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ABSTRACT 

BACKGROUND: Sedentary behavior (SB) is defined by an energy expenditure (EE) ≤1.5 

METs while in a seated, lying, or reclining posture. Criterion measures for SB, direct observation 

[(DO); posture] and indirect calorimetry [(IC); EE], are used to validate objective estimates of 

SB. It is unclear whether the criterion measures provide different measurement for SB time and 

if this impacts validation studies. PURPOSE: To compare the measured SB time by DO, IC, and 

combined approach (DO+IC) and to examine how changing the criterion measure impacts the 

validity of estimated SB time in youth from accelerometer-based devices.  METHODS: One-

hundred youth (6-18 years) had their resting metabolic rate measured and completed 16 activities 

ranging from sedentary to vigorous intensities while wearing an ActiGraph GT9X (AG) on the 

right hip, and an activPAL 3C (AP) on each thigh. Criterion measures for SB time were the 

Cosmed K4b2 IC (EE), DO (posture), and DO+IC (EE+posture). Estimated SB by the AP and 

AG inclinometer and AG SB thresholds [vertical axis (VA) <25 counts/10 sec, vector magnitude 

(VM) <75 counts/10 sec; VA<100 counts/60 sec and VA<150 counts/ 60 sec] were compared 

against each criterion measure using repeated measures ANOVAs. RESULTS: Final sample was 

65 youth. DO SB time was significantly greater than IC and DO+IC SB time by 7.0 min and 4.5 

min, respectively (p<0.001). DO+IC SB time was significantly greater than IC by 2.5 min 

(p=0.014). All estimates, except APleft, VA<150 counts/60 sec and VM<75 counts/10 sec, were 

significantly different from DO SB time by 3.1 (VA<100 counts/60 sec) to 32.8 min (AG 

inclinometer) (p<0.05). All estimates significantly overestimated IC SB time by 3.9 min 

(VA<100 counts/60 sec) to 39.9 min (AG inclinometer; p<0.001). VA<100 counts/60 sec was 

the only estimate not significantly different from DO+IC SB time (mean difference=1.4min; 

p=0.212); all other estimates significantly overestimated SB time by 2.7 (VA<150 counts/60 sec) 
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to 37.3 minutes (AG inclinometer; p<0.05). CONCLUSION: Validation studies using different 

criterion measures for SB should not be compared as DO, IC, and DO+IC provide different 

measured SB time. Standardization of criterion measures for SB time is needed to ensure 

consistent results going forward.  
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CHAPTER I: INTRODUCTION 
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Introduction 

Increased time spent sitting and in other low energy expenditure (EE) pursuits may 

contribute to the higher prevalence of obesity and several other negative health outcomes in 

today’s society (1, 2). Throughout the day, individuals are exposed to a variety of sedentary 

behaviors (SB) with differing motives, including more “purposeful” or “required” SB (e.g. 

sitting at school, work, and for transportation), and leisure time SB (e.g. watching television, 

playing video games, and using a computer and other devices), resulting in a high volume of 

sedentary time each day (3-6). Generally, all SB has similar negative health implications despite 

the motive behind the behavior (7). However, some SB may be associated with other health 

diminishing behaviors, such as an increased consumption of fattening foods and physical 

inactivity, which may contribute to positive energy balance and weight gain overtime. 

Researchers have identified SB as one of the most important independent, yet preventable risk 

factors for all-cause mortality (5, 8-10) and the development of cardiovascular disease (9-11) and 

Type 2 diabetes (5, 7, 12). These associations have found to persist even after controlling for the 

level of physical activity (PA) (5, 7, 13), body mass index (BMI) or weight (5, 9), and diet (10). 

In 2017, The Sedentary Behavior Research Network (SBRN) proposed a consensus 

definition for SB with an intention to standardize the terminology and include the consideration 

of both the activity EE and posture to separate SB from any other behaviors that might appear 

sedentary but do not necessarily meet the criteria of “any waking behavior characterized by EE 

less than or equal to 1.5 metabolic equivalents (METs), while in a sitting, reclining or lying 

posture” (14). SB can be quantified by utilizing either criterion measures which are the most 

reliable and valid measures, or secondary measures, which only provide estimates and thus come 

with some degree of bias. Because no single criterion measure exists that could simultaneously 
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measure both the activity posture and EE, a separate criterion measure has been determined for 

each component of the consensus definition: direct observation (DO) is used to assess the 

posture, and indirect calorimetry (IC) the EE (15).  

DO is the criterion measure for posture but it can also be used to provide more detailed 

information regarding the activity type, duration, and other variables, such as the physical and 

social environment (i.e. the contextual variables). Several different DO coding systems have 

been created and validated for these purposes. A downside of using DO is that it is time-

consuming, and also heavily relies on the observer’s ability to correctly classify behaviors (16, 

17). Therefore, it might be less feasible in larger studies. IC is used as the criterion measure for 

the measurement of oxygen consumption (VO2), which can then be used to calculate EE. 

Measurement of EE by VO2 with IC is often impractical in field studies, but portable metabolic 

systems such as the Cosmed K4b2 and K5 (Cosmed Inc, Rome, Italy) and the Oxycon Mobile 

(Vyaire Medical, Mettawa, IL) have become more commonly available and found to be valid 

methods for measuring EE when compared against the traditional Douglas Bag (DB) method 

(18-21).  

Measuring SB with either DO or IC may result in a different amount of time spent in SB. 

Because DO is mainly concerned with the postural allocation, some behaviors could be 

misclassified as sedentary even when they might be classified as non-sedentary by EE. IC, on the 

other hand, does not distinguish between postures, and some behaviors may have a MET value 

greater than 1.5 METs even when performed in a seated or lying; or a MET value less than 1.5 in 

an upright position. For example, the Compendium of Physical Activities (22) gives an EE value 

of 1.8 METs for “sitting, fidgeting feet” and for “sitting, writing, desk work, typing”; and 1.3 

METs for “standing quietly, standing in a line”. Based on DO, the first two behaviors would be 
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classified as sedentary and the last one as non-sedentary, but if the classification was based on 

the EE values, the first two would be classified as non-sedentary and the last one as sedentary. 

Because utilizing the criterion measures in research studies is often less feasible and comes with 

an increased participant burden, they are used to validate objective measures, such as 

accelerometer-based devices for estimating SB. The potential differences between the measured 

SB by the criterion measures might become problematic as some objective measures are 

validated against DO (23-26) and others against IC (27-30). The consensus definition of SB 

includes the consideration of both activity EE and posture, yet no studies have utilized the 

combined approach (DO+IC) with both measured posture and EE to validate objective estimates 

of SB.  

Accelerometer-based devices have become the preferred method in SB research if 

criterion measures are not available. Typically, the devices contain one or multiple 

accelerometers that collect raw acceleration data at a specific sampling frequency and range, and 

an inclinometer function (calculated from the raw acceleration data) that estimate the change in 

angle of the body part where the device is placed. The acceleration data can be used to estimate 

activity intensities, and the inclinometer data the time spent in different postures. The count-

based estimates of SB tend to be closer to the measured by IC compared to DO as the prediction 

algorithms are often related to activity intensity, whereas the inclinometer-based estimates tend 

to perform better against DO (31-35). 

ActiGraph [(AG); ActiGraph LLC, Pensacola, FL] devices are one of the most commonly 

used accelerometer-based devices in SB research. The AG is typically worn on the hip or the 

wrist, and the raw acceleration data can be uploaded from the device to the manufacturer’s 

ActiLife software. From the raw acceleration data, “counts” and inclinometer data can be derived 
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and then used to estimate time spent in SB. From the counts, time spent in SB can be estimated 

by quantifying the total time where the counts are below a specified SB threshold. The AG 

inclinometer has four different outputs: seated, lying, standing, and non-wear, and SB equals the 

time where the output is either sitting or lying.  

The AG SB thresholds have been validated in both youth and adults and against DO (36-

39) and IC (28, 30, 36, 37, 39, 40), with varying outcomes. The vertical axis (VA) <100 

counts/60 sec is one of the most commonly used AG SB thresholds in youth (23, 41-44) and 

adults (25, 38). Recently, more evidence has been found to support the use of higher SB 

thresholds, e.g. VA <150 counts/60 sec to obtain better estimates of SB (25, 26, 38). Studies 

have also suggested that using SB thresholds based on 10 sec counts, such as, VA <25 counts/10 

sec and vector magnitude (VM) <75 counts/10 sec may provide closer estimates of SB in youth 

compared to the more traditional 60 sec thresholds (45). Crouter et al. (30) also found that the SB 

threshold VA <50 counts/60 sec provided better estimates of SB in adults compared to the 

measured values by IC than the traditionally used VA <100 counts/60 sec threshold. 

A few studies have investigated the validity of the AG inclinometer function against the 

criterion measures (25, 26, 29, 33, 46-48), and the findings have been contradicting. Hänggi et al. 

(29) reported only 15% classification accuracy for lying but 94% for sitting when the AG 

inclinometer output was compared against DO in a study with child participants. Mitchell et al. 

(46) studied the validity of the AG inclinometer against DO in a sample of overweight and obese 

youth. The AG inclinometer overestimated the hourly sit-to-stand transitions by 282.6% with 

wide 95% limits of agreement. Carr et al. (26), and Peterson et al. (25) found about 70% 

classification accuracy for the AG inclinometer function for the estimated SB compared to the 

measured by DO among adult participants . 
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The activPAL [(AP); PAL Technologies Limited, Glasgow, Scotland, UK] is another 

commonly used research-grade accelerometer-based device used for quantifying SB. Unlike the 

AG, the AP devices are worn on the thigh, and usually attached to the skin with non-allergenic 

adhesive “PALStickies.” The AP measures acceleration of the limb that can be used to calculate 

thigh incline. This data can then be used to estimate time spent in three different postural 

categories: sitting/lying, standing, and walking using the AP Professional Research Edition 

software and the specific proprietary algorithms (49). The time spent in SB can be estimated by 

quantifying the total time in the seated/lying postural category. 

Aminian et al. (31) found a perfect correlation (r = 1.00) between the AP and DO for the 

time spent in sitting/lying in a sample of school-aged children. A study by Dowd et al. (36) 

reported a perfect agreement (100%) between the AP and DO for time spent sitting, and 

demonstrated that the AP is a valid objective measure for the purpose of measuring SB among 

adolescent females. Adult studies have also demonstrated that the AP has high correlations and 

agreement with the DO sedentary minutes. Grant et al. (50) reported an excellent intraclass 

correlation coefficient [(ICC); >0.99], a mean difference ranging from 0.2 to 0.3%, and a 

percentage agreement ranging from 93.5 to 98.5% between the AP and DO for sitting in adults 

during both controlled laboratory and free-living activities. Lyden et al. (35) reported also an 

ICC of 0.99 and a mean difference of 0.8 min between the AP and DO for total sedentary time 

during a three-day free-living study in adults.  

The criterion measure used during the validation process may influence the outcome of 

the study: the count-based SB estimates tend to be closer to the measured SB by IC because 

these models are often related to activity intensity, i.e. the EE (23, 27, 33). The inclinometer-

based estimates tend to perform better against DO (31-35). Crouter et al. (33) compared the 
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estimated SB by the AP and AG inclinometer against the measured SB by DO in laboratory, and 

the AG and AP inclinometer and AG counts against IC under free-living conditions. The AG 

inclinometer had a better classification accuracy for sitting/lying against DO compared to the AP 

(74.6 vs. 54.7%). Under free-living conditions, the mean difference between the estimates and 

the measured SB by IC were not significantly different for any estimate, except AG VA <200 

counts/60 sec. The AG inclinometer had the smallest mean bias (0.2 min), but the AG 10 sec 

thresholds (VA <25 counts/10 sec and VM <75 counts/10 sec) had the smallest mean absolute 

percent error [(MAPE); 75.3 and 69.2%, respectively]. The MAPEs for the 60 sec thresholds 

(VA <50, <100, <150, and <200 counts/60 sec) were similar to the AP but the mean differences 

were larger.  

 

Statement of problem 

There is discrepancy in how studies validate accelerometer-based estimates of SB. The 

consensus definition of SB consists of both posture (“seated, reclining, or lying”) and EE (“≤1.5 

METs”), yet the estimates are typically validated using only one half of the consensus definition, 

i.e. either against DO for posture, or IC for EE. No studies have observed the differences 

between the measured SB by the different criterion measures, and how the validity of the SB 

estimates would be influenced by comparing them against these different criteria measured 

values.  

 

Statement of purpose 

The purpose of this study is to see how the measurements of SB determined by the 

different criterion measures (DO, IC, and DO+IC) compare, and how the validity of the 
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estimates of SB will be influenced if different criterion measures are used during validation. The 

estimated SB will be derived from the AG GT9X and AP 3C accelerometer-based devices. The 

AG data will be processed using four SB thresholds (VA <100 counts/60 sec, VA <150 

counts/60 sec, VA <25 counts/10 sec, and VM <75 counts/10 sec). The inclinometer function 

from the AG and AP will also be used to estimate posture.  

 

Research questions 

Question 1. Is there a difference in the measured youth sedentary time by DO, IC, and the 

combined approach (DO+IC)? 

Hypothesis: It is expected that the youth sedentary time measured by DO will be greater 

than the time measured by IC and DO+IC, but the measured time by IC will be closer to 

the DO+IC than DO measured youth sedentary time.  

 

Question 2. Is there a difference in the measured youth sedentary time by DO and estimated by 

the AG SB thresholds (VA <100 counts/60 sec, VA <150 counts/60 sec; VA <25 counts/10 sec, 

and VM <75 counts/10 sec) and the inclinometer function in both the AG and AP devices? 

Hypothesis: The estimated youth sedentary time by the AP and AG inclinometer are 

close to the measured by DO. The VA <150 counts/60 sec will result in a closer estimate 

of the measured youth sedentary time compared to the VA <100 counts/60 sec. The 

estimates from the VA <25 counts/10 sec and VM <75 counts/10 sec will be closer to the 

measured youth sedentary time by DO compared to the 60 sec thresholds. 
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Question 3. Is there a difference between the measured youth sedentary time by IC and 

estimated by the AG SB thresholds (VA <100 counts/60 sec, VA <150 counts/60 sec; VA <25 

counts/10 sec, and VM <75 counts/10 sec) and the inclinometer function in both the AG and AP 

devices? 

Hypothesis: The estimated youth sedentary time by the AG thresholds will be close to 

the measured SB time by IC. The AG and AP inclinometer function estimated youth 

sedentary time will be greater than the measured by IC. 

 

Question 4. Is there a difference between the measured youth sedentary time by the combined 

approach (DO+IC) and estimated by the AG SB thresholds (VA <100 counts/60 sec, VA <150 

counts/60 sec; VA <25 counts/10 sec, and VM <75 counts/10 sec) and the inclinometer function 

in both the AG and AP devices? 

Hypothesis: The estimated youth sedentary time by the AP and AG inclinometer and SB 

thresholds will be greater than the measured SB time due to the higher stringency of the 

definition of SB when DO+IC is being utilized. 

 

Delimitations 

1. All the participants are youth, 6-18 years old. 

2. Participants must be healthy without current or previous musculoskeletal injuries, asthma, 

cardiovascular conditions, medications or pregnancy that could influence participation to PAs. 

3. The activity protocol is structured and performed in a controlled setting at The University of 

Tennessee, Knoxville Applied Physiology Laboratory. 
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4. Only the K4b2, DO, the AG GT9X and the AP 3C accelerometer-based devices are utilized in 

the study, excluding other methods and devices that are available to be used for the same 

purposes. 

5. Only the selected AG SB thresholds and the inclinometer function in both the AG and AP 

devices are used in the data analysis, excluding other possible ones. 

 

Limitations 

1. All the participants are youth, 6-18 years old, which may influence the generalizability of the 

findings. 

2. The results may only be applicable to youth and this specific sample, as well as the devices 

used in the study. 

3. This is a secondary analysis of data that was collected for a larger study that observed PA in 

children. Thus, changes in the methodology are not possible and the activity protocol does not 

include that many activities that are purely sedentary. 
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Introduction 

Growing evidence supports the link between sedentary lifestyle and premature morbidity 

and mortality, and increased time spent sitting may partly explain the current obesity trends 

across different age groups (2, 51). Any waking behavior that is performed in a seated, reclining 

or lying posture paired with a low energy expenditure [(EE); ≤ 1.5 metabolic equivalents 

(METs)] is classified as sedentary behavior (SB) (14, 52). It is recognized that one can be both 

highly active and meet the public physical activity (PA) guidelines, but also at the same time 

spend a large amount of waking hours in SB (53). Therefore, SB should be studied 

independently, as a separate construct from PA due to its own health effects, determinants, and 

related biological processes (54).  

Quantifying SB is important for better understanding the dose-response relationship 

between SB, obesity, and other negative health outcomes in both youth and adults. Valid data of 

SB is essential for the purposes of creating effective preventive strategies to address the 

previously mentioned issues (23). Measures to quantify SB can be categorized into subjective or 

objective, and criterion level measures. The criterion measures are regarded as the most accurate 

assessment tools, and other measures are compared against these “gold-standards” to assess their 

validity. 

What makes the application of the SB consensus definition problematic is that it includes 

the consideration of both activity EE and posture, but no single measure is available that can 

simultaneously capture them both. Because of that, separate criterion measures have been used 

for the postural [direct observation (DO)] and EE [indirect calorimetry (IC)] components. The 

validity of the secondary measures may be highly influenced by the criterion measure utilized in 

the validation studies. Typically, studies use either the criterion measure for posture or EE to 
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validate the estimates of SB. Little is known how the measured SB by the criterion measures 

compare against one another, and how using different criterion measures influences the validity 

of estimates of SB. This literature review going forward will focus on reviewing validation 

studies of objective measures against the SB criterion measures IC and DO. Because this thesis 

project’s primary focus is on SB and how the validity of objective measures is determined and 

influenced by the criterion measures, the following literature review will focus on studies done 

on SB only. 

 

Sedentary behavior health implications 

Every day, individuals are exposed to a variety of sedentary pursuits with differing 

motives, including more “purposeful” or “required” SB (e.g. sitting at school, work, and for 

transportation), and leisure time SB [e.g. watching television (TV), playing video games, or 

using a computer and other devices], resulting in a high volume of sedentary time (3-6). 

