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Abstract: This study aimed to develop a regression equation to predict physical activity energy
expenditure (PAEE) using accelerometry. Children aged 11–13 years were recruited and randomly
assigned to validation (n = 54) and cross-validation (n = 25) groups. The doubly labelled water (DLW)
technique was used to assess energy expenditure and accelerometers were worn by participants
across the same period. A preliminary equation was developed using stepwise multiple regression
analysis with sex, height, weight, body mass index, fat-free mass, fat mass and counts per minute
(CPM) as independent variables. Goodness-of-fit statistics were used to select the best prediction
variables. The PRESS (predicted residual error sum of squares) statistical method was used to validate
the final prediction equation. The preliminary equation was cross-validated on an independent group
and no significant (p > 0.05) difference was observed in the PAEE estimated from the two methods.
Independent variables of the final prediction equation (PAEE = [0.001CPM] − 0.112) accounted for
70.6% of the variance. The new equation developed to predict PAEE from accelerometry was found
to be valid for use in Sri Lankan children.

Keywords: accelerometers; physical activity energy expenditure; children; validation; stable isotopes

1. Introduction

The importance of physical activity in maintaining and promoting overall health and
well-being, as well as reducing the risk of non-communicable diseases (NCDs) and obesity
is well known [1]. There is also evidence of the detrimental effects of insufficient physical
activity and high levels of sedentary behavior on physiological, psychological and social
health among all age groups, including children and adolescents [1]. Physical activity
is a key contributor to total energy expenditure (TEE) and is essential in maintaining an
equilibrium between energy intake and energy expenditure [2]. Over time, there has been
increased interest in the assessment of TEE and its components including physical activity
energy expenditure (PAEE) while studying energy balance among children. TEE comprises
basal metabolic rate (BMR), PAEE and the thermic effect of food (TEF). Typically, with
measured or estimated BMR, and assuming that TEF represents approximately 10% of TEE,
PAEE is predicted as follows: PAEE = 0.9 TEE-BMR [3–5]. The doubly labelled water (DLW)
technique is the gold standard for the assessment of TEE under free-living conditions [2].
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However, the use of the DLW technique in field settings is limited due to the relatively high
cost of purchase and analysis of stable isotopes [6]. Therefore, other less invasive and more
cost-effective subjective methods, such as questionnaires, diaries/activity logs and objective
methods, including activity monitors, are commonly used. As the use of physical activity
questionnaires and logs/diaries among children and adolescents is particularly challenging
due to recall and reporting biases [7], objective methods, including accelerometers, are in
widespread use to assess physical activity and energy expenditure in young people [8–10].

Accelerometers provide information regarding activity characteristics, including in-
tensity (light, moderate, vigorous), frequency, sedentary behavior and energy expendi-
ture [11,12]. Advantages of accelerometers include being less invasive, convenient to handle
lightweight with minimum disturbance to daily activities and the ability to record data
continuously for an extended period of time [13]. Different types of accelerometers have
been validated in different populations [3,4,12]. However, at present, there are no published
regression equations using accelerometry to predict free-living PAEE in Sri Lankan children.
Eight existing prediction equations were cross-validated among 79 Sri Lankan adolescents
(41 boys) aged 11–13 years and all equations demonstrated significant errors in estimating
energy expenditure [14]. Therefore, the current study aimed to develop and validate a
regression equation to predict PAEE using accelerometry in Sri Lankan adolescents aged
11–13 years.

2. Materials and Methods
2.1. Study Participants, Selection and Study Design

A purposive sample of 96 adolescents (49 boys) aged 11–13 years attending two
schools in Colombo, Sri Lanka, were recruited after obtaining informed written consent
from parents/guardians and assent from children. Sixteen children were consecutively
recruited from each age category (11, 12 and 13 years), from each school to represent the
national distribution of nutritional status [15]. The study was conducted according to the
Declaration of Helsinki and was approved by the Ethics Review Committee of the Faculty
of Medicine, University of Colombo, Sri Lanka (EC/16/192). A detailed study design and
recruitment procedures are published elsewhere [14].

2.2. Measurements
2.2.1. Anthropometric Measures

The weight of participants was measured to the nearest 0.1 kg using a calibrated
electronic scale (Seca 803® by SECA GmbH & Co., Hamburg, Germany). Height was
measured to the nearest 0.1 cm using a stadiometer (Seca 225® by SECA GmbH & Co.,
Hamburg, Germany). All measurements were performed by a single trained researcher in
duplicate using the same equipment and following the standard procedures according to
the International Society for the Advancement of Kinanthropometry [16]. Body mass index
(BMI) was calculated as weight divided by height squared (kg/m2).

