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Abstract
Investigations employing wearable monitors have begun to examine how sedentary time behaviors
influence health.

Purpose—To demonstrate the utility of a measure of sedentary behavior and to validate the
activPAL and ActiGraph GT3X for estimating measures of sedentary behavior: absolute number
of breaks and break-rate.

Methods—Thirteen participants completed two, 10-hour conditions. During the baseline
condition, participants performed normal daily activity and during the treatment condition,
participants were asked to reduce and break-up their sedentary time. In each condition,
participants wore two ActiGraph GT3X monitors and one activPAL. The ActiGraph was tested
using the low frequency extension filter (AG-LFE) and the normal filter (AG-Norm). For both
ActiGraph monitors two count cut-points to estimate sedentary time were examined: 100 and 150
counts∙min−1. Direct observation served as the criterion measure of total sedentary time, absolute
number of breaks from sedentary time and break-rate (number of breaks per sedentary hour
[brks.sed-hr−1]).

Results—Break-rate was the only metric sensitive to changes in behavior between baseline (5.1
[3.3 to 6.8] brks.sed-hr−1) and treatment conditions (7.3 [4.7 to 9.8] brks.sed-hr−1) (mean [95%
CI]). The activPAL produced valid estimates of all sedentary behavior measures and was sensitive
to changes in break-rate between conditions (baseline: 5.1 [2.8 to 7.1] brks.sed-hr−1, treatment: 8.0
[5.8 to 10.2] brks.sed-hr−1). In general, the AG-LFE and AG-Norm were not accurate in
estimating break-rate or absolute number of breaks and were not sensitive to changes between
conditions.

Conclusion—This study demonstrates the utility of expressing breaks from sedentary time as a
rate per sedentary hour, a metric specifically relevant to free-living behavior, and provides further
evidence that the activPAL is a valid tool to measure components of sedentary behavior in free-
living environments.
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Introduction
Sedentary behaviors are defined as seated or reclining postures that require low levels of
energy expenditure (e.g. < 1.5 METS) (24), and they comprise 55 to 70% of waking hours
(22). Strong epidemiological evidence suggests sedentary behaviors, independent of
physical activity, are associated with a host of poor health outcomes, including increased
risk of obesity, type 2 diabetes, cardiovascular disease, and premature mortality. Although
these relationships have been predominantly established using self-reported surrogate
measures of sedentary time (e.g. TV viewing time), studies using objective measures also
support these findings (2, 3, 8, 14–17, 20). Using accelerometers to obtain global measures
of total sedentary time, results from cross-sectional studies indicate sedentary behaviors are
associated with increased risk for abnormal glucose and lipid metabolism, obesity and
several chronic diseases (8, 14, 17, 20).

Several animal and human studies indicate that in addition to total sedentary time, how one
breaks up sedentary time may influence the muscular, cardiovascular and metabolic
responses to sedentary behavior (1, 12, 15, 29). Advances in accelerometer-based activity
monitors have allowed researchers to investigate how breaks from sedentary time affect
health in free-living humans. Using the ActiGraph GT1M accelerometer Healy and
colleagues reported frequent breaks from sedentary time (i.e., sit-to-stand transitions) are
beneficially associated with adiposity, triglycerides, and 2-hour plasma glucose, independent
of total sedentary time and physical activity (15). Data from the National Health and
Examination Survey (NHANES) survey indicate more breaks from sitting are also
associated with a smaller waist circumference and lower c-reactive protein levels (16). The
observation that taking frequent breaks from sedentary behaviors attenuates the negative
physiologic response is further supported by work from Chastin and colleagues (2, 3). Using
the activPAL monitor to assess sedentary time, there was no difference in total sedentary
time between healthy individuals and individuals with chronic health conditions. However,
there were significant differences in how sedentary time occurred between groups (2, 3).

