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ABSTRACT

Background: The validity of Actiwatch 2 in assessing sleep was evident, but its validity in assessing physical
activity (PA) level was unknown.

Research question: The objective of this study was to validate the wrist-worn Actiwatch 2 and ActiGraph wGT3X
as a measurement of PA level against energy expenditure measured by indirect calorimetry.

Methods: Twenty-seven university students aged 18-26 were recruited from July 2016 to May 2017. They were
instructed to run at different speeds (4, 6, 8, 10, and 12km/h) on a treadmill, each speed for 10 min. Oxygen
consumption and carbon dioxide production of the subjects was measured by indirect calorimetry using the
Cosmed K4b? gas analyzer. Each subjects wore a single pair of accelerometers (Actiwatch 2 and ActiGraph
wGT3X) on both wrists.

Results: All the accelerometers were strongly correlated (p=0.83-0.94, all p-values < 0.001), and all four ac-
celerometers were strongly correlated with the METs obtained from the Cosmed K4b? (p=0.72-0.74, all p-
values < 0.001). Regression analysis showed that the non-dominant wrist-worn Actiwatch 2 cutoff cpm for
moderate and vigorous PA were 399 and 1,404, respectively; for the ActiGraph wGT3X-BT the corresponding
cutoffs were 4,514 and 15,044, respectively. The goodness-of-fit of the MET prediction equations were all >
75%. When classifying the activities as either sedentary, light activity, moderate-intensity activity, or vigorous-
intensity activity using the MET prediction equations, the agreements between the four accelerometers and that
by the Cosmed K4b? were high, all AUCs were above 80% except those of the Actiwatch worn on the left (non-
dominant) wrist. The Bland-Altman plots show that, for all four accelerometers, the biases were close to zero and
error variances were largest when the mean measurements were around 6 METs.

Significance: We showed that wrist-worn Actiwatch 2 and ActiGraph wGT3X-BT were strongly correlated in PA
assessment.

1. Introduction

level and sleep pattern from self-reported questionnaires to accel-
erometers [6].

An accelerometer is an electronic motion sensor that measures the
acceleration, or change of velocity. It can be worn on wrist or waist to
measure body movement. The intensity of the body movement mea-
sured by accelerometer can proxy the activity level of the wearer, and it
can be used to measure both physical activity (PA) level and sleeping
pattern. Accelerometers have been validated against doubly-labeled
water [1], the gold standard of physical activity measurement, and
polysomnography (PSG) [2], the gold standard of sleep measurement.
In addition, for young children from whom self-report is infeasible, an
accelerometer is a valid method in assessing their PA level [3,4] and
sleep pattern [5]. Given the increasingly affordable cost of accel-
erometers, researchers have shifted the measurement of habitual PA

Currently, in studies that measure both PA and sleep, researchers
have to use two types of accelerometer, one for measuring PA and
another for measuring sleep [7]. Because of the high cost of some sleep
accelerometers (for example, the Actiwatch 2 by Phillips Respironics
Mini-Mitter costs about US $1500), it would be logical to produce a
single accelerometer that can measure both PA and sleep. We pre-
viously demonstrated that the ActiGraph Link accelerometer yielded
similar sleeping parameters to the Actiwatch 2 (validated against PSG)
in a free-living condition [8], and the evidence supported the ActiGraph
Link as a valid measurement of both PA and sleep. The objective of the
current study was to validate wrist-worn Actiwatch 2 as a measurement
of PA level against energy expenditure measured by indirect
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Table 1
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Spearman correlation of the Actiwatch count, ActiGraph VM, and Cosmed K4b? METs minute-by-minute data (n = 27, count = 2135).

Actiwatch (left wrist)

ActiGraph VM (right wrist)

ActiGraph VM (left wrist) Cosmed K4b?

0.93
(n = 14, count = 1080)

Actiwatch (right wrist) 0.93

Actiwatch (left wrist) 0.83

(n = 18, count = 1386)

ActiGraph VM (right wrist)
ActiGraph VM (left wrist)

(n = 20, count = 1549)

0.89 0.73
(n = 20, count = 1549) (n = 20, count = 1549)
0.85 0.72
(n = 18, count = 1386) (n = 18, count = 1386)
0.94 0.73

0.74

MET: metabolic equivalent tasks; VM: vector magnitude.
All correlations were significant at p < 0.001.

calorimetry. As a secondary objective, the subjects also wore ActiGraph
wGT3X, and its associations with Actiwatch 2 and indirect calorimetry
were assessed. We hypothesized that the energy expenditure measured
by Actiwatch 2, ActiGraph GT3X, and indirect calorimetry (Cosmed
K4b? gas analyzer) should have strong agreement in measuring physical
activity.

