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Objectives:  To  examine  the  backward  comparability  of a range  of  wrist-worn  accelerometer  estimates  of
sedentary  time  (ST) with  ActiGraph  100  count  min−1 waist  ST  estimates.
Design:  Cross-sectional,  secondary  data  analysis
Methods:  One  hundred  and  eight  10–11-year-old  children  (65  girls)  wore  an  ActiGraph  GT3X+  accelerom-
eter  (AG)  on  their  waist  and  a GENEActiv  accelerometer  (GA)  on their  non-dominant  wrist  for  seven  days.
GA  ST data  were  classified  using  a range  of thresholds  from  23  to 56 mg ST estimates  were  compared  to
AG ST  100  count  min−1 data. Agreement  between  the  AG  and  GA  thresholds  was  examined  using  Cron-
bach’s  alpha,  intraclass  correlation  coefficients  (ICC),  limits  of  agreement  (LOA),  Kappa  values,  percent
agreement,  mean  absolute  percent  error  (MAPE)  and  equivalency  analysis.
Results: Mean  AG  total  ST  was  492.4  min  over  the  measurement  period.  Kappa  values  ranged  from  0.31
to 0.39.  Percent  agreement  ranged  from  68  to 69.9%.  Cronbach’s  alpha  values  ranged  from  0.88  to 0.93.
ICCs  ranged  from  0.59  to  0.86.  LOA  were  wide  for all comparisons.  Only  the  34  mg  threshold  produced
estimates  that  were  equivalent  at the  group  level  to the  AG  ST 100  count  min−1 data  though  sensitivity
and  specificity  values  of  ∼64%  and  ∼74%  respectively  were  observed.

Conclusions:  Wrist-based  estimates  of ST  generated  using  the  34  mg  threshold  are  comparable  with  those
derived  from  the  AG  waist  mounted  100  count  min−1 threshold  at the  group  level.  The  34  mg  threshold
could  be  applied  to  allow  group-level  comparisons  of ST with  evidence  generated  using  the ActiGraph
100  count  min−1 method  though  it is  important  to consider  the  observed  sensitivity  and  specificity  results
when  interpreting  findings.

© 2019 Sports  Medicine  Australia.  Published  by  Elsevier  Ltd.  All  rights  reserved.
ractical implications

Many previous studies estimated children’s sedentary time
using waist-mounted ActiGraph accelerometers and the
100 count min−1 threshold.
The backward comparability of wrist-worn raw acceleration
derived sedentary time estimates with the wealth of data col-

lected using waist-mounted ActiGraphs is unknown.
This study found that the 34 mg  threshold could be applied to
wrist accelerometer data to provide estimates of sedentary time

∗ Corresponding author.
E-mail address: L.M.Boddy@ljmu.ac.uk (L.M. Boddy).

ttps://doi.org/10.1016/j.jsams.2019.02.001
440-2440/© 2019 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserve
that are equivalent to the ActiGraph waist-worn 100 count min−1

on average at the group level, though the sensitivity and speci-
ficity values observed in this study should be considered when
interpreting findings.

1. Introduction

Sedentary behaviour (SB) has received increased attention
across recent years as a behaviour that may  detrimentally affect
children’s health. Whether SB influences health independent of

physical activity (PA) is deemed to be a controversial topic, with
some studies demonstrating the negative effects of reallocating
moderate-to vigorous PA (MVPA) to SB,1,2 and others reporting
limited evidence that SB is associated with health independent

d.

https://doi.org/10.1016/j.jsams.2019.02.001
http://www.sciencedirect.com/science/journal/14402440
http://www.elsevier.com/locate/jsams
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsams.2019.02.001&domain=pdf
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f MVPA.3 Nonetheless, researchers are interested in measur-
ng youth movement behaviours including SB to explore health
ssociations, investigate secular trends, and establish intervention
ffects.

Sedentary behaviour is defined as any waking behaviour char-
cterised by an energy expenditure of ≤1.5 metabolic equivalents
METs) while in a sitting, reclining or lying posture.4 Despite the SB
efinition referring to posture, many researchers use accelerom-
ters to classify SB as an absence of, or little, registered dynamic
cceleration.5 While widely used, it should be noted that this
pproach does not consider posture.

