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ABSTRACT 

 

 The objective of this dissertation was to extend our understanding of the 

objectively measured sedentary behavior (SB) and to explore ways to improve 

measurement practices of SB in health outcome research. The primary aim of the first 

study was to explore the measurement issues in objectively measured SB using the 

National Health Nutrition Examination Survey 2003-2005. The specific aims addressed 

were 1) the influence of duration of sedentary bout on the association of sedentary time 

with metabolic risk factors; and 2) the appropriateness of extracting sedentary breaks by 

counting the number of transitions from sedentary to active phase from accelerometer 

data. The findings highlighted that the sedentary time with relatively short bout (i.e., Ò 10 

minutes) was in general beneficially associated with health outcomes, which, in turn, had 

influenced on the dose-response relationships between total sedentary time with health 

outcomes. Another important finding was that the absolute number of sedentary breaks 

has a limited measurement property that may not be considered as the interruption of 

sedentary time, but rather it is related to the patterns of sedentary time accumulation.  

The primary aim of the second study was to examine the validity of different 

types of objective monitoring devices for the assessment of SB in a free-living setting. 

The specific focus was placed on 1) the overall performance of three accelerometers 

(Actigraph GT3X, activPal, and Sensewear
TM

 Armband) to identify SB in a free-living 

setting; 2) the influence of sedentary bout restrictions on the validity of the devices to 

identify the structured SB at given bout condition; and 3) to develop the algorithm to 

identify SB-bout that may be feasible to identify the sedentary breaks congruent with 

what has been defined at the conceptual level. The results highlighted that the activPal is 
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the most accurate and precise measure of SB compared with a proxy of direct 

observation. One possible strategy to improve the performance of threshold-based GT3X 

measures could be the restriction of short sedentary bout. The developed algorithm was 

significantly influenced by the functional capability of devices to detect the postural 

information, and the activPal was the one that can be of useful when using the algorithm 

to identify the SB-bout. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vi 
 

TABLE OF CONTENTS  

Page 

LIST OF TABLES. ........................................................................................................... vii  

LIST OF FIGURES. .......................................................................................................... ix 

LIST OF APPENDICES. .....................................................................................................x 

 

CHAPTER: 

I.     INTRODUCTION. .......................................................................................................1 

II.     EXTRACTING THE OBJECTIVELY MEASURED SEDENTARY BEHAVIOR 

        FROM ACCELEROMETER DATA: MEASUREMENT CONSIDERATIONS 

        FOR SURVEILLANCE AND RESEARCH APPLICATIONS..................................7 

Introduction ..............................................................................................................7 

Methods..................................................................................................................10 

Results ....................................................................................................................16 

Discussion ..............................................................................................................22 

References ..............................................................................................................34 

III.  VALIDATION  OF OBJECTIVE MONITORING DEVICES FOR THE 

       ASSESSMENT OF SEDENTARY BEHAVIOR IN A FREE-LIVING  

       ENVIRONMENT. ......................................................................................................40 

 

Introduction ............................................................................................................40 

Methods..................................................................................................................44 

Results ....................................................................................................................56 

Discussion ..............................................................................................................73 

References ..............................................................................................................84 

Appendices .............................................................................................................88 

IV.  OVERALL CONCLUSION. ....................................................................................117 

REFERENCES. ...............................................................................................................122 



 

vii  
 

LIST OF TABLES  

Page 

CHAPTER II  

 

Table 1:  
Descriptive Statistics of Outcome Variables across Demographic Characteristics among US 

Adults ..................................................................................................................................12 

 

Table 2:  

Accelerometer Determined Sedentary Behavior Measures across the Bout Durations 

(n=5,917) ............................................................................................................................18 

 

Table 3:  

Associations of Accelerometer Determined Sedentary Behavior Measures with Health 

Outcomes across the Bout Durations (n=5,917) ................................................................21 

 

Table 4:  

Bivariate Correlation Matrix between Sedentary Time and Breaks across Different Bout 

Duration Conditions (n=5,917) ..........................................................................................24 

 

Table 5:  

Associations of Accelerometer Determined Sedentary Behavior Measures with Health 

Outcomes across Different Bout Duration Conditions (n=5,917) .....................................25 

 

CHAPTER III  

 

Table 1:  

Demographic Characteristics of the Participants ...............................................................46 

 

Table 2:  

Characteristics of the Accelerometer Measures .................................................................47 

 

Table 3:  

Descriptive Statistics of SB Parameters across Accelerometer Measures .........................57 

 

Table 4:  

Validity of Accelerometer Measures for the Assessment of SB........................................59 

 

Table 5:  

Descriptive Statistics for Three Outcome Variables of SB-bout .......................................66 

 

Table 6:  

Validity of Accelerometer Measures for Assessment of SB-bout Using a New                  

Algorithm ...........................................................................................................................70 



 

viii  
 

Table 7:  

Validity of Accelerometer Measures for Assessment of the Sedentary Time within SB-

bout Using a New Algorithm .............................................................................................71 

 

Table 8:  

Validity of Accelerometer Measures for Assessment of the Sedentary Breaks within SB-

bout Using a New Algorithm .............................................................................................72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 

 

LIST OF FIGURES 

Page 

CHAPTER III 

 

Figure 1:  

Illustration of new algorithm searching process to identify SB-bout from Actigraph 

accelerometer data (1-min epoch) using the threshold of <100 cpm .................................52 

 

Figure 2:  

Illustrations of changes in % of bias (95% CI) on the estiamted total sedentary time from 

accelerometer meaures compared to the criterion across the bout conditions ...................61 

 

Figure 3:  

Illustrations of changes in sensitivity (dark grey on left), 1-specificity (light grey on 

right), and Youdenôs Index (black triangle in the middle)  for accelerometer measures 

compared to the criterion across the bout conditions.........................................................63 

  



 

x 

 

LIST OF APPENDICES 

Page 

CHAPTER III 

 

Appendix A:  

Informed Consent...............................................................................................................89 

 

Appendix B:  

IRB Letter of Approval ......................................................................................................94 

 

Appendix C:  

Supplemental Tables ..........................................................................................................95 

 

Appendix D:  

Example Codes ................................................................................................................104 



 

 

1 

1
 

CHAPTER I  

 

INTRODUCTION   

  Physical activity is one of the leading health behaviors in modern society with 

increased evidence of beneficial associations with various health outcomes (Haskell et 

al., 2007; Shiroma & Lee, 2010). In response to growing demands for promoting physical 

activity at individual- and population-levels, the U.S. Department of Health and Human 

Services (USDHHS) issued the first-ever Surgeon Generalôs report (USDHHS, 1996), 

particularly focusing on physical activity in relation to health. The report suggested that 

all Americans should engage in regular moderate-intensity physical activity at least 30 

minutes most days of the week (USDHHS, 1996). More recently, the 2008 Physical 

Activity Guidelines for Americans (USDHHS, 2008) was published as a result of 

continuous efforts to provide better physical activity guidelines for different age groups. 

The guidelines recommended for adults to engage in at least 150 minutes of weekly 

moderate-intensity physical activity, or 75 minutes of weekly vigorous-intensity physical 

activity, or an equivalent combination of weekly physical activity for both intensity 

levels, in order to experience substantial health benefits. 

Motivated by the physical activity guidelines (USDHHS, 1996, 2008), great 

attention has been given to better characterizing a physical activity-related health risk 

group by emphasizing their levels of moderate- to vigorous-intensity physical activity. 

Particularly, a person with insufficient moderate- to vigorous-intensity physical activity 

who did not meet the physical activity guidelines has been considered as being sedentary 

(USDHHS, 1996), under the assumption that sedentary behavior (SB) and moderate- to 
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vigorous-intensity physical activity are the opposite ends of the same activity continuum 

(Marshall & Merchant, 2013). 

Recently, there has been a challenging debate on this assumption, and systematic 

efforts have been made to distinguish SB from the lack of moderate- to vigorous-intensity 

physical activity (i.e., physically inactive). Owen and colleagues (2000) published the 

first review article that systematically examined the possibility of distinct determinants of 

SB compared to physical activity. Over the past 10 years, an increased number of studies 

have begun focusing on SB as a distinct health risk behavior (Bankoski et al., 2011; 

Healy, Matthews, Dunstan, Winkler, & Owen, 2011), and it has now been well 

conceptualized with its own definition separated from the physically inactive. 

SB is defined as a prolonged sitting or reclining posture that requires low levels of 

energy expenditure ranging from 1.0 to 1.5 metabolic equivalent units (METs) (Owen, 

Healy, Matthews, & Dunstan, 2010; Pate, O'Neill, & Lobelo, 2008). The common types 

of SB may involve various forms of screen-based activities such as watching TV, 

working on a computer, playing a video game etc., or sitting-based transportation 

activities such as driving a car. Emerging evidence revealed deleterious associations of 

various types of SB with health outcomes. Recent population-based studies have shown 

that the increased time spent in SB is strongly associated with cardio-metabolic 

biomarkers and with the risk of developing metabolic syndrome among adults (Bankoski 

et al., 2011; Healy et al., 2011; Wijndaele et al., 2010). Furthermore, prospective studies 

revealed a greater hazard to all-cause and cardiovascular mortality as a consequence of 

increased time spent in SB (Katzmarzyk & Lee, 2012; Wijndaele et al., 2011). As an 

increasing awareness in recent years of the vital role of SB in relation to public health, 
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there has been a huge demand for better characterizing and measuring SB in a free-living 

environment (Atkin et al., 2012; Marshall & Merchant, 2013).  

Similar to physical activity measurements, SB measurements involve subjective 

and objective methods. Subjective measures of SB such as self- and proxy-report 

questionnaires and diaries have been extensively used in large-scale observational studies 

(Sugiyama, Healy, Dunstan, Salmon, & Owen, 2008; Wijndaele et al., 2011). The 

subjective methods have been recommended as cost-effective methods to assess SB in a 

free-living environment, which also have a unique strength for quantifying time spent in 

SB in a specific context (e.g., screen time, work-related sitting time, etc.). However, 

measurement properties (i.e., reliability and validity) of subjective methods are still 

questionable (Atkin et al., 2012), with the same methodological limitations frequently 

reported for subjective measures of physical activity (e.g., recall bias, under- or over-

estimation, etc.) (Macera et al., 2001).  

Objective measure of SB is a relatively new scientific area, which has been 

developed in accordance with technological advancement in recent years. The types of 

objective measures of SB can be broadly categorized into two families, energy 

expenditure devices and posture classification devices, based on how they classify or 

capture SB (Granat, 2012). Energy expenditure devices, which generally refer to 

accelerometers, measure the frequency and amplitude of accelerations generated by 

ambulatory movement in a certain time interval and provide such information in the form 

of activity counts (Atkin et al., 2012). Different thresholds of activity counts that 

correspond to energy expenditures of different intensity levels of physical activity have 

been developed mostly in laboratory-based calibration studies across different 
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manufactures (Freedson, Melanson, & Sirard, 1998; Matthews, 2005). Unlike the energy 

expenditure classification devices that require certain thresholds of activity counts to 

assess SB, posture classification devices measure absolute body positions or status of 

human movement and provide outputs into four types of activities (i.e., lying, sitting, 

standing, and walking) for a pre-defined time interval (Grant, Ryan, Tigbe, & Granat, 

2006). Objective measures of SB have been increasingly used as they allow researchers 

to obtain valid and reliable estimates of time spent in SB in a free-living environment 

compared to subjective measures of SB (Atkin et al., 2012; Healy et al., 2011).   

Statement of the Problem 

Despite the promising aspects of objective measures of SB, there remains 

significant room for improvement in measuring SB in a free-living environment. Of the 

several key issues in using objective measures of SB, which may include but not limited 

to, device initialization, appropriateness of activity counts threshold for SB, and signal 

feature extraction, etc., (Crouter, Dellavalle, Haas, Frongillo, & Bassett, 2013; Kozey-

Keadle, Libertine, Lyden, Staudenmayer, & Freedson, 2011; Wanner, Martin, Meier, 

Probst-Hensch, & Kriemler, 2013), one crucial issue raised in the literature is that both 

types of SB monitoring devices have limited functional abilities for measuring SB in 

accordance with the conceptual definition of SB (Marshall & Merchant, 2013). This may 

lead to biased estimates of time spent in SB in a free-living environment. For instance in 

one of the widely used energy expenditure devices, Actigraph accelerometer (Actigraph, 

LLC, Pensacola, FL, USA), activity counts <100 cpm has been extensively used to 

identify the SB; however, the activities that featured activity counts <100 cpm may 
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include quiet standing or some light-intensity activities in a standing position (Granat, 

2012; Marshall & Merchant, 2013). Conversely, ActivPal, which is a posture 

classification device, ignores the definition regarding energy expenditure (<1.5 METs) in 

measuring the SB. 

There have been continuous efforts to address measurement limitations of SB 

associated with the functional abilities of objective monitoring devices; however, one 

aspect that has been underestimated in the efforts to improve the measurement practice of 

objective measures of SB is the duration of SB, represented by the óprolongedô concept in 

the SB definition. For example, the typical data processing strategy to convert raw 

Actigraph accelerometer data to sedentary time is to count every single minute with 

activity counts <100 cpm regardless of the continuous sedentary bout (Matthews et al., 

2008). Likewise, the activPal provides information of body position or status by 1- 

through 100-seconds intervals, in which total time spent in SB is the summation of time 

intervals that featured a sitting/lying position (Granat, 2012). 