2.2.2. Total Energy Expenditure (TEE)

TEE was assessed using the DLW technique. The standard procedures in the DLW
technique, including dose preparation, dose storage, administration, sample collection
and sample storage plus analysis were carried out according to the International Atomic
Energy Agency (IAEA) protocol [2]. The DLW dose was a weighed mixture of 0.12 g.kg−1

body water of 99.8% 2H2O and 1.8 g.kg−1 body water of 10% H2
18O (Sigma-Aldrich Co.,

St. Louis, MO, USA) [2]. Four large stock dose bottles (1 L each) were prepared such that
the dose was sufficient for the total number of participants and stored in glass bottles with
a screw cap at 4 ◦C. The individual doses were weighed to the nearest 0.0001 g using an
analytical weighing balance. Doses were stored in pre-labelled leak-proof bottles at 4 ◦C,
until the dosing date.

Data collection was carried out in local schools. On the dosing day (Day 1), a baseline
urine sample was collected before the dose administration, then the DLW dose was admin-
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istered under the supervision of the investigator. Four hours following the administration
of the dose, the first post-dose urine sample was collected. On day 10, the final urine sample
was collected at the same time as the 4th-hour post-dose urine sample on day 1. All samples
were stored at −20 ◦C prior to analysis. An isotope-ratio mass spectrometer (IRMS, Delta V
Advantage, Thermo Scientific, Bremen, Germany) at the Mass Spectrometry Laboratory, St.
John’s Research Institute, Bangalore, India was used to analyze the isotopic enrichments of
2H and 18O in the urine samples. The precision of 2H and 18O measurements was <1.0%
and <0.08%, respectively.

Total body water (TBW) was first calculated using the isotopic enrichment and cor-
rected for the non-aqueous hydrogen exchange [2]. Fat-free mass (FFM) was estimated from
the corrected TBW by using age and a sex-specific hydration coefficient [17], and fat mass
(FM) was then calculated by subtracting FFM from body weight. The Schoeller et al. [18]
equation was used to calculate the rate of CO2 production, and assuming an average food
quotient of 0.86, the total energy expenditure (TEEDLW) was calculated using the modified
Weir equation [19]. Assuming 10% of TEE would be the thermic effect of food (TEF),
the PAEEDLW was calculated as 0.9 TEEDLW − BMR [20]. BMR was calculated using the
prediction equation of Schofield [21].

2.2.3. Accelerometry

ActiGraph wGT3x-BT® triaxial accelerometers (Pensacola, FL, USA) were used in
this study to assess physical activity. Each participant wore the accelerometer on their
waist during the same 10 days of the DLW protocol. Participants wore the device during
waking hours and were instructed to remove it during sleep and all water-based activities
such as swimming and bathing. All accelerometers were tested prior to distribution to
participants and machines were initialized. The sampling frequency was set at 30 Hz
which was identified as suitable for children of this age [22,23]. Additionally, a systematic
review by Migueles and colleagues [24] stated that the majority (64%) of studies using
the ActiGraph in children and adolescents used a sampling rate of 30 Hz. Accelerometer
data were analyzed using the Actilife software®, version 6 (Pensacola, FL, USA). Durations
of 60 min or more of continuous zeros, allowing for 2 min of non-zero intervals, were
considered as non-wear time and were excluded from the analysis [9,25]. Days were
considered valid if at least 600 min of wear time was noted during wake time [25]. Data
were included in the analysis if the participants completed a minimum of three such valid
weekdays and one valid weekend day [9,25]. The movement was recorded in 1 s epochs
and integrated into 15 s epochs for analysis [9,25]. Total activity counts were divided by
the valid registered time to calculate the total CPM (counts per minute) [3,9].

2.3. Statistical Analysis

A statistical computer package NCSS 2000 (Hintze JL, Kayswille, UT, USA) was
used to analyze the data which is presented as mean and standard deviation (SD). The
Kolmogorov–Smirnov test was used to assess the normality of data and parametric tests and
nonparametric analyses were used where appropriate. The results reported here include a
final sample of 79 adolescents (38 girls and 41 boys). One participant was excluded due to
incomplete urine sample collection for the DLW protocol and another four participants since
their post-dose urine sample enrichments were lower compared to the baseline enrichment
for 2H and 18O as measured using IRMS. A further four participants were excluded as
the minimum accelerometer wear-time was not completed. The results of another eight
participants were removed from the analysis since those values were identified as outliers
(>±3 standard deviations from the mean in each data column) [26].