These data provide evidence that “breaks from sitting” may be an appropriate target for
behavioral interventions. Encouraging individuals to “break-up” and accumulate shorter
bouts of sedentary time may be a feasible strategy for intervention recommendations.
However, prior to establishing recommendations and implementing interventions, validity of
wearable devices to detect breaks during free-living behavior must be determined. In
laboratory studies, the activPAL was validated to estimate time in different postures (11),
step count (21, 26), static and dynamic behaviors (10) and sit-to-stand transitions (11). In
free-living conditions, the activPAL produced highly accurate and precise estimate of total
sedentary time (18). Given these data, it seems reasonable to suggest that the activPAL will
accurately identify breaks from sedentary time in free-living settings, however this has yet to
be determined. Conversely, evidence suggests that the ActiGraph will be not be able to
identify breaks from sedentary time given its biased and imprecise estimates of total
sedentary time (18). The ActiGraph is traditionally used to quantify time spent in different
intensities of activity by summing time above or below specified count thresholds. This
method, known as the cut-point method (9), works reasonably well for identifying moderate-
to-vigorous physical activity (MVPA), but is less accurate for distinguishing sedentary and
light intensity activities (18, 19). In the context of sedentary behavior measurement, this
method is inherently limited in that it estimates intensities, not posture. However, the
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validity of the ActiGraph in identifying breaks from sedentary time has yet to be tested. This
is of particular importance given the ActiGraph was the tool used in all studies providing
evidence that breaks from sedentary time may be beneficial for health (15, 16). Thus, an
empirical evaluation and comparison of both tools will further inform research aiming to
measure and interpret sedentary behavior and its associated health outcomes.

As the first step for this validation, a suitable metric to describe breaks from sedentary time
in free-living environments must be established. In cohort or etiologic studies where the goal
is to relate a characteristic of sedentary behavior (e.g. total amount of sedentary time, total
number of breaks from sedentary time) to a specific health outcome, it is appropriate to
measure and statistically evaluate the independent, additive and interactive effects of
different features of sedentary behavior. This is easily done in statistical models.
Conversely, when measuring behavioral changes subsequent to an intervention, or
establishing recommendations regarding sedentary behavior, it may be more appropriate to
use a composite measure of sedentary behavior that collectively assesses changes in both
total sedentary time and breaks from sedentary time. For example, in intervention studies
where sedentary time decreases, the opportunity to accumulate breaks also decreases. Thus,
change in absolute number of breaks may not be sensitive to important behavioral changes
consequent to an intervention. In contrast, if breaks are expressed as a rate per sedentary
hour, the overall effects of the intervention may be more readily detected. Additionally, a
composite measure of sedentary behavior, such as breaks per sedentary hour is ecologically
relevant and may be easily translated for public health recommendations.

This study had three specific aims. Aim one was to express breaks from sedentary time as a
metric specifically relevant to free-living sedentary behavior and to compare this metric with
absolute number of breaks. The metric, called “break-rate,” is a measure of the rate of
breaks per sedentary hour (brks.sed-hr−1). Aim two was to validate the performance of the
ActiGraph GT3X and activPAL to estimate absolute number of breaks and break-rate. Aim
three was to determine if the ActiGraph GT3X and activPAL are sensitive enough to detect
the effects of an intervention to reduce and break-up sedentary time.

Methods
Eligibility and Recruitment

Thirteen participants were recruited from the University of Massachusetts, Amherst and
local communities. Eligible participants were between the ages of 20–60 years and satisfied
the Physical Activity Guideline of accumulating at least 150 minutes per week of moderate
intensity activity (4). Participants were healthy and free from any musculoskeletal problems
that would compromise their ability to change how they accumulate sedentary time.

Participants reported to the University of Massachusetts and signed an Informed Consent
Document approved by the University of Massachusetts Institutional Review Board.
Following the consenting process, height (to the nearest 0.1 cm) and weight (to the nearest
0.1kg) were measured using a floor scale/stadiometer (Detecto; Webb City, MO). To
determine initial eligibility, participants completed a health history questionnaire and a
physical activity status questionnaire. To verify self-reported activity level, participants
wore the ActiGraph GT3X for seven consecutive days. These data were analyzed using the
Freedson cut-points to determine time spent in moderate-to-vigorous intensity physical
activity (MVPA) per week (9). If MVPA was less than 150 minutes, participants were
excluded from the study.
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Experimental Procedures
Free-living behavior was monitored for approximately 10 consecutive hours, on two
separate days. For the first monitoring day, participants were asked to perform their normal
daily activity, including their normal exercise routine and normal activities of daily living
(baseline condition). For the second monitoring day, they were asked to decrease their total
sedentary time and to break-up sedentary behaviors as much as possible (treatment
condition). Participants were not provided a specific prescription to reduce and break-up
their sedentary time, but were provided suggestions and examples of how to decrease
sedentary time within their natural, free-living environment. For example, if they normally
spent the majority of their working day seated at a desk, they were encouraged to make
standing workstations so they could easily alternate between sitting and standing. Other
suggestions included standing during television commercials, standing to answer the phone
and standing while eating. The baseline and treatment conditions were performed at least
24-hours apart, and no more than two-weeks separated the two conditions.