Generally, all SB is treated the same regardless of the motive when the health implications of 

prolonged sedentary time is of concern. However, some SB may also be accompanied by other 

health-related behaviors that further influence the metabolism and lead to a positive energy 

balance, such as eating fattening foods while watching TV. A positive dose-response relationship 

between the total time spent watching TV, and body mass index (BMI) and adiposity in youth 

representing different nationalities has been established (55-57). 

SB has been found to greatly contribute to the increased prevalence of obesity across 

different age groups (2, 51, 58-62). Because it often takes several years until lifestyle-related 

diseases become prevalent, most studies have examined the relationship between SB and other 

negative health outcomes in adults. Increased time spent in SB has been associated with a higher 
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risk of all-cause mortality (5, 8-11, 63, 64). A metanalysis (8) examined the link between 

increased time spent sitting and mortality of all causes in 54 countries worldwide. In these 

countries, the weighted mean sitting time was 4.2 h/day, ranging from 4.2 h/day (American 

countries) to 6.2 h/day (Western Pacific countries). It was suggested that sitting >3 h/day might 

account for 3.8% of the annual all-cause mortality (approximately 433,000 deaths/year) in these 

54 countries, and a 10% reduction in the daily sitting time (approximately 30 min less sitting 

time per day) could reduce all-cause mortality by 0.6%. Even more drastic effects could be seen 

if the mean sitting time was reduced by 50% (approximately 2 h less sitting per day), which 

would result in at least threefold fewer mortality of all causes compared to the 10% decrease in 

sitting time.  

Prolonged bouts of SB have been associated with increased risk of Type 2 diabetes (5, 7, 

12, 65) and cardiovascular disease risk factors (9-11, 63-65), even after controlling for several 

cofounders, such as moderate-to-vigorous intensity PA (MVPA) (5, 7, 13, 61, 62, 65), BMI or 

weight (5, 9), diet (10), cigarette smoking (5), sex, and age (5), or the motive behind SB (e.g. 

“purposeful”/required vs. leisure) (7). Researchers have become interested in studying the 

possible health effects of breaking up prolonged sedentary time. It is speculated that breaks from 

SB, also known as sit-to-stand transitions, may balance out the negative health effects related to 

SB by increasing muscle fiber recruitment, which produces specific cellular signals that regulate 

cardiovascular disease risk factors (66). It is unclear whether similar effects exist among children 

and adolescents (67-70). A study (71) found evidence to suggest that decreasing the total weekly 

sedentary time among children with low MVPA participation may have more important, 

independent of the MVPA status, effects on weight than increasing the total amount of weekly 

MVPA. A study in older adults with Type 2 diabetes (72) found evidence to suggest that breaks 
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from SB could have a positive effect on daily glucose control. Another study (65) done in adults 

with Type 2 diabetes found that total number of breaks from sedentary time, independent from 

the total sedentary time and MVPA, were beneficially associated with lower waist 

circumference, BMI, blood triglycerides, and 2-hr plasma glucose. 

There seems to be enough evidence to support the notion that SB is an independent risk 

factor for chronic diseases and other negative health outcomes in different age groups. These 

effects may become more prevalent in younger populations, which highlights the need to study 

and accurately quantify SB across different age groups to draw stronger dose-response 

relationships and formulate effective public health guidelines that are population specific. Breaks 

from prolonged sitting may be an important factor to attenuate the negative health-effects related 

to SB, but this needs further investigation specifically in younger populations.  

 

Definition and measurement of sedentary behavior 

In 2017, the Sedentary Behavior Research Network (SBRN) proposed a consensus 

definition to describe SB in hopes to standardize the terminology so that outcomes from different 

studies would be more comparable. Behaviors that fall under the definition of “any waking 

behavior characterized by EE less than or equal to 1.5 METs, while in sitting, reclining or lying 

posture” are sedentary (14). The combination of the low EE and sedentary posture makes the 

consensus definition unique yet more stringent than simply measuring either posture or EE alone. 

What should be noted is that the EE in children during quiet rest and when performing different 

activities differs from that of adults. Specifically, children have a higher resting metabolic rate 

(RMR) than adults per unit of body mass that declines gradually as a result of growth and 

maturation and reaches the adult value by the age of 18 (73). For adults, the value of 1 MET is 
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3.5 ml ∙ kg−1 ∙ min−1
 on average, but the respective value for youth can be two to three times 

higher (74, 75). Therefore, a youth-MET (METy) has been established as a more appropriate 

metric for the purposes of describing EE in youth (74, 75). To calculate the METy values for 

different activities, the individual’s measured activity oxygen consumption (𝑉𝑂2) value is 

divided by the estimated basal metabolic rate (BMR) (73) or measured RMR.  

Criterion measures are the most valid measures against which other measures are 

compared to. Because the consensus definition of SB is two-fold, a separate criterion measure is 

used for EE (IC), and posture (DO). The criterion measures are used to validate other measures 

for estimating SB. Thus, the estimates of time spent in SB are based on posture or EE that is 

being estimated from raw data. For example, accelerometer-based devices collect raw 

acceleration data that can be processed with algorithms to obtain estimates of time spent in 

different postures or activity intensities. Survey methods that collect subjective information of 

different behaviors can also be compared against the measured EE and posture. 

 

1. Criterion measures 

The section that follows will first review studies where IC has been compared against the 

gold-standard Douglas bag (DB) method. The section ends with a brief discussion of DO and 

studies done utilizing different DO coding systems. 

 

1.1. Indirect calorimetry 

IC is the criterion measure for the EE component of SB. The method is based on the 

measurement of an individual’s 𝑉𝑂2 and carbon dioxide production (𝑉𝐶𝑂2), which can then be 
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used to calculate EE. When IC is used to quantify SB, the time periods where the EE is less than 

or equal to 1.5 METs are regarded as sedentary.  

The DB method has traditionally been considered as the criterion measure, i.e. the gold-

standard, for respiratory gas exchange measurements (76). However, the method has some 

limitations, including increased burden for both the participant and investigator, and its inability 

to detect rapid changes in ventilation (VE), VO2 and VCO2 during higher metabolic loads (77). To 

overcome these major limitations, portable metabolic systems have been developed and validated 

against the DB method. Today, several systems are available to be used in laboratory and field 

studies (e.g. free-living environments) to obtain gas exchange measurements. Some of the most 

commonly used portable metabolic systems include the Oxycon Mobile (Carefusion 

Netherlands, Houten, The Netherlands) and Cosmed K4b2 (K4b2) and Cosmed K5 [(K5); 

Cosmed Inc, Rome, Italy]. Studies have investigated the validity of the portable metabolic 

systems against the DB method (78-81), and other commonly used gas exchange measures, such 

as metabolic carts (19, 21, 82-87), metabolic simulators (87), and a mass spectrometer (85), with 

varying outcomes.  

Because the DB method is considered as the criterion of all the EE measures, and the 

K4b2 and K5 are the devices relevant for this thesis project, only studies were the portable 

systems are validated against the DB method will be discussed further below. The search of 

existing literature revealed a gap in knowledge of the validity of the K4b2 and K5 against the DB 

method in youth. No studies were identified where the devices were validated against the DB 

method in youth, thus this part of the review will only include studies using adult participants. 
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1.1.1. Cosmed K4b2 

The K4b2 is a portable IC that can be used in both clinical and field studies for breath-by-

breath (BxB) analysis of gas exchange. The BxB procedure calculates VO2 and VCO2 instantly 

by pairing continuous flow and gas signals over every breath cycle, requiring a correction of the 

time delay between flow and gas measurements (80). The BxB mode allows for studying fast 

changes in respiratory gas exchange and ventilation, but the time delay correction is a critical 

issue and may result in large measurement errors in VO2 and VCO2 (80, 88, 89), which often 

become inflated at higher ventilatory frequencies during heavier workloads (88, 90-92). The 

K4b2 has a galvanic fuel cell for the O2 analysis, and a non-dispersive infrared CO2 analyzer, 

which allows for the calculation of the VO2 and VCO2 which can then be used to calculate the 

respiratory exchange ratio (RER) (77). A turbine and sampling line are connected to a sealed 

rubber mask on one end and transport the gas samples to the gas analyzer on the other end. A 

mesh headpiece is used to hold the mask in place, and the system is attached to the participant 

with a specific harness provided by the manufacturer where the device is mounted on the 

participant’s chest. The system weighs approximately 1.5 kg. Prior to each test, 𝑂2 and 𝐶𝑂2 

analyzers must be calibrated according to the manufacturer’s instructions. The calibration 

process consists of performing a room air calibration, a flow turbine calibration with a 3.00L 

Hans-Rudolph syringe (Hans Rudolph Inc, Shawnee, KS), and a reference gas calibration with a 

known gas mixture (15.93% 𝑂2, 4.92% 𝐶𝑂2, N2 balance). Lastly, a delay calibration is performed 

to adjust for the time lag between the expiratory flow measurement and the gas analyzers, i.e. the 

time it takes for the gas sample to be transported from the facemask to the analyzers, and the 

analyzer response time (77).  
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1.1.1.1. Validation against DB in adults 

A review article by Overstreet et al. (77) summarized validation studies done with 11 

portable metabolic systems against the DB method during rest and submaximal and maximal 

exercise intensities. The intra-class correlation coefficient (ICC) values for the test-retest 

reliability in the studies done with the K4b2 ranged from 0.53 to 0.87 during exercise, 0.85 to 

0.96 for gross VO2 and 0.66 to 0.93 for net VO2 (gross minus resting) (86, 93, 94). Out of all the 

11 portable metabolic systems included in the review, the K4b2 was one of the two portable 

metabolic systems that seemed to provide the most valid estimates of 𝑉𝑂2 in all activity 

intensities when compared to the criterion DB method. All the other systems tended to 

overestimate the 𝑉𝑂2 especially in the higher exercise intensities. 

Darter et al. (93) determined the test-retest agreement and minimum detectable change 

(MDC) of VO2 measures done with the K4b2 at different submaximal walking speeds in 22 

healthy young adults. The participants completed a 10-min resting VO2 measurement, followed 

by two identical treadmill walking tests on nonconsecutive days at five leg-length standardized 

speeds (0% grade) for 5 min each. The last 2 min of each stage was used to determine the gross 

VO2 and net VO2. No systematic differences between the tests for gross or net VO2 were 

identified (p > 0.05). During walking, the ICC values for gross VO2 (ICC range, 0.85-0.96) were 

higher than those for net VO2 (ICC range, 0.74-0.93). The coefficient of variation (CV) for VO2 

was 7.3% at rest and changed little for the gross VO2 with increasing speed but decreased 

progressively for the net VO2 (CV range, 2.0-2.6% for gross VO2 and 3.0-7.3% for net VO2). The 

MDC values for gross VO2 were 0.88 𝑚𝐿 ∙ 𝑘𝑔−1 ∙ 𝑚𝑖𝑛−1 at rest (25.5% of the test means), and 

0.75 𝑚𝐿 ∙ 𝑘𝑔−1 ∙ 𝑚𝑖𝑛−1 to 1.27 𝑚𝐿 ∙ 𝑘𝑔−1 ∙ 𝑚𝑖𝑛−1 (6.9-9.6% of the rest means) at the different 

walking speeds. The respectable values for the net VO2 were higher than for gross VO2 (1.11 
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𝑚𝐿 ∙ 𝑘𝑔−1 ∙ 𝑚𝑖𝑛−1 to 1.49 𝑚𝐿 ∙ 𝑘𝑔−1 ∙ 𝑚𝑖𝑛−1; 20.3% to 9.8% of the rest means). The results 

suggested excellent reliability and acceptable measurement errors for the measurement of VO2 

using the K4b2, but it might be a recommended to report the gross measurements rather than net 

measurements due to the higher contribution of the RMR to the steady state VO2.  

 McLaughlin et al. (78), compared the accuracy of the  K4b2 against the DB method. 

After an initial 10 min rest period, 10 healthy adult male participants completed five 5 min stages 

on a cycle ergometer at 50-250 W (in 50 W increments) while their VO2, VCO2, VE and RER 

were measured by the K4b2 or DB method. The trials were performed on two consecutive days, 

and the treatments were counter-balanced so that one half of the participants performed the K4b2 

trial first, and the other half the DB trial first. The subjects remained connected to the K4b2 

throughout the protocol, and immediately after each protocol a test for analyzer drift with a 

calibration gas was performed. Values from the last two minutes of each stage were averaged 

and compared across the two measures. No significant differences in VO2 (𝐿 ∙ 𝑚𝑖𝑛-1) were found 

between the K4b2 and the DB method at rest and 250 W, but the K4b2 values were significantly 

higher than DB values at all the other intensities between 50 and 200 W (p < 0.05). However, 

these differences were not practically significant due to their small magnitude [mean difference 

range, 0.088 𝐿 ∙ 𝑚𝑖𝑛−1 (50 W) to 0.096 𝐿 ∙ 𝑚𝑖𝑛−1 (150 W)]. The K4b2 values for the 𝑉𝐶𝑂2 and 

VE were not significantly different from the DB values at rest and 50-150 W but were 

significantly lower at 200 and 250 W (p < 0.05). Despite the significant, yet small differences 

between the measures, the findings suggested that the K4b2 is acceptable for measuring VO2, 

VCO2, and VE across different activity intensities. 
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1.1.2. Cosmed K5 

The K5 is an updated version of the K4b2 released by the company in 2015. The K5 

includes a BxB mode as the K4b2, but the updated version also provides a dynamic mixing 

chamber (DMC) mode. The DMC mode uses a constant flow pump that takes gas samples from 

multiple breaths and uses them to obtain proportional, fraction of expired O2 (FEO2) and fraction 

of expired CO2 (FECO2) (80). The DMC calibration process includes 𝐶𝑂2 scrubber calibration to 

obtain real zero 𝐶𝑂2. In the DMC mode, delay calibration is not necessary. The BxB mode 

includes the same calibration steps as in the K4b2. Unlike the K4b2, the K5 is worn on the upper-

back, and the system weights approximately 900 g.   

 

1.1.2.1. Validation against DB in adults 

Crouter et al. (79) studied the accuracy of the K5 DMC and BxB modes against the 

criterion DB method in trained cyclists. Fifteen adult participants (14 male) performed an 

exercise protocol consisting of five 5 min stages on a cycle ergometer at 50-250 W power 

outputs. The order of the respiratory gas collection methods was randomized, and the gas 

sampling was performed so that the first method was used during the first four minutes to reach 

steady state, followed by two minutes of gas collection, except during the rest period, when the 

sampling period was three minutes for the K5 and five minutes for DB. The second and third 

collection periods were preceded by a washout period (1 to 3 min). When the participants were 

switched to a different respiratory gas collection method, additional 2 min samples were 

collected (except for rest), and this step was repeated for the third respiratory gas collection 

method. The K5 DMC VE values were not significantly different from the respective values, but 

the 𝑉𝑂2 values at rest were significantly higher from the DB (mean difference = 0.05 𝐿 ∙ 𝑚𝑖𝑛−1; 
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p = 0.006). The K5 BxB values for VE and VO2 were not significantly different from the 

respective DB values (both p ≥ 0.05). The K5 DMC values were significantly lower than the 

respective BxB values for VE at 50 W (mean difference = -1.1 𝐿 ∙ 𝑚𝑖𝑛−1) and for VO2 at 100 W 

(mean difference = 0.07 𝐿 ∙ 𝑚𝑖𝑛−1) (p < 0.05). The findings suggest that both the DMC and BxB 

methods are acceptable methods to be used for the measurement of 𝑉𝑂2 and VE across a wide 

range of cycling intensities. 

Winkert et al. (80) evaluated the reliability and validity of the K5 BxB and DMC modes 

against the criterion DB method at different metabolic rates. Two K5 devices operated 

simultaneously in BxB or DMC modes. Twelve endurance trained adult male participants 

performed the same cycling protocol during three consecutive days [8 min at 30, 40, and 50% of 

the power output at their measured VO2max (PVO2max), and 4 min at 85%PVO2max]. The 

biological validity decreased with increasing metabolic rate. The BxB mode significantly 

underestimated the DB measured VO2 at 85%PVO2max (mean difference, -0.27%, p < 0.01), and 

it was also significantly less than the respective DMC value (mean difference, -5.74%, p < 0.01). 

Both modes significantly underestimated VE at 50% and 85%PVO2max, and the DMC also at 

30%PVO2max [mean difference range -6.32 (DMC at 30%PVO2max) to -13.34% (DMC at 

85%PVO2max); p < 0.05], and the DMC values were also significantly less than the respective 

BxB VE values at each stage (p < 0.05). The conclusion was that the DMC mode might be better 

suited to be used when performing testing at high metabolic workloads compared to the BxB, 

which was significantly different from the criterion more often than the DMC mode. 
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1.1.3. Conclusion 

The existing literature is missing validation studies of the K4b2 and K5 against DB in 

youth. The adult validation studies suggest small differences when the K4b2 and K5 are 

compared against the DB during exercise; and for gross and net VO2. The limited number of 

validation studies done with the K5 makes it difficult to draw conclusions, but despite the small 

yet statistically significant differences between the BxB and DMC modes in the K5, both modes 

seem to provide similar physiological measures and can be used to measure VO2 and VE across a 

wide range of activity intensities.  

 

1.2. Direct observation 

DO is the criterion measure for the postural component of SB and can provide specific 

information regarding the type, duration and contextual variables (e.g. physical and social 

environment) of the activity. When DO is used for quantifying SB, time stamps with a seated, 

reclining, or lying posture are regarded as sedentary. DO comes with a low participant burden as 

no specific equipment or actions from the participants are required. The method is also not 

limited by recall bias that is typically related to survey methods, and is therefore particularly 

useful with younger participants who may not be able to provide accurate and detailed 

descriptions of their behaviors (95). However, some downsides of DO are that it is time-costly 

for the investigator and requires practice and an adequate level of skill to provide valid records of 

the behaviors (17). The method may also not be suitable for larger populations, and another 

common issue related to its use is the probability of participant reactivity to the observer’s 

presence.  
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Several coding systems for DO have been used and validated for the purposes of 

quantifying different behaviors. DO can be accomplished by using either second-by-second 

coding (continuous focal sampling) where all the occurring behaviors are coded, such as in the 

Movement Observation in Children and Adolescents (MOCA) (96); or with momentary time 

sampling, where a set observation interval is followed by a set recording interval, such as in the 

Children Activity Rating Scale (CARS), the System for Observing Play and Leisure Activity in 

Youth (SOPLAY) (97), and the System for Observing Play and Recreation in Communities 

(SOPARC) (98). Different coding systems utilize different activity and intensity categories, 

which may influence the validity of the records. For example, The CARS has separate codes for 

stationary activities with and without limb movement; the SOPLAY and SOPARC include 

standing posture in the sedentary category, and the MOCA uses the Compendium of Physical 

Activities (22) EE categories to distinguish between SB and light-intensity PA (LPA). 

