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Abstract

Background: Accurate accelerometer-based methods are required for assessment of 24-h physical behavior in
young children. We aimed to summarize evidence on measurement properties of accelerometer-based methods for
assessing 24-h physical behavior in young children.

Methods: We searched PubMed (MEDLINE) up to June 2021 for studies evaluating reliability or validity of acceler-
ometer-based methods for assessing physical activity (PA), sedentary behavior (SB), or sleep in 0-5-year-olds. Studies
using a subjective comparison measure or an accelerometer-based device that did not directly output time series
data were excluded. We developed a Checklist for Assessing the Methodological Quality of studies using Accelerom-
eter-based Methods (CAMQAM) inspired by COnsensus-based Standards for the selection of health Measurement
INstruments (COSMIN).

Results: Sixty-two studies were included, examining conventional cut-point-based methods or multi-parameter
methods. For infants (0—12 months), several multi-parameter methods proved valid for classifying SB and PA. From
three months of age, methods were valid for identifying sleep. In toddlers (1—3 years), cut-points appeared valid
for distinguishing SB and light PA (LPA) from moderate-to-vigorous PA (MVPA). One multi-parameter method distin-
guished toddler specific SB. For sleep, no studies were found in toddlers. In preschoolers (3—5 years), valid hip and
wrist cut-points for assessing SB, LPA, MVPA, and wrist cut-points for sleep were identified. Several multi-parameter
methods proved valid for identifying SB, LPA, and MVPA, and sleep.

Despite promising results of multi-parameter methods, few models were open-source. While most studies used a
single device or axis to measure physical behavior, more promising results were found when combining data derived
from different sensor placements or multiple axes.

Conclusions: Up to age three, valid cut-points to assess 24-h physical behavior were lacking, while multi-parameter
methods proved valid for distinguishing some waking behaviors. For preschoolers, valid cut-points and algorithms
were identified for all physical behaviors. Overall, we recommend more high-quality studies evaluating 24-h accel-
erometer data from multiple sensor placements and axes for physical behavior assessment. Standardized protocols
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focusing on including well-defined physical behaviors in different settings representative for children’s developmental
stage are required. Using our CAMQAM checklist may further improve methodological study quality.

PROSPERO Registration number: CRD42020184751.

Keywords: 24-h physical behavior, Physical activity, Sedentary behavior, Sleep, Infants, Toddlers, Preschoolers,
Accelerometer, Cut-points, Machine learning, Measurement properties, Validity, Reliability

Introduction

Accurate assessment of 24-h physical behavior in young
children is crucial as it provides the basis for examin-
ing the health benefits of these behaviors and thereby
evidence for establishing 24-h movement guidelines.
Recent studies indicated the importance of an inte-
grated approach to all 24-h physical behaviors for health,
encompassing sleep, sedentary behavior (SB), and physi-
cal activity (PA) [1-5]. These behaviors are distributed
along an intensity continuum ranging from low energy
expenditure, such as sleep, to vigorous PA requiring high
energy expenditure [6, 7].

Currently, a wide variety of direct measurement instru-
ments are used to assess physical behaviors of children,
such as doubly labelled water, (in)direct calorimetry,
polysomnography, direct (video) observation, and accel-
erometry [8]. Polysomnography is considered a “gold
standard” for sleep, however, this can only be applied in
a laboratory setting. Doubly labelled water is considered
a “gold standard” for total energy expenditure, however,
it cannot distinguish frequency, type, and intensity of
specific physical behaviors [9, 10]. Direct calorimetry
accurately measures metabolic rate in confinement, and
indirect calorimetry allows for this assessment in free-
living situations, however, both methods come with
relatively high costs and are also not distinctive for fre-
quency, type, and intensity of specific physical behaviors
[11]. While direct (video) observation is considered a
suitable comparator measure for assessing different types
of physical behaviors, it is less suitable for assessing activ-
ity intensity because this can only be derived by assigning
a metabolic equivalent to represent energy cost, which is
unknown for the youngest age groups (i.e., infants and
toddlers) [6, 7]. In addition, direct observation is very
time consuming and requires trained observers scoring
a specified protocol [9]. Given these limitations, these
methods might not be feasible for measuring young chil-
dren’s 24-h physical behaviors in free-living situations.
Accelerometers can capture data on body movement, or
lack thereof, continuously over extended periods of time,
and are therefore widely considered the most promising
method for physical behavior assessment.

