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Abstract 13 

Background: Multiple activity monitors are utilised for the estimation of moderate-to-14 

vigorous intensity physical activity (MVPA) in youth. Due to differing methodological 15 

approaches, results are not comparable when developing thresholds for the determination of 16 

MVPA. This study aimed to develop and validate count-to-activity thresholds for 1.5, 3 and 6 17 

METs in five of the most commonly used activity monitors in adolescent research. Methods: 18 

Fifty-two participants (mean age 16.1 ± 0.78 years) selected and performed activities of daily 19 

living while wearing a CosMED K4b2 and five activity monitors; ActiGraph GT1M, ActiGraph 20 

wGT3X-BT, activPAL3 Micro, activPAL, and GENEActiv. Receiver operating characteristic 21 

analysis was used to examine the area under the curve and to define count-to-activity thresholds 22 

for the vertical axis (all monitors) and the sum of the vector magnitude (ActiGraph wGT3X-23 

BT, activPAL3 Micro) for 15 second (all monitors) and 60 second (ActiGraph monitors) 24 

epochs. Results: All developed count-to-activity thresholds demonstrated high levels of 25 

sensitivity and specificity. When cross-validated in an independent group (N = 20), high levels 26 

of sensitivity and specificity generally remained (≥ 73.1%, intensity and monitor dependent). 27 

https://doi.org/10.1123/jmpb.2021-0023
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Conclusion: This study provides researchers with the opportunity to analyse and cross-28 

compare data from different studies that have not employed the same motion sensors. 29 
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Background 33 

Accelerometer-based activity monitors have become the preferred method of choice for 34 

measuring activity behaviour in free-living populations (Dowd et al., 2018). Most 35 

accelerometer-based devices record and store raw accelerations, however, different companies 36 

vary on how they filter and process the data. Generally, once exported, the output from the 37 

accelerometer is presented in arbitrary units (referred to as activity or accelerometer counts) 38 

over a specified unit/epoch of time (e.g. 60 seconds). The accelerometer counts provide an 39 

indication of overall movement, but the fundamental research challenge is to determine how 40 

counts can be converted into more meaningful units. This challenge is usually addressed in 41 

calibration studies where the accelerometer counts are related to either energy expenditure, 42 

oxygen consumption or metabolic equivalents (METs) to give a more interpretable measure of 43 

physical activity (PA) intensity (Harrington et al., 2011). 44 

As accelerometer-based monitors have evolved, so too has the amount of studies 45 

validating their use as measures of PA intensity. Controversy now exists when analysing PA 46 

data, as researchers must choose from multiple devices and multiple sets of count-to-activity 47 

thresholds for sedentary, light, moderate and vigorous intensity PA (Powell et al., 2017). The 48 

use of multiple devices, coupled with varying thresholds developed in specific populations 49 

(based on age and gender) and differing validation analysis techniques makes it difficult to 50 

cross-compare the results between devices or studies. For example, Van Hecke and colleagues 51 

highlight that across the youth PA literature, five different count-to-activity thresholds ranging 52 

from >1000 counts.min-1 to >3000 counts.min-1 were used to define MVPA measured with 53 

accelerometers in children (Van Hecke et al., 2016). Similarly, four different count-to-activity 54 

thresholds were used in adolescents ranging from >1500 counts.min-1 to >3000 counts.min-1. 55 

The increased number of count-to-activity thresholds used within youth PA research is a major 56 

factor in the variation in reported levels of MVPA across youth populations (Van Hecke et al., 57 
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2016). Moreover, harmonising activity measurements from different studies is difficult since 58 

the majority of validation studies have been completed independently, using different 59 

validation methods and activity protocols (Powell et al., 2017).  60 

Using the same validation methods, activity protocols and statistical analysis 61 

techniques, the aim of this study was to simultaneously develop and validate count-to-activity 62 

thresholds for 1.5, 3 and 6 MET activities for five of the most commonly used activity monitors 63 

in adolescent research (activPAL, ActiGraph wGT3x-BT, ActiGraph GT1M & GENEActiv) 64 

using VO2 determined from a potable metabolic unit as the criterion. The thresholds developed 65 

for each of the included monitors will enable researchers to reprocess and compare data that 66 

was collected using different activity monitors potentially enabling the harmonisation of data 67 

with greater accuracy, thus providing greater knowledge of the relationship between activity 68 

behaviours and indices of health in adolescent populations.  69 

Methods  70 

Participant Eligibility and Recruitment 71 

A convenience sample of 62 adolescent males and females were recruited from two second-72 

level schools in the mid-west region of Ireland. Eligible participants were required to be 73 

between the ages of 15-18 years and free from injury or any medical condition that would 74 

constrain their participation in PA or exercise. No exclusions were placed on the participant’s 75 

level of fitness or other health behaviours. Once written informed consent was obtained from 76 

the school principals, all participants were provided with parental and participant information 77 

sheets, consent forms and a physical activity readiness questionnaire (PAR-Q). Participants 78 

were selected for inclusion once participant assent and parent consent were provided and they 79 

had successfully completed the PAR-Q. A lowest random numbers table was used to assign 80 

each participant to either an equation development group or a cross-validation group. Ethics 81 
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committee approval was granted by the Faculty of Education and Health Sciences Research 82 

Ethics Committee at the University of Limerick (EHSREC 11-48, EHSREC 10-26).  83 

Activity Measurement Devices 84 

During testing procedures, participants were required to wear five activity monitors. The 85 

characteristics of each activity monitor are described in Table 1. To reduce any potential inter-86 

device error, the same activity monitors were used throughout the entire testing period. The 87 

alignment of data was achieved by synchronising the internal clock of each activity monitor 88 

with the same computer. All monitors were set to record with 15 second epochs. To enable a 89 

more accurate detection of acceleration during the lower intensity activities (Migueles et al., 90 

