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Abstract

two different accelerometers in adolescents.

MAD cut-points for both accelerometers.

604 and 558 (vigorous).

also in adolescents.

Background: Using raw acceleration data to assess the intensity of physical activity enables direct comparisons
between studies using different accelerometer brands. Mean amplitude deviation (MAD in mg) calculated from
resultant tri-axial raw acceleration signal was recently shown to perform best in classifying the intensity of physical
activity in adults irrespective of the accelerometer brand. This study compared MAD values and cut-points between

Methods: Twenty voluntary participants (10 girls and 10 boys) of average age of 14 wore two accelerometers
(Actigraph GTX3, Pensacola FL, USA and Hookie AM13, Espoo, Finland) and heart rate monitors (M61, Polar Electro
Oy, Kempele, Finland) while completing ten 2-min patterns of typical activities ranging from sedentary behaviour to
light, moderate and vigorous-intensity locomotion. Bland-Altman method examined the agreement of MAD values
between the accelerometers. Correlation coefficient between individual heart rates and MAD values indicated the
validity of pattern-based intensity classification. Generalized ordinal logistic regression determined the intensity-specific

Results: MAD values varied from 3 mg (lying supine) to 1609 mg (running). Hookie gave higher values than Actigraph
in accelerations exceeding 700 mg. The correlation coefficient between MAD values and heart rates was 0.96 for
Hookie and 0.97 for Actigraph. Respectively, the MAD cut-points were 29 and 27 (light), 338 and 330 (moderate), and

Conclusions: MAD values and cut-points of Hookie and Actigraph showed excellent agreement. Analysing raw
accelerometer data with MAD values may enable the comparison of accelerometer results between different studies

Keywords: Adolescents, Physical activity, Accelerometer, Raw acceleration data, Classification

Background

Physical activity has been proven highly beneficial for
health throughout the lifespan [1]. The interest in asses-
sing physical activity and sedentary behaviour in children
and adolescents has received increasing attention as
obesity and related health risks have become more gen-
eral also at younger age [2, 3] and the evidence about
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the health benefits of physical activity in paediatric
population has strengthened [4, 5].

Until recent years the knowledge and thus the recom-
mendations on young people’s physical activity have re-
lied mainly on data obtained from surveys. However, the
subjectivity and recollection bias inherent in surveys have
long been acknowledged in assessing the wide spectrum
of health-enhancing physical activity in adults [6] and
sporadic physical activity typical for youth [7-9]. As a re-
sult, assessment methods considered more objective, such
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as accelerometers, have become common also in large-
scale studies of children and adolescents.

Numerous accelerometer brands and models are now-
adays available for the objective assessment of physical
activity. Generally, they are considered suitable for asses-
sing the intensity of movements and to produce infor-
mation on the quantity of overall physical activity [10].
Majority of accelerometers convert the raw acceleration
signal to counts per minute to get a generic measure of
the intensity of physical activity. The counts are then
classified into different intensity levels by using cut-
points. However, the algorithms behind the counts vary
by accelerometer brand and model [11] and studies use
different cut-points in classifying the intensity [12] both
compromising the direct comparison of studies. In
youth, the count-based cut-points have also been shown
to misclassify the intensity of physical activity between
33 and 68 % of the time [13]. As a result, the use of raw
acceleration data expressed in direct physical acceler-
ation units such as G-forces rather than in calculated ac-
tivity counts has been recommended for analysing the
intensity of physical activity [9, 14]. A universal method
is consequently needed for analysing the raw acceler-
ation signal by intensity in order to produce comparable
information across the accelerometer brands and studies.

It was recently shown in adults that the mean ampli-
tude deviation (MAD) of raw acceleration signal per-
formed best irrespective of accelerometer brand in
separating sedentary and pace-specific ambulatory activ-
ities from each other [15]. Also the cut-points based on
MAD values were equal between the accelerometer
brands in classifying the intensity of physical activity.
The applicability of this promising method need to be
examined also in youth, which may produce different ac-
celerations in similar activities when compared to adults.
This study compares MAD values and MAD cut-points
between two different accelerometer brands (Actigraph
GTX3, Actigraph LLC., Pensacola FL, USA, http://
www.actigraphcorp.com and Hookie AM13, Traxmeet
Ltd, Espoo, Finland, http://company.traxmeet.com) in
adolescents. If the MAD values and cut-points were
found similar with both accelerometers, MAD would
offer a universal method also in youth to classify the in-
tensity of PA derived from raw acceleration data regard-
less of the accelerometer brand used.

