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ABSTRACT 

The use of accelerometers to objectively measure physical activity (PA) volume does not 

account for inter-individual differences in body mass or cardiorespiratory fitness among adults, 

which may contribute to the commonly observed discrepancies between objective and subjective 

measures of PA. Using a sample of 6149 adults from the National Health and Nutrition Survey, 

the first study demonstrated that for given accelerometer count, individuals with overweight and 

obesity had a greater rate of energy expenditure than normal weight, and that accounting for 

differences in energy expenditure due to body mass reduced discrepancies between objective and 

subjective measures of PA. The second study demonstrated that current accelerometer threshold 

values used to measure durations of PA may not correspond to the appropriate respective relative 

intensity of PA after accounting for maximal oxygen consumption by sex and body mass index 

categories in 828 adults. These results suggest that the established accelerometer thresholds may 

bias measures of objective PA for individuals with obesity and this may contribute to the 

discrepancies seen between objective and subjective measures of PA volume.   
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1.0 GENERAL INTRODUCTION 

It is well established that habitual  physical activity (PA) participation  is associated with 

positive health outcomes (1), such as improved physical and physiological fitness, and reduced 

risk of premature death (1,2). For the last several decades, the promotion of PA has been a major 

part of public health initiatives (3,4). The measurement of PA and the factors that influence it are 

also important aspects of PA promotion (4). In research and clinical settings, the assessment of 

PA is useful for monitoring trends in PA and the investigation of associations between PA with 

health and disease (5). Given that PA is a complex behaviour which consists of several 

dimensions, including the frequency, intensity, duration, and type of PA such as activities of 

daily living, active transport, leisure, sports, structured exercise and occupation, measuring PA 

volume is challenging (6).  Nevertheless, it is important to provide an accurate and reliable 

measurement of PA (4).  

PA  can be measured using several different tools (6) which fall into two broad categories: 

subjective and objective measures (6). In large population based studies and interventions, two 

widely used measures of PA include self-report (subjective) and accelerometers (objective). 

Although national PA guidelines are primarily based on research using self-reported PA data (7), 

there is a shift towards the use of accelerometer measured PA (4), even though both measures 

have been shown to be independently correlated with health-related biomarkers (8). Self-report 

PA may differ from accelerometer measures factors such as recall bias (6,9,10), social 

desirability bias (10,11) and individual perception of PA intensity (12), which contribute to the 

measurement error of self-report. Thus, self-report is generally considered as a less accurate 

measurement of PA compared to accelerometers (13,14).  
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Accelerometers capture the changes in velocity over time (accelerations) or activity counts 

(15,16) and a measure of the duration and frequency of PA, or PA volume (1) at various PA 

intensities. The higher frequency of accelerations or counts per minute (CPM) indicate higher PA 

intensity while lower frequencies are reflective of lighter intensity PA (17). The accelerometer 

intensity thresholds most commonly used are generally the same for all adults, and this approach 

does not account for individual differences in body mass, sex or cardiorespiratory fitness that 

may influence the way that accelerometer counts relate to PA volume. Thus, it is important to 

determine whether the application of equal intensity thresholds within a heterogeneous group 

contributes to the measurement bias of accelerometer measured PA volume among different sub-

groups.  

The aim of this current thesis is to provide a greater understanding of how accounting for 

factors such as body mass and cardiorespiratory fitness will affect the objectively measured 

durations of PA using accelerometers.  
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2.0 REVIEW OF RELATED LITERATURE 

Introduction 

 PA can be defined as the movement produced by skeletal muscles which results in energy 

expenditure (EE) (18). PA consists of several dimensions, such as frequency, type, duration and 

intensity, and capturing all of these aspects of PA is challenging (6). Subjective and objective 

tools that are often used to assess PA volume in populations include self-report from 

questionnaires and accelerometers, which measure the frequency of accelerations (movement) 

over time (4). However, the current methods used to assess accelerometer measured PA volume, 

do not account for the individual differences that may impact how accelerometers capture PA. 

This may contribute to the measurement errors of accelerometers, which are not often examined 

in the literature.  

The following review will discuss the assessment of PA volume using accelerometers and 

self-report measures. This review will also describe the impact of different accelerometer 

intensity thresholds on measuring PA volume. 

The Assessment of Physical Activity  

The assessment of PA volume is an important component of surveillance programs, 

interventions  and public health initiatives (5,17). In research and clinical settings, objective and 

subjective assessments of PA are useful for investigating trends and associations between PA 

with health and disease (5). Self-report is the most feasible, and cost effective method to measure 

PA (5,6) and is a valuable method for providing estimations of the type, duration, and intensity 

of PA in population-based studies (17). However, self-report is affected by recall bias (6,9,10), 

social desirability bias (10,11) and individual perception of PA intensity (12,19). Further, 
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individuals tend to over-estimate the duration and frequency of vigorous intensity PA (6,8) and 

under-estimate the duration and frequency of light-to-moderate intensity PA (6,8). For these 

reasons, self-report is commonly considered to provide a less accurate measurement of PA 

compared to objective measures of PA (13,14). The assessment of PA volume using objective 

measures of PA includes direct observation, indirect calorimetry, doubly labeled water and 

activity monitors (i.e. accelerometers, pedometers, pulse rate, etc.) (6,20,21). Activity monitors 

have become increasingly popular in the last couple of decades, which may be attributable to the 

surge of technological advancements (6,22). The use of accelerometers for assessing PA volume 

in population-based studies has also increased.   

Accelerometers  

Accelerometers are small devices that are generally worn on the hip in order to capture 

free-living PA (23). These devices are able to distinguish between various types of ambulatory 

activities, such as walking and running (13). They contain sensors that measure linear or angular 

motions along a single or multiple axes of movement (24). The sensors convert mechanical 

motions into electrical signals that are proportional to the applied acceleration (25). The signals 

are then filtered and digitized by converters in the device, and summed over a user-specified 

period of time (epoch) to provide activity counts per epoch, commonly expressed as CPM (26). 

Older accelerometer models that are piezoelectric and uni-axial (27–29) only detect dynamic 

accelerations from motion along one axis (30). Newer models use a capacitive system which is 

capable of detecting static and dynamic accelerations in two or three axes (31), commonly 

referred to as bi- or tri-axial accelerometers. There are differences that exist in the filtering 

process of the signals into activity counts between accelerometer models (17,26,30). Several 

studies compare the generations of accelerometers for measuring time spent not wearing the 
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accelerometer (non-wear), sedentary, light, moderate and vigorous intensity PA activity, and 

suggest that tri-axial accelerometers are more accurate than uni-axial accelerometers. However, 

there are equivocal results regarding the accuracy of accelerometer models, as other studies show 

no differences between the uses of uni- or tri-axial accelerometers for measuring PA volume 

(3,32,33). Since becoming commercially available, the uni-axial accelerometer by Actigraph 

(previously CSA and MTI) model 7164 remains the most commonly used in PA research 

(3,10,30,34).  

Accelerometer placement is important in the assessment of accelerometer validity 

(3,29,35), reliability (3,35–37), and inter-monitor variability (38,39). Accelerometers can be 

worn on various locations including the hip (39–42), lower back (40,41), ankle (17,24,25), wrist 

(25,39,42), thigh (24), chest (24), and arm (24). The investigation of optimal accelerometer 

placement may be specific to the detection of movement of interest. For example, a study 

investigating the accuracy of accelerometers for detecting falls found that the chest or waist in 

combination with the ankle placements provided highest accuracy (43). For the detection of 

ambulatory movement, previous literature demonstrates that the hip and lower back are practical 

locations due to their proximity to the center of mass of the body (24,26,30), and provide 

accurate estimates of activity energy expenditure (EE) (27,38,44).  

Predicting Energy Expenditure using Accelerometers 

The most common approach used to predict EE from accelerometer data is the 

conversion of CPM to EE based on the assumption of a linear relationship between the two 

factors (21). To date, numerous accelerometer validation studies have published EE prediction 

equations which provide can provide accurate estimates of EE when they are used to evaluate 

activities that are the same or similar to those from which they were established (45), but may be 
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less accurate for free living activities across a wide range of intensities (46) (47). Other 

approaches to estimating EE include the use of multiple devices to measure physiological 

indicators such as heart rate, oxygen consumption and/or accelerations (31,48), artificial neural 

network models (49,50), decision trees and multiple regression models (51). Newer data 

processing methods involve machine models, in which computer systems recognize movement 

patterns and apply algorithms to the accelerometer signal (50) to estimate EE (49,50,52). It is 

reported that these modelling techniques are able to identify various household and locomotion 

activities and generate better estimations of EE than the traditional use of CPM thresholds and 

EE prediction equations (49,50,53). However, these modeling techniques have been mostly 

applied in independent samples and results from these studies may be limited by the 

experimental conditions in a highly controlled laboratory data collection setting (50,53). The use 

of simple EE prediction equations remains the most common method of translating 

accelerometer data into  EE in population studies (45).   

Calibration studies typically use oxygen consumption via indirect calorimetry as a 

criterion measure to demonstrate the relationship between accelerometer CPM and EE during PA 

(15,17,34,46,54,55). Metabolic Equivalent of Task (MET) values are a ratio of oxygen 

consumption or EE during activity relative to rest (56). Rest has a value of 1 MET and 

corresponds to an oxygen consumption of 3.5 milliliters of oxygen per kilogram of body mass 

per minute (mL∙kg
–1

∙min
–1

), or an EE of 1 kilocalorie per kilogram of body mass per hour 

(kcal∙kg
-1

∙hr
–1

)(57). PA intensities are typically classified using a MET of <3 for light intensity, 

3-6 for moderate intensity, and >6 for vigorous to maximum intensity (56). However, 

classification of PA using MET values does not account for the individual perceived effort or 

relative intensity of that activity (17). For example, walking at a pace of 4.8 km·h
-1

 corresponds 
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to 3 MET and may be perceived as moderate effort for one individual, and vigorous effort for 

another, depending on their cardiorespiratory and musculoskeletal fitness (58,59). The individual 

with a higher level of fitness will be performing this activity at a lower relative intensity 

compared to the individual who is less fit. However, the common classification of MET values 

by intensity may not accurately estimate EE or activity intensities for individuals who do not 

have the assumed baseline oxygen consumption rate of 3.5mL∙kg
–1

∙min
–1

 (1 MET) (57,60). 

Indeed, previous literature demonstrates the use of 3.5mL∙kg
–1

∙min
–1

 to calculate activity MET 

causes classification errors of activities, especially for subgroups in populations with low activity  

and fitness levels (60). As these differences are often overlooked (57), MET values may not 

appropriately define PA intensity across an adult population (22,55,61). 

Accelerometer Intensity Thresholds 

Little consensus exist among calibration studies in which the CPM threshold values are 

established for defining light, moderate, and vigorous PA intensities using absolute MET values 

(15,55,62). Of the CPM intensity thresholds that have been validated, the most commonly used 

CPM ranges to define PA intensity include those suggested in 1998 by Freedson et al. (62), using 

treadmill walking and running in a laboratory setting. They suggest that the common MET 

values that describe light (1-3 MET), moderate (3-6 MET), and vigorous (6-9 MET) intensity PA 

correspond to CPM values of 100-1951, 1952 – 5724, and ≥5724 CPM, respectively (62). In 

2008, Troiano et al. published a new set of accelerometer intensity thresholds that represent a 

weighted average of previously validated intensity thresholds, to measure durations of PA for a 

population. Their ranges were 100-2019 CPM for light (63), 2020-5998 CPM for moderate 

(8,15,63–65), and ≥5999 CPM for vigorous (15,46,63) intensity PA. These intensity thresholds 

have since been recommended to be used when analyzing data from  large population studies 
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such as the National Health and Nutrition Examination Survey (NHANES) (66). The 

classification of PA as light, moderate or vigorous intensity will vary depending on the CPM 

threshold values that are employed (17,67). Further, as the CPM values reflect MET intensity 

cut-offs, they may or may not be reflective of the relative intensity, particularly as samples from 

accelerometer validation studies often consist of healthy, young to middle aged participants 

(46,54,65,67). While validated accelerometer thresholds are representative of PA intensities for 

the participants in these studies, differences between the study settings, the model of 

accelerometer used, range of activities used, and participant sample make it challenging to 

universally apply these intensity thresholds for quantifying the volume of PA in a population 

(22,65). Despite issues with the generalizability of accelerometer intensity thresholds, which are 

commonly stated as limitations in the literature (28,62,63,67), durations of PA at the various 

intensities are often estimated using equal, or universal CPM thresholds for adults (15,68).  