Current reviews on reliability and validity of acceler-
ometer-based methods for measuring physical behav-
iors in young children were limited to evaluation of only

one measurement property [12] or one physical behavior
[13]. Lynch and colleagues (2019) reviewed studies that
evaluated criterion validity of accelerometers against
indirect calorimetry, concluding that accelerometers can
accurately assess SB and PA in children 3 to 18 years old
[12]. De Vries and colleagues (2006) reviewed criterion-,
convergent validity, test-retest- and inter-device reli-
ability of accelerometers. They found that accelerometers
provide reasonable estimates for assessing PA, however,
no evidence on reliability was found in 2- to 4-years-old
children [13]. Moreover, evidence on these measure-
ment properties for infants (0—12 months) and toddlers
(1—3 vyears) is lacking [14, 15]. Bruijns and colleagues
(2020) reviewed estimates of PA and SB derived from
accelerometer data in infants and toddlers and found
that PA estimates were inconclusive and largely hetero-
geneous [14]. Additionally, no studies under three years
old were found in a review on the evidence for methodo-
logical accelerometer decisions (e.g., epoch length, wear
location, data analysis approach) for assessing PA in chil-
dren aged 0—5 years [15].

While accelerometer-based methods provide rea-
sonable estimates of time spent in SB, PA, and sleep in
school-aged children [12, 13, 16—19], this cannot be gen-
eralized to young children due to major differences in
types and intensity of their physical behaviors [20]. Physi-
cal activity types are different for children, depending on
their developmental stage, e.g., daytime naps, crawling,
and being carried in the youngest age groups [15, 21].
Moreover, the intensity of activities might differ between
children depending on the efficiency of motor skills.
For instance, toddlers start walking around one year of
age, increase locomotor (e.g., running, jumping, hop-
ping), stability (e.g., balancing, climbing), and develop
object-control skills (e.g., kicking, catching, rolling) [22].
Preschoolers (3-5 years) further develop these skills
and often participate in modified sports [23]. These dif-
ferences in physical behaviors and motor development
require age group specific studies on the validity and reli-
ability of measurement instruments and analysis tech-
niques, adapted to the child’s developmental stage.

For assessment of 24-h physical behavior in young chil-
dren a complete overview of measurement properties of
accelerometer-based methods is unavailable and there is
no consensus about the optimal measurement protocol
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(e.g., epoch length, wear location) and accelerometer
processing (e.g., cut-points, algorithms, machine learning
methods) decisions for the use of accelerometer-based
methods in young children [15]. To be able to select the
most appropriate method for the child’s developmental
stage, an overview of current accelerometer processing
and study designs, and measurement properties of the
available accelerometer-based methods is warranted.
Therefore, we aimed to comprehensively review all stud-
ies examining the measurement properties test—retest,
inter-device reliability, criterion- and convergent validity
of accelerometer-based methods assessing 24-h physical
behavior in young children aged 0-5 years, including an
evaluation of the quality of evidence.

Methods

We registered this review on PROSPERO (international
prospective register of ongoing systematic reviews; reg-
istration number: CRD42020184751) and followed the
Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) guidelines [24].

Search strategy

We systematically searched the electronic database Pub-
Med (MEDLINE) up until 26" June 2021. The search
strategy focused on terms related to young children (e.g.,
infant, toddler, preschooler), accelerometer-based meth-
ods (e.g., accelerometry/methods, actigraphy), and meas-
urement properties (e.g., validity, reliability). These terms
were used in AND-combination with terms related to
physical behavior: SB (e.g., inactive behavior, stationary
behavior, sitting), PA (e.g., motor activity, tummy time,
cycling), OR sleep (e.g., nap, bedtime, night rest). Arti-
cles related to animals, a variety of disorders (e.g., autism,
attention deficit disorder), and diseases were excluded
using the NOT-combination. Medical Subject Heading
(MeSH), title and abstract (TIAB), and free-text search
terms were used, and a variety of publication types were
excluded (e.g., book sections, thesis). The full search
strategy can be found in Additional File 1.

Eligibility criteria

Studies were eligible for inclusion when the study: 1)
used an accelerometer-based method to monitor at least
one physical behavior: SB, PA, or sleep; 2) evaluated at
least one measurement property of an accelerometer-
based method: test—retest or inter-device reliability, crite-
rion- or convergent validity; 3) included a (sub)sample of
apparently healthy children, born term (> 37 weeks), with
a mean age <5 years or a wider range with the results for
0-5-year-olds reported separately; 4) was published in
English in a peer-reviewed journal; and 5) full-text was
available.
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Studies were excluded when the study: 1) used a diary,
parent- or proxy-report, or relied on parents for direct
observation as comparison measure; 2) evaluated meas-
urement properties in a clinical population, e.g., focused
on only children with overweight or obesity; or 3) relied
on accelerometer-based devices that do not directly out-
put data on acceleration time series data or magnitude of
acceleration, e.g., Fitbit.

Selection procedures

We imported articles into reference manager software
(EndNote X 9.1), and subsequently removed duplicate
articles. Two researchers (AL and TA) independently
screened titles and abstracts for eligibility using Rayyan
and subsequently screened full-text articles. For four
publications, the mean age of the study population was
missing. To resolve this missing information, we con-
tacted the authors. In addition, the reference lists of all
relevant full-text articles were screened for possible
inclusion of additional studies. A third researcher (MC)
was consulted to resolve discrepancies.