Methods

Participants

Twenty voluntary adolescents aged 13 to 15 years were
recruited to the study via personal contacts. The partici-
pants and one of their guardians signed a written in-
formed consent to participate in the study, which was
conducted according to the ethical principles of The
Finnish National Advisory Board on Research Ethics
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(http://www.tenk fi/en/ethical-review-human-sciences)
and was approved by the University of Tampere and
Tampere Area Ethical Review Board (http://www.uta.fi/
english/research/ethics/review/committee.html).

Procedures

After reporting their height and weight the participants
one by one completed a supervised array of ten 2-min
physical activities illustrating typical free-living patterns.
The activities were assigned to the intensity levels based on
their pattern: sedentary behaviour (lying supine on a bed,
sitting on a chair, sitting while working on a computer,
standing and standing while moving 1 kg-handweights on
a table surface), light activity (slow walking, normal
walking), moderate activity (brisk walking) and vigorous
activity (jogging, running). The array of activities was the
exactly same as was recently used in adults [15].

A heart rate monitor was used to confirm the validity
of pattern-based classification of intensity. The chest
strap of the heart rate monitor (M61, Polar Electro Oy,
Kempele, Finland, http://www.polarelectro.fi) was fas-
tened around the participant’s chest and the wrist unit
was attached to the participant’s right wrist. The re-
searcher recorded the heart rate from the wrist unit in
the beginning of each 2-min activity, one minute after
initiating the activity and in the end of the activity.

The ambulatory tasks were performed on a 100-m in-
side track and the paces relative to verbal instructions
(slow, normal, brisk, jogging, running) were self-selected
by the participants. The researcher observed the partici-
pants during the activities and timed the 2-min interval
of each activity with a stopwatch. Fifteen-second break
was allocated for changing from one activity to another.

During the activities the triaxial Hookie and Actigraph
accelerometers were worn on the same elastic belt. Both
devices were fixed firmly to a standard position: Hookie
to the right and Actigraph to the left hip. The Hookie
AM13 device employs a 100Hz sampling frequency and
a £16 000 mg (milligravity units) tri-axial dynamic range
and the Actigraph GT3X device 30Hz and +3000 mg,
respectively.

Data processing

The data from both accelerometers was collected in raw
mode, which provides the acceleration data in actual
G-forces. The sampled triaxial acceleration data were
stored onto a workstation and analysed in epoch lengths
corresponding approximately 5 s, which has been shown
to have the lowest root mean squared error in assessing
children’s physical activity with Actigraph [16] and to be
sufficient for assessing MAD in the steady type of activ-
ities not involving rapid spurts [15]. Thus, the number of
data points included in the analysed epoch was 512 for
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Hookie (epoch length 5.1 s) and 128 for Actigraph (epoch
length 4.3 s).

MAD describes the mean distance of data points about
the mean (MAD =1 eri_ 7|), where n is the number

of samples in the epoch, r; the i™ resultant sample
within the epoch and 7 the mean resultant value of the
epoch. From the measured raw acceleration data, the
MAD values (mg) of the resultant acceleration within
three epochs (5 s after the beginning of given activity, in
the middle, and 5 s before the end of given activity) were
calculated for both accelerometers. The more detailed de-
scription about the calculation of resultant acceleration
and MAD can be found from Vaha-Ypyi et al. [15].

Statistics

Mean and standard deviation (SD) of MAD values are
given as descriptive statistics. Bland-Altman method was
used to examine the agreement of MAD values between
the accelerometers. In doing so, the difference in the
MAD values between the accelerometers in 10 different
activities was plotted against their mean during the same
activities. An example of the averaged minute-by-minute
MAD values across all activities including the time
changing from one activity to another was also per-
formed in relation to single participant’s accelerations to
illustrate the comparability of MAD values in more real-
world conditions as suggested by Welk et al. [17].

