
D
ow

nloaded
from

https://journals.lw
w
.com

/acsm
-m
sse

by
BhD

M
f5ePH

Kav1zEoum
1tQ

fN
4a+kJLhEZgbsIH

o4XM
i0hC

yw
C
X1AW

nYQ
p/IlQ

rH
D
3sKTD

gY9nEdt9s9lFBZoH
KnXALIPIQ

N
zj1FrsB2J8XrPw

iejAB8IFeA==
on

04/23/2018

Downloadedfromhttps://journals.lww.com/acsm-mssebyBhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0hCywCX1AWnYQp/IlQrHD3sKTDgY9nEdt9s9lFBZoHKnXALIPIQNzj1FrsB2J8XrPwiejAB8IFeA==on04/23/2018

An Evaluation of Accelerometer-derived
Metrics to Assess Daily Behavioral Patterns

SARAH KOZEY KEADLE1,2, JOSHUA N. SAMPSON3, HAOCHENG LI4, KATE LYDEN5, CHARLES E. MATTHEWS1,
and RAYMOND J. CARROLL6,7

1Metabolic Epidemiology Branch, Division of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, MD;
2Cancer Prevention Fellowship Program, Division of Cancer Prevention, National Cancer Institute, Bethesda, MD; 3Biostatistics
Branch, Division of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, MD; 4Departments of Oncology
and Community Health Sciences, University of Calgary, Alberta, CANADA; 5Misfit Inc., San Francisco, CA; 6Department of
Statistics, Texas A&M University, College Station, TX; and 7School of Mathematical and Physical Sciences, University of
Technology Sydney, AUSTRALIA

ABSTRACT

KEADLE, S. K., J. N. SAMPSON, H. LI, K. LYDEN, C. E. MATTHEWS, and R. J. CARROLL. An Evaluation of Accelerometer-

derived Metrics to Assess Daily Behavioral Patterns. Med. Sci. Sports Exerc., Vol. 49, No. 1, pp. 54–63, 2017. Introduction: The way

physical activity (PA) and sedentary behavior (SB) are accumulated throughout the day (i.e., patterns) may be important for health, but

identifying measurable and meaningful metrics of behavioral patterns is challenging. This study evaluated accelerometer-derived metrics

to determine whether they predicted PA and SB patterns and were reliably measured.Methods: We defined and measured 55 metrics that

describe daily PA and SB using data collected by using the activPAL monitor in four studies. The first two studies were randomized

crossover designs that included recreationally active participants. Study 1 experimentally manipulated time spent in moderate-to-vigorous-

intensity PA and sedentary time, and study 2 held time in exercise constant and manipulated SB. Study 3 included inactive participants who

increased exercise, decreased sedentary time, or both. The study conditions induced distinct behavioral patterns; thus, we tested

whether the new metrics could improve the prediction of an individual_s study condition after adjusting for the overall volume of PA or

SB using conditional logistic regression. In study 4, we measured the 3-month reliability for the pattern metrics by calculating intraclass

correlation coefficients in a community-dwelling sample who wore the activPAL monitor twice for 7 d. Results: In each of the experimental

studies, we identified new metrics that could improve the accuracy for predicting condition beyond SB and moderate-to-vigorous-

intensity PA volume. In study 1, 23 metrics were predictive of a highly active condition, and in study 2, 24 metrics were predictive of a highly

sedentary condition. In study 4, the median intraclass correlation coefficients (25–75th percentiles) of the metrics were 0.59 (0.46–0.65).

Conclusions: Several new metrics were predictive of patterns of SB, exercise, and nonexercise behavior and are moderately reliable for

a 3-month period. Applying these metrics to determine whether daily behavioral patterns are associated with health-outcomes is an

important area of future research. Key Words: PHYSICAL ACTIVITY, EPIDEMIOLOGY, MEASUREMENT, ASSESSMENT,

SEDENTARY BEHAVIOR

P
eople who are more physically active have improved
longevity and lower risk of chronic diseases (11). To
date, the majority of research has focused on associations

between the amount of time (i.e., volume) spent in sedentary
(21,32), light-intensity (21), and moderate-to-vigorous-intensity

physical activity (MVPA) (1) and health. However, recent
evidence from controlled experimental trials suggests that the
pattern by which activity is accumulated may also be related
to health, even when accounting for the total volume of ac-
tivity (4,13,38). The historical emphasis on sedentary and
physical activity volume was pragmatic because the primary
method of assessment was self-report questionnaires, from
which accurately assessing the frequency and duration of
active or sedentary bouts is probably impossible (26).

In contrast to questionnaires, wearable sensors (e.g., accel-
erometers) can collect and store dense data (i.e., 100 samples
per second) for a period of many days or weeks, allowing a
detailed examination of the duration and frequency of different
postures and/or intensities of activity within a day. Given the
dense and multidimensional data within a day of accelerometer
data, there is a large and possibly infinite number of metrics that
could be extracted from accelerometer data to describe the in-
terrelated components (e.g., frequency, duration, and inten-
sity) of physical behavior (8). Together, these components
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characterize the total volume of daily activity and inactivity
(8,43), and throughout this manuscript, we will use the term
daily behavioral patterns to refer to these components. De-
scriptive studies have used metrics that may reflect daily be-
havioral patterns, including time spent active or sedentary
within various bout lengths (e.g., 1,5,10, and 20min) (3,12,20,41).
Other studies have identified associations between several
accelerometer-derived metrics (e.g., number of breaks, Gini
index, and bouts of sedentary time 920 min) in relation to
obesity and metabolic health (5,18,19,44), and differences in
sedentary behavioral patterns have been noted in cross-sectional
analysis comparing healthy and diseased populations (6,36).
Understanding whether there are links between daily behav-
ioral patterns and health could lead to innovative opportuni-
ties for intervention and improve public health. An important
step is to determine whether there are measurable accelerometer-
based metrics that describe daily behavioral patterns that can
be used in etiologic studies. To date, few studies have sys-
tematically evaluated whether accelerometer-based metrics
provide an added benefit for characterizing daily behavioral
patterns beyond standard volume metrics, or whether the
metrics can be reliably measured.