The male and female participants were listed by age in ascending order and every
third participant was recruited into the cross-validation group (n = 25) and the remainder
to the validation group (n = 54) for the development and validation of the PAEE equation.

The PAEE prediction equation was developed using stepwise multiple regression
analysis with PAEEDLW as the dependent variable and age, sex, weight, height, FFM, FM
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and CPM as possible independent variables. Goodness-of-fit statistics was used to select the
best prediction variables. Girls were coded as 0 and boys as 1 during all analyses. Variance
inflation factor >10 was used to assess the multicollinearity of the independent variables [27].
The prediction regression model with the highest coefficient of determination (R2) and the
lowest root mean squared error (RMSE) was selected as the best prediction equation. The
preliminary equation’s predictability was assessed in children of the cross-validation group
by comparing PAEE calculated using the preliminary equation with the PAEE assessed
by the criterion method using the paired sample t-test. Pure error calculated from the
cross-validation group was compared with the RMSE calculated from the validation group
for the similarity between the two values indicating better predictability of the preliminary
equation in the cross-validation group [28].

The final prediction equation was constructed after combining the validation and
cross-validation groups (n = 79) and the PRESS (predicted residual error sum of squares)
statistical method was used to validate the equation [27,28]. The degree of agreement
between the PAEE from the new prediction equation (PAEEPredicted) and PAEEDLW was
assessed by the Bland–Altman approach of assessing agreement between methods [29]
with the differences between the PAEEDLW and PAEEPredicted (y-axis) plotted against the
average of PAEEDLW and PAEEPredicted (x-axis). The level of statistical significance was set
at p < 0.05, for all tests.

3. Results

Basic demographic and anthropometric parameters of the validation and cross-validation
groups are presented in Table 1. There was no statistically significant difference between
the two groups for each sex using ANOVA (analysis of variance) at p < 0.05.

Table 1. Basic demographic and anthropometric parameters of validation and cross-validation groups
by sex.

Validation Group (n = 54) Cross-Validation Group (n = 25)
Characteristic Males (n = 28) Females (n = 26) Males (n = 13) Females (n = 12)

Age (years) 12.0 ± 0.8 12.0 ± 0.8 12.0 ± 0.8 12.1 ± 0.8
Weight (kg) 34.2 ± 7.5 36.8 ± 9.2 35.6 ± 6.5 33.8 ± 5.7
Height (m) 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.1 1.5 ± 0.1

BMI (kg m−2) 16.5 ± 2.8 16.9 ± 2.9 17.5 ± 2.4 15.6 ± 1.6
FFM (kg) 25.1 ± 4.3 25.0 ± 5.5 26.2 ± 4.3 24.3 ± 4.2
FM (kg) 9.1 ± 5.2 11.8 ± 5.7 9.4 ± 3.3 9.5 ± 2.5

TEEDLW (kcal/min) 1.38 ± 0.28 1.21 ± 0.29 1.49 ± 0.34 1.22 ± 0.25
PAEEDLW (kcal/min) 0.38 ± 0.24 0.30 ± 0.21 0.46 ± 0.30 0.32 ± 0.21

CPM 403.5 ± 181.7 388.9 ± 163.6 446.9 ± 205.3 415.6 ± 170.8

Stepwise multiple regression analysis was applied to the validation group (n = 54)
using PAEEDLW as the dependent variable and sex (girls were coded as 0 and boys as 1),
height, weight, BMI, FFM, FM and CPM as possible independent variables. Equations
were developed as sex-non-specific and sex-specific equations. Variance inflation factors of
more than 10 were used to detect multicollinearity among the variables [27,28]. Based on
goodness-of-fit statistics, only CPM was identified as the most reliable independent variable
to predict PAEE in both sex-non-specific and sex-specific equations (p < 0.05) (Table 2).

Both sex, non-specific and sex-specific equations were constructed using CPM as the
independent variable. The sex-specific equation did not significantly improve R2 and
RMSE. Therefore, the sex non-specific equation was selected as the best-fitting preliminary
equation to predict PAEE.

The predictability of the preliminary equation was evaluated in the cross-validation
group. A significant correlation was observed between the PAEE predicted using the
preliminary equation (R = 0.84) with the PAEEDLW (p < 0.05). No significant difference
was observed in the PAEE estimated using the gold standard method and the preliminary
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equation (0.39 ± 0.27 kcal/min vs. 0.36 ± 0.18 kcal/min, respectively (p > 0.05). The
predictability of PAEE using the preliminary equation was also evaluated in the cross-
validation group using pure error [27,28]. Good predictability identified as the RMSE
value of the validation group (0.13 kcal/min) was similar to the pure error value of the
cross-validation group (0.14 kcal/min).

