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Determination of cut-off points for the Move4
accelerometer in children aged 8-13 years
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Abstract

Background To assess physical activity (PA) there is a need of objective, valid and reliable measurement methods like
accelerometers. Before these devices can be used for research, they need to be calibrated and validated for specific
age groups as the locomotion differs between children and adults, for instance. Therefore, the aim of the present
study was the calibration and validation of the Move4 accelerometer for children aged 8-13 years.

Methods 53 normal weighted children (52% boys, 48%girls) aged 8-13 years (mean age=10.69 + 1.46, mean
BMI=17.93 kg/m~?, 60th percentile), wore the Move4 sensor at four different body positions (thigh, hip, wrist and
the Move4ecg including heart rate measurement at the chest). They completed nine activities that considered the
four activity levels (sedentary behavior (SB), light PA (LPA), moderate PA (MPA) and vigorous PA (VPA)) within a test-
retest design. Intensity values were determined using the mean amplitude deviation (MAD) as well as the movement
acceleration intensity (MAI) metrics. Determination of activities and energy expenditure was validated using heart
rate. After that, cut-off points were determined in Matlab by using the Classification and Regression Trees (CART)
method. The agreement for the cut-off points between T1 and T2 was analyzed.

Results MAD and MAI accelerometer values were lowest when children were lying on the floor and highest when
running or doing jumping jacks. The mean correlation coefficient between acceleration values and heart rate was
0.595 (p=0.01) for MAD metric and 0.611 (p=0.01) for MAI metric, indicating strong correlations. Further, the MAD
cut-off points for SB-LPA are 52.9 mg (hip), 62.4 mg (thigh), 86.4 mg (wrist) and 45.9 mg (chest), for LPA-MPA they

are 173.3 mg (hip), 260.7 mg (thigh), 194.4 mg (wrist) and 155.7 mg (chest) and for MPA-VPA the cut-off points are
543.6 mg (hip), 674.5 mg (thigh), 623.4 mg (wrist) and 545.5 mg (chest). Test-retest comparison indicated good values
(mean differences =9.8%).

Conclusion This is the first study investigating cut-off points for children for four different sensor positions using
raw accelerometer metrics (MAD/MAI). Sensitivity and specificity revealed good values for all positions. Nevertheless,
depending on the sensor position, metric values differ according to the different involvement of the body in various
activities. Thus, the sensor position should be carefully chosen depending on the research question of the study.
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Background

The assessment of physical activity (PA) and sedentary
behavior (SB) in children has gained more and more
attention in recent years, as obesity and other health risks
are increasingly occurring in childhood [1]. As regu-
lar PA is beneficial for the health status [2—6] as well as
social and cognitive development in children [7], valid,
reliable and feasible measurement options are essential
for research examining activity behavior [8]. Activity
monitoring typically is divided into two categories: sub-
jective and objective measurement methods [9-13]. Valid
subjective measures like surveys, activity diaries or inter-
views are inexpensive and therefore they are often used
to assess PA behaviors in large groups of individuals [14].
Nevertheless, they often have low accuracy and depend
on children’s or their parents’ recall bias [15-17].

In contrast, technical measurement methods, such
as calorimetry, doubly labeled water, pedometers and
accelerometry [9, 18, 19], allow for an objective and
non-invasive assessment of PA, place less burden on
study participants, and are of particular importance for
younger children who show difficulties to recall or esti-
mate their past PA, and whose intermittent activity pat-
terns make proxy reports very difficult [20, 21].

Far less expensive and complicated than calorimetry
and double labeled water are accelerometers and pedom-
eters [8]. In addition, they eliminate recall bias and social
desirability [22, 23]. These methods are commonly used
for objective assessment of PA [14, 24]. Pedometers typi-
cally contain a mechanical sensor that, when moving up
and down, records that movement as a step [24—27]. In
contrast to pedometers, accelerometers can measure
movement acceleration in multiple planes. This makes
it possible to quantify the intensity, frequency and dura-
tion of an activity and not just the number of steps taken
[13, 28-31]. Furthermore, accelerometers can be worn
on different body positions such as hip, wrist, chest or
thigh. The common use are hip worn accelerometers,
that reveal accurate classification of activity type and
correct classification of PA intensities [32, 33]. Never-
theless, there are advantages of wearing accelerometers
on other body locations such as improved comfort [33].
In addition, measurement accuracy and compliance has
consistently improved during the last years [33-35]. In
particular, wrist accelerometers were more often used
in recent studies as it has been shown to reach superior
compliance in children compared to hip placement [36].
Additionally, studies with accelerometers worn on the
wrist or thigh revealed that they detected more specific
activities and yielded acceptably accurate assessment of
energy expenditure and SB [33, 37, 38]. Due to its advan-
tages, accelerometers are commonly used to quantify PA
in adults, adolescents, and children.
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For any given accelerometer, thresholds need to be
developed using a calibration and validation study. So
far, there exist various calibration studies concerning dif-
ferent age groups in children and adolescents like tod-
dlers, elementary school children and adolescents by
implementing various approaches [21, 22, 39, 40]. Nev-
ertheless, current accelerometer studies used different
accelerometers. Furthermore, these studies mostly used
regression models to compute the energy expenditure
from the captured raw data [41, 42]. However, to predict
regression models, a reference method like indirect calo-
rimetry is necessary. Nevertheless, this method is quite
expensive as well as time-consuming. Further, calorim-
etry is a laboratory-study and is not useful in free living
conditions and practicable for children [20, 43, 44].

