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Validation and Comparison of 3 Accelerometers
for Measuring Physical Activity Intensity
During Nonlocomotive Activities and Locomotive Movements

Yuki Hikihara, Shigeho Tanaka, Kazunori Ohkawara,
Kazuko Ishikawa-Takata, and Izumi Tabata

Background: The current study evaluated the validity of 3 commercially-available accelerometers to assess
metabolic equivalent values (METSs) during 12 activities. Methods: Thirty-three men and thirty-two women
were enrolled in this study. The subjects performed 5 nonlocomotive activities and 7 locomotive movements.
The Douglas bag method was used to gather expired air. The subjects also wore 3 hip accelerometers, a
Lifecorder uniaxial accelerometer (LC), and 2 triaxial accelerometers (ActivTracer, AT; Actimarker, AM).
Results: For nonlocomotive activities, the LC largely underestimated METs for all activities (20.3%~55.6%)
except for desk work. The AT overestimated METs for desk work (11.3%) and hanging clothes (11.7%),
but underestimated for vacuuming (2.3%). The AM underestimated METs for all nonlocomotive activities
(8.0%~19.4%) except for hanging clothes (overestimated by 16.7%). The AT and AM errors were significant,
but much smaller than the LC errors (23.2% for desk work and —22.3 to —55.6% for the other activities). For
locomotive movements, the 3 accelerometers significantly underestimated METs for all activities except for
climbing down stairs. Conclusions: We conclude that there were significant differences for most activities in 3
accelerometers. However, the AT, which uses separate equations for nonlocomotive and locomotive activities,

was more accurate for nonlocomotive activities than the LC.

Keywords: algorithm, metabolic equivalents, daily activity

It is well known that physical fitness and activity
confer numerous health benefits in the prevention of
lifestyle-related diseases.!? Physical activity energy
expenditure (PAEE) can be divided into exercise-related
activity thermogenesis and nonexercise activity ther-
mogenesis (NEAT), with the latter consisting mainly of
energy expenditure (EE) of low-to-moderate intensity
during lifestyle activities.? Levine et al suggested that
the EE due to NEAT, including nonlocomotive activity,
is much larger than EE due to exercise throughout the
day and may be an important factor in the prevention
of obesity.* Therefore, it is important to estimate EE of
daily activities, including locomotive movements and
nonlocomotive activities such as household tasks and
occupational activities. As Westerterp indicates, PAEE
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of nonlocomotive activities accounts for more than 50%
of total PAEE.>

Recently, various types of small and lightweight
accelerometers have become available for assessing the
amount and intensity of physical activity (PA). However,
these devices use different algorithms, which depend
on the number of axes (uni- or triaxial) and predictive
equations for PAEE and intensity.S The usefulness of the
Kenz Lifecorder EX (LC; SUZUKEN Co., Ltd., Nagoya,
Japan), a uniaxial accelerometer widely used in Japan,
for assessing PA intensity and PAEE during locomo-
tive movements such as walking and jogging has been
reported.”# However, total energy expenditure (TEE)
calculated from the LC data significantly underestimated
by 20%-35% the TEE measured by the doubly labeled
water method in Japanese men.”1° We speculate that the
most important reason for this underestimation is related
to the algorithm of the L.C accelerometer, which was
designed to assess PA intensity during ambulation. The
LC device determines PA intensity from the frequency of
steps and the degree of vertical acceleration.!! However,
if some PA such as household work does not involve a
sufficient number of steps, the LC instrument may not
be able to accurately assess PA intensity.

Triaxial accelerometers have also become popular
devices for assessing PA intensity.!>"1* Nevertheless,
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Hendelman et al indicated that the regression equation
used to predict metabolic equivalent (MET) values based
on locomotive movements had a different slope and inter-
cept compared with regression equation based on nonlo-
comotive activities.!?> Thus, when an equation based on
locomotive movements is used to predict MET values for
nonlocomotive activities and ambulation, there could be
large prediction errors. Midorikawa et al tried to resolve
this discrepancy by separating nonlocomotive activities
from locomotive movements using the ratio of vertical to
harizontal acceleration.!3 That approach contributed to a
small difference between predicted EE for 10.5 h and EE
measured with a metabolic chamber. As observed above,
accelerometers are gradually being developed with new
specific algorithms. To date, numerous epidemiological
studies on physical activity have been performed. Some
studies used several different types of accelerometers to
assess PA.1516 Since each accelerometer has a specific
algorithm for estimating PA, it is difficult to compare the
results obtained from different accelerometers.!’

The current study examined the validity of 3
commercially-available accelerometers to predict MET
values focusing specifically on nonlocomotive activities
in field conditions. The accelerometers included the
LC device, a triaxial accelerometer that uses 2 separate
regression equations for nonlocomotive and locomotive
activities, and a triaxial accelerometer that uses a single
regression equation for all activities. We believe that these
discussions might help us understand data of various
accelerometers accumulated in epidemiology.

Methods
Subjects

All subjects were recruited through public applications
and had no physical impairments that could affect house-
hold and locomotion activities. All subjects were fully
informed of the purpose of the study and written informed
consent was obtained from all subjects before the begin-
ning of the study. This study was conducted according
to the guidelines of the Declaration of Helsinki, and all
procedures involving human subjects were approved
by the Ethical Committee of the National Institutes of
Health and Nutrition.

Anthropometry

Body weight was measured to the nearest 0.1 kg using a
digital balance, and height was measured on a stadiometer
to the nearest 0.1 cm. Body mass index (kg/m?) was calcu-
lated as body weight divided by the square of body height.