Criterion Measure: Direct Observation—In each condition, direct observation served
as the criterion measure to assess total sedentary time and breaks from sedentary time. In the
morning a trained observer met the participants in their natural environment (e.g. place of
work, school, home). Participants were then observed for approximately 10 consecutive
hours. A hand-held personal digital assistant (PDA) programmed for focal sampling and
duration coding was used to record participant behavior. Every time body position changed
(e.g. went from sitting to standing) the observer recorded this in the PDA. Each entry was
time stamped and the length of each behavior bout was automatically recorded in the PDA.
The start and stop of each behavior recorded by the direct observer was exported from the
PDA using custom software (Noldus: Observer 9.0). During the 10-hour observation,
participants were allowed to have “private time” when needed. Reasons for “private time”
included behaviors such as using the restroom and changing clothes. During these activities,
the observer coded “private” on the PDA.

The DO PDA hardware (Noldus: Pocket Observer) and software (Noldus: Observer 9.0)
used to conduct the direct observation are commercially available tools (Noldus Information
Technology; Netherlands). The software was programmed to capture specific behaviors of
interest (e.g. sitting, standing). Observers worked in 2–4 hour shifts and a total of three
different observers completed all of the observation sessions for each participant. Observers
completed extensive verbal, written and video training and testing before observing
participants in a free-living environment. The training material focused on a specific
protocol to avoid disrupting free-living behavior and to accurately record sedentary time and
breaks from sedentary time. Upon completion of training, the ability of each observer to
identify activity type (e.g. sit, stand, walk) and intensity (e.g. 3 METs) was tested using a
~15 minute video of free-living behavior. The video was first coded by a group of
experienced observers and study observer responses (activity type and MET value) were
compared with the experienced observers’ responses using a Cohen’s kappa coefficient (κ).
To be considered “in agreement” study observers needed to correctly identify both the type
and intensity of the activity. There was a very high level of agreement between the study
observers’ responses and the experienced observers’ responses (mean κ = 0.92).

Activity Monitors. Data Synchronization
A start/stop record was generated to record the start and stop times for each observation
period using the custom Noldus software. The start/stop record was then used to process
each of the activity monitor files using a custom R program (27). The monitor data
corresponding directly with the start and stop times of direct observation were then extracted
from the monitor file. The monitors were initialized on the same file as the computer;
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therefore the activity monitor files were matched second-by-second with the direct
observation time-stamp. Behaviors coded as “private” by the observer along with the
corresponding activity monitor data were eliminated from the analyses.

ActiGraph
Each participant wore two GT3X monitors programmed to collect data from the vertical axis
in one-second epochs. One was initialized using the low frequency extension (AG-LFE) and
the other was initialized with the normal filter (AG-Norm). For both the AG-LFE and AG-
Norm two count cut-points to estimate sedentary time were examined: 100 counts∙min−1

(AG-LFE-100 and AG-Norm-100, respectively) and 150 counts∙min−1 (AG-LFE-150 and
AG-Norm-150, respectively). The 100 counts∙min−1 cut-point is the predominant cut-point
used by researchers (5, 13, 15, 18, 23). However, Kozey-Keadle et al. recently reported 150
counts∙min−1 may be a more appropriate cut-point to identify sedentary time from the
ActiGraph monitor (18). The AG-LFE and AG-Norm were worn on a belt with the AG-LFE
positioned directly on the anterior-supra-iliac spine and the AG-Norm positioned
immediately distal to the AG-LFE. A custom R program was used to generate total
sedentary time, breaks and break-rate from the AG monitor.

activPAL
Participants wore the activPALs on their right thighs. It was attached using a non-allergenic
adhesive pad and positioned on the midline of the thigh, one-third of the way between the
hip and knee. The time-stamped “event” data file from the activPAL software (version
5.8.5) was used to identify the duration of each sitting/lying, standing and stepping bout.
The event file was converted to second-by-second data using an R program to synchronize
data with the DO file.

Data Cleaning
For aims one and three, direct observation data and valid monitor data from all three
monitors were required for a participant to be included in the analyses. For aim two, valid
data from all monitors were not required. For example, if a participant had valid activPAL
and AG-LFE data, but not AG-Norm, only the AG-Norm analyses were eliminated.