The accelerometer Move4 (movisens GmbH) used in
the present study has already been extensively validated
and tested for adults in this way [45, 46]. Nevertheless,
children’s PA patterns and the resulting energy expendi-
ture differ from adults and thus, separate cut-off points
for PA intensities are need. Further, two different metrics
exist that give the best possible indication of the inten-
sity of physical movements and determine cut-off points
for them for classification into activity levels. Thus, the
research question of the present study is the calibration
of the Move4 accelerometer for children aged 8—13 years.
Specifically, we defined the following three aims:
Objective 1: Validation of the selected activities for the
activity levels by using heart rate.

Objective 2: Modelling and determination of cut-off
points to distinguish different activity levels (SB, light PA
(LPA), moderate PA (MPA), vigorous PA (VPA)).

a. by using different metrics (see study description):
mean amplitude deviation (MAD) [47] and
movement acceleration intensity (MAI) [48].

b. by differing between the four sensor positions
for mapping individual movement activities
representation of cut-off points per movement
activity per position.

Objective 3: Determination of the test-retest agreement
by using data from two survey time points to determine
the test-retest reliability of the Move4 together with the
respective metrics.

Materials and methods

Study design

The longitudinal study is part of the EMPADIC (Exami-
nation of methods for recording physical activity and
its determinants in children aged 8—13 years) — project.
The study was approved by the local Ethics Committee
(Ref. No. 56_20B) and was in accordance with the 1964
Declaration of Helsinki. All participants and their legal
guardians provided written informed consent for the
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study participation. Data collection took place from May
to September 2022.

Participants and procedure

For the present study, we included children aged 8-13
years. Recruitment took place in local sports clubs and
schools in Bavaria (Germany). All participants were
included if they were healthy and had no known diseases
that restrict them from doing sport. In school, all chil-
dren were excluded who are exempt from sports lessons
due to health restrictions or who are unable to participate
in physical education lessons. After written informed
consent of the board of directors of the sports clubs and
the school director, we contacted various divisions in the
sports club as well as teachers and asked, whether they
would like to participate in our study. Then, parents as
well as children obtained an information document and
both had to give written informed consent for study
participation.

For data collection, we used a test-retest design, to
assess the validity of the cut-off points and the agree-
ment between cut-off points between T1 and T1. There
was a timespan of one week between the two measure-
ment points. Data collection was pseudonymous, so at
the beginning each participant received a personal code
consisting of a combination of letters and numbers. Fur-
thermore, for each child, weight and height, which was
measured by a stadiometer (seca 813 and seca 213, seca
GmbH & Co. KG), as well as the age, were documented.
The children’s fitness status was recorded via the question
“How many hours of exercise do you do per week?“ (see
Supplement 1).

Table 1 Activity intensities, tasks and expected MET values
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For the calibration of the Move4 for children, partici-
pants performed nine different activities outdoors under
the guidance of the trained research team like lying, sit-
ting, standing, running with different pace, stairs climb-
ing, catching, and throwing a ball as well as jumping
jacks. These activities consider four intensity levels: SB,
LPA, MPA, and VPA. Table 1 lists the performed activi-
ties and the expected MET values. Data collection took
place in a 90-minute training session (60 min test, 30 min
of preparation and follow-up). Before the start of the
test, the children’s verbal consent was obtained again.
The sensors were applied to the children by the research
team. For the present study, the children wore accelerom-
eters at the following body positions: thigh (Move4); hip
(Move4); wrist/ non-dominant hand (Move4) and chest
(combination with ECG) (EcgMove4). When all sensors
were properly attached, a jump was made to synchro-
nize the sensors at each body position before the activi-
ties started. Such a jump was repeated after the activities
have been performed. Subsequently, the children were
instructed by the research team to perform each activ-
ity for a duration of four minutes. Average speeds for
walking and running activities were estimated using
defined distance and stopwatch. Further, a member of
the research team guided the children through all activi-
ties and set the pace for the children for walking/running
activities. This made it easier for the participants to main-
tain the estimated speed. During the implementation, the
research team observed the participants and checked
the correct performance of the activities. Between the
four minutes activity there was a three-minute break to
allow for transition between activities. After each activity