Table 2. Preliminary sex non-specific and sex-specific equations for prediction of PAEE (kcal/min)
from the validation group (n = 54).

Prediction Equation R R2 RMSE

Sex non-specific PAEE = (0.001CPM) − 0.079 0.81 65.4 0.134

Sex-specific

Male:
PAEE = (0.001CPM) − 0.044 0.81 66.1 0.139

Female:
PAEE = (0.001CPM) − 0.111 0.82 67.2 0.122

PAEE, physical activity energy expenditure; CPM, counts per minute; RMSE, root mean squared error.

The final prediction equation was constructed after combining both the validation and
cross-validation groups (n = 79) and validated using the PRESS statistical method [27]. The
value of the coefficient of determination of multiple regression analysis was close to the
PRESS R2 (70.6% vs. 69.1%, respectively) showing a strong agreement. The PRESS statistic
value of the total sample was compared with the pure error of the cross-validation group.
The PRESS statistic was lower but comparable to the pure error value of the cross-validation
group (0.13 kcal/min vs. 0.14 kcal/min).

Figure 1 presents the association between the PAEE estimated using the final prediction
equation with the PAEEDLW. A significant correlation was observed between the estimated
and measured PAEE (p < 0.05).
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Figure 1. Regression line of the PAEE calculated using the final equation vs. the DLW technique.

The distribution of the bias for PAEE calculated from the final prediction equation
and assessed using DLW is plotted against the mean of the PAEE calculated from the final
prediction equation and DLW according to the Bland–Altman technique (Figure 2). The
mean bias of the final prediction equation was 0.06 ± 0.16 kcal/min with +0.32 kcal/min
and −0.2 kcal/min being the upper and lower agreement limits (Figure 2).
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Figure 2. Bland–Altman plots showing bias and average between the PAEE calculated using the
criterion method (DLW) and estimated using the final equation. The mid-line indicates the mean
bias and the two dashed lines, the upper and lower agreement limits (mean bias ± 1.96 x standard
deviations, 95%).

4. Discussion

Most published accelerometer-based energy expenditure prediction equations have
been developed and validated on Western adolescent populations. Hence, it is prudent
to either cross-validate such equations on the desired study population or develop new
equations to improve the accuracy of prediction. We have previously established that
existing regression equations are unable to accurately estimate PAEE among the current
study population [14]. Accordingly, we developed and validated a new regression equation
to predict PAEE in Sri Lankan adolescents aged 11–13 years, using DLW as the criterion
method for the first time in Sri Lanka.

Tri-axial accelerometers provide a more accurate estimate of physical activities and
their ability to predict energy expenditure is reported to be higher compared to the uniaxial
and biaxial devices since the acceleration that occurs in all three axes is captured [4,30–33].
This study used activity counts based on the vector magnitude which included activi-
ties occurring in all three axes. CPM recorded in our study showed a significantly high
correlation (r = 0.81) with energy expenditure among the study population. Similarly, a
good correlation (r = 0.76) was observed between CPM and energy expenditure in another
study which used activity counts based on the vector magnitude [33]. In contrast, activity
counts based on a single axis (vertical axis) have been shown to be comparatively poorly
correlated with energy expenditure among adolescents [3,34]. Triaxial accelerometers are
comparatively more subtle in capturing the torsional movements frequently involved in
physical activities performed by children [35]. However, the majority of published energy
expenditure equations have been constructed based on vertical activity counts and the
use of tri-axial accelerometer counts to estimate energy expenditure using existing pre-
diction equations is not known. Hence the current equation developed using the tri-axial
accelerometer counts is a better predictor of PAEE in Sri Lankan children.

Applying stepwise multiple regression analysis on the validation group, resulted in
only CPM being identified as a significant independent variable to predict PAEE. This is
comparable to the equations developed by Puyau et al. [36] and Treuth et al. [34] which
contained CPM as the only independent variable in energy expenditure estimates. Ad-
ditionally, it is concluded that the relationship between energy expenditure and activity
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counts is independent of age and sex [33]. However, in addition to CPM, some other
published regression equations included weight [33,35,37], age [38], sex [3] or both sex
and age [39]. In our study, age was not observed to be a significant independent variable
as we considered a narrow age range of 11–13 years. Although sex was considered, the
sex-specific equations did not significantly improve the prediction of energy expenditure
compared to the sex-non-specific equation.