Instruments

Lifecorder EX (LC). The LC (size: 72.5 x 41.5 x 27.5
mm; mass: 60 g, including a battery) was worn on the
hip with an attached belt. This device was a uniaxial
accelerometer with a sampling interval of 32 Hz. The

LC output was a PA intensity score that consisted of a
scale from 0-9 (level O: rest; level 0.5: micro activity;
level 1-9: movement). The intensity of PA (level 1-9)
was determined from the frequency of steps and the
magnitude of vertical acceleration that was categorized
into 4 parts with 4 thresholds [threshold 1 (TH1): 0.06 g,
TH2: manufacturer’s fixed values, TH3: manufacturer’s
fixed values, TH4: 1.96 g]. The LC device registered steps
when the vertical acceleration signal exceeded the second
threshold or when the gap between the pulses was < 1.5
s.741 An activity eliciting 3 acceleration signals during a
4-s sampling interval was recognized as PA, which caused
the grade (level 1-9) to be computed. If this condition
was not satisfied and vertical acceleration did not exceed
TH2, activities were considered by the LC to be micro
activities (level 0.5). The LC intensity data output (level
1-9) were entered into a previously published equation
to predict the MET value.” The equation was as follows:

MET = 0.043 x a% + 0.379 x a + 1.361
where a is the LC intensity.

ActivTracer (AT). This device (AC-210; size: 48 x 67
x 16 mm; mass: 57 g; GMS Co., Ltd., Tokyo, Japan)
is a triaxial accelerometer for detecting movement in 3
dimensions. It was able to obtain 3-dimensional accel-
erations every 4 s with a sensitivity of 2 mG and using
a band-pass filter of 0.3—-100 Hz. We calculated the syn-
thetic accelerations from the following equation:

Synthetic acceleration = (x? + y? + z2)03

where x is anteroposterior acceleration, y is mediolateral
acceleration and z is vertical acceleration. The synthetic
acceleration was inserted into the formula reported by
Midorikawa et al to calculate the physical activity ratio
(PAR).13 The PAR was then divided by 1.1 to convert it
to a MET value because resting metabolic rate (RMR)
in the sitting position without a meal was 1.1 times the
basal metabolic rate (BMR) (RMR: 0.99 + 0.177 kcal/
min; BMR: 0.89 + 0.19 kcal/min) in the current study.
Although Midorikawa et al adapted their formula for
sleeping metabolic rate (SMR; ie, average metabolic rate
over an 8-h sleeping period),'? we confirmed that SMR for
adults was approximately equal to BMR.!8 The equations
of Midorikawa et al were as follows!3:

PAR =0.0123 x b + 1.7208 (House work)
PAR =0.0081 x b + 0.9234 (Walk)
MET=PAR /1.1

where b is the synthetic acceleration in mG detected by
the AT. Midorikawa et al reported that this device could
differentiate the activity level from “housework” to
“walk” based on the ratio of vertical to horizontal accel-
eration (housework < 0.750; walk > 0.751). Therefore,
we followed this procedure and predicted MET values
from these equations.!3

Actimarker (AM). The AM (test model; size: 60 x 35
x 13 mm; mass: 24 g; Matsushita Electric Works, Ltd.,



Osaka, Japan) was another triaxial accelerometer. It
obtained 3-dimensional acceleration every 12 s with a
sensitivity of 40 mG at a sampling rate of 20 Hz. We
calculated the synthetic acceleration from the following
equation:

Synthetic acceleration = (X2 + Y2 + Z2)03

where X is anteroposterior acceleration, Y is vertical
acceleration, and Z is mediolateral acceleration. A predic-
tive equation was obtained from the relationship between
3-dimensional synthetic acceleration and oxygen uptake
during sedentary to vigorous PA, including nonlocomo-
tive activities and locomotive movements.!*! The fol-
lowing equations were used to convert 3-dimensional
synthetic acceleration to EE:

Kcal (min) = ¢ x d x BMR (kcal/day) + RMR (kcal/min)
MET = kcal (min) /RMR (kcal/min)

where ¢ is the coefficient and d is synthetic acceleration.
BMR was estimated using predicted body surface area
(cm?). BMR was calculated from body weight (kg),
height (cm), sex, and age using a formula for the Japanese
population standardized by multiplying by a standard
value (kcal/m%h) corresponding to age (5th edition of
Recommended Allowances Dietary Reference Intake in
Japan).?2 Moreover, BMR (kcal/day) was multiplied by
1.2, which is the ratio of sitting RMR to BMR in AM and
includes diet-induced thermogenesis, and then divided
by 1440 min to estimate RMR per minute in the sitting
position several hours after a meal.

Procedures

The subjects visited the laboratory early in the morning
in a fasted state. After the study protocol was explained,
anthropometric measurements were done. Next, they
were asked to rest in the supine position for 30 min, and
then BMR was measured in the supine position and RMR
in the sitting position. The subjects performed 12 physical
activities that included nonlocomotive activities such as
desk work, vacuuming, hanging clothes, washing dishes,
and moving a small load (5 kg), and locomotive activities
such as climbing down stairs, climbing up stairs, slow
walk (55 m/min), normal walk (70 m/min), brisk walk
(100 m/min), walk with 3-kg baggage (70 m/min), and
jogging [male (140 m/min), female (120 m/min)]. These
activities were chosen as representative activities of daily
life and were based on our preliminary 3-day observa-
tions in free-living conditions. The preliminary study
was performed using the activity records of 93 subjects
who lived in the Tokyo metropolitan area. MET values
were measured during all activities. All subjects wore the
AM on the right waist and the AT on the left waist sym-
metrically. Furthermore, the LC was placed diagonally
forward right of the waist according to the instructions
of the manufacturer. These accelerometers were tightly
attached with a belt during each activity. According to our
unpublished data, such a small difference in the position
of placement does not systematically affect the results.
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Before the experiment started, the accelerometers were
synchronized using a wave clock for reference.