Activity intensity

Activity type (based on Evenson et al. [22] and Trost et al. [49])

Expected MET
from Youth Com-
pendium of Physi-
cal Activities [50]

Sedentary Behavior Lying 1.2
(1.0-1.5 MET) Lying supine on a floor mat with the arms at the sides. Instruction to minimize all physical
movements
Writing 14
Sitting on a chair writing a text with the arms on the table
Standing 1.7
Standing with the possibility of small movements
in the hip
Light Activity Slow Walking (=2 km/h) 26
(1.5-2.9 MET)
Moderate Activity Normal Walking (=4 km/h) 35
(3-6 MET) Throwing and Catching 4.1
Throwing and catching a ball, with a distance of 3 m, about 15 throws per minute
Stairs climbing 6.0
Climbing stairs with 80 steps per minute
Vigorous Activity Running (=7 km/h) 74
(>6 MET) Alternative: running as fast as possible 8.5
Jumping Jacks 7.1
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children were instructed to stand still for 30 s to enable
a separation of the activities. After completion of the
nine activities the sensors were removed from the par-
ticipants. Even if the rest between the activities was three
minutes, we assume that the heart rate does not reach the
resting heart rate after moderate and high intensity activ-
ities. As this could artefact the validation of the activities,
we randomized the order of the activities for each data
collection timepoint/study group.

Measurement instrument

The movisens sensor Move4 is a wearable device for mea-
suring PA and sleep. The sensor EcgMove4 additionally
records a single channel ECG and can be used to derive
heart rate and heart rate variability. Both sensors have a
3-axis accelerometer and a 3-axis gyroscope for accurate
detection of movements and body postures.

The sensor data is stored on an internal flash memory
and can later be analyzed using the movisens Data Ana-
lyzer software [51, 52]. This software provides various
analysis methods and visualization options to interpret
the data and gain insights into PA, sleep and heart rate
variability. Output parameters such as activity classes,
body position, steps, energy expenditure and metabolic
equivalents can be calculated.

The sensors are suited for use in scientific studies and
interactive ambulatory assessment. They are used in a
variety of applications, including sports performance
analysis and rehabilitation [53-56].

The device is compact and lightweight, allowing for
convenient and continuous use, and can be connected to
a smartphone or other device for data transfer and analy-
sis, e.g. to trigger questionnaires based on sensor data.

Data analysis

Descriptive statistics were calculated for study variables,
mean (M) and standard deviations (SD) for continuous
variables and frequency (%) for categorical variables. We
conducted a test for normal distribution (Kolmogorov-
Smirnov and Shapiro-Wilk) for all continuous variables.
The data analysis of the accelerometer data was divided
into two major steps: data preparation and data pro-
cessing. During data preparation, Matlab version 2015b
(TheMathWorks, Inc.) was first used to trim the sensor
data to the measurements of each child. The sequence of
activities was then read in so that the individual activities
and the breaks in between could be marked in the sen-
sor data. This reference annotation was used to assign the
calculated PA values to the respective activity.

If there was an error in data acquisition for example an
interruption of the activities during the measurement, for
example because a child had to go to the toilet, a note was
added accordingly. In line with the annotations, these
sections were marked in the respective measurement and

(2023) 15:163

Page 4 of 11

excluded from further processing. Relevant parameters
were also added for further processing. These included
gender, age, heart rate and the measurement time point
in order to better compare the two time points. The data
was processed using Matlab (TheMathWorks, Inc.) and
the movisens software [51, 52]. Thereby, the PA metric
values for the MAD [47] and MAI (based on Van Some-
ren et al. [48]) metrics were determined using the movi-
sens DataAnalyzer algorithms. For MAI, the acceleration
signal was bandpass filtered (Butterworth 0.25-11 Hz,
4th order) to remove parts that are not caused by bodily
movement. The three axes were fused by the Euclidean
norm. The final signal output was the mean value of the
output interval. Movisens uses an output interval of one
minute [57]. In the literature, the MAD metric is also
called Vector Magnitude Count (VMC) and makes use of
the mean signal value to reduce the effect of the constant
gravitational acceleration [58].