2017), the low-frequency extension filter was applied to the ActiGraph wGT3X-BT data.  91 

Metabolic Testing 92 

Breath-by-breath oxygen uptake (VO2, ml.kg.min-1) and carbon dioxide production (VCO2, 93 

ml.kg.min-1) was recorded in 30 second averages for each activity using the CosMed K4b2 94 

portable metabolic unit (K4b2) (CosMed, Rome, Italy). The device has been shown to be a 95 

reliable measure of oxygen uptake over a range of exercise intensities (Bassett et al., 2012; 96 

McLaughlin et al., 2001). Briefly, the K4b2 is a battery operated, portable, wireless device worn 97 

on the chest via a harness with a heart-rate receiver attached. Each participant was fitted with 98 

a rubber facemask (Hans-Rudolph, Kansas City, USA) affixed via a head harness. Prior to each 99 

testing session and following a standard 45-minute warm-up period, the K4b2 was calibrated 100 

immediately in accordance with the specifications of the manufacturer. Flow control and gas 101 

calibration were performed using the K4b2 automated calibration procedures and the CO2 and 102 

O2 analysers were calibrated against a reference gas of known concentrations (4.01% CO2
 and 103 

16 % O2) as well as room air. The output from each accelerometer was aligned with the steady 104 

state VO2 for each activity performed. Resting metabolic rate (RMR) was measured for each 105 

participant, which enabled the intensity of each activity to be individualised per participant. 106 



6 
 

The measurement of individual RMR was appropriate as use of the standard 1 MET as 3.5 107 

ml.kg.min-1 has been shown to have limitations for calculating metabolic rate (Mansoubi et al., 108 

2015) and it does not represent the RMR of younger populations (Butte et al., 2018). For this 109 

study, the measured value for each individual’s RMR was assigned to be 1 MET, and all other 110 

measured values were expressed relative to this.  111 

Calibration activities 112 

The selection of the activities included in this research was predominantly informed by 113 

previous research that highlights best practice for wearable monitor calibration and validation 114 

studies (Bassett et al., 2012; Welk, 2005). Prior to testing, each participant was provided with 115 

a bank of 20 exercises that had been used in previously published accelerometer validation 116 

research that were categorised based on the compendium of PA and ranged in intensity from 117 

sedentary to vigorous (Ainsworth et al., 2011). The participants were required to rank in order 118 

how regularly they achieved each activity on a daily basis. Using this information, the main 119 

researcher assigned activities to each participant for their testing period. The random selection 120 

of the activities included aimed to mimic a more free-living natural environment. Each 121 

participant performed a maximum of eight standardised activities (see Supplementary Table 1 122 

for activities) across four intensity categories (sedentary, light, moderate and vigorous). 123 

Sedentary and light intensity activities were performed for a duration of 5 minutes, while 124 

moderate- and vigorous-intensity activities were performed for 7 minutes. These durations 125 

were selected as VO2  should reach steady state after 3 minutes for light intensity activities and 126 

after 3-5 minutes for more intense exercise (Poole et al., 1991). The attainment of steady state 127 

was confirmed by inspection of recorded HR and VO2 values (Trost et al., 2005). The first 2 128 

minutes (to allow for steady state) and the last minute (subjects stopped due to volitional 129 

fatigue) of each activity were eliminated. The mean value of the 3rd and 4th minute of the 130 

sedentary and light activity and the mean value of the 5th and 6th minute of the moderate and 131 
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vigorous activities was used for this analysis as participants were at steady state energy 132 

expenditure during this time (Saint-Maurice et al., 2016).  133 

Testing Protocol 134 

Participants were asked to refrain from eating, consuming caffeine and smoking for a minimum 135 

of 3 hours prior to attending the testing centre. In the 12 hours preceding testing, participants 136 

were asked to refrain from any structured PA or exercise. Participants attended the centre 137 

wearing gym clothing and running shoes. Upon arrival, height was measured to the nearest 138 

0.25 cm, using a portable stadiometer (Seca model 214; Seca Ltd, Birmingham, UK) and mass 139 

was measured to the nearest 0.1kg using a portable electronic scale (Seca model 770; Seca Ltd, 140 

Birmingham, UK). Body mass index (BMI) was recorded using the standard formula (Kg/m-141 

2).  142 

Once anthropometric data were obtained, the K4 b2 metabolic unit and all activity 143 

monitors were fitted on participants (Figure 1) in accordance with the manufacture’s guidelines 144 

(Table 1). The GENEActiv devices were placed on both the right and left wrists as hand-145 

dominance was/is not specified by the manufacturer. All activities were performed in ascending 146 

intensity. A single observer recorded and signalled to the participant when to start and stop 147 

each activity.  148 

To initiate the study protocol participants were required to lie in a reclined position in 149 

a dimly lit, quiet room for 10 minutes before having their resting VO2 measured for a 15-minute 150 

period. Participants were not permitted to sleep during this time and the 10-minute period was 151 

deemed an appropriate time frame to ensure that participants were in a fully rested state (Treuth 152 

et al., 2004). To determine individual RMR only minutes 5-15 of the 15-minute measurement 153 

period were included for analysis. The output from each accelerometer was aligned with the 154 

steady state VO2 for each activity performed. To facilitate the assessment of the included 155 

ambulatory activities (i.e. walking and running), a 40-meter circular track was constructed 156 
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within the testing centre. Participants were required to complete some of the ambulatory 157 

activities within specified time limits, but at a pace that was comfortable for them. The 158 

activities with specified time limits included; slow walking (2.5-4.5 km.hr-1), brisk walking 159 