Measurement of BMR and RMR

After we verified that the subjects had fasted, each subject
was fitted with a facemask and breathed into a Douglas
bag twice for 10 min; the bag concentrations of oxygen
and carbon dioxide were analyzed by a mass spectrom-
eter (ARCO-1000; Arco System Inc., Kashiwa, Japan).
Oxygen consumption (VO,) and carbon dioxide produc-
tion (VCO,) at rest and during activity were measured
using the Douglas-bag method. Expired gas volume
was measured using a certified dry gas meter (DC-5;
Shinagawa Co., Ltd., Tokyo, Japan). EE was calculated
from VO, and VCO, using Weir’s equation?3:

EE (kcal) = 3.9 x VO, + 1.1 x VCO,.

Measurement of PA intensity

Measurement of each activity began after a preliminary
period that was needed for subjects to reach a steady-
state condition. The times needed to collect expired gas,
which differed between activities, are shown in Table 1.
The method for calculating the EE of each activity was
the same as the method used for BMR and RMR. To
calculate the MET value, EE during each activity was
divided by the measured value of RMR.

Statistics

Statistical analysis was performed using JMP version
6.0 for Windows (SAS Institute, Tokyo, Japan). All
results are shown as mean + standard deviation (SD).
Pearson’s correlation coefficient was used to evaluate
the relationships between variables. One-way analysis of
variance (ANOVA) was used to compare measured and
predicted MET values, and Tukey’s HSD test was used
for post hoc comparisons when the ANOVA was signifi-
cant. Midorikawa’s discriminative method was used to
discriminate data produced by nonlocomotive activities
from that produced by locomotive movements.!3 P < .05
was considered statistically significant.

Results

The participants were 33 men (age: 41.8 + 14.0 years,
height: 169.9 + 6.2 cm, weight: 67.3 + 14.1 kg, body mass
index (BMI): 23.2 + 3.9 kg/m?) and 32 women (age: 43.1
+ 12.8 years, height: 158.0 £ 5.2 cm, weight: 55.6 + 9.6
kg, BMIL: 22.2 + 3.5 kg/m?).

We examined the effects of sex and age on measured
MET values using a general linear model before statistical
analysis because of the large age range of the subjects. As
a result, there was no effect (R? = .003, P = 0.23) of age
(F value = 2.35, P=.13) or sex (F value = 0.55, P = .46)
on the measured MET values. Therefore, the relationships
between measured and predicted PA intensities were
examined without adjustment for age and sex.
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Table 1 Duration for Measurement of Physical Activity Intensity

Measurement
Steady of expired gas
Content of activity state (min) (min)
Desk work Typewriting using personal computer with sitting in a chair 3.0 7.0
Vacuuming Vacuuming clean in a room (about 17m?) while moving 3.0 3.0
Hanging clothes Hanging out washing then and there 3.0 3.0
Washing dishes Washing dishes with standing position 3.0 3.0
Moving a small load Moving a small load (5kg) from one place to the other place
(between about 3 meters), repeatedly 3.0 2.0
Climbing down stairs Climbing down stairs according to the leader 2.0 1.0
Climbing up stairs Climbing up stairs according to the leader 1.0* 0.8
Slow walk Walk according to pace leader machine (55m/min) on ground 3.0 3.0
Normal walk Walk according to pace leader machine (70m/min)on ground 3.0 2.0
Brisk walk Walk according to pace leader machine (100m/min) on ground 3.0 2.0
Walk with a baggage Walk with a baggage (3kg)according to pace leader machine (70m/
min) on ground 3.0 2.0
Jogging Jogging according to pace leader machine (male: 140m/min,
female: 120m/min) on ground 3.0 1.0

* Average time; the measurement for climbing up stairs was performed with a very short interval after climbing down stairs.

The differences between predicted and measured
MET values are shown in Figure 1 (nonlocomotive) and
Figure 2 (locomotive). Predicted MET values of nonloco-
motive activities estimated by the AT and AM moderately
agreed with measured MET values, whereas the LC
systematically underestimated measured MET values. In
contrast to nonlocomotive activities, the 3 accelerometers
tended to have similar validity for locomotive movements.

The percentage difference between predicted and
measured MET values is shown in Table 2. In all nonlo-
comotive activities except desk work, MET values were
significantly underestimated by 20.3%-55.6% using the
LC data. Using the AT data, MET values were signifi-
cantly underestimated by 11.0% for moving a small load
and by 2.3% for vacuuming, whereas MET values were
overestimated by 11.3% for desk work and 11.7% for
hanging clothes. Using the AM data, the MET values
during all activities except for hanging clothes (over-
estimated by 16.7%) were significantly underestimated
by 8.0%-20.0%. Although MET values during locomo-
tive movements except for climbing down stairs were
significantly underestimated by all 3 accelerometers,
there were no differences among the 3 devices with the
exception that high-intensity PA such as jogging was
underestimated more by the LC (25.7%) than by the 2
other devices.

We described the relationship between LC intensity
and MET values in Figure 3. For nonlocomotive activi-
ties, the LC intensities were within a narrow range (0.5
to 1.5), in spite of the finding that the MET values during
each activity were significantly different.

Table 3 indicates that the rate of walking evaluated
by the LC device, which was calculated from dividing

the total number of steps during each activity by the
length of that activity period, was considerably less
during nonlocomotive activities than during locomotive
movements.

Discussion

The purpose of this study was to compare the validity
of 3 accelerometers equipped with specific algorithms
to measure PA intensity during nonlocomotive activities
and locomotive movements.