A variety of computer programs have been developed for the purposes of DO and pairing 

the observation records with data from other measures. Some programs allow the creation of 

customized coding schemes that can be accessed on handheld devices and used for live coding. 

One of the most commonly used DO software is the Observer XT by the Noldus Informational 

Technologies (Wageningen, the Netherlands), which includes these features. The Observer XT 

software has an extension application called the Pocket Observer that can be downloaded on a 

tablet for live coding. 

 

1.2.1. DO in youth 

CARS (95) is one commonly used DO coding system in youth studies that includes five 

intensity levels [1. stationary/motionless, 2. stationary/movement of limb(s) or trunk, 3. 
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translocation (slow speed/easy), 4. translocation (medium speed/moderate), and 5. translocation 

(fast or very fast/hard)]. The observations are performed in 1 min intervals, and each intensity 

level can only be coded once within an interval; and the observed behavior must occur for at 

least 3 sec before it can be coded. If two different activity levels occur for less than 3 sec each 

but are repeated three or more times in a 15-20 sec interval both activity levels should be coded. 

Puhl (95) calibrated the CARS in a sample of 25 5-6-year-old children against a Beckman 

LB-2 CO2 analyzer, an Applied Electrochemistry SA-3 O2 analyzer, and a Vacumed air flow 

meter. The gas samples were collected in 30 sec intervals and averaged over 60 sec. VO2 was 

measured for eight activities from the Levels 1-5 [lying, sitting, standing and coloring, standing 

and throwing/catching a NERF ball; walking on a treadmill at 2.5 mph for 1 min followed by 

walking on a treadmill at 2.5 mph at four different grades (0%, 5%, 10%, and 15%); running on 

the treadmill at 4.0 mph at 10% grade, followed by running on the treadmill at 4.0 mph with 

increasing grade in 2% increments until exhaustion]. The first four activities were performed for 

5 min, and the mean values for minutes 2-5 were used. The calculated inter-observer agreement 

was 84.1 ± 10.1%. No significant differences between the sexes for the mean absolute VO2 

during all the eight activities, and for the mean relative VO2 during Level 1 and 2 activities were 

observed. The measured VO2 values were significantly different across the different activity 

levels for both sexes (p < 0.05), suggesting that the CARS levels distinguish between different 

intensity levels. 

The MOCA is a study that uses free-living accelerometer data and DO for studying youth 

behavior. Cox and Petrucci (96) developed the MOCA DO system that includes codes for four 

main outcomes [1. Whole-body movement, 2. Locomotion, 3. Activity type, and 4. MET value 

(based on the Youth Compendium of Physical Activities (75)]. After the DO development they 
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performed an initial agreement analysis and refinement of the system with a sample of 28 youth 

(6-10 years). Each participant performed a 30-min period of free-play while being video 

recorded. The video recordings were later coded by six observers. Intra-rater agreement was 

acceptable (>80%) for all variables besides the activity MET value (69 ± 27%). Inter-rater 

agreement (against an “expert coder”) ranged from 50 to 95% for the four main outcomes. 

 

1.2.2. DO in adults 

A study by Lyden et al. (99) compared the agreement between DO and IC for time spent 

in different intensity categories. Fifteen adult participants were directly observed on three 

separate days (two hours per session) using a hand-held personal digital assistant with custom 

software (Noldus Inc., Wageningen, The Netherlands). Twelve general PA categories with the 

corresponding MET values from the Compendium of Physical Activities (22) were used to 

categorize the behaviors during DO. The participants also wore an Oxycon Mobile IC for the 

measured EE. The measured SB by DO was not significantly different compared to the measured 

SB by IC (mean difference, -7.6%; ICC, 0.80). The findings provided evidence that a carefully 

designed DO method may be equally valid compared to IC as a criterion measure of SB based on 

the measurement of EE in free-living validation studies. 

 Welch et al. (100) evaluated the accuracy of DO for estimated EE (METs), intensity 

category (sedentary-vigorous), and intensity category by domain (e.g. occupational, leisure, etc.) 

against the measured values by the K4b2. Nine older adults (71.0 ±6.9 years, 67% male) 

performed 1-hr of unstructured activity in laboratory and 3-hr under free-living conditions. A 

custom DO platform was built in the Noldus Observer XT and included codes for activity type 

and modifiers for the estimated MET value. Of the in-laboratory activities, 45% of the estimated 
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MET values by DO were within 0.5 METs of the measured EE by the K4b2. DO also correctly 

classified 45% of the activity intensity categories, but SB was the most often misclassified 

(overestimated) intensity category with 68.9% of the observations being misclassified. The 

correct intensity classification by domain was the lowest for sedentary/occupational activities 

(41.6%). Of the free-living activities, 61% of the estimated activity MET values by DO were 

within 0.5 METs of the measured values by the K4b2. The overall activity intensity classification 

accuracy was 50.9%. Based on the results, the DO accuracy for estimating EE and activity 

intensity categories were higher under free-living conditions compared to the laboratory. Due to 

the lower accuracy of the estimates, using a continuous DO sampling method may not be the best 

option for obtaining accurate estimates of activity METs. Despite the low variability between the 

mean MET values between the estimated by DO and measured by the K4b2 (0.5 METs), further 

investigation is needed to refine this approach. 

In the third phase of the previously mentioned study by Cox and Petrucci (96) the intra- 

and inter-rater variability of the MOCA coding system was investigated in a subsample of ten 

young adults (18-24 years). The participants completed four 1-hr sessions in a distinct free-living 

setting (home, school, community, and PA/exercise). Each session was video recorded, and each 

occurring activity labeled for the main outcomes [1. Whole-body movement, 2. Locomotion, 

3. Activity type, 4. MET value (based on the Compendium of Physical Activities (22)), and 

5. Intensity category]. The intra-rater reliability for all variables and environments ranged from 

91.9% to 100%. Of the observation environments, the home environment had the highest intra-

rater variability (93-100%), and the community environment the lowest (91.9-96.4%). The ICC 

for the activity intensity category ranged from 0.86 (community) to 1.00 (school and home). The 

inter-rater reliability for all the variables and environments ranged from 88.2% (community) to 
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100% (school). The ICC values suggested high intra- and inter-rater reliability for the MOCA 

DO coding system in adults across different environments. 

 

1.2.3. Conclusion 

Several DO coding systems are available for the purposes of quantifying behaviors. 

However, most of the systems have been developed and validated for the purposes of measuring 

PA behaviors and may have limited utility in SB research due to a wide range of heterogeneity 

across the systems, and the differences in categorizing SB and LPA. 

 

2. Subjective and objective measures 

Validity means the extent to which an assessment accurately measures what it intends to 

(101). There are different types of validity, including content-, construct-, and criterion-

referenced validity. The criterion-referenced validity is the one of interest when validating 

objective measures, such as accelerometer-based devices for quantifying SB; the former two are 

more relevant when validating subjective measures, such as questionnaires (101, 102). There are 

two types of criterion-referenced validity: concurrent validity and predictive validity (102). 

When determining the concurrent validity of a measure, simultaneous data collection is done 

with a criterion measure and the measure that is being validated, and the data are then compared 

or correlated to observe the agreement (102). Predictive validity, on the other hand, means the 

extent to which an objective measure is able to predict the outcomes obtained with a criterion 

measure (102). Studies have validated secondary measures against the criterion measures for 

estimating EE, time spent in different postures and in SB. The techniques used in research and to 

guide program development and establishment should be as valid, reliable, practical, and non-
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reactive as possible (16). What follows is a brief discussion of self-reports and surveys 

(subjective methods) for quantifying SB. Lastly, validation studies where estimates of SB from 

accelerometer-based devices (objective methods) have been compared against the SB criterion 

measures will be presented. 

 

2.1. Self-report 

Self-report questionnaires and diaries have traditionally been used to collect health-

related information among different populations. Compared to several other measures, the 

method of using self-reports is often considered more suitable for larger-scale studies as it 

typically allows for larger sample sizes. The method is relatively simple and does not require the 

participants to change their current behaviors. The problem is, however, that several survey 

methods are accompanied with a large degree of error. Studies have validated surveys that 

include questions related to SB against criterion measures, such as DO (103, 104); and against 

objective measures such as accelerometer-based devices (105-114), heartrate monitors (115), and 

pedometers (114-116), with a variety of outcomes. Designing a survey that captures as much 

detail of SB as possible yet is easy to administer and interpret by the participant is difficult, as 

the following summary of some SB surveys demonstrate. 

Many questionnaires focus on TV viewing habits as an indicator of sedentary time (112). 

A review article by Prince et al. (117) identified 16 pediatric and 18 adult surveys and 

epidemiological studies that assessed at least one modality of SB. Variability was present across 

the questionnaires regarding the types of SB, but TV viewing time seemed to be the most 

frequently assessed SB (pediatric surveys = 100%, adult surveys = 72%). Time spent playing 

computer and/or video games were also frequently assessed, specifically among the pediatric 
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populations (pediatric surveys = 88%, adult surveys = 39%). Reading was included in about half 

of the surveys in both populations (pediatric surveys = 44%, adult surveys = 50%), and a smaller 

number of surveys were interested in sedentary transport (pediatric surveys = 13%, adult surveys 

= 33%). A cross sectional study by Carson and Janssen (67) reported that TV viewing and 

computer use are the most common forms of screen-based SB in youth. A review article by 

Marshall et al. (118) reported that the youth TV viewing habits have barely changed over the 

past 50 years, but the amount of time spent engaging with electronic entertainment media at 

home has experienced a rapid increase. It is estimated that youth spend up to five hours each day 

with these media accounts (118). Although relevant, focusing on TV viewing or other screen 

time as a sole indicator of SB leaves out several other behaviors that largely contribute to the 

total sedentary time each day. The validity of most survey measures related to TV viewing is of 

unknown quality (119), and no self-report measure is comprehensive to assess all SB (39).  

Among preschool-aged children, Prince et al. (117) found only two questionnaires that 

demonstrated excellent levels of reliability for TV viewing: The Preschool-Aged Physical 

Activity Questionnaire (Pre-PAQ) (120) and the proxy-report used in the Health, Eating and Play 

Study (121) (ICC, range 0.70-0.88 and 0.78, respectively). The Pre-PAQ also demonstrated high 

levels of reliability for playing computer and video games (ICC range, 0.82-0.85). For youth 9-

12 years old, the COMPASS questionnaire (122) had the highest ICC (0.56) for TV viewing, and 

for playing computer and video games (ICC, 0.65) and surfing the internet (ICC, 0.71) among 

high school students. Among adults, the Sedentary Behavior Questionnaire (105) had excellent 

reliability for weekday and weekend TV viewing (ICC, 0.86 and 0.83, respectively). Reliable 

questions for the assessment of TV viewing were also included in The Past Week Modifiable 

Activity Questionnaire (ICC, 0.67), Salmon SB questionnaire (ICC, 0.82)/Measure of Older 
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Adults Sedentary Time (MOST; ICC, 0.76); Sedentary, Transportation and Activity 

Questionnaire (ICC, 0.79), and the SIT-Q (ICC, 0.84) (108, 123-125). The MOST also had very 

high levels of reliability for the question that assessed computer and internet use (ICC, 0.79). 

When using self-reports and questionnaires to quantify SB, relying on a participant’s 

memory and ability to correctly answer the questions and classify behaviors introduces a 

potential source of error. The manner of recording activities also influences the degree of bias, 

i.e. whether the activities are reported on a minute-by minute basis over a short period of time, or 

recalled over a longer period of time (126). Surveys often include questions that ask the 

participant to quantify the time spent in different SB during a typical weekday and a weekend 

day, typically in blocks of 15 to 30 min (127), which may result in a great degree of error in the 

estimates especially if extrapolated out for a longer period of time. Also, the participant’s 

interpretation of the questions may influence the validity of a questionnaire as discussed by 

Prince et al. (117). They found that there were differences in the wording of questions across 

surveys and many included a specific time period for recall (pediatric surveys = 38%, adult 

surveys = 44%), and questions about a “typical” or “usual” day or week in the specific time 

period. Some studies focused on hours per day of each mode of SB (e.g. hours of TV viewing in 

a typical day), whereas others focused on hours per week, average of the days of the week, or 

school/work/weekdays and weekends separately. Several surveys separated the questions for 

each modality of SB (pediatric surveys = 63%, adult surveys = 28%); some surveys used a grid 

or list of SB modalities where the participant entered the daily time spent in each modality.  
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2.1.1. Self-report in youth 

Self-reports of SB obtained from children may be biased due to their unpredictable 

behavioral patterns and lower cognitive function compared to adults (16). Using proxy-reports 

with parents can be unreliable especially if the children are school-aged and not constantly 

around the parents (128). Salmon et al. (121) used a proxy-report to observe whether children’s 

TV viewing is a good indicator of obesity-promoting vs. healthy eating behaviors. A sample of 

1560 Australian primary school pupils [n = 613, age 5-6 years (50% boys), and n = 947, age 10-

12 years (46% boys)] and their parents participated in the study. The parents reported the time 

the child spent watching TV during a typical school day and a weekend day (on a scale of 0 to 6 

or more hours per day in half an hour segments); as well as the child’s participation in organized 

PA, and their intake of different foods. The child’s PA levels were objectively assessed for one 

week using an ActiGraph (AG) model AM7164 (ActiGraph LLC, Fort Walton, FL, USA). For 

both TV viewing and MVPA, the data was dichotomized into ≤2-hrs/day and >2-hrs/day. An 

inverse relationship between TV viewing and frequency of participating in organized MVPA, 

and a non-significant inverse association with objectively assessed MVPA were observed. The 

researchers suggested that TV viewing might be an important indicator of a range of lifestyle 

behaviors that are related to SB and weight gain and asking about children’s TV viewing habits 

could reveal associations with unhealthy and inactive behaviors and eating patterns. 

The Pre-PAQ was developed to measure the behaviors of young children specifically in 

their home environment (120). The Pre-PAQ includes questions related to PA and SB, and it was 

designed as a 3-day recall. One hundred and five preschool-aged children (age 3.0-5.9 years) and 

their parents participated in the validation study where the Pre-PAQ was compared against 

accelerometry outputs. The test-retest reliability was also assessed by asking the parents to fill 



33 
 

out the survey in two different occasions one to two weeks apart. Participants wore an AG 7164 

device on their right hip for 4-5 days, and the first day was excluded to minimize the participant 

reactivity. Sedentary thresholds developed by Sirard et al. (129) [vertical axis (VA) <300 

counts/15 sec] and Reilly et al. (130) (VA <1100 counts/60 sec) were used to distinguish SB 

from other behaviors. The lowest reliability of the sedentary items included in the Pre-PAQ was 

for the total time the child spent in car for transportation during weekend (Saturday ICC, 0.37; 

and Sunday ICC, 0.31). “Parental screen time recreation” (STR) measurement error ranged from 

5.5 to 13.8 min for time spent on the computer on a weekend and TV viewing during the week, 

respectively. The ICC for the agreement of the time child spent in stationary activities was also 

low (0.44). The agreement between the Pre-PAQ sedentary level was poor compared to the 

sedentary time derived using both Sirard et al.’s and Reilly et al.’s thresholds (mean difference = 

-235.4 min/day and -208.6 min/day, respectively). The conclusion was that the use of the Pre-

PAQ for obtaining estimates of SB in children may not be a recommended practice.  

 

2.1.2. Self-report in adults 

Mensah et al. (127) examined the reliability and validity of the Sedentary, Transportation, 

and Activity Questionnaire for assessing context specific SB and transport-related activities in a 

sample of 96 adult participants (51 women). The questionnaire collects past-month information 

regarding behaviors in different domains (domestic, work, commuting and transportation, and 

leisure). The participants wore an AG GT3X+ on the right hip for seven consecutive days and 

filled out an activity logbook. For a participant subgroup (n = 45), the study period was extended 

to 14 days. The participants self-administered the questionnaire at the end of the study (on days 7 

or 14). After a month, 32 participants completed the questionnaire second time for the 
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assessment of test-retest reliability. SB threshold VA <150 counts/60 sec was used with the AG. 

The test-retest reliability was fair for total sitting time (ICC, 0.52). A significant correlation and a 

fair-to-good agreement between the questionnaire-derived total sitting time and the AG-derived 

SB was observed (r = 0.54; ICC = 0.44). However, the questionnaire significantly 

underestimated the total weekly sitting time (mean difference = -17-hrs/wk) with wide 95% 

limits of agreement (LOA). The time spent viewing TV/DVD had the highest ICC (0.79) of the 

domestic activities. Sitting time at work had the strongest association (r = 0.88; ICC = 0.82) of 

all the different activities and domains. Generally, the questionnaire overestimated the work and 

leisure-related SB and sitting time and underestimated the total sitting time and sitting time 

related to transportation. Based on the findings, the Sedentary, Transportation, and Activity 

Questionnaire can be regarded as an easy-to-use tool that could be used for the assessment of SB 

and transportation in different contexts in free-living settings.  

Craig et al. (105) examined the reliability and validity of the IPAQ sitting items against 

estimated SB time using an AG 7164 in 289 adults (44.6% male) from 12 different countries. 