The purpose of this paper is to first develop a broad list of
metrics of activity and sedentary behavior using activPALTM

(AP) accelerometer data and then to test these metrics in two
ways. First, we examined if the new metrics improve a
model_s ability to predict behavioral patterns beyond what is
possible using total volume alone. To do this, we used three
experimental studies that manipulated sedentary behavior,
exercise, and nonexercise activities in physically active and
sedentary adults. Second, we examined the within-person
variation for a 3-month period in a community-based sample
using intraclass correlation coefficient (ICC). Results from
this study will inform the design and interpretation of future
studies that explore etiologic associations between daily be-
havioral patterns and risk of disease.

METHODS

We first developed a list of physical activity and sedentary
time metrics from an AP accelerometer, based on previously
published literature (3,6,12,20,41). We also developed several
novel approaches to AP data extraction through discussions
among coauthors and considering relevant literature. We used
data from three experimental trials conducted in Amherst,
MA, to test whether the metrics could discriminate between
behavioral patterns beyond standard volume measures. In a
community-based observational study from Amherst, MA,
and Nashville, TN, we examined how stable the metrics are
within a person by comparing two measurement periods that
were 3 months apart. The AP measurement protocol for
physical activity and sedentary time (described in the next
section) was similar across studies. All participants completed
informed consent documents that were approved by the In-
stitutional Review Boards at the University of Massachusetts,
Amherst, and Vanderbilt University.

Measurement of Sedentary Time and
Physical Activity

The AP is a small device worn on the thigh that uses in-
formation about static and dynamic acceleration to distinguish
sitting/lying, standing, and stepping. It has been validated for
assessing sitting, breaks from sitting, and steps in both labo-
ratory and free-living environments (23,30). The AP software
produces an event file that includes time-stamped rows
(events) that are classified as sitting or lying, standing, or
stepping. For each event, there is also an estimated MET
value. We defined sedentary as time spent sitting or lying
while awake and active time as time spent standing or
stepping. Study participants reported time in/out of bed on a
monitor log, and this was used in combination with a modi-
fied version of the Choi algorithm (9) to define monitor
‘‘wear time,’’ which excluded time in bed/sleeping (24,28).

Metric development. We considered seven previously
defined and commonly used metrics that are related to vol-
ume (e.g., total sedentary time, total MVPA time, steps per
day, and MET-hours). We next defined a set of 48 metrics;
of these, 20 metrics were related to sedentary behavior (e.g.,
breaks from sitting, proportion of sedentary bouts greater
than 20 min). We also extracted 16 metrics related to
nonexercise activities, including standing and light-intensity
(G3 METs) activity and 12 that are related to MVPA. For
MVPA, we further distinguished between MVPA guide-
lines, defined as activity Q3 METs for at least 10 consecutive
minutes, allowing for 2 min below the 3-MET threshold, and
sporadic MVPA defined as any 15-s interval that was higher
than 3 METs. All metrics were computed for each partici-
pant on each day of wear and are described in detail as
Supplemental Digital Content (see Table, Supplemental Dig-
ital Content 1, Description of physical activity and sedentary
metrics, http://links.lww.com/MSS/A738). Broadly, the sed-
entary and activity metrics were categorized as follows:

1. Duration and number of bouts: these are based on the
summation of time spent in bouts of activity/sedentary
behavior above a certain threshold (e.g., total sitting
time in bouts longer than 20 min).

2. Event distribution: For each participant on each day,
the durations of the sedentary event at the 5th, 25th,
50th, 75th, and 95th percentiles were extracted and
then repeated for active events. We also computed an
alpha-statistic for overall sedentary and active time
defined as (1 + 1/M), where M is the mean of log
(sedentary or active) bout length/minimum sedentary and
active bout length. This is an equivalent rearrangement of
the equation from Chastin and Granat (7). We also com-
puted the Gini index for active and sedentary events (7).

3. Proportions: these metrics assess the proportion of
overall sedentary or active time that is spent in a partic-
ular bout length (e.g., proportion of total sedentary time
that is in bouts of at least 20 min). We also computed the
ratio between standing and stepping time.
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An R package (PAactivPAL) is available for researchers
to generate these metrics (46).

Experimental studies. To ensure that a range of
behavioral patterns were evaluated, we used three exper-
imental studies that manipulated different aspects of ex-
ercise, nonexercise, and sedentary time in both active and
inactive individuals. The first two studies were randomized
crossover designs where recreationally active participants
completed three experimental conditions. Study 1 was
designed to be consistent with activity levels defined in the
2008 physical activity guidelines and manipulated time
spent in exercise and nonexercise activities. Study 2 held
time in exercise constant and manipulated sedentary time.
The study 3 included overweight, inactive participants
who increased exercise, decreased sedentary time, or both.
The basic study designs and descriptive characteristics for
studies 1–3 are shown in Table 1.

Study 1: The study population included healthy, recreationally
active individuals (mean T SD, age = 25.2 T 5.7 yr, BMI =
24.9 T 4.3 kgImj2) (28–30). The three conditions, completed
in a random order, were as follows: 1) sedentary noEX +
highSED—no structured exercise, remain sedentary through-
out the day, and achieve G5000 steps per day; 2) moderately
active (modEX)—complete 150 minIwkj1 of moderate-
intensity physical activity (and/or 75 minIwkj1 of vigorous
activity), step-goal of 10,000 per day, and no recommendations
regarding sedentary behavior; and 3) very-active (highEX +
lowSED)—complete double current recommended physical
activity guidelines (i.e., 300 minIwkj1 of moderate and/or
150 minIwkj1 vigorous activity) and decrease sedentary time
with a step goal of 15,000 per day (28).

