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Aim: This study was aimed to: (1) compare raw triaxial acceleration data from 
GENEActiv (GA) and ActiGraph GT3X+ (AG) placed on the non-dominant wrist; 
(2) compare AG placed on the non-dominant and dominant wrist, and waist; (3) 
derive brand- and placement-specific absolute intensity thresholds for inactive 
and sedentary time, and physical activity intensity in adults.
Methods: Eighty-six adults (44 men; 34.6 ± 10.8 years) performed nine activities 
while simultaneously wearing GA and AG on wrist and waist. Acceleration (in 
gravitational equivalent units; mg) was compared with oxygen uptake (measured 
with indirect calorimetry).
Results: Increases in acceleration mirrored increases in intensity of activities, 
regardless of device brand and placement. Differences in acceleration between 
GA and AG worn at the non-dominant wrist were small but tended to be high 
at lower intensity activities. Thresholds for differentiating inactivity (<1.5 MET) 
from activity (≥1.5 MET) ranged from 25 mg (AG non-dominant wrist; sensitivity 
93%, specificity 95%) to 40 mg (AG waist; sensitivity 78%, specificity 100%). For 
moderate intensity (≥3 METs), thresholds ranged from 65 mg (AG waist; sensitiv-
ity 96%, specificity 94%) to 92 mg (GA non-dominant; sensitivity 93%, specificity 
98%); vigorous intensity (≥6 METs) thresholds ranged from 190 mg (AG waist; 
sensitivity 82%, specificity 92%) to 283 mg (GA non-dominant; sensitivity 93%, 
specificity 98%).
Conclusion: Raw triaxial acceleration outputs from two widely used accelerom-
eter brands may have limited comparability in low intensity activities. Thresholds 
derived in this study can be utilized in adults to reasonably classify movement 
behaviors into categories of intensity.
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1   |   INTRODUCTION

Accurate measurement of movement behaviors in 
population-based studies is crucial to ensure high-quality 
evidence on prevalence and trends, correlates and deter-
minants, and health consequences of physical activity and 
sedentary time.1 Despite device-measured sedentary time 
and physical activity is often referred to as an ‘objective’ 
measure,1 physical activity and sedentary time derived 
from accelerometers can be largely influenced by meth-
odological decisions, hence limiting the comparability of 
these estimates within and between studies.2,3 For exam-
ple, device brand, wear-site, and definition of intensity 
thresholds have been shown to affect individual and pop-
ulation estimates of time spent in sedentary behavior and 
different intensities of physical activity in epidemiological 
studies.2

Development of open-access codes such as GGIR4 for 
processing, analysis and conversion of raw accelerometry 
data into estimates of time spent in different intensities 
of movement behaviors has facilitated the comparability 
between studies and become an alternative to data pro-
cessing using count-based brand-specific cut-points.4 
Moreover, the availability of raw data has improved com-
parability between studies collecting physical activity 
using different device brands such as GENEActiv (GA) 
and ActiGraph (AG), which have been used widely in 
large population-based studies.2,3,5,6

Although GA and AG provide highly correlated raw 
acceleration data,6 findings from previous studies con-
ducted in the UK and Norway have suggested that out-
comes based on raw acceleration provided by these device 
brands may not be entirely comparable.6–9 GA accelerom-
eters appeared to provide higher acceleration values than 
AG, especially when assessing activities with low accel-
eration outputs.6–9 These differences may limit the use of 
thresholds that are not device appropriated for classifica-
tion of physical activity intensities. Moreover, given that 
acceleration estimates produced in different continents 
may be subject to calibration error as a potential source of 
bias, despite its small magnitude,10 calibration studies to 
compare acceleration outputs between device-brands and 
derived intensity thresholds are particularly important in 
locations other than Europe. More research is needed to 
advance knowledge about the similarities and differences 
of acceleration outputs at different activities between 
these devices.

The pioneer study to derive sedentary time and physi-
cal activity intensity thresholds for raw accelerometer data 
was conducted by Hildebrand and colleagues with a sam-
ple of 30 young adults and 30 children in Norway.9 In their 
study, raw triaxial accelerometer outputs were compared 
between GA and AG worn at the waist and non-dominant 

wrist during eight different activities and used to develop 
regression equations for estimating energy expenditure 
from raw accelerometer output using indirect calorime-
try as the reference method. The thresholds developed by 
Hildebrand and colleagues have been widely used to clas-
sify sedentary time11 and moderate-to-vigorous physical 
activities9 (>720 citations; Google Scholar, March 2023), 
including large population-based studies such as the UK 
Biobank12 and NHANES13 in high-income countries, and 
the Pelotas (Brazil) Birth Cohorts as an example of low/
middle-income setting.14–16