Participants were asked to wear an AG 7164 for seven days, and both the short and long version 

of the IPAQ were administered. For the AG 7164, VA <100 counts/60 sec was used as the 

sedentary threshold. No differences in the reliability coefficients for all the sitting items between 

men and women using the long form were observed. Most correlations indicated a very good-to-

excellent test-retest reliability for the sitting items in the long version (r >0.75; range, 0.40-1.0 

for men, and 0.64-0.96 for women) for the sitting items. For the short form, the most test-retest 

reliabilities were also in acceptable ranges for both men and women (r >0.70; range, 0.77-0.98 

for men, and 0.62-0.96 for women). For weekday and weekend sitting, the reliabilities were 

slightly lower compared to those achieved with the long form, but similar for the overall sitting. 
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The results indicated that the IPAQ sitting items have acceptable reliability and validity for men 

and women representing different nationalities. 

Visser and Koster (112) investigated the agreement between self-reported sedentary time 

and the sedentary time derived from an AG GT3X using the SB threshold VA <100 counts/60 

sec in a sample of 83 older men and women from the Longitudinal Aging Study Amsterdam. The 

participants performed a protocol of ten sedentary activities (napping, reading, listening to music 

while sitting or lying; watching TV, video or DVD; sitting at the computer for work or leisure, 

seated working, seated hobbies, talking on the phone, transportation, church/theater) completed 

on a regular weekday and a weekend day. The self-reports were compared against the data from 

eight days of AG wear. The researchers determined the activities that should be used in a new SB 

questionnaire: napping, reading, listening to music, watching TV, seated hobbies, and talking 

were the activities that were found to best correlate with the objectively estimated SB (r = 0.46, p 

< 0.05), yet the total self-reported SB was still underestimated (mean difference = -2.1 h) when 

using these activities only. Watching TV was found to be the most common SB among the older 

persons, but the researchers concluded that it should not be used independently as an indicator of 

total SB in this population. The researchers concluded that because developed questionnaire had 

moderate correlations with the objectively measured SB, it might compliment other SB 

questionnaires used to assess the total daily activities across a range of intensities. 

Studies that have used DO as the criterion to validate SB-related surveys have reported 

both overestimation and underestimation of SB compared to the observations. In a study by 

Douwes et al. (104), self-reports obtained from 99 bank employees overestimated daily computer 

use by 99 min (39%; p = 0.001). Self-reports of SB from 44 adult participants in a study by 

Klesges et al. (103) underestimated the measured time spent in SB by over 300%. The studies 
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discussed above demonstrate that there is a lot of inconsistency when the self-reported estimates 

of EE and total sedentary time are compared against the measured EE and sedentary time by the 

criterion measures, or against the estimates from accelerometer-based devices. The findings 

suggest that using self-reports to assess SB may not be a recommended practice. The type of the 

questionnaire, recall period, and activities included in the analysis all influence the accuracy of 

the records and thus, the validity of the measure against the criterion. Capturing all SB with 

subjective measures may be difficult, and another limitation related to their use is that they are 

often unable to assess possible breaks from SB, which has recently become a new topic of 

interest. Despite the several drawbacks related to the self-report and survey methods, they still 

come with some advantages compared to objective measures, including an opportunity for 

collecting data from a larger sample (131), and possibly providing more information about 

activities that are difficult to capture by objective measures. 

 

2.1.3. Conclusion 

A variety of questionnaires that include the assessment of SB have been utilized in 

research, but the validity of the methods may be questionable due to a wide range of outcomes 

from validation studies. The validity of the SB self-reports seems to be influenced by the 

specificity of the questions, the recall period, and the SB components included. TV viewing and 

other screen time are some of the most commonly assessed SB in both youth and adults and 

found to correlate well with total sedentary time in both groups. However, no questionnaire is 

comprehensive to assess all SB. 
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2.2. Accelerometer-based devices 

Accelerometer-based devices are small devices that can be used to obtain estimates of 

sedentary time. The devices collect raw acceleration data from the movement of the body-part 

where the device is worn (usually hip, ankle, or wrist) (132, 133). Researchers have developed 

and validated several algorithms against criterion measures for the purposes of processing and 

quantifying different activity components from the raw acceleration data, including intensity, 

duration, and frequency of behaviors (134). Typically, accelerometer-based devices contain at 

least one, sometimes multiple accelerometers that are used to obtain samples in different ranges 

and rates; and an inclinometer function that is used to measure the changes in the angle of the 

body-part where the device is attached to.  

A drawback of using accelerometer-based devices and estimating activity intensity from 

the accelerometer “counts” is that they may be less accurate for detecting SB and low-intensity 

activities. The estimates are based on lack of movement and not exceeding the thresholds, thus, 

they may be unable to discriminate between sitting and non-sitting stationary behaviors, and 

sometimes activities that require muscular activity but are accompanied with little movement of 

the body part where the device is placed may be misclassified as SB (39, 135). The epoch length 

may also influence the study results and significantly influence the estimated time spent in SB 

(136). Shorter epoch lengths (e.g. 15 sec) may result in lower estimated sedentary time and 

higher active time compared to longer epoch lengths (e.g. 60 sec) (136). Most studies have used 

thresholds based on 60 sec epochs, probably due to their ease of use and converting the 

accelerometer counts to activity minutes (44).   
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2.2.1. ActiGraph 

The most widely used accelerometer-based devices in both SB and PA research are the 

different generations of the AG devices (Pensacola, FL) (131). The AG devices are commonly 

worn on the wrist or hip, but other possible wear-locations are the thigh and the ankle. The raw 

acceleration data can be uploaded from the device to the manufacturer’s ActiLife software on a 

PC. Count and inclination estimates can be obtained from the raw acceleration data and used to 

estimate time spent in SB and other activity intensities, and in different postures. DO has been 

used in several studies to validate the estimates of SB  (23, 24, 26, 33, 39, 137) and time spent in 

different postures (48, 138). Studies have also used  IC to validate the estimates of activity 

intensity (27, 30, 42, 45, 139, 140), and time spent in SB (33). What follows is a brief summary 

of validation studies of the AG SB estimates, broken into youth and adult studies, and studies 

where either DO or IC served as the criterion measure of SB. 

 

2.2.1.1. Validation against IC in youth 

Crouter et al. (30) previously developed a two-regression model for estimating PA and 

SB in youth from data from hip-worn accelerometer-based devices. The validity of the two-

regression model to estimate SB was examined against the K4b2 under free-living conditions. 

Youth participants (11-15 years; 57% boys) performed approximately two hours of free-living 

activity while wearing an AG GT3X+ device on the right hip, and a K4b2
 for measured EE. The 

accelerometer data were processed using three different SB thresholds [vector magnitude (VM) 

<75 counts/10 sec, and VA <25 counts/10 sec (28), and VA <100 counts/60 sec). The measured 

and predicted EE was expressed as METy, and METy <1.5 was equated as SB. None of the 

estimates were significantly different from the measured SB [mean difference range, 0.6 min 
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(2.1%; VA <25 counts/10 sec) to 6.9 min (23.0%; VM <75 counts/10 sec); all p ≥ 0.05]. The 

findings suggest that objective measures may be appropriate to obtain estimates of SB in youth. 

Crouter et al. (27) validated methods for analyzing wrist worn AG GT3X+ and GT3X 

data against the K4b2 as the criterion measure for EE. The used wrist SB thresholds used VA ≤35 

counts/5 sec and VM ≤100 counts/5 sec. Forty-two youth (8-15 years) completed approximately 

2-hr of unstructured activity. During the unstructured activities, the estimated time spent in SB 

by VA ≤35 VA counts/5 sec and VM ≤100 counts/5 sec were not significantly different from the 

measured time spent in SB (mean bias = 2.1 and 2.5%, respectively; both p > 0.05), but both 

thresholds had large individual errors.  

 

2.2.1.2. Validation against IC in adults 

Crouter et al. (30) compared three SB thresholds [VA ≤25 counts/10 sec (141), VA ≤8 

counts/10 sec (40), and VA <100 counts/60 sec (58)] against the K4b2 during free-living 

activities. Twenty-nine adult participants (58.6% female) wore a K4b2 for measured EE, and an 

AG GT1M on the right hip during a 5-6-hr sampling period. Twenty-three participants were 

measured at work, and three during leisure time. VA ≤8 counts/10 sec significantly 

underestimated the measured SB by the K4b2 (mean difference = -34.9 min, -20.8%, p < 0.05). 

VA ≤50 counts/60 sec was not significantly different from the measured SB by the K4b2 (mean 

difference = -3.0 min, -1.8%, p > 0.05). VA <100 counts/60 sec SB threshold overestimated the 

measured SB by the K4b2 (mean difference = 16.5 min, 9.9%, p > 0.05). VA <50 counts/60 sec 

had the smallest mean bias compared to the K4b2 for the time in SB.  
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2.2.1.3. Validation against DO in youth 

Fischer et al. (23) used an AG Actitrainer to compare the SB thresholds VA <1100, <800, 

<300, and <100 counts/60 sec against measured SB by DO in 29 children (5-11 years old, 28% 

boys). The participants performed a protocol of supervised sedentary activities in free-living 

settings. Each activity was performed for 20 min while wearing the AG device on the right hip. 

The protocol was designed to reflect the common SB among children. After the protocol, a 

period of free play outside was used to determine whether the thresholds could distinguish 

between sedentary and higher intensity activities. The data was analyzed as median, 25th, and 

75th percentiles, and the results suggested that the estimated time spent in SB is a factor of the 

different thresholds used. VA <1100 and 800 counts/60 sec were considered as too high and 

resulted in an overestimation of the actual time spent sedentary, whereas the lower thresholds, 

namely VA <100 counts/60 sec underestimated the total sedentary time according to the 75th 

percentile, but provided the best estimate when based on the median.  

 

2.2.1.4. Validation against DO in adults 

Carr and Mahar (26) examined the validity of SB thresholds and the inclinometer output 

from an AG GT1M and GT3X+ against DO. Thirty-six college-aged adults (55% female) wore 

the devices on their right hip during a protocol that consisted of six activities, four of which were 

sedentary. Each activity was performed for eight minutes but the first and last minute was 

excluded, and the middle six minutes was used for analysis. The measured DO activity 

intensities were derived from the Compendium of Physical Activities (22) (Note: The 

researchers classified standing still as a sedentary activity based on the Compendium of 

Physical Activities activity intensity categories). SB thresholds VA <100 counts/60 and VA <150 
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counts/60 sec were applied to the GT1M and GT3X+ data, and the total minutes that were under 

the SB thresholds were compared against the SB measured by DO. The total number of minutes 

categorized as lying, seated, or standing by the GT3X+ inclinometer function was compared 

against the measured SB by DO. Percent agreement with DO and root mean squared error 

(RMSE) were calculated for each estimate. For the GT1M, VA <100 counts/60 sec and VA <150 

counts/60 sec correctly identified greater than 96.8 to 100% of the measured sedentary time. The 

GT3X+ VM <100 counts/60 sec and VM <150 counts/60 sec correctly identified 82.9 to 97.7% 

of the measured sedentary time. The SB-threshold VA <100 counts/60 sec had a higher RMSE 

compared to the <150 counts/60 sec for both devices (0.13 vs. 0.07 for the GT1M, and 0.86 vs. 

0.68 for the GT3X+, respectively). The GT3X+ inclinometer function correctly identified 60.6 to 

67.7% of the sedentary time and had the highest RMSE of all estimates (2.15). The conclusion 

was that using a higher SB threshold (VA <150 counts/60 sec) might decrease the error of the SB 

estimates for correctly identifying SB time, but caution should be taken when basing the SB 

estimates on the inclinometer outputs. 

Peterson et al. (25) explored the degree of construct validity of the AG GT3X+ 

inclinometer function and the ability to distinguish between sedentary and non-sedentary 

behaviors using both VA <100 counts/60 sec, VA <150 counts/60 sec, VM <100 counts/60 sec, 

and VM <150 counts/60 sec against DO as the criterion measure. Twenty-eight young adults 

(18-20 years) wore an AG on the right hip while performing a protocol of nine activities (six 

sedentary). From the GT3X+ inclinometer data, SB was defined as time categorized as sitting or 

lying. All the SB thresholds were less biased compared to the inclinometer function for 

estimating SB: the percent agreement with DO for all the sedentary activities were 98.8-100% 

for VA <100 counts/60 sec, 100% for VA <150 counts/60 sec, and 91.7-100% for VM <100 
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counts/60 sec and 95.2-100% for VM <150 counts/60 sec. The inclinometer had more variability, 

ranging from 44.9 to 80.8% agreement with DO for SB. The conclusion was that the 

inclinometer function was more biased for estimating SB compared to the SB thresholds when 

DO was used as the reference. Therefore, it may be recommended to use the AG counts over the 

inclinometer function to estimate SB. 

Marcotte et al. (24) used DO and EE values derived from the Compendium of Physical 

Activities (22) to determine the validity of AG SB thresholds for estimating SB during free-

living conditions. Forty-eight young adults (18-25 years) were observed using the MOCA system 

in four settings (home, school, community, and exercise) while wearing two AG devices, one on 

the non-dominant wrist, and the other on the right hip. Thirteen different SB thresholds were 

used to obtain the estimates of SB time [hip: VA <100 counts/60 sec (58), VA <150 counts/60 

sec (39), and VM <200 counts/60 sec (142) with the low frequency extension (LFE) filter 

enabled and disabled; Sojourn-1x and Sojourn-3x (143), and Euclidean norm minus one 

[(ENMO); ENMO 47.4 (144)]; wrist: VM <1853 counts/60 sec and VM <376 counts/15 sec 

(145), ENMO 27.9 (146) and ENMO 44.8 (144); the sedentary sphere (147), and two machine 

learning algorithms (random forest and decision tree) (148)]. For the hip, VM <200 counts/60 

sec underestimated the measured time in SB (mean difference = -5.5 min, p < 0.001) and the 

ENMO 47.4 overestimated measured SB time (mean difference = 12.2 min, p < 0.001). The 

other methods were not significantly different from measured SB time. For the wrist, VM <376 

counts/15 sec, VM <1853 counts/60 sec, ENMO 27.9, and the decision tree underestimated 

measured SB time by -9.5 to -2.5 min (p < 0.001); and the sedentary sphere and ENMO 44.8 

overestimated measured SB time by 3.9 and 6.1 min, respectively (p < 0.001). In general, the hip 

methods had smaller mean biases [near zero for all but ENMO 47.4 (about 12.5min) and LFE 
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VA <200 counts/60 sec (about -6 min)] compared to the wrist methods [mean bias range, about -

2.5 mi to -10 min for all besides the sedentary sphere and ENMO 44.8 (about 5-6 min)]. The hip 

methods had a greater classification accuracy and lower individual-level errors [mean absolute 

percent error (MAPE) hip range, ~18% (LFE VA <150 counts/60 sec) to ~38% (ENMO 47.4) vs. 

wrist range, about 30% (ENMO 44.8) to about 40% (random forest)]. The wrist methods 

underestimated measured SB time at home, school, and community. The sitting behaviors and 

activities of daily living (ADLs) had the largest number of false negatives across methods 

(>91.5%). The findings suggest using hip-based methods may be a more recommended practice 

for estimating SB time. 

 

2.2.2. activPAL 

The activPAL [(AP), PAL Technologies Limited, Glasgow, Scotland, UK] is a small 

accelerometer-based device that is worn on the anterior midline of the thigh. The device 

measures static and dynamic acceleration and has and inclinometer function that measures the 

changes of the thigh incline. The raw data can be uploaded to a PC and the activPAL 

Professional Research Edition software used to distinguish between different postures 

(“sitting/lying”, “standing”, and “stepping”). The software uses “Intelligent Activity 

Classification Routines” which are proprietary algorithms used to create an “activity 

classification profile” that includes both the posture, intensity, and number of steps taken during 

the activity (49, 138).  

The PAL family includes both uniaxial and triaxial accelerometer-based devices. 

Numerous studies have validated the AP posture algorithms against DO (31, 34, 39, 48, 149) and 

IC (33, 36). The device is not a criterion measure, but due to its potential in accurately estimating 
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time spent in, and breaks from, seated and lying postures (35), it has been widely utilized in SB 

research and often considered as the best alternative if DO is not an option. What follows is a 

brief summary of validation studies of the AP algorithm, broken into youth and adult studies, and 

studies where either DO or IC served as the criterion measure of SB. 

 

2.2.2.1. Validation against IC in youth 

Dowd et al. (36) validated the AP against IC in a sample of 30 female adolescents (15-18 

years). The participants wore an AP device on the right thigh, and a K4b2 for the measured EE. 

The participants performed sitting, standing, and three locomotor activities (slow and brisk 

walking and light jogging at self-selected pace). For sitting, the AP had a perfect (100%) 

agreement with the DO measured time spent sitting. 

 

2.2.2.2. Validation against IC in adults 

Harrington et al. (150) validated the AP MET equation against IC in a sample of 62 

young adult females (15-25 years). The participants performed a laboratory protocol consisting 

of RMR and locomotor activities while wearing an AP on the right thigh and an AMIS 2000 

metabolic measurement system (Innovision, Odense, Denmark) for measured EE. The AP step-

based MET estimates were compared to the measured METs. The estimates significantly 

underestimated the measured values (mean difference = -0.5 METs, ICC = 0.57, p < 0.001).  

 

2.2.2.3. Validation against DO in youth 

Aminian et al. (31) validated the AP for distinguishing between different postures, and 

the number of sit-to-stand transitions against DO in a sample of 25 children (9-10 years). The 
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participants wore an AP device on the right thigh while performing an activity protocol 

consisting of activities ranging from sedentary to vigorous intensities, performed for 2 min each, 

as well as activity patterns that simulated typical classroom behaviors of children in this age. The 

AP data from each 2 min activity was summed in 15 sec epochs. A perfect correlation (r = 1.00) 

was observed between the AP and DO for time spent in “seated/lying” posture, and the activity 

patterns, one of which included transitions between seated and upright posture. A high 

correlation (r = 0.99) between the AP and DO was observed for the total number of sit-to-stand 

and stand-to-sit transitions for each 2 min activity. The results suggest that the AP is a valid tool 

for the measurement of time spent “seated/lying” and the total number of transitions between the 

seated and lying posture in school-aged children. 