Figure 1 and Figure 2 show the differences between
predicted MET values and measured MET values. We
found that the LC instrument had difficulty evaluating
PA intensity during nonlocomotive activities (Figure 1,
Table 2). One of the reasons for this is that the equations
for the LC device were specific for walking and running
on a treadmill in the laboratory.” In addition, although
the LC intensity (output data) was determined from the
number of steps and vertical acceleration, the steps per
minute were considerably less in nonlocomotive activities
than in locomotive movements (Table 3). The LC device
registered movement when the vertical acceleration
signal exceeded the second threshold or when the gap
between pulses was < 1.5 s.711 Therefore, it is possible
that most steps taken during nonlocomotive activities
were not detected by the LC device because the accel-
eration signals were not regular but rather intermittent.
For example, during vacuuming, the LC accelerometer
could not detect movements because the interval between
them was often > 1.5 s (Table 3). We confirmed that
nonlocomotive activities such as vacuuming and moving
a small load corresponded to LC intensities “0.5~1.5,”
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Figure 1 — Mean differences of each accelerometer between
predicted and measured METs for nonlocomotive activities
using Bland and Altman plots.

even when these MET values were comparable to slow
walk and normal walk (Figure 3).

In contrast, the differences between measured and
predicted MET values obtained using AT and AM data
were less than those obtained using LC data, although
there were also significant differences between MET
values by triaxial accelerometers and measure MET
values for several nonlocomotive activities (Table 2).
The predictive equations for the AT and AM devices
were obtained for both locomotive movements and
nonlocomotive activities.!32! This might explain why
the differences between predicted and measured MET
values were better with the AT and AM accelerometers
compared with the LC accelerometer. Moreover, the AT
equations tended to have better predictive ability than
the AM equations because the suggested discrimination

Figure 2 — Mean differences of each accelerometer between
predicted and measured METs for locomotive movements using
Bland and Altman plots.

method of Midorikawa et al was applied for discriminat-
ing between the MET values of nonlocomotive activities
and locomotive movements.!? An advantage of the AT
over other devices is that it can evaluate complex motions
such as moving a small load, which consist of both types
of activity like ambulatory movement, bending forward
(unloading) and standing up (catching up load). However,
since the AT as well as the other accelerometers could
not detect the weight that an individual was carrying, it
is not surprising that the MET values predicted by the AT
underestimated the actual values by 11.0%.
Meanwhile, we confirmed that the accuracy of 3
accelerometers in locomotive movements was similar
(Figure 2, Table 2). However, the underestimation of
MET values for jogging was greater with the LC device
than with the 2 other devices. Based on the original
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Table 2 Percent of Differences Between Measured and Predicted METs

Predicted METs Percent of difference
Measured
METs Lifecorder ActivTracer Actimarker Lifecorder ActivTracer Actimarker Statistics

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD P Post hoc test
Desk work 1.1 0.1 14 0.0 1.3 0.0 1.0 0.1 23.2 79 11.3 79 -8.0 7.6 <0.0001 LC>AT>ME>AM
Vacuuming 2.9 0.7 1.6 0.0 2.7 0.4 2.3 03 440 111 23 249 200 141 <0.0001 ME>AT>AM>LC
Hanging clothes 2.3 0.4 1.5 0.0 2.5 0.4 2.6 04 -32.6 10.6 11.7 21.8 16.7 204 <0.0001 AM,AT >ME >1LC
Washing dishes 1.8 0.4 1.4 0.1 1.8 0.3 1.6 0.3 -20.3 13.5 0.2 236 =120 195 <0.0001 ME,AT > AM > LC
Moving a small load 4.4 0.7 1.9 0.1 42 0.6 35 03 556 73 110 73 -194 138 <0.0001 ME,AT > AM > LC
Climbing down stairs 32 0.5 34 0.8 3.0 0.4 3.3 0.4 9.6 303 =32 201 8.6 22.4 0.0003 LC,AM > AT
Climbing up stairs 7.6 0.8 2.5 0.3 2.8 0.5 2.7 03 -664 51 -63.8 80 645 5.6 <0.0001 ME > AM,AT,LC
Slow walk 3.1 04 2.7 0.3 2.8 0.7 2.8 0.3 -12.7 132 -113 19.7 -9.0 12.8 <0.0001 ME > AT, AM,LC
Normal walk 3.6 0.5 3.2 0.4 33 0.7 33 0.3 -10.5 12.8 =73 20.4 -8.0 13.1 <0.0001 ME > AT, AM,LC
Brisk walk 4.6 0.7 4.0 0.5 42 0.7 4.0 06 -129 126 -9.1 183 -11.7 138  <0.0001 ME > AT,AM,LC
Walk with a baggage 4.2 0.6 35 0.5 3.7 0.8 3.6 04 -161 123 -128 203 -145 126 <0.0001 ME > AT,AM,LC
Jogging 9.5 1.1 6.8 1.5 9.0 1.3 8.1 1.8 -25.7 14.6 -4.0 148 -10.7 14.6 <0.0001 ME>AT<AM<LC

Abbreviations: ME; measured, LC; Lifecorder, AT; ActivTracer, AM; Actimarker.

Note. Post hoc test was adapted by Tukey’s HSD test.
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Figure 3 — Relationship between output data from Lifecorder and measured MET values.