(4.5-6.5 km.hr-1) and running (6.5-8.5km.hr-1). Within each speed category, the upper- and 160 

lower-time limit required to complete one full circle of the 40-meter track was calculated. The 161 

time taken for a participant to complete one full circle of the track was used to estimate their 162 

actual speed. To standardise pace and movement, once the participant was comfortable at the 163 

self-selected speed and achieved consistent timing within the speed bands, they were cued to 164 

maintain that pace for the remainder of the activity and where possible a research student 165 

completed the activity with the participant. The self-selected pacing approach was used to 166 

mimic free-living activity and to avoid the clustering effect that set speeds may have during 167 

statistical analysis. A rest period of 2 minutes was permitted between the more metabolically 168 

demanding activities or longer if the heart rate had not returned to < 100 beats per minute after 169 

1 minute. A brief description of the included ambulatory activities included can be observed in 170 

Supplementary Table 1.  171 

Data Processing 172 

After accelerometer files were downloaded, activity counts for each 15 second epoch were 173 

provided using each of the monitors respective proprietary software’s (see Table 1 for 174 

proprietary software). Accelerations in the vertical axis were extracted for uniaxial 175 

accelerometers (activPAL and ActiGraph GT1M). Accelerations in the vertical axis and the 176 

sum of the vector magnitudes (SVM; combined value from the three orthogonal axis (√(X2+ 177 

Y2+ Z2)) were extracted for the triaxial accelerometers. The start and stop times of each activity 178 

were synchronised between the K4b2 and each of the devices, ensuring alignment of the steady 179 

state VO2 and accelerometer output for each activity performed. Participants individual RMR 180 

was used to calculate the MET value at each activity intensity (VO2 ml.kg.min-1/ Resting VO2 181 
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ml.kg.min-1). For each activity, the VO2 data and the 15- or 60-second epoch data were collated, 182 

averaged and exported to SPSS (v 21, SPSS Inc., Chicago, USA) for further analysis.  183 

Statistical Analysis 184 

All outcome variables were tested to meet the assumptions for normal distribution though 185 

visual inspection of histograms and using the Shapiro-Wilks test of normality. Descriptive 186 

statistics for the study sample and outcome variables were calculated and presented as means 187 

and standard deviations (SD). Spearman rho correlation coefficients were calculated between 188 

the VO2 values and the accelerometer output from each of the included devices. Independent 189 

samples t-tests were used to examine if differences existed between the participants of the 190 

development group and the participants of cross-validation group. Receiver operating 191 

characteristic (ROC) analysis was used to examine the Area under the Curve (AUC) and define 192 

count-to-activity thresholds for sedentary (≤1.5 MET’s), light (> 1.5 - < 3 MET’s), moderate 193 

((≥ 3 - < 6 MET’s) and vigorous (≥ 6 MET’s) intensity activities with optimal levels of 194 

sensitivity (correctly identifying activities at or above the required intensity) and specificity 195 

(correctly excluding activities below the intensity threshold) (Dowd et al., 2012; Zweig & 196 

Campbell, 1993).Sensitivity, Specificity and AUC values were developed, examined and 197 

interpreted with optimal values for LIPA, MPA and VPA being identified for the development 198 

group. An AUC of 1 represents perfect classification. ROC-AUC values of ≥ 0.90 are 199 

considered excellent, 0.80-0.90 good, 0.70-0.79 fair and < 0.70 poor (Jago et al., 2007). The 200 

count-to-activity thresholds developed using the development group were then cross-validated 201 

in the independent group.  202 

Results 203 

A total of 62 participants were recruited for the study. Nine participants were unavailable to 204 

take part on the day of testing, leaving fifty-three participants to be tested. One data set was 205 

removed due to K4 b2 malfunction. Participant characteristics are presented in Table 2. 206 
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Independent samples t-tests showed that there were no significant differences between 207 

participants in the development group and the cross-validation group for age, mass, height, 208 

BMI and RMR. Spearman rho correlation coefficients examining the strength of association 209 

between the accelerometer outputs and VO2 achieved rs-values that were ≥ 0.8 and thus were 210 

considered to be highly correlated. Table 3 presents the K4b2 measured VO2, MET values and 211 

accelerometer outputs for all of the included activities.  212 

Receiver Operating Characteristic Analysis 213 

By means of ROC analysis, count-to-activity thresholds per 15 second epochs were established 214 

for 1.5, 3 and 6 METs in the development group for all devices (3 and 6 METs for the activPAL 215 

devices only). Count-to-activity thresholds per 60 second epochs were established in the 216 

development group for 1.5, 3 and 6 METs for the ActiGraph accelerometers only. The count-217 

to-activity thresholds for all of the included activity monitors along with the AUC, sensitivity 218 

and specificity values for each of the developed count-to-activity thresholds are presented in 219 

Table 4. Overall, the sensitivity and specificity values of the developed count-to-activity 220 

thresholds for 1.5 METs ranged from 97.4-98.1% and 97.2-99.3% respectively. For 3 METs, 221 

the sensitivity and specificity values of the developed thresholds ranged from 91.8-94.8% and 222 

92.0-94.6% respectively. For 6 METs, the sensitivity and specificity values for the developed 223 

count-to-activity thresholds for all devices ranged from 85.1-95.7% and 84.5-95.8% 224 

respectively. All AUC values for the developed thresholds were ≥ 0.9, and were therefore 225 

considered to be excellent. 226 

Cross-validation of developed count-to-activity thresholds  227 

The count-to-activity thresholds that were established within the development group were then 228 

cross-validated in an independent sample (cross-validation group, N = 20). ROC analysis was 229 

used to determine if the count-to-activity thresholds optimized sensitivity and specificity 230 