Davies et al. (34) validated the AP postural output against DO. Thirty-two children (3.1-

4.9 years, 66% female) wore an AP device on the right thigh while engaging in their typical 

activities. The AP and DO data were time synchronized and analyzed on a second-by-second 

basis for posture (seated/lying, standing, walking). Sensitivity, specificity, and positive 

predictive value (PPV) were calculated for each AP posture category. When analyzed at the 

individual level, 46% (755 min) of the time was in the “seated/lying” category according to DO 

compared to 42% (688 min) estimated by the AP. The AP underestimated the total sitting time 

(mean difference = -4.4%, p < 0.01). The median AP “seated/lying” sensitivity was 92.8%, 

specificity 97.3%, and PPV 97.0%. Based on the results, the AP could be utilized for estimating 

time spent in sitting and/or lying in young children during free-living conditions. 

Janssen et al. (32) validated the AP time in SB and breaks from SB against DO. Forty 

children (4-6 years) performed a 150 min structured activity protocol in a laboratory consisting 

of SB, LPA and MPA. The data collections were video recorded and later coded on a second-by-
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second basis for posture, which included coding for sitting/lying, standing and stepping to match 

the AP. An “other” category was also coded in the DO that included activities such as crawling, 

kneeling, leg hanging off a chair, etc., that didn’t have a clear posture identified. The number of 

breaks from “seated/lying” were also calculated for each participant. Sensitivity, specificity, and 

receiver operating area under the curve (AUC) were used to evaluate the AP classification 

accuracy for posture allocation. When postures classified as “other” by DO were included in the 

analysis, the AP misclassified 51.7% of the other posture category as “seated/lying”. 

Additionally, the total amount of time classified as “seated/lying” by the AP was 46.6% 

compared to the 40.8% measured by DO (mean difference = 5.9%, p < 0.05; AUC = 0.84, 

sensitivity = 87.6%, specificity = 81.0%). When the postures coded as “other” by DO were 

excluded from the analysis, the AP classified 45.6% of the time as “seated/lying” compared to 

the 45.2% measured by DO (mean difference = 0.3%, p = 0.58; AUC = 0.88, sensitivity = 

87.6%, specificity = 88.1%). The AP significantly overestimated the total number of breaks from 

SB compared to DO when the other posture category was excluded (55 vs. 20, respectively, p < 

0.01). Reclassifying the other posture category as “seated/lying” and including in the analysis 

decreased the degree of overestimation but did not change the statistical significance (79 (AP) 

vs. 55 (DO), p < 0.01). The observed degree of overestimation by AP of the total time spent 

“seated/lying” (5.9%) would result in 3.5 min more time classified as sedentary by AP per every 

hour compared to DO, which might have practical or clinical significance if extrapolated out for 

a longer period of time. The primary conclusion was that the AP seems to provide accurate 

estimates of total time spent in SB compared to DO in young children, but its utility in 

quantifying breaks from SB is yet unclear. 
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2.2.2.4. Validation against DO in adults 

Grant et al. (50) examined the reliability and validity of the AP against DO for estimating 

posture and postural transitions in a simulated free-living setting in adults. Ten adults (60% 

female) performed a controlled section (video recorded standing, sitting, and walking at self-

selected speed), and an activity protocol consisting of six ADLs randomly selected from a list of 

19 activities. The participants wore three AP monitors on the same leg, one placed mid-thigh, 

second positioned immediately distally, and third “piggybacked” on top of the second monitor. 

The participants performed each posture and activity once with different order and duration (2-9 

min) assigned for each participant. The total time, time spent in the different postures, and the 

number of postural transitions were calculated by each observer and compared to those obtained 

from each AP device. The validity assessment was done by randomly selecting one of the AP 

devices and comparing the data against one observer. The ICC was excellent (>0.99) for sitting. 

The mean difference for sitting between DO and the AP device was 0.2% during the controlled 

section, and 0.3% during the ADL section. The percent agreement, sensitivity, and PPV between 

the AP and DO for sitting for the controlled time was 98.5%, 99.7%, and 99.8%, respectively, 

and 93.5%, 99.4%, and 99.5%, respectively, for the ADL time. The number of transitions 

between sitting and standing were identical between DO and the AP for all tests. The findings 

suggested that the AP is not only a convenient measure by its small size and ease of use, but it is 

also a valid and reliable device for estimating sitting time during ADLs in a healthy adult 

population. 

  Lyden et al. (35) validated the AP MET output for estimating time in SB in a free-living 

setting against DO in adults. Thirteen participants (61.5% women) were directly observed for a 

10-hr period during three separate days while wearing an AP device on the right thigh. The AP 
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Professional Research Edition software was used to derive the estimated time spent in SB based 

on the posture-based MET prediction equation in the software. The MET value assigned for 

standing was adjusted from the default of 1.4 METs to 1.5 METs. The AP default values for 

sitting/lying posture (1.2 METs) and stepping (internal algorithm estimated the METs from 

cadence) were used. The epochs with a sitting/lying posture and an EE less than 1.5 METs 

(sedentary) were summed together to obtain the total time in SB. The AP estimated time in SB 

was not significantly different from DO measured time in SB (mean bias = 0.8 min, p > 0.05, 

RMSE = 11.8 min, ICC = 0.99). There were no significant differences between the AP and DO 

for the total number of sedentary bouts >30 min or >60 min in duration (mean bias = 0.3% and 

0.0%, respectively; p > 0.05, RMSE = 1.0 min and 0.6 min, respectively, ICC = 0.86 and 0.80, 

respectively), or time spent in sedentary bouts that were >30 min or >60 min in duration (mean 

difference = 19.2 min (18.0%) and 6.7 min (5.6%), respectively; p > 0.05, RMSE = 65.1 min and 

60.2 min, respectively; ICC = 0.84 and 0.78, respectively). The conclusion was that the MET 

outputs from the AP can be used to estimate SB in healthy adults in free-living settings.  

 

2.2.3. ActiGraph and activPAL 

This section includes a brief review of validation studies were SB estimates from both 

AG and AP devices have been compared against IC and DO in the same study. The section is 

organized as that first studies with IC as the criterion measure in both youth and adults will be 

discussed, followed by studies with DO as the criterion measure following the same format. 
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2.2.3.1. Validation against IC in youth 

Crouter et al. (33) validated the AG inclinometer function and SB thresholds and the AP 

for estimating SB against IC. Forty-four youth (11-15 years) completed 2 h of free-living activity 

while wearing an AG GT3X+ device on the right hip and an AP device on the right thigh. A 

K4b2 was used as the criterion for EE, and the VO2 data averaged over one-minute periods and 

converted to METy units (SB was defined as <1.5 METy.). For the device estimates, SB was 

estimated as time below the SB thresholds (VM <75 counts/10 sec, VA <25 counts/10 sec, VA 

<50, <100, <150, and <200 counts/60 sec) and for the inclinometer output when it indicated 

“seated” or “lying” (AG), or “seated/lying” (AP). The AG inclinometer function had the smallest 

mean difference compared to IC (0.2 min) but the second highest RMSE (26.3 min) and the 

highest MAPE (107.1%) of all the estimates. The AP underestimated the K4b2 measured 

sedentary time (mean difference = -1.6 min, RMSE = 28.5 min, MAPE = 85.0%). The mean 

differences for the SB thresholds ranged from 0.6 min (VA <25 counts/10 sec) to 12.0 min (VA 

<200 counts/60 sec). Both the MAPE and RMSE increased with increasing 60 sec SB threshold, 

and only VA <200 counts/60 sec SB estimates were significantly different from the measured SB 

by IC (p < 0.05). VA <25 counts/10 sec had the smallest RMSE (20.6 min), and the VM <75 

counts/10 sec had the smallest MAPE (69.2%) of all the estimates. Most methods tended to 

overestimate lower measured SB time and underestimate higher measured SB time. The 

researchers suggest further refinement and validation of the AP and AG inclinometer function 

before using them as criteria for measuring posture in free-living studies as they seemed to 

perform worse than the commonly used AG SB thresholds. The 10 sec AG thresholds might also 

provide better estimates of youth SB compared to the 60 sec SB thresholds.  
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2.2.3.2. Validation against DO in youth 

Ridley et al. (47) validated the estimated SB time using AG SB thresholds, AG 

inclinometer function, and the AP against DO. Sixty-five youth participants (9-12 years) 

performed their typical classroom activities without researcher intervention other than fitting an 

AG GT3X device on the right hip and the AP on the right thigh. SB time was estimated using the 

AG inclinometer output (time spent “sitting” or “lying”), the AP output (time spent 

“sitting/lying”), and time spent below the AG SB thresholds (VA <13, <25, <38, and <75 counts 

per 15 sec). The System for Observing Fitness Instruction Time (SOFIT) (151) coding system 

was used for DO. Of the AG thresholds, VA <75 counts/15 sec had the smallest mean bias (-

0.2 min, or 2.4%) and the highest correlation with DO for sitting (r = 0.80, p < 0.01), but wide 

95% LOA [lower limit (LL) -10.5, upper limit (UL) 9.9 min]. The AP mean bias for sitting was 

larger than that for the best performing AG SB threshold (VA <75 counts/15 sec), but had a 

stronger correlation and narrower 95% LOA (mean bias = -1.9 min, or 5.6 %, r = 0.86, p < 0.01; 

95%LOA -9.0 to 5.2 min). The results suggest that both devices could be utilized for the purpose 

of assessing youth SB under free-living conditions. The AP device might provide closer 

estimates of youth sitting time compared to the AG SB thresholds, but the results also provided 

evidence for the use of the SB threshold VA <75 counts/15 sec. 

Mitchell et al. (46) examined the validity of the SB estimates and sit-to-stand transitions 

from hip- and wrist-worn AG GT3X and AP devices, compared to DO. Nine overweight and 

obese (BMI >95th percentile) youth (10-17 years) wore an AG device on the right hip and on the 

non-dominant wrist, and an AP device on the right anterior thigh during a weight-management 

session. Data from the hip-worn AG device were analyzed with the inclinometer function and 

with the LFE filter enabled and disabled using SB threshold VA <25 counts/15 sec. The SB 
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threshold for the wrist was VA <105 counts/15 sec. The AP (1-sec epochs) and AG (15-sec 

epochs) where time synchronized with the DO data for analysis at the epoch level for each 

device. Estimates were considered in agreement with DO if the difference was not more than ±1 

epoch different and data was also collapsed to report values per hour.  On epoch-level, the AP 

had a 96.1% agreement with DO for sit-to-stand transitions and was slightly prone for false 

positives. On hour-level, the AP slightly overestimated the sit-to-stand transitions (6.8 vs. 5.8 

transitions/hours; 17.1% difference. ICC = 0.26, p = 0.27). On epoch-level, the AG hip; the AG 

hip with LFE enabled and the AG wrist had similar agreement with DO for the sit-to-stand 

transitions [agreement range, 85.7 (AG wrist) to 88.0% (AG hip with LFE enabled)], but the AG 

inclinometer agreement with DO was significantly lower (54.1%). The sensitivity and PPV were 

low for all the AG estimates and indicated tendency towards false positives. On hour-level, the 

AG hip, AG hip with LFE enabled, and AG wrist overestimated the sit-to-stand transitions by 

189.6 to 202.8%, and the AG inclinometer by 282.6%% [ICC range, 0.0 (AG wrist) to 0.12 

(inclinometer)]. The results indicate that further investigation is needed to determine the validity 

of the AP for quantifying breaks from prolonged SB, and that the commonly used hip- and wrist-

worn accelerometer SB thresholds may not be valid for measuring sit-to-stand transitions and 

detecting breaks from SB. 

In the previously mentioned study by Crouter et al. (33), the posture estimate by the AP 

and the AG GT3X+ inclinometer function were compared against measured posture by DO 

during structured activities in a laboratory setting. Forty-four youth participants (11-15 years) 

completed a 30 min period of supine rest for the measurement of RMR and an activity protocol 

consisting of seven structured activities, ranging from sedentary to vigorous intensities (8 min 

each), while wearing an AG GT3X+ on the right hip and an AP on the right thigh. DO was used 
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as the criterion for posture, and a postural label was assigned for each activity in the structured 

protocol based on minutes 5-7. The AG inclinometer output that was “seated” or “lying” and the 

AP output “seated/lying” were equated as SB. Compared to DO, the AG inclinometer correctly 

classified supine rest 45% of the time, 26.8% for all lying activities, and 47.8% for all sitting 

activities. Combining the “lying” and “sitting” categories so that the AG and AP data could be 

compared resulted in correct classification of 74.6% of all the activities designated as SB by DO. 

The AP correctly classified 54.7% of all the lying/sitting activities compared to DO. The findings 

were similar to Carr, et al. (26), Hänggi, et al. (29), and Peterson, et al. (25); and suggest that 

more studies are needed to examine the validity of the AG inclinometer function, and the AP 

before solely relying on them as valid measures of SB. 

 

2.2.3.3. Validation against DO in adults 

Kozey-Keadle et al. (39) validated AG SB thresholds (VA <50, <100, <150, <200, and 

<250 counts/60 sec) and AP against DO for estimating SB and reductions in sitting time. Twenty 

overweight adult participants performed two seven-day conditions (baseline, and an intervention, 

where the participants were encouraged to reduce sitting time) while wearing an AG GT3X on 

the right hip and an AP on the right thigh. The total SB from both conditions were determined 

from the DO records by summing the time spent in lying and sitting postures. VA <100 

counts/60 sec underestimated the total sedentary time compared to the measured by DO (mean 

difference = -16.9 min, or 4.9%). VA <150 counts/60 sec had the lowest bias [mean difference = 

-0.9 min, or 1.8%), but the other tested thresholds had larger mean biases (mean difference 

range, -60.0 (VA <50 counts/60 sec) to 32.0 min (VA <250 counts/60 sec); or -22.0 to 17.8%]. 

The AP underestimated the total sedentary time compared to the measured by DO (mean 
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difference = -7.7 min, or 2.8%). None of the AG thresholds were sensitive for the reductions in 

sitting time. Average The AP and DO had a strong correlation for the percent time spent in SB 

(R2 = 0.94), and the AP was found to be sensitive for detecting the reduction in sitting time 

between the two conditions (p < 0.01). Based on these findings, VA <150 counts/60 sec SB 

threshold may provide a slightly better estimates of SB compared to the commonly used VA 

<100 counts/60 sec as the mean difference against DO when using this threshold was minimal. 

The relatively small mean difference between the AP and DO, and the device’s ability to detect 

reductions in sitting time suggested that it could be used for these purposes in adult free-living 

studies. 

 Lyden et al. (38) validated AG GT3X SB thresholds (VA <100 counts/60 sec and VA 

<150 counts/60 sec) and the AP for quantifying and detecting changes in breaks from SB against 

DO using a “break rate” (𝑏𝑟𝑘 ∙ 𝑠𝑒𝑑 − ℎ−1). Thirteen physically active adults performed free-

living activities for about 10-hrs on two separate days while wearing two AG GT3X on the right 

hip, one had the LFE filter enabled, and the other operated with the default filter, and an AP on 

their right thigh. First, the participants performed their normal ADLs and PA (baseline) and were 

then asked to decrease their time in SB and break up the SB as much as possible with provided 

guidance and examples (intervention). The measured time spent in SB by DO was 6.3-hrs at 

baseline, and the absolute number of breaks was 30.9 and the break rate was 5.1 𝑏𝑟𝑘 ∙ 𝑠𝑒𝑑 −

ℎ−1. The LFE filter VA <100 counts/60 sec was not significantly different from the measured 

total sedentary time by DO at baseline (mean percent error = 5.6%), but all the other AG 

estimates were significantly different from DO [mean percent error range, 12.1% (default filter 

VA <100 counts/60 sec) to 17.1% (default filter VA <150 counts/60 sec); p < 0.05]. The 

measured time spent in SB by DO was 4.5-hrs during the intervention condition, and the absolute 
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number of breaks was 27.8 and the break rate was 7.3 𝑟𝑘 ∙ 𝑠𝑒𝑑 − ℎ−1. All the AG estimates were 

significantly different from the measured time in SB by DO during the intervention condition 

[mean percent error range, 35.9% (LFE filter VA <100 counts/60 sec) to 50.7% (default filter 

VA <100 counts/60 sec); p < 0.05]. There were significant differences between DO and AG for 

number of sedentary breaks at baseline [mean percent error range, 77.8% (default filter VA <150 

counts/60 sec) to 110.7% (LFE filter AG VA <100 counts/60 sec); p < 0.05] and after the 

intervention [mean percent error range, 98.1% (default filter VA <150 counts/60 sec) to 133.3% 

(LFE filter VA<100 counts/60 sec); p < 0.05], and for the break-rate at the baseline [mean 

percent error range, 53.7% (default filter VA <150 counts/60 sec) to 102.3% (LFE filter VA 

<100 counts/60 sec; p < 0.05] and after the intervention [mean percent error range, 30.4% 

(default filter VA <150 counts/60 sec after intervention) to 75.8% (LFE filter VA <100 

counts/60 sec); p < 0.05]. The AP was not significantly different compared to DO for the total 

time in SB at baseline or after the intervention (mean percent error = 1.6% and 0.1%, 

respectively); the absolute number of breaks (mean percent error = 0.3% and 10.9%, 

respectively), or break-rate (mean percent error = 1.0% and 10.9%, respectively). The findings 

indicated that the AP may provide better estimates of the total sedentary time, absolute number 

of breaks and the break rate than the selected SB thresholds for a hip-worn AG, which were not 

sensitive for the changes in the number of breaks from SB when compared to the measured 

values by DO.  

Steeves et al. (48) compared the posture classification accuracy between the AG 

inclinometer function and AP against DO in a laboratory setting. Twenty-one adults (27% male, 

42% Hispanic) wore both devices on the anterior midline of the thigh, midway between the hip 

and knee joint, placed in a sequence with a slight gap between. One half of the participants wore 
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the AG device proximally, another half distally. The participants performed an activity protocol 

that consisted of different sitting and standing postures, walking scenarios, standing while 

writing on a whiteboard with intermittent steps, and cycling on an upright cycle ergometer. Each 

activity was performed for 2 min, except for self-paced fixed distance activities. The data 

collections were directly observed for the start and stop time of each activity and the postural 

categories. The middle 90 sec of each 2 min laboratory activity were used for the analysis. The 

AG inclinometer function correctly classified five out of six sitting activities 100% of the time 

compared to the AP that classified four out of six sitting activities correctly >95% of the time. 