2. Methods
2.1. Participants

Twenty-seven university students aged 18-26 were recruited from
July 2016 to May 2017. Those who could not perform the necessary
PAs and pregnant women were excluded from this study. An informa-
tion sheet was provided to all subjects prior to the study and written
consent was obtained. They were informed of the right to withdraw
during any part of the study. Each subject was given a coupon for HK
$100 upon completion of the study. The study protocol was approved
by the Human Subjects Ethics Sub-committee of the Hong Kong
Polytechnic University (code: HSEARS20140922001).

2.2. Procedure

The test was conducted in a laboratory with air conditioning. The
body weight and height of the subjects were measured with an elec-
tronic scale and stadiometer (FTS-H fitness scale, DPS Promatic Srl,
Forli, Italy) before the test. Each subject was instructed to lie down
before the test for at least 20 min to measure their resting energy ex-
penditure. They were instructed to run at different speeds (4, 6, 8, 10,
and 12km/h) on a treadmill, each speed for 10 min. Running of these
speeds correspond to METs of 3.0, 6.0, 9.0, 10.5, and 11.8, respectively
[9]. They were given a 5-minute recovery period between each run
(corresponds to METs of 1.5). During the test, each subject’s heart rate
was monitored in real-time. The test would be terminated if the heart
rate reached 90% of their maximum heart rate.

2.3. Energy expenditure

Oxygen consumption and carbon dioxide production of the subjects
was measured by indirect calorimetry using the Cosmed K4b? gas
analyzer [10]. It was warmed-up for a minimum of 60 min before each
test. Energy expenditure of the subjects in a 1-minute epoch was cal-
culated according to the Weir equation. Metabolic equivalent tasks
(METs) of the subjects in each 1-minute epoch were calculated by di-
viding the energy expenditure in the epoch by the resting energy ex-
penditure. We used a personalized estimate of resting energy ex-
penditure instead of the standard formula of 3.5kcalkg™!min~?,
because many people have a resting energy expenditure lower than 3.5
[11].

2.4. Accelerometers

Each subjects wore four accelerometers, two on each wrist. That is,
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they wore Actiwatch 2 and ActiGraph wGT3X accelerometers on both
the left and right wrists. Due to the specific design of the Actiwatch 2
(that it fits at wrist but not at waist), we decided not to put any ac-
celerometers at the subjects’ waist. The vector magnitude of the
ActiGraph, computed according to the Pythagoras theorem, was used to
summarize the count data of the three dimensions. All accelerometers
and the Cosmed K4b? were synchronized with the same computer, so
that their built-in clocks were synchronized. The epoch length was set
at 1 min.

2.5. Statistical analysis

We chose pooled male and female subjects because similar cali-
bration studies have shown there are no sex differences [12]. Spearman
correlation was used to examine the associations between the count-
per-minute (cpm) data of all accelerometers and the METs obtained
from the Cosmed K4b?. Regression was used to establish the predictive
relationship between the accelerometer cpm and METs. Spearman
correlation was used as we expected the cpm and METs were dis-
tributed as a mixture of uniform distribution across 3.0, 6.0, 9.0, 10.5,
and 11.8 METs (running tasks) and normally distribution of mean 1.5
(resting period). In addition to a linear term of accelerometer cpm, a
quadratic term was also included to approximate the monotonic in-
creasing and decreasing slope trend between accelerometer cpm and
METs. Log association was also tested, but quadratic association was
selected because it showed better goodness-of-fit (in terms of R?) in our
data. Multilevel regression with random intercept and slope was used,
because it allowed each subject to have his or her own intercept and
slope values. Residual plots showed that the residuals for all four re-
gressions were normally distributed. The averages of the individual
intercepts and slopes were used as the MET prediction equation. The
cpm corresponding to the cutoffs for light activity, moderate-intensity
activity, and vigorous-intensity activity were obtained by equating the
regression equation to 1.5, 3.0, and 6.0, respectively. Since the asso-
ciation between accelerometer cpm and METs should be monotonic
increasing (i.e., an increase of accelerometer cpm should represent a
larger amount of energy expenditure) and we used a quadratic equation
model this association, the equation beyond the maximum point of the
quadratic equation is not applicable in modeling the association be-
tween accelerometer cpm and METs and should be removed. This leads
to the removal of the larger root of the quadratic equation, therefore the
smaller of the two roots of the quadratic equation was used. R was be
used to assess the goodness-of-fit of the regression models.