Comparing derived thresholds for inactive/sedentary 
time and physical activity intensities between studies may 
be challenging because even small changes in definitions 
(e.g., sedentary time defined by energy expenditure and 
posture, or inactive time defined by energy expenditure 
only) and in the analytical approach can affect the accu-
racy of discrimination between intensities. Given the im-
portance of replication in science, as well as the necessary 
evidence of comparison between accelerometer-brands 
and physical activity behaviors thresholds from different 
continents, we conducted a calibration study protocol 
based on Hildebrand et al in Pelotas (Brazil). Therefore, 
the aims of this study were to: (1) compare raw triaxial ac-
celeration from GENEActiv (GA) and ActiGraph GT3X+ 
(AG) placed on the non-dominant wrist; (2) compare raw 
triaxial acceleration from AG placed on the non-dominant 
and dominant wrist, and waist; and (3) derive brand- and 
placement-specific absolute intensity thresholds for inac-
tive and sedentary time, and physical activity intensity in 
adults.

2   |   METHODS

2.1  |  Sample

This study included data of 86 adults from Pelotas, Brazil, 
recruited through various social outlets for the purpose of 
the study. Multiple strategies were used to recruit partici-
pants, including distribution of flyers, emails, and word of 
mouth. To improve external validity of the findings, the 
recruitment of participants was targeted to include a bal-
anced sample in terms of gender (44 men; 42 women), age 
(mean age: 34.6 years; standard deviation: 10.8; age range: 
20–59 years) and participation in leisure-time physical ac-
tivity or active transportation, which was used for recruit-
ment purposes as a proxy of fitness level. Participation in 
leisure-time physical activity and active transportation 
was obtained during the screening interview, by asking 
participants whether they regularly engaged in physi-
cal activities during their leisure time or for commuting 
purposes. Based on their responses, they were classified 
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as either active or non-active. Individuals with long term 
health conditions, including diabetes, cardiovascular or 
pulmonary diseases were not included in the study. All 
participants had no contraindications to participation 
in physical activity and were able to perform daily liv-
ing activities. Written informed consent was obtained 
from all participants. This study received approval from 
the Ethics Committee of the Scholl of Medicine from the 
Federal University of Pelotas (Protocol #1.258.787/2015). 
Further details of the study protocol have been published 
elsewhere.17

2.2  |  Protocol of activities and 
measurement

Participants were invited to attend to laboratory-based 
protocol in the Laboratory of Exercise Physiology in the 
School of Physical Education at the Federal University of 
Pelotas (Brazil). Participants undertook a protocol that in-
cluded nine activities common in free-living conditions. 
The session started with participants lying in supine po-
sition, with the arms at the side for 10 min. Afterwards, 
participants performed eight activities for 5 min each in 
the following sequence: (1) sitting in a chair using a com-
puter; (2) standing on the floor using mobile phone; (3) 
circuit, which included sitting, putting on shoes, standing, 
moving eight light objects on a desk, texting on a mobile 
phone and sitting down; (4) slow walking at 3 km/h; (5) 
brisk walking at 6 km/h; (6) walking up a step (20 cm) 15 
times followed by 1-min brisk walking in a treadmill; (7) 
running at 8 km/h; and (8) intermittent running, which 
included running at 10 km/h for 1 min followed by run-
ning at 12 km/h for 30 s until the completion. Two min-
utes of resting between the activities were allowed, with 
exception of running and intermittent running, for which 
a break of 5 min was allowed. With exception of intermit-
tent running, this protocol used activities that were simi-
lar to those used in the seminal study by Hildebrand et al.9

Participants had their oxygen uptake continuously 
measured using a portable gas analyzer (VO2000, 
MedGraphics; Ann Arbor, USA) that was previously cal-
ibrated according to the manufacturer's instructions to 
ensure accuracy. Oxygen uptake was measured once every 
three breaths, and the data were analyzed using BREEZE 
software. The average of the oxygen uptake (ml·k-
g−1·min−1) of each activity was calculated and converted 
to metabolic equivalent of task (MET; 1 MET = 3.5 mL·k-
g−1·min−1). Additionally, the V̇O2 data converted to METs 
were coded into four absolute-intensity categories widely 
described in the literature18: inactive (<1.5 MET), light 
(1.5–2.9 METs), moderate (3.0–5.9 METs); vigorous (≥6.0 
METs). Participants wore four accelerometers while the 

testing session was performed. These included ActiGraph 
wGT3X-BT model (ActiGraph LLC) (AG) accelerometers 
placed on the waist, dominant and non-dominant wrist, 
and one GENEActiv (GA) on the non-dominant wrist. 
Due to the availability of devices, GA was only placed 
on the non-dominant wrist. The order of placement, in 
which the two devices were first placed at the distal side 
of the non-dominant wrist joint, was randomized. Both 
devices measured body acceleration in three axes at 60 Hz, 
according to the manufacturer's descriptions. To ensure 
the inclusion of activities in steady state, only the average 
oxygen uptake, as well as the average acceleration in mil-
ligravitational units (mg) of the last 2 min of each activity 
were considered in the analyses.