Data extraction

For all eligible studies, two researchers (AL and JA)
extracted data using a structured form. Disagree-
ments were resolved through discussion. Extracted data
included the evaluated measurement properties, study
and target population, accelerometer specifications (i.e.,
device and model, placement location and site, epoch
length, axis), accelerometer data analysis approach used,
outcome(s) and setting, comparison method (in case of
validity), time interval (in case of test-retest reliability),
and results of the evaluated measurement properties. The
variety of accelerometer-based methods was described
using code combinations of the following four elements:
accelerometer brand, analysis approach, axis, and epoch
length (see Additional File 3).

Methodological quality assessment

Two researchers (AL and either TA or MC) rated the
methodological quality of the included studies indepen-
dently using a newly developed checklist to assess risk of
bias. Risk of bias refers to whether the results for evalu-
ating a measurement property are trustworthy based on
the methodological study quality. In case of disagree-
ment, all three researchers discussed the rating until con-
sensus was reached.

Checklist development

We newly developed a Checklist for Assessing the
Methodological Quality of studies using Accelerome-
ter-based Methods (CAMQAM), as there was no stand-
ardized checklist available. The CAMQAM was inspired
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by quality assessment of patient reported outcomes, the
standardized COnsensus-based Standards for the selec-
tion of health Measurement INstruments (COSMIN)
risk of bias checklist [25-27], and by a previous review by
Terwee and colleagues [28]. To fit accelerometer-based
methods, we used the following relevant parts and, made
minimal adjustments (e.g., wordings): ‘Box 6 Reliability’
for test-retest- and inter-device reliability,Box 8 Crite-
rion Validity’ for criterion validity, and ‘Box 9 Hypothesis
testing for construct validity’ part ‘9a Comparison with
other outcome measurement instruments’ for conver-
gent validity. Moreover, we developed two boxes with
additional items to rate methodological quality of stud-
ies assessing the criterion- or convergent validity of a
specific accelerometer data analysis approach to cat-
egorize physical behavior: 1) conventional cut-points
based method using a single value, or 2) multi-parameter
method using more than one parameter, e.g., sleep algo-
rithm, machine learning method. Two of the authors (TA
and MC) independently rated the most diverse included
studies for each measurement property. Thereafter, we
added examples or explanations to clarify the items and
ensure studies were scored using the correct box. The
CAMQAM was used as a modular tool; only those boxes
were completed for the measurement properties evalu-
ated in the study.

For each examined measurement property, the study
design requirements were rated as either very good, ade-
quate, doubtful, or inadequate quality [25]. To rate the
final methodological study quality, a worst score method
was adopted, i.e., using the lowest rating of any item in
a box. Additional File 2 presents the complete checklist
and scoring manual.

In the appraisal of methodological study quality, the
following study aspects were considered: study design
(e.g., sample, epoch length, measurement duration, com-
parison instrument and their measurement properties in
the study population) and the performed statistical analy-
sis to evaluate the measurement property of the acceler-
ometer-based method (see Table 1 in Additional File 2 for
a summary of the definitions).

Rating study results

The result of each study on a measurement property was
rated against the criteria for good measurement proper-
ties proposed in the COSMIN guideline, i.e., sufficient
(+), insufficient (-), inconsistent (+) or intermediate (?)
[26]. Below is indicated for each measurement property
which outcomes were considered sufficient (+). Out-
comes were considered insufficient (-) when these cri-
teria were not met, and intermediate (?) when not all
necessary information was reported. Due to the great
variety of accelerometer-based methods adopted in the
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studies, quantitative pooling or quantitatively summariz-
ing of the results was not feasible.

Reliability

Reliability results were considered acceptable under the
following conditions: 1) Intraclass Correlation Coeffi-
cients (ICC) or Kappa values (k) were > 0.70 [28]; or Pear-
son (rp), Spearman rank (rsp) or unknown (r) correlation
coefficients were > 0.80 [25]. Some studies reported mul-
tiple correlations per accelerometer-based method for
reliability, e.g., separate correlations for different physi-
cal intensities. Therefore, we applied a rating per physical
behavior (i.e., incorporating correlations separately for
PA, SB, and/or sleep), and an overall rating (i.e., incor-
porating all correlations) to obtain final reliability rating
for each study. When > 75% of reliability outcomes were
acceptable, a sufficient rating was received, when > 50%
and<75% of reliability outcomes were acceptable an
inconsistent rating was received, and an insufficient evi-
dence rating was received when<50% of reliability out-
comes were acceptable.

Validity

Criterion validity was considered acceptable when: 1)
correlations or x with the ‘gold standard’ were >0.70
(Table 1, e.g., comparison measure was polysomnogra-
phy for accelerometer-based methods aiming to assess
sleep, or indirect calorimetry to score energy expendi-
ture); or diagnostic test results (i.e., area under the
receiver operating curve, accuracy, sensitivity, or specific-
ity) were > 0.80.