Data Reduction
Operational definitions for total sedentary time and absolute number of breaks for the
criterion (direct observation) and each activity monitor were as follows:

Direct Observation

1. Total sedentary time (hours) – The sum of the duration of behavior that was
coded as sitting or lying.

2. Break from sedentary time – Any instance where a sitting or lying behavior
was followed by a non-sitting or non-lying behavior.

activPAL – Output from the activPAL was downloaded using the “Event” data in the
activPAL software. These data provide information about the start time and duration of
each sitting/lying, standing and stepping bout.

1. Total sedentary time (hours) – Determined by summing the duration of all
sitting/lying bouts.

2. Break from sedentary time – Any instance where a sitting/lying bout was
followed by a standing or stepping bout.

AG-LFE and AG-Norm
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1. Total sedentary time (hours) – Determined by summing the minutes where
counts∙min−1 were less than the cut-point of interest (e.g. counts∙min−1 < 100).

2. Break from sedentary time – Any instance where a minute identified as
sedentary (e.g. counts∙min−1 < 100) was followed by a minute identified as not
sedentary (e.g. counts∙min−1 ≥ 100).

Data from each measurement method were used to calculate break-rate. Break-rate was
calculated by dividing absolute number of breaks by total hours spent sedentary (brks.sed-
hr−1).

Statistical Evaluation
All statistical analyses were performed using the R statistical computing environment (27).
To address aim one, we computed and compared the break-rate for the criterion and each
prediction method. We used a repeated measures linear mixed model and likelihood ratio
tests to evaluate the sensitivity of these metrics to detect the possible effects of the
intervention on measures of sedentary behavior. The repeated measures model was used to
account for possible intra-individual correlation. The likelihood ratio test examined if the
addition of condition (baseline/treatment) as an independent variable resulted in a
significantly better fit.

To address aim two we used two statistical tools: percent bias and precision. The percent
bias, or mean difference between predicted and criterion estimates (Σ[(predicted break-rate −
criterion break-rate)/criterion break-rate]/N), is a measure of accuracy and gives information
about the systematic error of the prediction. We expressed bias as a percent of the criterion
to compare estimates between conditions and allow the size of the error to be proportional to
the quantity that is measured. In this study a negative bias indicated underestimation by the
prediction method; a positive bias indicated overestimation by the prediction method.
Precision is the inverse of variance and provides information about the size of the random
error of the prediction. To evaluate precision we determined the ninety-five percent
confidence intervals (95% CI) for the differences between the predictions and the criterion
(bias). Use of the 95% CI allowed us to do two things. The width of the CI is proportional to
the standard error of the differences; a small CI width indicated a high precision and a large
CI width indicated a low precision. Additionally, if the upper and lower CI’s of the bias
spanned zero, then the predicted estimate was not significantly different from the criterion at
α=0.05. We used the 95% CI and standard error instead of standard deviation because we
were interested in how these metrics performed in a population, not for a specific individual.
We note that a confidence interval bias that does not include zero does not necessarily
indicate that a measure is unbiased; instead one may not have the power to detect a bias of a
certain size.

To address aim three we used a repeated measures linear mixed model with likelihood ratio
testing. We fit separate models for the criterion, the activPAL and each AG-LFE and AG-
Norm cut-point.

Results
Thirteen participants (4 males, 9 females) completed the study. Participants’ mean (± SD)
age was 24.8 (5.2) years and mean (± SD) BMI was 23.8 (1.9) kg.m−2. Of the thirteen
participants enrolled in the study, one participant’s AG-LFE and AG-Norm monitors did not
record data. A second participant’s AG-Norm did not record data. These observations were
eliminated from the analyses for aims one and three (n=11). For aim two, this resulted in a
total of 234.8 hours of direct observation with corresponding AG-LFE data (mean hours per
observation=9.4 [n=12]), 234.2 hours of direct observation with corresponding AG-Norm
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data (mean hours per observation=9.8 [n=11]) and 251.5 hours of direct observation with
corresponding activPAL data (mean hours per observation=9.7 [n=13]).