2.3  |  Accelerometer data reduction

Accelerometers were set up and data downloaded using 
their correspondent commercially available software 
(ActiLife software version 6.5.1, USA, and GENEActiv 
personal computer software version 2.2, UK). Raw data 
were processed in R using GGIR package version 1.7–1.4 
Data were initially aggregated in 5-s time series and the 
vector magnitude of the three axes was used to calculate 
activity-related acceleration in mg using Euclidian Norm 
minus 1 g [ENMO = √(x2 + y2 + z2)-1].10

2.4  |  Statistical analysis

Initially, means, medians, standard deviations, and in-
terquartile ranges of MET values and acceleration were 
calculated for each activity performed. Box and whisker 
plot graphs were used to visually present the distribution 
of acceleration outputs during each activity performed. 
To address the aims of the study, statistical analyses were 
conducted in multiple steps. Different analytical ap-
proaches were used to identify and validate thresholds for 
sedentary time and inactive, and physical activities of dif-
ferent intensities.

2.4.1  |  Comparison between accelerometry 
outputs from GENEActiv and ActiGraph and 
device placement

Bland–Altman methods19,20 were used to examine the 
agreement between outputs from different brands (GA 
and AG), worn at the same wear-site (non-dominant 
wrist), and between outputs from the same brand (AG) 
worn at three wear-sites (waist, dominant wrist, and 
non-dominant wrist). In addition, Lin's Concordance 
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Correlation Coefficient (CCC),21 mean differences in 
acceleration and respective 95% limits of agreement 
between outputs were calculated for each activity, and 
according to four categories of intensity based on MET 
values: (a) <1.5 MET; (b) 1.5–2.9 METs; (c) 3.0–5.9 
METs; (d) ≥6.0 METs. Bland–Altman plots were used 
and regression-based limits of agreement for differ-
ences in acceleration outputs were used to determine 
whether agreement between outputs varied by level of 
acceleration.19

2.4.2  |  Thresholds for inactive and 
sedentary time

Absolute thresholds for inactive time and sedentary time 
were estimated using different approaches. Inactive time 
was defined based on energy expenditure (<1.5 MET), 
whereas sedentary time was defined based on energy ex-
penditure (<1.5 MET) and posture (lying or sitting).22 For 
inactive time, activities were recoded based on MET val-
ues to create a binary variable used to differentiate inactive 
(<1.5 MET) from active time (≥1.5 METs). For sedentary 
time, analyses were conducted to add comparability be-
tween findings of this study with the previous study by 
Hildebrand.11 Thresholds for sedentary time were esti-
mated by comparing acceleration outputs generated dur-
ing lying and sitting with acceleration outputs of standing, 
slow walking, brisk walking and running. Receiver oper-
ating characteristics (ROC) curves were used to identify 
acceleration thresholds able to differentiate inactive from 
active time, and sedentary from non-sedentary time. ROC 
area, sensitivity and specificity were calculated for each 
level of raw acceleration and for each device/placement. 
The optimal thresholds for inactive and sedentary time 

were defined by using the Youden Index, which was cal-
culated as the sum of sensitivity and specificity.

2.4.3  |  Thresholds for moderate and vigorous 
intensity activities

Initially, linear regression models were fitted to examine 
the relationship of acceleration outputs from each device 
and placement (independent variable) with MET values 
(dependent variable). In addition, a quadratic polynomial 
term for acceleration was included in the regression mod-
els to account for the non-linear relationship observed 
between acceleration outputs and MET values. Predictive 
equations for estimating MET values based on accelera-
tion outputs were generated, and thresholds for moderate 
(3 MET) and vigorous (6 MET) intensity physical activity 
were estimated from the regression equations. To allow 
comparability between the findings of this study with 
findings of the seminal study by Hildebrand,9 regression 
models were also fitted without including the quadratic 
polynomial term and intermittent running in the analyses 
(Appendix S1).

2.4.4  |  Accuracy of optimal 
intensity thresholds

Optimal intensity thresholds identified in this study were 
applied to the sample to assess the intensity classification 
accuracy for intensity. Thus, based on accelerometry out-
puts, activities were categorized into one of the four cat-
egories of absolute intensity (inactive or sedentary, light, 
moderate, vigorous) using the optimal thresholds identi-
fied for each accelerometer brand/placement. Sensitivity, 

F I G U R E  1   Box and whiskers plots of the distribution of acceleration outputs from GENEActiv (GA) and ActiGraph (AG) during each 
activity performed. Due to the wide range in acceleration, and to enhance visualization, figures were rendered using different scales on 
the X-axis. For visual and comparative purposes, ‘Step’ was included twice in the plots (light to moderate intensity; moderate to vigorous 
intensity). Green and bright blue plots represent brand comparison; bright blue, dark blue and yellow plots represent wear-site comparison 
for AG. Outside (25th centile – 1.5 × range; 75th centile + 1.5 interquartile range) values were excluded from the figure for visual purposes.
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specificity, and area under the ROC curve were calculated 
for each intensity. Additionally, an average confusion 
matrix and kappa statistics were calculated to indicate 
the ability of thresholds to accurately classify activities 
(% accurately classified). All statistical analyses were per-
formed using STATA 17.1.