Historically children’s SB or sedentary time (ST: the time spent
or any duration or in any context in sedentary behaviours4)
as assessed using waist-worn ActiGraph accelerometers with a

hreshold of ≤100 vertical axis count min−1 used as the upper
oundary for ST. This approach has demonstrated acceptable agree-
ent with measures that classify posture such as the activPAL6 and

hose that provide an estimate of energy expenditure, for example
ndirect calorimetry.7 Recently the field has moved towards that
f wrist accelerometry due to superior wear compliance.8 Despite
bserving better compliance, and moderate-to-strong correlations
etween acceleration data collected using wrist GENEActiv and
aist ActiGraph accelerometer placements,9 wrist placements

enerally result in higher estimates of physical activity, therefore
rist and hip data are not directly comparable without correct-

ng for these differences.8 Researchers have also begun to make
se of raw acceleration signal analysis to remove the propri-
tary nature of counts-based data and improve comparability
etween different devices.10 Although this is advantageous for
tudies moving forward, a wealth of SB data exists using the
100 count min−1 threshold applied to data from hip-worn Acti-
raphs (for example: Refs. 11,1). Therefore, the ability to compare
ew raw acceleration derived estimates with those generated using
he ≤100 count min−1 method would be useful for researchers in
he field.

In a previous study authors generated and cross-validated a
ENEActiv (GA) wrist threshold of 51 mg  with the intention of
roviding comparable estimates of ST to those generate using
he traditional ActiGraph waist-worn ≤100 count min−1 method.
he open source R package GGIR was used to calculate aver-
ge magnitude of dynamic acceleration, known as the Euclidean
orm Minus One (ENMO), from raw acceleration data,12 apply-

ng the newly generated (51 mg) and published thresholds for
B.13,14 The comparability of ST estimates between the newly
enerated 51 mg  threshold, the other empirical GA raw accelera-
ion thresholds, and ActiGraph waist-worn ≤100 count min−1 data
as examined. Results demonstrated a lack of equivalence for

he 51 mg  threshold and existing GENEActiv empirical wrist ST
hresholds.15,16 The study provided some preliminary evidence of
roup-level agreement for the 36 mg  empirical threshold13 which
as originally intended to classify wrist-worn ActiGraph data. A

tudy limitation, however, was that the individual level agreement
as undetermined. At the study conclusion, the authors called

or the backwards compatibility of ST estimates to be examined
urther, both at the individual and group levels covering a broad
ange of ENMO thresholds between the lowest (23 mg) and high-
st (56 mg) thresholds used to date by researchers in the field.
his would enable researchers to establish the most comparable
hreshold to use when comparing to earlier estimates of ST from
ctiGraph data. The lack of evidence related to the comparabil-

ty of ST estimates currently presents a challenge for researchers
hen attempting to compare data to those previously recorded

sing hip and count methods. More investigation is required, there-
ore, to confirm whether the 36 mg  proposed in the previous study
epresents the optimal threshold to use for this purpose.
Science and Medicine in Sport 22 (2019) 814–820 815

The backwards comparability of wrist generated ENMO assessed
MVPA with traditional accelerometer counts-based data using
a range of waist-worn ActiGraph MVPA thresholds has been
recently demonstrated. The study proposed wrist ENMO thresh-
olds that gave estimates of MVPA that are comparable with waist
measured counts-based data classified using empirical ActiGraph
thresholds.17 To date, the backwards comparability for the range of
ENMO-derived sedentary behaviour/time estimates has not been
comprehensively examined. The aim of this secondary data anal-
ysis was therefore to extend previous work by using a wide range
of both empirical and arbitrary ST thresholds to examine the back-
wards comparability of wrist-worn accelerometer estimates of ST
with waist-worn ActiGraph 100 count min−1 ST. The study also
develops previous work by investigating the extent of backwards
compatibility at both the individual and group levels.