To rate the results of studies that evaluated convergent
validity, we formulated criteria for acceptable results
regarding the confidence in the comparison instrument
to accurately measure the relevant physical behavior (i.e.,
level of evidence) (Table 1). We first assessed the level
of evidence using these criteria, where level 1 indicated
strong evidence, level 2 indicated moderate evidence, and
level 3 indicated weak evidence. Thereafter, subdivided
by the level of evidence, we rated study results as accept-
able when: 1a) correlations (i.e., T Tow r) with the com-
parison measure were > 0.70 (level 1); or 1b) correlations
with the comparison measure were > 0.60 (level 2 or level
3) [13]; 1c) ICC, Concordance Correlation Coefficients
(CCCQ), or x with the comparison measure were > 0.70;
2) or diagnostic test results were >0.80. As most stud-
ies reported multiple results, we applied a rating per
physical behavior (i.e., incorporating results separately
for SB, PA, and/or sleep), and an overall rating for each
study. When > 75% of the validity outcomes were rated as
acceptable, a sufficient rating was received, when >50%
and <75% of validity outcomes were rated as acceptable
an inconsistent rating was received, and an insufficient
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Table 1 Physical behavior assessed by accelerometer-based methods evaluating validity, subdivided by level of evidence?, and criteria

for acceptable outcome values

Physical behavior

Physical activity

Sedentary behavior (primarily
defined as an activity type, and
secondarily as an intensity)

Sleep

Outcome value

Il 1, R?
AUC-ROC, accuracy, Se, Sp

ICC, CCCk, Ky, Kaw

Level of Evidence
Level 1

Indirect calorimetry to score energy
expenditure, e.g,, DLW, AEE

Direct video observation to score
activity type

Direct video observation to score
activity type

Indirect calorimetry to score energy
expenditure

Polysomnography

Acceptable results
Level 1

>.70

>80

>.70

Level 2

Direct observation to score activity
type

Accelerometer-based magnitude of
acceleration (different brand/type)

Direct observation to score activity
type

Accelerometer-based orientation
classification (thigh data), e.g.,
activPAL

Videosomnography or direct video
observation to classify sleep-wake
states

Indirect calorimetry, e.g.,, SMR

Level 2
> .60
>80
>.70

Level 3
Pedometer (daily) step counts

Accelerometer-based magnitude of
acceleration (different brand/type)

Direct observation to classify sleep—
wake states

Accelerometer-based magnitude of
acceleration (different brand/type)

Level 3
> .60
> .80
>.70

q

Abbreviations: AEE activity energy expenditure, AUC-ROC area under the receiver operating curve, CCC concordance correlation coefficient, DLW doubly labelled

water, ICC intraclass correlation coefficient, k Kappa, k,, weighted Kappa, k,,

w quadratic weighted Kappa, r, Pearson correlation coefficient, I, Spearman’s rank-order

correlation coefficient, r unknown correlation coefficient, R? R-squared value, Se sensitivity, SMR sleeping metabolic rate, Sp specificity

2 Level of evidence: level 1 indicating strong evidence, level 2 indicating moderate evidence, and level 3 indicating weak evidence

evidence rating was received when <50% of validity out-
comes were acceptable.

Quality of evidence grading

Quality of evidence was graded using the Grading of Rec-
ommendations Assessment, Development and Evalua-
tion (GRADE) approach as proposed in the COSMIN
guideline, i.e., high, moderate, low, or very low [26], to
indicate trustworthiness of the measurement property
results. To derive the grading, the methodological study
quality (i.e., risk of bias) was weighted with relevant risk
factors: 1) inconsistency, i.e., unexplained inconsistency
of results across studies, 2) imprecision, i.e., total sam-
ple size of the available studies, and 3) indirectness, i.e.,
evidence from different populations than the popula-
tion of interest in this review [26]. The evidence grading
was subsequently downgraded with one, two, or three
levels for each risk factor, to moderate, low, or very low
quality of evidence. The quality of evidence grading was
performed for each measurement property and each
accelerometer-based method separately.

Results

The systematic literature search yielded a total of 1,673
unique articles. After title and abstract screening, 82 full-
texts were screened. Additionally, 16 articles were found

through cross-reference searches. Therefore, a total of 98
full-text articles were assessed for eligibility, of which 62
were included (see Fig. 1 for the full selection process).
Thirteen of the included studies evaluated the measure-
ment properties of accelerometer-based methods for
assessing SB, PA, and/or sleep in infants [29—41], nine in
toddlers [42-50], and forty in preschoolers [51-90].

The included studies evaluated measurement prop-
erties for time series data or magnitude of acceleration
directly [42, 45, 51-60, 62, 63, 70] or applied one of the
following data analysis approaches to categorize physical
behavior: a conventional cut-points based method using
a single value [29-34, 42-47, 51-53, 56, 61, 64-81, 89],
or a multi-parameter method (e.g., algorithm, machine
learning) [30, 35-41, 48-50, 55, 66, 75, 82-90].