3   |   RESULTS

Descriptive characteristics of the sample are presented in 
Table S1. The mean (SD) height and weight of the partici-
pants were 169.4 (9.2) cm and 72.5 (14.0) kg, respectively. 
The distribution of acceleration outputs during each ac-
tivity is presented in Figure  1, while the distribution of 
oxygen consumption and MET values during each activity 
are presented in Table 1. Overall, increases in acceleration 
mirrored increases in intensity of activities, regardless 
of placement and brand of the accelerometer. However, 
changes in the average and variability of acceleration 
varied by placement. Distribution of acceleration out-
puts from waist placement was more homogenous than 
that from wrist accelerometers, except for lying down and 
to a lesser extent sitting down. In addition, comparing 

only dominant with non-dominant wrist, except for cir-
cuit activity, the non-dominant wrist had a more homo-
geneous distribution than dominant-wrist assessment. 
Acceleration outputs and the shape of the distribution for 
sitting were similar to standing, both within and between 
accelerometers. For circuit activities, running and inter-
mittent running, differences in the average and distribu-
tion of acceleration between placements were observed. 
Overall, the average acceleration from the waist accel-
erometer was lower than from wrist accelerometers for 
moderate to vigorous intensity activities.

3.1  |  Comparison between accelerometry 
outputs from GENEActiv and 
ActiGraph and device placement

Bland–Altman plots of the agreement between accelera-
tion outputs (mg) according to MET values are presented 
in Figure  2 and Table  S2. The mean difference in non-
dominant wrist accelerometer data between outputs from 
GA and AG was 21 mg (higher in GA than AG; the top left 
panel of Figure 2). The concordance correlation coefficient 
was 0.98 (95% CI: 0.97–0.99). Overall, the average mean 

T A B L E  1   Physiological parameters and accelerometer outputs from GENEActiv (GA) and ActiGraph (AG) during each activity 
performed.

Na METs VO2
b Mean acceleration (SD)

Mean (SD) Mean (SD)
GA non-
dominant

AG 
non-dominant

AG 
dominant AG waist

Activities

Lying downc 70 1.0 (0.2) 3.5 (0.7) 2.7 (2.0) 2.8 (4.7) 1.6 (2.6) 15.2 (7.1)

Sitting 78 1.3 (0.2) 4.5 (0.9) 13.6 (6.6) 7.5 (5.0) 10.9 (6.5) 8.4 (8.3)

Standing 76 1.2 (0.3) 4.4 (1.0) 10.1 (7.3) 13.2 (8.0) 11.9 (7.9) 9.0 (4.9)

Circuit 77 2.0 (0.4) 7.0 (1.5) 45.7 (11.5) 38.2 (12.7) 49.7 (13.0) 11.2 (4.5)

Slow walking 76 3.1 (0.6) 10.7 (2.0) 84.2 (24.1) 68.7 (19.6) 74.6 (20.9) 69.1 (11.9)

Brisk walking 76 5.4 (1.0) 19.0 (3.4) 234.6 (73.3) 193.4 (53.8) 213.0 (70.1) 179.5 (25.2)

Step 75 5.5 (0.8) 19.1 (2.9) 201.7 (68.6) 169.7 (55.3) 187.8 (59.9) 157.2 (23.6)

Running 71 8.2 (1.1) 28.8 (3.8) 602.9 (179.0) 575.4 (157.4) 605.7 (152.9) 365.6 (66.0)

Intermittent 
running

46 10.5 (1.4) 36.7 (4.9) 765.2 (216.9) 729.5 (201.8) 804.5 (225.8) 425.3 (82.3)

Intensities based on MET values

<1.5 METs 206 1.1 (0.2) 4.0 (0.7) 9.4 (8.9) 8.7 (9.0) 8.9 (10.3) 11.2 (7.5)

1.5–2.9 METs 136 2.2 (0.5) 7.6 (1.6) 52.7 (24.8) 41.5 (23.1) 50.8 (24.6) 28.1 (28.3)

3.0–5.9 METs 159 4.8 (0.9) 16.5 (3.0) 193.6 (96.9) 169.9 (116.6) 183.4 (117.4) 152.2 (65.0)