2. Methods

This is a secondary data analysis, and the methods for the study
have been previously published elsewhere.8,12,15 Briefly, after gain-
ing institutional ethical approval, parental/carer consent and child
assent, 108 10–11-year-old children were involved in this study (65
girls). Body mass was  assessed to the nearest 0.1 kg (Seca, Birming-
ham, UK) and stature was assessed to the nearest 0.1 cm using a
portable height meter (Leicester Height Measure, Seca, Birming-
ham, UK) during school-based data collection sessions conducted
between January–May 2014.

Two  tri-axial accelerometers (GENEActiv; Activinsights, Cambs,
UK and ActiGraph GT3X+; ActiGraph, Pensacola, FL) were used to
assess sedentary time. The GENEActiv (GA) was worn on the non-
dominant wrist, and the ActiGraph (AG) worn on the right hip
for waking hours over seven consecutive days. Participants were
instructed to remove the monitors when engaging in water-based
activities and also when sleeping. Both monitors were initialised to
record at a sampling frequency of 100 Hz using the same computer.

Data generated by the AG devices were processed using ActiL-
ife v 6.11.4 software (ActiGraph, Pensacola, FL). Consistent with
previous research,15,18 for the AG devices, non-wear was defined
as 20 min  of consecutive zero counts (1-min spike tolerance) and
was subtracted from daily wear time. A valid day was  defined as
≥540 min  for weekdays19 and ≥480 min  for weekend days.20 Con-
sistent with a previous study,15 the valid weekend and weekdays
with the longest wear for each participant were retained for anal-
ysis. Where participants did not have a valid weekend day, only
their longest valid weekday was retained for analysis. Data for
the included days were converted into 1 s csv files, with non-wear
times manually removed at a later step in data reduction described
later. Sedentary time was  defined as ≤100 count min−121 and coded
accordingly. Data generated by the GA monitors were saved as
binary files after being downloaded using GENEActiv v 2.2 software
(Activinsights, Cambs, UK). GA data were processed in R using the
GGIR package version 1.1-4 to calculate the ENMO-derived average
magnitude of dynamic acceleration. ENMO is vulnerable to cali-
bration errors, therefore to correct for sensor calibration errors,
autocalibration was completed.22 Non-wear for the GA data was
scored using 60 min  moving windows with 15 min  increments and
imputation was  completed.23 ENMO values were expressed in aver-
age mg per 1 s epoch,23 and GA data for the corresponding AG week
and/or weekend days were retained for further analysis.

Time stamps for the GA and AG were synchronised, and data
were merged resulting in one csv file for each participant. Periods

of non-wear were manually removed from both the AG and GA data
according to the wear details generated by the ActiLife AG analy-
sis. Therefore all epochs remaining in the dataset contained ‘wear’
data for both devices. After non-wear periods were removed, data
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Table 1
Mean (SD) anthropometric, wear time and number of days included within analysis for boys and girls.

Boys N = 43 Girls N = 65

Mean or frequency SD Mean or frequency SD

Age (y) 10 0.4 10 0.3
Height (cm) 139.5 7.9 138 7.4
Body  mass (kg) 35.6 8.2 34.2 8.6
BMI  (kg m2) 18.2 3.00 17.8 3.2
ActiGraph weekday wear (min day−1) 739.9 115.6 738.8 100.4
ActiGraph weekend day wear (min day−1) 631.8 110.8 661.5 108.3
ActiGraph valid weekdays included 41 N/A 64 N/A
ActiGraph valid weekend days included 30 N/A 46 N/A
Total  valid included days 71 N/A 110 N/A
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ig. 1. ActiGraph ≤100 count min−1 ±5% zone of equivalence (467.7 min–517 min,
lassified using nine thresholds.

ere then reduced to 1-min epochs and AG data were scored as
edentary or active using vertical axis 100 count min−1 as the ref-
rence value for ST.21 In the previous study ST thresholds of 23 mg
obtained by solving the Hildebrand et al. regression equation),
6 mg,13 51 mg  (newly generated and cross-validated threshold),
nd 56 mg13 were used. In Step 1 of the analysis for the current
tudy we extend these results to examine comparability of GA ST
ata classified using a wider range of thresholds. This included

 recently published ST threshold of 52 mg  that was generated
y a child-specific calibration circuit24 and arbitrary thresholds of
0 mg, 40 mg  and 45 mg  which were chosen to cover the range of
hresholds. The final thresholds included in Step 1 were therefore:
3 mg, 30 mg, 36 mg, 40 mg, 45 mg,  52 mg  and 56 mg. This approach
esulted in a range of ST thresholds with which to compare to the
G vertical axis 100 count min−1 reference.

