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Abstract: Background: An algorithm for the classification of ambulatory and non-ambulatory
activities using the ratio of unfiltered to filtered synthetic acceleration measured with a triaxial
accelerometer and predictive models for physical activity intensity (METs) in adults and in elementary
school children has been developed. The purpose of the present study was to derive predictive
equations for METs with a similar algorithm in young children. Methods: Thirty-seven healthy
Japanese children (four- to six-years old) participated in this study. The five non-ambulatory
activities including low-intensity activities, and five ambulatory activities were selected. The raw
accelerations using a triaxial accelerometer and energy expenditure by indirect calorimetry using
the Douglas bag method during each activity were collected. Results: For non-ambulatory activities,
especially light-intensity non-ambulatory activities, linear regression equations with a predetermined
intercept (0.9) or quadratic equations were a better fit than the linear regression. The equations were
different from those for adults and elementary school children. On the other hand, the ratios of
unfiltered to filtered synthetic acceleration in non-ambulatory activities were different from those in
ambulatory activities, as in adults and elementary school children. Conclusions: Our calibration model
for young children could accurately predict intensity of physical activity including low-intensity
non-ambulatory activities.

Keywords: triaxial accelerometer; algorithm; young children; non-ambulatory activities;
ambulatory activities

1. Introduction

According to the World Health Organization guidelines on physical activity (PA), at least 60 min
of moderate-to-vigorous physical activity (MVPA) every day is recommended for the health of children
and adolescents [1]. Furthermore, previous systematic reviews showed that long periods of sedentary
behavior (SB) were associated with adverse health outcomes in children and adolescents [2-5]. Based on
such evidences, guidelines for SB in children and adolescents have been published separately from
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PA guidelines in several countries [6-8]. A systematic review concluded SB from childhood and
adolescence may form the foundation for such behaviors in the future, and some types of SB may track
slightly better than PA [9]. Therefore, an accurate evaluation of not only MVPA but also SB in young
children is important.

Accelerometers can provide a reliable and valid estimate of energy expenditure from PA in
free-living conditions [10]. According to a quantitative meta-analysis [10], many studies reported
accelerometry-derived daily PA levels of preschool-age children, with cutoff values or single prediction
equation for PA intensity or energy expenditure. However, the relationship between PA intensity and
acceleration that accounts for ambulatory activities (e.g., walking and running) is different from that for
other types of PA (e.g., playing games, playing with blocks, tossing a ball, and tidying up), as indicated
in children [11-16]. Non-ambulatory activity time measured by a triaxial accelerometry contributes
more to PA than ambulatory activity time in free-living preschool children [17]. Reilly et al. [18]
indicated that simple approaches using the ActiGraph are not appropriate to estimate total energy
expenditure in preschool-aged children against the doubly labeled water method, which may be
attributed to a significant contribution of non-ambulatory activities to total energy expenditure.

Several studies to validate the estimation of PA intensity have been conducted in young
children [19-24]. Predictive equations based on ambulatory activities tends to underestimate intensity
of PA during non-ambulatory activities, such as playing with blocks, tossing a ball, dancing, and
cleaning [11-15]. A specific calibration model that discriminates between non-ambulatory and
ambulatory activities for young children seems useful to evaluate the SB to vigorous PAs of both
non-ambulatory and ambulatory activities [14,15]. Crouter et al. [25] proposed a two-regression model
for children aged 8 to 15 years to discriminate between ambulatory activities and non-ambulatory
activities, based on the variability of the acceleration. In our previous study, we suggested a new
calibration model discriminating ambulatory movements from non-ambulatory activities with a triaxial
accelerometer for adults and elementary school children using the ratio of raw synthetic acceleration
to filtered synthetic acceleration without gravity acceleration from light to vigorous activities [16,26].
However, the calibration models for adults or elementary school children are expected not to be suitable
for estimating the PA of young children, because growth and maturation level, muscle activity, and the
poorer economy of movement compared to adults or elementary school children affect the relationship
between acceleration and PA intensity [22]. Besides, because children’s habitual PA behavior is likely to
be more complex, additional activities such as playing with blocks and ball throwing have sometimes
been included in calibrating tasks [16]. To our knowledge, however, no studies have proposed a
calibration model for young children with an algorithm classifying non-ambulatory activities and
ambulatory movements except our study using ActivIracer, a triaxial accelerometer. For adults,
the algorithm using the ratio of raw synthetic acceleration to filtered synthetic acceleration without
gravity acceleration appears to be better than the other algorithm used with ActivIracer [26].