The Relationship between Cardiorespiratory Fitness and Accelerometer Counts 

Cardiorespiratory fitness levels measured via indirect calorimetry for the determination of  

maximal oxygen consumption (VO2 max or VO2 peak) will vary among individuals of different 

ages (34,61), sexes (68), and body mass (34). Thus, the relative intensity of PA which is 

expressed as a percentage of VO2 max, will differ among individuals with different levels of 

cardiorespiratory fitness (61). As previously mentioned, for an activity that is equivalent to 3 

MET (walking at 4.8 km/h) an individual with a lower level of cardiorespiratory fitness will 

work at a higher relative intensity with all other things being equal. Using accelerometers, the 

difference between absolute and relative intensities of PA can be demonstrated in two different 

ways: 1) The variability in relative PA intensities can be examined for a given accelerometer 

CPM value, or 2) The variability in accelerometer CPM can be examined at equal relative PA 
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intensities. Several studies demonstrate limitations in applying universal intensity thresholds for 

subgroups that require more effort to reach the absolute intensities of PA due to their lower 

cardiorespiratory fitness levels (10,34,68). They conclude that due to the associated declines in 

cardiorespiratory fitness levels with age and increases in body mass (34,61,68), individuals who 

are older (68), or have overweight/obesity (10,34) require lower CPM values to reach the given 

relative intensities that define moderate or vigorous PA intensity (67,68) as compared to 

individuals with higher levels of cardiorespiratory fitness. Several studies established  alternate 

thresholds for the various PA intensities relative to their specific study samples (ie. older adults, 

overweight/obese, type 2 diabetes) and suggest the use of specific sub-population thresholds in 

future accelerometer research (10,67,68). A study conducted by Zisko et al. (68) found that CPM 

for moderate intensity (46−63 % of VO2 max) ranged from 669–3367 and 834–4048 CPM and 

vigorous intensity (64−90 % of VO2 max) from 1625–4868 and 2012-5423 CPM for older 

women and men, respectively. Previously, Ozemek et al. (67) found that for individuals across a 

wide range of cardiorespiratory fitness levels, moderate and vigorous intensity (40 and 60% of 

heart rate reserve (HRR)) activity the CPM ranged from 1455–7520, and 3459–10066 , 

respectively. Both of these studies used Actigraph Accelerometer models (GT3X+, and GT1M) 

which provide comparable CPM values. As with previous validation studies, the prediction 

equations are useful for determining relative PA intensities at the CPM threshold values and the 

corresponding absolute PA intensity in MET values.  

The Influence of Body Mass on Accelerometer Counts 

Using absolute MET values to define accelerometer thresholds may also bias against 

individuals with overweight or obesity as they would require more energy to move their mass at 

any given acceleration (Newton’s second law:  F=ma) (24). Thus, compared to individuals who 
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are normal weight, individuals with overweight or obesity should have higher EE rates for the 

same PA (34). Additionally, individuals with overweight or obesity also tend to have lower 

fitness levels compared to individuals who are of normal weight (69), which may make the 

discrepancies between the intensities represented by CPM intensity thresholds (absolute PA 

intensity) and the individual effort (relative PA intensity) more pronounced for these individuals 

(61). However, the use of guideline or universal CPM intensity thresholds across an adult 

population does not account for individual differences in EE rates at the absolute PA intensities 

defined by 3 or 6 METs. Thus, measuring PA with guideline thresholds may bias objectively 

measured PA for individuals with overweight or obesity. 

Self-Reported Physical Activity 

A frequently used method for measuring PA subjectively includes the self-reporting of 

PA using questionnaires (17). To date, a multitude of PA questionnaires have been developed, 

and numerous studies have evaluated their reliability and validity (6,17). Questionnaires vary in 

their length of recall, the types and details of the questioned asked, and their reliability and 

validity when compared with objective measures of PA (6,17,70). Although self-report is useful 

for providing information about PA in a population (6,71), they are limited by the ability of an 

individual to accurately report PA intensity, frequency and duration (6). Self-report may be 

affected by personal perceptions of activity intensity (12,72) or social desirability (8,72,73), 

which may contribute to the over- or under estimation of PA intensity, frequency and/or 

duration. Nonetheless, questionnaires are commonly used, and this may be due to the ease of 

their administration, cost-effectiveness, and their ability to provide information about activities 

that will otherwise not be captured with objective measures (6). For example, accelerometers 

cannot differentiate between how individual differences in levels of fitness and EE rates during a 
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specific activity will influence the relative intensity of PA, while this can be captured using self-

report. Additionally, activities such as swimming, weight training and cycling, will be captured 

using self-report, but not accelerometers. As self-report and accelerometer measure PA 

differently, discrepancies between the two measures should be expected. For example, self-report 

can capture the total or overall duration of activities that involve interval or short bursts of 

movement interspersed between periods of light or sedentary activity such as volleyball or 

soccer. While accelerometers will capture intervals or short bursts of movement, they will likely 

provide much shorter overall durations of PA compared to self-report depending on the epoch 

length and CPM thresholds used to classify PA intensity. This may contribute to the 

discrepancies between objective and subjective measures of PA. Over-reporting is often 

attributed to biases of self-report (63), even though the discrepancies between objective and 

subjective measures of PA may be due to the limitations of using guideline intensity thresholds 

to define PA in a population. Studies that measure PA using both self-report and accelerometers 

in children (12) and adults (72) show that individuals with overweight or obesity tend to have a 

greater discrepancy between subjective and objectively measured durations of PA compared to 

individuals who are of normal weight. There are inherent differences between the manner in 

which components of PA are captured using self-report and accelerometers. This makes the 

comparison of these two measures challenging, yet it occurs frequently in the literature. For 

example, the current PA guidelines are largely based on self-report levels of PA (7,74), yet there 

is an emphasis and growing interest for assessing objective moderate -to- vigorous intensity 

physical activity (MVPA) in interventions and public health initiatives (17). 
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Summary of Literature 

The relationship between accelerometer CPM and PA intensity may be affected by 

factors such as age, sex, body mass, and fitness. However, the application of established 

accelerometer intensity thresholds which describe absolute PA intensities does not account for 

these factors. This may contribute to the measurement bias of accelerometers for individuals who 

are not working at the PA intensities described by the accelerometer intensity thresholds. The 

aim of the current research is to contribute to the understanding of the objective assessment of 

PA volume using established accelerometer intensity thresholds that are adjusted for body mass 

and cardiorespiratory fitness in a population. These findings may have important implications for 

identifying potential measurement bias in how objective PA volume is assessed.  

Research Questions: 

Study 1 

Question 1: How will adjusting the established accelerometer CPM intensity thresholds to 

correspond to similar EE between BMI categories influence measured PA durations for 

individuals with overweight or obesity? 

Question 2: How will durations of PA estimated using the established and adjusted CPM 

intensity thresholds compare to self-report PA? 

Study 2 

Question 1: What relative intensity of PA do the established CPM intensity thresholds 

correspond to across BMI categories? 
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Question 2: How will durations of PA estimated using CPM intensity thresholds that 

account for cardiorespiratory fitness compare with durations of PA estimated using the 

established CPM intensity thresholds? 

  



14 

 

3.0 MANUSCRIPT 1 

 

Raiber L, Christensen RAG, Jamnik VK, Kuk JL. Accelerometer Thresholds: Accounting for 

Body Mass Reduces Discrepancies between Measures of Physical Activity for Individuals with 

Overweight and Obesity (Submitted to Applied Physiology, Nutrition, and Metabolism) 

 

 

 

 

 

 

 

 

 

 

Accelerometer Thresholds: Accounting for Body Mass Reduces Discrepancies between 

Measures of Physical Activity for Individuals with Overweight and Obesity  



15 

 

Summary 1 

Objective: To explore whether accelerometer thresholds that are adjusted to account for 

differences in body mass influence discrepancies between self-report and accelerometer 

measured physical activity (PA) volume for individuals with overweight and obesity. 

Methods: 6164 adults from 2003-2006 NHANES surveys were analyzed. Established 

accelerometer thresholds were adjusted to account for differences in body mass to produce a 

similar energy expenditure (EE) rate as individuals with normal weight. Moderate, vigorous, and 

moderate-to-vigorous intensity PA (MVPA) durations were measured using established and 

adjusted accelerometer thresholds and compared to self-report.  

Results: Durations of self-report were longer than accelerometer measured MVPA using 

established thresholds (normal weight: 57.8±2.4 vs 9.0±0.5 min/day, overweight: 56.1±2.7 vs 

7.4±0.5 min/day, and obesity: 46.5±2.2 vs 3.7±0.3 min/day). Durations of subjective and 

objective PA were negatively associated with body mass index (BMI) (P<0.05). Using adjusted 

thresholds increased MVPA durations, and reduced discrepancies between accelerometer and 

self-report measures for overweight and obese groups by 6.0±0.3 min/day and 17.7±0.8 min/day, 

respectively (P<0.05). 

Conclusion: Using accelerometer thresholds that represent equal EE rates across BMI categories 

reduced the discrepancies between durations of subjective and objective PA for overweight and 

obese groups.  However, accelerometer measured PA generally remained shorter than durations 

of self-report within all BMI categories. Further research may be necessary to improve analytical 

approaches when using objective measures of PA for individuals with overweight or obesity.   
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Introduction 

The assessment of physical activity (PA) intensity and volume, which refers to the 

frequency and  duration of PA, are important components of surveillance programs, interventions 

and public health initiatives (5,17). In research and clinical settings, objective and subjective 

assessments of PA are useful for investigating trends and associations between PA with health 

and disease (5). Self-report PA is widely used in population-based studies (17) however, it is not 

considered as accurate as objectively measured PA (13,14). Accelerometers, which provide an 

objective measure of PA (6,20), have become increasingly popular in recent decades and are now 

used for assessing PA in population-based studies (6,22).   

Accelerometers capture changes in velocity over time (accelerations) which are known as 

activity counts (15,16). Thresholds for activity counts per minute (CPM) (15,63) have been 

created to correspond to Metabolic Equivalents (MET) for moderate (3-6 MET), and vigorous 

(>6 MET) intensities of PA (56). However, using the same (guideline) CPM intensity threshold 

values across a heterogeneous population may bias accelerometer measured PA against 

individuals with greater body mass as they will expend more energy during PA at the same 

acceleration compared to individuals with a lower body mass (Newton’s second law: Force= 

mass × acceleration) (24).  