The classification accuracy for sitting on a laboratory stool was 86% for the AG and only 5% for 

the AP. The results from this study suggest that, compared to DO, an AG device when worn on 

the thigh, may have a higher classification accuracy for SB than the AP. 

Van Loo et al. (137) compared the estimated SB by the AG GT3X+ and the AP against 

DO. Fifty-seven children (split into two age groups: 5-8 years, and 9-12 years) wore an AG 

device on each wrist and an AP on the right thigh while performing a protocol of 15 semi-

structured activities (sedentary to vigorous intensities). The SB thresholds used with the wrist 

AG were VA <1756 counts/60 sec and VM <3958 counts/60 sec (152), VA <161 counts/5 sec, 

VA <202 counts/5 sec, and VM <305 counts/5 sec (153); and VA <35 counts/5 sec, VA <105 

counts/5 sec, VM <100 counts/5 sec, and VM <275 counts/5 sec (27). The SB threshold used 

with the hip AG was VA <25 counts/15 sec (139). VM <3958 counts/60 sec estimated SB was 

equivalent to the measured time by DO in both age-groups [mean bias = 4.1% (5-8 years), and -

1.7% (9-12 years); ICC range, 0.82-0.85; p = 0.02 and p <0.001, respectively]. VA <1756 

counts/60 sec was equivalent to DO in the older age-group and the closest estimate in the 

younger group [mean bias = -1.7% and -6.5%m respectively, ICC = 0.86 for both, p < 0.01 (9-12 
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years) and p = 0.08 (5-8 years)]. VA <35 counts/5 sec estimated SB was also equivalent with DO 

in 9-12 years (mean bias = 2.5%; p < 0.01); and VM <100 counts/5 sec approached equivalence 

(mean bias = 5.3%, p = 0.05). The hip SB threshold VA <25 counts/15 sec  had a greater mean 

bias compared to the best wrist SB thresholds VA <1756 counts/60 sec and VM <3958 counts/60 

sec (mean bias = -15.8% (5-8 years) and -17.8% (9-12 years); ICC = 0.85 for both). The AP was 

not significantly different from the measured SB by DO for 9-12-year-olds (mean bias = 1.4%). 

All the SB thresholds in both age groups, wrists, and hip overestimated the number of breaks 

from SB (mean difference range, 1.8-160.8 for the wrist estimates, p < 0.05, and 29.3-33.2 for 

the hip estimates, p < 0.01); except for VM <3758 counts/60 sec in the non-dominant wrist 

(mean difference = 1.4 (5-8 years), p = 0.24; and 1.8 (9-12 years), p = 0.05), and the 5 sec 

thresholds were more biased than the 60 sec thresholds (154.4 vs. 2.9 for 5-8 years, and 129.9 vs. 

2.5 for 9-12 years). The AP was better at detecting breaks from SB (8.5 (5-8 years), and 3.2 for 

(9-12 years); both p < 0.01). The results indicated that VA <1756 counts/60 sec and VM <3958 

counts/60 sec wrist SB thresholds could be utilized with a similar level of confidence than the 

hip threshold VA <25 counts/15 sec for estimating time in SB, but in general, the AP may 

provide better estimation of the sedentary time in children. 

 

2.2.3.4. Conclusion 

The summarized studies demonstrated that the AG SB thresholds have been validated 

against both DO and IC in youth and adults. Fewer studies exist where the AP devices have been 

validated against IC. Based on the existing literature, the AG SB thresholds seem to generally 

provide better estimates of SB with smaller error scores against IC. The validity of the AG 

inclinometer is still unclear due to the contradicting findings, and its utility should be 
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investigated further. But this observation may simply be a result of the criterion measure utilized 

for the validation. The AP generally demonstrated smaller error compared to DO for estimated 

SB time, but more studies where the AP postural output is compared against IC are needed. The 

findings may also suggest that laboratory studies tend to result in smaller degree of error between 

the estimated and measured SB compared to free-living studies. Therefore, the validity of 

objective estimates should be investigated and compared against the criterion measures in both 

settings. 

  

Conclusion 

SB consists of any waking behavior performed in a seated, reclining or lying posture with 

an EE less than or equal to 1.5 METs. (14, 52). Reviewing the existing literature showed that 

there is substantial evidence to support the negative, health-deteriorating effects of increased 

time spent in SB on the risk of morbidity and mortality across the population. Therefore, 

studying the dose-response relationship between the volume of SB, as well as the effects of 

breaking up SB on these outcomes becomes relevant. 

 Quantifying SB can be accomplished with criterion measures, which include DO for 

posture and IC for EE. Secondary measures, which include both subjective and objective 

measures, are widely utilized in SB research due to their higher feasibility. Criterion measures 

are used to validate the secondary measures. Due to the negative health implications associated 

with SB, it is important that the measures used for quantifying the behaviors are as valid and 

reliable as possible.  

Many self-reports include the assessment of TV viewing and other screen time as the 

primary indicator of SB (108, 120-125). The validity of the self-report questionnaires is of 
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unknown quality, and the use of this method may be limited in younger populations due to a 

greater extend of recall and misclassification bias. Nevertheless, the method may be more 

practical in large-scale population studies where other measures might be less feasible and 

increase both the participant and observer burden. 

Accelerometer-based devices have gained more ground as potential tools in SB research 

due to their ease of use and potentially higher accuracy compared to subjective measures. The 

SB prediction algorithms for accelerometry data have been validated against both postural and 

EE criterion measures. The reviewed studies suggested high agreement with DO SB time and 

posture for the AP devices, but the findings were contradicting for the AG devices. These 

differences may be due to the criterion measure used for the validation. The AP device has only 

one algorithm that is more often compared against DO than IC as the proprietary algorithm is 

designed to estimate posture. There is a wide range of SB thresholds and epoch lengths that can 

be utilized with the AG devices. The cited studies demonstrated that the choice of the criterion 

measure matters for the validity of the AG estimates of SB. Most validation studies were done in 

structured laboratory settings, and the AG devices were more often validated against IC, and the 

AP devices against DO. Changing the criterion measure and moving from laboratory to free-

living settings influenced the validity, as was seen in the study by Crouter et al. (33). The effect 

of the criterion measure used to validate subjective and objective measures is an important factor 

and may greatly influence the outcome of the validation studies. Because the consensus 

definition of SB includes the consideration of both the activity EE and posture, validating the 

secondary measures against the DO and IC together (“combined approach”) would be an ideal 

practice and provide insights of the secondary measure’s validity to capture true SB.  
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The search of the existing literature did not result in any studies that had utilized the 

combined approach to measure SB. A few studies were identified that looked at both the EE and 

posture together in the same study, but none of them used both postural and EE criterion together 

(24, 33, 99). A few studies done in adults utilized the Compendium of Physical Activities to 

derive the intensity level for activities (24, 35), but none used IC as the criterion measure for EE 

together with the criterion measure for posture. One youth study by Crouter et al. (33) utilized 

both the K4b2 and DO to validate objective measures for estimating SB. The strength of the 

study was that it was the first one to utilize both criterion measures to validate objective 

measures in a single study, however, the criterion measures were used separately, not together as 

the combined approach.  

This literature review demonstrated that validation studies do not generally follow the 

consensus definition of SB and validate objective measures against both the postural and EE 

criterion measures. That means only one half of the consensus definition of SB is being utilized, 

and it is unknown how valid the estimates are against both postural and EE criterion measures of 

SB. This means that there is a gap in the existing literature of how the validity of SB estimates 

derived from commonly used accelerometer-based devices is affected by the criterion measure 

used for the validation – whether the estimates are compared against the postural and EE 

criterion measures independently, or together as the combined approach.  
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CHAPTER III: MANUSCRIPT 
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Introduction 

Growing evidence suggests that sedentary behavior (SB) is an important independent risk 

factor for premature morbidity and mortality of all-causes (5, 8-10), and contributes to the 

increased prevalence of obesity in youth and adults (53, 154-157). Individuals spend a large 

amount of the waking hours in different SB (58), with motives ranging from leisure [e.g. 

watching television (TV)] to more “purposeful” or “required” SB (e.g. transportation and 

occupational). Most evidence about the impact of SB on different health outcomes in children 

and youth is based on studies of TV watching and other screen-time (158-161). The association 

between TV watching and increased prevalence of obesity may be due to the biological effects 

associated with increased time spent sitting, decreased active time, or eating unhealthy foods in 

front of TV, or some combination of them all. These behaviors can lead to overeating and 

positive energy balance (161). 

According to the Sedentary Behavior Research Network (SBRN), SB is “any waking 

behavior characterized by energy expenditure (EE) less than or equal to 1.5 metabolic 

equivalents (METs)”, and is performed in “a sitting, reclining or lying posture” (14). Quantifying 

SB is important to obtain accurate data of the current trends so that dose-response relationships 

between SB and different health outcomes can be drawn, and effective intervention programs 

developed to reduce the time spent in sedentary pursuits. Criterion measures are the most 

accurate at capturing different components of a behavior, but no single measure is available that 

can simultaneously capture both posture and EE. Because the SB consensus definition consists of 

two components, separate criterion measures have been determined for posture [direct 

observation (DO)] and EE [indirect calorimetry (IC)]. In addition to the activity type and posture, 

DO may be used to obtain information regarding the contextual variables, such as the physical 
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and social environment where the activity is being performed. IC is a technique that measures an 

individual’s oxygen consumption (VO2) and carbon dioxide (CO2) production, which is used to 

calculate EE. Using the criterion measures is often less feasible in research studies, and that is 

why they are used to validate objective measures, such as prediction algorithms for 

accelerometer-based devices for estimating SB.  

ActiGraph [(AG), Pensacola, FL] and activPAL [(AP), Glasgow, Scotland, UK] are 

commonly used research-grade accelerometer-based devices capable of quantifying SB. Time 

spent in SB can be estimated from the AG using SB thresholds or the inclinometer function to 

get an estimate of posture. Typically, the SB thresholds are applied to AG proprietary counts 

(although they can also be used with the raw acceleration data). Counts that are below a specified 

SB threshold or an inclinometer output of “lying” and “sitting”. Using counts to estimate 

sedentary time is based on EE and does not take posture into account; rather assumes that the 

individual is in a seated or lying position while engaging in the low-EE behaviors (33). 

Inclinometer measures the distribution of the gravitational acceleration among the three axis of 

the accelerometer and can be used to estimate time spent in SB based on  posture (33). The AP 

proprietary algorithm uses accelerometer-derived information about thigh position and 

acceleration to determine body posture and transition between postures (162). The time spent in 

“seated/lying” posture is equated as SB. 

Some studies have used DO as the criterion measure (23-26), others IC (27-30), and the 

outcomes have varied based on the criterion measure used. Of the AG SB thresholds, the vertical 

axis (VA) <100 and VA <150 counts/60 sec have been shown to provide the closest estimates of 

time spent in SB in both youth (23) and adults (25, 26) when DO has been used as the criterion 

measure of SB. VA <25 counts/10 sec and vector magnitude (VM) <75 counts/10 sec have been 
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shown to provide closer estimates of SB against IC in youth under free-living conditions (33, 45, 

47), and the VA <50 counts/60 sec in adults under free-living conditions (30). 

Posture classification by the AP proprietary algorithm has been shown to have high 

agreement with DO for estimating SB in youth (31, 163) and adults (35, 39, 50). However, in 

youth, when IC has been used as the criterion measure of SB, the AP has been shown to have 

greater error for the estimated time in SB (33). The use of the AG inclinometer function to 

estimate SB is a less studied concept, and studies have reported contradicting results (25, 26, 29, 

33). Crouter et al. (33) found the AG inclinometer and AP provided similar estimates of posture 

in youth during structured laboratory activities when, using  DO as the criterion measure. In the 

same study, IC was used as the criterion measure during free-living conditions, and the AG 

inclinometer SB estimates had the lowest error, compared to IC, for time spent in SB, but had 

greater individual error than the AP.  

It is possible that differences exist for the measured SB between DO and IC, and that 

these differences influence the degree and direction of the error in SB estimates derived from the 

accelerometer-based devices. When either DO or IC is used independently to quantify SB, only 

one half of the SB consensus definition is being utilized and the other half is being left out of 

consideration. Using DO as the criterion measure of SB may result in a larger amount of 

measured SB compared to IC because the method quantifies SB based on the activity posture; 

and some activities performed in SB posture may in fact have a higher than 1.5 MET EE (22), 

leading to misclassification of the activity as sedentary. In a recent free-living study in young 

adults, Marcotte et al. (24) compared the objective estimates of SB against posture and EE 

together, but the EE values were not measured by IC but were derived from the Compendium of 

Physical Activities (22). No studies have validated objective measures against the “combined 
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approach” (DO+IC), i.e. using both measured EE and posture together that align with the SBRN 

consensus definition of SB (14). It is unclear how the postural and EE criterion measures 

compare against one another and against the DO+IC method, and how the validity of objectively 

estimated SB would be influenced by using different criterion measures for the validation. 

Therefore, the primary purpose of this study was to compare the measured sedentary time by the 

SB criterion measures (DO, IC, and DO+IC). The secondary purpose was to determine how 

changing the criterion measure influences the direction and degree of error between the 

estimated SB by the AG SB thresholds and inclinometer function and the AP inclinometer 

function, and the measured SB by the criterion measures.  

 

Methodology 

1. Participants 

This study was a secondary analysis of data collected for a larger study (164, 165). One 

hundred youth participants aged 6 to 18 years old were recruited from the Knoxville, TN 

community via flyers (Appendix C), and word of mouth. Written informed consent (Appendix D) 

and a prescreening health history questionnaire (Appendix F) were obtained from each 

participant’s parent or legal guardian before enrollment in the study. A written informed assent 

(Appendix E) was obtained from the participant before beginning the data collection. The 

recruitment process aimed to achieve a sample with an evenly distributed range of ages (grouped 

as <12 years and ≥12 years old) and sexes. Participants with any contraindications to exercise 

reported by the parent or legal guardian, including musculoskeletal injuries during the past six 

months that would not permit safe participation in PA; cardiorespiratory conditions, including 

asthma; metabolic conditions or prescription medications that could influence metabolism, were 
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excluded from the study. The study methods and procedures were approved by The University of 

Tennessee, Knoxville Institutional Review Board. 

 

2. Procedures 

The study consisted of two laboratory visits at The University of Tennessee, Knoxville 

Applied Physiology Laboratory. During the first visit, following the informed consent and assent 

and the pre-participation screening process, anthropometric measurements (height and seated 

height (cm), body mass (kg), and body fat percentage (%)] were obtained in light clothing with 

shoes and socks removed. Height measurements were obtained using a mounted portable 

stadiometer (SECA 213, Hamburg, Germany), and body mass and body fat percentage with a 

bioelectrical impedance analysis (Tanita BIA BC-418, Tokyo, Japan). Body mass index (BMI) 

was calculated by dividing the participant’s measured body mass in kilograms by their measured 

height in meters squared. A combination of research-grade and consumer-grade PA monitors 

were fitted on each participant in different body locations. For the purpose of the subsequent 

analyses, only the AG GT9X (ActiGraph LLC, Pensacola, FL) worn on the right hip, and the two 

AP 3C (PALTechnologies Ltd, Glasgow, Scotland, the UK) worn on each thigh (APleft on the left 

side and APright on the right side) are reported here. For the measurement of EE, each participant 

also wore a Cosmed K4b2 [(K4b2); Cosmed Inc, Rome, Italy] portable IC, that was mounted on a 

chest harness provided by the manufacturer. Classification of posture was done with DO using a 

custom coding scheme created on the Noldus Observer XT software (Noldus Information 

Technology, Wageningen, The Netherlands). As a secondary record, the laboratory visits were 

also video recorded using a Canon Vixia HFR700 camcorder (Canon Inc, Ōta, Tokyo, Japan). 
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During the first laboratory visit, the participants were asked to complete a 30 min period 

of supine rest in a quiet room to determine their resting metabolic rate (RMR), followed by a 

semi-structured activity protocol that consisted of eight activities that were randomly selected 

from a list of 16 activities, five of which were sedentary (Appendix A – Table 1). Each activity 

was performed in duplicate, one bout being 60-90 sec and the other 4-5 min in duration. 

Participants were given the freedom to select the order in which they wanted to perform the 

activities with as little limitations as possible, but some constrains were held in place; related to 

space availability and scheduling issues and optimizing the transition time between activities. 

The order of the bout duration (i.e. the long or short bout first) was randomized by the research 

team. At 60 sec or 4 min of an activity, the participant was provided with a verbal prompt to 

transition to the next activity when they were ready. If the participant did not transition before 

reaching the maximal bout length (90 sec or 5 min), they were asked to transition to the next 

activity. The remaining eight activities were performed during the second laboratory visit 

following the same procedures.  

 

3. Equipment 

3.1. PA monitors 

ActiGraph GT9X (AG) is a small (3.5 cm x 3.5 cm x 1.0 cm), lightweight (14 g), and 

water-resistant (1 m, 30 min) triaxial research-grade accelerometer-based device with a 

programmable display window that can be worn on the hip, wrist, or ankle. The primary triaxial 

accelerometer measures acceleration with a dynamic range of ±8 gravitational units (g’s) with 

the sampling frequency ranging from 30 to 100 Hz (in 10 Hz increments). The device also 

contains an inertial measurement unit (IMU) that samples at 100 Hz, and houses the secondary 
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triaxial accelerometer with a dynamic range of ±16 g, a triaxial gyroscope with a dynamic range 

of ±2,000 o/s, a magnetometer with a dynamic range of 4,800 µ-Tesla, and a thermometer that 

measures the sensor temperature.  