Table 3 Rate of Steps for Each Activity*

Rate of steps

Mean SD
Desk work 0.0 0.0
Vacuuming 6.8 8.0
Hanging clothes 1.6 2.6
Washing dishes 03 1.6
Moving a small load 44.4 94
Climbing down stairs 104.1 14.6
Climbing up stairs 90.9 13.9
Slow walk 100.0 6.8
Normal walk 111.1 6.2
Brisk walk 121.0 6.8
Walk with a baggage 115.5 6.0
Jogging 161.0 25.5

* Rate of steps (frequency/minute) was calculated from dividing total
steps during each activity by action time (minutes).

algorithm and equation, the L.C can detect PA up to 8.3
MET values corresponding to a maximum LC intensity of
“9”.7 Therefore, it would be difficult to evaluate jogging
over 120-140 m/min using the LC, because jogging in
this study corresponded to 9.5 MET values.

An important aspect of MET prediction by the 3
accelerometers is the measurement of RMR, and the
error in RMR can affect the predicted MET values. The

equation for the AT device predicts the physical activity
ratio (PAR), which is the energy expenditure divided
by the BMR. Therefore, the PAR was divided by 1.1 to
convert it to a MET value in this study according to the
Dietary Reference Intake in the US.2* Actually, since
the ratio of RMR to BMR in this study was 1.11 (see the
Methods section), there was little effect of the RMR on
the MET values predicted by the AT device. Furthermore,
the LC equation depends on MET values calculated
using 3.5 ml/kg/min as the RMR according to a previous
report.” With the AM device, the estimated RMR was
used (see the Methods section). We found that 3.5 ml/kg/
min (LC) and the predicted RMR (AM) were about 8%
higher than the actual RMR. Considering the difference
of RMRs, it may raise the validity of this study by up to
approximately 7% positively. However, even if the RMR
differences slightly affected the predictive accuracies of
the LC and AM accelerometers, we still found that there
was a larger error for nonlocomotive activities than for
locomotive movements.

An important issue that must be considered is
whether the AT accelerometer evaluated in the current
study is valid in obese individuals. With respect to this
point, we previously reported the effect of body weight
on MET values in the same subjects and during the same
physical activities as in the current study.?S Our previous
report indicated that when the BW is more than 10 kg
above average body weight (60.0 kg), there is about a
+5% error for nonlocomotive activities (vacuuming)
and +3% to 5% error for locomotive movements. Thus,
MET values are associated with body weight to some
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degree. Therefore, when the results of this study are
applied to obese individuals, the effect of body weight on
MET values should be considered. However, significant
correlations were not obtained between the predictive
errors and body weight in this study except for climbing
up stairs.

There are 2 limitations in this study. The primary
limitation is whether the errors in predictive accuracy in
the current study affect TEE in an entire day. To address
this issue, it will be necessary to examine the validity
using the doubly labeled water method under free-living
conditions in a future study. However, Westerterp indi-
cated that in a subject with an average physical activity
level of 1.75, PAEE of nonlocomotive activities, which
consist of sitting and standing without movement and
standing active (ie, washing dishes), accounts for more
than 50% of total PAEE.> Therefore, it may be possible
that the difference in predictive ability among the AT, AM
and LC devices in the current study affects the prediction
of TEE. Furthermore, Leenders et al indicated that the
predictive equations based on the relationship between
acceleration and energy expenditure during locomotive
movements led to underestimation of TEE by more than
10%, but the predictive equations based on both nonlo-
comotive activities and locomotive movements did not
necessarily lead to TEE underestimation.?s Considering
these viewpoints, to improve the predictive ability for
TEE, the predictive equation should be based on both
nonlocomotive activities and locomotive movements.

Another limitation is that it is not easy to make
generalizations regarding the currently used other accel-
erometers, because the aim of this study was to examine
the validity of 3 commercially-available accelerometers
that employ specific algorithms. However, few previous
studies have attempted to validate PA intensity from
commercially-available accelerometers data for both
nonlocomotive activities and locomotive movements
obtained under field conditions. Based on our results,
we suggest that triaxial accelerometers based on non-
locomotive activities and locomotive movements have
better accuracy than uniaxial accelerometer. In particular,
triaxial accelerometer with equations that distinguish
between nonlocomotive and locomotive movements
might be more accurate. Meanwhile, the algorithm of
L.C could not evaluate nonlocomotive activities, which
probably attributes to underestimation of PA in a whole
day. We also believe that it gives full recognition to the
significance of nonlocomotive activities (or NEAT).
In addition, our results may help both researchers and
general users understand how to use accelerometers to
evaluate PA.

In conclusion, we didn’t find a difference in predic-
tive ability of 3 accelerometers for locomotive movements
except for jogging. Meanwhile, we found that the MET
values obtained during nonlocomotive activities by the
LC device consistently underestimated the measured
MET values. In contrast, the AT and AM devices more
accurately assessed MET values during nonlocomotive
activities, although there were still significant deviations

from measured MET values. In particular, the reason why
the AT device has better predictive ability for nonloco-
motive activities is probably due to the use of separate
predictive equations for both nonlocomotive activities
and locomotive movements.
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Abstract

The present study compared the accuracy of triaxial accelerometry and the doubly labelled water (DLW) method for measuring physical
activity (PA) in Japanese adolescents. A total of sixty adolescents aged 12—15 years were analysed. The total energy expenditure (TEE) was
measured over 7d by the DLW method and with an EW4800P triaxial accelerometer (Panasonic Corporation). The measured (RMR,,) and
predicted RMR (RMR,,) were 57 (sp 0-9) and 60 (sp 1-0) MJ/d, respectively. TEE measured by the DLW method and accelerometry using
RMR,, or RMR,, were 11:0 (sp 2:6), 10-3 (50 1'9), and 107 (sp 2-1) MJ/d, respectively. The PA levels (PAL) measured by the DLW method
using RMR,, or RMR;, were 1:97 (sp 0-31) and 1-94 (sp 0-31) in subjects who exercised, and 1-85 (sD 0-27) and 1-74 (sp 0-29) in subjects who
did not exercise. The percentage of body fat correlated significantly with the percentage difference between RMR,, v. RMR;,, TEE, PA
energy expenditure (PAEE) and PAL using RMR,;,, and PAL using RMRy, assessed by the DLW method and accelerometry. The present
data showed that while accelerometry estimated TEE accurately, it did not provide the precise measurement of PAEE and PAL. The error

in accelerometry was attributed to the prediction error of RMR and assessment in exercise.