The differences between accelerometer measured and self-reported durations of PA are 

often attributed to biases of self-report, and tend to be greater among children (12) and adults 

(72) with overweight and obesity compared to normal weight. While factors such as body mass, 

sex, age, ethnicity, sedentary behaviour, and health status may contribute to the discrepancies 

between accelerometer measured and self-report PA volume, it has been suggested that body 

mass will likely have the greatest influence on energy expenditure (EE) (75). Whether the 
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discrepancies in between accelerometer measured and self-report PA volume are reduced when 

using CPM intensity thresholds that account for the difference in EE rates (kcal/hour) among 

body mass index (BMI) categories is yet to be established. Therefore, the objective of this study 

is to evaluate how adjustment of established accelerometer CPM intensity thresholds to 

correspond to similar EE between BMI categories influences measured PA duration. The second 

objective is to examine how measured PA duration using adjusted thresholds will compare with 

self-reported PA for individuals with overweight or obesity.  
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Methods 

Data for the current study was obtained from the National Health and Nutrition 

Examination Survey (NHANES) cycles 2003-2004 and 2005-2006. The NHANES is an ongoing 

survey which uses a multistage probability design to provide nationally representative data of the 

United States. Data on demographics, health behaviours, and PA are collected via household 

interviews (n=20,470) that are followed by health examinations conducted in a mobile 

examination center (n=19,593). Written informed consent was obtained from participants and 

study protocol was approved by the National Center for Health Statistics. Complete details of the 

study design and procedures are reported elsewhere (76).  

 Participants were excluded from this analysis if they were under 18 years of age 

(n=8956), classified as underweight (n=3590), were pregnant (n=647), missing self-reported PA 

(n=4052) or BMI data (n=2834) or had invalid or missing accelerometer data (n=7951). This left 

6164 eligible participants.  

Data on age (years), sex (male/female), and self-reported PA (minutes/day) were 

extracted from questionnaires. Body mass and height were measured by trained health 

technicians using a standardized protocol (77,78). Calculated BMI was used to stratify 

individuals according to standard cutoffs (79): normal weight (18.5-24.9 kg/m2), overweight 

(25.0-29.9 kg/m2), and obese (>30 kg/m2).  

Self-reported Physical Activity  

NHANES includes a questionnaire to assess the mode, frequency, and duration of PA for 

the 30 days prior to the interview. Moderate and vigorous intensity PA were evaluated with the 

questions: 1) “Over the past 30 days, did you do moderate activities for at least 10 minutes that 

caused? only light sweating or a slight to moderate increase in breathing or heart rate?” and 2) 
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“Over the past 30 days, did you do any vigorous activities for at least 10 minutes that caused 

heavy sweating, or large increases in breathing or heart rate?” Participants who answered “Yes” 

to either question were asked to provide the duration and frequency of their activities. To assess 

active transportation and household/domestic moderate to vigorous physical activity (MVPA), 

the following two questions were asked: 1) “Over the past 30 days, have you walked or bicycled 

as part of getting to and from work, or school, or to do errands?” and 2) “Over the past 30 days, 

did you do any tasks in or around your home or yard for at least 10 minutes that required 

moderate or greater physical effort?” Participants who answered “Yes” to either question were 

asked to report the frequency and duration of these activities. Durations of all self-reported PA 

were summed to derive average minutes of MVPA per day.  

Accelerometers 

Ambulatory participants were asked to wear a PA monitor on their right hip (Actigraph 

model 7164, LLC; Ft. Walton Beach, FL) during waking hours for a period of seven days. Only 

respondents with at least four valid days of wear with >10 hours of wear time per day were used 

in the analysis. Accelerometer output was classified using established PA intensity thresholds:  

Light <2020 CPM, Moderate >2020 CPM and Vigorous >5999 CPM (63). Accelerometer 

measured durations of moderate, vigorous, and MVPA intensities were calculated as the sum of 

moderate and/or vigorous activity performed in bouts of at least 10 minutes in duration with an 

allowance of up to 2 minutes below the intensity thresholds (23,63). To be consistent with self-

report, accelerometer measured durations of PA were used to derive average minutes per day. 

The Statistical Analysis System (SAS) syntax used to calculate PA volume is available at:  

http://www.cdc.gov/nchs/tutorials/PhysicalActivity/Downloads/downloads.htm (80). Additional 

details of the NHANES accelerometer protocol have been previously described elsewhere (15). 
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Energy Expenditure Prediction Equations 

At the established moderate (2020 CPM or 3 MET) and vigorous (5999 CPM, or 6 MET) 

PA intensity thresholds, four validated generalized EE prediction equations (28,39,41,62) were 

used to calculate gross MET values and EE rates across the BMI categories. Resting metabolic 

rate (1 MET) was subtracted from the derived gross MET values, and then multiplied by the 

mean body mass of each BMI category to obtain activity EE (kcal/hour; assuming 1MET = 1 

kcal/kg/hour) at the moderate and vigorous CPM intensity thresholds. The net EE rates of the 

normal weight group at the established CPM intensity thresholds were then used to derive new 

CPM intensity thresholds for overweight and obese groups using their respective mean body 

masses. As such, the calculated BMI-specific CPM intensity thresholds resulted in similar EE 

rates for all BMI classes. The following prediction equations were used to determine new CPM 

intensity thresholds for overweight and obese individuals: 

1) Freedson et al.: MET = 1.439008 + (0.000795∙CPM) 

2) Hendelman et al.: MET = 1.602 + (0.000638∙CPM) 

3) Swartz et al.: MET = 2.606 + (0.0006863∙CPM) 

4) Yngve et al.: MET = 0.751 + (0.0008198∙CPM) 

New CPM intensity thresholds for moderate and vigorous intensity were used to calculate 

durations of moderate, vigorous, and MVPA for overweight and obese groups, which were then 

compared with self-reported durations of PA. 

Data Analysis 

Continuous variables are reported as mean ± SE and categorical as frequency and 

prevalence. Group differences for characteristics by BMI category, and durations of PA at all 

intensities were assessed using one-way analysis of variance tests for continuous variables, and 
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chi-square tests for the categorical variable. Differences between measured durations of PA 

calculated by the different equations and between measured and self-reported durations of PA 

within BMI categories were assessed using repeated measures analysis of variance with least-

squared differences post hoc comparisons tests. All statistical analyses were conducted using 

SAS v9.4 survey procedures and weighted to provide results representative of the U.S 

population. Statistical significance was considered at P< 0.05.   
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Results 

Participant characteristics and physical activity durations by BMI category are presented 

in Table 1. Self-reported durations of PA in all BMI categories were significantly longer than 

accelerometer measured PA using the established thresholds (P<0.05). In general, durations of 

self-reported and measured PA were shorter with increasing BMI. The absolute difference 

between durations of accelerometer measured and self-report moderate PA intensity were similar 

across the BMI categories, and the absolute differences between durations of accelerometer 

measured and self-report vigorous intensity and MVPA were significantly lower among those 

with obesity compared to normal and overweight groups.   

New calculated intensity thresholds and PA durations  

EE rates for each BMI category were calculated using the Freedson, Hendelman, Swartz 

and Yngve prediction equations using the mean body mass of the respective BMI groups (Table 

2). EE rates at established moderate and vigorous intensity thresholds were significantly higher 

with increasing BMI (Table 2, P<0.05). New CPM intensity thresholds were calculated to 

represent the CPM required for groups with overweight and obesity to reach similar activity EE 

rates as the normal weight group (referent), at moderate (3 MET) and vigorous (6 MET) intensity 

(Table 3). The durations of MVPA using the adjusted thresholds for the overweight and obesity 

groups were significantly different between all the equations within each BMI class (P<0.05) and 

were significantly longer with new intensity thresholds as compared to established thresholds 

(P<0.05) but generally remained shorter than self-report values (Figure 1). Within the 

overweight and obesity groups, the Swartz adjusted thresholds produced significantly longer 

durations of MVPA than the other equations and self-report values (P<0.05).  
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Between BMI groups, the new thresholds still generally resulted in shorter MVPA 

durations for individuals with obesity as compared to normal weight (P<0.05). The only 

exception was when using the Yngve adjusted thresholds that resulted in MVPA durations that 

were not significantly different between the between the normal weight with the overweight 

(P=0.13), and obesity groups (P=0.55).   
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Discussion 

Findings from this study suggest that using a single established accelerometer CPM 

intensity threshold may bias measures of PA durations for individuals with overweight or obesity 

as compared to normal weight. When accelerometer CPM intensity thresholds were adjusted for 

differences in body mass among BMI categories, the discrepancies between accelerometer 

measured and self-reported PA volume were reduced for individuals with overweight or obesity. 

Therefore, additional research is needed to clarify whether population-specific accelerometer 

thresholds are needed to evaluate PA volume. 

The current approach of applying guideline CPM thresholds for quantifying moderate 

(2020 CPM or 3 MET) and vigorous (5999 CPM or 6 MET) intensity PA (63) does not account 

for differences between individuals that may influence PA intensity and how it relates with 

CPM. Indeed, individuals with greater body mass require more energy (greater force) to achieve 

the same acceleration or movement compared to individuals who are normal weight. For 

example, at an equal walking pace, individuals with obesity will expend more energy than 

individuals who are normal weight (81), yet accelerometers capture similar CPM (82). 

Additionally,  the guideline CPM thresholds that correspond to 3 and 6 MET using the standard 

reference of a healthy 65kg male (56),  do not account for the differences in aerobic and 

musculoskeletal fitness among individuals (10,61,67,68,83,84). Thus, at a given absolute 

intensity of PA (ie. 3 or 6 MET), individuals with a lower aerobic fitness will experience higher 

relative intensity of PA compared to those who with a higher level of aerobic fitness (69). As 

individuals with overweight and obesity are more likely to have a low fitness (67), in conjunction 

with their higher body mass, they will need to work at even higher relative intensities at the 

guideline accelerometer CPM threshold values. As such, PA volume may be under-estimated for 
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individuals with overweight or obesity. Indeed, small studies demonstrate that individuals with 

overweight or obesity (10,34)and the elderly (68) work at a higher relative intensity than 

described by the commonly used definitions of 3 and 6 MET when asked to engage in PA that 

would measure the same accelerometer CPM values as normal weight and younger populations. 

In the current study, we demonstrate that at the established accelerometer CPM intensity 

thresholds the calculated EE rates were significantly greater with increasing obesity. When the 

accelerometer CPM intensity thresholds were adjusted to result in equal EE rates among all BMI 

categories, individuals with overweight and obesity required lower accelerometer CPM values to 

describe moderate and vigorous intensity PA.  

Currently, it is unclear what accelerometer CPM intensity threshold values should be 

used to more appropriately assess PA volume in various sub-populations. Studies that examine 

various populations with different fitness levels based on body mass, age and sex report ranges 

of accelerometer CPM values for moderate intensity PA between 669 and 7520 CPM (67,68). In 

the current study, the adjusted MVPA intensity threshold values generally fall within the lower 

range of the previously published thresholds, with only the Swartz equation falling below this 

range. Nevertheless, this extremely large range suggests that there may not be a single 

appropriate threshold value to define PA intensity in a heterogeneous population. The choice of 

accelerometer CPM intensity threshold values to appropriately represent relative PA of 

individuals or groups within a population remains a challenge as the validation of accelerometer 

CPM threshold values are influenced by population characteristics, the accelerometer used and 

the ranges of activities performed. Clearly more work is needed to verify the findings here to 

determine the most optimal balance between the ease of using a single threshold versus the 

accuracy of multiple population-specific thresholds. 
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Both accelerometers and self-report are used to assess PA volume. However, the PA 

durations reported by each method are generally very different and this likely due to the 

differences in how they capture PA. Accelerometers are considered a valuable tool for the 

assessment of ambulatory movement, but are unable to capture activity such as those involving 

the upper extremities (20), weight training (22,41), cycling or swimming (20,37,39), which are 

captured in self-report. Further, activities that involve interval or short bursts of movement 

interspersed between larger periods of light or sedentary activity such as volleyball or soccer, 

would likely be captured by accelerometers as a much shorter overall duration as compared to 

the self-reported values. This may contribute to the shorter durations of PA commonly measured 

by accelerometers. Indeed, self-reported durations of PA were greater than measured for all BMI 

groups. Further, there are differences in the types of PA that different BMI groups engage in. For 

example, a study suggests  that individuals with overweight or obesity report that they are more 

likely to engage in swimming (85) which will not be captured by accelerometers. Given the 

differences that exist between the ways in which PA volume is captured using self-report and 

accelerometers, the comparison these two measures is challenging, yet it occurs frequently in the 

literature. While the measurement of PA using accelerometers and self-report both have their 

own inherent limitations (65), the discrepancies between these measurements are often attributed 

to errors in self-report (63). Individuals with overweight or obesity are reported to be more 

affected by factors such as social desirability, and weight stigma thereby further contributing to 

the over-estimation of moderate to vigorous PA (6,19) durations using questionnaires (6). 