In this study, the primary accelerometer was set to collect data at 90 Hz, the IMU enabled 

(100 Hz), and the Idle Sleep Mode disabled. At the beginning of each data collection, the device 

was initialized and synchronized with an external digital clock so that the start time and activity 

time stamps could be synchronized with the data from the K4b2, DO, and APs. During all testing, 

the AG was attached to an adjustable nylon belt and worn at waist level on the right anterior 

axillary line. The raw acceleration data from the AG was exported to a PC using the 

manufacturer’s ActiLife software.  

activPALTM 3C (AP) is a small (35 mm × 53 mm × 7 mm), lightweight (15 g), triaxial 

accelerometer-based device that is typically worn on the anterior midline of the thigh, midway 

between the inguinal crease and the proximal border of patella. The AP contains a 

microprocessor, a sensing element, a recording element, associated electronics and a power 

supply (49). The device has a sampling frequency of 20 Hz and it is intended to be used to detect 

posture allocation based on the accelerations related to the changes in thigh inclination. The 

device has the capacity to record and store raw acceleration data up to 14 days.  

In the current study, an AP device was attached on each thigh with a non-allergenic adhesive 

tape. The AP was synchronized with an external digital clock so that the start time and activity 

time stamps could be synchronized with the data from the K4b2, DO, and AG. After each data 

collection, data from the devices were exported to a PC using the activPAL Professional 

Research Edition software. 
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3.2 Indirect calorimetry 

 Cosmed K4b2 is a portable IC that provides breath-by-breath (BxB) measures of 𝑉𝑂2 

and 𝑉𝐶𝑂2. The K4b2 has been reported to be valid for the measurement of EE compared to the 

Douglas bag (DB) method (78). Prior to each test, the oxygen (O2) and carbon dioxide (CO2) 

analyzers were calibrated according to the manufacturer’s instructions. The calibration process 

consists of a room air calibration, a flow turbine calibration with a 3.00-L Hans-Rudolph syringe 

(Hans Rudolph Inc., Shawnee, KS), and a reference gas calibration with a known gas mixture 

(15.93% O2, 4.92% CO2, N2 balance); and a delay calibration to adjust for the lag of time that 

occurs between the measurement of expiratory flow and the gas analyzers. The K4b2 was 

mounted to the participant’s chest with a specific harness provided by the manufacturer and 

connected to a sealed rubber mask with a sampling line that transports gas samples to the 

analyzers. The system weighs approximately 1.5 kg. Data from the K4b2 was exported to a PC 

using the manufacturer’s software and synchronized with the data from DO and the activity 

monitors. 

 

3.3 Direct observation 

Observer XT is a computer program designed for DO and coding of activity behaviors. 

This can be done both in real-time (i.e. live coding) or in retrospective using video recordings 

that are uploaded to the program. In the current study, all the coding was done in real-time using 

the Noldus Pocket Observer application (version 3.2), which is an extension of the Observer XT 

for Android Tablets. A coding scheme consisting of the 16 activities in the protocol (Appendix A 

– Table 1) plus labels for the start and stop time; activity posture, possible transitions between 

activities, unknown activity, and social and environmental context were created in the Observer 
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XT. The coding scheme was then downloaded to the Pocket Observer for real time live coding 

during the data collections. Following each data collection, the observation records were 

imported to the Observer XT. As a secondary record, the laboratory visits were also video 

recorded using a Canon Vixia HFR700 camcorder (Canon Inc, Ōta, Tokyo, Japan). The video 

records were imported to the Observer XT and synchronized with the manually coded DO 

records from the Pocket Observer. The DO data were then synchronized with the IC and the 

activity monitor data from the AG, APs.  

 

4. Data processing 

Data were processed using the R computer programming language and software 

environment (http://cran.r-project.org/). Only the long activity bouts (4-5 min) were used in the 

analysis because the length of the short activity bouts (60-90 sec) were not adequate to reach 

metabolic steady state. The data was obtained from all the measures and converted into a 

comparable form so that a second-by-second analysis could be performed.  

 

4.1. Cosmed K4b2 

The K4b2 was the IC criterion measure for EE. The BxB absolute VO2 data (ml ∙  min−1)  

were imported from the device to the COSMED software. The VO2 data from the long activity 

bouts were collapsed into 15 sec epochs by averaging the VO2 values over the time length using 

the manufacturer’s instructions. The VO2 data were then exported as a .csv file for further 

processing in R. 

The RMR was calculated from the VO2 data obtained during the 30 min supine rest by 

using rolling averages (i.e. the “sliding window” approach), where the first 10 min and last 1 min 
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were excluded, and the breaths were averaged with any breaths in the preceding five minutes. 

This process was repeated until the 30 min period was up. As a result, the 5 min period with the 

lowest mean 𝑉𝑂2 value was used as the measured RMR for the participant. The RMR data were 

screened for outliers, and participants whose RMR was more than two standard deviations from 

the mean of their age group (i.e. <12 years or ≥12 years old) were removed. 

The 15 sec absolute VO2 data (𝐿 ∙ 𝑚𝑖𝑛−1) were converted to relative VO2 values [(mL ∙

kg−1 ∙ min−1); the volume of O2 consumed by unit of body mass)] by dividing the values by the 

participant’s body mass. To account for the additional mass of the devices worn by the 

participant, 2 kg were added to each participant’s measured body mass for all weight-bearing 

activities. Youth-METs (METy) were then calculated by dividing the measured relative activity 

VO2 by the measured RMR. This was done because youth have a higher RMR than adults (73), 

and using the adult value would result in an overestimation of the EE and activity intensity. The 

METy values were then expanded back out to 1 sec epochs, where the same METy values were 

replicated across all the individual seconds within each 15 sec epoch. After this process, each 

second of the long activity bouts from both laboratory visits were categorized as sedentary 

(METy ≤1.5) or non-sedentary (METy >1.5). 

 

4.2. Direct observation 

DO was used as the criterion measure for posture. The DO data were first imported from 

the Pocket Observer application to the Observer XT software, after which the 1 sec event logs 

were imported to R for processing.  

A custom R script was used to process the DO event logs and separate the long activity 

bouts from the entire trial for further processing. Each timestamp was analyzed for the activity 
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and posture labels. In general, activities performed in seated, reclining or lying posture were 

labeled as sedentary, and activities performed in other postures were labeled as non-sedentary. 

However, stationary cycling was categorized as a non-sedentary activity due to higher EE (METy 

>1.5) associated with the activity, regardless of the seated posture.  

 

4.3. Combined approach 

The 1 sec IC and DO data were merged together for the “combined approach” (DO+IC) using a 

custom R script. All the seconds where the METy were ≤1.5 and the postural label sedentary 

were categorized as sedentary; the seconds that did not meet both criteria were categorized as 

non-sedentary. 

 

4.4. ActiGraph GT9X 

The 1 sec raw acceleration data from the AG primary accelerometer (90 Hz) and 

gyroscope (100 Hz) were exported to a PC using the ActiLife software. The data were then 

converted to 10 sec and 60 sec epochs, and imported to R in .csv files for analysis using four SB 

thresholds [VM <75 counts/10 sec (28), VA <25 counts/10 sec (28), VA <100 counts/60 sec 

(166), and VA <150 counts/60 sec] and the inclinometer function. The epochs where the 

accelerometer counts were below these thresholds were categorized as sedentary, and those 

where the count thresholds were exceeded were categorized as non-sedentary. The AG 

inclinometer has four possible outputs: lying, sitting, standing, and non-wear. The seconds where 

the inclinometer output was either sitting or lying were categorized as sedentary, and those 

where the output was standing, or non-wear were categorized as non-sedentary.  
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4.5. activPAL 3C 

Data from both the left and right APs were exported to a PC using the ActivPAL 

Professional Research Edition software. The event files were imported to R and a custom R 

script was used to transform the event files into 1 sec files. The 1 sec files were then analyzed for 

the postural categories (sitting/lying, standing, and stepping). The seconds where the AP postural 

output was sitting/lying were categorized as sedentary, and the seconds where the output was 

something else (standing or stepping) were categorized as non-sedentary. 

 

4.6. Final dataset 

After obtaining and processing data from each measure with each second labeled as 

sedentary or non-sedentary, all the timestamps were aligned with a Windows system clock. The 

AG timestamps were aligned automatically during the initialization process. The DO records 

from the Pocket Observer included the start and stop times that were obtained from a known 

Windows time. These timestamps were used to calculate the offset between the Android 

timestamps and Windows system clock, which was then subtracted from all Android timestamps 

to obtain Windows timestamps. The K4b2 timestamps were in a relative form (minutes and 

seconds since the beginning of the measurement). The relative timestamps were added to the 

original start time of the measurement recorded from a Windows system clock to calculate a 

Windows timestamp for each data point. 

 Participants who completed both laboratory visits and had valid data from all the 

measures were included in the analyses. Data from all the measures (DO, IC, all the AG 

comparison measures, and both AP devices) from each laboratory visits were first merged 

together into two separate Microsoft Excel spreadsheets for each participant. The two laboratory 
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visits were first examined independently. Timestamps where data from any measure was 

momentarily missing were removed: missing data from one measure lead to the deletion of the 

entire data row for that specific timestamp so that data from all the devices could be compared in 

that timestamp and no values were missing. The number of timestamps categorized as sedentary 

were summed together in seconds and divided by 60 to obtain the total number of sedentary 

minutes for both data collection days. The sedentary time from the two separate visits, using only 

the long activity bouts, were then added together for the total number of sedentary minutes from 

each measure and participant. These data were then included in the master participant file on 

Microsoft Excel.  

 

5. Statistical analysis 

Statistical analyses were performed with IBM SPSS statistics software version 25.0 

(IBM, Armonk, NY). The statistical significance level was set to p ≤ 0.05.  

Initially, between-subjects factors effect of participant’s sex or age on the measured SB 

was tested by performing two one-way repeated measures ANOVAs. In these analyses, the 

participant’s sex (male or female) and age (<12 and ≥12 years) were the independent variables, 

and the measured SB by DO, IC, and DO+IC were the dependent variables.   

Subsequently, a one-way repeated measures ANOVA was used to compare the means of 

the measured SB by the criterion measures (DO, IC, and DO+IC). Subsequently, three one-way 

repeated measures ANOVAs were performed to compare the criterion measures (DO, IC, and 

DO+IC) against the objective estimates of SB derived from the AG and AP accelerometer-based 

devices: first, the measured SB by DO was compared against the objectively estimated SB; then, 

the measured SB by IC was compared against the objectively estimated SB, and lastly, the 
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measured SB by DO+IC was compared against the objectively estimated SB. In these three 

comparisons, the independent variable was the criterion measure (DO, IC, or DO+IC), and the 

dependent variable was the validity of the objective estimates of SB (i.e. whether or not the 

differences were statistically significant). 

Bland-Altman plots, mean absolute percent error (MAPE), and percent difference 

between the measured and estimated sedentary time were utilized to assess further agreement. 

The MAPE was calculated by subtracting the estimated value from the measured value and 

dividing the outcome by the measured value, times 100. The percent difference was calculated 

by taking an average of all the individual differences to obtain a group level mean difference.  

 

6. Results 

Of the 100 youth who volunteered to participate, 7 withdrew before completing the study, 

13 were removed due to issues related to the K4b2 on one or both days, and 15 were removed 

due to missing AG data (n = 1) and missing AP (n = 14) data on one or both days (Appendix B – 

Figure 1). The final sample included 65 youth (mean ± SD age: 12.6 ± 3.2 years, 47.7% male; 

Appendix A – Table 4).  

 

6.1. Interaction effect of sex or age 

Separate repeated measures ANOVAs for between subject factors controlling for the 

participant’s sex (male or female) and age (grouped as <12 years old and ≥12 years old) were 

performed prior to the primary analysis. No significant interaction effect on the total sedentary 

time were found for the participant’s sex (F(1, 63) = 1.58, p = 0.214) or age (F(1, 63) = 0.472, p 

= 4.95), so these factors were not included as potential cofounders in the primary analysis. 

 



75 
 

6.2. Comparison of the criterion measures 

The measured total sedentary time by the criterion measures were significantly different 

from one another (F(2, 63) = 64.9, p < 0.001). The IC was significantly less than that measured 

by DO+IC (mean difference = -2.5 min, MAPE = 10.1%, p = 0.017; Appendix A – Table 3). The 

measured total sedentary time by DO was significantly greater compared to the combined 

approach (mean difference = 4.5 min, MAPE = 14.7%, p < 0.001). The IC measurement of total 

sedentary time was significantly less compared to the DO measurement (mean difference = -7.0 

min, MAPE = 12.9%, p < 0.001).  

Bland-Altman plots (Appendix B - Figure 2, A-C) showed mean biases ranging from -4.5 

to 7.0 min. Both the IC and DO had similar, wide limits of agreement with the combined 

approach, but the IC had the smallest mean bias compared to the combined approach. When the 

DO and IC measurements were compared, the 95% limits of agreement (95% LOA) were the 

narrowest [lower limit (LL) -2.7 min, upper limit (UL) 16.7 min], but the mean bias the highest 

(7.0 min). 

 

6.3. DO as the criterion measure 

The estimated total sedentary time by the APleft, VM <75 counts/10 sec, and the VA150 

were not significantly different from the measured by DO (F(1,64) = 0.081, 3.22, and 3.56, 

respectively; p = 0.777, 0.077, and 0.064, respectively; mean difference = -0.3, -1.5, and -1.8 

min, respectively; MAPE = 12.0, 9.2, and 11.4%, respectively; Appendix A – Table 4). The 

APright, VA <25 counts/10 sec, and the AG inclinometer function significantly overestimated the 

total sedentary time by DO (F(1,64) = 17.46, 52.78, and 417.73; all p < 0.001; mean difference = 

3.9 min, 6.2 min, and 32.8 min, respectively; MAPE = 12.4%, 13.6%, and 59.3%, respectively). 
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The VA <100 counts/60 sec significantly underestimated the total sedentary time measured by 

DO (F(1,64) = 12.06, p = 0.001; mean difference = -3.1 min, MAPE = 10.8%).  

Bland-Altman plots (Appendix B – Figure 3, A-G) showed a large negative mean bias for 

the AG inclinometer, but the mean biases for the other estimates were near 0 min. The 

inclinometer also had the widest 95% LOA (LL -58.1 min, UL -7.4 min). All the estimates had 

relatively wide 95% LOA, but the VM <75 counts/10 sec had the narrowest ones (LL -11.4 min, 

UL 14.3 min). 

 

6.4. IC as the criterion measure 

All the objective measures significantly overestimated the measured sedentary time by 

the IC (Appendix A – Table 5), ranging from 3.9 min (VA <100 counts/60 sec; F(1,64) = 23.83, p 

< 0.001) to 39.9 min (AG inclinometer; F(1,64) = 649.29, p < 0.001). The smallest MAPE was 

for the VA <100 counts/60 sec (12.7%) and the greatest for the AG inclinometer (82.6%). 

The Bland-Altman plots (Figure 3. A-G, Appendix B) showed mean biases below zero 

(range, -3.9 min (VA <100 counts/60 sec) to -39.8 min (AG inclinometer). The AG had the 

widest 95% LOA (LL -64.5 min, UL -15.1 min), and the VM <75 counts/10 sec had the 

narrowest 95% LOA (LL -16.4 min, UL 5.3 min). 

 

6.5. Combined approach as the criterion measure 

The measured SB by DO+IC was compared to the estimated SB by the objective 

measures (Appendix A – Table 6). The estimated sedentary time by the VA <100 counts/60 sec 

was not significantly different from the measured by DO+IC (F(1,64) = 1.59, p = 0.212; mean 

difference = 1.4 min, MAPE = 12.7%). The APleft and APright; VA <25 counts/10 sec, and the AG 
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inclinometer function significantly overestimated the measured total sedentary time by DO+IC 

(F(1, 64) = 52.87, 59.12, 108.61, and 427.45, respectively; all p < 0.001; mean difference = 4.2 

min, 8.4 min, 10.7 min, and 37.3 min, respectively; MAPE = 10.2%, 19.3%, 23.5%, and 75.3%, 

respectively). The VM <75 counts/10 sec and VA150 also significantly overestimated the 

measured total sedentary time by DO+IC, but the overestimation was smaller compared to the 

other estimates (F(1,64) = 8.58 and 5.29, respectively, p = 0.05 and 0.025, respectively; mean 

difference = 3.0 min and 1.4 min, respectively; MAPE = 12.6% and 13.6%, respectively).  

The Bland-Altman plots (Appendix B, Figure 4, A-G) showed negative mean biases 

(range, -1.4 min (VA <100 counts/60 sec) to -37.3 min (AG inclinometer). The AG inclinometer 

function had the widest 95% LOA (LL -65.8 min, UL -8.8 min), and the APleft had the narrowest 

95% LOA (LL -13.3 min, UL 4.9 min) but several outliers. 

 

Discussion 

Studies use DO and IC to validate accelerometer-based devices for estimating SB. Not 

much is known about the potential differences between these criterion measures for the measured 

SB and how using only one half of the SBRN SB consensus definition (14) compares against the 

true measured SB time by DO+IC with both measured posture and EE. This was the first study 

that utilized the DO+IC method and examined the differences between the criterion measured SB 

time using all the SB criterion measures, and how utilizing a different criterion measure 

influences the interpretation of the accelerometer-based estimates of SB. The primary finding 

from this study was that there were significant differences between all three criterion measures 

for sedentary time; IC measured the least amount of sedentary time followed by DO+IC and DO 

only. Typically, DO is only concerned about the postural allocation of a behavior. Due to this, it 

was expected that the method might result in misclassification of some behaviors as sedentary, 
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i.e. a greater amount of measured SB than by IC or DO+IC. Some behaviors performed in a 

sedentary posture may include additional limb movement that results in an EE that is higher than 

1.5 METs. On the other hand, some behaviors performed in a non-sedentary posture may have a 

lower EE than what the posture might indicate, and thus result in misclassified as sedentary. For 

example, standing quietly in a line has an EE of 1.3 METs according to the Compendium of 

Physical Activities (22). This behavior would be classified as non-sedentary by DO and 

sedentary by IC. The DO+IC method balances out these potential misclassifications by 

considering both posture and EE together. The measured SB by this method in the current study 

was indeed between the IC and DO measured SB. 

The degree and direction of error of the objective estimates of SB were influenced by the 

criterion measure used. The AP devices are widely utilized in SB research and have been found 

to provide close estimates of time spent in different postures in youth (31, 34, 163) and adults 

(35, 50) compared to DO as the criterion measure. In the current study, when DO was the 

criterion measure the AP worn on the left thigh (APleft) provided the closest estimate of SB with 

a mean difference of 0.3 min (-0.2%). This finding is similar to a study by Grant et al. (50) that 

used adult participants and found a mean difference that was similar in magnitude (0.2%) 

between AP and DO for total time spent sitting. The AP device is typically worn on the anterior 

aspect of the right thigh (138), but in the current study, one AP device was placed on each thigh. 