Study 2 was a randomized crossover design with three
conditions that increased or decreased sedentary time among
regular exercisers (mean T SD, age = 25.5 T 4.8 yr, BMI =
24.8 T 5.1 kgImj2). In all three conditions, participants were
instructed to do an identical amount of structured exercise

(~30 minIdj1). For example, if on day 2 of the baseline
week they ran 30 min, they were asked to run 30 min on day
2 of each of the next conditions. Sedentary and active time
were experimentally manipulated in the conditions as fol-
lows: 1) baseline (EX + base)—participants could exercise
and sit as they typically would with no recommendations for
physical activity or sedentary time; 2) high-sedentary (EX +
highSED)—participants were instructed to sit as much of the
day as possible when not exercising; or 3) low-sedentary
(EX + lowSED)—participants were instructed to stand as
much of the day as possible when not exercising. The order
of conditions two and three was randomized.

Study 3 was a four-arm randomized trial that was conducted
among overweight individuals with sedentary occupations
who did not exercise (mean T SD, age = 43.2 T 5.4 yr, BMI =
35.3 T 5.1 kgImj2). Participants were randomized to one of
four groups: 1) control—maintain behavior (sedentary work,
no exercise); 2) exercise (EX)—structured moderate-intensity
exercise 5 dIwkj1 for 40 min per session; 3) reduce sedentary
time (rSED)—increase steps by ~10% per week, break-up
sedentary time, and reduce sitting without structured exercise;
and 4) EX-rSED—exercise 5 dIwkj1 for 40 min and reduce
sitting time. Additional details have been previously pub-
lished (24,25). For the present analyses, we defined the in-
tervention period as weeks 6, 9, and 12 and took the mean
value for each metric for that period.

Study 4: To assess whether each metric captures a repro-
ducible quantity that differs among individuals, we used data
from an observational study that assessed physical activity in
400 community-dwelling individuals at two time periods that
were 3 months apart. Participants were between 12 and 75 yr,
fluent in English, and free of debilitating chronic diseases
(e.g., heart failure, severe claudication, and terminal cancer),
major cognitive or psychiatric disorders (e.g., dementia and
schizophrenia), and major orthopedic problems. The study
population was enrolled as a convenience sample. Informed

TABLE 1. Daily summary metrics in each of the three experimental studies across conditions.

Study 1 Condition noEX + highSED EX highEX + lowSED

N 10 10 10
Steps 4977 T 1797a 9528 T 2815b 14668 T 5587c

Sedentary (%) 71.6 T 12.7a 64.5 T 10.5b 55.4 T 14.8c

MVPA (min) 1.2 T 3.6a 23.4 T 18.6b 54.0 T 39.6c

Study 2 Condition EX + base EX + highSED EX + lowSED

N 10 10 10
Steps 11655 T 3876a 9430 T 3754a,b 13143 T 5083b

Sedentary (%) 59.7 T 12.1a 72.3 T 9.7b 23.8 T 12.4c

MVPA (min) 26.4 T 24 24.0 T 21.0 31.2 T 22.8

Study 3 Group Control rSED EX EX + rSED

N 10 16 15 16
Steps 5253 T 1194 9548 T 1792 8855 T 1528 11392 T 1828
Sedentary (%) 70.4 T 5.4 67.0 T 5.2 63.4 T 6.2 64.1 T 5.6
MVPA (min) 2.4 T 4.7 35.4 T 14.3a 27.7 T 11.2a 47.6 T 14.6a

Note: Values are presented as mean T SD.
Study 1: noEX + highSED = no structured exercise, modEX = participants were instructed to exercise 150 minIwkj1, and highEX + lowSED = exercise 300 minIwkj1 and reduce sitting
time.
Study 2: All three conditions completed same structured exercise. EX + base = no instruction for nonexercise activity or sedentary time, EX + lowSED = either stand as much as possible,
and EX + highSED = sit as much as possible.
Study 3: EX = exercise 5 dIwkj1, rSED = reduce sedentary time, and EX + rSED = exercise and reduce sedentary time.
Studies 1 and 2 were crossover designs where the same participant completed each of the three conditions. Study 3 was 12-wk randomized trial, and values presented are for the last
week (12) of the intervention. There were no significant between-group differences at baseline for these variables in study 3.
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consent and/or assent documents were signed by 422 par-
ticipants (and parents of adolescents) (see Table, Supple-
mental Digital Content 2, Participant characteristics from
study 4, http://links.lww.com/MSS/A739). The mean age was
39.1 yr (range 12–75 yr), the mean BMI was 25.5 kgImj2

(range = 14.2–56.1 kgImj2). During each visit, participants
completed basic demographic information and were instructed
to maintain their habitual behavior.

Statistical Evaluation

We first examined Pearson correlations for active and
sedentary metrics to describe the relationships between the
metrics using baseline data in studies 1–3. Next, we used
conditional logistic regression to test whether the metrics
were significantly associated with study condition, after
adjusting for the main volume measures, total sedentary, or
MVPA time (minIdj1). This analysis assumes the experi-
mental manipulations also changed the underlying daily
behavioral patterns (i.e., frequency � duration of behavior)
as well as the total volume of sedentary time and MVPA (8).
We were therefore testing a broad range of sedentary and
physical activity pattern metrics for their ability to detect
patterns of behavior associated with increasing or decreasing
exercise, nonexercise activities, and/or sedentary time after
accounting for total volume.