Using the cutoffs obtained from the above regression models, the
accelerometer cpm were transformed to METs and further transformed
to level of physical activity (< 1.5 METs: sedentary, 1.5-2.99: light,
3-5.99: moderate-intensity; =6.0: vigorous intensity). The agreements
between activity level classifications, including the agreement between
each accelerometer with the Cosmed K4b?, agreement between the two
accelerometers worn on the same wrist, and agreement between the
same brand of accelerometer worn on different wrists, were presented
using the confusion matrix. Furthermore, these agreements were eval-
uated using the Bland-Altman plot, sensitivity, specificity, and area
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under the receiver operating characteristic (ROC) curve (AUC). The
sensitivity, specificity, and AUC for classifying light activity or above
(=1.5 METs), moderate-intensity activity or above (=3 METs), and
vigorous-intensity activity (=6 METs) were computed. For same-model
comparison, the accelerometer worn in the left wrist was used as the
reference. For same-wrist comparison, the ActiGraph was used as the
reference. All analyses were conducted using R 3.3.0 (https://www.r-
project.org) and multilevel regression was fitted using package lme4

Vigorous-intensity activity (=6 METs)

[13].
O <
N T O T
N O O O
o3ss 3. Results

The sex of the sample was balanced with 12 males (44.4%) and 15
females. Their mean height, weight, and BMI were 168.7 cm (SD
8.3cm), 62.4kg (SD 10.9kg), and 21.9 (SD 3.2), respectively. All
subjects were right-handed via self-report. During the tests, the two
Actiwatches malfunctioned several times and all available data in-
cluded in the analysis are shown in Table 1. In sum, the 27 subjects
provided 2,135 min-by-minute accelerometer and indirect calorimetry
data. Table 1 shows that all the accelerometer cpm were strongly cor-
related with Spearman correlations ranging from 0.83 to 0.94 (all p
values were < 0.001), and all four accelerometers were strongly cor-
related with the METs obtained from the Cosmed K4b? with Spearman
correlations ranging from 0.72 to 0.74 (all p values were < 0.001).

Table 2 shows the regression result and the estimated cutoff points
for different levels of activity. Fig. 1 shows the scatter plots and re-
gression equation plots of accelerometer cpm and METs by indirect
calorimetry. For Actiwatch 2 left wrist, the cpm beyond maximum
METs of the prediction equation (0.00488 / 2 * 1.05 * 107°% = 2324)
was discarded. The goodness-of-fit of the MET prediction equations for
ActiGraph (80.9% and 81.6%) were higher than that of the Actiwatch
(75.9% and 78.6%). For both accelerometer brands, the cutoff points
for all levels of activity for the left wrist (i.e., the non-dominant wrist)
were slightly lower. There were substantial differences between the
prediction equation for right and left Actiwatch, and this difference was
caused by the influential observations for the right Actiwatch with
cpm > 3000 and METs < 6.

According to the cutoff points estimated using multilevel regression,
accelerometer cpm for the Actiwatch and ActiGraph were classified as
either sedentary, light activity, moderate-intensity activity, or vigorous-

Moderate-intensity activity or above (=3 METs)

Cutoff
450
399
4793
4514

Light activity or above (=1.5 METs)

418
2

75.9%
78.6%
81.6%
80.9%

% intensity activity. The agreement of the activity level classification

between the four accelerometers and that by the Cosmed K4b? is shown

o & in Table 3. All AUCs were above 80% except those of the Actiwatch

N‘é N‘é % % worn on the left (non-dominant) wrist. All four accelerometers had high

88y ) sensitivities (> 90%) in classifying light activity or above (=1.5

T ; ﬂ”o ﬂ’o METs), but the sensitivities in classifying vigorous-intensity activity

ge v (=6.0 METs) were about 60% only, except for those of the Actiwatch

eeg worn on the left (non-dominant) wrist. The Bland-Altman plots (Fig. 2)

o o T M show that, for all four accelerometers, the biases were close to zero and

5 é é g E error variances were largest when the mean measurements were around

g § § 8 8 6 METs. The limits of agreement were around 4 METs in general for

g e r Actiwatch (right wrist: 4.17, left wrist: 3.89) and were higher than that

g g g § g of ActiGraph (right wrist: 3.68, left wrist: 3.75). The ROC curves for all
g g the above classifications are shown in Supplementary Fig. 1.