To confirm the validity of pattern-based classification
of intensity, Pearson correlation coefficients were cal-
culated between the heart rates and MAD/MAI accel-
eration values. In addition, Matlab was used to create
boxplots representing the heart rates across activities.

Subsequently, these metric values were used to deter-
mine the cut-off points for the four different activity lev-
els in Matlab by a decision tree using the Classification
and Regression Trees (CART) method [59]. This method
is based on the recursive partitioning technique and cre-
ates decision trees by recursively partitioning the data
until a predefined stopping criterion (maximum depth)
is reached. The goal of the CART method is to minimize
the variance in the data while maximizing the informa-
tion in the data.

We determined the cut-off points for the different
intensity levels for each sensor position and for both
measurement time points. Finally, we analyzed the sensi-
tivity and specificity of our analysis by using one minute
of each activity as a reference value.

Results

Socio-demographics

In the study participated 53 children (52% boys, 48%girls)
aged 8-13 vyears (mean age=10.69+1.46). Overall,
participants had a mean Body Mass Index (BMI) of
17.93 kg*m™? (SD=2.89) ranging around the 60th per-
centile [60] and regularly engaged in sports for 61.26
(£26.16) minutes per day indicating overall a good fit-
ness-level of the children. However, as seen in the stan-
dard deviation, children varied in their amount of sports
activity per day. Test of distribution of the variables indi-
cated a normal distribution of height, all other variables
(age, weight, weight status, and sports activity) were not
normal distributed. Further details can be seen in Table 2.
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Table 2 Sample characteristics

Overall Boys Girls
N (%) 53 28 (52%) 25 (48%)
Age [years; M+ SD] 10.69 (1.46) 10.73 (1.46) 10.66 (1.45)
Weight [kq] 38.92 (10.56) 39.13(10.57) 38.78 (10.61)
Height [cm] 146.2 (11.40) 146.5(11.27) 1457 (11.10)
Body Mass Index (BMI) [kg*m’z} 17.93 (2.89) 17.85 (2.97) 18.04 (2.80)
(Range) 14.0-26.4 14.0-264 14.3-24.7
BMI percentile [60] 57.9th 61.8th
Sports activity [min/day] 61.26 (26.16) 69.16 (32.79) 52.86(11.97)
(Range) 214-1286 21.4-1286 34.3-85.7

Table 3 MAD and MAI metrics accelerations (mean absolute deviation, mg) in the nine activities. The lower part of the table presents
the cut-off points from SB to LPA (Cut 1), from LPA to MPA (Cut 2) and from MPA to VPA (Cut 3)

Hip Thigh Chest Wrist

MAD MAI MAD MAI MAD MAI MAD MAI
Activity Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)  Mean (SD) Mean (SD) Mean (SD)
Lying 84(5.2) 185 (15.5) 28.7(463)  75.2(123.5) 4.6 (5.5) 14.2 (15.3) 12.1(19.1) 419 (55.6)
Sitting 10.9(8.3) 37.2(20.4) 55.0(145) 155(57.9) 59(7.3) 24.6 (16.5) 282 (18.9) 84.5 (56.1)
Standing 266 (70.1) 49.3(89.3) 254(186) 909 (64.1) 239(73.6) 45 (106.6) 386 (83.6) 86 (133.7)
Slow Walking 106.5 (33.6) 184.8 (42.8) 1360 (6.9)  299.1(32.9) 1215(39.5) 2164 (49.5) 160.8 (61.6) 300.8 (102.4)
Normal Walking 2159 (46.5) 306.9 (53.7) 209.9 (16.6) 394.5(39.6) 2432 (435) 357.7(51.6) 248.0 (62.9) 402.7 (109.7)
Throwing and Catching 5(674) 332.8(953) 7346 (246) 1159.5(22.1)  1625(73.1) 294.1(101.3) 5493(1284) 929.7(179.6)
Stairs Climbing 329.0 (94.6) 9(1152) 480.8(57.1) 763.5(84.1) 334.3(987) 4605 (123.1)  389.1(1285)  590.6(198.1)
Running 832.7(1073)  1045.1 (135.1) 7204 (28.7) 13643(794) 7632(1105) 1032.1(139.5) 892.6(1394) 1599 (271.3)
Jumping Jacks 9220(1354) 1070.2(1103) 7259(63.7) 1236.8(652) 881.9(98.3) 1023.9(1103) 9758(1433) 1753(193.1)

Mean values of each activity

Table 3 shows the accelerometer values for each activity
broken down for MAI and MAD metrics. Overall, MAI
values were higher than MAD. Mean accelerometer val-
ues were lowest when children were lying on the floor
and highest when running or doing jumping jacks with
no differences between boys and girls. The accelerations
in each metric increase from intensity level to intensity
level with the highest values for VPA.