The amount of variance (R2) explained by the final energy expenditure prediction
equation of this study was lower than most of the previous studies [37–39] but better than
that reported by Ekelund and colleagues [3]. The R2 of our study was comparable to that
of the equation developed by Zhu and colleagues [33]. This may be explained by the
fact that the equation developed by Zhu and colleagues is the only one developed and
cross-validated among Asian adolescents that considered activity counts based on vector
magnitude, similar to our study. Additionally, Zhu and colleagues [33] included both
laboratory and free-living activities whereas most of the other studies used pre-planned
laboratory-based and/or treadmill activities [35,37–39]. The high standard error of estimate
(SEE) of 0.14 kcal/min of the final prediction equation of our study indicates a poor ability
to predict energy expenditure at an individual level but not at a group level. However, the
SEE we report is substantially lower than that in similar studies [33,36,37] indicating better
prediction compared to existing regression equations.

We constructed the final prediction equation after combining the validation and cross-
validation groups and PRESS statistic was used to validate the final equation. In the
final prediction equation, the PRESS residual was lower than the mean bias in the cross-
validation group indicating an overestimation of energy expenditure among our study
population. Similar studies have not used PRESS statistics and there is no data to compare
our final prediction equation with. Zhu and colleagues [33] cross-validated six different
energy expenditure estimating equations among Chinese adolescents and the accuracy for
prediction was compared by calculating the root mean square error (RMSE). The RMSE of
all their equations were higher than that of this study, further emphasizing the inaccuracies
of using those equations to predict the energy expenditure at an individual level. Therefore,
the energy expenditure prediction equation of the current study was identified as more
accurate than the existing equations to predict energy expenditure among Sri Lankan
adolescents at a group level.

We calculated the TEE using the DLW technique with the modified Weir equation [19],
assuming an average food quotient of 0.86. In Western countries where 30–35% of energy
is provided from fat, a food quotient value of 0.85–0.86 is observed [2]. A few studies in Sri
Lanka reporting on local dietary intake reported higher percentages of energy supplied by
carbohydrates with less from fat and protein than Western diets which translate to food
quotient values ranging from 0.91 to 0.94 [40,41]. Therefore, some error might be expected
due to the assumptions centered around using 0.86. At the same time, it is noteworthy that
the available local studies on dietary intake are not representative of the general Sri Lankan
population and hence the applicability of the food quotient values from dietary intakes
reported in these studies to our study population would be questionable. Additionally,
according to Treuth and colleagues [42], accurate measurement of food quotient is not
essential as TEE estimates can be expected to be in error by 1% for a 0.01-unit error in
food quotient. There are some limitations of this study. We validated the equation against
energy expenditure estimated using the DLW technique in which participants performed
free-living activities for a period of 10 days. Most studies which developed equations have
used various activities (walking, running, play activities, sweeping, jumping, etc.) and the
commonly used criterion method has been indirect calorimetry. Therefore, the prediction
ability of energy expenditure of different activities separately could not be evaluated using
the current equation. We did not measure BMR as data collection was undertaken in
schools. BMR was calculated using the Schofield [21] equation since there are no validated
BMR prediction equations for Sri Lankan adolescents. Therefore, it is likely that some error
may have been introduced in the energy expenditure calculations. We recommend that
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future studies include BMR assessment to improve the accuracy of the prediction of energy
expenditure. Further, the criterion DLW technique cannot be used directly to assess PAEE.
Direct measurements of PAEE, such as calorimetry, should be used in future studies to
cross-validate the prediction equation we report here. We used waist-worn ActiGraph
CPM to estimate energy expenditure. However, it may underestimate physical activity
involving the upper limb [43,44]. Therefore, future studies should be undertaken to assess
accelerometers on different body segments.

5. Conclusions

This study developed and validated a regression equation using accelerometry to
estimate PAEE in 11–13-year-old Sri Lankan adolescents (PAEE = [0.001CPM] − 0.112).
Further cross-validation studies will improve the generalizability of the newly developed
equation and the use of a representative sample of Sri Lankan adolescents with different
activities, including a range of free-living activities, is recommended for such validation.

This equation will be useful in observational and randomized control trials to deter-
mine the effect of physical activity interventions to promote physical activity in children.
Further cross-validation studies are required to assess the validity of this new equation
using a representative sample of Sri Lankan adolescents with different activities, including
a range of laboratory-based and free-living activities.
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