Key words: Junior high school students: Total energy expenditure: Walking step counts: Sports

Data from the Ministry of Education, Culture, Sports, Science,
and Technology in Japan show that the proportion of obese
(more than 120% of standard body weight for height)
Japanese junior high school students (aged 12-15 years old)
is 9:37-1099% in boys and 7-89-892% in girls, and that
the proportion in boys has increased slightly over the last
20 years’V. A change in physical activity (PA) may have
effected this increase in the proportion of obesity, although
data on PA in Japanese adolescents are limited.

The proportion of junior high school students participating
in daily exercise increased from 1970 to 2000, However, the
PA level (PAL) and the amount of moderate-to-vigorous PA
(MVPA) were not established in previous studies.

Studies of PA in Japanese adolescents often measured walk-
ing steps, as pedometers and accelerometers are very popular
tools in Japan. These studies used uniaxial accelerometry to
show that junior high school students walk 9450-15 428

steps/d on weekdays and 6375-15 517 steps/d on weekends®.

Only two studies have measured total PA using the
doubly labelled water (DLW) method in Japanese children
and adolescents. Hikihara et al® measured PA in high
school baseball players (mean age 165 years, PAL 2:66),
while Adachi er al.”’ measured PA in elementary school
students (mean age 11-2 years, PAL 1:47). These studies simul-
taneously used uniaxial accelerometry, which is used widely
in Japan. Hikihara et al.“ reported that total energy expendi-
ture (TEE) measured by uniaxial accelerometry correlated
strongly with DLW data (» 0-73, P<0-05), but underestimated
TEE (— 353 (sp 3-6) %).

Subjective measurements are less preferable in children as
a consequence of complex movement behaviour in young
people and their inability to accurately recall the intensity,
frequency and duration of activities®. Objective measure-
ments using accelerometers are therefore required to evaluate
PAY®_ Possible reasons for the limited data on PAL and
MVPA in Japanese children are the lack of a validation

Abbreviations: ACCy, measured by accelerometry using measured RMR; ACC,, measured by accelerometry using predicted RMR; DLW, doubly labelled
water; DLW,,, measured by the doubly-labelled water method using measured RMR; DLW, measured by the doubly-labelled water method using
predicted RMR; TEE, total energy expenditure; MVPA, moderate-to-vigorous physical activity; PA, physical activity; PAEE, physical activity energy
expenditure; PAL, physical activity level; 7co,, rate of CO, production; RMRy,, measured RMR; RMR;, predicted RMR; TEE, total energy expenditure.

* Corresponding author: K. Ishikawa-Takata, email kazu@nih.go.jp
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study for accelerometry in children, and the higher cost
of accelerometers compared with pedometers. Recently,
Yamada et al” found that a commercially available triaxial
accelerometer (EW4800P; Panasonic Corporation) had rela-
tively high accuracy for measuring PA in elderly Japanese
subjects.

The objective of the present study was to evaluate the
accuracy of EW4800P triaxial accelerometry for measuring
PA in Japanese adolescents. This was achieved by comparing
EW4800P data with PA measured by the DLW method.

Experimental methods
Participants

Subjects were recruited from one junior high school in Kana-
gawa Prefecture, near the Tokyo metropolitan area of Japan.
Information on the study was sent to all students (z 300),
and the purpose, methods and risks of the study were
explained to students and their parents. No exclusion criteria
were used in the recruitment of the subjects. A total of
eighty students and their parents submitted written informed
consent. Due to incorrect urine sampling, two subjects (one
boy and one gitl) were not included in the calculation of
TEE by the DLW method. In addition, one subject was
excluded, as she had a fever during the experiment. The
periods when the accelerometer device was not worn were
assessed from the accelerometer data and records kept by
the students when the device was attached or removed.
Valid days were defined as a non-wear time of less than five
waking hours/d. In order for data to be used in the study,
subjects had to wear the accelerometer for more than four
weekdays and one weekend day. Of the subjects, nineteen
were excluded because of faulty accelerometry data (for the
two subjects described above, TEE data measured by both
DLW and accelerometry were faulty). The remaining sixty
subjects were included in the final analysis of the present
study. The study was conducted according to the guidelines
of the Declaration of Helsinki, and all procedures involving
human subjects were approved by the Ethics Committee of
Yokohama National University (three of the authors attended
this university when the study was conducted).

Study schedule

Before the study period, anthropometric measurements, base-
line urine sampling, dietary assessment and measurement of
RMR (RMR,,) were performed. TEE was then measured over
1 week by the DLW method (TEEpw), With simultaneous col-
lection of triaxial accelerometer data and completion of a
simple PA record. The measurements were carried out from
September 2006 to January 2007 depending on each student’s
schedule. Long vacations and periods of unusual PA, such as
examination periods and special school events, were excluded
from the experimental period.

