tary time have not been described in detail. Furthermore, a recent
study found the mortality benefit associated with replacing sed-
entary time with physical activity to be dependent on one’s level
of total activity (20). Accordingly, using accelerometer-based
measures, we examined US adults ($40 y old) 1) to describe the
mortality dose response for sedentary time and light- and moderate-
to-vigorous–intensity activity using restricted cubic splines, and 2)
to estimate the mortality benefits associated with replacing sed-
entary time with physical activity, accounting for total activity
levels. Completion of these objectives extends previous results
from this publicly available data source (12–16) and provides new
insights into the combined influence of sedentary time and
different activity intensities on mortality that should inform
future public health recommendations.

METHODS

Study population

We used the 2003–2006 accelerometer data from NHANES,
a representative sample of US adults derived from a stratified,
multistage sampling design. The National Death Index was used
to ascertain mortality, and we analyzed data from the exami-
nation date through 31 December 2011. Of 6355 respondents
aged $40 y, 4917 had valid accelerometer data. We excluded 6
participants who lacked follow-up time and 71 with missing
covariates, resulting in 4840 adults for analysis (Supplemental
Figure 1).

Measures and covariates

Our primary exposures, sedentary time and time spent in light
and moderately vigorous physical activity, were measured by
using an accelerometer (AM-7164; ActiGraph) (21). Participants
were instructed towear themonitor on their waist for 7 d, removing
it to sleep and bathe. The monitors were set to record minute-by-
minute observations of bodily movement, saving this information
as an activity count (AC) (22). AC values ranged from 0 to
.10,000 counts/min, reflecting the intensity of movement of the
individual. ACs were used to identify monitor nonwear periods
and to classify time spent in broad categories of activity intensity
(i.e., sedentary, light, and moderate-to-vigorous activity). Non-
wear time was defined per protocol (21), and those with $1 d of
valid wear (i.e., $10 h/d) were included in the analysis. To es-
timate time spent in different activity intensities, we used standard
cutoff methods (23–27). Sedentary time was defined as wear time
with AC ,100 (18), and physically active time (AC $100) was
divided into light- and moderate-to-vigorous–intensity activity by
using 2 moderate-intensity AC thresholds. We used the $760
cutoff because it was calibrated to differentiate between a broad

range of light (,3 METs) and moderate- to vigorous-intensity
($3 METs) lifestyle and ambulatory activities (AC $760), and it
has been cross-validated (23–27). The AC $2020 cutoff, derived
from studies that largely examined ambulatory walking and run-
ning activities ($3 METs), has been widely used (21). We con-
ducted analyses using both sets of cutoffs and obtained qualitatively
similar results. For clarity of presentation, we present the AC$760
results and provide results for the 2020 cutoff in Supplemental
materials. These methods combine both moderate- and vigorous-
activity time because the accumulation of accelerometer-measured
vigorous activity is a relatively rare occurrence. For each partici-
pant we calculated mean values for each activity intensity category
from the valid days of accelerometer wear.

Confounders were included as covariates based on our pre-
vious investigation in these data (12); including, age (y), sex,
race-ethnicity (white, black, Mexican American, or other), ed-
ucation (less than high school, high school diploma, or high
school or more), alcohol consumption (never, former, or current),
smoking status (never, former, or current), BMI (in kg/m2: ,25,
25–29.9, or $30), self-reported diabetes, coronary artery dis-
ease, stroke, cancer, and mobility limitation (difficulty walking
a quarter mile or up 10 stairs).

Statistical analysis

We first evaluated the descriptive characteristics of our study
population and then examined the correlations between our pri-
mary exposures using Spearman correlations. Cox proportional
hazard models with the use of follow-up time as the underlying
time metric and adjusting for covariates listed above were used to
estimate adjusted HRs and 95% CIs. We also tested for interaction
between sex and our main exposures on mortality.