≥6 METs 144 8.7 (1.6) 30.5 (6.0) 580.9 (261.4) 539.9 (250.2) 581.5 (270.7) 340.9 (114.2)

Abbreviations: AG, ActiGraph; GA: GENEActiv; SD, standard deviation.
aNumber of observations. For the activities listed, each observation refers to a single participant engaging in that activity. For intensities categorized based on 
MET values, the number of observations reflects the number of participant-activity pairs that fall within a particular MET range.
bVO2 is expressed in milliliters per kilogram per minute (mL O2/kg/min).
cActivity performed for 10 min.
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difference between GA and AG non-dominant increased 
0.07 units for each increment in mean acceleration; the 
correlation between difference and mean acceleration was 
0.42 (Table  S3). The mean difference between dominant 
and non-dominant AG was 15.6 mg (higher in dominant 
than in non-dominant; concordance correlation coefficient: 
0.97; correlation between difference and mean acceleration: 
0.30). The concordance between AG waist and AG in the 
wrist was 0.80 (mean difference: 51 mg higher) for the non-
dominant and 0.75 for dominant (mean difference: 65 mg 
higher). As observed in Figure 2 and the (Tables S2 and S3; 
Figure S1), bias, limits of agreement and concordance cor-
relation coefficients between accelerometry outputs varied 
by activities and intensities. The concordance and absolute 
mean difference between devices tended to be higher in ac-
tivities with higher average acceleration, whereas the high-
est relative mean differences between devices was observed 
in activities with low average acceleration.

3.2  |  Thresholds for inactive and 
sedentary time

Results from the ROC analyses used to estimate thresh-
olds for inactive time are presented in Table  2 and 
Figure 3 and for sedentary time are presented in Figure S2 
and Table S4. Overall, the area under the curve was simi-
lar for wrist monitors regardless of the brand, whereas it 
was the lowest for the outputs from AG place on the waist. 
Based on the ROC curves, the acceleration thresholds able 
to differentiate inactive from active time with the high-
est sum of sensitivity and specificity were 36 mg for GA 
non-dominant; 25 mg for AG non-dominant, 30 mg for AG 
dominant, and 40 mg for AG placed on the waist (Table 2). 
Overall, the area under the curves were slightly smaller 
when outputs from sedentary behaviors (sitting and lying) 
were compared with those from standing, slow walking, 
brisk walking and running (Figure S2; Table S4).

F I G U R E  2   Bland–Altman plots of the agreement between acceleration outputs (mg) according to MET values. Solid lines represent the 
mean bias; dashed lines represent 95% limits of agreement. Mean bias and 95% limits of agreement were estimated using linear regression 
models based on methods proposed by Bland and Altman. Predictive equations for the mean bias and 95% limits of agreement are described 
in Table S2. Top left plot represents brand comparison; other plots represent wear-site comparison for AG.
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3.3  |  Thresholds for moderate and 
vigorous intensity physical activity

Regression analyses were conducted to predict MET val-
ues and intensity of activities based on average accelera-
tion are presented in Figure 4 and Table S5. Linear models 
from both AG and GA devices at wrist and waist explained 
a significant proportion of the variance, with adjusted R2 
ranging from 87.6% for AG dominant to 89.8% for GA non-
dominant. These were slightly higher than the R2 observed 
in the sensitivity analyses that did not include intermit-
tent running or a quadratic polynomial term (Table S5).

3.4  |  Proposed intensity 
thresholds and their accuracy

The proposed absolute intensity thresholds for light (≥1.5 
METs), moderate (≥3.0 METs), and vigorous (≥6.0 METs) 
activities for each device and placement are presented in 
Table 2. Thresholds for differentiating inactive time from 
at least light intensity activities ranged from 25 mg for AG 
placed on the non-dominant wrist to 40 mg for AG placed 
on the waist. For moderate intensity physical activity, the 
threshold ranged from 65 mg (AG waist) to 92 mg (GA non-
dominant), whereas for vigorous intensity activity optimal 
thresholds ranged from 190 mg (AG waist) to 283 mg (GA 
non-dominant). Overall, all thresholds had high sensitiv-
ity and specificity in correctly classifying intensities. As 
demonstrated in Table 3, from all epochs that were clas-
sified into a certain intensity, for the wrist at least 73.0% 
(similar between wrists and between brands) were cor-
rectly classified for each intensity, device and placement. 

For the waist, at least 60.5% were correctly classified for 
each intensity, device and placement. Overall, from all ac-
tivities the proposed thresholds for accelerometers placed 
on the wrist classified as inactive, on average 85% were 
inactive. The ability of thresholds to accurately classify 
sedentary behaviors based on posture was approximately 
10–20 percentage points lower (Table S6) than the ability 
to classify sedentary time solely based on energy expendi-
ture (Table 3).