Reliability

Table 2 summarizes the results for reliability, of which
two studies examined test—retest reliability [29, 65], and
one study examined inter-device reliability [42]. Test—
retest reliability of an accelerometer-based method using
a cut-points based method was evaluated by measuring
SB and PA in preschool aged children [65]. Total PA, SB,
light PA (LPA) and moderate-to-vigorous PA (MVPA)
were considered reliable across all wear time criteria,
except for absolute values of SB. For absolute values of SB,
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Fig. 1 Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flow diagram of study inclusion

results were sufficient if data was collected for>5 days/
week of >10 h. Despite adequate methodological study
quality, these results received low quality of evidence as
they were retrieved in a sample of 91 preschoolers. Inter-
device reliability for epoch level activity counts (60 s) was
rated as sufficient for activity counts in toddlers wearing
two Actical devices side-by-side on the non-dominant
ankle [42]. Despite adequate methodological study qual-
ity, these results received low quality of evidence as they
were retrieved in a limited sample of 24 toddlers.

Validity

The following subsections present the results for valid-
ity by age group. Notably, most studies used the vertical
axis (VA). In studies among infants the accelerometer
was predominantly worn on the ankle, while for studies
among toddlers or preschoolers the devices were mainly
placed on the hip. Unless otherwise specified, we report
study results based on this majority placement and axis.

Infants
Table 3 summarizes the results for validity, of which four
studies examined criterion validity [30-32, 35], and nine

studies examined convergent validity [29, 33, 34, 36—
41] in infants.

No studies assessed validity of cut-points for SB, LPA
and MVPA in infants, while for sleep no cut-points (i.e.,
wake thresholds) were evaluated as valid [30—-33]. Qual-
ity of evidence was low for studies evaluating criterion
validity, as results were retrieved in limited samples of 22
to 31 infants, despite very good methodological quality
[30-32]. The results of the study that evaluated conver-
gent validity, were insufficient, despite moderate quality
of evidence [33].

In contrast, multi-parameter methods were more suit-
able for assessing the physical behavior of infants than a
conventional cut-points based method. Infant leg move-
ments could sufficiently be distinguished from non-infant
produced movement using an algorithm describing
velocity and acceleration magnitude for this activity [41].
However, these results received very low quality of evi-
dence as methodological study quality was doubtful and
the results were retrieved in a sample of only 12 infants.

For posture and movement classification, using arm
and leg data, validity of convolutional neural net-
works was rated as sufficient [39]. The performance of
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Table 2 Reliability of accelerometer-based methods, sorted by methodological study quality, study result rating and quality of

evidence
Study Study Outcome(s) Time Methodological Placement Device- Results Study Quality of
population® & Setting interval study quality® based result evidence®
method® rating®
Hageretal.  Toddlers Activity na A Non-domi-  Ac-cts- ICC,=98 + Low
(2016) [42] n=24%*2Ac counts nant ankle;  omni-60
Age=245+52 Laboratory side-by-side
(14.7 to 35.5) (structured
months activities)
Sex=41.7% girls
Aadland &  Preschoolers Total PA, 14 days A Not AG-Ev- ICCp=75 4+ Low
Johannessen n=91 SB, LPA and reported VA-10 for all (SB+;
(2015) [65] Age=4.07+£05 MVPAIn outcomes PA+)
(3to5) years min/day and across all wear
Sex=51%girls % of valid criteria (> 6,8
wear time and 10 h/day
Free-living and >3 and
5 days/week)
Except for SB
(min/day):
ICC) 61
t0 .81
Higher ICC™, ;)
for percent-
ages than
absolute
values
ICC™ ;=80
(>6and>8h/
day) > 7 days
required
ICC ;=80
(=10 h/day)
within 7 days:
39to 7.1 days
Greenspan,  Infants Body posi-  0days Trunk GG-Gr-HA/  «,=.89,95% + Very low
Cunha, & n=16 tion: supine, VA/DA-1 Cl1(87to0 .91)
Lobo (2021) Age=3.141.1 reclined, Supine: agree-
[29] (1.8t05) upright, ment=289.2%
months inclined, and Reclined:
Sex=51%girls  prone agree-
Free-living ment=72.6%
(structured Upright:
play) agree-
ment=90.9%
Inclined:
agree-

ment =84.6%
Prone: agree-
ment=91.1%

Abbreviations: Ac Actical, AG ActiGraph, cpom counts per minute, cts counts, DA diagonal axis (z-axis), Ev Evenson’s cut-points (2008) [91], GG get around garment

with ADXL335, Gr Greenspan’s cut-points (2021) [29], HA horizontal axis (x-axis), ICC, intraclass correlation coefficient analysis decision was unclear, ICC™; ;) intraclass
correlation coefficient inappropriate analysis decision one-way random effects model, k, weighted Kappa, LPA light physical activity, MVPA moderate-to-vigorous
physical activity, n.a. not applicable, omni omnidirectional, PA physical activity, r unknown correlation coefficient, SB sedentary behavior, VA vertical axis (y-axis), 1 1's
epoch, 10 10 s epoch, 60 60 s epoch

2 Age presented as mean =+ SD (range)

b Methodological study quality based on newly developed checklist: VG very good, A adequate, D doubtful, | inadequate