To the best of my knowledge, there are few relevant studies that fully addressed 

the data processing issues, particularly focusing on sedentary duration or bout, in 

converting raw time-stamped accelerometer data to SB indicators. Given the 

overwhelming interest in SB as an independent health risk behavior in health outcome 

research, there is a strong need for a better understanding of SB and to improve the 

measurement properties of objective measures of this behavior. 
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Statement of the Purpose 

The overarching goal of this project is to extend our understanding of SB and to 

improve the measurement practice of objective measures of SB in a free-living 

environment. Specifically, the purposes of the first study is to address the measurement 

issues in objectively measured SB, particularly focusing on sedentary bouts in relation to 

health outcomes, using the accelerometer data obtained from a large national 

representative sample of the US adults. The contemporary measurement issues in 

objectively measured SB with specific emphasis on 1) sedentary bout duration; and 2) 

breaks in sedentary time will be discussed. The findings from the first study led to the 

second study that aimed 1) to examine the validity of different types of SB monitoring 

devices in a free-living environment against a proxy of direct observation; and 2) to 

develop a new algorithm that identifies SB-bout that may include time intervals for 

structured SB in addition to the possible sedentary breaks. These two studies combined 

will allow better understanding of the measurement issues in objectively measured SB in 

physical activity research. 
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CHAPTER II  

 

EXTRACTING THE OBJEC TIVELY MEASURED  

 SEDENTARY BEHAVIOR F ROM ACCELEROMETER DA TA: 

MEASUREMENT CONSIDER ATIONS  

FOR SURVEILLANCE AND  RESEARCH APPLICATION S  

  

Introduction  

The health benefits of physical activity (PA) are well established (USDHHS, 

2008) but a paradigm shift in the physical activity field is now challenging researchers to 

think about the independent effects of sedentary behavior (SB). This shift evolved from a 

rapidly growing body of evidence indicating that SB may contribute to individual health 

risks even if people are physically active  (Hamilton, Healy, Dunstan, Zderic, & Owen, 

2008; Owen, Leslie, Salmon, & Fotheringham, 2000). A challenge in advancing research 

in this area is, however, the lack of clear operational guidelines to define SB. According 

to Owen, Bauman, and Brown (2009), SB refers to ñ. . . behaviours for which energy 

expenditure is low, including prolonged sitting time in transit, at work, at home and in 

leisure timeò (p. 82). The Sedentary Behavior Research Network has also proposed 

definitions of SB that capture both posture (i.e., sitting/reclining) and low levels of 

energy expenditure (1.0 to 1.5 METs) (Sedentary Behavior Research Network, 2012). 

These distinctions make conceptual sense to characterize SB as being distinct from 

physically inactive (Owen, Healy, Matthews, & Dunstan, 2010; Pate, O'Neill, & Lobelo, 

2008) but have proven difficult to operationalize ï particularly by researchers using 

objective monitors such as the Actigraph since postures cannot be readily determined. In 
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this case, it is not possible to distinguish light-intensity physical activity (e.g., standing 

still) from SB (Kozey-Keadle, Libertine, Lyden, Staudenmayer, & Freedson, 2011; 

Lyden, Kozey-Keadle, Staudenmayer, & Freedson, 2012).  

This is an inevitable limitation when studying SB, another issue that has received 

relatively little attention is how to quantify the duration of SB. A major context of SB 

(e.g., watching TV, working on a computer, driving a car, etc.) may significantly involve 

a prolonged time span, and sedentary time has been conceptually defined as the time 

spent in SB that is predominated by prolonged sitting with lower energy expenditure 

(Owen et al., 2010); however, the vast majority of the literature has relied on relatively 

short time scale when extracting sedentary time from raw accelerometry data. For 

instance, one widely used approach to describe sedentary time from Actigraph 

accelerometry data is to count every single minute or even shorter (e.g., 10 seconds) 

where activity counts are less than the threshold for SB (Clark et al., 2011; Healy, 

Matthews, Dunstan, Winkler, & Owen, 2011; Lynch et al., 2010; Lynch et al., 2011; 

Maher, Mire, Harrington, Staiano, & Katzmarzyk, 2013). This method does not take the 

prolonged aspect of the definition into account. One study (Bankoski et al., 2011) that 

examined the association of SB with metabolic syndrome using NHANES 2003-2006 

accelerometry data operationally defined the sedentary bout as a period of time >5 minute 

with activity counts <100 cpm with 1 allowable minute outside the threshold; however, 

there is still little evidence for imposing the sedentary time >5 minutes to reflect the 

prolonged sedentary time that may be deleteriously associated with health outcomes.  

On the other hand, a seminal finding in the literature demonstrated that breaks in 

sedentary time (defined as interruptions in sedentary time) could explain differences in 
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cardio-metabolic and inflammatory risk biomarkers (Healy et al., 2008; Healy, Matthews, 

et al., 2011).  The authors implied that people who engaged in the same overall amount of 

sedentary time could have experienced distinct health-related issues depending on how 

their sedentary time was accumulated. This finding sparked considerable interest in the 

study of SB as it demonstrated that breaking up prolonged sedentary time needs to be 

factored into evaluations of health risk as well as interventions designed to change 

behavior (Dunstan, Healy, Sugiyama, & Owen, 2010; Owen et al., 2010).  However, 

similar methodological challenges still remain due to the difficulty to capture postural 

changes using accelerometers (e.g., Actigraph). Furthermore, there has been a lack of 

clear and understandable guidelines to operationalize breaks in sedentary time from 

accelerometry data. Healy et al. (2008) first described breaks in sedentary time as an 

absolute number of transitions from sedentary to active phase; however, this approach 

has been questioned due to ambiguity of its measurement property (Healy, Matthews, et 

al., 2011; Lyden et al., 2012)  and has led the researchers to wonder if it is a pattern of 

how sedentary time is accumulated or global measure of breaks as it may indicate 

physical activity which may matter for health (Colley et al., 2013; Saunders et al., 2013). 

The present study fills that gap by examining the impact of sedentary time and 

breaks captured using different bout durations.  The specific purposes were: 1) to 

examine the accrued patterns of sedentary time and breaks; and 2) to evaluate the 

sedentary time and breaks in different bout durations in relation to health outcomes, 

including cardiovascular risk factors. The study is directly responsive to 

recommendations for continued research on definitions and measurement of SB 

(Matthews, Hagströmer, Pober, & Bowles, 2012). Specifically, examining sedentary 
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bouts of varying duration in relation to health biomarkers would extend our practical 

understanding of SB which should be targeted (Owen, 2012) that may be of beneficial to 

operationalize the sedentary time and breaks from accelerometry data in future research.    

Methods 

Survey Data and Study Sample 

The data for the present study were obtained from the NHANES 2003-2004 and 

2005-2006. The NHANES dataset provides cross-sectional data for a national 

representative sample of the US civilian non-institutionalized population selected by a 

complex multistage probability sampling scheme. The survey measured broad areas of 

health-related outcomes through household interviews and physical examinations at the 

mobile examination center (MEC).  

Among participants who visited the MEC, all ambulatory participants (Ó 6 years) 

were eligible for accelerometer measures. The Actigraph accelerometer (model 7164) 

was used to obtain objective measures of physical activity. Participants were instructed to 

wear the accelerometer on their right hip during waking hours across 7 consecutive days, 

with the exception of when engaging in any water-based activities (e.g., bathing or 

swimming). Activity counts that represent integrated acceleration information of 

ambulatory movements were recorded in minute-by-minute intervals. A detailed 

description of the NHANES data can be found at www.cdc.gov/nchs/nhanes.htm.  

A total of 9,151 adults (Ó18 years) provided accelerometer data. After excluding 

those with missing values for one or more of the cardiovascular risk factors (with an 

exception of fasting sub-component, TG) or covariates examined in this study, or with 

http://www.cdc.gov/nchs/nhanes.htm
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insufficient valid accelerometer data (refer to later section), the final sample consisted of 

5,917 adults (2,941 male and 2,976 female) which included a fasting sub-sample of 2,663 

who provided a TG measure. 
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Table 1 

Descriptive Statistics of Outcome Variables across Demographic Characteristics among US Adults 

  

% (SE) 

Waist 

Circumference 

(cm) 

HDL-C 

(mg/dL) 

BMI  

(kg/m
2
) 

MVPA  

(mins·day 
-1
) 

 Fasting sub-sample 

  
 

% (SE) 
Triglycerides 

(mg/dL) 

Total (n = 5,917) 95.43 (.40) 54.36 (.32) 27.75 (.17) 7.38 (.37) 
 

(n = 2,667) 144.37 (3.35) 

Gender 
     

 
  

Male 48.43 (.61) 98.30 (.53) 48.52 (.32) 27.63 (.19) 9.00 (.47) 
 

48.90 (1.02) 158.50 (3.85) 

Female 51.57 (.61) 92.73 (.50) 59.85 (.49) 27.87 (.23) 5.86 (.35) 
 

51.70 (1.02) 131.17 (4.29) 

Race 
     

 
  

Non-Hispanic White 71.17 (2.23) 96.15 (.48) 54.29 (.36) 27.66 (.20) 7.06 (.44) 
 

73.25 (2.37) 147.15 (4.32) 

Non-Hispanic Black 11.93 (1.63) 96.12 (.63) 57.70 (.74) 29.43 (.26) 7.52 (.57) 
 

10.02 (1.33) 112.85 (3.05) 

Mexican American 8.34 (1.12) 94.13 (.65) 51.15 (.50) 27.73 (.24) 8.91 (.57) 
 

7.97 (1.18) 160.90 (.8.29) 

Other Hispanic/races 8.57 (.84) 89.76 (.99) 53.47 (.91) 26.26 (.43) 8.32 (1.03) 
 

8.76 (1.06) 142.01 (7.60) 

Income 
     

 
  

<$15k 13.78 (.91) 93.19 (.85) 53.44 (.84) 27.27 (.37) 8.86 (.88) 
 

10.44 (.71) 150.76 (8.49) 

$15k-34.9k 25.33 (1.07) 95.18 (.72) 54.90 (.56) 27.50 (.25) 6.00 (.42) 
 

24.73 (1.10) 149.16 (9.16) 

35k-64.9k 28.21 (1.10) 96.74 (.58) 53.26 (.49) 28.26 (.22) 7.04 (.59) 
 

29.27 (1.39) 145.15 (4.63) 

Ó$65k 32.69 (1.76) 95.42 (.61) 55.29 (.41) 27.72 (.26) 8.12 (.44) 
 

35.56 (1.96) 138.53 (3.69) 

Note. All values are the survey-weighted means (standard error) unless otherwise specified 

HDL-C = high-density lipoprotein cholesterol; BMI = body mass index; MVPA = moderate-to-vigorous-intensity physical activity 
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Accelerometry-based SB Measures 

An automated SAS macro provided by NCHS was used for quality control and to 

identify non-wear times. Non-wear time is defined as intervals of at least 60 minutes of 0 

activity counts (i.e., no movement), with allowance for up to 2 consecutive minutes of 

activity counts between 0 and 100 (Troiano et al., 2008). After removing non-wear times 

from raw accelerometer data, the following SB parameters were extracted for each 

measurement day using the traditional algorithms as previously described in the literature 

(Healy et al., 2008; Matthews et al., 2008):  

1) sedentary time ï a minute where activity counts are <100 cpm; 

2) sedentary break ï a transition point from a sedentary (<100 cpm) to active phase

 (Ó100 cpm);  

3) sedentary bout ï a duration of continuous sedentary time (i.e., sedentary event);  

4) mean intensity ï the average activity counts within each sedentary bout.  

In addition, because we aimed to explore accrued patterns of sedentary time and 

breaks, particularly focusing on sedentary bout durations, all SB measures were extracted 

within the respective bout durations of 1-min, 2-4 min, 5-9 min, 10-14 min, 15-19 min, 

20-24 min, 25-29 min, and Ó30-min in addition to total accrued quantities. 

All SB measures obtained for each measurement day were then averaged across 

only valid days (i.e., 10 or more hours of wear time), to represent the average measures of 

SB per day. Participants with 4 or more valid days are included in the analysis. In 

addition, because sedentary time or breaks are influenced by accelerometer wear times 

(Matthews et al., 2008), the least-square adjustment for wear times was made for all SB 
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measures using the residuals obtained from linear regression models where SB measures 

were regressed on wear times (Healy, Matthews, et al., 2011; Willett, Howe, & Kushi, 

1997). 

Cardiovascular Risk Factors and Other Covariates 

The primary purpose of this study was to evaluate the impact of different 

measures of sedentary time on health outcomes after taking sedentary bout durations into 

account.  In this case, stronger associations with health outcomes would be expected for 

approaches that most effectively capture SB. Three measures of cardiovascular risk 

factors, which include triglyceride (TG) (mg/dL), waist circumference (WC) (cm), and 

high-density lipoprotein cholesterol (HDL-C) (mg/dL), were obtained as these are 

evident to be significantly associated with SB measures in recent studies that used the 

NHANES data (Bankoski et al., 2011; Healy, Matthews, et al., 2011). In addition, body 

mass index (BMI) (kg/m
2
) was also obtained as there is still controversy in regards to its 

relationship with SB measures in the NHANES data (Maher et al., 2013). 

The average time spent in moderate-to-vigorous-intensity physical activity 

(MVPA), based on a modified 10-min bout condition (i.e., a minimum of 8 out of 10 

consecutive minutes of MVPA), across valid days was obtained from raw accelerometer 

data using the threshold of Ó2020 cpm (Troiano et al., 2008). Demographic 

characteristics of the participants including age (years), sex, race/ethnicity (Non-Hispanic 

White, Non-Hispanic Black, Mexican American, and Other Hispanic/other races), and 

family income (<$15k, $15k-34.9k, $35k-64.9k, Ó$65k) were also used as covariates in 

the statistical model (See Table 1 for descriptive statistics). 
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Statistical Analyses 

To explore the accumulation patterns of SB measures, descriptive statistics as 

well as the proportions (%) of accrued sedentary time and breaks within each bout 

duration were estimated. Univariate normality of sedentary time and breaks within each 

bout duration were examined by the skewness and kurtosis statistics in order to assure the 

use of parameterized linear models for sequential steps.  

To evaluate the measurement properties of accrued sedentary time and breaks 

across a set of bout durations, bivariate correlation analyses with total sedentary time and 

breaks were performed using a mean of uncorrected item-total correlation analysis. Item-

total correlation analysis is a well-known statistical approach for evaluating the construct 

validity of measurement at the item level (Nunnally, Bernstein, & Berge, 1967). In this 

study, we assumed that the sedentary times and breaks within each bout duration were the 

sub-items that consisted of total sedentary time and breaks, respectively. A positive and 

relatively high correlation coefficient of Ó.40 (Nunnally et al., 1967) was expected for 

each of the correlation analyses. In addition, bivariate correlation analyses for pairs of 

sedentary time and breaks at each bout duration were conducted as the secondary analysis 

to aid in better understanding of the practical significance of sedentary breaks after taking 

bout durations into account.  

Lastly, separate linear regression models were fitted for each bout duration in 

order to evaluate the measurement properties of sedentary time and breaks within each 

bout duration in relation to cardiovascular risk factors after controlling for covariates. In 

this analysis, total sedentary time or breaks were not adjusted in each regression model 

due to the fact that the separate independent associations of the sub-components of total 
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measure with the dependent variable may be unreliably estimated when total measure is 

adjusted in the model (Satia-Abouta et al., 2003; Wacholder et al., 1994).  

All statistical analyses were performed using SURVEY procedures in SAS v9.3 

(SAS Institute Inc, Cary, NC) to account for the complex sampling designs in the 

NHANES. Four-year sample weights were calculated using the 2-year sample weights of 

the NHANES 2003-2004 and 2005-2006 cycles. To account for a selection bias by 

inclusion criteria of this study, 4-year sample weights were recalculated based on sample 

weights in the raw NHANES 2003-2006 data after taking age, gender, and racial/ethnic 

groups into account. For the analyses of fasting sub-component measure [i.e., TG], four-

year fasting sub-sample weights were used. A prior significance level was set at p < .05 

for all statistical analyses. 