Criterion Validity

Based on the individual mean values of each activity
(MAD and MALI in mg), the criterion validity was then
measured by correlation between the values of the MAD/
MALI metric for each activity and the heart frequency
(Ecg Move4). Overall, we had no limit of heart rate and
thus no termination criteria. The mean heart rate for the
SB activities was 105 beats (SD=23) per minute (bpm),
115 bpm (SD=18) for LPA, 132 bpm (SD=20) for MPA
and highest value for VPA with 152 bpm (SD=21). The
mean correlation coefficient between acceleration val-
ues and heart rate was 0.595 (p=0.01) for MAD metric
and 0.611 (p=0.01) for MAI metric and thus, indicated a
strong correlation between these the variables [61]. Fig-
ure 1 presents each activity with the associated heart rate.

Cut-off points of intensity levels/thresholds

The nine activities considered four intensity levels
(see Table 4) and validity showed a strong correlation
between activities and heart rate and thus, cut-off points
for SB-LPA, LPA-MPA as well as MPA-VPA could be
determined. Table 4 shows the three cut-off points for
the MAD and MAI metric for all four sensor positions.
Overall, there were no meaningful differences in the cut-
off points between boys and girls. Thus, we mention the
overall cut-off points.

Overall, cut-off points differ between the two metrics
with higher values for MAI across all sensor positions
(see Table 4). In particular, the MAD values of the hip
sensor are for SED (0-52.9 mg), LPA (53-173.3 mg), MPA
(173.4-543.6 mg), VPA (>543.6 mg).

Sensitivity and specificity

Sensitivity and specificity for classification of each PA
intensity category within the MAD metrics are displayed
in Table 5. For SB, the wrist worn accelerometer had
highest sensitivity (98.9%), but the hip worn has highest
specificity (99.1%). For LPA, MPA and VPA, sensitiv-
ity (92.0%) as well as specificity (70.8%) were highest for
the chest worn accelerometer. Overall, the chest position
indicated the highest sensitivity (91.1%) and specific-
ity (82.1%) values across all intensity levels for the MAD
metrics.
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Intensity of heart rates during individual activities with MAD
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Fig. 1 Intensity of heart rates during individual activities
Table 4 Overall cut-off points with MAD and MAI metrics (mg)
Cut 1 (SB-LPA) Cut 2 (LPA-MPA) Cut 3 (MPA-VPA)
Accelerometer MAD MAI MAD MAI MAD MAI
Hip 529 121.9 1733 285.6 543.6 7232
Thigh 624 182.5 260.7 457.7 674.5 8583
Wrist 86.4 183.8 1944 3374 6234 1058.9
Chest 459 101.5 155.7 240.2 545.5 6728
Table 5 Sensitivity and Specificity of cut-off points (MAD metrics)
SB LPA MPA VPA Overall
Accelerometer Sens. (%)  Spec.(%) Sens.(%) Spec.(%) Sens.(%) Spec.(%) Sens.(%) Spec.(%) Sens.(%) Spec. (%)
Hip 974 99.1 89.5 703 714 60.1 99.1 96.6 89.3 81.5
Thigh 983 989 87.8 66.9 448 59.5 919 99.0 80.7 81.1
Wrist 98.9 97.5 77.3 68.7 67.7 60.0 97.1 99.0 85.2 813
Chest 96.7 994 92.0 70.8 76.2 60.0 99.3 983 91.1 82.1
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Table 6 Sensitivity and Specificity of cut-off points (MAI metrics)

SB LPA MPA VPA Overall
Accelerometer Sens. (%) Spec.(%) Sens.(%) Spec.(%) Sens.(%) Spec.(%) Sens.(%) Spec.(%) Sens.(%) Spec.(%)
Hip 95.8 99.5 914 70.7 69.0 60.1 99.2 94.4 88.8 81.2
Thigh 98.2 98.3 930 66.1 322 59.8 95.7 96.4 79.7 80.1
Wrist 97.9 97.9 653 684 61.2 473 75.8 985 75.1 780
Chest 81.6 99.7 89.6 736 76.8 60.1 99.5 934 86.9 81.7
Table 7 Differences between T1 and T2 valued for the MAD and MAI metric (mg)