The aims of the present study were to propose a new calibration model with an algorithm
classifying ambulatory and non-ambulatory activity to evaluate young children’s PA, according to
the procedure of our previous study for adults and elementary school children, and to compare
the calibration model and algorithm with those for young children and adults or elementary
school children.

2. Materials and Methods

Thirty-seven healthy young Japanese children (19 boys and 18 girls) attending kindergarten
were invited to participate in this study via public advertisements. The physical characteristics
of the participants are shown in Table 1. None of the participants had any physical impairments
that could affect daily life activity or energy metabolism. The purpose of the study was explained
to all participants and children’s parents, and all participants” parents provided written informed
consent prior to the beginning of the study according to the guidelines of the Declaration of Helsinki.
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All procedures involving human subjects were approved by the Ethical Committee of J. F. Oberlin
University (No. 09005).

Table 1. Physical characteristics of subjects.

Variable Mean + SD
Age (yr) 6.11+0.6
Height (cm) 113.4+ 5.6
Weight (kg) 20.5£29

BMI (kg/m?) 159 £ 1.5

BMI: body mass index, SD: standard deviation.

2.1. Anthropometry

Body weight was measured to the nearest 0.1 kg with a digital balance, and body height on
a stadiometer to the nearest 0.1 cm. Body mass index (kg/m?) was calculated as body weight in
kilograms divided by body height in meters squared.

2.2. Procedures

To avoid the effect of diet-induced thermogenesis, participants visited the laboratory two hours
after breakfast. Anthropometric measurements were taken after explaining the study protocol.
Next, the participants rested for 30 min, and then resting metabolic rate (RMR) was measured with
the participant in the sitting position for 14 min and while watching a children’s video to avoid
fidgeting [27]. After the measurement of RMR, participants performed 9 different physical activities for
approximately 3 to 7 min, with energy expenditure being measured throughout. All participants wore a
triaxial accelerometer on the waist, tightly attached with a belt, during each activity. The accelerometers
were synchronized with a wave clock before the start of the experiment.

2.3. Triaxial Accelerometer

A triaxial accelerometer device (74 mm x 46 mm X 34 mm and weighing 60 g including batteries)
with 4 GB of memory (Omron Healthcare, Kyoto, Japan) consisting of a micro electro mechanical
system-based accelerometer (LIS3LV02DQ); ST-Microelectronics, Geneva, Switzerland), which responds
to, not only acceleration due to movement but also gravitational acceleration, was used. This device
could memorize the synthetic acceleration using a measurement range of +6 G and a resolution of
3 mG. Accelerations in the vertical (x), anteroposterior (), and mediolateral (z) axes with each activity
were detected at a rate of 32 Hz. Each of the three signals obtained from the accelerometer was passed
through a high-pass filter with a cut-off of 0.7 Hz (filtered acceleration), in order to exclude gravitational
acceleration component. The integral of the absolute value of the acceleration was calculated, and then
the synthetic acceleration (vector magnitude: (X2 + Y2 + Z2)% was obtained. This accelerometer is
a prototype of commercial products (Active style Pro HJA-350IT and HJA-750C; Omron Healthcare,
Kyoto, Japan).

2.4. Indirect Calorimetry

Expired gas was collected using the Douglas bag method. Each participant was fitted with a
facemask and breathed into a Douglas bag. The gas concentrations of oxygen and carbon dioxide
were analyzed by a mass spectrometer (ARCO-2000; Arco System Inc., Kashiwa, Japan), and expired
gas volume using a certified dry gas meter (DC-5; Shinagawa Co., Ltd., Tokyo, Japan). From oxygen
consumption and carbon dioxide production, the energy expenditure (EE) of each activity was
calculated using Weir’s equation [28]. In addition, to calculate the metabolic equivalent (MET) values,
the EE during each activity was divided by the measured value for the RMR.
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2.5. Selection of Physical Activity and Sedentary Behaviour for Calibration Models