To confirm the validity of pattern-based classifica-
tion of intensity, within-subject correlation coefficients
were calculated between the heart rates and MAD
values. Here, the activities representing sedentary be-
haviour were excluded from the analysis because in
some subjects - most likely due to the emotional ex-
citement related to the measurements in the begin-
ning of the session - the heart rate was higher during
sedentary behaviour than during light activity. Pearson
correlation coefficients between the mean heart rate
at 1 and 2 min during each activity and the MAD
values were calculated for each subject separately.
Then, a mean correlation coefficient was determined
by performing z-transformation of subject-specific
coefficients taking the mean of these values and the
inverse z-transformation of the mean.
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MAD cut-points (mg) for classifying the activity pat-
terns by intensity were defined for both accelerometers
with generalized ordinal logistic regression by using the
compound symmetry structure, which assumes that the
correlations between the repeated measures are uniform.
Misclassification represented the proportion (%) of MAD
values showing incorrect classification. In addition, mis-
classification was also assessed using the respective uni-
versal cut-points for intensity classification in adults [15].

Results

Twenty adolescents — 10 girls and 10 boys - volunteered
and participated in the study (Table 1). Their mean age
was 14.2 years (SD 0.7), height 168.0 cm (9.7), weight
56.8 kg (10.9) and body mass index 20.0 kg/m? (2.3).

Table 2 shows the MAD values for each subject in
each activity broken down by gender. Hookie gave some-
what higher accelerations in both jogging and running
compared with Actigraph and a similar but smaller dif-
ference was observed in brisk walking (Fig. 1).

According to Bland Altman analysis the accelerome-
ters agreed well in measuring MAD values up to 700 mg
(Fig. 2). After that the level of difference between the ac-
celerations increased systematically Hookie giving higher
values.

The mean correlation coefficient between MAD values
and heart rates across activities from slow walking to
running was 0.96 for Hookie and 0.97 for Actigraph in-
dicating strong linearity between heart rate and acceler-
ation supporting thus the validity of pattern-based
intensity classification (Fig. 3). The mean heart rate was
92 (SD 8) in slow walking, 99 (12) in normal walking,
118 (15) in brisk walking, 155 (19) in jogging and 180
(13) in running.

Compared to Actigraph, Hookie showed similar cut-
points for separating sedentary behaviour from slow
walking (29 and 27 mg), brisk walking from normal
walking (338 and 330 mg) and somewhat higher for jog-
ging from running (604 and 558 mg). Misclassification
rate was low for both accelerometers (2.5 % or lower).
Hookie misclassified altogether 7 and Actigraph 9 activ-
ities out of 200. Using the universal cut-points (17, 331
and 599) derived from adult accelerometer data in simi-
lar setting [15], the misclassification rate was again low

Table 1 Basic characteristics of the participants: means, standard deviations (SD) and ranges

Girls (n=10) Boys (n=10) All (n=20)

Mean (SD) Range Mean (SD) Range Mean (SD) Range
Age, years 143 (0.7) 13to 15 14.0 (0.8) 13to 15 14.2 (0.7) 13to 15
Height, cm 1644 (94) 148 to 180 171.5 (9.0) 158 to 183 168.0 (9.7) 148 to 183
Weight, kg 545 (104) 40 to 70 59.1 (11.4) 46 to 87 56.8 (10.9) 40 to 87
Body mass index, I<g/m2 200 (2.2) 16.0 to 22.8 20.0 (2.5) 16.8 to 26.0 200 (2.3) 16 to 26
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Table 2 Actigraph and Hookie accelerations (mean absolute deviation, mg) in the 10 activities by gender. The lower part of the
table presents the cut-points from sedentary behaviour to light activity (Cut 1), from light to moderate activity (Cut 2) and from
moderate to vigorous activity (Cut 3) and their specificity, sensitivity and accuracy in classifying the intensity of activities