= SrE Table 4 shows the agreement of the activity level classification be-

g aaes tween the four accelerometers. Same-model accelerometers worn on

different wrist had strong agreement with sensitivities greater than
84%. Same-wrist comparison showed that Actiwatch and ActiGraph
worn on the left (non-dominant) wrist had relatively weaker agreement
in classifying vigorous-intensity activity. The Bland-Altman plots
(Fig. 3) show that the biases between the same accelerometer model
worn on different wrist and same-wrist comparison of the two brands
were close to zero. The limit of agreement of ActiGraph was smaller
than that of Actiwatch. Furthermore, the agreement between the Acti-
watches was weak when METs were high, and the error variances were
largest when the mean measurements were around 6 METs for same-

Actiwatch (right wrist)
Actiwatch (left wrist)
ActiGraph VM (right wrist)
ActiGraph VM (left wrist)

Results of the multilevel regression predicting MET using accelerometer counts and there estimated cutoff points for different levels of activities.

MET: Metabolic equivalent task; VM: vector magnitude.

Table 2
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Actiwatch (right wrist)

12

10

METs

2000 3000 4000 5000

cpm

ActiGraph (right wrist)

12

10

METs

5000 10000 15000 20000 25000 30000

cpm

35000
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Actiwatch (left wrist)

12

10

METs

T T T T T T
3000 4000 5000

ActiGraph (left wrist)

12

10

METs

T T T T T T T T
5000 10000 15000 20000 25000 30000 35000

cpm

Fig. 1. Scatter plots and regression equation plots of accelerometer count per minute (cpm) and metabolic equivalent tasks (METs) obtained using Cosmed K4b? gas

analyzer.

wrist accelerometers. It appeared that the right Actiwatch constantly
overestimated METs over that of the left Actiwatch, as confirmed by a
regression analysis (MET cgactiwatch = 1.07 + 0.59METR;ghtactiwatch)-

4. Discussion

To the authors’ best knowledge, this is the first calibration study of
Actiwatch against indirect calorimetry. Our results showed that
Actiwatch was strongly correlated with ActiGraph and these two ac-
celerometers had similar criterion validity against indirect calorimetry.
Actiwatch was designed for sleep measurement and has been validated
against PSG [2]. Together with our results, the evidence supports the
use of Actiwatch 2 in measuring 24-hour human activity. Note that the
accuracy of both accelerometers was low for high physical activity
level, in particular for METs > 8. However, as long as these accel-
erometers can correctly distinguish moderate-to-vigorous intensity
physical activity with light activity and sedentary behavior, the accel-
erometers can be used to measure human activity. Nonetheless, non-
dominant-wrist worn Actiwatch 2 and ActiGraph GT3X had limited
agreement in vigorous-intensity activity, and such a difference should
be acknowledged when using either accelerometer to measure vig-
orous-intensity activity.

144

Our calibration study on wrist-worn ActiGraph was also unique in
the sense that other existing studies did not use 1-min epoch (e.g., 1-sec
[14] or 15-sec [15] epoch were used). As wrist-worn accelerometers
demonstrated lower criterion validity than waist-worn accelerometers
[14], we suspected that higher resolution data, that is, movement data
in smaller epoch length, is required to achieve an acceptable criterion
validity for wrist-worn accelerometers. However, with current techno-
logical limitations, the battery life could not support habitual 24-hour
activity measurement with high resolution data. For example, with 1-
minute epoch, the Actiwatch 2 can support recording time of 30.3 days.
This implies that if a standard 7-day accelerometer measurement period
is to be used, the minimum epoch length would be 15-sec (30.3/4 = 7.6
days), and if 1-second epoch is chosen (although this option is not
available in the Actiwatch communication software), the battery could
only support measurement for 30.3/60 days (approximately half a day).
Given the battery constraint, our results of ActiGraph 1-min epoch data
calibration is necessary and applicable to current research.

In our homogeneous sample with minimal confounding effects, we
found that the cutoff points of physical activity classification of
ActiGraph obtained in this study were very different from studies ca-
librating waist-worn accelerometers. Regression analysis showed that
the cutoff cpm for moderate and vigorous PA were 4514 and 15,044,
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Actiwatch (left wrist) vs K4b2

Differences

-10

T T T T
2 4

Mean measurement

ActiGraph (left wrist) vs K4b2

Differences

-10

Mean measurement

Fig. 2. Bland-Altman plots for Actiwatch 2 and ActiGraph wGT3X-BT with Cosmed K4b? gas analyzer.

respectively. These cutoff points are very different from those obtained
in waist-worn ActiGraph calibration studies among children and ado-
lescents, in which the highest vector magnitude cutoff cpm for mod-
erate and vigorous PA were 3028 and 4,448, respectively, as shown in a
recent review [16]. We postulated that during high-speed running, the
arm swinging movement was much more dynamic than the waist
twisting movement, so the wrist-worn ActiGraph was more sensitive
than the waist-worn ActiGraph in classifying vigorous PA.