¢ Device-based method described using code combinations of four elements resulting in the following format: brand-axis-approach-epoch length
d Study result rating based on COSMIN guideline: + sufficient, & inconsistent, - insufficient, ? intermediate

€ Quality of evidence based on GRADE approach
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convolutional neural networks and supported vector
machines were comparable for classification of infant
specific postures, e.g., tummy time and crawl posture.
However, for movement in prone positions (e.g., crawl,
turn and pivot) the performance of the convolutional
neural networks was consistently 5 to 10% higher than
the performance of support vector machines, result-
ing in a sufficient study result rating for the former and
an inconsistent rating for the latter. Despite adequate
methodological study quality, these results received
low quality of evidence as the results were retrieved in
a sample of 22 infants. Another neural network using
chest data was rated as sufficient for sleep and move-
ment classification [40]. Despite adequate methodolog-
ical study quality, the results received very low quality
of evidence as the results were retrieved in a sample of
only nine infants.

Sleep could be distinguished from wake from
3-months of age using different multi-parameter meth-
ods [30, 36, 38]. Convergent validity of the Sadeh algo-
rithm that calculates the probability of sleep, was rated
as sufficient in free-living situations for infants [38].
However, it was less suitable to distinguish active and
quiet sleep. These results received very low quality of
evidence as the results were retrieved in a limited sam-
ple of 41 infants and methodological study quality was
doubtful. Similarly, convergent validity of the auto-
matic sleep—wake scoring algorithm developed for raw
data was rated as sufficient to distinguish sleep from
wake, despite low accuracy for distinguishing active
from quiet sleep [36]. However, these results received
very low quality of evidence as they were retrieved in
a sample of only 10 infants and methodological study
quality was inadequate. Galland and colleagues (2012)
determined the accuracy of three algorithms for distin-
guishing sleep from wake states using 15-, 30- and 60 s
epochs in infants with a mean age around 3-months
[30]. In line with previous results, criterion valid-
ity of the Sadeh and the Cole-Kripke (computing the
weighted sum activity) algorithm was rated as insuffi-
cient. However, criterion validity of an algorithm simi-
lar to the Cole-Kripke algorithm that uses count-scaled
data (leg placement) was rated as sufficient in infants of
around 3-months of age using 15 s or 30 s epochs. The
best performing algorithm used a sampling epoch of
15 s. Sleep agreement of the other algorithms was high-
est using the 15- or 30 s epoch, however, at the expense
of wake agreement. Notably, correspondence with poly-
somnography was poorest for the number of wake time
after sleep onset using 60 s epochs. Despite very good
methodological study quality, these results received low
quality of evidence due to the limited sample size of 31
infants.

Page 17 of 63

Toddlers

Table 4 summarizes the results of nine studies in tod-
dlers that examined convergent validity [42-50]. No
studies evaluated methods to distinguish sleep from
wake.

For the assessment of SB, LPA and MVPA no valid
cut-point sets were found. Four studies evaluated the
convergent validity of cut-points based methods for
accelerometers using direct (video) observation as com-
parison measure [43, 44, 46, 47]. These studies suggested
that cut-points can be used to distinguish SB [46, 47] or
low intensity [43, 44] from high intensity PA. Cut-points
to distinguish SB and LPA from MVPA were rated as suf-
ficient, with MVPA for the vector magnitude (VM) > 208
counts/15 s (Muge=1.42j:0.05 years) [43], or for the
VA > 418 counts/15 s (Mage=2.30:|:0.40 years) [44]. In
contrast, cut-points to distinguish SB from total PA were
rated as sufficient, for the VM with SB<6 counts/5 s
(Mage=2.99j:0.48 years) [46], or<40 counts/5 s [47].
These results seemed promising as high agreement and
low bias were found, but the results of these studies
received low [44, 46] to very low [43, 47] quality of evi-
dence due to small sample sizes (10>#n<40), despite
very good methodological quality of two studies [44, 46].

Using a multi-parameter method, SB (e.g., carrying)
could be sufficiently distinguished from ambulation PA
(e.g., running, crawling, and climbing) using time-domain
and frequency acceleration signal features. Convergent
validity of this random forests was rated as sufficient [49].
However, these results received low quality of evidence
as the results were retrieved in a sample of only 21 tod-
dlers, despite very good methodological study quality. In
another study, compared to other multi-parameter meth-
ods, random forests provided the best classification of
activity type (i.e., running/walking, crawling, climbing,
standing, sitting, lying down, carried and stroller) [48].
To improve accuracy, the models were augmented by a
hidden Markov model by providing the predictions of
the models as observations. Despite small improvements,
study results were rated as insufficient.

Preschoolers

Table 5 summarizes the results for validity, of which ten
studies examined criterion validity [51-55, 66, 67, 75, 84,
88] and thirty studies examined convergent validity [51,
56—64, 68-74, 76-83, 85-87, 89, 90] in preschoolers.