(inclusion or exclusion of PA intensities at, above or below the defined count-to-activity 231 
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threshold). The cross-validation information is presented in Table 4. The sensitivity and 232 

specificity values for 1.5 METs ranged between 87.4-94.8% and 78.0-98.8% respectively. The 233 

sensitivity and specificity values for 3 METs ranged from 85.7-95.7% and 92.5%98.1% 234 

respectively. The 6 METs sensitivity and specificity values ranged between 65.4-84.6% and 235 

74.4-95.9% when cross-validated in an independent sample. The developed count-to-activity 236 

thresholds appeared stronger for 3 METs compared to the other activity intensities.  237 

Discussion 238 

This study presents a range of count-to-activity thresholds for some of the most commonly 239 

used activity monitors in youth PA research that have demonstrated fair to excellent levels of 240 

sensitivity and specificity for accurately detecting LIPA, MPA and VPA. While the field of PA 241 

measurement has significantly advanced in recent years, issues still exist. Differences among 242 

monitor types (makes and models), attachment and wear location, calibration methods and the 243 

proliferation in data processing procedures pose evolving challenges (Migueles et al., 2017). 244 

Furthermore, the large number of independent activity-monitor validation studies makes it 245 

impossible to directly compare results from different studies or to cross-validate results 246 

between different devices (Powell et al., 2017). The present study contributes to the literature 247 

by addressing these issues. It is the first study to simultaneously validate (using the same 248 

validation protocols and analysis methodologies) five activity monitors for the determination 249 

of LIPA, MPA and VPA in an adolescent population.  250 

The developed count-to-activity thresholds for all devices demonstrated high levels of 251 

sensitivity and specificity for the determination of 1.5, 3 and 6 METs when cross-validated in 252 

the independent group. The AUC values from the current study ( all ≥ 0.942) are similar to 253 

those reported by Romanzini et al. (2014) for 3 METs (0.99) and 6 METs respectively (0.93). 254 

Similar to the current study, the AUCs from Romanzini et al. were developed using daily and 255 

locomotive tasks (Romanzini et al., 2014). Based on the AUC standards defined by Metz and 256 
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colleagues, this suggests that at least 94.2% of the time, the developed count-to-activity 257 

thresholds correctly identify the activity intensity (Metz, 1978). The highest AUC values were 258 

observed for 3 METs (MPA) which suggests that the free-living movements associated with 259 

this intensity were correctly classified more frequently and incorrectly misclassified less 260 

frequently than in other intensities. The practical significance of this finding is important, as it 261 

supports the use of the developed MPA threshold values within this population.  262 

Since the activPAL is employed as a postural measurement system, and SB is reported 263 

based on posture (Dowd et al., 2012; Kozey-Keadle et al., 2011), there is no requirement to 264 

calculate sedentary time based on acceleration. Consequently, no cut-points were developed 265 

for 1.5 METs for the activPAL devices. To the authors’ knowledge, no count-to activity 266 

thresholds have been previously developed for activPAL and activPAL 3 micro devices using 267 

a mixed adolescent population. When comparing the activPAL 3 micro SVM and vertical axis 268 

count-to-activity thresholds, for MPA (3 METs), the count-to-activity thresholds developed for 269 

the activPAL 3 micro SVM demonstrated higher sensitivity and specificity values compared 270 

to the vertical axis. For this reason, we propose using the newly developed SVM count-to-271 

activity threshold for the activPAL 3 micro in this population, as it gave the lowest number of 272 

false positive and false negative classifications. This supports the view that count-to-activity 273 

thresholds developed from triaxial accelerometer data may provide better estimates of MPA 274 

compared to those developed based on the vertical axis of uniaxial measures only (Bassett et 275 

al., 2012).  276 

Noteworthy is the finding that the developed thresholds for both activPAL devices 277 

demonstrated lower sensitivity and specificity values for VPA (6 METs) compared to both 278 

ActiGraph and GENEActiv devices. Using the same activity devices as the present study, 279 

Powell and colleagues (2017) observed higher sensitivity and specificity values for VPA for 280 

all the included devices in an adult population. However, the inclusion of only one 6 MET 281 
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activity from one exercise domain (jogging) may be a limitation of their study design and thus 282 

may have influenced the results. The present study included a variety of 6 MET activities that 283 

had high acceleration, upper limb ambulation, and up and down movements. The decreased 284 

sensitivity values reported may lend support to the claim that at higher exercise intensities the 285 

activPAL device has some difficulty correctly identifying when a person is exercising at or 286 

above the 6 MET intensity band. It is likely that with the increased number of activities of this 287 

type, the precision of most accelerometer-based measurement tools will decrease, as the 288 

acceleration value of the activity may not accurately capture the metabolic demands of the 289 

activity (Lyden et al., 2012). Although it is beyond the scope of this paper to discuss the effects 290 

of varying activity types, these findings may suggest that the inclusion of a variety of free-291 

living 6 MET activities have affected the accuracy and precision of the activPAL device to 292 

detect accelerations within this intensity band. Given that most adolescents only spend a limited 293 

proportion of their day in vigorous activities, our results suggest that a reasonably valid 294 

estimate of total daily PA can still be estimated by the activPAL device. Furthermore, the 295 

frequent combining of MPA and VPA (primarily for the determination of whether youths 296 

achieve the recommended amount of PA) will largely nullify this misclassification at higher 297 

intensities. 298 

The inclusion of the ActiGraph devices concurrently with the other commonly 299 

employed devices in this research was to allow for the development of comparable PA and SB 300 

estimates in young populations. The 15 second count-to-activity thresholds developed for the 301 

vertical axis of the ActiGraph wGT3X-BT and ActiGraph GT1M were similar for 1.5 METs 302 