It was expected that cpm of ActiGraph and Actiwatch were highly
correlated as they both measure accelerations. Similar research had also
shown that ActiGraph GT3X was highly correlated with other accel-
erometer brands including GENEActiv [17] and Axivity AX3 [18]. The
high but not perfect correlation found across different accelerometer
brands could be explained by their difference in raw acceleration data
handling methods. Transforming the raw acceleration data to cpm in-
volves frequency filtering, noise attenuating, band-pass filtering, recti-
fication, and integration [18]. If the same transformation protocol was
applied onto different brands of accelerometer, the cpm data yielded
would be nearly perfectly correlated (Cohen’s kappa = 0.95 [18]).
However, we could not extract the raw acceleration data from Acti-
watch as the computer software provided by the manufacturer did not
allow so, therefore we could not examine the correlation of the raw
acceleration between Actiwatch and ActiGraph.
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The strength of this study lies in the inclusion of the quadratic term
in the calibration equation. Although it makes sense to assume a linear
association between accelerometer cpm and energy expenditure, our
results showed that this association is concave downward. That is, the
strength of association between the amount of energy spent and wrist
movement reduced with exercise intensity. This is called the plateau
phenomenon and has been demonstrated in another accelerometer ca-
libration study [19]. Subjects in that study had provided data at a
treadmill speed of 12km/h, but these data were removed as they at-
tenuated the mis-specified linear association. With these data removed,
the prediction accuracy of calibration equation on moderate and vig-
orous intensity PA improved. By modeling such a concave, monotonic
increasing association with a quadratic equation, the goodness-of-fit
and predictive performance of our proposed calibration model is an
improvement over the commonly-used linear model. Empirically, the
quadratic models (average R-square of the four regression models =
79.3%) had a better fit to the data than the linear model (average R-
square of the four regression models = 76.6%). Therefore, our equation
can be used to classify very vigorous intensity PA because the plateau
phenomenon was modeled by the quadratic term. In older adults who
seldom engage in vigorous PA, the plateau phenomenon may not exist
[11] and we can assume a linear association between body movement
and energy expenditure.
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ActiGraph (right wrist) vs ActiGraph (left wrist)
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Fig. 3. Bland-Altman plots for Actiwatch 2 and ActiGraph wGT3X-BT.

The plateau phenomenon could be partially attributed to the func-
tional limitations of the accelerometer. A study of some older models of
ActiGraph (7164 and GT1M) with limited amplitudes (up to 2.5 g) and
frequencies (up to 10 Hz) showed no significant difference in cpm for
running with a speed ranging from 10 to 20 km/h [20]. Here, we used
the latest version of the ActiGraph (wGT3X-BT) with amplitudes up to 8
g and frequencies up to 100 Hz, which should have allowed them to
overcome the plateau phenomenon [21]. However, our subjects were
not trained athletes and we were unable to test the performance of
ActiGraph wGT3X-BT with speeds beyond 12 km/h.

Our study was not without limitations. Because our sample is rela-
tively homogeneous, the calibrated equations cannot (and should not)
be generalized to other populations, especially older populations that
have a different body movement — energy expenditure association from
younger populations [22]. In this study, the subjects were required to
walk and run on a treadmill, so the swinging motions of the left and
right wrist during the experiment were relatively symmetric. This was
also reflected in the strong correlations between the left and right ac-
celerometers. Therefore, our results may not be able to generalize to
other types of activities with unbalanced wrist movements, for example
window cleaning and playing badminton [23]. The accuracy of the
calibration equation under free-living condition is to be determined.
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Similarly, the correlations between wrist-worn Actiwatch 2 and Acti-
Graph GT3X demonstrated in this study may not (and should not) be
compared with the correlations between waist-worn accelerometers,
since wrist-worn accelerometers recorded the arm swing movement
that provide different cpm patterns with waist movement. Here, we
pooled male and female subjects together because another ActiGraph
calibration study among college students aged 18-25 showed no sex
difference [12]. We have also confirmed this by examining the effect of
sex in the calibration equations. However, sex differences were found in
an older population (e.g., [22]) and future calibration studies with
populations beyond ours are warranted.

5. Conclusion

Our study showed that wrist-worn Actiwatch 2 and ActiGraph
wGT3X-BT accelerometers were strongly correlated in PA assessment.
Given that the ActiGraph wGT3X-BT has been widely tested as a valid
measurement of physical activity, the Actiwatch 2 can also be used for
24-hour activity measurements, as supported by the results of our
current study and previous studies on its validity in sleep assessment.
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