Cut 1 (SED-LPA) Cut 2 (LPA-MPA) Cut 3 (MPA-VPA) Overall

Accelerometer T1 T2 Difference T1 T2 Difference T1 T2 Difference Difference
MAD METRIC
Hip 49.0 529 -8.0% 1834 1582 15.0% 549.1 542.0 1.0% 8.0%
Thigh 559 53.0 5.0% 283.7 247.0 14.0% 687.1 6434 7.0% 8.7%
Chest 49.5 427 15.0% 157.6 1554 1.0% 564.3 5455 3.0% 6.4%
Wrist 944 76.3 21.0% 205.9 164.9 22.0% 6234 664.5 -6.0% 16.3%
Overall 12.3% 13.0% 4.3%
MAI METRIC
Hip 130.5 115.1 13.0% 286.0 2737 4.0% 760.5 7232 5.0% 73%
Thigh 1984 178.3 11.0% 484.5 457.2 6.0% 8552 907.7 -6.0% 7.6%
Chest 100.3 109.5 -9.0% 237.8 2233 6.0% 689.1 672.8 2.0% 5.6%
Wrist 1804 2115 -16.0% 3374 385.1 -13.0% 1072.5 9383 13.0% 14.0%
Overall 12.3% 7.3% 6.5%

Sensitivity and specificity for classification of each
PA intensity category within the MAI metrics are dis-
played in Table 6. For SB, the thigh worn accelerom-
eter had highest sensitivity (98.2%), whereas specificity
(99.7%) was highest for the chest worn accelerometer. For
LPA, the thigh position indicated the highest sensitivity
(93.9%) but the chest worn the highest specificity (73.6%).
For MPA, sensitivity (76.8%) as well as specificity (60.1%)
were highest for the chest worn accelerometer. Sensi-
tivity (99.5%) for VPA was highest at the chest position
and specificity (98.5%) at the wrist position. Overall, the
hip position indicated the highest sensitivity (88.8%) and
the chest position the highest specificity (81.7%) values
across all intensity levels for the MAI metrics.

Test-retest agreement

As our study had a test-retest design, we compared the
determined cut-off points for the intensity levels for all
accelerometer positions between T1 and T2. Overall, for
the MAD metric, the mean difference between T1 and
T2 was 9.85% with greatest differences for the wrist worn
accelerometer (16.3%) and lowest difference for the chest
worn (6.4%). Independently of the accelerometer posi-
tion, the highest deviation was seen for the SB-LPA cut
and the LPA-MPA cut (see Table 7).

Similar results can be seen for the MAI metrics (see
Table 7). Overall, the mean value of deviation between T1
and T2 was 8.63% with greatest differences for the wrist
worn accelerometer (14.0%) and lowest difference for the
chest worn (5.6%). Independently of the accelerometer

position, the highest deviation was seen for the SB-LPA
cut and the cut-off points for LPA-MPA and MPA-VPA
had equal differences across all positions.

Discussion

The aim of the present study was the calibration of the
Move4 accelerometer for children aged 8-13 years. In
more detail, firstly mean values for the selected activi-
ties (in mg for MAD and MAI metric) were assessed and
then these activities and the energy expenditure were
validated by using the heart rate. Secondly, cut-off points
were modelled and determined to distinguish different
intensity levels by using two different metrics (MAD and
MAI) as well as by differentiating between the four sen-
sor positions.

Validity

First of all, the determination of activities and energy
expenditure level was validated by using the heart rate
measures. Overall, a strong correlation between the heart
rate and the MAD values (in mg) of each activity was
found. With increasing MET values, the heart rate of the
activities increased. Based on this finding, it is possible
to determine the cut-off points by using the MAD/MAI
values of the activities. The present results are consistent
with previous reports stating that heart rate is effective in
detecting a variety of activity patterns [40]. Nevertheless,
as we randomized the order of the activities, it was possi-
ble, that in some groups SB activities followed right after
VPA activities. In that case, the three minutes rest could
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not have been enough time to normalize the heart rate.
This could explain slightly higher heart rates of 105 bpm
for SB compared to physiological studies indicating a
resting heart rate of 90—95 bpm in this age range [62, 63].
In this context, it is worth mentioning that the validation
of the activities was based on children with an overall
good fitness level (mean activity minutes per day=61.2)
and a normal weight (overall BMI=17.9 kg/m~?, 60th
percentile). Nevertheless, there were differences in the
amount of activity and weight status between the chil-
dren (see Table 2), resulting in differences in the HR
while performing the activities [64]. This needs to be
considered when interpreting the data. Still, as the mean
value is quite good, we assume that the determined cut-
off points can be used for children with a normal weight
status and fitness level.