For study 1, we defined our outcome variable, Y, equal to
0 if a participant was in the Sedentary (noEX + highSED)
group and Y equal 1 if a participant was in the modEx con-
dition. Then for each metric, we regressed Y on that metric,
adjusting for main volume metric (i.e., sedentary or MVPA
min). Because we had daily measures for each individual, we
performed conditional logistic regression, stratified by
participant. We report P values from the Wald statistic for
the metric of interest. The analysis was then repeated,
where Y = 0 when in the inactive (noEX + highSED) con-
dition (same as first analysis) and then Y = 1 when in the
most active (highEX + lowSED) condition. The details of
the regression for studies 2 and 3 are identical with those
from study 1. In study 2, the baseline condition was EX +
base (Y = 0), which we compared with the two experi-
mental conditions (i.e., EX + highSED and EX + lowSED)
in separate models. For study 3, the baseline week was the
referent group (Y = 0), which was compared with the in-
tervention period (weeks 6, 9, and 12) for each group.

We then evaluated the reliability of each of the sedentary
and physical activity pattern metrics for a 3-month period. For
each metric, we calculated the daily mean from each 7-d
measurement periods that were 3 months apart.We used linear
mixed models to calculate the ICC coefficients, which esti-
mate the proportion of the total variance (between + within
participants) that is attributable to the between-participant

FIGURE 1—A, Pearson correlation coefficient for activemetrics across studies 1–3 at baseline. Note: The variables shown are in the same order as Table 2,
and described in Supplemental Digital Content 1, http://links.lww.com/MSS/A738. B, Correlation coefficient for sedentary metrics across studies 1–3 at
baseline. Note: The variables shown are in the same order as Table 3 and described in Supplemental Digital Content 1, http://links.lww.com/MSS/A738.
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variance. Higher ICC values indicate that there is less within-
person variance or less random measurement error (15). For
all statistical analyses, R-program was used, and P values
were set at P G 0.05.

RESULTS

Table 1 shows the mean daily steps per day, the sedentary
time, and the minutes of MVPA for studies 1–3. In both of the
randomized crossover trials (studies 1 and 2), the participants
were compliant to the condition requirements. For example, in
study 1, the measured steps were within 500 steps of the goal
for each condition (i.e., 5000 for noEX + highSED, 10,000 for
modEX, and 15,000 for highEX + lowSED). Per study design,
exercise increased in the two experimental conditions, and
sedentary time decreased (Table 1). In study 2, per protocol
MVPA guidelines were not significantly different across con-
ditions EX + base (29.8 min), EX + highSED (23.9 min), or
EX + lowSED (33.9 min) (P 9 0.05). By contrast, the per-
centage of time sedentary at baseline (59.7%) was signifi-
cantly increased in the EX + highSED condition (72.3%) and
reduced in the EX + lowSED condition (23.8%), all P G 0.01.

For study 3, at week 12, all intervention groups had significantly
higher minutes of MVPA and steps per day compared with
baseline, but there were no significant changes in sedentary time.

Figure 1 shows the Pearson correlation coefficients for the
active and sedentary metrics, respectively, and indicates the
metrics are multidimensional. For active metrics, the corre-
lation coefficients between MVPA minutes and 54 other
metrics ranged from R = j0.06 (highest MET value) to R =
0.98 for total steps. Alpha (R = j0.45) and standing to
stepping ratio (R = j0.34) were negatively correlated with
total MVPA time, and the others were positively correlated,
with a median correlation of 0.43. For sedentary time, the
weakest correlation was the Gini index (R = j0.04) and the
strongest was sedentary time in bouts greater than or equal
to 20 min (R = 0.82). Break rate, alpha, and sedentary breaks
were negatively correlated with overall sedentary time,
whereas the rest were positive. The median correlation for
sedentary time was R = 0.45.

Prediction of behavioral patterns. The mean value
for each metric is shown in Table 2 (Sedentary metrics) and
Table 3 (Activity metrics). The values in bold in the tables
indicate which of the metrics from the conditional logistic

TABLE 2. Daily mean values for activity related metrics in each of the three experimental studies, by condition.

Study 1 Study 2 Study 3

noEX +
highSED modEX

highEX +
lowSED

EX +
base

EX +
lowSED

EX +
highSED Control rSED EX

EX +
rSED

Main metric Total MVPA min (Q3 METs) 39.6 77.9† 118.2† 89.5 100.1† 71.4† 43.7 69.9† 75.0† 90.3†
Volume Light (1.5–2.99 METs) min 20.5 24.8 29.1 36.4 48.2* 30.4 25.6 32.9* 24.7* 28.8

Standing time (min) 156.1 181.7 220.3 230.7 526.9* 148.5* 180.6 211.7 175.6* 195.2
Stepping time (min) 60.1 102.7 147.3 125.9 148.3* 101.8 69.3 102.8* 99.7* 119.1
Sporadic MVPA (min) 37.7 46.6* 52.7* 59.8 66.8 47.5 41.6 51.6 41.6* 49.0*
MVPA guideline (min) 2.0 31.3* 65.5* 29.8 33.3 23.9 2.2 18.2 33.4* 41.3*
Steps per day 4944 9698 14,980 11,815 13,250.2* 9639 5523 8706 9426* 11134
Total METIh 26.3 29.0 30.8 30.0 31.6 29.7 27.5 29.0 29.3* 29.7

Duration and
number of events

No. active events 50.8 48.2* 46.3* 48.4 35.3* 57.1* 44.3 42.3 38.6* 45.5*
Active Time Q5 min event (min) 153.3 224.9 312.7 296.4 630.1* 174.7* 194.4 264.4 229.4* 257.1
Active Time Q10 min event (min) 108.3 180.1 264.6 237.8 591.6* 125.5* 149.0 217.3 187.6 211.8*
Active Time Q30 min event (min) 34.6 83.4 161.5* 130.5 446.3* 55.3* 63.6 106.1 98.4 117.1*
Mean length of active event (min) 4.5 6.4 8.6 7.6 22.4* 4.7* 6.1 8.0 7.7 8.0*
No. sporadic MVPA events 34.6 36.3 37.8 41.3 53.5* 36.4* 36.3 38.9* 32.9* 37.5
Number MVPA guideline bouts 0.2 2.1* 3.8* 2.4 2.6 1.8 0.2 1.6 1.1 2.0
Mean length of MVPA guideline (min) 1.7 14.3* 19.7* 9.3 10.4 9.9 1.5 6.8 25.3* 20.9*
Highest MET value 4.2 4.3 4.2 4.4 4.5 4.5 4.3 4.2 4.2* 4.2
METIh in MVPA guideline 0.1 2.1* 4.5* 2.0 2.3 1.7 0.1 1.2 2.2* 2.7*
METIh in sporadic MVPA 2.3 2.9* 3.3* 3.7 4.1 3.0 2.5 3.1 2.5* 3.0*