For the assessment of SB, LPA and MVPA, hip [81]
and wrist [78] cut-points were evaluated as valid. Sirard
and colleagues (2005) evaluated convergent validity of
age specific cut-points [81]. Compared to observational
scores using the Children’s Activity Rating Scale (CARS)
agreement was high. Highest correlation between pre-
dicted and observed scores was found for SB, whereas
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lowest correlation between predicted and observed
scores was found for MVPA. These results received high
quality of evidence as the methodological study qual-
ity was very good and results were retrieved in a sam-
ple of 269 preschoolers. Similar results for convergent
validity of Sirard’s SB and MVPA cut-points were found,
using the Observational System for Recording physical
Activity in Children-Preschool (OSRAC-P) as compari-
son measure [71]. Highest sensitivity was found for SB,
while sensitivity was lowest for VPA. However, specificity
was lowest for SB and highest for MVPA. Compared to
other cut-points based methods, Sirard’s cut-points were
most sensitive in detecting SB and converged best with
direct observation [45, 52, 71, 91]. However, convergent
validity of Sirard’s cut-points was rated as inconsistent
with moderate quality of evidence, as these results were
retrieved in a sample of 56 preschoolers. Another study
evaluated convergent validity of the Sirard MVPA cut-
point compared to the same direct observation scheme,
i.e., CARS [61]. Bias was lowest when applying the Sirard
MVPA cut-point versus other cut-points based methods
in a sample of only 32 preschoolers [45, 52, 97]. When
applied to accelerometer-derived data in toddlers, results
of Sirard’s cut-points were rated as insufficient [45].

Johansson and colleagues (2016) evaluated conver-
gent validity of wrist cut-points (both VA and VM) [78].
Agreement with direct observation (i.e., CARS) was high
[78]. However, these results received very low quality of
evidence, as the methodological study quality was inad-
equate, and results were retrieved in a limited sample of
30 preschoolers.

Some multi-parameter methods were also suitable for
assessing SB, LPA and MVPA. Convergent validity of a
support vector machine was evaluated as sufficient for
distinguishing SB, LPA and MVPA, walking and running
in laboratory setting [89] but not in free-living settings
[83, 85]. Trost and colleagues (2018) developed random
forest and support vector machine models to catego-
rize SB, light activities and games (i.e., LPA), moderate-
to-vigorous activities and games (i.e., MVPA), walking
and running [89]. Almost perfect agreement with direct
observation was found (hip and combination hip and
wrist), while cut-points for this sample resulted in only
moderate to substantial agreement. Using hip or wrist
only data, convergent validity of support vector machines
was rated as sufficient, while both random forests and
support vector machines were rated as sufficient when
hip and wrist data were combined. In free-living set-
tings accuracy of these models decreased by 11 to 15%
[85]. Hip classifiers had moderate agreement with direct
video observation, while agreement of wrist classifiers
was lower in free-living. In free-living settings, accuracy
of random forests combining hip and wrist data was
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comparable. However, study results were rated as insuf-
ficient. In addition, support vector machine models have
not been tested while combining hip and wrist data.
Despite very good [85] and adequate [83, 89] methodo-
logical study quality, these results received low quality
of evidence as the results were retrieved in limited sam-
ples of 11 [89] and 31 [83, 85] preschoolers. Convergent
validity of a simple decision table was evaluated as suf-
ficient for distinguishing comparable activity types (i.e.,
sit, stand, run, walk and bike) in a free-living setting [86].
These study results received very low quality of evidence
as methodological study quality was doubtful and the
results were retrieved in a sample of only 29 preschoolers.

Criterion validity of support vector machine models,
random forests, and artificial neural networks was evalu-
ated [84, 88]. Despite intermediate study results, random
forests and artificial neural networks seemed to result
in equal prediction accuracy of energy expenditure [88].
Results of the other study indicated that predicted energy
expenditure of existing lab, free-living and retrained ran-
dom forests (wrist and hip) and support vector machines
(wrist) were within+6% of measured energy expendi-
ture, but not for artificial neural networks (hip) [84].
Despite adequate methodological study quality, these
study results received very low quality of evidence as they
were retrieved in limited samples of 31 [84] and 41 [88]
preschoolers. Criterion validity of cross-sectional time
series models [55, 75] and multivariate adaptive regres-
sion splines [55] was evaluated as sufficient for predicting
minute-by-minute energy expenditure. Results indicated
a lack of bias and acceptable limits of agreement for these
models, however, bias was slightly lower for multivariate
adaptive regression splines. These results received mod-
erate [55] and very low [75] quality of evidence.