To describe the underlying dose-response mortality relation for
sedentary and light- and moderate-to-vigorous–intensity activity,
we used continuous measures of these exposures (28, 29) using
the approach described by Desquilbet and Mariotti (30). This
approach uses restricted cubic spline functions (29) to describe
the shape of the dose-response curves and to test whether the
association is nonlinear. Because the number of the knots
specified to fit the splines might influence the shape of the as-
sociations (30), we initially evaluated models with 5, 4, and 3
knots placed at recommended percentiles. On visual inspection
of the dose-response curves, we found minimal differences in
results depending on the number of knots and elected to present
our final models using 3 knots (at the 5th, 50th, and 95th per-
centiles), a choice that should enhance statistical power for
testing for nonlinear associations (30). For nonlinear associa-
tions, the spline models were used to describe the associations,
and when the association was determined to be linear, a simpler
linear model was used. Our preliminary evaluation of spline
results did reveal a strong influence of sparse data (few deaths)
in the tails of the exposure distributions, so we trimmed the ex-
posures to minimize this influence as described in figure foot-
notes. To enhance interpretability of these graphical results, we
set the reference level at the w10th percentile of each exposure
and then reported relevant risk estimates (HRs; 95% CIs) on the
figures and in the text.

We did a second spline analysis for sedentary and light-intensity
activity that further adjusted for moderate-to-vigorous physical
activity. Because our preliminary analyses indicated nonlinear
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mortality associations for moderate-to-vigorous activity, we
classified this variable into quintiles (,0.74, 0.75–1.27, 1.28–
1.74, 1.75–2.40, and $2.41 h/d) to better account for the shape
of the association. Spline results for moderate-to-vigorous ac-
tivity were also adjusted for sedentary time.

We also investigated the interrelation between sedentary time
and physical activity on mortality using the isotemporal sub-
stitution regression approach (31). To better understand results
from this analysis, we initially fit 3 kinds of linear models: 1-factor,
2-factor, and 3-factor models (i.e., partition models) (31). To fit the
isotemporal models, we included covariates, as well the continuous
variables for light (hours per day) and moderate-to-vigorous ac-
tivity (hours per day), and a variable for total time observed in both
sedentary and physically active pursuits in the model [i.e., wear
time (31, 32)]. A description of each type of model is provided in
our Supplemental Materials. Results from this model, with the use
of substitution of the association values in the overall model system
of sedentary, light, and moderate-to-vigorous activity, provide an
estimate of the mortality associations for replacing 1 h of sedentary
time with an equal amount of time in physical activity of a specific
intensity category, while holding total time constant. However, the
isotemporal models assume a linear dose-response for physical
activity and mortality, and we had observed nonlinearity in some of
the physical activity mortality relation. To account for these non-
linear associations, we split our sample into “low active” (,5.8 h
total activity/d) and “high active” ($5.8 h/d) based on median total
active time (AC $100) in the sample. These categories were de-
termined by visual inspection of the restricted cubic spline for total
physical activity to identify 2 groups in which the association
was approximately linear (Supplemental Figure 2). Interactions
between total activity level (low compared with high) and our
main exposures on mortality were examined. For completeness
and comparability to other studies, we also evaluated the associa-
tions in the overall study sample and then stratified by less- and
more-active adults for all models.

We tested the proportional hazards assumption, including results
for sedentary time and light- and moderate-to-vigorous–intensity
activity, and isotemporal substitution by examining the interaction
between follow-up time and each of these exposures. The pro-
portional hazards assumption was not violated for sedentary time,
moderate-to-vigorous activity, or the isotemporal models, but it
was violated for light-intensity activity. To better understand the
impact of different hazards over time, we estimated the shape of
the light-activity curve, as well as curves for sedentary and
moderate-to-vigorous time, for those with ,2 y of follow-up,
$2 y of follow-up, and in the overall sample (Supplemental
Figure 3). These graphical sensitivity analyses indicated little
effect of differential hazards over time on the overall associ-
ation between light-intensity activity and mortality; therefore,
we present the overall results in our main tables and figures.

We evaluated our key results for reverse causality in sensitivity
analyses by excluding participants who accumulated ,2 y of
follow-up. We further examined the relation between mortality and
activity stratified by major chronic diseases and key demographic
and behavioral covariates. In addition, because the fixed amount of
time in 1 d (24 h) works as de facto total time observed variable in
all of our analysis, it is possible that substitution effects from ex-
posures occurring during monitor nonwear periods (e.g., sleep)
could affect our results. We therefore examined the mortality as-
sociation for nonwear time and compared the results for individuals

with low and high amounts of monitor wear time to better un-
derstand the potential for these effects to influence our results.