4   |   DISCUSSION

This study compared raw triaxial acceleration outputs 
from two widely used accelerometer brands placed at 
the wrist and waist in adults performing a range of com-
mon daily tasks. Overall, our findings showed that wrist 
thresholds appear to perform slightly better than waist 
thresholds for classification of intensities, especially for 
inactive time. Moreover, this study developed thresholds 
for raw acceleration that can be utilized in adults aged 
20 to 65 years old to reasonably classify physical activi-
ties into four categories of absolute intensity. Irrespective 
of wear-site or device, the inclusion of a quadratic term 
led to substantial reduction in the vigorous intensity 
thresholds to the values commonly used in studies that 
defined intensities of physical activity based on raw 
acceleration.3,9

Overall, high agreement between acceleration out-
puts from GA and AG brands worn at the same wear-site 
(non-dominant wrist) was observed. However, agree-
ment varied according to activities and intensities, tend-
ing to be better at higher intensities. These findings are 

F I G U R E  3   Receiver operating 
characteristics area for definition of 
inactive time. Inactive time (<1.5 METs) 
was compared with active time (>1.5 
METs). AG, ActiGraph; AUC, Area Under 
the Curve; GA, GENEActive.
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consistent with those of Hildebrand et al.9 and suggest 
that accelerometer outputs between brands are com-
parable for some but not all activities. In our study, we 
found that GA exhibited higher wrist acceleration than 
AG, contrary to Hildebrand et al.'s (2014)9 findings but 
consistent with Rowlands et al.'s (2018) observations.7 
Furthermore, in a study that compared measures of raw 
acceleration from wrist-worn GA and AG is 34 adults, 

Rowlands et al. observed that brands compared well 
for acceleration outputs higher than 80 mg, but not in 
lower intensity activities.6 These findings suggest that 
caution is needed when comparing estimates of inactiv-
ity and sedentary time using a similar absolute intensity 
threshold between accelerometer brands. It is important 
to note however, that these differences might be diluted 
in large population-based studies, in which precision in 

Threshold in mg Sensitivity Specificity AUC

GA non-dominant
Light (≥1.5 MET)a 36 93 98 0.95
Moderate (≥3MET)b 92 93 98 0.98
Vigorous (≥6MET)b 283 84 96 0.96

AG non-dominant
Light (≥1.5 MET)a 25 93 95 0.94
Moderate (≥3MET)b 78 92 97 0.97
Vigorous (≥6 MET)b 249 79 97 0.96

AG dominant
Light (≥1.5 MET)a 30 93 97 0.95
Moderate (≥3MET)b 85 91 97 0.97
Vigorous (≥6MET)b 270 80 97 0.96

AG waist
Light (≥1.5 MET)a 40 78 100 0.89
Moderate (≥3MET)b 65 96 94 0.98
Vigorous (≥6MET)b 190 82 92 0.95

aReceiver operating characteristics analyses – Youden Index to define empirical optimal threshold.
bRegression analyses.

T A B L E  2   Proposed thresholds 
for absolute intensity based on raw 
acceleration outputs.

F I G U R E  4   Predicted MET values based on raw acceleration outputs from GENEActiv (GA) and ActiGraph (AG). Predicted MET values 
are based on equation 3 (Table 1).
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population estimate of physical activity is prioritized in-
stead of accurate estimates of individual time spend in 
specific activities.

The unexpectedly high mean acceleration of AG waist 
observed when participants were in the lying position was 
surprising. The mean acceleration was higher than the 
acceleration reported for the same position in Hildebrand 
et al. (2014) and the mean acceleration of AG wrist mea-
sured in our study. However, the measure of variability of 
acceleration was quite similar in both studies (standard 
deviation ~6–7). Furthermore, in Hildebrand et al, the dis-
tribution of acceleration during lying activities was largely 
skewed (coefficient of variation = 281%), whereas in our 
study, the coefficient of variation was 50%. This could be 
one of the reasons why the cut-point of sedentary time/
inactive time for the waist has a lower sensitivity than the 
wrist. Although we were unable to identify any significant 
methodological differences that could account for these 
disparities, the observed differences in the findings be-
tween Hildebrand et al. (2014) and our study emphasize 
the importance of our and future studies in this area of 
research.