Event Distribution 5th percentile of active time (min) 0.28 0.32 0.33 0.34 0.8* 0.28* 0.32 0.4* 0.34 0.4
25th percentile of active time (min) 0.8 1.0 1.1 1.2 3.4* 0.9* 1.0 1.3 1.2 1.3
50th percentile of active time (min) 2.1 2.5 3.1 3.3 10.5* 2.2* 2.7 3.6 3.3 3.4
75th percentile of active time (min) 5.3 7.0 9.0 8.3 29.0* 5.1* 6.8 9.7 8.8 8.8*
95th percentile of active time (min) 17.0 28.2* 38.7* 32.5 93.4* 17.3* 25.0 32.1 34.0 33.8
Alphaa 1.45 1.42 1.40* 1.38 1.33* 1.44* 1.4 1.4 1.4 1.4
Ginia 0.62 0.60* 0.68* 0.65 0.64 0.62* 0.6 0.6* 0.7 0.7*

Proportions Standing/Stepping ratio 2.7 1.9* 1.5 2.0 4.0* 1.6* 3.6 2.2 2.0 2.1
Active time Q5 min (%) 24.0 31.0 35.0 36.0 61.0* 24.0* 31.0 38.0 36.0 35.0*
Active time Q10 min (%) 11.0 17.0 21.0 19.0 47.0* 11.0* 16.0 23.0 20.0 20.0*
Active time Q30 min (%) 2.0 4.0 7.0* 6.0 23.0* 2.0* 4.0 6.0 6.0 6.0*
MVPA time Q2 min (%) 17.0 26.0* 30.0 28.0 23.0* 23.0 16.0 22.0 20.2* 24.0
MVPA time Q5 min (%) 3.0 11.0 14.0 11.0 9.0* 9.0 2.0 8.0* 7.0 9.0
MVPA time Q10 min (%) 0.0 3.0* 7.0 4.0 3.0* 4.0 0.0 2.0 3.0 4.0
MVPA guidelines Q20 min (%) 0.0 26.0 33.0 9.0 6.0* 9.0 0.0 3.0 56.0* 40.0*

EX, exercise; SED, sedentary time; rSED, reduce sedentary time. Studies 1 and 2 were crossover designs where the same participant completed each of the three conditions. Study 3 was a 12-wk
randomized trial, and values presented are for intervention period (weeks 6, 9, and 12). A definition of each metric is found in Supplemental Table 1, http://links.lww.com/MSS/A738.
†Significant difference in total MVPA between study conditions (P G 0.05).
*The metric distinguishes between the conditions after adjustment for minutes of MVPA in a conditional logistic regression model (P G 0.05). Study 1 noEX + highSED was the comparison
group and in study 2 the comparison group was EX + base. In study 3, the average of weeks 6, 9, and 12 within each intervention groups was compared with baseline. A definition of each
metric is found in Supplemental Table 1, http://links.lww.com/MSS/A738, and the betas and SE for each metric are shown in Supplemental Table 3 (http://links.lww.com/MSS/A740).

aDefined by Chastin and Granat (7).
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regression predicted study condition (i.e., behavioral pattern)
beyond the main volume measures (i.e., sedentary and MVPA
time). The specific betas and SE from conditional logistic re-
gression models are available as supplemental tables (see Table,
Supplemental Digital Content 3, Results from conditional logis-
tic regression for Studies 1–3, http://links.lww.com/MSS/A740).

For study 1, 12 active metrics, primarily related to MVPA
guideline (e.g., length of MVPA guideline, the 95th percentile
of activity), were significant predictors of theModEX condition
and just five sedentary metrics (P G 0.05) (Tables 2 and 3).
Compared with noEX + highSED, there were 14 of the active
metrics that predicted the HiEX + lowSED condition, mainly
those reflecting higher levels of structured MVPA (e.g., num-
ber and length of bouts, active time 930 min). There were also
nine sedentary metrics that were significant predictors of con-
dition (e.g., sedentary event length, sedentary time 920, 60,
120 min, 95th percentile, and Gini index). Overall, the majority
of the significant predictors in study 1 were MVPA guideline
metrics that reflect a more active behavioral pattern of a person
who is meeting recommended levels of MVPA.

In study 2, participants were instructed to maintain exercise
behavior across the three conditions and alter their sedentary
time (and consequently nonexercise activity). Consistent with
this experimental design, the activity metrics related to struc-
tured exercise (e.g., number and length of MVPA guideline
minutes) were not significantly different between conditions
(Tables 2 and 3). By contrast, there were significant differences
in the nonexercise activity and sedentary metrics. Compared
with EX + base, the EX + lowSED had higher percentiles of
activity (5th through 95th); both minutes and proportion of
active time 95, 10, and 30 min were significantly higher; and

the ratio of standing to stepping was lower. The duration and
time in long sedentary bouts also significantly differentiated
between conditions. Per protocol, the pattern for the EX +
highSED was almost completely opposite the EX + lowSED.
Compared with EX + base, the EX + highSED group had much
lower active time 95, 10, and 30 min and lower proportion of
active time above those thresholds. The percentiles (5th through
95th) were also significantly different, and the ratio of standing
to stepping was higher. Interestingly, the number of sit-to-stand
transitions (‘‘breaks’’) was higher in the highSED condition
compared with EX + base, but the mean sedentary event length
and time in bouts 9120 min were all higher (Tables 2 and 3).
Compared with baseline, the strongest differences in both
highly sedentary and high standing conditions were largely
driven by increased or decreased nonexercise activity long
sedentary bouts (2 h) and the mean sedentary even length.