SAS-callable SUDAAN 10.0 (RTI International) was used to
account for the complex survey design, address differential
sample selection, sample nonresponse, and poststratification
adjustments. Sample weights were adjusted per National Center
for Health Statistics recommendations (33) to account for use
of combined adjacent survey cycles (1/2 3 WTMEC2YR), and
stratum (SDMVSTRA) and primary sampling units (SDMVPSU)
variables were included in our evaluation of exposure mortality
associations. All statistical tests were 2-sided.

RESULTS

During 6.6 y of follow-up, 700 deaths occurred. Descriptive
characteristics of our participants at baseline are presented in
Table 1. Participants wore the monitors for a mean of 14 h/d and
5.6 d. On average, they spent 8.2, 4.2, 1.7 h/d in sedentary and
light- and moderate-to-vigorous–intensity activity, respec-
tively. Sedentary time was negatively correlated with light (r =
20.43) and moderate-to-vigorous activity (r =20.52). Light- and
moderate-to-vigorous–intensity time were positively correlated (r =
0.41; Supplemental Table 1). We found no statistical interaction
between sex and sedentary time on mortality (P-interaction =
0.46) or for overall physical activity (P-interaction = 0.86);
therefore, we report combined results. There was no association
for nonwear time (P = 0.25; Supplemental Figure 4).

By using restricted cubic splines, sedentary time was asso-
ciated with mortality in a linear manner in covariate adjusted
models (P-linear# 0.001, P-nonlinear = 0.17; Figure 1A). A 1-h
increase in sedentary time was associated with a 12% greater
mortality, but further adjustment for moderate-to-vigorous activ-
ity attenuated this association to a 5% greater risk per sedentary
hour. Compared with adults who spent 6 sedentary h/d (refer-
ence), those who were sedentary for 8 h/d had a 14% greater risk
(HR: 1.14; 95% CI: 1.1, 1.2), and those who spent 10 sedentary
h/d had a 29% greater risk (HR: 1.29; 95% CI 1.1, 1.5).

In contrast, both light- and moderate-to-vigorous–intensity
activity were associated in an inverse nonlinear manner in
covariate-adjusted models (P-nonlinear = 0.02 and , 0.001,
respectively; Figure 1B, C). Adjustment for moderate-to-vigorous–
intensity activity attenuated the light-intensity association some-
what, such that compared with those engaging in 3 h light activity/d
(reference), those who did 4 h light activity/d had a 21% lower
risk (HR: 0.79; 95% CI: 0.7, 0.9), and those who did 5 h/d had only
a small additional benefit of 23% lower risk (HR: 0.77; 95% CI:
0.6, 1.0). The HR associated with doing $6 h light activity, which
is the w95th percentile of the distribution, are uncertain because
of wide confidence intervals (HR: 0.89; 95% CI: 0.6, 1.3). For
moderate-to-vigorous–intensity activity, there was minimal in-
fluence on risk after adjusting for either light-intensity activity or
sedentary time. We elected to report results for sedentary adjust-
ment. Compared with those engaging in 0.5 h/d of moderate-
to-vigorous activity, those who did 1 h/d had a 47% lower risk
(HR: 0.53; 95% CI: 0.5, 0.6), whereas those who did 1.5 h/d
had a 67% lower risk (HR: 0.33; 95% CI: 0.3, 0.4). There were
only modest additional benefits for additional moderate-to-
vigorous activity .1.5 h/d.

To understand and account for nonlinear associations between
mortality and physical activity in our isotemporal substitution
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models, we examined results in our overall sample and among
low- (,5.8 h/d of total activity) and high-active adults. We provide
a description of the sedentary and activity profiles in each group in
Figure 2. Adults in the low-active group spent 68% of their time
sedentary, whereas those in the high-active group spent 49% of
their time sedentary.