For aim one we expressed breaks from sedentary time as a rate of breaks per sedentary hour
and compared this metric to absolute number of breaks. In Table 1 we report the mean (95%
CI) total sedentary time, absolute number of breaks and break-rate identified by direct
observation. In the baseline condition, participants spent 6.3 (5.7–7.0) hours in sedentary
behavior and took 30.9 (22.2–39.6) breaks from sedentary time. This resulted in a break-rate
of 5.1 (3.3–6.8) brks.sed-hr−1. Participants significantly decreased total sedentary time
during the treatment condition to 4.5 (3.6–5.4) hours. However, there was no change in the
absolute number of breaks (27.8 [20.5–35.1]) (p > 0.05), resulting in a significant increase in
break-rate to 7.3 (4.7–9.8) brks.sed-hr−1 (p < 0.05).

For aim two we examined the accuracy and precision of the ActiGraph GT3X and activPAL
for determining absolute number of breaks and break-rate. In Table 2 the percent bias (95%
CI) for each method’s estimate of absolute number of breaks and break-rate is reported. The
activPAL accurately and precisely estimated absolute number of breaks in the baseline (bias:
0.3% [−7.0–7.7]) and treatment conditions (bias: 10.9% [−6.8–28.6]), while all AG-LFE and
AG-Norm cut-points significantly overestimated breaks in both conditions. In general, the
accuracy and precision of the AG-LFE and AG-Norm improved as the sedentary cut-point
increased. Additionally, for a given cut-point, AG-Norm was always more accurate and
precise than AG-LFE. Both AG-LFE and AG-Norm overestimated absolute number of
breaks to a larger degree in the treatment condition compared with the baseline condition.

The activPAL accurately estimated break-rate in the baseline and treatment conditions,
while no AG-LFE, or AG-Norm cut-point accurately estimated break-rate in either
condition. The activPAL bias and CI widths were the smallest in both conditions (baseline
condition bias: −1.0% [−9.1–7.0], treatment condition bias: 10.9% [−7.2–29.1]).

In both conditions, the AG-LFE and AG-Norm tended to overestimate break-rate, and
accuracy (bias) and precision (CI width) improved as the sedentary cut-point increased. For
each cut-point the AG-Norm had a smaller bias and narrower CI width compared with the
AG-LFE. For each cut-point, both the AG-LFE and AG-Norm were more accurate and
precise in the treatment condition compared with baseline.

Figure 1 illustrates the percent bias for each estimate of absolute number of breaks (top
panel) and break-rate (bottom panel). The horizontal axis represents the truth relative to
direct observation, thus the closer the bias falls to the horizontal axis, the more accurate the
estimate. The error bars are 95% CI of the bias and illustrate the precision of the estimate. If
the error bars cross the horizontal axis, the estimate from the monitor is not significantly
different than the criterion DO measure. It is important to note that CI’s are dependent on
sample size. Although for aim two our sample sizes were different for each monitor
(activPAL = 13, AG-LFE = 12 and AG-Norm = 11), these differences did not influence the
relative precision of each tool nor any conclusions about the significance of the estimates
(data not shown). This was determined by performing the analyses on identical sample sizes
(N=11) (e.g. if AG-Norm data was missing for an observation, AG-LFE and activPAL data
were also eliminated). Since our conclusions did not change when removed, we chose to
keep these data in our analyses.

In Table 2, we also report the correlation between estimated metrics and direct observation.
For all monitors, there were significant correlations between direct observation and
estimated sedentary time (except AG-LFE-100), absolute number of breaks and break-rate
(range: 0.56–0.99). For each metric, correlations were the highest for estimates from the
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activPAL and correlations for AG-Norm estimates tended to be higher than those for AG-
LFE estimates.

For aim three we evaluated the ActiGraph GT3X and activPAL’s sensitivity to detect the
effects of an intervention to reduce and break-up sedentary time. Since absolute number of
breaks did not change between conditions, we performed the sensitivity analysis only using
break-rate as the response. Figure 2 illustrates the sensitivity of each method to detect the
effects of the intervention on break-rate. Agreeing with the direct observation results, the
activPAL detected the effects of the intervention on break-rate (p = 0.001). Results from
AG-LFE and AG-Norm were indeterminate (range: p=0.091 (AG-Norm-150) to p=0.136
(AG-Norm-100).