Selection of activities

In this context, the selection of the activities for the pres-
ent calibration study should be discussed. First of all, a
combination of locomotor activities (e.g., slow walking
with 2 km/h) and other free-play activities (e.g., throw-
ing and catching a ball) was used to better simulate the
different types of activities that children engage in. These
were common to children of this age group and provided
both, varying intensity levels and ranges of accelerometer
counts [22]. This is also a principle suggested by Welk
[65] and was used in several studies so far [66—69]. Fur-
thermore, nine activities were used which is also applied
in other studies [40, 41, 65, 68, 70]. The selection and
classification of the used activities is based on the Youth
Compendium of Physical Activity [50]. Unfortunately,
only one activity (slow walking) was selected for LPA.
Thus, it is suggested that further studies should apply an
equal number of activities for each of the four PA inten-
sity levels.

Cut-off points

There is a need for using raw acceleration data instead
of activity counts for measuring the intensity of PA [71-
73]. Thus, the present study compared two different raw
acceleration metrics (MAD and MAI) for the calibra-
tion of the Move4 sensor across four sensor positions in
children aged 8-13 years. Within the discussion, further
focus will set on the results of the MAD metrics, because,
to the best of our knowledge, there is no validation and
calibration study using the MAI metric so far. Neverthe-
less, this metric is also important as it uses a bandpass
filter that ensures that accelerations that do not come
from physical movements tend to be filtered out and is
more and more used in studies [74, 75], so it was decided
to determine the cut-off points for both MAD and MAI
metrics. In comparison to Aittasalo et al. [70] who used
the MAD metric for a hip worn accelerometer in children
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aged 13-15 years, our cut-off points differ especially in
Cut 1 (SB-LPA: 52.9 vs. 26.9 mg;) and Cut 2 (LPA-MPA:
173.3 vs. 332 mg). One reason for the difference in the
lower values in our study for LPA-MPA cut-oft points
might be the allocation of the activities to the intensities:
In the present study, slow walking was the only activity
for LPA and normal walking for MPA (oriented to the
Youth Compendium of Physical Activity [50]), whereas
Aittasalo et al. [70] allocated slow walking as well as nor-
mal walking to LPA. Another study using the MAD met-
ric in 11 year old children indicated as the optimal cut-off
points for LPA-MPA (=3 MET) 91 mg and the MPA-VPA
(=6 MET) cut-off points was at 414 mg [47]. However, in
this study participants performed a pace-conducted non-
stop test on a 200 m long oval indoor track with initial
speed of 0.6 m/s and it was increased by 0.4 m/s at every
2.5 min [47]. As free-living activities were also included,
this could be the reason for the differences in the cut-off
point from LPA to MPA (173.3 vs. 91 mg). In summary,
our data show that the values respectively the cut-off
points differ between the studies. This could be due to
different samples, different activities and therefore it is
important that for each sensor cut-off points are formed
to make them usable for studies.

Sensor positions

To the best of our knowledge, this was the first study
comparing four sensor positions of any accelerometer.
Existing studies compared in particular hip and wrist
worn accelerometer [41] or hip, wrist and thigh [68],
but none compared the hip, thigh, wrist and chest
position for sensor location. As the different body
positions are involved differently in the nine activi-
ties, it is not surprisingly that the cut-off points differ
slightly across the four sensor positions.

Regarding sensitivity and specificity of each sensor
position, our results indicated overall for the hip as
well as for the thigh the highest specificity (MAD hip:
88.8%; MAD chest: 82.1%) as well as sensitivity (MAD
hip: 89.3%; MAD chest: 91.1%) whereas the sensitivity
and specificity for the wrist indicated in MAD metrics
85.2% respectively 81.3%. In contrast, Johansson et al.
[41] indicated for wrist and hip worn sensors same
sensitivity (SB: 100%, MVPA: 70%) and specificity (SB:
60%, MVPA: 100%) values in preschool children. Sen-
sitivity and specificity values for two hip worn accel-
erometers indicated in children aged 13-15 years
almost perfect values for all cut-off values (98.6-100%)
[70]. The different values of sensitivity and specificity
in various studies could be explained by the selection
of the activities. Depending on how far the MET val-
ues of the activities are from the MET-cutpoint (e.g.,
3 MET), there are different metric cut-off points and
different accuracies in the detection. In comparison, a
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study investigating adults found high accuracy of the
thigh-worn accelerometer for predicting time spent
in each PA intensity category, as seen by sensitivities
and specificities>99% for correctly classifying each
PA intensity category [68]. One possible explanation
for the differences between children and adults could
be the inconsistent performance of activities in chil-
dren whereas adults could more consequently perform
activities over a certain time period [76].