Results for linear models in these data are presented in Table 2
for the overall sample and for low- and high-active adults. We
found statistically significant (P , 0.01) interactions between
total activity level and sedentary time on mortality and for total
activity and both intensities of physical activity. Compared with
single-factor models, the attenuation after adjustment for
moderate-to-vigorous activity was similar to that observed in the
spline results. Notably, we observed significant associations for
sedentary time and light and moderate-to-vigorous activity in

low-active adults but not high-active adults. Analyses with the
use of alternate AC cutoffs for light (100 . AC , 2020) and
moderate-to-vigorous activity (AC $2020) revealed a similar
pattern of association for sedentary time and light activity
(Supplemental Table 2).

Next, we fit 3-factor (partition) models that mutually ad-
justed for sedentary and light and moderate-to-vigorous physical

TABLE 1

Characteristics of the study population and summary accelerometer values

weighted to account for the survey design1

Female

(n = 2435)

Male

(n = 2405)

Total

(n = 4840)

Weighted frequency 53.5 (0.9)2 46.5 (0.9) —

Age, y 57.2 [0.4]3 56.3 [0.4] 56.8 [0.4]

BMI, kg/m2 29.1 [0.2] 28.8 [0.2] 29.0 [0.1]

Ethnicity

Non-Hispanic white 76.5 (2.3) 78.5 (2.1) 77.4 (2.2)

Non-Hispanic black 10.8 (1.4) 9.5 (1.2) 10.2 (1.3)

Hispanic 4.8 (1.0) 5.8 (1.0) 5.3 (1.0)

Other 7.9 (0.8) 6.3 (0.8) 7.1 (0.7)

Education

Less than high school 17.8 (1.3) 17.1 (1.2) 17.4 (1.2)

High school 27.6 (1.1) 25.0 (0.9) 26.4 (0.8)

More than high school 54.6 (1.7) 58.0 (1.6) 56.2 (1.4)

Smoking

Never 54.9 (1.3) 37.5 (1.3) 46.8 (1.0)

Former 26.5 (0.9) 38.5 (1.3) 32.1 (0.8)

Current 18.6 (1.1) 24.0 (1.1) 21.1 (0.9)

Alcohol

Never 15.7 (1.2) 5.2 (0.5) 10.8 (0.8)

Former 21.1 (1.3) 22.6 (1.7) 21.8 (1.3)

Current 57.6 (2.1) 67.1 (1.7) 62.0 (1.8)

Missing 5.6 (0.5) 5.1 (0.5) 5.4 (0.4)

Diabetes 13.0 (0.9) 12.8 (0.8) 12.9 (0.7)

Coronary artery disease 9.2 (0.8) 3.3 (1.0) 11.1 (0.7)

Stroke 4.3 (0.5) 3.5 (0.4) 3.9 (0.4)

Cancer 14.3 (0.8) 11.4 (0.7) 12.9 (0.6)

Mobility limitation 14.4 (0.8) 10.9 (0.8) 12.7 (0.6)

ActiGraph accelerometer

Sedentary (AC ,100), h/d 8.1 (0.05) 8.3 (0.05) 8.2 (0.04)

Light (100 $ AC , 760), h/d 4.4 (0.04) 4.1 (0.03) 4.2 (0.02)

Moderate (760 $ AC

, 2020), h/d

1.5 (0.03) 1.9 (0.02) 1.7 (0.02)

Vigorous (AC $2020), h/d 0.24 (0.01) 0.40 (0.01) 0.32 (0.01)

Valid wear days4 5.6 (0.1) 5.7 (0.1) 5.6 (0.1)

Valid wear time,4 h/d 14.0 (0.06) 14.3 (0.06) 14.1 (0.06)

1 All estimates are adjusted to account for the complex survey design.

AC, activity count.
2 Percentage; SE in parentheses (all such values).
3Mean; SE in brackets (all such values).
4 Valid wear days are days with $10 h of valid wear time. Valid wear

time is 24 h minus nonwear time, with nonwear time defined as an interval of

$60 min with allowance for 1–2 min of AC between 0 and 100 on days with

$10 h of wear.