In study 3, the observed difference in EX + rSED group
during the intervention were largely driven by differences in
structured exercise (e.g., MVPA bout length, 75th percentile,
active time 920 min). The group also changed the pattern of
nonexercise activity (e.g., active time 95 and 10 min) and
sedentary time (e.g., duration and proportion of sedentary time
920 min). The EX group had expected changes in structured
MVPA (e.g., MVPA bout length). There were no changes in
total sedentary time for the EX group, but these participants
spent more time in 120 min sedentary bouts and a longer mean
length of sedentary events during the intervention. The stepping
time, the number of sporadic MVPA events, the active time
95 min, and the duration and proportion of sedentary bouts 920
and 60 min were significant predictors of intervention status in
the rSED group (Tables 2 and 3). In summary, the two groups

TABLE 3. Daily mean values for sedentary related metrics in each of the three experimental studies, by condition.

Study 1 Study 2 Study 3

noEX +
highSED modEX

highEX +
lowSED

EX +
base

EX +
lowSED

EX +
highSED Control rSED EX

EX +
rSED

Main metric Total Sedentary minutes 582.8 527.7 457.9 530.4 216.1 650.6 614.6 548.6 569.5 574.6
Duration and

number of bouts
Sit-to-stand transitions (i.e., breaks) 50.9 48.3 46.4* 48.3 35.3 57.2* 44.3 42.4 38.7* 45.6
Break-rate (breaks per sedentary hour) 5.7 5.8* 6.9 5.9 12.0 5.5* 4.6 5.0 4.4* 5.1*
Mean length of sedentary event (min) 12.4 12.3* 10.9* 11.9 6.9 13.1* 16.4 14.6 20.2* 15.1
Sedentary time Q20 min (min) 356.6 321.8 266.6* 318.9 97.4* 414.2 411.8 367.3 405.6 376.0*
Sedentary time Q60 min (min) 132.2 127.7 118.8* 130.6 38.9* 185.7 186.2 139.6 197.3 145.5
Sedentary time Q120 min (min) 34.6 31.5 42.8* 34.7 12.2 36.7* 72.7 50.6 106.7* 56.0
Time in 30–60 min sedentary event (min) 156.0 132.9 98.1 122.2 28.6* 160.3 153.0 147.5 139.8* 150.9*
No. sedentary events 30–60 min 3.6 3.2 2.3 2.9 0.7 3.8 3.7 3.5 3.4* 3.7
No. sedentary events Q60 min 1.5 1.5 1.3 1.5 0.4* 2.1 1.9 1.5 1.7 1.4

Event distribution 5th percentile of sedentary time (min) 0.4 0.3 0.3 0.4 0.3 0.4 0.4 0.4 0.5 0.4
25th percentile of sedentary time (min) 1.6 1.3 1.2 1.6 1.0 1.7 1.9 1.9 2.0 1.7
50th percentile of sedentary time (min) 5.5 5.2 4.0 5.2 2.9 5.8 6.8 6.6 7.4 6.3
75th percentile of sedentary time (min) 15.4 15.2 12.2 13.6 7.5 15.6 19.8 19.3 25.8 18.1*
95th percentile of sedentary time (min) 48.3 53.8* 48.7* 48.7 28.3 55.1 71.4 56.3 92.3 66.4
Ginia 0.65 0.66 0.68* 0.66 0.65 0.66 0.65 0.64 0.66 0.65
Alphaa 1.35 1.35 1.37 1.36 1.45 1.35 1.34 1.34* 1.34 1.34*

Proportions (%) Sedentary time Q20 min 18.0 18.0 14.0 16.0 7.0* 19.0 22.0 22.0 23.0 21.0*
Sedentary time Q60 min 4.0 4.0* 3.0* 4.0 1.0* 5.0 6.0 4.0 6.0 4.0
Sedentary time Q120 min 0.0 1.00 1.00 1.0 0.0 1.0* 1.0 1.0 2.0 1.0
Percent sedentary 72.0 65.0* 55.0* 60.0 24.0* 72.0* 71.0 63.0* 67.0 64.0*

EX, exercise; SED, sedentary time; rSED, reduce sedentary time. Studies 1 and 2 were crossover designs where the same participant completed each of the three conditions. Study 3 was
a 12-wk randomized trial, and values presented are for the last week (12) of the intervention.
*Metric distinguishes between the conditions after adjustment for minutes of sedentary time in a conditional logistic regression model. In study 1, the exponential groups were compared with
NoEX + highSED; in study 2, the comparison group was EX + base; and in study 3, the average of weeks 6, 9, and 12within each intervention groupswas comparedwith baseline. A definition of
each metric is found in Supplemental Table 1, http://links.lww.com/MSS/A738, and the betas and SE for each metric are shown in Supplemental Table 3 (http://links.lww.com/MSS/A740).

aDefined in Chastin and Granat (7).
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who received the sedentary intervention decreased longer bouts
of sedentary time, whereas the EX group had increases in lon-
ger bouts of sedentary time. In addition to total MVPA time,
additional metrics reflecting bouts of MVPA were significant
predictors in both exercising groups.

Reliability of physical activity and sedentary
metrics. The mean, SD, and ICC values for each of the
active and sedentary metrics are shown in Tables 4 and 5. The
majority of the active (32/34) and sedentary (15/21) metrics
had ICC values greater than 0.4, suggesting at least moderate
reliability for a 3-month period. As seems natural, the ICC
values tended to be lower for the more extreme activity pat-
tern metrics (e.g., 5th and 95th percentile of active time,
highest MET value). The lowest ICC values were for the 75th
percentile of active time (ICC = 0.28) and the Gini index
(ICC = 0.29). Similarly, the lowest ICC values for sedentary
time were for time in sedentary bouts 9120 min (ICC = 0.19),
95th percentile of sedentary time (ICC = 0.08), and propor-
tion of sedentary time 9120 min (ICC = 0.38).