Results 

Descriptive statistics for accrued SB measures are presented in Table 2. US 

adults spent an average of 482.88 minutes per day in sedentary time, which were 

accumulated over 93.02 sedentary bouts. A majority of sedentary times was observed 

within bout durations of <10 minutes (1-min = 36.30%, 2-4 min = 33.27%, and 5-9 min = 

15.53%). Similarly, of the 92.41 total sedentary breaks, a majority of sedentary breaks 

were also detected within bout durations of 1-min (36.54%), 2-4 min (33.65%), and 5-9 

min (15.56%).  

Bivariate correlation analyses of sedentary time and bout durations revealed 

negative relationships for durations of 1-min and 2-4 min (r =  -.64 and r =  -.24, 

respectively) and a positive relationship for durations of 5-9 min (r =  .35). In contrast, 
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consistently strong positive relationships were found between sedentary breaks and each 

of the bout duration indicators (1-min: r =  .80, 2-4 min: r =  .94, and 5-9 min: r =  .61). 

The results of the regression analyses are presented in Table 3. Overall, total 

sedentary time was deleteriously associated with all health outcomes (WC: b = .005, p 

=.049; HDL-C: b = -.012, p <.001; TG: b = .113, p <.001) with an exception of BMI (b 

=  .001; p = .521). However, separate regression analyses across bout durations revealed 

mixed associations with health outcomes. Specifically, sedentary time at bout durations 

of 1-min, 2-4 min, or 5-9 min were beneficially associated with WC (1-min: b = -0.189, p 

< .001; 2-4 min: b = -0.083, p <.001; 5-9 min: b = -0.032, p = .003), HDL-C (1-min: b = 

.111, p <.001), TG (1-min: b = -1.136, p <.001), and BMI (1-min: b = -0.056, p <.001; 

2-4 min: b = -0.025, p <.001; 5-9 min: b = -0.014, p = .004). Sedentary times at bout 

durations of Ó 10-14 min and Ó 5-9 min were deleteriously associated with WC (all pôs < 

.05) and HDL-C (all pôs < .05), respectively.     
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Pertaining to sedentary breaks, total sedentary breaks was positively associated 

with WC (b = -0.124, p <.001) and BMI (b = -0.040, p <.001). However, similar to 

sedentary time, counterintuitive associations of sedentary breaks with health outcomes 

were also detected after taking bout durations into account. For instance, the significant 

associations of sedentary breaks with decreased level of WC were detected at bout 

durations of <10-14 min (1-min: b = -0.188, p <.001; 2-4 min: b = -0.226, p <.001; 5-9 

min: b = -0.241, p = .002) while opposite associations were detected at remaining longer 

bout durations where the sedentary breaks were significantly associated with increased 

level of WC (all pôs < .05). Moreover, although there were insignificant associations of 

total sedentary breaks with HDL-C (b = 0.028, p = .141) and TG (b = -0.099, p = .675), 

sedentary breaks at bout duration of 1-min was significantly and positively associated 

with HDL-C (b = 0.111, p <.001) and TG (b =-1.141, p <.001), and again, deleterious 

associations were detected for the remaining longer bout durations. 

To extend the understanding of the influence of bout durations on the 

relationship with health outcomes, we created two sets of composite variables for 

sedentary time and breaks based on the thresholds of <5-min and <10-min bout durations. 

The bivariate correlation analyses for pairs of sedentary time and breaks showed 

relatively high inter-relationships for both lengths (rôs = .973 and .772 for 5-min 

criterion; rôs = .883 and .923 for 10-min criterion) (see Table 4). The separate regression 

analyses using new composite variables showed consistent trends where the implications 

of the relationships of sedentary time and breaks with health outcomes tended to be 

differentiated by the thresholds of bout durations (Table 5). For instance of 5-min 

criterion, sedentary time at <5-min was beneficially associated with decreased level of 
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WC (b = -0.068, p <.001) while sedentary time at Ó5-min was significantly associated 

with increased level of WC (b = 0.044, p = .293). 
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Discussion 

The objective measured SB using accelerometers has been examined in relation 

to a variety of health outcomes. Although the body of literature has shown promising 

implications of reducing prolonged sedentary time and increasing sedentary breaks as 

they may provide potential health benefits, little attention has been given to the issues 

related to data processing of accelerometry data to operationalize SB parameters. In this 

study, we found two main issues in converting raw accelerometer data to SB parameters 

that are worth discussing. 

How Long is the Minimum  Sedentary Bout Duration to Define Prolonged Sedentary 

Time? 

SB has been defined as any activity during waking hours that requires low 

energy expenditures of <1.5 MET, which typically involves prolonged sitting or a 

reclined posture such as watching TV, working on a computer, or driving a car (Owen et 

al., 2010; Pate et al., 2008). However, there has been a lack of clear definition regarding 

the minimum duration of sedentary bout that could potentially be considered as 

prolonged sedentary time, requiring more efforts to explore the accrued patterns of 

sedentary time in relation to health biomarkers. 

The initial finding of the accrued patterns of sedentary time using single minute 

bout was that a majority of sedentary time had occurred within relatively short bout 

durations. Of 93.02 sedentary bouts, approximately 70% were attributed to the sedentary 

time that occurred at bout durations of <5-min (å85% for <10-min), which accounted for 



 

 

23 

approximately 27 % of total sedentary time (å47% for <10-min). Furthermore, bivariate 

correlations analyses for pairs of sedentary times at bout durations of 1-min, 2-4 min, and 

5-9 min with total sedentary time showed negative or relatively weak linear relationships 

(rôs <.40). These findings imply that the sedentary times that last over relatively short 

durations may not represent the same measurement construct as the sedentary times at 

relatively long bout durations.  

To further examine the significations of bout durations in objectively measured 

sedentary time, separate linear regression analyses were performed in relation to the 

health outcomes. Pertaining to total sedentary time, our findings are consistent with 

previous studies (Healy, Matthews, et al., 2011; Henson et al., 2013), where significant 

detrimental associations were observed with WC, HDL-C, and TG. Moreover, our result 

showing the insignificant relationship of total sedentary time with BMI was also 

consistent with a recent study (Maher et al., 2013) that used the same study sample. 

However, the implications of total sedentary time in relation to health outcomes were not 

constant after taking bout durations into account. The accrued sedentary times at bout 

durations of <5-min were beneficially associated with WC, HDL-C, and BMI as shown 

in Table 5. These results are in contrast to the current understanding of the deleterious 

associations of accrued sedentary time with health outcomes. 
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One possible explanation which would support our findings may be related to the 

measurement system of the accelerometer used in NHANES. The Actigraph 

accelerometer used in NHANES is an energy classification device (Actigraph model 

7164) that records the accelerations of ambulatory movements of the waist in forms of 

activity counts (Granat, 2012). An activity cutoff of <100 cpm has broadly been used for 

calibrating sedentary time in Actigraph accelerometer data with evidence of moderately 

high correlations in sedentary time between accelerometer and the Intelligent Device for 

Energy Expenditure and Activity monitor (Matthews et al., 2008); however, it has also 

been generally acknowledged that the energy classification devices may not be adequate 

to distinguish changes in posture (e.g., sitting vs. standing) (Granat, 2012; Kozey-Keadle 

et al., 2011). Specifically, activities that feature activity counts <100 cpm may include 

light-intensity physical activities in a standing position, such as washing dishes or folding 

laundry (Kozey, Lyden, Howe, Staudenmayer, & Freedson, 2010), which may have 

positive physiological effects by producing low levels of energy expenditure throughout 

the postural muscle activations (Hamilton et al., 2008). Thus, it is plausible to say that the 

minutes where the activity counts are <100 cpm and last for a relatively short duration 

may potentially include time spent in light-intensity physical activities, which in turn may 

positively influence on the health outcomes. However, it should also be noted that the 

average intensity during sedentary times at 1- and 2-4 min bout durations was 42.17 cpm 

(SE = .14) and 30.77 cpm (SE = .11), respectively, which were lower than the previously 

proposed SB thresholds of 150 cpm (Kozey-Keadle et al., 2011), 100 cpm (Matthews et 

al., 2008), or 50 cpm (Crouter, Dellavalle, Haas, Frongillo, & Bassett, 2013). This may 

imply that the beneficial associations of accrued sedentary time at short bout durations 
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with health outcomes are not solely due to an inability to capture sitting posture by an 

energy classification device using <100 cpm as a threshold of sedentary. 

While acknowledging the functional limitation of energy classification devices to 

discriminate sitting postures, it is also still questionable whether a short bout of sedentary 

time can be considered as a measure of the time spent in prolonged SB. The major 

context of SB (e.g., watching TV, driving a car, etc.) are predominated by prolonged 

sitting with low energy expenditure (Owen et al., 2010). However, relying on a single 

minute or shorter bout to estimate the time spent in SB from accelerometer data may 

significantly include time spent in sporadic sedentary behavior but not necessarily 

prolonged sedentary behavior. For example, people may take a few minute breaks in a 

sitting position during an exercise session and it may not be legitimate to consider this 

short break time as the time spent in prolonged sedentary behavior. 

Using shorter epochs or intervals in summarizing accelerometer data would 

provide better descriptions of the continuity of human movement in a free-living 

environment. However, without accounting for appropriate bout duration when 

converting raw accelerometer data to SB parameters, an operational definition of 

sedentary time may not be congruent with what has been defined at the conceptual level 

(i.e., the time spent in prolonged SB). This may be an issue not only for Actigraph 

accelerometers but also for other accelerometers such as the posture classification device. 

A recent study (Harrington, Dowd, Bourke, & Donnelly, 2011) that utilized ActivPal 

accelerometer (PAL Technologies Ltd, Glasgow, UK) among adolescents defined a 15-

second interval as a minimum duration of sitting time and the results also highlighted that 

a large number of sitting events occurred in short bout durations of <5-min. Although it 
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would be challenging to determine the minimum duration of sedentary time which may 

negatively impact the physiological responses in the human body, the efforts to 

distinguish the time spent in prolonged sedentary behavior from accelerometer data 

should be made when the implication of the public health message is placed on reducing 

prolonged sedentary time and not on total sedentary time. 

Are We Measuring Sedentary Breaks or the Number of Sedentary Bouts? 

Sedentary break has emerged as one of the promising intervention components 

that may significantly decrease the risk of cardiovascular diseases (Healy et al., 2008; 

Owen et al., 2010). Dunstan et al. (2012) highlighted that even short bout of interruptions 

in sedentary time with light- or moderate-intensity walking significantly reduced the 

levels of postprandial glucose and insulin. Despite its potential for improving public 

health, little is known as to how to operationalize the breaks in sedentary time from 

accelerometry data that may provide the outputs congruent with what has been defined in 

the conceptual level. Particularly, the absolute number of transitions from sedentary to 

active phase has been extensively examined assuming that sedentary time is considered to 

be interrupted when transition occurs (Healy et al., 2008); however, the measurement 

properties of this approach has been questioned. 

In this study, the accrued patterns of sedentary breaks using the algorithm used 

by Healy et al. (2008) showed that approximately 70% of sedentary breaks occurred at 

sedentary bouts of <5-min. (85% for <10-min), which is almost identical to what we 

found with respect to the number of sedentary bouts. Furthermore, the accrued sedentary 

breaks at 1-min bout duration are identical to the accrued sedentary time at 1-min bout 
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duration. The underlying reason for this finding is that the current algorithm to extract 

sedentary breaks from raw accelerometer data is, indeed, an alternative expression to 

extract the number of sedentary bouts. In other words, counting the number of transition 

points from a sedentary to active phase would produce the same or slightly smaller 

quantity compared to the number of sedentary bouts. Only small differences would exist 

depending on the existence of sedentary time at the end of a continuous measurement 

period (e.g., sedentary time at the end of wear time or day would be considered as a 

sedentary bout but not counted for sedentary breaks). This notion could also be supported 

by the perfect linear relationships between sedentary time and breaks at each bout 

duration which clearly imply that sedentary breaks obtained by the current algorithm are 

an alternative parameter that quantifies the amount of sedentary time at each bout 

duration.  

Meanwhile, the correlation coefficient between total sedentary time and total 

sedentary breaks was -.23, which may lead to the conclusion of a weak relationship 

between total sedentary time and breaks (Healy, Matthews, et al., 2011). However, this is 

because of the expansion of range in total sedentary time that significantly attenuates the 

relationship with total sedentary breaks. For example, 1-unit increases in total sedentary 

breaks may indicate an increase in total sedentary time by a minimum of one to thirty 

minutes or more depending on the sedentary bout durations where the breaks occurred. 

As shown in Table 4, the correlation coefficients between sedentary time and breaks get 

close to 1.0 as the range of sedentary time narrows for 1-unit increases in sedentary 

breaks.  
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While acknowledging the operational limitations of breaks in sedentary time, the 

transitions from a sedentary to active phase may include standing from a sitting position 

or walking a step which could also be considered as an indicator of physical activity. 

(Healy et al., 2008). However, as illustrated in Table 5, our results showed that 

significant and protective associations of sedentary breaks with health outcomes only 

hold true at bout durations of <5-min, while the deleterious associations were detected at 

the bout durations of Ó10-min. These findings are likely similar to the results we found 

with respect to sedentary time at each bout duration. Given that the sedentary breaks is an 

alternative score that represents the number of sedentary bouts as discussed above, the 

implications may be more related to the patterns of how sedentary time is accumulated 

rather than to physical activity which may matter for health (e.g., a higher number of 

sedentary events with long bout is deleteriously associated with health outcome). 

Therefore, sedentary breaks presented as absolute number of transitions from sedentary to 

active phase may not be considered as breaks in sedentary time or an indicator of 

physical activity, and caution is warranted when drawing conclusions about sedentary 

breaks in relation to health outcome. 

Taken together all above mentioned evidence, it is plausible to say that sedentary 

breaks represented by absolute number of transitions from sedentary to active phase is an 

incomplete measure of the patterns of sedentary time that does not take account for the 

respective bout durations which may matter for health outcomes. Lyden et al. (2012) 

proposed break rate calculated by total number of breaks divided by total sedentary time 

as a feasible metric specifically for detecting intervention effects. However, given that the 

breaks is an alternative measure of number of sedentary bouts, it only represents the 
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average number of sedentary bouts to accumulate one sedentary hour,  which may be 

more relevant to the accumulation patterns of sedentary time rather than to breaks in 

sedentary time. On one side, Chastin and Granat (2010) proposed a standardized 

statistics, Gini index, which takes both the number of sedentary bouts and the respective 

bout durations into account; however, it may not be legitimate to consider Gini index as a 

measure of sedentary breaks, and more efforts to distinguish the breaks in sedentary time 

from the patterns of sedentary time accumulation should be made. 