However, the over-estimation of PA durations measured in a questionnaire may be due to 

individuals under-estimating the intensity of PA that are described as MVPA (19). Previous 

literature commonly states that over-reporting is more prevalent among individuals with obesity 
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(12,20,32,72,73,83,84). However, our results suggest that the over-reporting trends could be due 

to the bias of the accelerometer measurement of PA volume for individuals with obesity. In fact, 

after accounting for the higher body mass of individuals with obesity, durations of MVPA was 

increased by 3 to 17 min/day depending on the equation used. This magnitude of difference is 

likely relevant given that even 10 minutes of MVPA is associated with positive health effects 

(65). Surprisingly, using the Swartz adjusted thresholds we observed that durations of 

accelerometer measured MVPA for individuals with obesity were increased by more than 

80min/day as compared to the established CPM thresholds, and were almost 2 times longer than 

self-report values. This difference may be in part because the Swartz study used fewer 

ambulatory activities as compared to the other studies, and thus the EE for a given CPM 

predicted tended to be higher. Thus, more work may be needed to clarify the relationship 

between EE and CPM, particularly in populations with overweight or obesity. 

Several limitations exist in the current study. It is unclear whether the discrepancies 

observed between MVPA durations as assessed by accelerometer and self-report are due to the 

ability of self-report to capture a wider scope of activities than accelerometers (ie. swimming, 

cycling, resistance training, etc.) or due to issues with self-report such as report bias or 

methodological issues in the way questions were asked resulting in double counting or activities 

that were missed. The EE prediction equations used in this study are widely used, but were 

created and validated with predominantly healthy and normal weight participants (28,39,41,62), 

and may not be generalizable for individuals with overweight or obesity. However, to our 

knowledge, valid energy prediction equations derived specifically for individuals with 

overweight and obesity do not exist. The strength of this study is the use of a nationally 

representative sample of the civilian adult population in the United States.  
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In summary, the use of alternate accelerometer CPM intensity thresholds that account for 

differences in EE due to body mass reduced the discrepancies between accelerometer and self-

reported durations of PA for individuals with overweight and obesity. As the guideline intensity 

thresholds correspond to higher rates of EE for overweight and obese groups, they may 

inappropriately bias accelerometer measured PA in individuals with overweight or obesity. As 

such, further research may be required to determine whether the improvements gained in 

accounting for obesity status or other factors such as age, physical activity patterns or aerobic 

fitness warrant the creation of population-specific CPM thresholds.  
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Table 1: Participant characteristics by body mass index category 

                             Normal Weight Overweight Obese 

Sample size (n) 1960 2209 1995 

Age (years) 45.2 ± 0.6 50.0 ± 0.6* 48.6 ± 0.5*
†
 

Sex (n, % Male)                          937 (47.8) 1314 (59.5)* 917(46.0) *
†
 

BMI (kg/m
2
) 22.5 ± 0.0 27.4 ± 0.0* 35.4 ± 0.2*

†
 

Self-Reported PA (min/day)    

Leisure Time Moderate Intensity 20.2 ± 1.3 19.1± 0.8 16.2 ± 0.9*
†
 

Leisure Time Vigorous  Intensity  12.9 ± 0.8 9.1 ± 0.6* 5.6 ± 0.4*
†
 

Total MVPA  57.8 ± 2.4 56.1 ± 2.7 46.5 ± 2.2*
†
 

Accelerometer measured PA (min/day)   

Moderate intensity  7.1 ± 0.4
‡
 6.3± 0.4

‡
 3.5± 0.2*

†‡
 

Vigorous intensity  0.9 ± 0.1
‡
 0.6± 0.1*

‡
 0.1± 0.0*

†‡
 

Total MVPA  9.0 ± 0.5
‡
 7.4 ± 0.5*

‡
 3.7 ± 0.3*

†‡
 

 

Values are presented as mean ± SE. 

 

*
 
= Statistically different from normal weight group (P<0.05) 

†
= Statistically different from overweight group (P<0.05) 

‡
= Statistically different from self-report (P<0.05) 
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Table 2: Energy expenditure rates calculated using common prediction equations by 

body mass index category 

 Normal Weight Overweight Obese 

Body mass, BM (kg)      64.1 ± 0.3 79.5 ± 0.2
*
 101.0 ± 0.7

* †
 

EE rate at 2020 CPM (kcal/hour) 

    Freedson  

    MET = 1.439008 + (0.000795∙CPM) 
131 ± 1 163 ± 0

*
 206 ± 1

* †
 

    Hendelman  

    MET = 1.602 + (0.000638∙CPM) 
121 ± 1 150 ± 0

*
 191 ± 1

* †
 

Swartz  

MET = 2.606 + (0.0006863∙CPM) 
192 ± 1 237 ± 1

* 
  302 ± 2

* †
 

    Yngve  

     MET = 0.751 + (0.0008198∙CPM) 
90 ± 0 112 ± 0

*
 142 ± 1

* †
 

EE rate at 5999 CPM (kcal/hour) 

    Freedson  

    MET = 1.439008 + (0.000795∙CPM) 
334 ± 2 414 ± 1

* 
 526 ± 4

* †
 

    Hendelman  

    MET = 1.602 + (0.000638∙CPM) 
284 ± 1 353 ± 1

*
 448 ± 3

* †
 

Swartz  

MET = 2.606 + (0.0006863∙CPM) 
367 ± 2 455 ± 1

*
 578 ± 4

*†
 

    Yngve  

     MET = 0.751 + (0.0008198∙CPM) 
299 ± 2 371 ± 1

*
 471 ± 3

* †
 

 

Values are presented as mean ± SE. 
* 
= Statistically different from normal weight group (P<0.05) 

†
 = Statistically different from overweight group (P<0.05) 

 

New moderate intensity CPM thresholds 
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Table 3: New CPM intensity threshold calculations using common prediction equations by body mass 

index category 

 Normal Weight Overweight Obese 

Moderate Intensity CPM Thresholds* 

Freedson:  

CPM= (131/BM – 0.439008) /0.000795 
2020 1522 1081 

     Hendelman: 

CPM= (121/BM – 0.602) /0.0006389 
2020 1446 939 

 Swartz: 

CPM= (192/BM – 1.606) /0.0006863 
2020 1175 428 

     Yngve:  

CPM =(90/BM + 0.249) /0.0008199 
2020 1687 1393 

Vigorous Intensity CPM Thresholds* 

Freedson:  

CPM= (334/BM – 0.439008) /0.000795 5999 4729 3607 

     Hendelman: 

CPM= (284/BM – 0.602) /0.0006389 
5999 4653 3464 

Swartz: 

CPM= (367/BM – 1.606) /0.0006863 5999 4382 2954 

     Yngve:   

CPM = (299/BM + 0.249) /0.0008199 
5999 4894 3918 

 

*New threshold calculations include adjustment for resting metabolic rate (1MET).
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Figure 1. Durations of measured and self-reported moderate to vigorous physical activity by 

body mass index category 

Durations of MVPA between adjusted thresholds are statistically different within overweight and 

obesity groups. 

* = Statistically different from normal weight group (P<0.05) 
† 

= Statistically different from overweight group (P<0.05) 
‡
 = Statistically different from established thresholds (P<0.05) 

α
 = Statistically different from self-report (P<0.05) 
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4.0 MANUSCRIPT 2 

Raiber L, Christensen RAG, Jamnik VK, Kuk JL. Do Moderate to Vigorous Intensity 

Accelerometer Count Thresholds Correspond to Relative Moderate to Vigorous Intensity 

Physical Activity?  
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Summary 2 

Introduction: The established accelerometer intensity thresholds do not account for individual 

differences in cardiorespiratory fitness (VO2 max). Thus, PA volume may be under-estimated for 

individuals with obesity who tend to have lower VO2 max. This study aims to predict %VO2 max 

at established accelerometer intensity thresholds, estimate and compare durations of objective 

PA among individuals in different BMI categories. 

Methods: 828 adults from NHANES 2003-2004 were analyzed. MET values using established 

accelerometer intensity thresholds were converted to %VO2 max. Next, accelerometer counts 

corresponding to 40 and 60% of VO2 max by sex and BMI category were also determined. 

Results:  Relative intensity was under-estimated at the established accelerometer intensity 

thresholds for all adults; however individuals with overweight and obesity work at significantly 

higher %VO2 max compared to normal weight due to lower fitness. Thus, individuals with 

overweight and obesity require significantly lower accelerometer counts to reach relative 

moderate and vigorous PA intensities (40 and 60% VO2 max) compared to normal weight. Using 

these new thresholds, durations of MVPA were shorter compared to the established thresholds 

(Yngve: 2.2±0.5, Swartz: 5.9±0.7, Hendelman: 2.4±0.5, Freedson: 3.3±0.6 min/day, vs 

Established: 9.4±1.0 min/day, P<0.05), and remained shorter among individuals with obesity 

compared to normal weight (P<0.05). Regardless of the intensity thresholds used, a greater 

proportion of individuals with normal weight met the PA guidelines of 150 min/week for MVPA 

compared to individuals with obesity (P<0.05).  

Conclusion: As the established MVPA CPM intensity threshold corresponds to < %20 of VO2 

max for all BMI categories, accelerometer measured PA volume may be over-estimated. More 
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work may be needed to improve the methods used for accelerometer measured PA in the 

population.   



36 

 

Introduction 

 In research and clinical settings, the assessment of  physical activity (PA) is important for 

monitoring the frequency, duration and intensity of PA on health and disease management 

outcomes (5).  The volume, which commonly refers to the duration and frequency of PA 

required to positively influence health and disease outcomes acutely and chronically may be 

achieved through any combination of duration  and frequency of PA at a specific intensity that 

considers the unique needs plus physical and physiological attributes of the individual (17). 

Accelerometers are commonly used for objectively measuring PA volume in research 

studies (6,22). Accelerometers capture changes in velocity over time (accelerations) or activity 

counts per minute (CPM) (15,16). Several validations studies have produced energy expenditure 

(EE) prediction equations to provide a method for converting CPM to absolute EE in METs, and 

identify CPM intensity thresholds that denote moderate and vigorous intensities of PA 

(28,39,41,46,62). However, using a single universal  CPM threshold value to denote light or 

moderate or vigorous PA intensities does not account for the individual differences in 

cardiorespiratory fitness or maximal oxygen consumption (VO2 max) on the perceived or relative 

intensity (%VO2 max) of PA. Thus, the relative intensity of PA will be under-estimated in 

populations with lower levels of cardiorespiratory fitness, such as those with obesity. This may 

contribute to the larger magnitude of over-reporting of PA commonly observed among 

individuals with overweight and obesity (12). As such, the purpose of this study is two-fold: 1) to 

predict the relative intensity of PA that corresponds to established CPM intensity thresholds 

across the standard body mass index (BMI) categories ; and 2) to estimate and compare durations 

of objectively measured PA using established and new CPM intensity thresholds based on 

cardiorespiratory fitness. 
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Methods 

Data for the current study was obtained from the National Health and Nutrition 

Examination Survey (NHANES) 2003-2004 study cycle as this was the only survey year in 

which objectively measured PA and fitness testing data were collected. The NHANES is an 

ongoing survey which uses a multistage probability design to provide nationally representative 

data of the United States. Data on demographics, health behaviours, and PA are collected via 

household interviews and followed by health examinations conducted in a mobile examination 

center. Written informed consent was obtained from participants and the study protocol was 

approved by the National Center for Health Statistics. Complete details of the study design and 

procedures are reported elsewhere (76).  