Following calculation of descriptive statistics to describe the
articipant group, the GA ST estimates were compared to the AG
00 count min−1 estimates at the group level by calculating Cron-
ach’s alpha, intraclass correlation coefficients (ICC), Kappa values
nd percent agreement. Individual level estimates were compared

y calculating limits of agreement (LOA), correlations between
ias and mean sedentary time (AG and GA) and mean absolute
ercent error (MAPE, %). Null hypothesis testing is not appro-
d lines) and 90% confidence intervals for the GENEActiv sedentary time estimates

priate when considering the comparability between estimates,25

therefore equivalency analysis was  also performed to establish
the equivalence of group level estimates of ST on average. A 95%
equivalence test was completed to establish whether the 90% con-
fidence intervals for the range of GA ST thresholds completely fell
within the zone of equivalence, defined as ±10% of the mean AG
100 count min−1 classified ST.

In Step 2 of the analysis, results from step 1 were used to identify
the likely range of most comparable thresholds, and further thresh-
olds within this range were then added to the analysis to attempt
to find the optimal threshold. Analyses were also completed sepa-
rately by sex to further examine the comparability of estimates. To
provide a more stringent comparison, for the second step in analy-
sis, the zone of equivalence for the group-level equivalence test was
reduced to ±5% of the mean AG 100 count min−1 classified ST. Anal-
ysis was  completed using IBM SPSS Statistics v. 24 (IBM, Armonk,
NY) and Microsoft Excel 2016 (Microsoft, Redmond, WA).
3. Results

Participant characteristics, the number of days included in anal-
yses, weekday and weekend day wear times for boys and girls have
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een published previously for this population,15 and are displayed
n Table 1.

Analysis Step 1. Table 2 summarises the comparisons between
he AG ≤100 count min−1 and various GA ST estimates. Kappa
alues ranged from 0.31 to 0.39, representing ‘fair’ agreement.26

ercent agreement ranged from 68 to 69.9%. Cronbach’s alpha val-
es were 0.88 for the 23 mg  threshold, suggesting a good level of
onsistency, where all other Cronbach’s alpha values were >0.9,
uggesting excellent levels of consistency. ICCs ranged from 0.59
or the 23 mg  threshold (moderate reliability) to 0.86 for the 36 mg
hreshold (good reliability). Supplementary content A displays the
land–Altman plots for the comparisons. LOA were wide for AG–GA
omparisons, with the narrowest limits observed for the AG v 36 mg
omparison (lower LOA = −230.47 upper LOA = 194.81 min), with
ystematic bias apparent. All thresholds from 36 mg  and above
howed negative bias illustrated by mean bias and the correlation
esults (i.e. higher GA ST estimates than AG). The highest negative
ias observed for the 56 mg  threshold. MAPE (%) ranged from 15.8%
or the 36 mg threshold to 40.7% for the 56 mg. The results of the
quivalency analysis found that only the ST estimates generated
y the 36 mg  threshold could be considered statistically equiva-

ent to the AG ≤100 count min−1 on average at the group level
ith 90% CI’s falling completely within the ±10% zone of equiv-

lence. Thresholds ≤30 mg  appeared to underestimate and ≥40 mg
ppeared to overestimate ST in comparison to the ST reported
sing AG ≤100 count min−1. Therefore, for analysis Step 2 thresh-
lds of 34 mg  and 35 mg  were included to examine the optimum
hreshold and analyses were repeated for the whole cohort and
eparately by sex. The zone of equivalence was reduced to ±5% for
he group-level equivalency analysis. Table 3 summarises the com-
arisons between the AG ≤100 count min−1 and 34 mg  and 35 mg
A ST estimates and includes sensitivity and specificity informa-