Findings from our study were similar to those ob-
served in previous studies9,23,24 that showed differences 

between AG waist and AG wrist tent to be higher in ac-
tivities with higher average acceleration, especially for 
circuit and running activities. To date, the majority of 
calibration studies to derive thresholds for waist-worn 
devices were based on brand-specific count-based out-
comes,4 only a few derived intensity thresholds for raw 
acceleration data.9 Future research could explore equa-
tions for correction estimates and improve comparability 
between studies and brands.8

While some studies have suggested that the thigh is the 
ideal placement for accelerometers to differentiate seden-
tary behavior from other activities,25 it does not capture 
upper body activities. Further, in general, the wrist and 
waist are more commonly used in research as these lo-
cations offer reasonable accuracy, are less obtrusive, and 
may be better suited for large-scale population studies 
where compliance and feasibility are important.25 Due to 
the inability to differentiate between postures using mag-
nitude of acceleration alone, it has been suggested that 
classifying accelerometry thresholds should be used to 
describe a spectrum of inactive to active data rather than 
referring to sedentary time, which infers posture.26

Deriving thresholds for inactive and sedentary time 
may require different approaches due to the conceptual 

Inactiveb 
n (%)

Light n 
(%)

Moderate 
n (%)

Vigorous 
n (%)

Kappa 
(SE)

GA non-dominant

Inactive 201 (87.8) 26 (11.4) 2 (0.8) 0 (0.0) 0.78 (0.02)

Light 6 (5.0) 94 (78.3) 20 (16.7) 0 (0.0)

Moderate 0 (0.0) 6 (4.1) 117 (80.7) 22 (15.2)

Vigorous 0 (0.0) 0 (0.0) 18 (13.2) 118 (86.7)

AG non-dominant

Inactive 206 (85.1) 35 (14.5) 1 (0.4) 0 (0.0) 0.75 (0.02)

Light 12 (8.8) 100 (73.0) 25 (18.3) 0 (0.0)

Moderate 0 (0.0) 10 (5.8) 130 (75.1) 33 (19.1)

Vigorous 0 (0.0) 0 (0.0) 14 (10.1) 125 (89.9)

AG dominant

Inactive 234 (86.7) 34 (12.6) 2 (0.7) 0 (0.0) 0.76 (0.02)

Light 7 (4.8) 111 (75.5) 29 (19.7) 0 (0.0)

Moderate 0 (0.0) 11 (6.0) 138 (75.0) 35 (19.0)

Vigorous 0 (0.0) 0 (0.0) 17 (11.0) 138 (89.0)

AG waist

Inactive 245 (68.6) 111 (31.1) 1 (0.3) 0 (0.0) 0.62 (0.02)

Light 1 (2.6) 23 (60.5) 14 (36.8) 0 (0.0)

Moderate 0 (0.0) 26 (12.8) 146 (71.6) 32 (15.7)

Vigorous 0 (0.0) 0 (0.0) 27 (15.7) 145 (84.3)
aInterpretation: e.g. AG non-dominant wrist: from all epochs the threshold classified as ‘inactive’, 85% 
were inactive (<1.5 METs).
bInactive time was defined based on energy expenditure (<1.5 MET).

T A B L E  3   Average confusion matrix 
indicating the ability of thresholds 
to accurately classify intensities (% 
accurately classified).a Columns indicate 
actual intensity, while rows indicate 
predicted intensity.
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difference between these constructs. Given that wrist and 
waist accelerometers are ideally placed to detect body 
movement instead of posture,27 in our study we estimated 
thresholds for inactivity (based on MET values) and sed-
entary time (based on posture and MET values). Overall, 
the accuracy of thresholds was slightly higher for inactive 
time than for sedentary time, regardless of device brand 
and wear location. The previous study by Hildebrand and 
colleagues11 in adults showed that acceleration of approx-
imately 45 mg (wrist) had 98% of sensitivity and 74% of 
specificity to distinguish sedentary time (lying and sitting) 
from non-sedentary time (standing, circuit, slow walking 
and stepping). When we replicated similar methods used 
by Hildebrand et al, findings indicated that the optimal 
wrist thresholds for sedentary time ranged between 12 
and 45 mg and presented higher specificity than previ-
ously observed.

Absolute intensity thresholds for moderate and vigor-
ous activities identified in our study are lower than those 
that have been widely used in the literature (100 mg for 
moderate and 400 mg for vigorous).9 This might be par-
tially explained by the assumption of non-linearity in 
the relationship between output acceleration and oxygen 
consumption, which was demonstrated by the increase 
in the adjusted-R2 when a quadratic-term was included 
in the predictive regression models. Overall, sensitivity, 
specificity, and area under the curve for absolute intensity 
thresholds observed in our study were higher than previ-
ous indicated in the literature. Although chance cannot 
be fully disregarded, it is likely that the inclusion of inter-
mittent running in the study protocol, and the use of qua-
dratic polynomial term for acceleration in the regression 
analyses partially explain this finding. To add robustness 
to the interpretation of our findings, we also explored dif-
ferent approaches to statistical analyses to identify thresh-
olds, including regression models like those by Hildebrand 
et al. In these analyses, the thresholds identified for abso-
lute intensity were close to those identified by Hildebrand 
(Table S7).