We believe that identifying the breaks or interruption in sedentary time in the 

observational study is a difficult task that cannot be comparable to examining the patterns 

of how sedentary time is accumulated. The noun break refers to the interruption of 

continuity or uniformity or a pause in work or during an activity or event (Oxford 

Dictionaries Online, 2013). This may imply that true breaks in sedentary time would 

possibly exist only within a continuous bout of SB pursuit. In other words, a strong 

assumption has to be made that sedentary is a fundamental behavior of the participants 

during the measurement period if the transition from a sedentary to active phase is to be 

considered as a sedentary break. For example, in the laboratory experimental study 

conducted by Dunstan et al. (2012), the participants were instructed to sit over 7 hours 

beginning with 2 hours to achieve steady state and then trail conditions (interruptions by 

2-minute bouts of walking activities) were applied during the remaining 5 hours. The trial 

protocols were well-designed to fully reflect the conceptual definition of sedentary breaks 

(breaks or interruptions in sedentary time) because the participants were, again, forced to 

be sedentary during the measurement period. However, from an evolutionary perspective, 

humans are born to be active (Cordain, Gotshall, & Eaton, 1998), and it may not be 
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legitimate to consider a simple transition from a sedentary to active as a ñbreak in 

sedentary timeò in a free-living environment in which we do not know whether the 

observed transitions have purposely occurred within the continuity of SB pursuits or just 

simply at the true end of SB pursuit. One possible approach to identify objectively 

measured sedentary breaks in free-living environments could be a combination with 

subjective measures (e.g., physical activity log/dairy) (Healy, Clark, et al., 2011), from 

which one can obtain the time period information where the fundamental behavior of the 

participants were expected or assumed to be sedentary (e.g., office hours). 

There have been a few attempts to operationally define the sedentary behavior 

bout that may possibly include true breaks within the bout. Carson and Janssen (2011) 

defined a SB bout as a period of Ó30-minutes in which Ó80% of minutes are sedentary 

(i.e., <100 cpm) with no more than 5 consecutive minutes Ó100 cpm, from which the 

number of transitions from a sedentary to active phase was then extracted. Although there 

could be some practical issues such as restricting the break durations to <5 minutes, this 

could be one possible approach to overcome the limitation that may distinguish the 

operationalization of sedentary breaks from the patterns of sedentary time accumulation.  

This study is not without limitations. First, the present study is data-driven 

research that relies on cross-sectional data that limits our ability to draw causal 

relationships of SB measures with health outcomes. Moreover, the implications of our 

findings are mainly limited to the practice of Actigraph accelerometer used in the 

NHANES 2003-2006 cycles, and caution is needed when interpreting the results for the 

study with different measurement protocols compared to the NHANES. Finally, the main 

focus of this study was limited to the data processing issues, particularly focusing on SB 
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measures. There are several important issues in using accelerometer data for a large 

observational study, such as participantsô compliance, non-wear time, or defining non-

wear time which could not be addressed in the present study. The readers who are 

interested in these particular issues should refer to previous research (Matthews et al., 

2012; Tudor-Locke, Camhi, & Troiano, 2012; Ward, Evenson, Vaughn, Rodgers, & 

Troiano, 2005; Winkler et al., 2012) for an extensive understanding of those issues and to 

potentially address them in future research. 

SB is purposefully engaged activities in different contexts that are predominated 

by prolonged sedentary time with low energy expenditure and possibly include sedentary 

breaks (Owen et al., 2010). However, the most commonly used algorithms to obtain SB 

parameters from accelerometer data may not perform well enough to fully reflect the 

conceptual definitions of respective parameters in free-living settings. The present study 

elucidated the necessity of determining the minimum duration of sedentary time that can 

potentially be considered as prolonged SB. Prior information on SB bouts would be 

required in order to identify true sedentary breaks that fully reflect the conceptual 

definition of sedentary breaks (i.e., interruptions in sedentary time). Future research 

should be aimed at developing a new algorithm/approach to discriminate SB bouts from 

the raw accelerometer data in order to improve the measurement properties of objectively 

measured SB in health outcome research. 
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CHAPTER III  

 

VALIDATION OF OBJECT IVE MONITORING DEVIC ES  

FOR THE ASSESSMENT OF SEDENTARY BHEAVIOR   

IN A FREE-LIVING ENVIRONMENT  

 

Introduction  

Sedentary behavior (SB), which is conceptually defined as any purposefully 

engaged activity that is predominated by prolonged sitting or a reclining posture with low 

energy expenditure (<1.5 METs) (Owen, Healy, Matthews, & Dunstan, 2010), has 

become a major health risk behavior in modern society. A rapidly growing evidence has 

demonstrated the negative impacts of sedentary behaviors on various health outcomes 

including, but not limited to cardiovascular risk factors, chronic disease related 

morbidity, and mortality (Bankoski et al., 2011; Healy, Matthews, Dunstan, Winkler, & 

Owen, 2011; Katzmarzyk & Lee, 2012; Koster et al., 2012; Wijndaele et al., 2011). 

Increased awareness of the importance of SB in public health has led to a huge demand 

for accurate assessment of SB in a free-living environment (Atkin et al., 2012; Marshall 

& Merchant, 2013).  

Of the various types of methods to assess SB, objective methods using 

accelerometers have extensively been used in studies ranging from clinical trials to large-

scale observational studies with greater reliability and validity compared to subjective 

methods (Atkin et al., 2012; Healy, Clark, et al., 2011). Several accelerometers have been 

developed by different manufacturers, and they can generally be classified into two broad 

categories (i.e., energy expenditure devices and postural devices) based on functional 

features as to how they capture the human movements (Granat, 2012).  
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Energy expenditure devices typically measure activities by examining the 

frequency and amplitude of accelerations generated by ambulatory movements to which 

they are attached. These raw accelerations are then analyzed with the manufacturerôs 

software to provide output values in the form of activity counts, for user-defined time 

intervals (i.e., epochs). A number of thresholds of activity counts have been proposed for 

different intensity levels of physical activity across different manufacturerôs 

accelerometers (Freedson, Melanson, & Sirard, 1998). For example, in one frequently 

used energy expenditure device, the Actigraph (ActiGraph LLC, Pensacola, FL) 

accelerometer, the threshold of activity counts for measuring SB is <100 counts per 

minute (cpm) (Matthews et al., 2008), which approximately corresponds to the energy 

cost of <1.5 METs. Postural classification devices like the activPal (Physical Activity 

Technologies, Glasgow, Scotland) use the inclinometer to detect the postural information 

and provide outputs within three classifications of activities (lying/sitting, standing, and 

walking), of which lying/sitting is commonly considered as SB (Harrington, Dowd, 

Bourke, & Donnelly, 2011; Kozey-Keadle, Libertine, Lyden, Staudenmayer, & Freedson, 

2011). 

Despite the promising aspects of using objective methods to better characterizing 

SB in a free-living setting, several measurement critiques have been raised for each type 

of monitoring device (Atkin et al., 2012; Granat, 2012; Marshall & Merchant, 2013). 

Most of the critiques, in general, were related to the difficulty of operationalizing SB 

congruent with what it has been defined at the conceptual level, particularly focusing on 

the components of energy expenditure (<1.5 METs) and posture (sitting). For instance, 

the researchers examining SB using energy classification devices may have to make an 
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arbitrary assumption regarding body posture (i.e., sitting or lying) when estimated energy 

expenditures for the respective time intervals are less than the threshold of SB. 

Conversely, postural classification devices may fail to account for the energy 

expenditures when classifying lying/sitting to SB. However, previous studies that 

examined the validity of different types of accelerometer for assessment of SB in both 

laboratory and free-living settings generally concluded that the posture classification 

device (i.e., activPal) provides better estimates of time spent in SB with less bias and high 

accuracy while the performance of energy expenditure classification devices (e.g., 

Actigraph) using a fixed threshold may introduce significantly large random errors, 

potentially altering study outcomes (Kozey-Keadle et al., 2011; Lyden, Kozey-Keadle, 

Staudenmayer, & Freedson, 2012). 

A continuous effort has been made to refine the methods in order to obtain 

accurate and precise estimates of SB from the energy expenditure classification devices, 

particularly focusing on posture classification. A new generation of Actigraph triaxial 

accelerometers (e.g., GT3X) is equipped with a built in inclinometer function that 

provides the information about participantôs posture (e.g., standing, lying, sitting) when 

the device is worn on the hip and perfectly vertical. Furthermore, advanced statistical 

techniques based on machine learning classification have been employed to develop the 

optimized algorithm to better classify the postures from the Actigraph accelerometer data. 

Lyden, Kozey-Keadle, Staudenmayer, and Freedson (2014) recently developed the 

method called Sojourn, which is a hybrid machine learning algorithm that combined the 

artificial neural network with hand-built decision tree analysis. The algorithm was 

validated among 7 healthy adults in a free-living environment and significantly improved 
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the performance of Actigraph GT3X accelerometer for classifying SB compared with a 

direct observation. However, the validity of Actigraph inclinometer function for the 

assessment of SB is still questionable in a free-living setting (Carr & Mahar, 2012; 

Hänggi, Phillips, & Rowlands, 2012), and the performance of the sojourn method still 

needs to be further evaluated in different sample.  

On the other hand, a recent study using an Actigraph accelerometer (Healy et al., 

2008) reported that sedentary breaks, which is defined as interruptions in sedentary time, 

is a potential health indicator that is favorably associated with cardiovascular risk factors. 

A number of studies have begun to focus on sedentary breaks as a feasible strategy to 

improve an individualôs health; however, a method to operationalize the sedentary breaks 

from accelerometer data was to count every transition point from sedentary to active 

phase, which has led the researchers to question whether it is breaks in sedentary time or 

the patterns of how sedentary time is accumulated which may matter for health (Colley et 

al., 2013). In our preliminary study using the National Health and Nutrition Examination 

Survey (NHANES) 2003-2006 accelerometry data, we found that an absolute number of 

sedentary breaks obtained using the current operational definition is an incomplete 

measure of the patterns how sedentary time is accumulated rather than the interruptions 

or breaks in sedentary time. We also proposed the necessity to develop the algorithm to 

identify the sedentary behavior bout (SB-bout) that is predominated by prolonged 

sedentary time and possibly includes true breaks within the bout. 

SB measurement is a relatively new scientific area that still has a significant room 

for improvement. Specifically, establishing validity evidence of different accelerometers 

for assessment of SB and the refinement of a data processing algorithm to identify SB-
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bout would be necessary to improve the measurement practice of SB. Therefore, the 

purpose of this study is twofold: 1) to examine the validity of different types of 

accelerometers to assess SB in a free-living environment compared with a proxy for 

direct observation using Autographer (Oxford Metrics Group, plc., Oxford, UK) wearable 

camera; and 2) to develop a new algorithm that could potentially identify SB-bout, which 

may include true breaks or interruptions in sedentary time as congruent with what it has 

been conceptually defined. 

Methods 

Participants and Procedures 

A convenience sample of 11 adults (male = 8) were recruited from a community 

in the mid-southern region of the US by word of mouth. The healthy adults between 20-

60 years of age who do not have any physical disabilities or medical conditions that may 

hamper them to engage in normal daily activities were invited for this study. All invited 

participants had an initial meeting with the primary investigator, and the informed 

consent that was approved by the University Institutional Review Board was obtained. 

During this time, a careful explanation about the potential risk and privacy issues 

associated with using a wearable camera was provided. Demographic information 

including birthdate, gender, smoking status, and self-reported height (cm) and body 

weight (kg) were also obtained.  

Upon completion of the informed consent form, the participants were asked to 

wear three accelerometers [Actigraph model GT3X, activPal, and SenseWear
TM

 

Armband (Model MF-SW; Body Media, Pittsburgh, PA, USA)] and an Autographer 



 

 

45 

wearable camera on designated body location for the respective devices (waist over the 

right hips for Actigraph GT3X accelerometer; mid-anterior position on right thigh for 

activPal; triceps muscle on the left arm for SenseWear
TM

 Armband; and around the neck 

using a lanyard for Autographer). The measurement period was for up to approximately 6 

hours in a single monitoring day until the Autographer automatically turned off due to the 

battery limits (average monitoring period = 366.54±21.47 minute). The participants were 

instructed to perform normal daily activities without any behavior modification, such as 

reducing SB or increasing physical activity during the measurement period. 
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Table 1 

 

Demographic Characteristics of the Participants 

 
Total (N = 11) Male (n = 8) Female (n = 3) 

Age (yr) 30.67 (7.24) 29.51 (12.59) 33.76 (7.92) 

Height (cm) 173.27 (8.86) 178.25 (6.83) 160.00 (3.00) 

Weight (kg) 76.70 (17.81) 83.11 (27.63) 59.59 (5.56) 

BMI (kg/m
2
) 25.36 (4.57) 26.15 (9.64) 23.26 (1.65) 

Monitoring      

Period (min) 
366.54 (21.47) 373.36 (20.49) 348.35 (12.34) 

Note. Values are presented as Mean (SD) 
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Table 2 
 

Characteristics of the Accelerometer Measures 
 

Device Output SB Identification Measure 

Actigraph GT3X 

Activity counts for  

1-sec epoch 

Sojourn method (vertical axis) GT3X-Soj1x 

Sojourn method (three axis) GT3X-Soj3x 

Inclinometer GT3X-Incli-1s 

Activity counts for 

10-sec epoch 

<8 counts GT3X-<8cnts/10s 

Inclinometer GT3X-Incli-10s 

Activity counts  for 

60-sec epoch 

<50 cpm GT3X-<50cpm 

<100 cpm GT3X-<100cpm 

<150 cpm GT3X-<150cpm 

Inclinometer GT3X-Incli-60s 

activPal 3C 
Activity Events 

 (time with seconds) 
Lying/Sitting activPal 

SenseWear
TM

 Armband  

(Model MF-SW)  
METs /min < 1.5 METs Armband 

Autographer (Criterion) 
Images  

(time with seconds) 
Standardized Coding Protocol Autographer 

Note. All measures were synchronized to a 1-second data; SB = sedentary behavior, cpm = counts per minute 
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Accelerometer Measures and SB Identification 

Actigraph.  The Actigraph GT3X accelerometer, which is a light and small (27g; 

3.8 cm x 3.7 cm x 1.8 cm) triaxial accelerometer capable of recording accelerations in 

three axes (vertical, anterior posterior, and medial-lateral), was used for this study. The 

GT3X measures accelerations at ranging from 30 Hz sampling rate in response to the 

magnitude from ±3g, which is, in turn, integrated over a user-defined epoch length as 

activity counts. For this study, Actigraph GT3X device was programmed to record 

accelerations in 1-second epochs with low-frequency extension in order to increase the 

sensitivity to capture low-intensity movements including SB. The device was attached on 

an adjustable elastic belt, and the participants were asked to wear the accelerometers on 

the waist over the right hip (perfectly vertical) in order to ensure the use of inbuilt 

inclinometer function of the GT3X for posture classification (lying, sitting, standing, and 

off).  