Discussion
The epidemiologic evidence linking sedentary time to poor health continues to expand (28).
The use of wearable monitors to objectively measure behavior for days to weeks at a time
has allowed researchers to investigate the specific role of breaks from sedentary time. The
current study contributed to this literature in three ways. First, we demonstrated the utility of
a measure of sedentary behavior, the “break-rate.” Even with a modest sample size, this
study demonstrated break-rate is sensitive to an intervention to reduce and break-up
sedentary time. An existing measure of sedentary behavior, absolute number of breaks was
not sensitive to the intervention in this study. Second, we found that the activPAL estimates
of absolute number of breaks and break-rate agreed with direct observation to a large extent.
The activPAL estimates were also relatively precise. This suggests the differences between
the activPAL estimates and direct observation may not be practically different for many
applications. Third, we found a statistically significant difference between the ActiGraph
GT3X estimates of absolute number of breaks and break-rate compared with direct
observation. This bias was statistically significant despite our modest sample size and the
relatively low precision of the ActiGraph measures of those statistics. Whether the bias is
practically significant (or whether the correlation between the ActiGraph estimates and
direct observation is large enough) will depend on the application. Additionally, in our study
sample the ActiGraph GT3X was not sensitive enough to detect the intervention.

Table 1 provides a summary of how participants changed behavior between the baseline and
treatment conditions according to the criterion DO. Interestingly, when individuals were
encouraged to reduce and break-up their sedentary time, total sedentary time decreased, but
absolute number of breaks did not change significantly (baseline: 30.9 (22.2–39.6),
treatment: 27.8 (20.5–35.1) (mean [95% CI]). It is important to note that when less time is
spent being sedentary there are fewer “opportunities” to take breaks and vice versa. This has
implications for how we interpret change within individuals and differences between groups
in intervention and observational studies, respectively. It is yet to be determined how this
relationship affects health, but these results illustrate the advantages of expressing breaks as
a rate.

The descriptive data reported in Table 1 are important because based on the criterion DO
measure, components of sedentary behavior clearly changed, but this change was not
detected when absolute number of breaks was used to evaluate sedentary behavior. To truly
understand the relationship between behavior and disease, it may be desirable to accurately
quantify as many of these behaviors as possible. However, we are unaware of an
intervention or observational study that has obtained this level of measurement detail.

Metrics not sensitive to total sedentary time are difficult to interpret and translate into
meaningful information. Healy and colleagues were the first to introduce the idea that how
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sedentary time is accumulated may influence health, reporting a beneficial association
between absolute number of breaks and metabolic risk (15). Although appropriate to
establish the independent effect of breaks from sedentary time, it is difficult to relate these
data to real-world applications. Notably, Healy et al. (15) recognize the challenges in
expressing breaks from sedentary time as an absolute number, and suggest that future
research examine the utility of expressing breaks as a rate of sedentary time. However, using
a composite measure such as break-rate also has limitations. Change in break-rate will
indicate sedentary behavior has changed, but this metric will provide no indication if the
change was in total amount of sedentary time, how sedentary time is broken up, or both.
When we measure total sedentary time and number of breaks independently, we can use
statistical adjustment to evaluate the independent effects. Break-rate cannot be statistically
adjusted for as this would result in variables being entered in the model twice.

The results from this study further support the use of the activPAL to measure and
characterize different components of sedentary behavior. The activPAL was accurate and
precise for estimating absolute number of breaks and break-rate in both the baseline and
treatment conditions. It was also sensitive to the effects of an intervention on the break-rate.
Previous studies indicate the activPAL is a valid tool to differentiate posture and estimate
steps in both laboratory and free-living settings (10, 11, 18, 21, 26) and to estimate sit-to-
stand and stand-to-sit transitions in a laboratory (11). Our results expand on this body of
literature by providing free-living evidence that the activPAL is a valid tool to identify the
number of transitions between sitting and standing, and it can accurately express this
number as a rate per sedentary hour.

Unlike the activPAL, no AG-LFE or AG-Norm cut-point accurately identified breaks (bias =
77.8% (AG-Norm-150) to 133.3% (AG-LFE-100)) nor break-rate (bias = 30.4% (AG-
Norm-150) to 102.3 % (AG-LFE-100) (Figure 1 and Table 2). Moreover, AG-Norm-100,
the cut-point previously used by Healy and colleagues to identify breaks from sedentary
time (13, 15), overestimated absolute number of breaks 98.6% at baseline and 112.1%
during the treatment condition.