FIGURE 1 Dose-response relation for mortality and sedentary and
light- and moderate-to-vigorous–intensity physical activity with and without
adjustment for other behaviors. Numerical values reported are HRs (95%
CIs). (A) Sedentary (AC ,100) is a linear model, and results in (B) light
(100 $ AC , 760) and (C) moderate-to-vigorous (AC $760) are from
nonlinear models by using restricted cubic splines. Sedentary and light re-
sults are trimmed at 1st and 99th percentiles; moderate-to-vigorous results
are trimmed at the 1st and 95th percentiles. The referent group is the w10th
percentile. Associations are adjusted for age, race, education, smoking, alco-
hol, diabetes, coronary artery disease, cancer, stroke, mobility limitations, and
BMI. Adjustment for moderate-to-vigorous physical activity was in quintiles
(,0.74, 0.75–1.27, 1.28–1.74, 1.75–2.40, $2.41 h/d), and sedentary time was
continuous. AC, activity count; mod-vig, moderate-to-vigorous.
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activity (Table 2) and explored the mortality benefits associated
with replacing sedentary time with physical activity using iso-
temporal models (Figure 3). Overall, replacing 1 h of sedentary
time with 1 h of light-intensity activity was associated with 18%
lower mortality (HR: 0.82; 95% CI: 0.73, 92), and replacement
with 1 h of moderate-to-vigorous–intensity activity was asso-
ciated with 42% lower mortality (HR; 0.58; 95% CI: 0.44, 0.77;
Figure 3). In low-active adults, replacing 1 h of sedentary time
with physical activity was associated with a 20% lower risk for
light-intensity (HR: 0.80; 95% CI: 0.69, 0.92) and a 63% lower

risk for moderate-to-vigorous–intensity activity (HR: 0.37; 95%
CI: 0.26, 0.54). In contrast, among high-active adults who were
at 50% lower risk than less-active adults, replacement of sed-
entary time with physical activity showed no mortality benefit.
Using alternate cutoffs, we found slightly stronger replacement
associations. In the overall sample, replacing sedentary time
with light-intensity activity (100 $ AC , 2020) was associated
with 24% lower mortality and 63% lower mortality for moderate-
to-vigorous intensity (AC $2020; Supplemental Table 3 and
Supplemental Figure 5).

FIGURE 2 Distribution of time spent in sedentary, light and moderate-to-vigorous time in low-active (n = 2618) and high-active (n = 2222) participants.
Percent values are the proportion of total wear time spent in a given type of activity. Hours-per-day values are the group means. Mod-vig, moderate-to-vigorous.

TABLE 2

Cox proportional hazards results for the relation between sedentary, light, and moderate-to-vigorous time and mortality in

the overall study sample, and in low- and high-active groups1

Models Sedentary Light Moderate-to-vigorous

Overall (n = 4840, 700 deaths)

Single-factor models2 1.13 (1.09, 1.18) 0.50 (0.38, 0.65) 0.73 (0.65, 0.82)

2-factor model3 1.05 (1.00, 1.10) 0.53 (0.40, 0.71) —

2-factor model3 — 0.83 (0.74, 0.93) 0.59 (0.44, 0.77)

Partition model4 1.03 (0.98, 1.08) 0.84 (0.75, 0.95) 0.60 (0.45, 0.81)

Low active (,5.8 h/d, n = 2618, 576 deaths)4

Single-factor models2 1.14 (1.08, 1.20) 0.71 (0.61, 0.83) 0.31 (0.21, 0.46)

2-factor model3 1.07 (1.02, 1.13) — 0.41 (0.28, 0.59)

2-factor model3 — 0.82 (0.72, 0.94) 0.37 (0.26, 0.53)

Partition model4 1.06 (1.00, 1.11) 0.84 (0.74, 0.96) 0.39 (0.27, 0.56)

High active ($5.8 h/d, n = 2222, 124 deaths)4

Single-factor models2 0.92 (0.82, 1.04) 0.87 (0.56, 1.34) 1.21 (0.88, 1.66)

2-factor model3 0.89 (0.79, 1.00) 0.80 (0.52, 1.24) —

2-factor model3 — 1.19 (0.85, 1.68) 0.89 (0.58, 1.39)

Partition model4 0.90 (0.79, 1.03) 0.83 (0.52, 1.32) 1.16 (0.80, 1.66)