Actilife software version 5.10.0 was used to initialize the device and to download 

the time-stamped accelerometer data by 1-second. Because there is no empirically 

proposed activity count threshold for SB in 1-second epoch, the data were collapsed into 

60- and 10-second epoch lengths to apply the thresholds of <50 cpm, <100 cpm, and 

<150cpm for 60-second and <8 counts per 10 second for 10-second data (Crouter, 

Dellavalle, Haas, Frongillo, & Bassett, 2013; Kozey-Keadle et al., 2011; Lyden et al., 

2012; Matthews et al., 2008). A time interval with vertical activity counts less than the 

thresholds was considered sedentary time for the respective thresholds. The inclinometer 

outputs from 1-second and collapsed 60- and 10-seconds data were also obtained, and the 
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time intervals classified as lying or sitting were considered sedentary time for the 

respective data.  

 Two different versions of the sojourn method were applied to identify SB from 

the second-by-second GT3X accelerometer data. The first version (Soj-1x) employs the 

hand-built decision tree approach to identify SB using activity counts from vertical axis 

only. Briefly, the decision tree classifies time intervals for two types of SB (i.e., ósitting 

or lying fairly stillô and ósitting with minor movementô) based on the characteristics of 

two classifier parameters (i.e., percentages and/or durations of nonzero activity counts) 

for the respective time intervals. The second version (Soj-3x) uses the second-by-second 

activity counts from three axes (vertical, anterior-posterior, and medial-lateral). The 

similar classifier parameters (i.e., percentages and durations of nonzero activity counts 

from the vertical axis) but with different criterion are used in combination with an 

artificial neural network to identify the time intervals that may be featured with ñsitting or 

lying fairly stillò or ñsitting with minor movementò. The detailed description of sojourn 

method can be found from  Lyden et al. (2014), and the entire sojourn algorithm based on 

an open source R-language is available at 

www.math.umass.edu/~jstauden/SojournCode.zip. 

ActivPal. The activPal
3TM

 is a light and small (15g; 3.5 cm x 5.3 cm x 0.7 cm) 

triaxial accelerometer, worn on the mid-anterior position of the right thigh. The device 

measures accelerations of the thigh at a sampling frequency of 20 Hz, which is used to 

produce the signals related to thigh inclination. Using the proprietary algorithm in the 

manufacturer-provided software, the final output for body postures (lying/sitting, 

standing, and walking) was provided. The activPal3 software version 7.1.18 was used to 

http://www.math.umass.edu/~jstauden/SojournCode.zip
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initialize the device and to download accelerometer data. The event data that provides the 

exact observed time with seconds when posture was changed was expanded to 1-second 

data for later analyses. A time period in which the posture was classified as lying/sitting 

was considered sedentary time. 

Sensewear
TM

 Armband. The SenseWear
TM

 Armband (Model MF-SW) is a light 

and small (45g; 5.5 cm x 6.2 cm x 1.3 cm) multi-sensor body monitoring device which 

include a triaxial accelerometer, skin temperature sensor, galvanic skin response sensor 

and thermometers for measuring heart flux. The device was configured with self-reported 

height (cm), body weight (kg), birth date, gender, smoking status, and handedness per the 

manufacturer's instructions.The device was worn over the triceps muscle and the 

Sensewear software version 7.0 with propriety algorithm version 2.2.3 was used to 

estimate energy expenditure (e.g., METs) for 60-second epochs. A time interval with 

MET <1.5 was considered sedentary time and the data was expanded to 1-second data for 

later analyses. 

Criterion Measure: Autographer.  The Autographer is a new generation of 

SenseCam which was the first wearable camera used in lifelogging research (Doherty et 

al., 2011; Kerr et al., 2013). The device is light and small (58g; 3.74 cm x 9.55 cm x 2.29 

cm), and incorporates five sensors (triaxial accelerometer, magnetometer, ambient 

temperature, light level, and passive infrared) to determine the best moment to 

automatically capture the images without any user intervention. The device was set to 

capture the images at high rate (approximately 10 images per minute), and the 

participants were instructed to wear the Autographer around the neck using a lanyard. 
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Autographerôs custom-built software was used to upload, store, and review the 

time-stamped images taken during the measurement period. A standardized coding 

protocol developed from Kerr et al. (2013) for the SenseCam image data was modified 

for this study. Specifically, a restriction relative to the number of consecutive images 

(approximately for 2 minutes) to define the sedentary ñeventò in the original coding 

protocol was relaxed in order to reflect all SB regardless of the durations. A series of 

visual cues including the limbs positions (e.g., hands on or legs underneath a table), 

camera angles (e.g., lower than the persons who were standing), and the associated 

environments (e.g., not involved in the exercise-related environments such as bicycling, 

static stretching, yoga, or weight lifting) of each image were simultaneously considered 

to identify SB that are congruent with what it has been defined at the conceptual level. 

Three observers who have sufficient training in the area of physical activity at the 

graduate level independently coded the image data for all participants. The discrepancies 

across observers were resolved by comprehensive discussion until they reach a consensus. 

The second-by-second time intervals of the continuous images that were coded SB were 

obtained.  
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Figure 1 

Illustration of new algorithm searching process to identify the SB- bout from Actigraph 

accelerometer data (1-min epoch) using the threshold of <100 cpm 
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Development of a New Algorithm 

The new algorithm to identify SB-bout was developed using SAS v9.3 (SAS 

Institute Inc, Cary, NC) and includes three sequential screening windows with user 

modifiable searching parameters. 

1) 1
st
 window ï Search for the beginning of SB-bout if 5 consecutive minutes (300 

consecutive seconds) identified as SB are observed.  

2) 2
nd

 window ï Start from the time point that is not sedentary after meeting the 

condition of 1
st
 window. Examine 5 consecutive minutes (300 consecutive seconds) 

of upstream and downstream from the time point that is not sedentary. If 60% of 2
nd

 

window is sedentary then move onto next minute that is not sedentary and repeat 2
nd

 

window. 

3) 3
rd

 window ï If the condition of 2
nd

 window is not met, examine 10 minutes (600 

consecutive seconds) of downstream from the time point that failed to meet the 

condition of 2
nd

 window. If 40% of the 3
rd

 window is sedentary then move onto next 

minute that is not sedentary and repeat 2
nd

 window.  If the data do not meet the 

condition of 3
rd

 window, stop searching and record the time point where the 2
nd

 

window starts as the end of SB-bout. 

The new algorithm was applied to all SB measures including the criterion, and 

three outcome variables were obtained for each SB measure. 

1) SB-bout ï The time interval between the time point that meet the condition of 1
st
 

window and the time point that does not meet the conditions of 3
rd

 window.  

2) Sedentary time ï Total accumulated sedentary time within SB-bout.  
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3) Breaks in sedentary time ï Transition from sedentary to active phase within SB-bout. 

Data Analysis 

All accelerometer data managements and statistical analyses were performed 

using SAS version 9.3. A graphical representation of the results was performed using R-

language. Descriptive statistics [Mean and 95% confidence interval (CI)] of SB 

parameters including total sedentary time, the number of observed SB (i.e., events), and 

the average duration of SB were obtained for each accelerometer measure. 

 To address aim 1, which is to examine the validity of different types of 

accelerometer for assessment of SB, two approaches with different levels of focus (i.e., 

an aggregated level and a second-by-second level) were employed. First, average 

differences in total sedentary time between the estimates from the accelerometer and the 

criterion was calculated to quantify the prediction errors of total sedentary time estimated 

from each accelerometer. Mean differences were presented by two statistical indices, 

mean absolute percentage error (MAPE, %) and percentage (%) of bias, in order to 

provide overall magnitude of the errors due to the bias and the direction of the bias (e.g., 

under- or over-estimation), respectively. A 95% CI associated with the % of bias was also 

considered as a proxy indicator for precision of the estimates. Second, the second-by-

second accelerometer data were compared with the time-matched, second-by-second 

criterion data with sedentary time intervals identified for each participant. The 

proportions of the sedentary time intervals that are correctly classified (e.g., true positive) 

and misclassified (e.g., false positive) as sedentary time intervals compared to the 

criterion data were presented as sensitivity (%) and 1-speicificity (%). Youdenôs index, 
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which is the difference between the sensitivity and 1-specificity, was calculated as a 

relative approximation to the overall performance of each accelerometer to identify true 

sedentary time. Mean sensitivity, 1-specificity, and Youdenôs index across all participants 

were calculated along with the associated 95% CIs. Phi coefficients were additionally 

obtained for each measure as an index of association with the criterion. 

Additional datasets that include sedentary time intervals with different bout 

conditions of Ó300-sec (5-min), Ó600-sec (10-min), Ó900-sec (15-min), and Ó1200-sec 

(20-min) were created for all SB measures including the criterion in order to examine the 

performance of each accelerometer to identify the structured SB given bout conditions. 

The changes in MAPE, percentage of bias, sensitivity, and 1-specificity for each 

accelerometer were calculated across different bout conditions. 

To examine the validity of the new algorithm to determine SB-bout from the 

accelerometer measures, the new algorithm was first applied to all measures, including 

the criterion. Descriptive statistics (Mean and 95% CI) were calculated for three SB 

parameters including total estimated time, the number of observed events, and average 

durations across three outcome variables (SB-bout, sedentary time within a bout, and 

sedentary breaks within a bout). Statistical approaches to address aim 2 were identical to 

those employed to address aim 1. The mean differences of total estimated time across 

three outcome variables between the accelerometer measures and the criterion were 

expressed as MAPE (%) and the % of bias. Sensitivity and 1-specificity were obtained by 

comparing the second-by-second time intervals for SB-bout between the accelerometer 

measures and the criterion for each participant and presented as mean and 95% CI. 
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Results 

Validity of Accelerometer Measures to Identify SB 

Table 3 presents the descriptive statistics of SB parameters across the measures 

estimated from different types of accelerometers. The observed total sedentary time from 

the criterion indicated that the participants generally spent a large amount (>70%) of their 

monitoring period with SB. The estimated sedentary times from accelerometer measures 

were not statistically different from the criterion (Mean = 246.57 min; 95% CI = 181.63, 

313.51) which was evidenced by the overlapped 95% CIs; however, the number of SB 

and the average duration of SB estimated from each accelerometer measure were 

statistically different from the criterion (Mean = 13.27; 95% CI = 9.44, 17.11; and Mean 

= 20.66 min; 95% CI = 13.77, 27.54, respectively). Significantly larger numbers of SB 

were identified across all measures compared with the criterion with the exceptions of 

GT3X-Soj3x (Mean = 13.73; 95% CI = 10.24, 17.22), GT3X-Incli-60s (Mean = 22.45; 

95% CI = 14.92, 29.99), activPal (Mean = 18.18; 95% CI = 12.73, 23.64), and Armband 

(Mean = 12.63; 95% CI = 7.57, 17.68). Significantly smaller average duration of SB was 

estimated compared with the criterion across all measures with the exceptions of GT3X-

Soj3x (Mean = 18.67; 95% CI = 12.7, 24.64), GT3X-<100cpm (Mean = 10.43; 95% CI = 

6.48, 14.38), GT3X-<150cpm (Mean = 12.54; 95% CI = 7.49, 67.58), activPal (Mean = 

15.65; 95% CI = 8.92, 22.37), and Armband (Mean = 13.46; 95% CI = 7.48, 19.44).
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Table 3 
 

Descriptive Statistics of SB Parameters Across Accelerometer Measures 
 

 

Autographer 

GT3X 1-sec epoch 
 

GT3X 10-sec epoch 
 

GT3X 60-sec epoch 

activPal Armband 

 

GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s 

 
GT3X-

<8cnts/10s 

GT3X-

Incli-10s 

 
GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

     

 

  

 

      

Total 

Sedentary 

Time 

(min) 

247.57 236.28 224.96 191.39 
 

262.77 190.43 
 

233.23 254.69 264.98 189.33 236.85 202.64 

(181.63, 

313.51) 

(172.89, 

299.67) 

(168.67, 

281.26) 

(138.54, 

244.25) 

 (217.57, 

307.96) 

(137.78, 

243.09) 

 (182.23, 

284.23) 

(207.64, 

301.74) 

(219.12, 

310.83) 

(135.79, 

242.87) 

(174.10, 

299.61) 

(146.36, 

258.93) 

     

 

  

 

      

Number  

of SB 

13.27 13.73 23.82 55.09 
 

137.00 53.00 
 

32.00 27.82 24.91 22.45 18.18 13.45 

(9.44, 

17.11) 

(10.24, 

17.22) 

(18.85, 

28.79) 

(35.60, 

74.58) 

 (109.11, 

164.89) 

(34.53, 

71.67) 

 (24.77, 

39.23) 

(22.11, 

33.53) 

(19.03, 

30.79) 

(14.92, 

29.99) 

(12.73, 

23.64) 

(9.75, 

17.16) 

     

 

  

 

      

Mean 

Durations 

(min) 

20.66 18.67 10.07 4.29 
 

2.16 4.38 
 

8.52 10.43 12.54 9.75 15.65 13.46 

(13.77, 

27.54) 

(12.70, 

24.64) 

(6.63, 

13.51) 

(2.76, 

5.81) 

 (1.39, 

2.93) 

(2.86, 

5.91) 

 (4.96, 

12.08) 

(6.48, 

14.38) 

(7.49, 

67.58) 

(7.00, 

12.49) 

(8.92, 

22.37) 

(7.48, 

19.44) 

     
 

  
 

      

Note. Values are presented as Mean (95% CI); SB = sedentary behavior 
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Accuracy and precision of total sedentary time estimated from each accelerometer 

measure compared with the criterion are presented in Table 4. The results at the 

aggregated level indicated that activPal showed the most accurate estimate of total 

sedentary time with MAPE of 4.11 % (95% CI = 0.00, 8.42) and % of bias of -3.52% 

(95% CI = -8.08, 1.36), followed by GT3X-Soj3x with MAPE of 7.26% (95% CI = 2.28, 

12.24) and % of bias of -2.81% (95% CI = -9.67, 4.05). The GT3X inclinometer-based 

measures and Armband significant underestimated the total sedentary time from the 

criterion which was evidenced by the negative limits of 95% CIs for GT3X-Incli-1s (% of 

bias = -18.94; 95% CI = -32.15, -5.49), GT3X-Incli-10s (% of bias = -19.32; 95% CI = -

33.15, -5.49), GT3X-Incli-60s (% of bias = -19.91; 95% CI = -34.12, -5.70), and 

Armband (% of bias = -16.37; 95% CI = -27.81, -4.92). 