More sophisticated approaches can be applied to ac-
celerometer data, e.g. machine learning to categorize 
activity type.28 However, the majority of studies that de-
ploy accelerometers still use cut-point approaches to an-
alyze their data.2,3,18 By calibrating accelerometer output 
relative to energy expenditure and/or posture, cut-points 
give biological meaning to accelerometer data.29 They are 
easy to apply, provide meaningful outcomes, and enable 
interpretation of accelerometer data relative to physical 
activity guidelines. Because of this they have facilitated 
considerable progress in physical activity and health re-
search. For example, a recent harmonized meta-analysis 
used cut-point analyses to demonstrate that 30–40 min/

day of moderate to vigorous physical activity can atten-
uate the association between sedentary time and risk of 
mortality.30

However, cut-points have typically been determined 
in relatively small, laboratory-based samples. As the mag-
nitude of the cut-points developed is heavily influenced 
by the sample and the activities performed this has led 
to a proliferation of cut-points in the literature. The time 
recorded in, e.g., moderate to vigorous physical activity, 
will differ depending on which cut-points are applied. 
Migueles et al.31 recently reported that 8%–96% of their 
sample of children met physical activity guidelines de-
pending on which cut-point they applied. To advance 
calibration of accelerometer output, rather than simply 
adding to the range of cut-points available, Bassett et al.29 
recommended that calibration studies should build on 
previous evidence and proposed approaches should be 
evaluated in relation to those already in common use. 
Thus, a strength of this study was accounting for the 
non-linear relationship observed between acceleration 
outputs and MET values and compared the efficacy of 
the cut-points generated to the widely used cut-points by 
Hildebrand and colleagues.9,11

Limitations of this study should be considered. 
Although the sample selection was designed to include 
heterogeneous participants in terms of gender, age and 
physical activity levels, the convenience sample might 
limit the generalization of our findings. However, our 
targeted recruitment ensured that participants with var-
ious levels of physical activity were included in order to 
reflect participants with different fitness levels. The ex-
clusion of participants with chronic conditions is likely 
to have impacted the thresholds and limit the external 
validity of the study. The protocol of activities used in 
this study was composed of nine activities performed in 
a laboratory environment. Although these activities are 
likely to be a broad representation of common daily ac-
tivities, daily physical activity is accrued in more complex 
patterns with a mixture of light and moderate intensity 
movement, with episodes of vigorous activity, and are 
unlikely to be performed following a symmetric, pro-
gressive pattern as they were planned for this study. The 
use of standard METs instead of individualized METs 
may be considered a limitation of the study. However, 
this methodological approach was used to allow com-
parability with the previous study by Hildebrand and 
colleagues.9 Moreover, the measured VO2 during lying 
did not differ substantially from the standard 3.5 mL/kg/
min. Lastly, as the derived thresholds may be affected 
by the activities included in the calibration study, the 
inclusion of sedentary activities when deriving thresh-
olds for moderate to vigorous activities may have influ-
enced these thresholds. However, this approach was also 
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used by Hildebrand and colleagues.9 Sensitivity anal-
yses excluding those activities were conducted and did 
not substantially change the proposed thresholds (data 
not shown). Our study was designed with several meth-
odological differences compared to the earlier study by 
Hildebrand, which may introduce additional sources of 
variability. These were the location, the addition of in-
termittent running and the quadratic analysis. To allow 
comparison with the Hildebrand study we also analyzed 
the data excluding the intermittent running and using 
the same regression model as Hildebrand. This allowed 
assessment of the replicability of the Hildebrand study as 
the only difference for that analysis was the laboratory, 
participants, and geographical location. Additionally, the 
potential effect of geographical location on acceleration 
could impact the generalizability of our findings, making 
it a potential source of variability. As such, future studies 
that use consistent measurement protocols and study de-
signs are needed to replicate our findings.

Strengths of this study include the use of a variety of 
common daily activities which mirrored free-living activ-
ities, including intermittent running. Oxygen uptake was 
assessed using a gold standard method. To predict MET 
values based on raw triaxial acceleration this study in-
cluded polynomic quadratic terms, which increased the ex-
planation of the models in 20%. Furthermore, this was the 
first study of this kind to be conducted in Latin American 
participants. This can also be considered a strength under 
the assumption that physiological responses to physical 
activity may vary across populations with different socio-
economic and ethnical backgrounds, and that error in ac-
celeration estimates may vary by continents.10

5   |   PERSPECTIVE

Raw accelerometer outputs from GA and AG seem to 
have high agreement but with limited comparability for 
the estimation of time spend in low intensity activities. 
This study reinforces the use of a unique threshold for 
classifying different intensities of physical activity may 
be limited when comparing accelerometery outputs 
from two widely used brands. Moreover, this study pro-
vides thresholds for raw accelerometer data that can be 
used to classify physical activities into absolute intensity 
categories.
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