 A total of 10,122 participants were examined in this study cycle. Participants were 

excluded from the analysis if they were under 18 years of age (n=4502), pregnant (n=292), 

classified as underweight (BMI < 18.5 kg·m
2
, n=3102), missing estimated VO2 max (n=7313), 

self-reported PA (n=2887), or BMI (n=1435) or had invalid or missing accelerometer data 

(n=5268). The resultant analyses were conducted on 828 individuals.  

Age, sex, and self-reported PA (minutes/day) were extracted from questionnaires. Body 

mass and height were measured by trained health technicians using a standardized protocol 

(77,78). Calculated BMI was stratified according to standard categories (79): normal weight 

(18.5-24.9 kg·m
2
), overweight (25.0-29.9 kg·m

2
), and obesity (>30 kg·m

2
).  

Self-Reported Physical Activity  

NHANES includes a questionnaire to assess the mode, frequency, and duration of PA for 

the 30 days prior to the interview. Moderate and vigorous intensity PA were evaluated with the 

questions: 1) “Over the past 30 days, did you do moderate activities for at least 10 minutes that 
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caused? only light sweating or a slight to moderate increase in breathing or heart rate?” and 2) 

“Over the past 30 days, did you do any vigorous activities for at least 10 minutes that caused 

heavy sweating, or large increases in breathing or heart rate?” Participants who answered “Yes” 

to either question were asked to provide the duration and frequency of their activities. To assess 

active transportation and household/domestic moderate to vigorous physical activity (MVPA), 

the following two questions were asked: 1) “Over the past 30 days, have you walked or bicycled 

as part of getting to and from work, or school, or to do errands?” and 2) “Over the past 30 days, 

did you do any tasks in or around your home or yard for at least 10 minutes that required 

moderate or greater physical effort?” Participants who answered “Yes” to either question were 

asked to report the frequency and duration of these activities. Durations of self-report PA were 

summed to derive average minutes per day.  

Accelerometers 

Ambulatory participants were asked to wear a PA monitor on their right hip (Actigraph 

model 7164, LLC; Ft. Walton Beach, FL) during waking hours for a period of seven consecutive 

days.  Only respondents with at least four valid days of wear with >10 hours of wear time per 

day were used in the analysis. Accelerometer output was classified using established PA 

intensity thresholds:  Light <2020 CPM, Moderate>2020 CPM and Vigorous >5999 CPM (63). 

To be consistent with the self-reported PA questionnaire data, accelerometer measured durations 

of moderate, vigorous, and MVPA intensities were calculated as the sum of moderate and/or 

vigorous activity bouts of at least 10 minutes in duration with an allowance of up to 2 minutes 

below the intensity thresholds to be consistent with previous accelerometer literature (23,63). To 

be consistent with the self-report volume of PA data, accelerometer durations of PA were used to 

derive average minutes per day. The Statistical Analysis Software (SAS) syntax used to calculate 
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PA volume is available at: 

http://www.cdc.gov/nchs/tutorials/PhysicalActivity/Downloads/downloads.htm (80). Additional 

details of the NHANES accelerometer protocol have been previously described elsewhere (15).  

Maximal Oxygen Consumption 

Participants performed a submaximal exercise test conducted by trained health 

technicians. They were assigned one of eight treadmill protocols based on their sex, age, BMI, 

and self-reported PA (86). All protocols included a 2-min warm up, two 3-min exercise stages, 

and a 2-min cool down. Estimated VO2 max values at age predicted HR max were extrapolated 

assuming a linear relationship between heart rate and oxygen consumption during exercise (87). 

A more detailed description of the 2003-2004 NHANES fitness test procedures and protocols 

can be found elsewhere (66).  

Established and New Calculated Intensity Thresholds 

Four (28,39,41,62) EE prediction equations were used to calculate MET values at the 

established intensity thresholds for moderate (2020 CPM) and vigorous (5999 CPM) intensity 

PA by sex and BMI categories: 

1) Freedson et al.: MET = 1.439008 + (0.000795∙CPM) 

2) Hendelman et al.: MET = 1.602 + (0.000638∙CPM) 

3) Swartz et al.: MET = 2.606 + (0.0006863∙CPM) 

4) Yngve et al.: MET = 0.751 + (0.0008198∙CPM) 

MET values were converted to absolute oxygen uptake (VO2; assuming 1 MET = 3.5 

mL·kg
−1

·min
−1

) and then expressed relative to the estimated VO2 max (% VO2 max). Next, the 

reverse process was undertaken to determine the mean CPM values which correspond to the 

commonly used %VO2max thresholds for moderate (40% VO2 max) and vigorous (60% VO2 
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max) intensity (88). New and established CPM intensity thresholds were then used to estimate 

durations of objectively measured PA.  

Data Analysis 

Continuous variables were reported as mean ± standard error and categorical variables 

were reported as prevalence ± percent standard error. Differences in demographics and PA 

variables by BMI category and sex were assessed using one-way analysis of variance tests for 

continuous variables, and chi-square tests for the categorical variables. Differences between 

established and calculated relative intensities (%VO2 max) and accelerometer CPM values, and 

between objective and subjective durations of PA within BMI categories and sex were assessed 

using repeated measures analysis of variance with least-squared differences post 

hoc comparisons tests. All statistical analyses were conducted using SAS v9.4 survey procedures 

and weighted to provide results representative of the U.S population. Statistical significance was 

considered at P< 0.05. 
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Results 

Participant characteristics and durations of objective and subjective PA by BMI category 

and sex are presented in Tables 1 and 2, respectively. Cardiorespiratory fitness (estimated VO2 

max) was lower among individuals with overweight and obesity compared to those with normal 

weight (P<0.05), and in women compared to men (P<0.05). Cardiorespiratory fitness did not 

differ between the overweight and obese categories for both men and women (P< 0.05). 

Durations of accelerometer measured MVPA using the established and new CPM thresholds 

were shorter than self-report MVPA for all BMI categories and both sexes (P<0.05). Further, 

self-report and objectively measured MVPA tended to be shorter among individuals with obesity 

compared to normal weight using the established accelerometer CPM thresholds (Table 2). 

Thus, a greater proportion of men and women with normal weight met the PA guidelines of 150 

min per week  for MVPA compared to individuals with obesity using self-report (72 vs 60%) or 

objectively measured PA (23 vs 10%).  

Relative intensity of PA at established accelerometer thresholds 

 The % VO2 max (relative intensity) corresponding to the established 2020 (moderate 

intensity) and 5999 (vigorous intensity) CPM were calculated using the four prediction equations 

(Table 3). Regardless of the equation used, individuals with overweight and obesity had a 

significantly higher predicted % VO2 max at 2020 and 5999 CPM compared with those with 

normal weight (P<0.05), with women having higher predicted % VO2 max compared to men 

(P<0.05).  

New calculated intensity thresholds 

CPM that correspond to 40% (moderate intensity) and 60% (vigorous intensity) of VO2 

max by sex and BMI category were calculated (Figure 1). Depending on the prediction equation 
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used, the new CPM intensity thresholds were generally greater than the established intensity 

thresholds within all BMI categories and both sexes. Further, the new CPM intensity thresholds 

were significantly lower for individuals with overweight or obesity compared to normal weight 

for both sexes (P<0.05), and were lower for women compared to men (P<0.05). 

Mean durations of MVPA for all BMI categories estimated with new intensity thresholds 

were significantly shorter than durations of PA estimated using established thresholds 

(Established: 9.4±1.0 min/day vs Yngve: 2.2 ± 0.5, Swartz: 5.9±0.7, Hendelman: 2.4±0.5, 

Freedson: 3.3±0.6 min/day). Using the new CPM intensity thresholds, less than 10% individuals 

met the guidelines of 150 min per week of PA, with a greater proportion of individuals with 

normal weight and overweight meeting the guidelines as compared to those with obesity (normal 

weight: 10%, overweight: 10%, obesity: 6%). In fact, on average, less than half of the U.S. 

population achieved even one minute of MVPA (Normal weight: 52%, overweight: 52%, 

obesity: 41%).  
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Discussion 

 This study suggests that the established moderate and vigorous intensity CPM thresholds 

may be associated with lower than expected relative intensity values after accounting for 

cardiorespiratory fitness levels in the U.S population. When CPM intensity thresholds were 

corrected to correspond to 40 and 60% of VO2 max for moderate and vigorous intensity, 

durations of accelerometer measured PA were even shorter than using the established intensity 

thresholds for all BMI categories and sexes. In fact, the CPM thresholds currently used were the 

most under-estimated for individuals with normal weight. Thus, the greater discrepancies 

between subjective and objective PA in individuals with obesity compared to objective measures 

may be in part due to methodological issues associated with using a single universal CPM 

intensity threshold. Thus, more research is needed to clarify the best approach for assessing PA 

volume on a population level using accelerometers. 

Previous validation studies demonstrate that the EE is accurately predicted by 

accelerometers (28,39,41,62).  Some studies report that these equations may substantially 

misclassify PA intensity in free-living settings (45,89). A review by Lyden et al. (45) concludes 

that the Actigraph MET prediction equations under-estimate EE 72% of the time. Similarly, they 

report a prediction bias of -1.4 MET for the Freedson equation, and -0.6 MET for the Swartz 

equation across all activities. Conversely, the Hendelman (90) and Yngve (41) equations are 

reported to overestimate EE at light and moderate intensity PA. These studies are often 

conducted in laboratory settings, using specific activities and small samples which consist of 

predominately young, healthy and normal weight populations which may limit their 

generalizability (42,46,91). Within our study, even the relative intensity estimated for individuals 

with normal weight at the established CPM threshold (12-19% of VO2 max) was substantially 
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lower than the common definition of 40% of VO2 max for moderate intensity. Further, the 

discrepancies between the established and newly calculated CPM values associated with 

moderate and vigorous relative intensity were even greater for individuals with normal weight 

than for individuals with overweight or obesity. Thus, future research is needed to better 

understand how to best translate CPM values into PA intensity. 

For a given absolute intensity of PA, individuals with a lower level of cardiorespiratory 

fitness will experience higher relative intensity of PA compared to those with a higher level of 

fitness (69). This means that individuals with overweight and obesity, who tend to have lower 

levels of cardiorespiratory fitness (67) are more likely to work at higher intensities of PA than 

individuals with normal body weight at the same CPM value. Thus, using single universal  CPM 

values and not accounting for the inter-individual differences in cardiorespiratory fitness levels 

in a population (10,61,67,68,83,84) will bias PA assessment against populations with lower 

cardiorespiratory fitness levels. In the current study, accounting for differences in VO2 max led 

to substantially lower predicted CPM intensity thresholds for individuals with overweight and 

obesity than individuals with normal weight. Similarly, previous studies have reported lower  

CPM thresholds ranges for moderate intensity PA ranging between 669 and 7520 CPM (67,68) 

in populations with different ages (61), body masses (10,34), and cardiorespiratory fitness levels 

(67,68). However, the advantages gained in predication accuracy for surveillance and 

examination of the association between PA and health need to be balanced with the clinical 

feasibility of using and developing multiple population-specific CPM intensity thresholds.  