1 Values are HRs (95% CIs) and adjusted for age, race, education, sex, smoking status, alcohol use, BMI, mobility

limitation, and a history of the following conditions: diabetes, coronary artery disease, stroke, and cancer. Activity in-

tensities are defined as sedentary time (AC ,100) and light- (100 $ AC , 760) and moderate-to-vigorous–intensity

physical activity (AC $760). Low- and high-active designations were based on sample-weighted medians of total

active time (AC .100 min/d). There were statistically significant (P , 0.01) interactions between total activity level and

sedentary time on mortality, and for total activity and both intensities of physical activity. AC, activity count.
2 Single-factor models are results from separate models for each type of behavior, adjusted only for covariates.
3 Two-factor model results are from separate models that included either sedentary time and light activity or sedentary

time and moderate-to-vigorous activity and covariates, and “—“ indicates the variable was not included in the model.
4 Partition model results are from a single model that included sedentary time, light and moderate-to-vigorous activity,

and covariates.
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In sensitivity analysis we found little consistent evidence of
variation from our original replacement associations for light-
and moderate-to-vigorous–intensity activity by monitor-wear
time, sex, and presence of chronic conditions, such as diabetes,
heart disease, or cancer (Figure 4). However, there was evidence
that the associations for replacement of sedentary time with
light-intensity activity were stronger in the first 2 y of follow-
up, whereas replacement associations for moderate-to-vigorous–
intensity activity did not differ by follow-up time.

DISCUSSION

In this prospective study of US adults we found light- and
moderate-to-vigorous–intensity physical activity to be associated
with lower mortality in an inverse nonlinear manner. Benefits of
light activity appeared to plateau between 4 and 5 h/d and for
moderate-to-vigorous activity at w1.5 h/d. We found a linear
mortality relation for sedentary time, and a 1-h increase in this
prevalent behavior was associated with 7% greater mortality after
adjustment for moderate-to-vigorous activity in less-active in-
dividuals. Isotemporal substitution models suggested that replacing
sedentary time with either intensity of physical activity had im-
portant benefits for adults in the low-active group, whereas little
additional benefit was noted for adults who were highly active.

An important finding is that there are significant differences in
the relation between sedentary time and mortality depending on

the amount of accelerometer-measured total physical activity
accumulated in the day. The high-active group (.5.8 h/d of total
activity) had half the mortality risk of the low-active group, and
they spent w50% of their time sedentary and 50% physically
active. This group was protected from health risks associated with
increased sedentary time and did not gain additional benefits from
further increases in physical activity. In contrast, the low-active
group spent 68% of their time sedentary and 32% in physically
active pursuits, and sedentary time was positively associated with
increased risk. Collectively, we interpret our results to suggest that
total physical activity, including light and moderate-to-vigorous
physical activity, is an important determinant of mortality. Al-
though our study begins to outline the shape of the mortality dose-
response for duration through the use of an accelerometer, future
studies are needed to better understand the most informative in-
dicator of total physical activity (e.g., duration, total activity
counts, MET h/d) and the amount of total activity that maximizes
benefit and to disentangle the relative benefits of light- and
moderate-to-vigorous–intensity activity.

Whether sedentary time has health effects that are biologically
independent from physical activity has been a controversial
question (33, 34). However, from a public health and time-use
perspective, focusing on the risks and benefits associated with the
trade-offs between sedentary and physically behaviors may
be most relevant. Recent studies using that used self-reported
measures found replacing 1 h of sitting with a variety of types and

FIGURE 3 Mortality associations for replacing 1 h of sedentary time with light- and moderate-to-vigorous–intensity activity in all participants and in
low- and high-active groups. Numerical values reported are HRs (95% CIs). Associations are adjusted for age, race, education, sex, smoking status, alcohol
use, BMI, and a history of the following conditions: diabetes, coronary artery disease, stroke, mobility limitation, and cancer. Activity intensities are defined as
sedentary time (AC ,100), light (100 $ AC , 760), and moderate-to-vigorous physical activity (AC $760). Low- and high-active designations were based
on sample-weighted medians of total active time (AC $100 min/d). AC, activity count.
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intensities of physical activity to be associated with lower
mortality (20, 35) and that these benefits may be most pro-
nounced in less-active adults (20). We also found that replacing

sedentary time was most effective in less-active individuals and
that little additional benefit was gained by increasing activity
further in highly active adults. Using accelerometer-based measures