The selected activities were watching a video while seated for 14 min (RMR), coloring for 6 min,
playing in a sand box for 5 min, tidying up for 3 min, tossing a ball for 4 min, normal (55 m/min) and
brisk walking (70 m/min) according to a pace leader for 4 min each, stair climbing (down and up)
for 4 min between the third basement floor and the fourth floor and jogging (110 m/min) for 3 min.
These activities were chosen as representative activities of daily life, based on our observations in a
preliminary study using the activity records of observers of 4- to 6-year-old children in a nursery school.
Moreover, the selected activities in the present study were able to be conducted with a facemask and a
Douglas bag attached to 4- to 6-year-old children. A preliminary period was prepared for participants
to reach a steady-state condition with 2 min in the beginning of the measurement of each activity.
Participants performed the sequence of tasks with a recovery period between tasks.

2.6. Discrimination Method

As in our previous study which reported an algorithm for the classification of non-ambulatory
(household) and ambulatory activities by the ratio (e.g., cut-off value for adults, 1.16) of unfiltered
synthetic acceleration to filtered synthetic acceleration [29], gravitational acceleration was removed
from the filtered synthetic acceleration [16,26,29]. The sensitivity of discrimination was 98.7% or
99.1% for each of our 11 selected activities for adults and elementary school children, respectively.
In addition, the ratio (1.16) is used for the commercially available accelerometers (Activity style Pro
HJA-350IT (Omron Healthcare, Kyoto, Japan) and HJA-750C (Omron Healthcare, Kyoto, Japan))
and a lot of papers using these accelerometers have been published from Japan (e.g., [30-36]).
Therefore, this discriminative procedure was applied to the young children’s calibration model in the
present study.

Observed METs

[ 200 400 600 800 1000 1200

Filtered synthetic acceleration (mG)

Figure 1. Correlation diagram of filtered synthetic accelerometer counts and MET during ambulatory
and non-ambulatory activities. Simple regression lines are indicated (see Table 3).

2.7. Analyses

Statistical analysis was performed with SPSS version 23.0 ] for Windows (SPSS Inc, Tokyo, Japan).
All results are shown as mean =+ standard deviation (SD). The multiple regression models with a
dependent variable of MET value for ambulatory or non-ambulatory activities to examine the effects of
sex and age on measured MET values were used. The determination coefficient (R?) and the estimated
standard error (SEE) was used to evaluate the relationships between MET values as a dependent
variable and filtered synthetic acceleration and sex or age as independent variables. In addition,
the multiple regression analyses with a predetermined intercept (0.9) and a dependent variable of MET
value, hypothesizing that a MET value without movement during awakening is 0.9, were performed.
This is because the intercept of the regression line between MET values and accelerations, and the ratio
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of energy expenditure between sitting quietly and lying quietly in adults [26,37] and in children [38]
have been reported to be around 0.9. Stair climbing down and up are ambulatory activities, but these
were excluded when the regression models were developed, because the MET values of these activities
were far from the regression lines of the ambulatory activities. A quadratic model with filtered synthetic
acceleration and the square was also applied for non-ambulatory activities. We examined the validity
of the algorithms for adults [26] or elementary school children [16] established in previous papers.
Mean differences and limits of agreement between predicted and measured MET values are indicated
by Bland and Altman plots [39]. p < 0.05 was considered statistically significant.

3. Results

3.1. Characteristics of the Study Participants and Observed Energy Expenditure, Metabolic Equivalents (MET),
and Accelerations for Each Activity

The characteristics of the participants are shown in Table 1. Discrimination with the ratio of
unfiltered to filtered synthetic accelerations provided a highly correct discrimination when the value
of the ratio was 1.16 were calculated, and the cutoff value was obtained for adults (Table 2). Therefore,
we estimated METs through simple equations according to the results of discrimination with the
ratio of 1.16, and then compared these values with the measured METs. The relationship of synthetic
acceleration to MET values in Figure 1 was described. It indicates that the plots for non-ambulatory
activities are different from those for ambulatory movements. In addition, the plots for stair-climbing
down and up were far apart from the regression lines. A strong linear relationship in both equations,
except for stair-climbing down and up, could be confirmed.