 At the second-by-second level, activPal demonstrated the best performance for 

the classification of sedentary time intervals compared with the criterion, which was 

evidenced by the highest phi-coefficient (.89; 95% CI = .81, .97), sensitivity (95.01%; 

95% CI = 90.54, 99.47), and smallest 1-specificity (2.52; 95% CI = 1.54, 3.50). Youdenôs 

index was largest for activPal (Youdenôs index = 92.48; 95% CI = 87.26, 97.70) with 

non-overlapped 95% CI with other accelerometer measures, followed by GT3X-Soj3x 

with Youdenôs index of 74.74 (95% CI = 68.05, 81.42).  
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Table 4 
  

Validity of Accelerometer Measures for the Assessment of SB 
 

  1-sec epoch   10-sec epoch   60-sec epoch 

activPal Armband 
  

GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s 
  

GT3X-

8cnts<10s 

GT3X-

Incli-10s 
  

GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

              Aggregated level 
           

              

MAPE (%) 

7.26 12.49 21.67 
 

24.69 21.93 
 

18.69 22.73 25.15 22.52 4.11 17.67 

(2.28, 

12.24) 

(5.60, 

19.39) 

(10.05, 

33.29)  

(0.00, 

55.72) 

(10.18, 

33.67)  

(1.73, 

35.66) 

(0.00, 

53.68) 

(0.00, 

61.48) 

(10.39, 

34.65) 

(0.00, 

8.42) 

(7.23, 

28.11) 

              

% of bias 

-2.81 -5.29 -18.94 
 

21.14 -19.32 
 

3.00 17.05 23.19 -19.91 -3.52 -16.37 

(-9.67, 

4.05) 

(-15.83, 

5.25) 

(-32.73,  

-5.15)  

(-11.17, 

53.45) 

(-33.15,  

 -5.49)  

(-18.38, 

24.38) 

(-15.66, 

49.77) 

(-13.78, 

60.16) 

(-34.12,  

-5.70) 

(-8.08, 

1.36) 

(-27.81,    

-4.92) 

              Second-by-second level 
           

              

Phi-

coefficient 

0.72 0.60 0.54 
 

0.54 0.54 
 

0.57 0.60 0.61 0.54 0.89 0.52 

(0.64, 

0.79) 

(0.48, 

0.72) 

(0.36, 

0.72)  

(0.42, 

0.67) 

(0.36, 

0.72)  

(0.46, 

0.69) 

(0.48, 

0.71) 

(0.48, 

0.74) 

(0.36, 

0.73) 

(0.81, 

0.97) 

(0.40, 

0.64) 

              

Sensitivity 

89.90 81.40 74.35 
 

90.05 74.19 
 

83.69 90.50 93.03 73.97 95.01 74.17 

(85.08, 

94.72) 

(72.18, 

90.63) 

(61.75, 

86.95)  

(86.43, 

93.68) 

(61.53, 

86.84)  

(78.12, 

89.25) 

(87.52, 

93.48) 

(90.83, 

95.23) 

(61.01, 

86.92) 

(90.54, 

99.47) 

(62.52, 

85.82) 

              

1-Specificity 

15.16 15.44 14.19 
 

35.07 13.70 
 

21.26 28.70 32.20 13.50 2.52 16.75 

(8.15, 

22.17) 

(7.83, 

23.06) 

(5.15, 

23.24)  

(24.22, 

45.92) 

(4.90, 

22.49)  

(12.07, 

30.45) 

(16.59, 

40.8) 

(18.68, 

45.71) 

(4.46, 

22.53) 

(1.54, 

3.50) 

(9.50, 

23.99) 

              

Youdenôs  

Index 

74.74 65.96 60.16 
 

54.98 60.49 
 

62.42 61.80 60.83 60.47 92.48 57.42 

(68.05, 

81.42) 

(53.29, 

78.63) 

(43.08, 

77.24)  

(42.75, 

67.21) 

(43.57, 

77.41)  

(51.08, 

73.77) 

(49.99, 

73.62) 

(47.30, 

74.36) 

(43.45, 

77.49) 

(87.26, 

97.70) 

(45.51, 

69.33) 

Note. Values are presented as Mean (95% CI); SB = sedentary behavior; MAPE = mean absolute percentage error (%)  
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Validity of Accelerometers Measures to Identify Structured SB 

 Descriptive statistics of SB parameters across accelerometer measures after 

accounting for bout conditions of Ó300-sec, Ó600-sec, Ó900-sec, and Ó1200-sec are 

provided in the Supplemental Tables 1 through 4, respectively (See Appendix C). The 

validity of accelerometer measures for identifying time intervals with structured SB at a 

given bout of Ó300-sec, Ó600-sec, Ó900-sec, and Ó1200-sec are provided in the 

Supplemental Tables 5 through 8, respectively (See Appendix C).  

Figure 1 depicts the changes in % of bias for total sedentary time estimated from 

each accelerometer compared with the criterion across the bout conditions. On average, 

most of GT3X-based SB measures (GT3X-Soj1x, GT3X-Incli-1s, GT3X-8cnts<10s, 

GT3X-Incli-10s, GT3X<50cpm, and GT3X-Incli-60s) significantly underestimated actual 

total sedentary time compared with the criterion after accounting for bout conditions. 

GT3X-Soj3x showed the most accurate and stable estimates of total sedentary time across 

the bout conditions, which was evidenced by the narrow range of 95% CIs that include 

absolute zero at the given bout conditions.  

Figure 2 depicts the changes in sensitivity, 1-specificity, and Youdenôs index 

across the bout conditions. There was a reduction in 1- specificity as increased 

restrictions on the bout condition across all SB measures. Similarly, the increase in bout 

conditions resulted in decreases in specificity across all accelerometer measures, with the 

exceptions of GT3X-Soj3x and Armband which demonstrated relatively stable levels of 

sensitivity across the bout conditions. 
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Figure 2 

Illustrations of changes in % of bias (95% CI) on the estiamted total sedentary time from accelerometer meaures compared to the criterion 

across the bout conditions 
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Figure 2 (Cont) 

Illustrations of changes in % of bias (95% CI) on the estiamted total sedentary time from accelerometer meaures compared to the 

criterion across the bout conditions 
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Figure 3 

Illustrations of changes in sensitivity (dark grey on left), 1-specificity (light grey on right), and Youdenôs Index (black triangle in the 

middle)  for accelerometer measures compared to the criterion across the bout conditions 
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Figure 3 (Cont) 

Illustrations of changes in sensitivity (dark grey on left), 1-specificity (light grey on right), and Youdenôs Index (black triangle in the 

middle)  for accelerometer measures compared to the criterion across the bout conditions 
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Validity of Accelerometer Measures to Identify SB-bout using a New Algorithm 

 Three outcome variables including SB-bout, sedentary time and breaks within the 

bout were estimated from all accelerometer measures including the criterion using the 

new algorithm. Descriptive statistics of SB parameters for the respective outcome 

variables are presented in Table 5.  

On average, the estimated total time for SB-bout from the criterion was 249.83 

min (95% CI = 181.89, 317.90), which was accumulated by an average of 4.27 SB-bouts 

(95% CI = 3.37, 5.18).  The estimated total sedentary time and total number of sedentary 

breaks within the bout resulting from new algorithm in the criterion were 240.99 min (95% 

CI = 175.93, 306.06) and 5.73 (95% CI = 3.21, 8.24), respectively.  

All accelerometer measures generated similar mean estimates for the outcome 

variables of SB-bout compared with the criterion, which was evidenced by overlapped 95% 

CIs with the criterion. The estimated total sedentary time within SB-bout was not 

significantly different from the criterion; however, the number of sedentary events within 

SB-bouts significantly differed from the criterion (Mean = 10.00; 95% CI = 7.52, 12.48) 

in GT3X-8cnts<10s (Mean = 84.36; 95% CI = 58.53, 110.20), GT3X-<100cpm (Mean = 

18.82; 95% CI = 14.58, 23.05), and GT3X-<150cpm (Mean = 17.27; 95% CI = 13.04, 

21.50). Pertaining to the number of sedentary breaks within SB-bout, thresholds-based 

GT3X measures including GT3X-8cnt<10s (Mean = 81.82; 95% CI = 55.64, 107.99), 

GT3X-<50cpm (Mean = 15.18; 95% CI = 8.31, 22.05), GT3X-<100cpm (Mean = 15.09; 

95% CI = 10.75, 19.43), and GT3X-<150cpm (Mean = 13.36; 95% CI = 8.92, 17.80) 

produced significantly different mean estimates from the criterion.
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Table 5 
 

Descriptive Statistics for Three Outcome Variables of SB-bout 
 

  

Autographer 

1-sec epoch 
 

10-sec epoch 
 

60-sec epoch 

activPal Armband 

  
GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s  

GT3X-

8cnts<10s 

GT3X-

Incli-10s  

GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

SB-bouts 
            

Total Time 

for SB-bout 

(min) 

249.89 

(181.89, 

317.90) 

240.27 

(172.99, 

307.56) 

228.35 

(167.45, 

289.24) 

173.61 

(113.34, 

233.88) 
 

258.70 

(120.13, 

316.21) 

172.11 

(112.48, 

231.74) 
 

236.82 

(170.09, 

303.55) 

263.82 

(208.22, 

319.42) 

274.19 

(220.96, 

327.41) 

179.46 

(119.75, 

239.16) 

241.79 

(177.14, 

306.44) 

199.47 

(138.89, 

260.05) 

               

Number of 

SB-bout 

4.27 

(3.37, 

5.18) 

4.91 

(3.42, 

6.39) 

4.64 

(3.72, 

5.55) 

4.82 

(4.03, 

5.60) 
 

2.55 

(1.73, 

3.36) 

4.64 

(3.88, 

5.39) 
 

4.27 

(3.74, 

4.80) 

3.73 

(2.87, 

4.58) 

3.91 

(2.77, 

5.05) 

4.73 

(3.93, 

5.53) 

4.73 

(3.68, 

5.77) 

5.27 

(4.47, 

6.07) 

               

Mean 

Durations 

(min) 

64.84 

(39.71, 

89.98) 

64.30 

(28.46, 

100.13) 

52.25 

(35.26, 

69.24) 

36.51 

(23.60, 

49.41) 
 

129.78 

(72.53, 

187.02) 

37.53 

(24.60, 

50.46) 
 

54.45 

(40.15, 

68.74) 

78.11 

(57.07, 

99.14) 

82.96 

(56.97, 

108.94) 

38.79 

(26.04, 

51.54) 

56.91 

(34.00, 

79.83) 

37.93 

(25.56, 

50.29) 

               

Note. Values are presented as Mean (95% CI); SB = sedentary behavior  
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Table 5 (Cont) 
 

Descriptive Statistics for Three Outcome Variables of SB-bout 
 

  

Autographer 

1-sec epoch 
 

10-sec epoch 
 

60-sec epoch 

activPal Armband 

  
GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s  

GT3X-

8cnts<10s 

GT3X-

Incli-10s  

GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

Sedentary Time within SB-bout 
          

Total 

Sedentary 

Time (min) 

240.99 

(175.93, 

306.06) 

229.89 

(166.15, 

293.63) 

212.89 

(154.97, 

270.81) 

161.76 

(107.05, 

216.48) 
 

229.08 

(175.02, 

283.14) 

159.96 

(105.94, 

213.97) 
 

211.10 

(150.76, 

271.43) 

237.55 

(185.34, 

289.76) 

251.28 

(201.48, 

301.08) 

167.46 

(112.79, 

222.12) 

229.58 

(167.50, 

291.67) 

192.38 

(134.57, 

250.19) 

               

Number of 

Sedentary 

Events 

10.00 

(7.52, 

12.48) 

10.09 

(7.08, 

13.10) 

17.55 

(13.44, 

21.65) 

19.45 

(10.67, 

28.24) 
 

84.36 

(58.53, 

110.20) 

18.73 

(10.02, 

27.43) 
 

19.45 

(12.26, 

26.65) 

18.82 

(14.58, 

23.05) 

17.27 

(13.04, 

21.50) 

11.18 

(7.22, 

15.14) 

12.55 

(9.17, 

15.92) 

8.73 

(5.88, 

11.58) 

               

Mean 

Durations 

(min) 

25.13 

(18.17, 

32.10) 

23.49 

(17.85, 

29.13) 

12.14 

(9.41, 

14.87) 

9.80 

(6.90, 

12.69) 
 

3.20 

(2.07, 

4.33) 

10.11 

(7.17, 

13.04) 
 

12.26 

(8.41, 

16.11) 

13.65 

(9.72, 

17.58) 

16.01 

(11.23, 

20.79) 

15.96 

(12.55, 

19.36) 

19.70 

(13.81, 

25.59) 

24.05 

(15.92, 

32.19) 

               

Note. Values are presented as Mean (95% CI) 
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Table 5 (Cont) 
 

Descriptive Statistics for Three Outcome Variables of SB-bout 
 

  

Autographer 

1-sec epoch 
 

10-sec epoch 
 

60-sec epoch 

activPal Armband 

  
GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s  

GT3X-

8cnts<10s 

GT3X-

Incli-10s  

GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

Sedentary Breaks within SB-bout 
          

Total  

Break Time 

(min) 

8.90 

 (4.87, 

12.93) 

10.38 

(3.76, 

17.01) 

15.46 

(10.97, 

19.95) 

11.85 

(5.24, 

18.46) 
 

29.62 

(20.12, 

39.12) 

12.15 

(5.47, 

18.83) 
 

25.73 

(14.51, 

36.94) 

26.27 

(19.64, 

32.90) 

22.91 

(15.83, 

29.99) 

12.00 

(6.04, 

17.96) 

12.21 

(8.13, 

16.28) 

7.09 

(2.37, 

11.81) 

               

Number of 

Sedentary 

Breaks 

5.73  

(3.21,  

8.24) 

5.18 

(1.84, 

8.52) 

12.91 

(8.76, 

17.06) 

14.64 

(5.86, 

23.42) 
 

81.82 

(55.64, 

107.99) 

14.09 

(5.40, 

22.79) 
 

15.18 

(8.31, 

22.05) 

15.09 

(10.75, 

19.43) 

13.36 

(8.92, 

17.80) 

6.45 

(2.67, 

10.24) 

7.82 

(4.71, 

10.92) 

3.45 

(0.86, 

6.05) 

               

Mean 

Durations 

(min) 

1.63  

(1.27, 

 1.99) 

2.02 

(1.61, 

2.44) 

1.25 

(1.06, 

1.43) 

0.86 

(0.60, 

1.11) 
 

0.37 

(0.31, 

0.44) 

0.93 

(0.67, 

1.19) 
 

1.76 

(1.58, 

1.94) 

1.79 

(1.56, 

2.03) 

1.77 

(1.51, 

2.02) 

2.02 

(1.73, 

2.31) 

1.69 

(1.40, 

1.98) 

2.54 

(1.46, 

3.62) 

               
Note. Values are presented as Mean (95% CI) 
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The results of validity examination of accelerometer measures using the new 

algorithm are presented in Table 6 through 8 for the following outcome variables, SB-

bout, sedentary time, and sedentary breaks within a SB-bout.  