ion. Mean bias was low for the 34 mg  threshold though wide limits
f agreement were observed for both thresholds and MAPE% was
imilar to that observed for the 36 mg  threshold at 16.2% (34 mg)
nd 15.8% (35 mg). Sensitivity values (true positive) were similar
etween the thresholds, at 63.6% and 64.8% for 34 mg  and 35 mg
espectively. Specificity values (true negative) were also similar, at
4.2% and 73.4% for the 34 mg and 35 mg  thresholds respectively.
oys’ data displayed wider limits of agreement, higher MAPE% and
lightly higher sensitivity values for both thresholds in compari-
on to girls, though % agreement, Cronbach’s alpha, ICC, Kappa and
nd specificity values were similar. The results of the equivalence
nalysis for all threshold comparisons are displayed in Fig. 1. Only
he ST estimates generated by the 34 mg  threshold were statis-
ically equivalent to the AG ≤100 count min−1 on average at the
roup level with 90% CI’s falling completely within the ±5% zone of
quivalence.

. Discussion

A wealth of existing accelerometer data has used the threshold
f ≤100 count min−1 applied to waist-worn ActiGraphs to deter-
ine time spent sedentary (for example large studies using the

nternational Children’s Accelerometry Database11,1). As the disci-
line moves increasingly towards raw acceleration data processing
nd wrist-worn monitors, the ability for researchers to compare
ata between studies that have used counts-based processing
ethods and waist-worn monitors is important. The aim of this

tudy was therefore to examine the backwards comparability of

rist-worn accelerometer estimates of sedentary time (ST) with
ctiGraph 100 count min−1 waist ST estimates using a range of
mpirically determined and arbitrary raw acceleration thresholds
or wrist-worn monitors. Ta
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This study has demonstrated moderate to excellent ICC values,
and moderate to good Cronbach’s alpha values at the group level
for all the GA thresholds. Despite these results, Kappa values were
‘fair’ and large MAPE values (individual level) were observed. In
addition, wide limits of agreement (individual level) were observed
between all GA thresholds and the AG standard. Systematic bias
was evident, indicating that as estimates of ST increased so did the
bias. Equivalency analysis found no thresholds produced estimates
of ST that could be considered statistically equivalent on average at
the group level in comparison to the AG standard with the excep-
tion of the 34 mg  threshold. The wide limits of agreement, MAPE
and bias results, in the presence of high consistency, as evidence by
high ICC and Cronbach’s alpha, highlights the importance of con-
sidering a range of analyses at the individual and group levels when
examining the comparability of ST estimates.

Our previous work called for studies to investigate the back-
wards compatibility of ST estimates.15 In the present study this was
addressed by examining a broad range of thresholds, both empiri-
cally determined and arbitrary, and out of the selected thresholds
the 34 mg  threshold provided the ST estimates most comparable to
the ActiGraph 100 count min−1 waist ST at the group level. Despite
this, the limits of agreement showed that ST estimates generate
using the 34 mg  threshold ranged from ±∼−3 h in comparison to
the AG estimates, therefore suggesting the 34 mg  should not be
used for individual level comparison. In our previous study we
established that the 36 mg threshold, provided equivalent esti-
mates of wrist ST for the GENEActiv as the ≤100 count min−1

standard at the group level when using a ±10% zone of equivalence.
The present study that used a more stringent ±5% zone of equiva-
lence suggests that 34 mg  may  provide a more accurate comparison
at the group level, and furthermore suggests that lower and higher
thresholds across the range are not appropriate for this purpose.
ActiGraph accelerometers are known to produce lower ENMO val-
ues than GA devices,8 though recent evidence suggests the GA and
AG devices provide equivalent estimates between the 30–50 mg
range.16 Irrespective of potential differences between devices, at
the group level the 34 mg  threshold provided the most comparable
estimates of ST to the AG hip ≤100 count min−1 standard, so could
be used for comparative purposes across studies moving forward.