DISCUSSION

This study derived and evaluated a panel of 55 metrics of
active and sedentary behavior from an AP accelerometer. An

important strength was the use of experimental studies that both
increased and decreased sedentary and activity behavior, and thus
the metrics were evaluated relative to known and relevant be-
havioral patterns.We also examined reproducibility for a 3-month
period and showed a median ICC of 0.6, suggesting at least
moderate stability within a person. This comprehensive evalua-
tion of the accelerometer-derived metrics provides a foundation
for future epidemiologic studies examining daily behavioral
patterns in relation to disease risk factors and end points.

The broad adoption of wearable sensors enables researchers
to examine much more detail about daily behavior as com-
pared with standard volume-basedmetrics that are captured by
self-reported questionnaires (e.g., minutes per week of
MVPA). In this analysis, we showed the accelerometer met-
rics captured unique aspects of behavior. In study 1, the met-
rics related to number, frequency, and intensity of MVPA
guideline were significant predictors of the experimental
conditions, which were designed to mimic the 2008 physical
activity guidelines. By contrast, in study 2 where time in ex-
ercise was held constant and sedentary time was manipulated,
the metrics related to MVPA guideline were not significant,
whereas more metrics related to sporadic activity (e.g., per-
centiles of active time) and sedentary time were significant
predictors of the conditions. Study 3 was a longer-term free-
living intervention, and we identified numerous metrics re-
lated to structured exercise that were predictive of intervention
status in both of the exercising groups and several metrics for
spontaneous activity and sedentary time that were predic-
tive among the sedentary intervention groups (Tables 2
and 3). As an example to highlight the translational potential
of these metrics, the exercise-only group increased the length
of their sedentary events and had more long bouts of sitting. If
this finding is replicated, it could be an example of a discrete
intervention target for individuals starting an exercise program
to ensure they do not compensate for exercise by increasing
prolonged sedentary periods.

TABLE 4. Means and reliability of active metrics in the community-dwelling sample (study 4).

Mean SD ICC

Main metric MVPA min (Q3 METs) 61.7 34.7 0.61
Volume Light min (1.5–2.99) 35.6 19.6 0.62

Standing time (min)
Stepping time (min) 97.3 47.5 0.59
Sporadic MVPA (min) 51.7 26.0 0.57
MVPA guideline (min) 10.0 20.1 0.66
Steps per day 8007 4325 0.60
Total METIh 29.0 5.2 0.45

Duration and
number of bouts

Standing/stepping ratio 2.44 2.77 0.46
No. active events 53.5 20.1 0.68
Active Time Q5 min event (min) 236.5 128.4 0.69
Active Time Q10 min event (min) 186.4 124.7 0.68
Active Time Q30 min event (min) 86.3 103.1 0.60
No. sporadic MVPA events 40.9 11.6 0.64
Mean length of active event (min) 6.3 5.6 0.59
Number MVPA guideline bouts 0.81 1.60 0.60
Mean length of MVPA guideline

bout (min)
4.1 7.2 0.60

Highest MET value 4.3 0.6 0.41
METIh in MVPA guideline 0.66 1.34 0.66
METIh in sporadic MVPA 3.2 1.6 0.57

Event distribution 5th percentile of active time (min) 0.3 0.1 0.42
25th percentile of active time (min) 0.9 0.5 0.60
50th percentile of active time (min) 2.5 1.7 0.68
75th percentile of active time (min) 7.1 11.8 0.28
95th percentile of active time (min) 26.4 29.0 0.54
Alpha 1.43 0.07 0.59
Gini 0.64 0.07 0.29

Proportions (%) Active time Q5 min 5.0 6.8 0.63
Active time Q10 min 1.00 2.46 0.62
Active time Q30 min 3.1 14.6 0.51
MVPA time Q2 min 20.3 13.2 0.55
MVPA time Q5 min 5.0 6.8 0.63
MVPA time Q10 min 1.0 2.5 0.62
Proportion of MVPA guidelines

Q20 min
3.1 14.6 0.51

Note: A definition of each metric is found in Supplemental Table 1, http://links.lww.
com/MSS/A738. The ICC values are for the weekly average measured at baseline and
3 months later.

TABLE 5. Means and reliability of sedentary metrics in the community-dwelling sample
(study 4).

Mean SD ICC

Duration and
number of bouts

Sit-to-stand transitions 53.6 20.1 0.68
Rate of sedentary breaks 5.9 2.9 0.72
Mean length of sedentary event (min) 12.6 9.1 0.38
Sedentary time Q20 min 374.9 167.0 0.47
Sedentary time Q60 min 140.0 150.9 0.34
Sedentary time Q120 min 46.2 117.6 0.19
Time in 30–60 min sedentary event 157.5 90.6 0.41
No. sedentary events 30–60 min 3.8 2.1 0.41
No. sedentary events Q60 min 1.4 1.3 0.50

Event distribution 5th percentile of sedentary time 0.3 0.2 0.48
25th percentile of sedentary time 1.4 1.1 0.50
50th percentile of sedentary time 5.1 3.4 0.60
75th percentile of sedentary time 15.3 9.8 0.70
95th percentile of sedentary time 52.3 57.7 0.08
Gini 0.66 0.07 0.36
Alpha 1.35 0.05 0.59

Proportions (%) Sedentary time Q20 min 18.2 9.6 0.68
Sedentary time Q60 min 3.5 4.2 0.57
Sedentary time Q120 min 0.7 1.8 0.38
Percent sedentary 66.3 13.4 0.66