(0), 3 METs (479 v 495) and 6 METs (1192 v 1212). The vertical axis thresholds developed 303 

for the 60 second epoch were also similar; 1.5 METs (1 v 3), 3 METs (1916 v 1981) and 6 304 

METs (4767 v 4850) respectively. The observed similarities between the count-to-activity 305 

thresholds developed for the vertical axis of the two devices suggests that researchers using the 306 
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tri-axial model may use the vertical axis count-to-activity thresholds established for earlier 307 

uniaxial models to estimate the time spent in different PA intensities (Robusto & Trost, 2012). 308 

One plausible reason for the slight differences between the accelerometer outputs may be the 309 

result of the participants wearing the ActiGraph devices on opposite hips. Previously Vaha-310 

Ypya et al. (2015) observed marginal differences when similar accelerometers were placed on 311 

opposite hips. The observed differences between the monitors were attributed in part to pelvic 312 

tilting during low intensity locomotor activities (similar to soccer dribbling in the present study) 313 

and to the curved edge features of an indoor track (similar to the present study) where 314 

participants could only walk/run in a counter-clockwise direction (Vähä-Ypyä et al., 2015). 315 

The observations presented highlight how sensitive accelerometers can be in detecting 316 

differences in movements and provide evidence of the importance of keeping the placement of 317 

the monitor constant where possible.  318 

Differences were also apparent when the vertical axis and the SVM of the ActiGraph 319 

wGT3X-BT were compared. The difference between the count-to-activity thresholds became 320 

more pronounced as the intensity of the activities increased for the 15 second epochs (1.5 321 

METs; 0 v 14, 3 METs; 479 v 605, 6 METs; 1192 v 1470) and the 60 second epochs (1.5 322 

METs; 1 v 55, 3 METs; 1916 v 2421, 6 METs; 4767 v 5879). The ActiGraph wGT3X-BT 323 

SVM thresholds generally indicated higher AUC values compared to the vertical axis results 324 

and the SVM better discriminated MPA compared to the vertical axis. This finding suggests 325 

that there may be value in using the SVM over the vertical axis of the ActiGraph wGT3X-BT 326 

when directly assessing MPA in an adolescent population. Given that multi-axial 327 

accelerometers are thought to improve measures of complex PA patterns (Smith et al., 2018), 328 

our findings for the SVM of both the activPAL 3 micro and ActiGraph wGT3X-BT suggest 329 

that the use of tri-axial accelerometers in youth research may be particularly advantageous 330 
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given that children and adolescent’s free-living movement patterns are generally accumulated 331 

in sporadic bursts and in multiple planes. 332 

This is the first study to develop count-to-activity thresholds for adolescents aged 333 

between 15- 18 years for the GENEActiv accelerometer. The 15 second count-to-activity 334 

thresholds developed for the SVM of the GENEActiv-dominant and GENEActiv-non-335 

dominant were different across intensities; 1.5 METs (14 v 11), 3 METs (69 v 67) and 6 METs 336 

(147 v 163). Notably, when the count-to-activity thresholds were cross-validated in the 337 

independent group, the sensitivity values for both the GENEActiv-dominant and GENEActiv-338 

non-dominant were lower for 1.5 METs (0.874 v 0.888) and 6 METs (0.846 v 0.808) compared 339 

to 3 METs (0.920 v 0.956). The observed differences may be explained by the wear location 340 

of the GENEActiv device and/or by the activities that were included for the 1.5 and 6 MET 341 

intensity bands. For example, depending on the task (e.g., writing homework for 1.5 METs or 342 

running variation with limited upper limb movement for 6 METs), specific body parts may 343 

move more than others thereby producing more or less accelerations that can be 344 

disproportionate to the metabolic cost of the activity. In this respect, accelerometers attached 345 

to the wrist or upper body may not have the sensitivity to detect or accurately account for 346 

activities that are lower extremity dominant. Notwithstanding this, the excellent sensitivity and 347 

specificity values reported for the 3 MET intensity band highlight that the GENEActiv device 348 

can be employed to provide valid free-living information regarding MPA while further 349 

investigation is warranted for sedentary time and VPA. 350 

While count-to-activity thresholds provide researchers with an acceptable method to 351 

analyse output, errors still exist when accelerometers assess free-living activity behaviour. The 352 

last decade has seen efforts to move away from the use of count-to activity thresholds, through 353 

the advent of machine learning techniques to classify PA intensity (Trost, 2007). New 354 

methodology recommendations supporting the use of more sophisticated analysis techniques 355 
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such as Hidden Markov Modelling and artificial neural networking, that use features of the raw 356 

acceleration signal rather than average monitor output, have been proposed (Rowlands et al., 357 

2018; Smith et al., 2018). While significant advances have occurred using these statistical 358 

approaches, more research is warranted to train and refine these advanced processing methods 359 

before application, especially within free-living settings. As more researchers continue to work 360 

with raw acceleration data and pattern recognition techniques, there is hope that this will 361 

facilitate the improved harmonisation of physical activity data gathered via accelerometry. 362 