Durations of PA achieved will depend on the intensity CPM threshold value used (10,92). 

Lower moderate intensity CPM threshold values will result in longer durations of measured PA. 

Conversely, using a higher moderate intensity CPM threshold values will mean that more PA 
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would not qualify as moderate intensity PA, resulting in shorter durations of PA. It is suggested 

that adults with overweight and obesity tend to over-report PA and engage in less MVPA 

compared to normal weight (12,20,32,72,83,84). However, as the methods for objectively 

assessing MVPA in populations often use a one-size-fits-all approach, they may be biased 

against individuals with lower levels of cardiorespiratory fitness, such as those with overweight 

or obesity. Accounting for cardiorespiratory fitness reduced the magnitude of difference in 

objective PA duration between the BMI categories. Nonetheless, durations of objective PA 

remained shorter for individual with obesity than normal weight across all PA Intensities. While 

accounting for cardiorespiratory fitness may improve the measurement errors associated with 

assessing PA with accelerometers, large discrepancies remained between durations of objective 

and subjective PA for both sexes across all BMI categories. With current  PA guidelines being 

largely based on self-report levels of PA, and emphasis and growing interest for assessing 

objective MVPA in interventions and public health initiatives, more research is needed to 

improve the comparability of objective and subjective measures of PA.  

Several strengths and limitations exist in the current study. The NHANES provides direct 

measures on a nationally representative sample of the civilian adult population in the United 

States. Although a sub-maximal exercise provided estimated measures that are strongly 

associated with measured maximal oxygen consumption (93), errors exist. Additionally, the 

exclusion of individuals who did not complete the NHANES fitness test due to factors such as 

older age, mobility issues or previous cardiorespiratory disease resulted in a younger, healthier 

and fit sample. With higher VO2 max values, the discrepancies between the expected and 

calculated relative intensities at the absolute CPM intensity thresholds and the differences 
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between the new and established CPM intensity threshold values may have been more 

pronounced.  

In conclusion, PA intensity may be under-estimated for all adults at the established CPM 

intensity thresholds, and even more so for normal weight individuals. Additionally, adults with 

overweight and obesity may require lower CPM values to reach moderate and vigorous 

intensities of PA as they tend to have lower levels of cardiorespiratory fitness than normal 

weight. However, when cardiorespiratory fitness levels were accounted for, estimated durations 

of objectively measured MVPA were even shorter than previously thought for individuals across 

all BMI categories. Thus, more research may be necessary to validate prediction equations and 

improve the use of accelerometers for assessing the impact of volume of PA participation in a 

population.
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Table 1: Participant characteristics by body mass index category and sex 

BMI Category                     Normal Weight Overweight Obesity 

Sex Men Women Men Women Men Women 

Sample size (n) 167 178 160 102 118 103 

Age (years) 30.2 ± 0.9 32.3 ± 0.8 35.2 ± 0.9
‡
 37.0 ± 1.3

‡
 35.6 ± 0.6

‡
 34.6 ± 0.9 

BMI (kg/m
2
) 22.8 ± 0.2 22.0 ± 0.1

†
 27.5 ± 0.1

‡
 27.3 ± 0.1

‡
 33.8 ± 0.3

‡*
 35.4 ± 0.6

†‡*
 

VO2 max  (mL·kg
-1

·min
-1

)*** 45.3 ± 0.9 37.3 ± 0.8
†
 41.1 ± 0.7

‡
 33.8 ± 0.7

†‡
 39.6 ± 0.7

‡
 34.6 ± 0.9

†‡
 

 

Values are presented as Mean ± SE. 
†
 Different from men within BMI group (P<0.05) 

‡ 
Different from Normal weight group (P<0.05) 

*
Different from Overweight group (P<0.05) 

***Estimated VO2 max 
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Table 2: Durations of self-report and accelerometer measured MVPA using established and adjusted CPM intensity thresholds by 

body mass index category and sex 

BMI Category                     Normal Weight Overweight Obesity 

Sex 
Men 

(n=167) 

Women 

(n=178) 

Men 

(n=160) 

Women 

(n=102) 

Men  

(n=118) 

Women 

(n=103) 

Durations of MVPA (min/day)       

Self-Report  66.1 ± 5.7 58.9 ± 4.4 70.4 ± 10.8 50.2. ± 10.0 57.6 ± 10.2 41.7 ± 4.2
‡
 

Established CPM thresholds  14.0 ± 1.6 10.4 ± 1.8
†
 11.7 ± 1.7 8.2 ± 6.0 6.0 ± 1.1

‡*
 2.9 ± 0.7

†‡*
 

Yngve- Adjusted CPM thresholds  1.5 ± 0.4 4.0 ± 0.8
†
 2.7 ± 1.2 3.3 ± 1.0 0.6 ± 0.2 0.5 ± 0.3

‡*
 

Swartz- Adjusted CPM  thresholds 4.5 ± 0.8 8.8 ± 1.5
†
 5.8 ± 1.6 8.8 ± 1.4 3.0 ± 0.8 3.2 ± 0.7

‡*
 

Hendelman- Adjusted CPM  thresholds 1.4 ± 0.4 4.2 ± 0.8
†
 2.6 ± 1.2 3.9 ± 1.2 0.6 ± 0.2 0.6 ± 0.3

‡*
 

Freedson- Adjusted  CPM thresholds 2.4 ± 0.6 5.4 ± 1.1
†
 3.8 ± 1.5 5.2 ± 1.2 1.0 ± 0.3

‡
 1.1 ± 0.4

‡*
 

      

Values are presented as Mean ± SE. 
†
 Different from men within BMI group (P<0.05) 

‡ 
Different from Normal weight group (P<0.05) 

*
Different from Overweight group (P<0.05) 
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Values are presented as Mean ± SE. 
† 

Different from men within BMI group (P<0.05) 
‡ 

Different from normal weight group (P<0.05) 

*Different from overweight group (P<0.05)

Table 3: Percent VO2 max corresponding to the established accelerometer intensity thresholds of 2020 and 5999 CPM by body mass index 

category and sex 

BMI Category                     Normal Weight Overweight Obesity 

Sex Males Females Males Females Males  Females 

  (n=167)  (n=178)  (n=160) (n=102) (n=118) (n=103) 

%VO2 at 2020 CPM       

Yngve  14.0 ± 0.3 17.1 ± 0.3
†
 15.3 ± 0.2

†
 18.7 ± 0.4

†‡
 15.9 ± 0.3

‡
 18.3 ± 0.5

†‡
 

Swartz  13.7 ± 0.2 16.3 ± 0.2
†
 14.8 ± 0.2

†
 17.6 ± 0.3

†‡
 15.3 ± 0.2

‡
 17.3 ± 0.4

†‡
 

Hendelman  11.9 ± 0.2 14.3 ± 0.2
†
 12.9 ± 0.2

†
 15.6 ± 0.3

†‡
 13.4 ± 0.2

‡
 15.3 ± 0.4

†‡
 

Freedson 14.3 ± 0.3 17.3 ± 0.2
†
 15.5 ± 0.2

†
 18.8 ± 0.4

†‡
 16.1 ± 0.3

‡
 18.5 ± 0.5

†‡
 

%VO2 at 5999 CPM       

Yngve  40.1 ± 0.8 49.8 ± 0.7
†
 43.8 ± 0.7

†
 54.0 ± 1.2

†‡
 45.7 ± 0.8

‡
 53.0 ± 1.4

†‡
 

Swartz  35.5 ± 0.7 43.2 ± 0.6
†
 38.7 ± 0.6

†
 47.2 ± 1.0

†‡
 40.3 ± 0.7

‡
 46.3 ± 1.2

†‡
 

Hendelman  32.2 ± 0.6 39.4 ± 0.6
†
 35.2 ± 0.5

†
 43.1 ± 0.9

†‡
 36.7 ± 0.6

‡
 42.3 ± 1.1

†‡
 

Freedson  39.6 ± 0.8 48.4 ± 0.7
†
 43.2 ± 0.6

†
 53.1 ± 1.1

†‡
 45.1 ± 0.8

‡
 52.1 ± 1.3

†‡
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Figure 1. Accelerometer CPM values corresponding to 40 and 60% VO2 max by sex and body 

mass index category  
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5.0 GENERAL DISCUSSION 

The accurate measurement and assessment of PA volume has important implications for 

health research. As accelerometers are becoming more widely used for assessing PA in 

population studies and interventions, it is important to apply accelerometer intensity thresholds 

that will be appropriate for populations across a wide range of characteristics. While there are 

technological advancements that have improved the ways in which movement or accelerations 

are captured with accelerometers, there are still challenges and little consensus regarding the 

methodology used to estimate PA volume at various intensities (94,95). PA volume can also be 

captured using self-report, but may be subject to bias. Despite the differences between 

accelerometers and self-report, these measures are often compared (29), with the discrepancies 

between the two measures being most commonly attributed to errors in self-report (63). 

However, our studies highlight the possibility that the discrepancies observed may be due to the 

measurement error of accelerometers.   

Established accelerometer intensity thresholds are meant to correspond to various 

absolute PA intensities. However, factors such as sex and physical fitness, which affect the 

individual relative intensity of PA at an absolute level of PA, will not be captured by 

accelerometers. Thus, the application of accelerometer intensity thresholds that are validated 

with relatively small samples consisting of generally young and healthy adults may not be 

generalizable for individuals with overweight and obesity, or those with lower levels of physical 

fitness.  

The first manuscript of this thesis demonstrated that at the established accelerometer 

intensity thresholds, individuals with overweight and obesity will have higher EE rates and lower 

measured durations of MVPA compared to individuals with normal weight. As individuals with 
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overweight and obesity required lower accelerometer values to reach a similar EE rate as 

individuals with normal weight, adjusting the intensity thresholds to account for body mass 

resulted in longer durations of measured MVPA for individuals with overweight and obesity. 

However, even with the use of adjusted intensity thresholds, durations of MVPA generally 

remained shorter than durations of self-report within all BMI categories.  

The second manuscript of this thesis demonstrated that the established accelerometer 

moderate and vigorous intensity thresholds may correspond to lower relative intensities of PA 

than expected after accounting for cardiorespiratory levels of fitness in the United States 

population. Interestingly, the established intensity thresholds were the most under-estimated for 

individuals with normal weight, and after adjusting the intensity thresholds to correspond to 

common definitions of moderate (40% VO2 max) and vigorous (60% VO2 max) intensity, 

durations of objective measured PA were even shorter than those measured using the established 

accelerometer intensity thresholds. Therefore, the discrepancies between objective and subjective 

measures of PA were magnified after accounting for cardiorespiratory fitness.   

In conclusion, the magnitude of discrepancies between accelerometer measured and self-

report durations of PA were reduced for individuals with overweight and obesity when 

accounting body mass and cardiorespiratory fitness. The findings from these studies demonstrate 

that the current accelerometer intensity thresholds may not be representative of the PA intensity 

that they describe, which may contribute to the measurement error of accelerometers within a 

population. As such, accounting for these and other factors that may influence the relative 

intensity of PA when applying accelerometer intensity thresholds to estimate durations of PA 

may be important for improving the measurement of PA volume using accelerometers within a 

population.   



53 

 

6.0 REFERENCES 

1.  Warburton DER, Nicol CW, Bredin SSD. Health benefits of physical activity: the 

evidence. CMAJ. 2006;174(6):801–9.  

2.  Blair SN, Kohl HW, Paffenbarger RS, Clark DG, Cooper KH, Gibbons LW, et al. 

Physical fitness and all-cause mortality. A prospective study of healthy men and women. 