K. Ishikawa-Takata et al.

Doubly labelled water method

After providing a baseline urine sample, a single dose of
approximately 0-06g/kg body weight *H,O (99-8 atom%;
Cambridge Isotope Laboratories) and 1-4g/kg body weight
H, '®0 (10-0 atom%; Taiyo Nippon Sanso), was administered
orally to each subject. Subjects were then asked to collect
urine samples immediately after arriving at school at the
same time every morning over 1 week. On Saturday and
Sunday, subjects collected urine samples at home at the
same time as on school days. All samples were stored frozen
at —30°C in airtight parafilm-wrapped containers until analysis
in our laboratory.

Gas samples for the isotope ratio mass spectrometer were
prepared by equilibration of the urine sample with a gas.
The gas used for equilibration of 80 was CO, and H, was
used for *H equilibration. A Pt catalyst (R1091830; Thermo
Electron Corporation) was also used for the equilibration of
*H. The urine samples were analysed in a DELTA Plus isotope
ratio mass spectrometer (Thermo Electron Corporation). Each
sample and the corresponding reference sample were ana-
lysed in duplicate. Throughout the analysis, average standard
deviations were 0-5 %o for 2H and 0-03 % for 0.

The ?H and *¥0 zero-time intercepts and elimination rates
(ky and ko) were calculated using least-squares linear
regression of the natural logarithm of isotope concentration
as a function of the time elapsed since dose administration.
Zero-time intercepts were used to determine isotope pool
sizes. The total body water was calculated as the mean
value of the isotope pool size of *H (V) divided by 1-041
and that of *0 (W) divided by 1-007. In the present study,
Ng/Ny was 1-021 (sp 0-012) (range 1-000-1-055), which is
within the recommended range for high-quality analysis®®.
The rate of CO, production (7o) was calculated as:

rco, = 04554 X TBW X (1-007k, — 1-041ky),

where TBW is the total body water, and we assumed that iso-
tope fractionation applied to both breath and transdermal
water using equation (AG) from Schoeller et al. " with the
revised dilution space constant of Racette et al*? . Calculation
of TEEprw (kJ/d) was performed using a modification of
Weir's formula based on the 7o, and mean food quotient of
the subjects in the study™®'™®_ The food quotient was calcu-
lated based on dietary data from a brief self-administered diet-
ary history questionnaire for junior high and high school
students”®. The intake of protein, fat and carbohydrate
assessed from this questionnaire correlated with data obtained
from dietary records, with Pearson’s correlation coefficients
ranging from 0-38 to 0-68"®. The mean food quotient of sub-
jects in the present study was 0-87 (sp 0-02), which is very
similar to the values of 0-87 (sp 0-03) for Japanese adults™”
and 0:86 (sp 0-04) for elderly Japanese subjects®. TEEpw
was expressed as mean TEEpw per d over the study period.
However, we did not adjust TEEppy for the time at which
the accelerometer was not worn, as the non-wear time was
minimal in all the study subjects. PA energy expenditure
(PAEE) was calculated as (TEEppw X 0-9 — RMR) using both
RMR;, (PAEEprwy) and predicted RMR (RMRp, PAEEp;wp),
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assuming that dietary-induced thermogenesis accounted for
10% of TEEppy. PAL was calculated as TEEpw divided
by RMRy, or RMR,, (PALprwm, PALprwyp). Fat-free mass was cal-
culated as the proportion of water in fat-free mass and was
determined to be 74-5% for boys and 75:5% for girls™®.

Triaxial accelerometry

A triaxial accelerometer (EW4800P; Panasonic Corporation)
was secured at the waist by a rubber belt throughout the
period of DLW measurements. Details on the accelerometer
and its accuracy in elderly Japanese have been reported in a
study by Yamada et al®. The accelerometer measures
60 X 35 X 13mm and weighs 24g. It has a linear frequency
response with a low-pass filter, and samples acceleration at
20Hz with a range from zero to two times the acceleration
of gravity. The device stores the standard deviation of the
vector norm of the composite acceleration (Km) in three
dimensions each minute as follows:

l n ” n y n ”
— ZX;+Zy;+Zz;

) E) )

where 7 is the number of data for 1 min (7 1200), and 2x, 3y,
and 3z are the sums of the acceleration in three directions
over 1min. Data were not rounded off for storage of K.
Subjects were asked to wear the accelerometer for the
whole day except when sleeping, bathing or swimming. If
subjects took the accelerometer off due to difficulty in wearing
it during contact spotts, or if they forgot to attach it, they were
asked to record the time of removal and the duration and

Km=

Table 1. Anthropometric characteristics of the study subjects
(Mean values and standard deviations)
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type of PA carried out while not wearing the accelerometer.
A commercially available accelerometry software (EW48001;
Panasonic Corporation) was used to calculate the total
energy expenditure measured by the accelerometer using
RMR,, (TEEjccy), walking steps and duration of light PA
(less than 3 metabolic equivalents), moderate PA (3—6 meta-
bolic equivalents) and vigorous PA (6 metabolic equivalents
or more). The metabolic equivalent intensity levels of physical
activities were calculated using the simple linear regression of
Km and O, consumption(w). MVPA was calculated as the sum
of moderate PA and vigorous PA. The commercially available
software incorporated RMR,;, calculated using standard values
to calculate TEEscc, that were obtained for the Japanese
population from the dietary reference intake in japan(zm.
PAEE assessed by accelerometry (PAEEscc,) was calculated
as TEEsccp X 0°9 — RMR,,. PALsccp Was calculated as TEEccy/
RMR;,. In the present study, we also calculated each value
using raw accelerometry data and RMR,, by the same
equations used in the commercially available software
(TEE pccm, PAEEscem and PALycem).