However, these methods still struggle to predict many regular day-to-day behaviours, while 363 

accurately estimating activity intensity is still a struggle using these methodologies (Farrahi et 364 

al., 2019). Until this area within PA research is advanced and the analysis methods 365 

implemented with confidence, the developed count-to-activity thresholds provided are an 366 

alternative to analyse monitor output and to support the harmonisation/comparison of 367 

accelerometer data across studies. 368 

Strength and Limitations 369 

There are many strengths to this study including the relatively large sample size, the inclusion 370 

of both males and females and the use of an identical protocol for determining the count-to-371 

activity thresholds for a range of activity monitors. Another significant strength of this study is 372 

the measurement of the individuals’ RMR rather than using the standard adult RMR conversion 373 

of 3.5 ml.kg.min-1 to 1 MET. The inclusion of a variety of free-living sedentary activities and 374 

a range of locomotor activity intensities (light, moderate and vigorous) enabled our research 375 

design to mimic a more free-living natural environment despite being in an indoor setting 376 

(Bassett et al., 2012; Trost et al., 2005). The inclusion of self-paced walking and running 377 

activities within specified speed ranges is a strength of the current study, it reduces the chance 378 

of a statistical clustering effect which may occur when using set/specific speeds (Bassett et al., 379 

2012). The inclusion of ROC analysis is another strength that enabled the selection of count-380 
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to-activity thresholds that optimized sensitivity at the cost of specificity or visa-versa and has 381 

been recommended for use in validation research (Bassett et al., 2012). This is the first study 382 

to use the same validation activities and statistical analysis techniques to develop count-to-383 

activity thresholds for five of the most commonly used activity monitors in a mixed adolescent 384 

population. Further, it is the first study to develop and cross-validate count-to-activity 385 

thresholds for the GENEActiv and activPAL devices in a mixed adolescent population. 386 

Therefore, we recommend that further studies will be necessary to compare the performance 387 

of the newly developed thresholds against existing that are commonly used in the literature 388 

and/or manufacturer proprietary algorithms/approaches. This will be essential to provide 389 

evidence that our newly developed thresholds actually improves the performance of predicting 390 

intensity levels using the activity monitors used in this study.  391 

The limitations of this study should be considered. This study specifically targeted 392 

healthy male and female adolescents aged between 15-18 years and so the results cannot be 393 

generalised to young children or adults. The developed thresholds may not be applicable to 394 

adolescents with chronic illnesses, thus, population specific thresholds may be more 395 

appropriate for clinical populations. The count-to-activity thresholds from the development 396 

group were cross-validated in an independent group that performed the same activities. The 397 

inclusion of the same activities for cross-validation may have the potential for bias and 398 

subsequently exaggerate the accuracy of the developed count-to-activity thresholds (Powell et 399 

al., 2017).  400 

Conclusions 401 

Using the same analysis methods and study protocols, this is the first study to develop and 402 

cross-validate count-to-activity thresholds for a range of the most commonly used activity 403 

monitors in adolescent populations. This study expands the current PA measurement literature 404 

by providing age specific count-to-activity thresholds for the determination of light, moderate 405 



18 
 

and vigorous intensity activity using the vertical axis and/or SVM of the included devices. 406 

Furthermore, it provides researchers with the opportunity to analyse and cross-compare data 407 

from different studies that have not employed the same motion sensors. The potential to cross-408 

compare data from different studies should enable PA researchers to; (i) draw more powerful 409 

conclusions regarding movement behaviours and parameters of health, and; (ii) facilitate the 410 

interpretation and application of data to address important PA research questions. 411 
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Figure 1: Wear Location of Devices 549 
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Table 1: Characteristics and specifications of all included devices 562 

  
activPAL 3 

micro 
activPAL 

ActiGraph 

wGT3X-BT 

ActiGraph 

GT1M 
GENEActiv 

Size (mm) 23.5 x 43 x 5 35 x 53 x 7 33 x 46 x 15 38 x 36 x 18 43 x 40 x 13 

Mass (g) 10 15 19 27 16 

Axes 3 1 3 2 3 

Placement 

Midpoint of 

anterior right 

thigh 

Midpoint of 

anterior right 

thigh 

Right iliac 

crest 
Left iliac crest 

One one each 

wrist 

Application 

Waterproofed 

with nitrile 

sleeve and 

tegaderm 

dressing 

Waterproofed 

with nitrile 

sleeve and 

tegaderm 

dressing 

Elastic Belt Elastic Belt Wrist strap 

Range ±2 0-1.5 ±8 ±5 ±8 

Sample 

Frequency 

(Hz) 

20 10 30 30 30 

Epoch 

Length 

(seconds) 

15 15 15 and 60 15 and 60 15 

Software 

activPAL 

 v 7.2.32 

activPAL  

v 7.2.32 

ActiLife  

v 6.11.4 

ActiLife  

v 6.11.4 

GENEActiv 

 v 2.2 

 563 

 564 

 565 

 566 

 567 

 568 

 569 
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 571 

Table 2: Summary of Participant Characteristics by total sample and by group (Mean (SD)). 572 

 

 

All 

Participants 

(n=52) 

Development 

group (n=32) 

Cross-

Validation 

group (n=20) 

Between-group 

Differencesa (P) 

Sex 
25 Males/               

27 Females 

16 Males/                

16 Females 

9 Males/             

11 Females 
 

Age (years) 16.1 (0.78) 16.0 (0.80) 16.2 (0.77) 0.543 

Mass (kg) 67.2 (13.12) 66.2 (13.21) 66.2 (13.14) 0.479 

Height (m) 1.7 (0.09) 1.7 (0.09) 1.7 (0.09) 0.862 

BMI (kg.m-2) 23.0 (3.79) 22.7 (3.48) 23.6 (4.27) 0.390 

RMR (ml.kg.min-1) 4.36 (0.75) 4.50 (0.76) 4.15 (0.72) 0.100 

a Independent samples t-tests used to examine between-group differences. Statistical significance set at P < 0.05. 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 
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Table 3: Summary of K4 b2 measured VO2, MET values and accelerometer outputs for all of the included activities (Mean (SD)). 590 