JAMA [Internet]. 1989;262(17):2395–401. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/2795824 

3.  Vanhelst J, Béghin L, Duhamel A, Bergman P, Sjöström M, Gottrand F. Comparison of 

uniaxial and triaxial accelerometry in the assessment of physical activity among 

adolescents under free-living conditions: the HELENA study. BMC Med Res Methodol 

[Internet]. BioMed Central Ltd; 2012 Jan 12 [cited 2015 Dec 3];12(1):26. Available from: 

http://www.biomedcentral.com/1471-2288/12/26 

4.  Bauman A, Phongsavan P, Schoeppe S, Owen N. Physical activity measurement--a primer 

for health promotion. Promot Educ. 2006;13(2):92–103.  

5.  Warren JM, Ekelund U, Besson H, Mezzani A, Geladas N, Vanhees L. Assessment of 

physical activity - a review of methodologies with reference to epidemiological research: a 

report of the exercise physiology section of the European Association of Cardiovascular 

Prevention and Rehabilitation. Eur J Cardiovasc Prev Rehabil. 2010;17(2):127–39.  

6.  Dishman RK, Washburn RA, Schoeller DA. Measurement of Physical Activity. Quest 

[Internet]. 2001;53(3):295–309.  

7.  Garriguet D, Colley RC. A comparison of self-reported leisuretime physical activity and 

measured moderate-to-vigorous physical activity in adolescents and adults. Heal Reports. 

2014;25(7):3–11.  

8.  Atienza AA, Moser RP, Perna F, Dodd K, Ballard-Barbash R, Troiano RP, et al. Self-

reported and objectively measured activity related to biomarkers using NHANES. Med 

Sci Sports Exerc. 2011;43(5):815–21.  

9.  Wu S, Cohen D, Shi Y, Pearson M, Sturm R. Economic analysis of physical activity 

interventions. Am J Prev Med [Internet]. 2011;40(2):149–58. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3085087&tool=pmcentrez&re

ndertype=abstract 

10.  Alhassan S, Robinson TN. Defining Accelerometer Thresholds for Physical Activity in 

Girls Using ROC Analysis. J Phys Act Heal. 2010;7(1):45–53.  

11.  Cummins S, Macintyre S. Food environments and obesity--neighbourhood or nation? Int J 

Epidemiol. 2006;35(1):100–4.  

12.  McMurray RG, Ward DS, Elder JP, Lytle L a., Strikmiller PK, Baggett CD, et al. Do 

overweight girls overreport physical activity? Am J Health Behav. 2008;32(5):538–46.  

13.  Westerterp KR. Assessment of physical activity level in relation to obesity: current 



54 

 

evidence and research issues. Med Sci Sports Exerc. 1999;31(11 Suppl):S522–5.  

14.  Hallal PC, Reichert FF, Clark VL, Cordeira KL, Menezes AMB, Eaton S, et al. Energy 

expenditure compared to physical activity measured by accelerometry and self-report in 

adolescents: A validation study. PLoS One. 2013;8(11):1–7.  

15.  Tudor-Locke C, Camhi SM, Troiano RP. A Catalog of Rules, Variables, and Definitions 

Applied to Accelerometer Data in the National Health and Nutrition Examination Survey, 

2003–2006. Prev Chronic Dis. 2012;9:1–16.  

16.  Gabriel KP, McClain JJ, Schmid KK, Storti KL, High RR, Underwood DA, et al. Issues in 

accelerometer methodology: the role of epoch length on estimates of physical activity and 

relationships with health outcomes in overweight, post-menopausal women. Int J Behav 

Nutr Phys Act [Internet]. 2010 Jan [cited 2015 Jul 21];7(1):53. Available from: 

http://www.ijbnpa.org/content/7/1/53 

17.  Strath SJ, Kaminsky LA, Ainsworth BE, Ekelund U, Freedson PS, Gary RA, et al. Guide 

to the Assessment of Physical Activity: Clinical and Research Applications. Circulation 

[Internet]. 2013;128(20):2259–79. Available from: 

http://circ.ahajournals.org/lookup/doi/10.1161/01.cir.0000435708.67487.da 

18.  Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical 

fitness: definitions and distinctions for health-related research. Public Health Rep. 

1985;100(2):126–31.  

19.  Canning KL, Brown RE, Jamnik VK, Salmon A, Ardern CI, Kuk JL. Individuals 

underestimate moderate and vigorous intensity physical activity. PLoS One. 2014;9(5).  

20.  Prince SA, Adamo KB, Hamel ME, Hardt J, Gorber SC, Tremblay M. A comparison of 

direct versus self-report measures for assessing physical activity in adults: a systematic 

review. Int J Behav Nutr Phys Act. 2008;5:56.  

21.  Hills AP, Mokhtar N, Byrne NM. Assessment of physical activity and energy expenditure: 

an overview of objective measures. Front Nutr [Internet]. 2014;1(June):5. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4428382&tool=pmcentrez&re

ndertype=abstract 

22.  Mâsse LC, Fuemmeler BF, Anderson CB, Matthews CE, Trost SG, Catellier DJ, et al. 

Accelerometer data reduction: A comparison of four reduction algorithms on select 

outcome variables. Med Sci Sports Exerc. 2005;37(11 SUPPL.).  

23.  Tudor-Locke C, Brashear MM, Johnson WD, Katzmarzyk PT. Accelerometer profiles of 

physical activity and inactivity in normal weight, overweight, and obese U.S. men and 

women. Int J Behav Nutr Phys Act. 2010;7:60.  

24.  Yang CC, Hsu YL. A Review of A ccelerometry-Based Wearable Motion Detectors for 

Physical Activity Monitoring. Sensors. 2010;10(8):7772–88.  

25.  Tryon WW, Williams R. Fully proportional actigraphy: A new instrument. Behav Res 

Methods, Instruments, Comput. 1996;28(3):392–403.  



55 

 

26.  Ceaser TG. The Estimation of Caloric Expenditure Using Three Triaxial Accelerometers. 

2012;98.  

27.  Bouten C V, Westerterp KR, Verduin M, Janssen JD. Assessment of energy expenditure 

for physical activity using a triaxial accelerometer. Med Sci Sport Exerc. 

1994;26(12):1516–23.  

28.  Hendelman D, Miller K, Baggett C, Debold E, Freedson P. Validity of accelerometry for 

the assessment of moderate intensity physical activity in the field. Med Sci Sports Exerc. 

2000;32(9 Suppl):S442–9.  

29.  Ott AE, Pate RR, Trost SG, Ward DS, Saunders R. The Use of Uniaxial and Triaxial 

Accelerometers to Measure Children’s “Free-Play” Physical Activity. Pediatr Exerc Sci 

[Internet]. 2000;12(4):360. Available from: 

http://search.epnet.com/login.aspx?direct=true&db=afh&an=6167046 

30.  John D, Tyo B, Bassett DR. Comparison of Four ActiGraph Accelerometers during 

Walking and Running. Med Sci Sport Exerc [Internet]. 2010 Feb;42(2):368–74. Available 

from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3181088&tool=pmcentrez&re

ndertype=abstract 

31.  John D, Freedson P. ActiGraph and Actical physical activity monitors: a peek under the 

hood. Med Sci Sports Exerc [Internet]. 2012;44(1 Suppl 1):S86-9. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3248573&tool=pmcentrez&re

ndertype=abstract 

32.  Howe CA, Staudenmayer JW, Freedson PS. Accelerometer prediction of energy 

expenditure: Vector magnitude versus vertical axis. Med Sci Sports Exerc. 

2009;41(12):2199–206.  

33.  Hislop JF, Bulley C, Mercer TH, Reilly JJ. Comparison of epoch and uniaxial versus 

triaxial accelerometers in the measurement of physical activity in preschool children: a 

validation study. Pediatr Exerc Sci [Internet]. 2012;24(3):450–60. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/22971560 

34.  Lopes VP, Magalhães P, Bragada J, Vasques C. Actigraph calibration in obese/overweight 

and type 2 diabetes mellitus middle-aged to old adult patients. J Phys Act Health. 2009;6 

Suppl 1(Suppl 1):S133–40.  

35.  O’Neil ME, Fragala-Pinkham M a, Forman JL, Trost SG. Measuring reliability and 

validity of the ActiGraph GT3X accelerometer for children with cerebral palsy: A 

feasibility study. J Pediatr Rehabil Med [Internet]. 2014;7(3):233–40. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/25260506 

36.  Cook I, Lambert E V. Monitor placement, sources of variance and reliability of free-living 

physical activity: a pilot investigation. South African J Sport Med [Internet]. 

2009;21(1):13–8. Available from: http://ajol.info/index.php/sasma/article/view/44480 



56 

 

37.  Jerome GJ, Young DR, Laferriere D a N, Chen C, Vollmer WM. Reliability of RT3 

accelerometers among overweight and obese adults. Med Sci Sports Exerc. 

2009;41(1):110–4.  

38.  Cleland I, Kikhia B, Nugent C, Boytsov A, Hallberg J, Synnes K, et al. Optimal placement 

of accelerometers for the detection of everyday activities. Sensors (Basel) [Internet]. 

2013;13(7):9183–200. Available from: http://www.mdpi.com/1424-8220/13/7/9183/htm 

39.  Swartz AM, Strath SJ, Bassett DR, O’Brien WL, King G a, Ainsworth BE, et al. 

Estimation of energy expenditure using CSA accelerometers at hip and wrist sites. Med 

Sci Sports Exerc. 2000;32(3):S450–6.  

40.  Trost SG, McIver KL, Pate RR. Conducting accelerometer-based activity assessments in 

field-based research. Med Sci Sports Exerc. United States; 2005 Nov;37(11 Suppl):S531-

43.  

41.  Yngve A, Nilsson A, Sjöström M, Ekelund U. Effect of monitor placement and of activity 

setting on the MTI accelerometer output. Med Sci Sports Exerc. 2003;35(2):320–6.  

42.  Westerterp KR. Physical activity assessment with accelerometers. Int J Obes Relat Metab 

Disord. 1999;23 Suppl 3:S45–9.  

43.  Gjoreski H, Luštrek M, Gams M. Accelerometer placement for posture recognition and 

fall detection. Proceedings - 2011 7th International Conference on Intelligent 

Environments, IE 2011. 2011. p. 47–54.  

44.  Baker L, Clemens L, Sun M, Maciej S. Wrist-worn Accelerometers. 2010;5(6):1023–33.  

45.  Lyden K, Kozey SL, Staudenmeyer JW, Freedson PS. A comprehensive evaluation of 

commonly used accelerometer energy expenditure and MET prediction equations. Eur J 

Appl Physiol. 2011;111(2):187–201.  

46.  Crouter SE, Churilla JR, Bassett DR. Estimating energy expenditure using accelerometers. 

Eur J Appl Physiol. 2006;98(6):601–12.  

47.  Alhassan S, Lyden K, Howe C, Kozey Keadle S, Nwaokelemeh O, Freedson PS. 

Accuracy of accelerometer regression models in predicting energy expenditure and METs 

in children and youth. Pediatr Exerc Sci [Internet]. 2012;24(4):519–36. Available from: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4005275/pdf/nihms-571841.pdf 

48.  Brage S, Brage N, Franks PW, Ekelund U, Wong M-Y, Andersen LB, et al. Branched 

equation modeling of simultaneous accelerometry and heart rate monitoring improves 

estimate of directly measured physical activity energy expenditure. Journal of applied 

physiology (Bethesda, Md. : 1985). 2004. p. 343–51.  

49.  Staudenmayer J, Pober D, Crouter S, Bassett D, Freedson P. An artificial neural network 

to estimate physical activity energy expenditure and identify physical activity type from 

an accelerometer. J Appl Physiol [Internet]. 2009;107(4):1300–7. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2763835&tool=pmcentrez&re

ndertype=abstract 



57 

 

50.  Freedson PS, Lyden K, Kozey-Keadle S, Staudenmayer J. Evaluation of artificial neural 

network algorithms for predicting METs and activity type from accelerometer data: 

validation on an independent sample. J Appl Physiol. 2011;111(6):1804–12.  