In general, the inclinometer-based GT3X and Armband measures significantly 

underestimated the total time for SB-bout [% of bias = -27.73 (95% CI =  -44.91, -10.55) 

for GT3X-Incli-1s, % of bias = -28.19 (95% CI = -45.38, -11.01) for GT3X-Incli-10s, 

and % of bias = -24.66 (95% CI = -42.25, -7.06) for GT3X-Incli-60s, and % of bias = -

19.26 (95% CI = -31.96, -6.56) for Armband] compared with the criterion. The best 

performance, with the lowest MAPE of 4.86 (95% CI = 0.45, 9.27) and 1-specificity of 

2.06 (95% CI = 0.00, 4.26), and highest sensitivity of 96.27 (95% CI = 91.62, 100.00) 

and phi-correlation coefficient of .91 (95% CI = .82, 1.00) was observed in activPal 

measure. 

The activPal identified sedentary time within SB-bout the best compared to the 

criterion, with the highest Youdenôs index of 92.56 (95% CI = 87.56, 97.56), followed by 

GT3X-Soj3x with Youdenôs index of 76.90 (95% CI = 70.01, 83.78). ActivPal also 

showed highest Youdenôs index of 86.05 (95% CI = 75.52, 96.58), followed by two 

threshold-based GT3X-measures including GT3X-<150cpm (Youdenôs index = 72.78; 95% 

CI = 58.67, 86.89), and GT3X-<100cpm (Youdenôs index = 71.49 (95% CI = 55.99, 

86.98) when assessing sedentary breaks within SB-bouts. 
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Table 6 
 

Validity of Accelerometer Measures for Assessment of SB-bout Using a New Algorithm 
 

  1-sec epoch   10-sec epoch   60-sec epoch 

activPal Armband 

  
GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s 
  

GT3X-

8cnts<10s 

GT3X-

Incli-10s 
  

GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

              Aggregated level 
           

              

MAPE (%) 

9.28  

(3.20, 

15.36) 

11.42 

(3.96, 

18.88) 

27.85 

(10.77, 

44.93) 
 

28.00  

(0.00, 

64.02) 

28.26 

(11.13, 

45.39) 
 

17.62 

(4.81, 

30.43) 

28.42  

(0.00, 

63.15) 

28.68 

 (0.00, 

64.76) 

27.91 

(12.92, 

42.9) 

4.86 

(0.45, 

9.27) 

21.11 

(9.96, 

32.26) 

              

% of bias 

-2.14  

(-10.94, 

6.66) 

-5.86 

(-16.03, 

4.31) 

-27.73  

(-44.91,  

-10.55) 
 

17.56  

(-21.60, 

56.72) 

-28.19  

(-45.38, 

 -11.01) 
 

-2.18  

(-19.95, 

15.59) 

20.17 

 (-17.32, 

57.65) 

25.37  

(-11.92, 

62.66) 

-24.66  

(-42.25,  

-7.06) 

-2.29  

(-7.64, 

3.05) 

-19.26  

(-31.96,  

-6.56) 

              
Second-by-second level 

           

              
Phi-

coefficient 

0.73  

(0.64, 

0.81) 

0.63 

(0.50, 

0.76) 

0.55 

(0.36, 

0.74) 
 

0.52 

(0.33, 

0.70) 

0.55 

(0.36, 

0.73) 
 

0.64 

(0.52, 

0.76) 

0.59 

(0.42, 

0.76) 

0.62 

(0.45, 

0.79) 

0.53 

(0.35, 

0.71) 

0.91 

(0.82, 

1.00) 

0.51  

(0.38, 

0.65) 

              

Sensitivity 

90.64 

(84.90, 

96.38) 

82.58 

(72.15, 

93.00) 

69.37 

(53.30, 

85.43) 
 

87.92 

(80.13, 

95.72) 

68.90 

(52.79, 

85.01) 
 

85.87 

(77.82, 

93.92) 

91.31 

(86.69, 

95.93) 

94.98 

(91.50, 

98.44) 

70.48 

(54.76, 

86.20) 

96.27 

(91.62, 

100.00) 

73.19 

(60.55, 

85.83) 

              

1-Specificity 

15.58 

(6.58, 

24.58) 

13.89 

(4.47, 

23.32) 

8.20 

(0.00, 

17.75) 
 

36.86 

(17.83, 

55.89) 

8.24 

(0.00, 

17.84) 
 

19.99 

(8.72, 

31.27) 

33.75 

(17.23, 

50.26) 

35.78 

(19.44, 

52.13) 

11.52 

(2.38, 

20.66) 

2.06 

(0.00, 

4.26) 

15.87 

(6.72, 

25.02) 

              
Youdenôs  

Index 

75.06 

(66.47, 

83.64) 

68.68 

(55.35, 

82.02) 

61.17 

(44.58, 

77.77) 
 

51.06 

(33.12, 

69.00) 

60.66 

(43.94, 

77.38) 
 

65.88 

(55.38, 

76.37) 

57.56 

(41.50, 

73.63) 

59.19 

(42.22, 

76.15) 

58.96 

(42.92, 

74.99) 

94.21 

(89.26, 

99.15) 

57.32 

(44.16, 

70.48) 

 
             

Note. Values are presented as Mean (95% CI); SB = sedentary behavior; MAPE = mean absolute percentage error (%) 
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Table 7 
   

Validity of Accelerometer Measures for Assessment of the Sedentary Time within SB-bout Using a New Algorithm 
 

  1-sec epoch   10-sec epoch   60-sec epoch 

activPal Armband 

  
GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s 
  

GT3X-

8cnts<10s 

GT3X-

Incli-10s 
  

GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

              
Aggregated level 

           

              

MAPE (%) 

7.51  

(2.62, 

12.41) 

12.17 

(5.58, 

18.77) 

29.74 

(12.94, 

46.54) 
 

20.39  

(0.00, 

44.75) 

30.31 

(13.45, 

47.18) 
 

17.59 

(8.64, 

26.55) 

22.03  

(0.00, 

48.51) 

24.17  

(0.00, 

55.97) 

29.53 

(14.52, 

44.54) 

5.23 

(0.76, 

9.70) 

21.56 

(10.26, 

32.85) 

              

% of bias 

-3.50  

(-10.28, 

3.28) 

-9.82  

(-18.14,  

-1.49) 

-29.69  

(-46.53,  

-12.85) 
 

4.42  

(-23.68, 

32.53) 

-30.27  

(-47.17,  

-13.38) 
 

-10.85  

(-24.09, 

2.40) 

9.73  

(-20.19, 

39.65) 

17.91  

(-15.89, 

51.71) 

-26.61  

(-44.12,  

-9.09) 

-4.09  

(-9.11, 

0.94) 

-18.82  

(-32.33,  

-5.31) 

              
Second-by-second level 

           

              
Phi-

coefficient 

0.74 

 (0.66, 

0.82) 

0.62 

(0.52, 

0.72) 

0.55 

(0.38, 

0.73) 
 

0.56 

(0.42, 

0.70) 

0.55 

(0.37, 

0.72) 
 

0.62 

(0.53, 

0.72) 

0.62 

(0.49, 

0.75) 

0.65 

(0.51, 

0.80) 

0.53 

(0.36, 

0.71) 

0.90 

(0.82, 

0.97) 

0.53  

(0.41, 

0.64) 

              

Sensitivity 

90.01 

(84.87, 

95.15) 

79.88 

(70.33, 

89.42) 

67.08 

(51.22, 

82.95) 
 

82.39 

(74.27, 

90.52) 

66.54 

(50.61, 

82.48) 
 

79.64 

(71.16, 

88.12) 

87.26 

(82.10, 

92.42) 

91.82 

(88.36, 

95.28) 

68.21 

(52.46, 

83.97) 

94.62 

(89.91, 

99.33) 

72.44 

(59.70, 

85.18) 

              

1-Specificity 

13.11 

(6.65, 

19.57) 

12.39 

(5.51, 

19.27) 

7.10 

(0.77, 

13.42) 
 

23.82 

(11.02, 

36.62) 

6.94 

(0.68, 

13.20) 
 

13.07 

(5.95, 

20.19) 

22.67 

(10.30, 

35.05) 

25.85 

(11.98, 

39.72) 

10.09 

(2.93, 

17.25) 

2.06 

(0.59, 

3.53) 

15.08 

(7.83, 

22.33) 

              
Youdenôs  

Index 

76.90 

(70.01, 

83.78) 

67.49 

(56.27, 

78.72) 

59.99 

(44.08, 

75.90) 
 

58.57 

(44.67, 

72.48) 

59.60 

(43.64, 

75.57) 
 

66.57 

(57.15, 

75.99) 

64.59 

(52.16, 

77.02) 

65.97 

(51.41, 

80.53) 

58.12 

(42.06, 

74.19) 

92.56 

(87.56, 

97.56) 

57.36 

(45.77, 

68.95) 

 
             

Note. Values are presented as Mean (95% CI); SB = sedentary behavior; MAPE = mean absolute percentage error (%) 
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Table 8 
  

Validity of Accelerometer Measures for Assessment of the Sedentary Breaks within SB-bout Using a New Algorithm 
 

  1-sec epoch   10-sec epoch   60-sec epoch 

activPal Armband 

  
GT3X-

Soj3x 

GT3X-

Soj1x 

GT3X-

Incli-1s 
  

GT3X-

8cnts<10s 

GT3X-

Incli-10s 
  

GT3X-

<50cpm 

GT3X-

<100cpm 

GT3X-

<150cpm 

GT3X-

Incli-60s 

              
Aggregated level 

           

              

MAPE (%) 

43.24 

(25.44, 

61.05) 

81.85 

(22.15, 

141.54) 

74.66  

(0.00, 

151.49) 
 

224.46 

(81.93, 

366.99) 

74.03 

(0.00, 

150.64) 
 

175.70 

(73.04, 

278.37) 

207.37 

(62.05, 

352.68) 

181.86 

(43.31, 

320.41) 

65.64 

(5.32, 

125.96) 

54.32 

(10.11, 

98.54) 

62.34 

(32.11, 

92.56) 

              

% of bias 

1.76  

(-33.51, 

37.03) 

80.92 

(20.59, 

141.23) 

40.21  

(-48.50, 

128.91) 
 

224.46 

(81.93, 

366.99) 

42.37  

(-45.37, 

130.11) 
 

170.29 

(63.20, 

277.39) 

207.37 

(62.05, 

352.68) 

181.86 

(43.31, 

320.41) 

38.20  

(-32.88, 

109.29) 

53.47 

(8.75, 

98.20) 

-19.61  

(-71.1, 

31.89) 

              
Second-by-second level 

           

              
Phi-

coefficient 

0.44  

(0.28, 

0.61) 

0.29 

(0.14, 

0.44) 

0.22 

(0.09, 

0.36) 
 

0.31 

(0.21, 

0.41) 

0.23 

(0.09, 

0.37) 
 

0.35  

(0.20, 

0.49) 

0.43 

(0.34, 

0.53) 

0.46 

(0.37, 

0.55) 

0.23 

(0.12, 

0.34) 

0.71 

(0.61, 

0.82) 

0.18  

(0.00, 

0.37) 

              

Sensitivity 

48.20 

(26.68, 

69.71) 

43.70 

(20.68, 

66.74) 

28.38 

(10.10, 

46.66) 
 

60.59 

(40.96, 

80.21) 

29.27 

(10.64, 

47.91) 
 

61.59 

(36.87, 

86.32) 

76.93 

(61.99, 

91.87) 

77.58 

(63.71, 

91.45) 

28.60 

(13.83, 

43.37) 

87.55 

(77.27, 

97.82) 

16.07  

(0.00, 

33.23) 

              

1-Specificity 

1.76  

(0.70, 

2.80) 

3.46 

(2.56, 

4.35) 

2.56 

(1.13, 

3.98) 
 

7.66 

(4.33, 

10.99) 

2.61 

(1.18, 

4.03) 
 

6.23 

(3.26, 

9.20) 

6.12 

(3.93, 

8.30) 

4.87 

(3.30, 

6.45) 

2.59 

(1.29, 

3.88) 

1.36 

(0.67, 

2.05) 

1.54  

(0.55, 

2.53) 

              
Youdenôs  

Index 

46.64 

(25.58, 

67.70) 

40.32 

(17.54, 

63.10) 

25.57 

(7.98, 

43.16) 
 

54.08 

(34.85, 

73.30) 

26.4 

(8.41, 

44.40) 
 

55.71 

(29.76, 

81.67) 

71.49 

(55.99, 

86.98) 

72.78 

(58.67, 

86.89) 

25.75 

(11.46, 

40.05) 

86.05 

(75.52, 

96.58) 

14.38 

 (0.00, 

31.19) 

 
             

Note. Values are presented as Mean (95% CI); MAPE = mean absolute percentage error (%) 
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Discussion 

SB is a growing public health concern that is significantly associated with chronic 

diseases and mortality (Katzmarzyk & Lee, 2012; Owen, 2012), requiring the field to 

have a valid measure of SB. This study investigated the validity of different types of 

accelerometer measures to identify SB and SB-bout that was estimated using a new 

algorithm against to the proxy of direct observation of SB in a free-living environment. In 

general, the findings of this study indicated that activPal, which is primarily developed 

for the classification of body posture, performed the best with accurate and precise 

estimates of SB parameters when compared with the criterion. Actigraph GT3X 

demonstrated the improved performance for the classification of SB specifically when 

applying the Sojourn method for the second-by-second activity counts from three axes 

compared with the single axis, thresholds-based GT3X measures. Another important 

finding of this study is that the likelihood of misclassification of SB using Actigraph 

accelerometer could possibly be minimized by restricting sedentary bouts when 

operationalizing the sedentary time. Meanwhile, the performance of the new algorithm to 

identify SB-bout was varied across different accelerometer measures. The use of activPal 

in combination with the new algorithm was accurate and precise in estimating SB-bout 

parameters. The followings are the detailed discussion on the important findings of 

current study. 
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Validity of Accelerometers Measures to Identify SB 

The accelerometer has been increasingly used for quantifying SB in a free-living 

environment and has been advocated compared with the subjective measures of SB (e.g., 

questionnaire). However, a current concern that still remains unclear is related to the 

validity of different types of accelerometer to identify SB, that is conceptually 

characterized by two primary components, body posture (i.e., sitting or reclining) and 

energy expenditure (i.e., <1.5 MET).  