 591 Measure Units Sitting 
Screen 

Viewing 
Standing 

Slow 

walking 
Brisk Walk 

Dribble 

football 
Jogging 

Jogging 

Variation 

VO2 ml.kg.min-1 
5.15 

(1.18) 

4.88 

(0.70) 

5.10 

(1.06) 
15.02 (3.06) 20.03 (3.00) 19.00 (3.91) 34.06 (6.70) 38.31 (4.57) 

Energy Expenditure METs 
1.20 

(0.23) 

1.12 

(0.20) 

1.16 

(0.18) 
3.50 (0.74) 4.66 (0.90) 5.00 (1.40) 7.78 (1.60) 8.57 (1.28) 

ActiGraph wGT3X-BT 
Counts.15s-

1 
0 (1) 0 (0) 0 (0) 606 (196) 1071 (225) 704 (238) 2011 (531) 1552 (297) 

ActiGraph wGT3X-BT 
Counts.60s-

1 
1 (3) 0 (0) 0 (0) 2425 (783) 4285 (901) 2815 (952) 8045 (2124) 6208 (1188) 

ActiGraph wGT3X-BT 

(SVM) 

Counts.15s-

1 
3 (9) 0 (0) 1 (5) 768 (248) 1215 (231) 1030 (247) 2155 (522) 2123 (387) 

ActiGraph wGT3X-BT 

(SVM) 

Counts.60s-

1 
11 (35) 0 (0) 4 (20) 3070 (994) 4859 (926) 4112 (990) 8620 (2088) 8516 (1550) 

ActiGraph GT1M 
Counts.15s-

1 
0 (1) 0 (1) 0 (0) 640  (189) 1118 (220) 720 (263) 2056 (507) 1614 (375) 

ActiGraph GT1M 
Counts.60s-

1 
1 (3) 1 (2) 0 (0) 2562 (756) 4473 (879) 2880 (1051) 8223 (2026) 6454 (1501) 

activPAL 3micro 
Counts.15s-

1 
5 (15) 0 (1) 5 (32) 7020 (1691) 

10636 

(1755) 
8129 (2285) 

16025 

(4571) 

11980 

(1244) 

activPAL 3micro (SVM) 
Counts.15s-

1 
10 (31) 1 (1) 15 (74) 

10581 

(1972) 

16505 

(2518) 

12865 

(3117) 

26012 

(7349) 

19234 

(1721) 

activPAL 
Counts.15s-

1 
10 (95) 36 (169) 2 (17) 3212 (853) 5041 (1018) 4140 (1117) 9882 (2825) 6734 (1391) 

GENEActiv-dominant g.s-1.15.s-1 5 (4) 4 (1) 4 (2) 75 (16) 119 (22) 146 (63) 351 (107) 330 (72) 

GENEActiv- non-

dominant 
g.s-1.15.s-1 4 (3) 3 (1) 4 (2) 77 (17) 125 (29) 151 (69) 368 (102) 402 (84) 
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Table 4: Development group count-to-activity thresholds, AUC, sensitivity and specificity values for 1.5, 

3 and 6 METs developed using ROC analysis in the development group. 

Activity Monitor Axes Unit 
Epoch 

(seconds) 
AUC 

Cut-

point 
Sensitivity Specificity 

1.5 METs 

ActiGraph wGT3X-BT Vertical Counts 15 0.988 0 0.976 0.993 

ActiGraph wGT3X-BT Vertical Counts 60 0.988 1 0.976 0.993 

ActiGraph wGT3X-BT SVM Counts 15 0.966 14 0.981 0.980 

ActiGraph wGT3X-BT SVM Counts 60 0.966 55 0.981 0.980 

ActiGraph GT1M Vertical Counts 15 0.987 1 0.976 0.980 

ActiGraph GT1M Vertical Counts 60 0.987 3 0.976 0.980 

GENEActiv-dominant SVM Counts 15 0.996 14 0.974 0.972 

GENEActiv-non-dominant SVM Counts 15 0.993 11 0.986 0.987 

3 METs 

ActiGraph wGT3X-BT Vertical Counts 15 0.985 479 0.918 0.920 

ActiGraph wGT3X-BT Vertical Counts 60 0.985 1916 0.918 0.920 

ActiGraph wGT3X-BT SVM Counts 15 0.989 605 0.942 0.943 

ActiGraph wGT3X-BT SVM Counts 60 0.989 2421 0.942 0.943 

ActiGraph GT1M Vertical Counts 15 0.984 495 0.918 0.920 

ActiGraph GT1M Vertical Counts 60 0.984 1981 0.918 0.920 

ActivPAL 3 micro Vertical Counts 15 0.982 5934 0.929 0.925 

ActivPAL 3 micro SVM Counts 15 0.984 9286 0.934 0.934 

ActivPAL Vertical Counts 15 0.984 2899 0.940 0.940 

GENEActiv-dominant SVM Counts 15 0.990 69 0.948 0.946 

GENEActiv-non-dominant SVM Counts 15 0.989 67 0.942 0.943 

6 METs 

ActiGraph wGT3X-BT Vertical Counts 15 0.982 1192 0.936 0.935 

ActiGraph wGT3X-BT Vertical Counts 60 0.982 4767 0.936 0.935 

ActiGraph wGT3X-BT SVM Counts 15 0.985 1470 0.957 0.955 

ActiGraph wGT3X-BT SVM Counts 60 0.985 5879 0.957 0.955 

ActiGraph GT1M Vertical Counts 15 0.983 1212 0.926 0.926 

ActiGraph GT1M Vertical Counts 60 0.983 4850 0.926 0.926 

ActivPAL 3micro Vertical Counts 15 0.942 10226 0.851 0.845 

ActivPAL 3micro SVM Counts 15 0.955 16100 0.872 0.874 

ActivPAL Vertical Counts 15 0.975 5372 0.915 0.922 

GENEActiv-dominant SVM Counts 15 0.991 147 0.953 0.953 

GENEActiv-non-dominant SVM Counts 15 0.993 163 0.957 0.958 
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Table 5: Cross-validation of the count-to-activity thresholds developed in the development group. 