51.  Crouter SE, Bassett DR. A new 2-regression model for the Actical accelerometer. Br J 

Sports Med [Internet]. 2008;42(3):217–24. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17761786 

52.  Vathsangam H, Emken A, Schroeder ET, Spruijt-Metz D, Sukhatme GS. Determining 

energy expenditure from treadmill walking using hip-worn inertial sensors: An 

experimental study. IEEE Trans Biomed Eng. 2011;58(10 PART 1):2804–15.  

53.  Rothney MP, Neumann M, Béziat A, Chen KY. An artificial neural network model of 

energy expenditure using nonintegrated acceleration signals. J Appl Physiol [Internet]. 

2007;103(4):1419–27. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17641221 

54.  Santos-Lozano A, Santín-Medeiros F, Cardon G, Torres-Luque G, Bailón R, Bergmeir C, 

et al. Actigraph GT3X: Validation and determination of physical activity intensity cut 

points. Int J Sports Med. 2013;34(11):975–82.  

55.  Matthews CE. Calibration for Accelerometer Output for Adults. Med Sci Sport Exerc. 

2005;S512:S512–22.  

56.  Ainsworth BE, Haskell WL, Whitt MC, Irwin ML, Swartz AM, Strath SJ, et al. 

Compendium of Physical Activities: an update of activity codes and MET intensities. Med 

Sci Sport Exerc [Internet]. 2000 Sep;32(Supplement):S498–516. Available from: 

http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00005768-

200009001-00009 

57.  Jetté M, Sidney K, Blümchen G. Metabolic equivalents (METS) in exercise testing, 

exercise prescription, and evaluation of functional capacity. Clin Cardiol. 1990;13(8):555–

65.  

58.  Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM, et al. 

Quantity and quality of exercise for developing and maintaining cardiorespiratory, 

musculoskeletal, and neuromotor fitness in apparently healthy adults: Guidance for 

prescribing exercise. Med Sci Sports Exerc. 2011;43(7):1334–59.  

59.  Jakobsen MD, Sundstrup E, Persson R, Andersen CH, Andersen LL. Is Borg’s perceived 

exertion scale a useful indicator of muscular and cardiovascular load in blue-collar 

workers with lifting tasks? A cross-sectional workplace study. Eur J Appl Physiol. 

2014;114(2):425–34.  

60.  Kozey S, Lyden K, Staudenmayer J, Freedson P. Errors in MET estimates of physical 

activities using 3.5 ml x kg(-1) x min(-1) as the baseline oxygen consumption. J Phys Act 

Health [Internet]. 2010;7(4):508–16. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20683093 

61.  Miller NE, Strath SJ, Swartz AM, Cashin SE. Estimating absolute and relative physical 



58 

 

activity intensity across age via accelerometry in adults. J Aging Phys Act. 

2010;18(2):158–70.  

62.  Freedson P, Melanson E, Sirard J. Calibration of the Computer Science and Applications, 

Inc. accelerometer. Med Sci Sports Exerc [Internet]. 1998;30(5):777–81. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9588623 

63.  Troiano RP, Berrigan D, Dodd KW, Mâsse LC, Tilert T, Mcdowell M. Physical activity in 

the United States measured by accelerometer. Med Sci Sports Exerc. 2008;40(1):181–8.  

64.  Hillier F, Batterham A, Crooks S, Summerbell C. A novel online tool for capturing dietary 

and physical activity behaviours in adults: concurrent validity against standard reference 

methods. Proc Nutr Soc. 2008;67(OCE8).  

65.  Orme M, Wijndaele K, Sharp SJ, Westgate K, Ekelund U, Brage S. Combined influence 

of epoch length, cut-point and bout duration on accelerometry-derived physical activity. 

Int J Behav Nutr Phys Act [Internet]. 2014 Jan [cited 2015 Feb 17];11(1):34. Available 

from: http://www.ijbnpa.org/content/11/1/34 

66.  CDC/ National Center for Health Statistics. NHANES Physical Activity and 

Cardiovascular Fitness Data Tutorial [Internet]. 2013 [cited 2015 Dec 18]. Available 

from: https://www.cdc.gov/nchs/tutorials/PhysicalActivity/Preparing/PAX/index.htm 

67.  Ozemek C, Cochran HL, Strath SJ, Byun W, Kaminsky L a. Estimating relative intensity 

using individualized accelerometer cutpoints: the importance of fitness level. BMC Med 

Res Methodol [Internet]. BMC Medical Research Methodology; 2013;13(1):53. Available 

from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3617038&tool=pmcentrez&re

ndertype=abstract 

68.  Zisko N, Carlsen T, Salvesen Ø, Aspvik NP, Ingebrigtsen JE, Wisløff U, et al. New 

relative intensity ambulatory accelerometer thresholds for elderly men and women: the 

Generation 100 study. BMC Geriatr [Internet]. 2015 Aug 4 [cited 2015 Oct 1];15(1):97. 

Available from: http://www.biomedcentral.com/1471-2318/15/97 

69.  Katzmarzyk PT, Church TS, Janssen I, Ross R, Blair SN. Metabolic Syndrome, Obesity, 

and Mortality. Diabetes Care [Internet]. 2005;28(2):391–7. Available from: 

http://care.diabetesjournals.org/content/28/2/391.full.pdf+html 

70.  Jacobs DR, Ainsworth BE, Hartman TJ, Leon AS. A simultaneous evaluation of 10 

commonly used physical activity questionnaires. Med Sci Sports Exerc [Internet]. 

1993;25(1):81–91. Available from: http://europepmc.org/abstract/med/8423759 

71.  Prince S, Adamo K, Hamel M, Hardt J, Gorber S, Tremblay M. A comparison of direct 

versus self-report measures for assessing physical activity in adults: a systematic review. 

Int J Behav Nutr Phys Act. 2008;5:56.  

72.  Tully MA, Panter J, Ogilvie D. Individual characteristics associated with mismatches 

between self-reported and accelerometer-measured physical activity. PLoS One. 



59 

 

2014;9(6).  

73.  Dyrstad SM, Hansen BH, Holme IM, Anderssen S a. Comparison of self-reported versus 

accelerometer-measured physical activity. Med Sci Sports Exerc. 2014;46(1):99–106.  

74.  Colley RC, Garriguet D, Janssen I, Craig CL, Clarke J, Tremblay MS. Physical activity of 

Canadian children and youth: accelerometer results from the 2007 to 2009 Canadian 

Health Measures Survey. Heal reports / Stat Canada. 2011;22(1):15–23.  

75.  Klausen B, Toubro S, Astrup A. Age and sex effects on energy expenditure. Am J Clin 

Nutr. 1997;65:895–907.  

76.  Zipf G, Chiappa M, Porter K, Ostchega Y, Lewis B, Dostal J. National Health and 

Nutrition Examination Survey : Plan and Operations, 1999 – 2010. National Center for 

Health Statistics. Vital Heal Stat. 2013;1(56).  

77.  CDC/ National Center for Health Statistics. National Health and Nutrition Examination 

Survey Anthropometry and Physical Activity Monitor Procedures Manual. 2005.  

78.  Centers for Disease Control and Prevention. NHANES III Anthropometric Procedures 

Video. U.S. Government Printing Office Stock Number 017-022-01335-5. Washington, 

DC, U.S: Government Printing Office; 1996.  

79.  Health Topics. Obesity. World Health Organization Website. Available from: 

http://www.who.int/topics/obesity/en/ [Internet]. [cited 2014 Dec 12]. Available from: 

Available from: http://www.who.int/topics/obesity/en/ 

80.  CDC/ National Center for Health Statistics. NHANES Physical Activity and 

Cardiovascular Fitness Data Tutorial [Internet]. 2013 [cited 2015 Dec 12]. Available 

from: http://www.cdc.gov/nchs/tutorials/PhysicalActivity/index.htm 

81.  Bloom W, Eidex M. The comparison of energy expenditure in the obese and lean. 

Metabolism. 1967;16(8):685–92.  

82.  Liu S, Gao RX, Freedson PS. Computational methods for estimating energy expenditure 

in human physical activities. Med Sci Sports Exerc. 2012;44(11):2138–46.  

83.  Ferrari P, Friedenreich C, Matthews CE. The role of measurement error in estimating 

levels of physical activity. Am J Epidemiol. 2007;166(7):832–40.  

84.  Ramirez-Marrero FA, Miles J, Joyner MJ, Curry TB. Self-reported and objective physical 

activity in postgastric bypass surgery, obese and lean adults: association with body 

composition and cardiorespiratory fitness. J Phys Act Health. United States; 2014 

Jan;11(1):145–51.  

85.  Spees CK, Scott JM, Taylor CA. Differences in amounts and types of physical activity by 

obesity status in US adults. Am J Health Behav. 2012;36(1):56–65.  

86.  Jackson AS, Blair SN, Mahar MT, Wier LT, Ross RM, Stuteville JE. Prediction of 

functional aerobic capacity without exercise testing. Med Sci Sports Exerc [Internet]. 



60 

 

1990;22(6):863–70. Available from: http://www.ncbi.nlm.nih.gov/pubmed/2287267 

87.  ACSM. ACSM’s Guidelines for Exercise Testing and Prescription. The Journal of the 

Canadian Chiropractic Association. 2013. p. 456.  

88.  Pollock M, Gaesser G, Butcher J, Després J, Dishman R, Franklin B, et al. American 

College of Sports Medicine Position Stand: The Recommended Quantity and Quality of 

Exercise for Developing and Maintaining Fitness in Healthy Adults. Med Sci Sport Exerc. 

1998;30:975–91.  

89.  Rothney M, Schaefer E, Neumann M, Choi L, Chen K. Validity of Physical Activity 

Intensity Predictions by ActiGraph, Actical, and RT3 Accelerometers. Obesity. 

2008;16(8):1946–52.  

90.  Albinali F, Intille SS, Haskell W, Rosenberger M. Using wearable activity type detection 

to improve physical activity energy expenditure estimation. Proc 12th ACM Int Conf 

Ubiquitous Comput Ubicomp 10 [Internet]. 2010;311. Available from: 

http://portal.acm.org/citation.cfm?doid=1864349.1864396 

91.  Valenti G, Camps SGJ a, Verhoef SPM, Bonomi  a G, Westerterp KR. Validating 

measures of free-living physical activity in overweight and obese subjects using an 

accelerometer. Int J Obes (Lond) [Internet]. Nature Publishing Group; 2013;38(7):1011–4. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/24166066 

92.  Jefferis BJ, Parsons TJ, Sartini C, Ash S, Lennon LT, Wannamethee SG, et al. Does 

duration of physical activity bouts matter for adiposity and metabolic syndrome? A cross-

sectional study of older British men. Int J Behav Nutr Phys Act [Internet]. 2016;13:36. 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4793648&tool=pmcentrez&re

ndertype=abstract 

93.  Wang CY, Haskell WL, Farrell SW, Lamonte MJ, Blair SN, Curtin LR, et al. 

Cardiorespiratory fitness levels among us adults 20-49 years of age: Findings from the 

1999-2004 national health and nutrition examination survey. Am J Epidemiol. 

2010;171(4):426–35.  

94.  Kim Y, Lee JM, Peters BP, Gaesser GA, Welk GJ. Examination of different accelerometer 

cut-points for assessing sedentary behaviors in children. PLoS One. 2014;9(4).  

95.  Strath SJ, Bassett DR, Swartz AM. Comparison of MTI accelerometer cut-points for 

predicting time spent in physical activity. Int J Sports Med. 2003;24(4):298–303.  

 