Subject Actigraph Hookie
& o & >
g ,+x 2 £ £ 8 ,+x £ & £
¢ » E £ 25 £ T = 2 2 ¢ » £ c 25 =2 T = 2 2
£ £ 5 £33 8 = © z I T £ 8 =z O =
S22y §82: 5 z 8 5 52 i 5288 : 5 B S
T peeR g bR E T 2oegig bR E e
% z % z
Girl
1 3 3 3 5 8 28 123 417 618 748 8 6 7 6 12 36 189 391 624 895
2 2 3 3 8 112 229 415 599 679 6 7 10 7 10 121 229 467 683 1030
100
3 3 2 2 3 8 15 221 286 904 7 7 7 7 7 10 19 249 433 925 1086
4 2 1 3 2 7 39 262 398 717 899 7 7 6 6 9 39 286 474 951 1080
5 3 2 2 3 5 10 147 35 751 870 6 7 7 6 8 14 139 377 857 932
6 3 2 3 6 8 41 214 368 652 772 6 7 8 7 18 47 240 409 885 1063
7 2 2 3 2 12 60 203 425 601 647 6 7 7 6 13 55 205 417 702 932
8 3 2 3 3 5 23 143 414 791 834 7 7 8 7 8 29 134 412 773 1042
9 4 3 3 2 4 22 229 401 921 924 7 7 7 5 7 29 240 417 1192 1609
10 5 4 3 5 9 36 194 397 726 739 7 8 8 9 13 36 182 421 832 976
Boy
1 6 4 3 7 9 54 229 409 718 906 7 9 10 12 13 80 281 465 852 1002
2 5 3 4 5 20 104 274 430 811 870 7 10 7 7 36 115 246 379 676 846
3 3 4 5 12 10 103 329 522 656 685 8 9 9 10 19 114 331 583 712 924
4 4 3 14 10 20 61 216 470 617 801 8 8 13 14 20 63 212 485 708 940
5 4 5 5 17 15 68 156 322 826 848 7 9 8 8 13 84 160 308 934 1270
6 3 4 4 3 7 69 130 367 711 831 8 9 9 7 10 76 184 480 784 916
7 2 2 2 3 10 76 336 481 785 908 6 7 6 6 20 94 348 491 1069 1294
8 3 5 6 9 6 52 238 414 837 992 7 9 7 8 8 65 238 418 1020 1408
9 2 2 2 5 16 24 229 336 845 929 6 7 7 6 15 32 229 349 944 1260
10 2 4 7 3 7 32 351 483 779 867 8 7 9 5 9 40 320 566 877 1210
Cut-points (mg) Specificity (%) Sensitivity (%) Misclassification (%)
Actigraph Hookie Actigraph Hookie Actigraph Hookie Actigraph Hookie
Cut 1 26.9 28.7 100 99.0 95.0 96.0 25 25
Cut 2 332.0 338.0 98.6 99.3 96.7 98.3 2.0 1.0
Cut 3 558.3 603.8 100 100 100 100 0 0
900 -
1200 L ]
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Fig. 1 An example of the minute-by-minute comparison of mean Fig. 2 Difference in the mean absolute deviation (MAD, mg)
absolute deviation (MAD, mg) calculated from the Hookie and calculated from Hookie and Actigraph acceleration data in all 10
Actigraph acceleration data of a single participant across all activities plotted against the mean of MAD values in the same
10 activities activities. Dashed lines show 95 % limits of agreement
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Hookie

mg

Heart rate (bpm)

80 120 160 200

Fig. 3 Individual mean absolute deviations (MAD, mg) calculated from Hookie (left panel) and Actigraph (right panel) acceleration data plotted
against the mean heart rate within five activities from slow walking to running

Actigraph

Heart rate (bpm)

(3 % or lower). With these cut-points Hookie misclassi-
fied 9 and Actigraph 8 activities.

Discussion

A need for using raw acceleration data instead of activity
counts for measuring the intensity of physical activity
has been expressed widely [18—20]. This study compared
the MAD-based cut-points of two different accelerom-
eter brands, a widely used Actigraph GTX3 and a new
Hookie device, in classifying the intensity of basic free-
living physical activities in adolescents. To our know-
ledge this is the first study to utilize a raw acceleration
data based trait (i.e, MAD) in comparing two acceler-
ometer brands among adolescents.

According to the results both accelerometers provided
virtually equal MAD values up to about 700 mg and
showed almost perfect agreement in classifying activities
into light, moderate and vigorous categories with marginal
misclassification rate. Our findings indicate the utility of
MAD cut-points in the intensity-based classification of ad-
olescents’ raw acceleration data. Noteworthy, the cut-
points observed in the present data of adolescents were
similar to those obtained in adults [15], and indeed, the
cut-points performed equally well in adults and adoles-
cents. In sum, it may be possible to use same cut-points
for classifying locomotion by intensity both in adolescents
and adults.