FIGURE 4 Mortality associations for replacing 1 h of sedentary time with light- and moderate-to-vigorous–intensity activity by selected study charac-
teristics. Numerical values reported are HRs (95% CIs). Associations are adjusted for age, race, education, sex, smoking status, alcohol use, BMI, and a history
of the following conditions: diabetes, coronary artery disease, stroke, mobility limitation, and cancer (as appropriate). Activity intensities are defined as light
(100 $ AC ,760) and moderate-to-vigorous physical activity (AC $760). AC, activity count.
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in NHANES, Fishman et al. (16) found replacement of 1 h of
sedentary time to be associated with 39% lower mortality,
a slightly stronger effect than the 20% lower risk we observed.
This difference could be due to their focus on adults .50 y of
age, exclusion of accidental deaths, or differences in the methods
used to define light activity in their study. Collectively, these
studies provide consistent evidence that reducing sedentary be-
havior in favor of physical activity may have important mortality
benefits. Notably, analysis of the NHANES accelerometer-based
data by using distinct analytic approaches and inclusion criteria
provides convergent and compelling evidence that greater amounts
of light intensity are associated with important mortality benefits
[e.g. (13–16)].

There are 2 important methodologic issues that merit com-
ment. First, the isotemporal modeling approach only estimates
mortality benefits for time trade-offs between activities by using
results from statistical models, not from actual changes in be-
havior. Additionally, a challenge when using such models with
accelerometer data is that the 24-h day effectively fixes total
observation time, potentially introducing substitution effects from
behaviors occurring during nonwear time, such as short sleep (36).
To investigate this possible source of bias, we examined the
nonwear time and mortality relation (no association) and evaluated
those with long- and short-wear time (no major differences). We
did not have information about sleep duration in our full sample.

Recent studies have begun to investigate the complex relation
between sleep, sedentary behavior, physical activity, and health
(32, 35, 37) and the analysis of health consequences of each of
these behaviors over the 24-h day is an emerging research
challenge. In this article we used the isotemporal substitution
approach, but further work with branched equations (39),
methods designed to find unknown dose-response breakpoints
(40), or novel methods capable of integrating the effects of all of
these behaviors within the full 24-h day could be informative
(38). Second, we are acutely aware of the challenges associated
with translating activity counts from 1-min epochs into categories
of activity intensity (23, 40) and that newer methods are emerging
(41, 42). Although a variety of activity count cutoffs have been
proposed to classify sedentary time (18, 42, 43), we elected to use
AC ,100 because it adequately ranks adults in free-living
studies (18, 27, 43). Several moderate-to-vigorous cutoffs have
also been proposed (21, 22, 44). We elected to use the 760
threshold primarily because it was calibrated to differentiate
between light and moderate-to-vigorous activity across a broad
range of activities (23, 27) and provides useful estimates of each
activity intensity in free-living studies compared with a variety
of criterion measures (23–26, 45). We also examined results for
the AC 2020 cutoff and found strong consistency in our results
for sedentary time and light activity, supporting the idea that light-
intensity activity has important health benefits. Stronger associa-
tions with using AC 2020 highlight the benefits of more intense
moderate-to-vigorous activity.

Our study has a number of strengths. We used data from the
first large-scale population-based cohort with accelerometer
measurements with a large number of mortality endpoints to
conduct a prospective analysis. In comparison with earlier reports
from this cohort (12–14), we evaluated w4 more years of follow-
up and 550 additional deaths. Unlike past studies, we explored the
mortality dose-response in depth with restricted cubic splines and
considered the role of total physical activity when estimating the

mortality benefits associated with replacing sedentary time with
physical activity. In addition, our estimate of the mortality benefits
for a 1-h reduction in sedentary time is consistent with a reduction
that was feasible in intervention trials (46), and there is consider-
able biologic plausibility for our results owing to the metabolic
impact of light-intensity activity (32, 47, 48).

In conclusion, our results support the notion that light-intensity
activities of everyday living, or “baseline activities” (49), may be
associated with considerable mortality-sparing benefits for less-
active adults in the population. Intervention efforts to increase
light-intensity activity, perhaps by taking advantage of their
time-inverse relation with sedentary time, may be an important
adjunct to current health promotion efforts for physical activity.
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