Despite exhibiting group level equivalency, the sensitivity and
specificity values suggest that for every 100 min  of ST classi-
fied by the ActiGraph, the GA 34 mg threshold would classify
∼64 min  of ST. Therefore any comparisons between studies using
the wrist worn 34 mg  threshold and studies using the waist worn
AG ≤100 count min−1 method should bear the sensitivity and speci-
ficity results in mind when interpreting findings. Furthermore, the
5% zone of equivalence provides a range of ∼50 min  of sedentary
time which the 34 mg  estimates fell within. Whether a potential
difference of ±∼50 min  is clinically meaningful or whether that
would provide estimates that are sensitive to change is open to
debate. Recent evidence suggests that the reallocation of 15 min  of
sedentary time to moderate to vigorous physical activity (MVPA)
predicted changes in obesity and fitness outcomes in children.2

However, such evidence relies on sedentary time to be reallocated
to MVPA, and the impact of reallocation of time to light intensity
physical activity or stationary behaviours independent of MVPA
remains unclear. Where group-level comparisons with data col-
lected using the AG hip ≤100 count min−1 standard are useful the
34 mg  threshold can be applied, though where precise estimates of
sedentary time or behaviour are required to demonstrate interven-
tion effectiveness or individual level changes alternative methods
may  be required. Whether the estimates of ST from the GA  and AG

reflect actual ST remains open to debate. Indeed it is questionable
whether the absence or low levels of acceleration should be used
in isolation to classify ST, especially considering the postural com-
ponent that is integral to the definition of sedentary behaviour.
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xamining the accuracy of measuring ST was not the aim of the
resent study per se, and as such represents a different research
uestion to be addressed in the future. There are, however, ways
f processing accelerometer data to classify posture that do not
equire the use of additional devices or monitoring periods. One
xample is the sedentary sphere,27 which classifies assumed pos-
ural changes based on acceleration signals, arm orientation and
rist orientation. Although this approach has shown promise in

dult populations, it has not yet been validated in children and so
ts utility in this population has not been established. Nonetheless,
stimates based on new approaches, irrespective of the method,
till raises questions regarding the comparability with the large
olume of existing literature therefore a pragmatic solution is war-
anted.

There are some limitations to the present study. We  used a
-min epoch to determine time spent sedentary to allow a com-
arison to the AG hip ≤100 count min−1 standard. The majority
f children’s ST data using AG hip ≤100 count min−1 utilises 1-
in  epochs, therefore this approach was necessary to address the

tudy aims. It is well established that children’s physical activity
ehaviours are sporadic in nature28,29 and though high frequency
onitoring is required to detect movement at higher intensities,

he 1 min  epoch is unlikely to influence recorded ST which is gen-
rally accrued in bouts lasting >2 min.30 In addition, the group of
articipants involved in this study were all from the same geo-
raphical location in North-West England and a narrow age-range,
herefore their ST behaviours may  not be representative of differ-
nt populations and groups. We  included a maximum of 2 days of
ata (one weekend and one weekday) for each participant, there-
ore the sedentary levels of participants are not reflective of their
abitual patterns. However, the volume of data included allows

or comparison between devices and signal classification, where 7
ay’s data would have been prohibitive in terms of file size. Further-
ore, a waking hours accelerometer protocol was used. Therefore

ecent studies using 24-h protocols may  require further investiga-
ion to examine the backward compatibility of data, including sleep
lassification in addition to ST estimates.

To the best of our knowledge, this is the first study to exam-
ne the backward comparability of wrist assessed sedentary time

ith ActiGraph 100 count min−1 waist ST estimates. The results
f the study suggest that the 34 mg  threshold produced the most
omparable estimates of ST and could be used to classify data
or group-level comparison with previously published studies that
sed the 100 count min−1 threshold.

. Conclusions

Despite observing high ICC and Cronbach’s alpha values, the
esults suggest that the all but one of the wrist mounted, raw accel-
ration derived ST estimates should not be directly compared with
hose derived from the 100 count min−1 waist mounted AG thresh-
ld. The 34 mg  threshold may  provide comparable ST estimates at
he group level, and future studies could use the 34 mg  threshold
hen comparing ENMO derived ST estimates group level estimates
reviously published using the 100 count min−1 approach though

t is important to consider the observed sensitivity and specificity
esults when interpreting findings.
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