3.2. Regression Equations of Estimating Metabolic Equivalent in Non-Locomotive and Locomotive Activities
Except Stair Climbing

Based on a simple multiple regression model for non-ambulatory activities (Equation (1)), the MET
value for coloring was overestimated by 0.25 £ 0.10 (23.0 & 10.3%) (Table 3). Therefore, a multiple
regression model with a fixed intercept (0.9) was applied (Equation (2)). As a result, the prediction
error of coloring was much improved to —0.01 £ 0.12 (0.5 £ 10.9%), with comparable prediction
errors for other non-ambulatory activities. When sex or age was added as an independent variable,
the prediction accuracy improved slightly (Equations (3) and (4)). However, a quadratic equation with
an intercept of 0.9 and without sex or age as an independent variable (Equation (5)) was a better fit
than the linear regressions. A multiple regression model with sex or age had little improvement for the
prediction of ambulatory activities.

3.3. Percent Differences between the Predicted and the Observed MET Values

In order to examine the validity of the algorithms for adults or elementary school children,
the estimated MET values using equations for adults or elementary school children were compared
with measured MET values during each activity (Table 4). As a result, the predicted values of tidying
up (—0.18 £ 0.32, —7.1 & 11.0%) and ascending stairs (—2.10 & 0.44, —51.6 £ 6.0%) were significantly
underestimated against the measured values. In contrast, the predicted value of descending stairs
(0.23 £0.37, 14.8 & 21.7%) was significantly overestimated. The equations for elementary school
children without adjustment for age or equations for adults significantly overestimated the MET value,
and the equation for elementary school children with adjustment for age significantly underestimated
the MET value, except for ascending stairs (Table 4). In addition, the differences between the measured
MET values and the predicted MET values from Equation (5) (quadratic equation) or Equation (6)
by Bland and Altman plots were described (Figure 2). As a result, non-ambulatory activity showed
a mean difference of —0.03 MET values and limits of agreement (£2 SD) from +0.66 to —0.72 MET
values. The ambulatory activity equation showed a mean difference of +0.00 MET values and limits of
agreement (£2 SD) from +0.79 to —0.78 MET values.
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Table 2. Observed energy expenditure, metabolic equivalents (MET), and accelerations for each activity.

Energy Filterec‘i Ratio of Unfiltered to Filtered R atio (Filtered t(.)

Activity n Expenditure MET Acceleration Synthetic Accelerations Unfiltered Accelerations)
(k] min—1) Synthetic (mG) >1.16 (%) <1.16 (%)

Watching a video while seated 37 3.06 = 0.42 114 + 010 71+43 2.55 £ 0.61 100.0 0.0
Coloring 33 3.51 £ 0.51 ’ ' 16.3 +5.9 2.57 £0.45 100.0 0.0
Playing in a sand box 33 6.82 £1.39 2.23 £0.38 102.3 £ 20.9 2.10 £0.33 100.0 0.0
Tidying up 33 7.58 £1.39 2.46 £ 0.35 109.4 +21.2 2.06 = 0.48 82.4 17.6
Tossing a ball 34 11.10 +2.83 3.63 £ 0.68 283.7 £70.0 1.29+0.13 100.0 0.0
Normal walking 34 6.39 £0.97 2.10 £0.22 306.1 £48.5 1.00 £ 0.01 0.0 100.0
Brisk walking 31 7.27 £0.85 2.36 +0.27 373.1+47.5 1.00 £0.01 0.0 100.0
Jogging 35 12.66 £ 1.94 4.16 +0.53 838.9 £ 83.3 1.02 £0.01 0.0 100.0
Ascending stairs 32 6.17 +1.31 4.03 +£0.49 251.7 +49.3 112 +0.24 0.0 100.0
Descending stairs 34 12.46 +2.42 2.00 £0.31 301.4 £58.6 1.05 + 0.02 6.3 93.7

Mean =+ standard deviation, METs: metabolic equivalents. METs were calculated as energy expenditure for each activity divided by energy expenditure for resting in the sitting position.

Table 3. Regression equations of estimating metabolic equivalent in non-locomotive and locomotive activities except stair climbing.