Furthermore, regarding the accelerometer output (in
mg) within one intensity level, there are differences
according to the body position to which the sensor is
attached. In particular, the MAD metrics for SB var-
ied widely in our study: 52.9 mg for the hip placement,
62.4 mg for thigh, 86.4 mg for the wrist sensor and
45.9 mg for the chest position. The high values of wrist
worn accelerometers in SB could be explained by the
fact that this sensor position captures movements per-
formed by the arms, unlike a hip worn monitor [41].
Especially younger children have problems to stand
still without moving their arms [41]. Our findings are
in accordance with results from other studies [36, 41,
77] which showed higher values for wrist-worn accel-
erometer compared with hip worn sensors, while mea-
suring simultaneously.

Recommendations for sensor positions

We suggest to choose the sensor position depending on
the research question. Overall, the sensor at the hip is
really comfortable and shows good values and is already
commonly used [32, 33, 78, 79]. Furthermore, the hip
worn sensor indicated good sensitivity and specificity
values in our study. Nevertheless other body positions
should be considered while planning a study [68]. In par-
ticular, accelerometers worn on the thigh have shown
high accuracy for measuring several different PA levels
as well as SB and sleep [33, 38, 80—84]. Further, if there
is an interest in the heart rate of the participants, the
EcgMove4 accelerometer worn at the chest is suggested.
Thus, it is easy to assess time spent in different intensity
levels as well as the heart rate. The least favorable and
efficient position seems to be the wrist due to low sensi-
tivity and specificity.

Test-retest agreement

Lastly, to assess the accuracy of the Move4 sensor, a test-
retest design for the agreement of the cut-off points between
T1 and T2 for all sensor positions was used. Overall, agree-
ment indicated good values with small differences between
T1 and T2. Regarding the cuts, Cut 1 and 2 indicated higher
deviations compared to Cut 3. This could be explained by
the types of activities within one PA level allowing greater
variations in the execution. Especially during the SB activi-
ties (standing and lying), some children problems to hold
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the position and not to move their bodies, especially their
arms. In contrast, VPA activities required the whole body to
move which allows less variations in execution.

Regarding the sensor positions, only the wrist worn accel-
erometer showed great differences especially for SB-LPA
and LPA-MPA cut-off points. A problem is that the wrist
worn accelerometer output is highly depending on the
movements of the hands [41]. In particular, the task stand-
ing for four minutes was highly challenging for some chil-
dren and variances were recognized between the children
(inter-individual) and also between the two measurement
points (intra-individual) in relation to the movement of the
hands. This could explain the differences of 16.3% between
T1 and T2 cut-off points.

Strengths and limitations

The main strength of our study is our sample size of 53 chil-
dren aged 8-13 years which was numerous compared to
other studies investigating between 20 and 47 participants
[21, 41, 47, 70]. Furthermore, we calibrated and tested the
Move4 sensor at four different body positions (hip, thigh,
non-dominant wrist, and chest). Thus, the validation of the
sensors was successful regarding a wide range of applica-
tion possibilities. In addition, the different activities were
not selected randomly, rather following the Youth Compen-
dium of Physical Activity. Butte et al. [50] developed various
activities and their resulting energy consumption in MET
values. This is a meaningful list of activities and is a valu-
able resource. Furthermore, to ensure that the activities are
performed with high accuracy, one research assistant was
leading and participating in the exercise. This was highly
important for the walking and running activities to lead the
pace.

A limitation of this study relates to different weather
conditions during the time period of the data collection.
Therefore, some of the exercises were carried out indoors,
which may have affected the children’s movement. Secondly,
the sensors have partially fallen off during the movements.
Although they were immediately reattached, a few seconds
of activity had to be cut out. Further, some participants had
difficulties to perform the activity the whole duration of
four minutes. Thus, the data preparation contains cut outs
to clean the raw data. Besides performing for four minutes,
the accuracy of the execution lacked (e.g., standing). In this
context, the validation of the activities and thus the determi-
nation of the cut-off points need to be slightly limited as the
sample differed within the amount of activity (fitness level)
and weight status, which might result in variability of the
heart rate within one activity. Lastly, we only had one activ-
ity for the LPA intensity level that could be not representa-
tive for this level. Nevertheless, our data show good validity
of the activities and the MET values. Further studies should
consider that all intensity levels include more than one
activity.
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Conclusion

This is the first calibration study using two different met-
rics (MAD/MALI) based on raw accelerometer data as well
as determining cut-off points for four sensor positions
using movisens Move4 sensor. Overall, our validation of the
activities in regard to MET values by heart rate shows good
correlation. Thus, the cut-off points showed good values for
sensitivity and specificity. Test-retest agreement indicated
good values with slightly more deviation from T1 to T2 in
the wrist worn accelerometer. The optimal sensor position
should be chosen depending on the research question of the
study. Further calibration studies are needed for younger
children, especially preschool children, as their activity pat-
terns differ from children included in our study.
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