In addition to absolute number of breaks and break-rate, Table 2 also reports the percent bias
of each monitor estimate of total sedentary time. Because break-rate is a ratio of breaks per
sedentary hour we present these data to interpret the results for break-rate. Three
observations should be noted regarding the inaccuracies of the AG-LFE and AG-Norm cut-
points that will help to interpret break-rate results: 1) as the sedentary cut-point increased,
overestimation of total sedentary time increased, 2) as the sedentary cut-point increased,
overestimation of absolute number of breaks decreased and 3) overestimates of both total
sedentary time and absolute number of breaks are larger in the treatment condition. These
observations are consistent with previous results (18). Specifically, as the cut-point
increases, there is more “opportunity” for a given minute to be classified as sedentary;
simultaneously, it is more “difficult” to achieve a break when the threshold increases. A
detailed interpretation of the validity of the activPAL and ActiGraph in estimating total
sedentary time is presented by Kozey-Keadle et al (18).

The activPAL accurately and precisely at estimated all metrics of sedentary behavior in both
conditions, while both the AG-LFE and AG-Norm were considerably less accurate at
estimating total sedentary time and the absolute number of breaks in the treatment condition.
The mean percent bias for all AG-LFE and AG-Norm estimates of total sedentary time at
baseline was 11.9%, compared with 44.0% during the treatment condition. The mean
percent bias for all AG-LFE and AG-Norm estimates of absolute number of breaks at
baseline was 94.6%, compared with 113.5% during the treatment condition. These results
indicate the accuracy of AG-LFE and AG-Norm may be influenced by wearer behavior.
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ActiGraph output is similar for standing still and sedentary activities and thus it is possible
the ActiGraph also measures “breaks from standing”. As a result, the observed differences
are likely explained by increases in standing time during the treatment condition (Table 1),
which subsequently increased the likelihood the ActiGraph would misclassify standing time
as sedentary time. These data are important because if the ActiGraph consistently
overestimates breaks in individuals who sit less, then the improved cardio-metabolic profile
associated with increased breaks (13, 15) may actually be due to individuals sitting less and
not taking more breaks from sitting.

Additionally, it is reasonable to assume the more active a group, the more likely it is that the
range of activity types performed will increase. It is likely that the precision of most
accelerometer-based measurement tools will decrease as participants increase the range of
activity types performed. This is supported by many laboratory-based calibrations where
measurement errors are influenced by activity type (6, 7, 19, 25). Although the current study
was not specifically designed to address the question of varying activity type, our results
suggest this will minimally affect the accuracy and precision of the activPAL on a group
level, but may influence ActiGraph estimates. More research is needed to fully understand
how specific activity types influence the accuracy and precision of the activPAL and
ActiGraph.

Sensitivity of the activPAL and ActiGraph GT3X to an intervention to reduce and break up
sedentary time

The precision of wearable monitors has implications for how well it can detect change
between conditions. In both conditions, the activPAL produced the most precise estimates of
break-rate (Figure 1). Not surprisingly, it also was the only predictor that detected the effects
of the intervention in this study (Figure 2). These results agreed with direct observation. The
bias of a prediction method does not impact its ability to detection of change. In a repeated
measures analysis the biases cancel each other when the difference is within the individual.
For example, even if a tool is inaccurate (biased) it can still be precise if the bias for each
individual is similar (e.g. the tool overestimates by 30% for each participant). Practically,
this means when used in an intervention, the activPAL will be capable of detecting a true
increase or decrease in break-rate. Conversely, the AG-LFE and AG-Norm did not detect the
effects of the intervention on break-rate.

This is the first study to validate the performance of activity monitors to measure and detect
changes in breaks from sedentary time. An important strength of this study is that it was
performed under free-living conditions and sedentary time and breaks from sedentary time
were measured using direct observation as the criterion measure. Participants were observed
for approximately 10 consecutive hours per observation, in their natural environment. By
using a custom designed direct observation system (Noldus Information Technology;
Netherlands), we acquired 15,089 minutes of DO data synchronized with recordings from
multiple activity monitors. Because these data were collected in participant’s natural
environment over an extended period of time, we were also able to capture sedentary
behavior in a wide range of settings and contexts.