A definition of each metric is found in Supplemental Table 1, http://links.lww.com/MSS/
A738. The ICC values are for the weekly average measured at baseline and 3 months later.
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Some of the metrics we examined have been used in pre-
vious studies. Healy et al. (19) showed associations between
bouts of accelerometer-measured sedentary time 930 min and
obesity, and Carson et al. (5) showed bouts of 20 min of
sedentary time associated with cardiometabolic biomarkers.
Research has also begun to differentiate the relative benefits
of sporadic MVPA and MVPA guideline in relation to car-
diovascular health and metabolic syndrome (10). The present
findings provide reassurance that the metrics used in these
studies are reproducible and predictive of behavioral patterns.
One interesting exception was ‘‘breaks’’ from sedentary time,
which we defined as a sit–stand transition from the AP. Pre-
vious studies have shown better health outcomes are associ-
ated with more ‘‘breaks’’ estimated using an ActiGraph
accelerometer count threshold (17,18,40). However, we found
that breaks were predictive of a more sedentary behavioral
pattern, even when adjusting for differences in total sedentary
time. These findings suggest that the ActiGraph ‘‘breaks’’ are
likely capturing sporadic movements rather than true transi-
tions from sitting to standing (2,30) (Table 3). Future research
should examine the metrics of sedentary time beyond simply
the number of breaks, including long bouts or distributions of
sporadic activity to understand how patterns of sedentary time
accumulation relate to health.

In this analysis, we were interested in identifying metrics that
provide additional information to help distinguish between con-
ditions beyond what is possible with volume alone; thus, we
elected to control for volume. All metrics are in some way con-
ceptually related to total volume, which is made up of frequency
and duration; thus, they are not truly independent (8). It should be
noted there are other applications of these metrics where it may
not be appropriate or necessary to adjust for volume. To deter-
mine what metrics are most strongly related to health, there may
not be an a priori reason to include volume as a covariate. In
addition, an intervention study may be interested in assessing the
proximal behavioral target (long bouts of sitting), even if it is
highly correlated with total volume, because it was an explicit
target of the intervention (8).

Although there is expected day-to-day or year-to-year be-
havioral variation in activity, in epidemiologic studies, this
variability is a source of random measurement error that will
attenuate observed risk estimates (15,35). We evaluated the
stability of our metrics for a 3-month period using ICC. For
the majority, the ICC indicated moderate agreement (ICC =
0.4–0.75). The Gini index for both active (ICC = 0.29) and
sedentary (ICC = 0.36) were relatively low. In general, more
sedentary metrics had ICC values below the level of moderate
agreement compared with active metrics. Interestingly, the
95th percentile for sedentary time, despite the low ICC, was
the only percentile metric that was significantly different in
studies 1 and 2. For metrics with low ICC values, null associa-
tions with health should be interpreted cautiously as the within-
person measurement error could attenuate the true associations
and more days or measurement period may be needed.

Overall, this evaluation lends support to the utility of these
accelerometer-derived metrics, and this area is ripe for future

research. From a measurement perspective, the day-to-day
variability in these metrics within a week or between weekend
and weekdays is not well understood. Future research could
explore data reduction techniques (e.g., principal component
analyses) using the accelerometers as latent variables that
represent daily patterns of active and sedentary behavior,
similar to work that_s been done with socioeconomic depri-
vation indices (33). Several investigations have identified
clustering of activity patterns using latent class analyses based
on volume measures (e.g., sedentary time) (5,14,34). The
pattern metrics evaluated in this study, and those proposed by
others (e.g., [1,8,36]), may add discriminative ability for fu-
ture studies to identify behavioral clusters. In addition, these
metrics could be integrated with ongoing efforts to under-
stand the temporal patterns in activity throughout the day
(31,42,45) and other accelerometer-derived metrics (8,36).

Strengths of this study include the use of three experimental
studies that represent comprehensive behavioral patterns of
activity and inactivity and different populations (young and
normal weight, older, and overweight/obese). The studies that
included a range of experimental manipulations of behavior
patterns were designed to reflect public health recommenda-
tions, highly sedentary populations, and longer-term interven-
tion on exercise and sedentary time (28,39). Study 4 included a
wide range of age and activity levels to enhance the general-
izability of the ICC analysis and to describe these metrics in a
community-dwelling sample. We also used the AP monitor,
which has been well validated in free-living settings estimating
sedentary time (23,30). However, a limitation is that the AP
device software underestimates energy expenditure (16), which
we saw with a peak MET value of 4.5 across studies and no
differences in this metric between studies. Although the un-
derlying conceptual framework of the metrics is generalizable
to other activity monitors, these results are most applicable to
studies using the AP monitor because the accuracy and preci-
sion of wrist- and waist- worn accelerometers to distinguish
sitting from standing is lower than the AP (22,37). We used
linear mixed methods to calculate the ICC coefficients.
Nonlinearity could be an issue that may lead to the loss of
valuable information, and future research could consider func-
tional data analyses to assess a flexible model pattern by in-
cluding smooth curves measured at various time points (27).
We focused primarily on means and medians for this analysis.
For some metrics, where 950% of bouts equal the minimal
bout length, the median may not adequately distinguish
subjects_ behavior. We conducted several statistical tests, and
some significant findings may have occurred by chance. The
fact that the significant metrics predicted differences in patterns
that reflected the experimental design gives us confidence, but
certainly these results should be replicated.

CONCLUSIONS

We found several accelerometer-derived metrics that were
predictive of behavioral patterns and that were sufficiently
reliable within a person for a 3-month period to be useful in
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future epidemiologic research. This study provided important
information on previously published metrics and expanded
this literature by evaluating novel metrics. The systematic eval-
uation included controlled experimental trials that manipulated
behavioral patterns related to sedentary, nonexercise, and exer-
cise behavior. These metrics may be used as indicators of be-
havioral patterns to examine associations with cardiometabolic
biomarkers or disease incidence and may ultimately lead to new
behavioral targets for future intervention.
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