Sensitivity and specificity values for 1.5, 3 and 6 METs reported for the cross-validation group. 

Activity Monitor Axes Unit 
Epoch 

(seconds) 
Sensitivity Specificity 

1.5 METs 

ActiGraph wGT3X-BT Vertical Counts 15 0.897 0.951 

ActiGraph wGT3X-BT Vertical Counts 60 0.897 0.951 

ActiGraph wGT3X-BT SVM Counts 15 0.897 0.939 

ActiGraph wGT3X-BT SVM Counts 60 0.948 0.780 

ActiGraph GT1M Vertical Counts 15 0.888 0.854 

ActiGraph GT1M Vertical Counts 60 0.888 0.854 

GENEActiv-dominant SVM Counts 15 0.874 0.988 

GENEActiv-non-dominant SVM Counts 15 0.888 0.988 

3 METs 

ActiGraph wGT3X-BT Vertical Counts 15 0.934 0.963 

ActiGraph wGT3X-BT Vertical Counts 60 0.934 0.962 

ActiGraph wGT3X-BT SVM Counts 15 0.956 0.944 

ActiGraph wGT3X-BT SVM Counts 60 0.956 0.944 

ActiGraph GT1M Vertical Counts 15 0.957 0.944 

ActiGraph GT1M Vertical Counts 60 0.956 0.944 

ActivPAL 3micro Vertical Counts 15 0.890 0.925 

ActivPAL 3micro SVM Counts 15 0.912 0.935 

ActivPAL Vertical Counts 15 0.857 0.953 

GENEActiv-dominant SVM Counts 15 0.920 0.972 

GENEActiv-non-dominant SVM Counts 15 0.956 0.981 

6 METs 

ActiGraph wGT3X-BT Vertical Counts 15 0.808 0.942 

ActiGraph wGT3X-BT Vertical Counts 60 0.808 0.944 

ActiGraph wGT3X-BT SVM Counts 15 0.654 0.942 

ActiGraph wGT3X-BT SVM Counts 60 0.654 0.942 

ActiGraph GT1M Vertical Counts 15 0.769 0.936 

ActiGraph GT1M Vertical Counts 60 0.769 0.936 

ActivPAL 3micro Vertical Counts 15 0.846 0.849 

ActivPAL 3micro SVM Counts 15 0.769 0.860 

ActivPAL Vertical Counts 15 0.731 0.936 

GENEActiv-dominant SVM Counts 15 0.846 0.958 

GENEActiv-non-dominant SVM Counts 15 0.808 0.959 
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Supplementary Table 1: Bank of study exercises, ranked by participants and included in their study 

protocol 

Activities Sedentary Activities 

Sitting Still 
Participants were asked to sit upright with their back placed firmly to the chair and 

feet placed on the ground. 

Standing Still Participants asked to stand upright unassisted. 

Standing doing 

homework 
Participants asked to stand and work at a desk typing on a laptop. 

Sitting doing 

homework 

Participants were seated at a desk and were given a passage from a text book and 

asked to write it onto an A4 pad.  

Sitting playing on 

Phone 

Participants were seated and asked to play with their phone. All app use was 

permitted however, no calls, texts or taking photos were permitted 

Screen Viewing Participants seated in a chair and asked to watch a short video. 

Light Intensity Activities 

Slow Walking  

(2.5- 4.5 km.hr) 
Participants were asked to briskly walk around a track at self-selected pace. 

Cleaning Bedroom 

A series of objects were scattered around a section of the hall. Participants were 

asked to tidy up a certain section of the hall as if they were at home. They were 

asked to pick up books, DVD’s, bottles, 2 shirts from the floor and place the shirts 

on a hanger, move 3 boxes singly from one chair to another (each weighing no 

more than 3kgs).  

Sweeping Cleaning, sweeping, slow, light effort 

Football Participants were asked kick a soccer ball over and back  

Loading and 

Unloading Boxes 

Participants were required to move 3 boxes stacked on the top of a chair to another 

chair one at a time. 

Moderate Intensity Activities 

Brisk Walking 

(4.5-6.5 km.hr) 
Participants were asked to briskly walk around a track at self-selected pace. 

Aerobic Exercise 

Participants were asked to perform squats, lunges, knee raises, heel flicks, sit-ups 

and press-ups (mimic exercise routine). They performed each exercise for 1 minute 

each. Modifications were 

Dribbling a 

basketball 
Participants were asked to walk dribbling a basketball around a rectangular space 

Dribbling a soccer 

ball 
Participants were asked to walk dribbling a soccer ball around a rectangular space. 

Vigorous Intensity Activities 

Jogging  

(6.5 – 8.5 km.hr) 
Participants were asked to briskly walk around a track at a set pace. 

Running Variation 

Markers/ cones were placed around the track, at which participants hand to perform 

different movements. 

Participants were asked to jump on one leg into the air and raise both arms (to 

mimic them catching a football). 

Participants were asked to stop at the second cone and touch their ankles 5 times 

(standing straight between each one). 

Aerobic Steps 6-8 inch step, participants were asked to step up on the step and step back down. 
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Exercise to music 

instruction 

Participants were asked to perform exercise to music watching a video and asked 

to mimic the actions. 

  

 