RZ

Type of Equation Regression Equation SEE 4

Non-ambulatory activity
(1) Simple regression without a predetermined intercept METs = 1.2459 + 0.0087 X filtered synthetic accelerometer counts 0370 0860 *
Regression with a predetermined intercept (0.9)
(2) Filtered synthetic acceleration METs = 0.0103 x filtered synthetic accelerometer counts + 0.9 0428 0942 *
(3) Filtered synthetic acceleration with sex METs = 0.0089 x filtered synthetic accelerometer counts + 0.2180 x sex + 0.9 0361 0959 *
(4) Filtered synthetic acceleration with age METs = 0.0087 x filtered synthetic accelerometer counts + 0.0567 x age + 0.9 0370 0956 *
(5) Quadratic filtered synthetic acceleration METs = 0.0144 x filtered synthetic accelerometer counts — 0.0000147 x (filtered  0.350 0961 *

synthetic accelerometer counts)? + 0.9

Ambulatory activity
(6) Filtered synthetic acceleration METs = 1.0012 + 0.00370 x filtered synthetic accelerometer counts 0391 0847 *
(7) Filtered synthetic acceleration with sex METs = 0.7585 + 0.00368 x filtered synthetic accelerometer counts + 0.1706 x sex ~ 0.383  0.853  *
(8) Filtered synthetic acceleration with age METs = 0.8310 + 0.00370 x filtered synthetic accelerometer counts + 0.0278 x age  0.393  0.846  *

METs: metabolic equivalents, SEE: standard error of estimate, *: p < 0.05.



Int. J. Environ. Res. Public Health 2019, 16, 931

Table 4. Percent differences between the predicted and the observed metabolic equivalents.

7 of 11

Equation Present Study *! Present Study*? For Elementary School Children *3 For Adults **

Activity Absolute Difference % Difference =~ Absolute Difference % Difference =~ Absolute Difference % Difference = Absolute Difference = % Difference
Coloring 0.25 +0.10 23.0 +£10.3 —0.01 +£0.12 0.5+ 109 0.30 +0.11 268 +11.2 0.32+0.20 2854+ 19.1
Playing in a sand box —0.01 £0.10 01+84 —0.02 £0.29 0.8 £16.1 0.32+£0.29 16.6 +18.4 1.12 +0.34 529 +£243
Tidying up 0.08 = 0.30 59+17.1 —-0.18 +£0.32 —-71+£11.0 0.18 £0.33 9.0 £ 15.6 1.03 £ 0.40 43.7 £21.0
Tossing a ball 0.00 £ 0.44 1.6 £12.6 0.08 & 0.50 39+14.2 1.28 £0.59 36.5+ 183 2.64 +1.41 732+ 383
Normal walking —0.10 £ 0.31 25+13.9 —0.10 £ 0.31 —2.5+13.9 0.37 £0.30 18.6 +14.7 1.64 +0.44 79.5+23.8
Brisk walking 0.03 £ 0.27 22+12.0 0.03 £ 0.27 22+12.0 0.45 £ 0.30 20.5 £ 14.6 1.97 £0.41 85.3 £23.3
Jogging —0.05 + 0.55 0.1+127 —0.05 + 0.55 01+127 0.98 £ 0.60 253+ 162 4.17 +£0.80 103.0 + 26.7
Ascending stairs —2.10£0.44 —51.6 £ 6.03 —2.10 £ 0.44 —51.6 £ 6.0 —1.83 £0.44 —449+72 0.62 £0.83 —142£229
Descending stairs 0.23 +£0.37 14.8 £21.7 0.23 +£0.37 14.8 £21.7 0.56 &+ 0.42 33.0 £ 26.6 —1.82+0.59 101.1+ 424

*1 The simple regression model without a preset intercept was used in non-ambulatory activity and only the filtered synthetic acceleration was used in ambulatory activity. *> The

quadratic filtered synthetic acceleration was used in non-ambulatory activity and only the filtered synthetic acceleration was used in ambulatory activity (same as *

*3 Hikihara et al. [16], ** Ohkawara et al. [26]. Mean =+ standard deviation.