What was interesting and unexpected was that the AP worn on the right thigh (APright) provided a 

significantly different estimate of total sedentary time compared to both DO and the APleft (mean 

difference against DO = 3.1 min, and between the limbs = 4.2 min). The reason for the difference 

between the limbs is unknown but can be speculated to be related to limb-dominance or bending 

of one of the legs during certain activities, such as while the RMR was being measured. This 
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would position the device vertically and lead to misclassification of the activity as non-sedentary 

(standing). Unlike the AP proprietary algorithms, posture classification by the AG inclinometer 

is a less studied concept. In a study by Crouter et al. (33), the AG inclinometer provided closer 

estimates of SB time than the AP when DO was used as the criterion in a laboratory setting. In 

the current study, the AG inclinometer had the greatest degree of error compared to DO, and it 

overestimated the measured SB by 33.2 min (-59.3%). Of the AG SB thresholds, previous 

studies have shown that VA <100 counts/60 sec and VA <150 counts/60 sec may provide the 

closest estimates of SB compared to DO in youth (23) and adults (25, 26, 43). In the current 

study, VA <150 counts/60 sec and the VM <75 counts/10 sec estimated SB were the only SB 

thresholds not significantly different from DO (mean difference = 1.9 and 2.7%, respectively). 

VA <25 counts/10 sec overestimated by -11.8% and the VA <100 counts/60 sec underestimated 

by 4.8% the measured SB time by DO. Although the VA <100 counts/60 sec was significantly 

different from DO, it had a smaller MAPE than the VA <150 counts/60 sec. Peterson et al. (25), 

using adult participants, had similar overall findings to the current study with VA <150 

counts/60 sec providing the closest estimate of SB time compared to DO time, and the 

inclinometer function had the highest error (66.5% agreement with DO).  

When IC was used as the criterion measure, all the estimates were significantly different 

from the measured value. Previous studies have suggested that VA <25 counts/10 sec and VM 

<75 counts/10 sec may provide the closer estimates of SB compared to IC in youth (33, 45). In 

the current study, VA <100 counts/60 sec had the smallest bias of all the estimates against IC 

(mean difference = 4.1 min, -8.8%; MAPE = 12.7%); but VM <75 counts/10 sec had the 

narrowest 95% LOA (LL -16.38 min, UL 5.27 min) and the second smallest MAPE and percent 

difference (13.6% and -12.0%, respectively). In the previously mentioned study by Crouter et al. 
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(33), the AG SB thresholds and inclinometer and AP SB estimates were also compared against 

IC under free-living conditions. The mean difference in sedentary time between the AG 

inclinometer and IC (0.2 min) was lower that the AP and IC (1.6 min), however, the AP had a 

lower root mean squared error (RMSE) and MAPE. The SB thresholds provided lower individual 

error for estimating SB time than the inclinometer-based estimates based on the RMSE and 

MAPE: VA <25 counts/10 sec and VM <75 counts/10 sec had the smallest MAPE, and the VA 

<25 counts/10 sec had the smallest RMSE of all the estimates. In contrast, the current study 

found that the AG inclinometer SB estimates had the greatest mean error compared to IC, 

overestimating the time spent in SB by 39.8 min (82.6%). The APleft and APright and the VA <25 

counts/10 sec also had a high degree of error [mean difference range, 6.7 min (14.5%; APleft) to 

13.2 min (28.0%; VA <25 counts/10 sec)]. 

When DO+IC was the criterion measure, VA <100 counts/60 sec was the only estimate 

not significantly different from the measured SB time (mean difference = 1.4 min, -4.3%); the 

other estimates had errors ranging from 2.7 min (VA <150 counts/60 sec) to 37.4 min (AG 

inclinometer). The APleft had the narrowest 95% LOA (LL -13.3 min, UL 4.9 min) and the 

smallest MAPE (10.2%), but the 95% LOA were large for all estimates. Because no studies have 

previously used this method to validate SB estimates from the accelerometer-based devices, the 

results from the current study cannot be compared to any previous results. However, the results 

from the current study indicate that there are differences between the criterion measures used to 

measure SB and it influences the degree and direction of bias of the objective estimates of SB. 

The error scores against the DO+IC method might give a better idea of how well the estimates 

represent true SB because the SBRN SB consensus definition (14) includes both sedentary 

posture and EE. For example, one of the most commonly used SB thresholds VA <100 counts/60 
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sec was not significantly different from the DO+IC measured SB (mean difference = 1.4 min) 

but was significantly different from both DO and IC when utilized independently (mean 

difference = -3.1 and 3.9 min, respectively). However, other estimates (e.g., VA <100 counts/60 

sec) appear to perform better at the individual level based on the lower MAPE, compared to the 

other estimates. 

The observed differences between the criterion measures used to measure SB time and 

the influence these differences have on interpreting the accelerometer-based estimates of SB may 

have further practical implications. On average, the biases for the SB estimates from the 

accelerometer-based devices ranged from 2 to 7 min over approximately one hour of measured 

SB time. Studies have shown that individuals spend about 7-9 hours a day in SB (58, 167). The 

observed 2-7 min differences between the measured and estimated SB may become practically 

significant if extrapolated out over 24-hrs and result in almost 1-hr/day difference in the total 

sedentary time depending on the measure used. This 1-hr difference would translate into even 

greater differences across weeks, months, and years. Thus, accurate and precise quantification of 

SB may have important implications for both individual and public health interventions and 

outcomes, and the seemingly marginal differences could become more significant over time. 

Like any study, this study has both strengths and limitations. The study examined the 

validity of objective measures in estimating sedentary time during a semi-structured protocol that 

included everyday activities performed both inside and outside of the laboratory setting. The 

final sample size of 65 youth was relatively large and evenly distributed by sex (52.3% female) 

and age-groups (<12 years: n = 30; ≥12 years: n = 35). Including both the IC, DO, and IC+DO as 

the criterion measures in a single study observing SB is another unique feature of this study, and 

the study provided more information about the differences between criterion measured SB when 
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the measurements are based on posture, EE, or both. The variety of activities and different 

environments utilized in the protocol should also improve the generalizability of the findings into 

free-living settings.  

Because this study was a secondary analysis of data collected for a larger study observing 

PA in youth, the limitations include using an activity protocol that was initially designed for a 

different purpose than observing SB. Therefore, the protocol may not have included enough 

sedentary time or a variety of sedentary pursuits and transitions between the different postural 

allocations for the primary purpose of this study. Other limitations include a homogeneous 

sample by race and the fact that the participants came from the same geographical area. It is also 

possible that the participants’ RMR was elevated due to performing PA or eating or drinking 

before reporting to the lab. If the RMR was elevated, the result would be lower calculated METy 

value for the activities, which could explain some of the observed differences. 

 

Conclusion 

Using DO and IC independently and together as the combined approach provide different 

measurements of youth sedentary time. These differences influence the degree of bias and 

interpretation of the SB estimates from accelerometer-based devices. The combined approach to 

measure SB includes consideration of both posture and EE together as it has been suggested by 

the SBRN consensus definition. The current study found evidence to support that validating 

objective estimates against only one half of the SB consensus definition (either posture or EE, 

i.e. either against DO or IC) may not be a recommended practice. The observed differences in 

the measured sedentary time between the criterion measures may influences the validity of the 

estimated SB time by the accelerometer-based devices and result in data that may not accurately 
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represent true SB or be comparable across studies that have validated SB time estimates against 

different criterion measures. Future studies should validate accelerometer-based estimates of SB 

against the combined approach both in youth and adults. Studies using this method should also 

be done under free-living conditions as the validity of the estimates under these conditions with 

this approach is not yet studied. 
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Table 1. Description of the activities. 

Domain Activity Description 

Sedentary 

Lying Lying on back arms by the sides in a quiet room without stimuli or further 

activity. 

Reclining Sitting in a reclined posture in an office chair with no further activity. 

Browsing Internet Using a desktop computer to perform self-selected computer activities. 

Computer Gaming Using a desktop computer to play self-selected computer games. 

Book Reading Sitting at a tabletop or desk reading a book. 

Household 

Dusting Using a rag to clean various surfaces (e.g. desks and counters) in the laboratory. 

Sweeping Cleaning the floor from paper shreds using a broom and a dustpan. 

Walking/running 

Slow Overground 

Walking 

Walking at a slow, self-selected pace around the perimeter of a basketball or 

tennis court. 

Brisk Overground 

Walking 

Walking at a brisk, self-selected pace around the perimeter of a basketball or 

tennis court. 

Stair Climbing Ascending and descending a flight of stairs at a self-selected pace. 
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Table 2. Continued 

Walking/running 

Overground Running Running at self-selected pace around the perimeter of a basketball or tennis 

court. 

Sports/exercise 

Catch Playing catch with a football. 

Soccer Playing soccer (dribbling, kicking and passing the ball, etc.) 

Basketball Playing basketball (dribbling, bouncing, and passing the ball, throwing baskets, 

etc.) 

Stationary Cycling Pedaling a stationary bicycle at a self-selected speed and resistance (minimum 

of 25 W). 

Jumping jacks Performing jumping jacks at a self-selected pace. 
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Table 3. Descriptive characteristics of the participants. 

 Males (n = 31) Females (n = 34) Overall (N = 65)  

Age (yrs; mean ± SD)  12.4 ± 2.9 12.8 ± 3.6 12.6 ± 3.2  

Height (cm; mean ± SD)  154.0 ± 19.0 152.2 ± 15.8 153.1 ± 17.3  

Weight (kg; mean ± SD) 44.9 ± 16.5 47.6 ± 17.3 46.3 ± 16.8  

BMI Classification [n (%)] 

Underweight (5th percentile) 

Normal (5th to <85th percentile) 

Overweight (85th to <95th percentile) 

Obese (≥95th percentile) 

 

1 (3.2) 

28 (90.3) 

1 (3.2) 

1 (3.2) 

 

1 (2.9) 

26 (76.5) 

5 (14.7) 

2 (5.9) 

 

2 (3.1) 

54 (83.1) 

6 (9.2) 

3 (4.6) 

 

Body Fat (%; mean ± SD) 

Ethnicity [n (%)] 

Hispanic 

Race [n (%)] 

African American 

Caucasian 

17.9 ± 4.5 

 

1 (3.2) 

 

2 (6.5) 

29 (93.5) 

 

25.6 ± 7.2 

 

3 (8.8) 

 

4 (11.8) 

30 (88.2) 

 

21.9 ± 7.2 

 

4 (6.2) 

 

6 (9.2) 

59 (90.8) 
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Table 4. Comparison of the measured total sedentary time by the criterion measures. 

Note. Percent difference = [(criterion minus estimate) / criterion x 100]; DO, direct observation; IC, Cosmed K4b2 indirect 

calorimeter; DO+IC, combined approach; MAPE mean absolute percent error. Sedentary time from combined approach based on 

direct observation sedentary posture and K4b2 energy expenditure ≤ 1.5 youth-METs together. 

*Significantly different from DO+IC, p ≤ 0.05. 

#Significantly different from DO, p ≤ 0.05. 

 

 

 

 

  Reference Measure:  

Combined Approach 

Reference Measure:  

DO 

Measure Sedentary Time 

(min) mean ± SD 

MAPE (%) Percent Difference (%) MAPE (%) Percent Difference (%)   

DO+IC 52.4 ± 8.4 - - - -   

DO 56.9 ± 6.6* 14.7 -10.2 - -   

IC 49.9 ± 6.5*# 10.1 3.6 12.9 12.2   
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Table 5. Comparison of the measured total sedentary time by DO and the estimated by the objective measures. 

   Reference Measure: DO  

 Measure Total Sedentary Time (min), mean ± SD MAPE (%) Percent Difference (%) 

 DO 56.9 ± 6.6 - - 

P
o
st

u
re

 

APleft 56.6 ± 8.7 12.0 -0.2 

APright 60.8 ± 6.9* 12.4 -7.7 

AG Inclinometer 89.7 ± 12.4* 59.3 -59.3 

C
o
u
n
ts

 

VA <25 counts/10 sec 63.1 ± 6.4* 13.6 -11.8 

VM <75 counts/10 sec 55.4 ± 6.2 9.2 1.9 

VA <100 counts/60 sec 53.8 ± 6.9* 10.8 4.8 

VA <150 counts/60 sec 55.1 ± 8.0 11.4 2.7 

Note. Percent difference = [(criterion minus estimate) / criterion x 100]; DO, direct observation; APleft, activPAL worn on the left 

thigh; APright, activPAL worn on the right thigh; VA, vertical axis; VM, AG Inclinometer, ActiGraph GT9X inclinometer function. 

MAPE, mean absolute percent error. 

*Significantly different from DO, p ≤ 0.05. 

 

 



116 
 

 Table 6. Comparison of the measured total sedentary time by IC and the estimated by the objective measures. 

 

 

 

 

 

 

 

 

 

 

Note. Percent difference = [(criterion minus estimate) / criterion x 100]; IC, Cosmed K4b2 indirect calorimeter; APleft, activPAL worn 

on the left thigh; APright, activPAL worn on the right thigh; VA, vertical axis; VM, AG Inclinometer, ActiGraph GT9X inclinometer 

function. MAPE, mean absolute percent error. 

*Significantly different from IC, p ≤ 0.05. 

 

 

   Reference Measure: IC 

 Measure Total Sedentary Time (min), mean ± SD MAPE (%) Mean Percent Difference (%) 

 IC 49.9 ± 6.5 - - 

P
o
st

u
re

 APleft 56.6 ± 8.7* 17.4 -14.5 

APright 60.8 ± 6.9* 23.2 -23.0 

 AG Inclinometer 89.7 ± 12.4* 82.6 -82.6 

C
o
u
n
ts

 

VA <25 counts/10 sec 63.1 ± 6.4* 28.4 -28.0 

VM <75 counts/10 sec 55.4 ± 6.2* 13.6 -12.0 

VA <100 counts/60 sec 53.8 ± 6.9* 12.7 -8.8 

VA <150 counts/60 sec 55.1 ± 8.0* 14.7 -11.4 
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 Table 7. Comparison of the measured total sedentary time by the combined approach and the estimated by the objective measures. 

 

 

 

 

 

 

 

 

 

 

Note. Percent difference = [(criterion minus estimate) / criterion x 100]; DO+IC, combined approach (DO, direct observation + IC, 

Cosmed K4b2 indirect calorimeter); MAPE mean absolute percent error. Sedentary time from Combined Approach based on DO 

sedentary posture and IC energy expenditure ≤ 1.5 youth-METs together. 

*Significantly different from DO+IC, p ≤ 0.05.

   Reference Measure: DO+IC 

 Measure Total Sedentary Time (min), mean ± SD MAPE (%) Mean Percent Difference (%) 

 DO+IC 52.4 ± 8.4 - - 

P
o
st

u
re

 APleft 56.6 ± 8.7* 10.2 -8.4 

APright 60.8 ± 6.9* 19.5 -17.7 

 AG Inclinometer 89.7 ± 12.4* 75.3 -74.6 

C
o
u
n
ts

 

VA <25 counts/10 sec 63.1 ± 6.4* 23.5 -22.3 

VM <75 counts/10 sec 55.4 ± 6.2* 12.6 -7.3 

VA <100 counts/60 sec 53.8 ± 6.9 12.7 -4.3 

VA <150 counts/60 sec 55.1 ± 8.0* 13.6 -6.7 
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APPENDIX B: FIGURES 
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Figure 1. Flow chart to describe the process of reaching the final sample. 

*>2SD from the mean for those <12 years old and for those ≥12 years old. 
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Figure 2. Bland-Altman plots depicting error scores (measured minus estimation) against the combined approach for the time spent 

in SB during the two-day activity protocol using A) direct observation (DO), B) indirect calorimetry (IC), i.e. the Cosmed K4b2, and 

C) DO and IC vs. combined approach (DO+IC). The solid line represents the mean and the dashed line the 95% prediction interval.  
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Figure 3. Bland-Altman plots depicting error scores (measured minus estimation) against DO for the time spent in SB during the 

two-day activity protocol using A) the activPAL on the left thigh (APleft) , B) the activPAL on the right thigh (APright), C) vertical 

axis (VA) <25 counts/10  sec, D) vector magnitude (VM) <75 counts/10 sec, E) VA <100 counts/60 sec, F) VA <150 counts/60 sec, 

and G) the ActiGraph inclinometer function (AGinclinometer). The solid line represents the mean and the dashed line the 95% prediction 

interval. 
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Figure 4. Bland-Altman plots depicting error scores (measured minus estimation) for the time spent in SB during the two-day 

activity protocol using indirect calorimetry (IC), i.e. the Cosmed K4b2 and A) the activPAL on the left thigh (APleft) , B) the 

activPAL on the right thigh (APright), C) vertical axis (VA) <25 counts/10  sec, D) vector magnitude (VM) <75 counts/10 sec, E) 

VA <100 counts/60 sec, F) VA <150 counts/60 sec, and G) the ActiGraph inclinometer function (AGinclinometer). The solid line 

represents the mean and the dashed line the 95% prediction interval. 
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Figure 5. Bland-Altman plots depicting error scores (measured minus estimation) for the time spent in SB during the two-day 

activity protocol using the combined approach (DO+IC) and A) the activPAL on the left thigh (APleft) , B) the activPAL on the right 

thigh (APright), C) vertical axis (VA) <25 counts/10  sec, D) vector magnitude (VM) <75 counts/10 sec, E) VA <100 counts/60 sec, 

F) VA <150 counts/60 sec, and G) the ActiGraph inclinometer function (AGinclinometer). The solid line represents the mean and the 

dashed line the 95% prediction interval. 
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APPENDIX C: RECRUITMENT FLYER
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APPENDIX D: INFORMED CONSENT 
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APPENDIX E: INFORMED ASSENT 
 



131 
 

 



132 
 

 



133 
 

APPENDIX F: HEALTH HISTORY QUESTIONNAIRE 
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