RMR

Before the study period, subjects were asked to come to
school at 08.00 hours after an overnight fast. After 30 min of
rest, RMR,,, was measured using an indirect calorimeter with
a hood (AR-1; Arco System) at an environmental temperature
between 22 and 25°C. This system involved a steady state
being established 3 min after the starting of collecting respirat-
ory gas, with the accuracy of RMR measured by this system
being 0-02%%Y. Subjects were placed under a transparent
plastic hood that covered their heads and that was connected
to the system. After the child had adapted to the hood for
Smin, RMR was measured for 20min. O, consumption
and CO, production were measured at 1min intervals and
averaged over 6-20min. Resting status was confirmed by
measuring the body temperature and the heart rate.

TEEpiw RMR,,
Age (years) Height (cm) Weight (kg) Body fat (%) (MJ/d) (MJ/d) PALpLwm
n Mean sD Mean sD Mean SD Mean sD Mean sD Mean SD Mean sSD

Grade 1

Boys 12 12.7 0.7 158-3 107 481 107 226 6-1 11-9 29 5.9 1-0 1.98 0-26

Girls 7 1241 04 152.9 75 40-6 8.4 24-6 6-9 91 1.3 4.8 05 1.93 0-29
Grade 2

Boys 10 136 0-5 1641 9.1 51.7 6-0 13-3 9.3 138 2.1 6-6 09 210 0-31

Girls 12 135 0-5 155-0 4.5 43-4 3-6 235 25 941 14 51 04 1.78 0-23
Grade 3

Boys 10 14.6 0-8 163-3 9-4 52-4 4.4 17-0 4.4 11.7 1.9 64 05 1.83 0.32

Girls 9 14-0 0-0 156-1 5.9 461 4.5 24-9 4.6 9.8 2.0 5.2 0-3 1.87 0-32
P

Grade 0-003 0-098 0-027 0-331 0-037 0-472

Sex <0-001 < 0-001 <0-001 <0-001 <0-001 0-142

Grade X sex 0-708 0-900 0-096 0-111 0.777 0-115

TEEpLw, total energy expenditure measured by the doubly labelled water method; RMRy,, measured RMR; PALp wm, physical activity level measured by the doubly labelled

water method.
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Table 2. Total and physical activity energy expenditure of junior high school students who did and did not exercise
(Mean values and standard deviations; medians and 25th—75th percentiles)

Non-wear time (min/d)*

Percentage TEEpLw PAEEpLwm TEEaccp Walking steps
of body fat (MJ/d) RMR, (MJ/d) (MJ/d) PALpLwm (MJ/d) (steps/d) Weekday Weekend
Mean sD Mean sb Mean ) Mean sD Mean sD Mean sD Mean sD Mean sD Mean sD
Boys
Ex (n27)t 17-3 8-1 12.7 24 6-3 0-8 5.2 1.7 2:03 0-30 121 2:0 15920 3730 57 40 77 82
Median 129 6.4 55 2.03 12.0 16553
25th—75th percentile 10-9—-14.1 5.8-6-7 3.8-6.7 1.78-2.21 10-8-13.7 1356317970
Non-Ex (n 5)t 21-6 4.7 110 2:4 65 1.0 34 1-4 1.69 0-20 10-8 1.2 11170 3182 65 30 70 69
Median 111 6-8 35 1.71 11.2 10893
25th—75th percentile 8:9-13.0 5.6-7-1 2:.1-4.7 1.51-1.86 9.2—-12-3 8378-14100
Total (n 32) 18.0 77 12.4 2:4 6-3 0-8 4.9 18 1.97 0-31 119 2.0 156178 4006 58 38 76 79
Median 126 6-5 5.1 1.97 11.9 15285
25th—75th percentile 10.7-14-0 5-8—-6-8 3-2-6-4 1.73-2.16 10-6-13-4 1304617 437
Girls
Ex (n 18)t 22-8 25 9.7 1.7 5-1 0-4 3.6 1.4 1.90 0-30 9.3 141 13289 2365 72 55 101 78
Median 9:0 51 3.1 1.80 91 13325
25th—75th percentile 8.4-11.4 4.8-5.4 2.7-47 1.73-2.06 8-6--9-8 12047-14503
Non-Ex (n 10)t 267 6-0 87 12 5.0 04 29 1.0 1.75 0-21 9.4 1.6 12303 2001 69 29 70 40
Median 8-3 4.8 2-5 1-69 94 12568
25th—75th percentile 7-9-9-3 4.7-5.5 2.0-3-5 1-57-1-91 8-3-10-1 10869—-13 381
Total (n 28) 24.2 4.4 9.3 1.6 5.1 0-4 33 1-3 1.85 0-27 9.3 1.3 12937 2256 71 47 90 68
Median 8-8 5.0 3:0 1.79 9.2 12885
25th—75th percentile 8.2—-10-3 4.8-5.5 2:5-38 1.67-1.94 8-6-9.-8 1197414131
P
Exercise 0-041 0-041 - 0-812 0-010 0-006 0-304 0-004 0-807 0.423
Sex 0-009 <0-001 <0-001 0-030 0.715 <0-001 0-442 0-481 0-613
Exercise X sex 0-913 0-540 0-503 0-294 0-288 0-184 0-057 0-681 0-604

TEEpLw, total energy expenditure measured by the doubly labelled water method; RMRy,, measured RMR; PAEEp wm, physical activity energy expenditure (TEEpLw X 0-9 — BMR.); PALp wm, physical activity level measured by
the doubly labelled water method using RMR,y, (TEEp w/RMRm); TEEaccy, total energy expenditure measured by the accelerometer using predicted RMR.

*Non-wear time: duration of the time that subjects did not wear the accelerometer.

1 Ex: subjects who exercised except for the physical education class.

1 Non-Ex: subjects who did not exercise except for the physical education class.
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