We also assessed performance under two free-living conditions representative of behavior
pre and post a sedentary behavior intervention. This is important for two reasons. First,
Kozey-Keadle et al (2010) reported that activity monitor accuracy may be influenced by
wearer behavior (18) and second, we assessed if the activity monitors were sensitive to
change. Thus we provide practical information that can be easily translated to natural
settings.
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This study also has several limitations. First, our sample was relatively young, lean and met
the physical activity guidelines. We do not know how the activPAL and ActiGraph GT3X
will perform for sedentary, overweight populations, particularly since the accuracy of the
ActiGraph appears to be influenced by total sedentary time. Second, participants were only
monitored for one day. This may have affected how participants changed their behavior
from baseline to the treatment condition. It is not known how the monitors will perform
when worn for longer periods of time or if the monitors will be sensitive to changes in
habitual activity. Third, we tested the performance of the ActiGraph using output in one-
second epochs from the vertical axis only. We chose to assess performance in this way
because previous studies (15, 16) identified sedentary time and breaks in a similar manner.
However future studies should assess ActiGraph performance using additional epochs and
axes to detect sedentary time. Future studies should also test the utility of the ActiGraph
inclinometer to detect transitions between seated and standing postures.

This study provides further evidence the activPAL is a valid device for measuring total
sedentary time (18) and our results provide the first evidence that the activPAL can identify
specific features of free-living sedentary behavior. Relative to the criterion measure of direct
observation, the activPAL accurately and precisely estimated sedentary time, absolute
number of breaks and break-rate. It also agreed with direct observation and was sensitive
enough to detect the effects of an intervention to reduce and break up sedentary time in free-
living conditions.

This study also illustrates the difficulty in measuring sedentary behavior using a single, hip
mounted accelerometer. In general, the ActiGraph GT3X did not accurately estimate total
sedentary time, absolute number of breaks or break-rate. Its accuracy in estimating these
metrics was dependent on 1) the cut-point used to distinguish sedentary time, 2) the filter
setting and 3) the behavior of the sample population. Additionally, the ActiGraph GT3X
vertical axis did not detect the effects of an intervention to reduce and break up sedentary
time regardless of the sedentary cut-point and filter setting used.

By describing and validating measures sensitive to features of sedentary behavior this study
informs future investigation into how sedentary behavior influences health. When
participants were given a simple recommendation relevant to and realistic for an
increasingly sedentary public, break-rate was sensitive to the behavioral changes observed.
This is a relatively new field of research and more evidence is needed to determine the
specific features of sedentary behavior (e.g., total sedentary time, breaks per day, break-rate)
that are important for health outcomes.
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Figure 1.
Bias for activPAL and ActiGraph estimates of absolute number of breaks (top panel) and
break-rate (bottom panel). Error bars = 95% CI of the bias. * Not significantly different from
direct observation. activPAL: n=13, AG-LFE: n=12, AG-Norm: n=11.
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Figure 2.
Mean estimates of break-rate per condition. Error bars = 95% CI and p-value is from the
likelihood ratio testing. The lower the p-value, the more sensitive the measurement method
was to the intervention. * Measurement method detected the intervention. activPAL: n=11,
AG-LFE: n=11, AG-Norm: n=11.
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Table 1

Active and sedentary behaviors identified by direct observation (mean 95% CI)

Baseline Condition Treatment Condition

Total Sedentary Time (hrs.) 6.3 (5.7–7.0) 4.5 (3.6–5.4)*

Absolute Number of Breaks 30.9 (22.2–39.6) 27.8 (20.5–35.1)

Break-Rate (brks.sed-hr−1) 5.1 (3.3–6.8) 7.3 (4.7–9.8)*

Total Standing Time (hrs.) 1.1 (0.7–1.5) 1.6 (1.1–2.1)*

Total Stepping Time (hrs.) 2.4 (2.1–2.7) 3.6 (3.1–4.2)*

Number of Sedentary Bouts 31.5 (24.1–38.9) 29.2 (22.0–36.4)

Number of Standing Bouts 44.0 (31.7–56.3) 64.9 (37.8–92.0)

Number of Stepping Bouts 66.4 (53.2–79.6) 85.2 (56.4–114.0)

Duration of Sedentary Bouts (min) 42.8 (29.5–56.1) 36.9 (21.3–52.5)

Duration of Standing Bouts (min) 5.9 (3.6–8.2) 8.1 (3.6–12.6)

Duration of Stepping Bouts (min) 13.3 (10.3–16.3) 21.4 (10.9–31.9)

Percent of Sedentary Bouts ≥ 20-minutes (%) 25.5 (14.8–36.2) 14.6 (7.1–22.1)*

*
Significantly different than baseline p<0.05
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