The study raised some concerns, which should receive
attention in the future. First, both accelerometers sam-
pled the acceleration signal at sufficient 30 and 100Hz
rates for detecting general movements comprising
frequencies typically less than 10Hz [14]. However, the
wider dynamic range of Hookie (+16,000 mg) outper-
formed Actigraph (3000 mg) by covering also the accel-
erations during vigorous activities such as jogging and
running. Also, the higher 100Hz sampling frequency of
Hookie accounted at least to some extent for the higher
MAD values and thus the cut-points in moderate and
vigorous intensity physical activity compared with

Actigraph. By using the new Actigraph GT3X+, which
can employ 100 Hz sampling frequency and has the dy-
namic range of +8000 mg, these differences may dis-
appear and the agreement of the cut-points might have
been almost perfect.

Second, the sample size of the present study was too
small preventing us from reliable comparison of MAD
cut-points between girls and boys although Table 2 indi-
cates that boys may have slightly higher cut-point from
sedentary to light activity than girls. The limited sample
size hindered us also to stratify the subjects according to
common anthropometric and biomechanical variables,
such as body mass or height, to evaluate the consistency
of the results in various subgroups. For example, the re-
cent treadmill study by Horner et al [21] involving
young, active females indicate that soft tissue (subcuta-
neous adiposity) under the sensor may explain individual
differences and variability in hip-derived accelerometer
output in walking. Thus far, the applicability of the find-
ings in various subgroups is left open. However, given
the fact that the measurement is based on a direct phys-
ical trait i.e, movement induced acceleration and that
the universal MAD cut-points, similar to those found in
adolescents in the present study, have been proven suit-
able for classifying the intensity of physical activity in
adults [15], it is highly likely that the present findings
will apply to other groups of adolescents as well.

Third, it is acknowledged that the array of 10 different
activities was quite narrow covering only a fraction of
the most usual weight-bearing activities and leaving out
a wide spectrum of activities, where the activity-induced
accelerations may not be accurately determined such as
swimming, cycling, skiing, climbing, gym exercising etc.
Moreover, the activities were performed under supervi-
sion and in exceptional surroundings, which was likely
to lead to some deviation from habitual performance.
The correspondence to real life may also have been
impaired by the short duration of single activity, which
was only 2 min instead of 4 to 5 min suggested by Welk



Aittasalo et al. BMC Sports Science, Medicine, and Rehabilitation (2015) 7:18

et al. [17]. However, if the activity was performed simi-
larly over the time period of interest the acceleration
values would have remained unchanged irrespective of
the duration of the activity. Using longer duration
would have prolonged the length of the whole protocol
up to an hour possibly slowing down the recruitment
process and hampering the concentration of teenagers,
who may be more impatient than adults in performing
rigorous tasks.

Fourth, not measuring the distance walked or run pre-
vented us from standardizing the paces and defining the
intensity of ambulatory tasks more objectively. We were,
therefore, unable to verify how well our pattern-based
intensity classification corresponded to pace-specific in-
tensity levels. Heart rate, which was used in this study to
assess the validity of pattern-based classification of in-
tensity, is known to be susceptible for psychological re-
actions [9]. As more elevated heart rates were observed
in sedentary behaviour than in light activity, activities
classified to sedentary behaviour had to be excluded
from testing the correlation between acceleration levels
and heart rates. In terms of light, moderate and vigorous
activities the within-individual correlations between the
MAD and the heart rate were very high for both acceler-
ometers suggesting a valid physiological association be-
tween the MAD value and intensity as judged from the
incident heart rate.

Finally, it can be argued that the placement of the moni-
tors to the different sides of the hip may have influenced on
MAD values and data interpretation. However, in a previ-
ous study by McClain et al. [22], which was conducted in
free-living conditions, the intraclass correlations for various
accelerometer outputs (activity counts, steps, intensity-
specific minutes) between the right and left hip placement
were high ranging from 0.97 to 0.99. Thus, it is unlikely
that the accelerometer placement had notable impact on
MAD values and their interpretation in the present study.

Conclusions

The MAD cut-points of the two different accelerometer
brands with different technical specifications were al-
most identical and indicate that it is possible to find a
method, which classifies similarly the intensity of adoles-
cents’ physical activity from raw acceleration data irre-
spective of accelerometer brand. This is promising
because using a universal trait (i.e, MAD) in the analysis
enables us to compare and synthesize results from stud-
ies using different accelerometers and eventually to
make more reliable conclusions, for example, about the
predictors and health impacts of intensity-specific phys-
ical activity. However, the finding should be confirmed
with larger sample size and age-range as well as wider
spectrum of free-living activities and accelerometer
brands.
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Abbreviation
MAD: Mean amplitude deviation.
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