Difference (predicted METs- observed METs)

- -
A e ATt e g +28D
&’
7T |4 ol &
TS ACT A ST T = Mean 0
..l.' . - .
. e '- .
" oo 25D
.
Average (METs)

Non-ambulatory activity

Difference (predicted METs- observed METs)

1

. -25D

Average (METs)
Ambulatory activity

Figure 2. Differences between the predicted and measured METs from each equation by Bland and Altman plot analysis.

in ambulatory activity).
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4. Discussion

In this study, the predictive equations to predict METs from synthetic acceleration (mG) in both
non-ambulatory and ambulatory activities, except for climbing down and up stairs, in young children
were developed. For non-ambulatory activity, a quadratic equation was a better fit than the linear
regression, especially for light-intensity non-ambulatory activities. The equations for young children
obtained in the present study were different from those previously published for elementary school
children [16] and adults [26]. The ratios of unfiltered to filtered synthetic acceleration in non-ambulatory
activities were different from those in ambulatory activities, and the same cutoff value as that for
adults could be applied for young children. Using the algorithm proposed in the present study,
PA for young children, including SB, can be estimated much more accurately than those for adults or
elementary school children. As a result, PA status of young children can be accurately monitored and
the determinants of PA or effects of PA interventions can be examined, with the accelerometer and
proposed algorithms in the present study.

The first finding suggests that the discrimination procedures developed for adults, and even for
elementary school children, is applicable to young children with various activity components and
patterns. In our previous studies, we found that the percentages of correct discrimination with the
algorithm in elementary school children and adults was remarkable, at 99.1% and 98.7%, respectively,
when the ratio of unfiltered to filtered synthetic acceleration was 1.12 and 1.16, respectively [16,26].
In the present study, the rate of correct discrimination using the threshold of discrimination for adults
(1.16) was also excellent for young children (Table 2). The rate of the ratio over 1.16 was 82.4%
for tidying up, but this may be due to the complex movement of the activity. Compared with the
discrimination method that used the coefficient of variation in a previous study (97% for ambulatory
activities and 89.5% for non-ambulatory activities) [25], the rate of correct discrimination by our
discrimination procedure seems better. The mean difference in estimation accuracy of the PA intensity
by our calibration model for young children was —0.02 METs and limits of agreement (0.36 SD) from
+0.71 to —0.75 METs, except for stairs, were similar to the results we obtained in our previous studies
for elementary school children and adults [16,26]. These results suggest that our specific models were
well suited to evaluate the PA even for young children. There was a large underestimation of METs for
ascending stairs; however, the time spent on this activity is likely short, so the obtained prediction
error would result in a small prediction error for total energy expenditure.

One feature of the present study is that multiple regression models with a fixed intercept (0.9) were
applied, which contributed to a much lower prediction error for coloring (—0.01 = 0.12 (0.5 &= 10.9%))
using Equation (5). Low-intensity activity, such as SB, occupies a large percentage of daily life, so even
a small prediction error of 0.25 £ 0.10 METs (23.0 & 10.3%), produced by a simple regression model
(Equation (1)), may cause a large error for the estimation of total energy expenditure. In addition,
such an error in low-intensity activities may influence the prediction of sedentary time or the number
of breaks in SB. Moreover, the quadratic equation with an intercept of 0.9 (Equation (5)) enabled
prediction of non-ambulatory PA with higher intensity.

In the present study, we found that the adjusted R? and the SEE were slightly better when sex
was added as an independent variable into the standard predictive equation for non-ambulatory
or ambulatory activity (Table 3). On the other hand, R? and SEE in the predictive equation with
quadratic filtered synthetic acceleration (Equation (5)) were the best in equations for non-ambulatory
activity (Table 3). This would mean that it might not be necessary to control for weight, age, and sex,
similar to several other calibration studies, and the relationship is non-linear [10,14,40]. Moreover,
the equations were different from those for elementary school children and adults. Estimation of METs
using equations for young children appears better than METs using equations indicated in previous
reports in elementary school children and adults (Table 4). One of the reasons may be that the PA
behaviors in children are complicated and less economical [41] and are not continuous [42]. On the
other hand, it should be considered that each calibration model is based on slightly different physical
activities between the present study and previous studies in elementary school children and adults.
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There were several limitations to the current study. It is necessary to examine the accuracy of different
PAs from those tested in the present study, because selected PAs were common in daily life for young
children, but these PAs do not cover the daily activities of young children. The models proposed
in the present study should be cross-validated in different groups of young children to examine the
robustness. Furthermore, the developed models for estimating PA intensity must be validated under
conditions close to free-living in the future.

5. Conclusions

The specific calibration model that discriminates between non-ambulatory and ambulatory
activities and uses a quadratic equation for non-ambulatory activities for young children can be useful
for various types of PAs, including SB and light-intensity non-ambulatory activities.
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