In this study, we investigated the validity of three accelerometers (Actigraph 

GT3X, activPal, and Armband) with different functional characteristics (i.e., posture 

classification and energy expenditure classification) to identify SB compared with the 

proxy of direct observation using the automated wearable camera in a free-living setting. 

The results of current study indicated, on average, that the estimated total time spent in 

SB from all accelerometer measures was not significantly different compared with the 

criterion with this modest sample size. However, the amount of mean differences in total 

sedentary time of each accelerometer measure at the individual level expressed as MAPE 

(%) ranged from the smallest of 4.11% for activPal to the largest of 25.15% in GT3X-

<150cpm. In addition, the inclinometer-based GT3X measures and Armband 

significantly underestimated the actual total sedentary time compared to the criterion.  

Our findings are generally aligned with previous reports that suggest that the 

activPal is the most accurate and precise measure of SB among adults. Grant, Ryan, 

Tigbe, and Granat (2006) examined the validity of activPal accelerometer during 

everyday activities including SB (e.g., watching TV) compared with the direct 

observation in the controlled and daily living settings. The results highlighted that the 
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activPal correctly classified SB with high sensitivity of 99.7% and 99.5% in a controlled 

and daily living settings, respectively. Another recent study (Kozey-Keadle et al., 2011) 

comparing the performance of Actigraph GT3X and activPal accelerometers for the 

assessment of SB in comparison with the direct observation in a free-living environment 

also reported that the activPal is the most accurate and precise monitoring device that is 

sensitive enough to detect changes in total sedentary time.  

However, our findings, after restricting certain bout conditions when 

operationalizing the sedentary time, showed reduced performance of activPal for 

correctly identifying true time intervals of structured SB at given bout conditions. 

Although the changes in sensitivity and 1-specificity across different bout conditions 

were not statistically significant in this modest sample size, this could be of vital 

importance since the failure to detect true structured SB might increase the number of 

sedentary events, one of the possible indicators for the patterns of how the sedentary time 

is accumulated. As shown in Table 3, the number of sedentary events from activPal was 

18.18 (95% CI = 12.73, 23.64) which is greater than the criterion (n = 13.27; 95% CI = 

9.44, 17.11) and hence reduced the average duration of sedentary bout. However, 

considering the high sensitivity and specificity of the activPal and its high accuracy for 

estimating total sedentary time, it is legitimate to speculate that the duration of 

misclassification is relatively short that could possibly be minimized by increasing the 

minimum period of upright period. Our results were based on the default setting of 

minimum period of 10 seconds (possible range from 1 through 100 seconds) for both 

sitting and upright; however, changes in these parameters could possibly influence the 

performance of activPal to correctly identify the time spent in structured SB which may 
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also affect the estimates of the pattern of sedentary time accumulation (Alghaeed et al., 

2013).  

A continuous effort has been made to refine the methods to identify SB using 

energy expenditure classification devices. Specifically, several different thresholds have 

been proposed for Actigraph accelerometer particularly focusing on the vertical 

accelerations that might correspond to <1.5 MET; however, the findings were generally 

inconsistent. For instance, the threshold of <100 cpm has been extensively used for 

quantifying the time spent in SB in the studies ranging from a clinical to a large scale 

epidemiological study (Healy, Matthews, et al., 2011; Matthews et al., 2008). However, 

the findings from Kozey-Keadle et al. (2011) using Actigraph GT3X accelerometer with 

the low-frequency extension demonstrated that the threshold of <150 cpm produced the 

most accurate estimate of total sedentary time (mean error 1.8%) compared with the 

direct observation while the threshold of <100 cpm showed significant underestimation 

(mean % of bias -4.9%). Meanwhile, Crouter et al. (2013) reported that the threshold of 

<50 cpm for the Actigraph GT1M accelerometer in a free-living setting was within 1.8% 

of measured sedentary time while <8 counts per 10 seconds, which might be theoretically 

identical to <50 cpm, resulted in 20.8% of sedentary time compared to the estimated 

sedentary time using <1.5 MET from the Cosmed K4b2 (Cosmed, S.R.L., Italy). 

In present study, we found that the average total sedentary time estimated from 

threshold-based GT3X measures were comparable to the criterion. However, the 

accuracy of the estimates was largely varied by the individual differences, as depicted by 

the relatively wide range of 95% CIs in MAPE and % of bias for those measures. This 

may imply that the ability of threshold-based GT3X measures to classify SB might be 
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influenced by unidentified random errors at the individual level that may worsen the 

precision of the estimates (Kozey-Keadle et al., 2011).  

It is also worthwhile to note that the sensitivity was slightly improved by 

increasing the thresholds for GT3X measure, which also resulted in the increased ratios 

of misclassification (1-specificity) of sedentary time. The threshold-based GT3X 

measures rely on the vertical accelerations when the device is mounted on waist, that may 

not be sensitive enough to detect the changes in the posture (e.g., sit to stand and stand to 

sit) (Granat, 2012; Lyden et al., 2012). Our findings may imply that the increased 

thresholds would improve the SB assessments of the GT3X accelerometer by identifying 

possible SB with minimal movements that might increase the accelerations in the vertical 

axis. However, it should also be noted that it would simultaneously increase the 

likelihood of misclassification of light-intensity physical activity (e.g., standing still) as 

sedentary. 

The current study extended this finding by restricting the sedentary bouts when 

operationalizing the sedentary time. Our findings indicated that the increased restrictions 

on sedentary bout resulted in the reduced ratio of 1-specifitiy. Specifically, the bout 

condition of Ó900 seconds (15 minutes) for the GT3X-<150cpm dramatically reduced the 

1-specificity from 32.20% (95% CI = 18.68, 45.71) for No-restriction to 8.92% (95% CI 

= 0.00, 20.78) while the changes in sensitivity was minimal (93.03% for No-restriction 

and 90.56% for Ó900-sec bout condition). This may be of vital importance for a study 

that examines the dose-response relationship between sedentary time and health 

outcomes using Actigraph accelerometer. In a recent study that examined the influence of 

sedentary bout on the relationship between the sedentary time and metabolic risk factors 
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using the NHANES 2003-2005 accelerometer data (Actigraph model 7164), the short 

bout (<10 minute) of sedentary time were, in general, positively associated with health 

outcomes while negative associations were observed in the longer bout of sedentary time 

when using the threshold of <100 cpm. We also highlighted that the use of total sedentary 

time without bout restrictions significantly influenced the implications of the relationship 

with health outcomes (e.g., no significant association with BMI when using total 

sedentary time, but significant and negative association with BMI in the longer sedentary 

bout). 

Restricting sedentary bout may limit the operational definition of sedentary time 

to be the time spent in the structured SB at given sedentary bout condition. However, 

considering that the possible dose-response relationship of longer sedentary bout and 

health outcomes are previously documented using activPal accelerometer (Chastin & 

Granat, 2010), it could be a legitimate approach to extract the longer sedentary bout from 

GT3X measure when using the threshold approach in order to minimize the measurement 

errors.  

Meanwhile, several updates have been made to the Actigraph accelerometer. 

Specifically, the inclinometer function enables the GT3X device to measure posture when 

the device is worn perfectly vertical on the hip. In the present study, the inclinometer-

based GT3X measures significantly underestimated total sedentary time regardless of the 

epoch lengths compared with the criterion. Furthermore, while 1-specificity for all epoch 

lengths were relatively lower (13.50% - 14.19%) compared to the threshold-based GT3X 

measures, sensitivity (73.97% - 74.35%) was significantly lower than GT3X-<100 cpm 

(90.50%) and GT3X-<150 cpm (93.03%). Our findings are aligned with the previous 
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reports that indicated low accuracy of inclinometer function in the GT3X. In a study 

conducted by Carr and Mahar (2012) that examined the validity of Actigraph GT3X+ 

measures including the inclinometer outputs for identification of SB and light-intensity 

activity in a controlled setting highlighted that the percentages of correctly classified SB 

were 66.7%, 63.4%, and 66.2% for lying down, sitting while watching TV, and sitting 

while working on a computer, respectively. Although the inbuilt inclinometer function in 

the Actigraph GT3X device can be useful to estimate the possible postural information, 

its low accuracy and precision should be of concern when measuring SB in a free-living 

setting.  

Recently, an advanced statistical approach based on a machine learning technique 

has been increasingly applied to obtain the accurate and precise level of physical activity 

including SB from the accelerometer outputs. Lyden et al. (2014) proposed a hybrid 

machine learning method called Sojourn methods that combines artificial neural network 

with hand-built decision trees. Sojourn-1x uses the information about the percentage and 

duration of zero activity counts from the second-by-second vertical axis activity counts. 

using the decision tree approach, it determines time intervals for sitting/lying still and 

sitting with minimal movements separated from the standing still and standing with 

minimal movement. Sojourn-3x uses the percentage of non-zero activity counts from 

vertical axis to determine time intervals for inactivity. The neural network that was 

trained to distinguish sedentary from standing in a free-living setting is further applied to 

estimate the time intervals with SB separated from light-intensity physical activity (i.e.,g 

standing still and standing with minimal movement) using the second-by-second activity 

counts from three axes (vertical, anterior-posterior, and medial-lateral). 
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The methods are primarily aimed to estimate METs from hip-mounted, Actigraph 

accelerometer outputs; however, the validation results also highlighted that Sojourn 

methods significantly improved the performance of Actigraph GT3X accelerometer to 

identify the time spent in SB (mean % of bias of 8.8 and 0.5 for Sojourn-1x and -3x, 

respectively) compared to the threshold-based (<100 cpm) GT3X measure. In present 

study, the accuracy and precision of the estimated total sedentary time using the Sojourn 

methods were relatively higher than other GT3X-measures. Specifically, the 

misclassification ratio (non-sedentary to sedentary) was relatively lower (1-specificity = 

15.16% and 15.44% for GT3X-Soj3x and GT3X-Soj1x, respectively) and the overall 

performances to identify SB intervals were the second- and third-highest as shown by 

Youdenôs indices of 74.74 (95% CI = 68.05, 81.42) and 65.96% (95% CI = 53.29, 78.63) 

for GT3X-Soj3x and GT3X-Soj1x, respectively. 

Although Sojourn methods showed relatively higher accuracy and precision 

compared to other GT3X measures, the overall performance to identify true sedentary 

time intervals while minimizing the misclassification of true non-sedentary time was 

significantly lower compared to the activPal [Youdenôs index of 92.48 (95% CI = 87.26, 

97.70)]. However, our analysis after restricting sedentary bouts showed relatively 

constant sensitivity and decreased in 1-specificity for GT3X-Soj3x. This suggests that the 

use of Sojourn method in combination with certain bout restriction may improve the 

accuracy of the time spent in structured SB at any given bout duration that could be 

comparable to the activPal. Furthermore, considering that the training data that were used 

to distinguish the sedentary from standing in the neural network analysis for Sojourn-3x 

was developed among relatively small sample size (6 participants) (Lyden et al., 2014), 
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training the neural network model with a larger sample size with varying patterns of 

habitual SB in a free-living setting would likely improve the performance of Sojourn-3x 

when assessing SB.  

Validity of Accelerometers Measures to Identify SB-bout using a New Algorithm 

 There has been increased evidence showing a beneficial association of breaks in 

SB with various health outcomes (Dunstan et al., 2012; Healy et al., 2008). Specifically, 

the absolute number of transitions from sedentary to active phase has been extensively 

used to examine the dose-response association with health outcomes (Healy et al., 2008; 

Healy, Matthews, et al., 2011); however, this approach has also been questioned. A 

previous report using the NHANES 2003-2005 accelerometer data indicated that 

operationalizing the sedentary breaks as an absolute number of transitions from sedentary 

to active phase is an alternative expression of the number of sedentary bouts that is more 

relevant to the patterns of how sedentary time is accumulated.  

 In present study, an algorithm was developed that can readily identify SB-bout in 

accelerometer data, including the structured sedentary time and possible breaks within the 

bout. It was our rationale that the interruption in sedentary time would occur within the 

structured SB-bout. However, the results showed that algorithm worked only for the 

activPal which led relatively high accuracy and precision in estimating SB parameters. 

The accuracy and precision for the SB-bouts and sedentary time estimates within the bout 

from each accelerometer measure were similar to the validity results of respective 

accelerometer measure without any bout restriction. The findings from this study imply 

that the ability of the algorithm to accurately estimate sedentary breaks within the bout 
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would likely depend on the validity of each accelerometer to detect the postural 

differences.   

There are several limitations that need to be addressed when interpreting the 

results. First, the findings were based on the relatively small sample size (11 participants) 

which might influence on the variations in the estimates due to the sampling error. 

Second, the use of the Autographer automated wearable camera as the criterion measure 

might introduce a measurement error due to the time intervals between the images. The 

Autographer typically captures a maximum of 10 images in a minute and thus it might 

fail to capture the images at the exact moment when the posture was changed. Although 

the observed bias was within ±5 second when compared with the direct observation in 

our preliminary calibration phase, this bias likely influences the sensitivity and 1-

specificity estimated from the second-by-second data.   

In conclusion, the estimated total sedentary time was not statistically different 

across different accelerometer measures. However, the GT3X measures based on the 

thresholds from the vertical axis and the inclinometer function as well as the Armband 

may not be sensitive enough to detect postural information, increasing the likelihood of 

misclassification of non-sedentary time. The use of the Sojourn method using activity 

counts from three axes provides more accurate and precise estimates of sedentary time 

compared to other GT3X measures; however, the activPal is a more accurate monitoring 

device when assessing SB. One possible strategy to improve the performance of the 

thresholds-based GT3X measures would be the restriction of sedentary bout in 

combination with the threshold of <150 cpm that may decrease the likelihood of 

misclassification of non-sedentary time. In addition, there are limitations to the new 
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algorithm developed to identify SB-bout since the performance of new algorithm may be 

significantly influenced by the functional ability of monitoring device used to identify the 

sedentary behavior from the accelerometer outputs. 
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