For sleep assessment, different cut-points based meth-
ods (i.e., wake threshold values) were evaluated to distin-
guish sleep from wake. Moreover, the multi-parameter
method AlgoSmooth was evaluated, which smooths data
derived from the wake threshold value of 40 before scor-
ing sleep or wake [100]. Criterion validity of wake thresh-
old values of 40 and 80 applied to adjusted wrist data (i.e.,
regressed using lower activity counts of the ankle device)
was rated as sufficient for wake time but poor for wake
time after onset, but results were rated as inconsistent
when applied to raw data [66]. In contrast, when the raw
wrist data was smoothed using the AlgoSmooth algo-
rithm, criterion validity was evaluated as sufficient [66].
Correlations between an Actiwatch and polysomnogra-
phy were high, except for wake time after onset. Results
were worse for ankle data. Despite very good methodo-
logical study quality, these results received low quality of
evidence as the results were retrieved in a limited sample
of 12 preschoolers [66].
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Convergence between devices

Few studies examined the convergence between differ-
ent accelerometers [56, 64, 72, 74]. No studies evaluated
convergence between accelerometer-based methods in
infants and toddlers. Convergence of both time spent
in SB derived by ActiGraph and activPAL (hip vs. thigh)
[72, 74], Actical and activPAL (wrist vs. thigh) [64], and
ActiGraph and Actiwatch (waist vs. wrist) count data
[56] was rated as insufficient as low to moderate agree-
ment was found. Despite very good methodological
study quality of all studies, these results received mod-
erate [74] to low [56, 64, 72] quality of evidence due to
sample sizes of 23 to 60 preschoolers.

Combining data
Combining data derived from multiple sensors [39, 85,
89] or multiple axes [34, 43, 47, 49, 77, 78] resulted in
more valid predictions. Single placed sensors resulted
in lower performance and insufficient data for posture
and movement classification, compared to combining
data from two or four different locations [39]. In line
with these results, the combination of hip and wrist
data in models for activity intensity prediction resulted
in higher performance compared to using hip or wrist
data only [85, 89]. Despite very good [85] and adequate
[39, 89] methodological study quality, these results
received (very) low quality of evidence due to limited
sample sizes of 31 [85], 22 [39], and 11 [89] children.
Generally, using data from the VM to categorize
activity intensity provided better results (higher agree-
ment between accelerometry and comparison measure)
than the VA (y-axis) [43, 47, 77, 78]. In line with these
results, for activity type classification (i.e., running
walking climbing up/down, crawling, riding on a ride
on toy, standing, sitting, stroller, being carried) feature
importance was highest for the VM standard devia-
tion versus features of the different axes or other VM
features [49]. In addition, combined cut-points for the
VA (y-axis) and horizontal axis (x-axis) were used to
classify the postures of infants as prone and non-prone
[34]. Despite the inconsistent results, the study indi-
cated that combining data from these axes is required
to accurately assess horizontal movement behaviors
such as tummy time (time spent prone on floor). The
combination of the acceleration signal time-domain
and frequency features also resulted in better activ-
ity type classification [49, 50]. When comparing fea-
ture sets, accuracy was higher when frequency-domain
features were included in addition to time-domain
features. Moreover, activity intensity classification
improved when adding temporal features to this base
set (i.e., time domain and frequency features) [85].
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Discussion

This review summarizes studies that evaluated the meas-
urement properties of accelerometer-based methods for
assessing physical behavior in young children (<5 years
old). To assess the methodological quality of the 62
included studies, we developed a new checklist inspired
by COSMIN [25-27]. Despite very good to adequate
methodological study quality of 58% of the studies, only
ten percent of the study results received high or moder-
ate quality of evidence, due to limited samples sizes.

Validated cut-points for the youngest age group (i.e.,
infants) are still lacking, while multi-parameter methods
were evaluated as sufficient to distinguish posture, SB
and PA using multiple sensors [39], movement and sleep
[40], leg movements [41], and sleep—wake [30, 36, 38].
Despite very good [30] or adequate [39, 40] methodologi-
cal study quality of some of these studies, quality of evi-
dence was rated as low [30] to very low [36, 38—41].

In toddlers, hip cut-points were considered valid for
distinguishing SB and LPA [46, 47] from high intensity
PA [43, 44], despite large differences between cut-points
based methods. No studies were found for identifying
sleep in toddlers using cut-points based or multi-param-
eter methods. For SB, VM cut-points varied between <40
counts/5 s [47] and <97 counts/5 s [46]. For MVPA, cut-
points were VM >208 counts/15 s [43] and VA >418
counts/15 s [44]. The difference between the SB cut-
points is probably due to inconsistency in the definition
of SB adopted by the different observational schemes
used. Specifically, in the study by Costa and colleagues,
SB was defined as “stationary with no movement and sta-
tionary with movement of the limbs’, resulting in a higher
cut-point [46] than Oftedal and colleagues who did not
include limb movement [47]. Notably, the MVPA cut-
points were derived in study samples with divergent char-
acteristics. Trost and colleagues included children from
an urban area that were around one year older than the
children from a rural area included by Pulakka and col-
leagues [43, 44]. Conversely, cut-points could not identify
toddler specific behaviors such as “being carried” as SB.
A random forest model was considered valid to distin-
guish SB (including this toddler specific behavior) from
PA [49]. Despite very good methodological study quality
of some studies [44, 46, 49], quality of evidence for these
cut-points based and multi-parameter methods was low.

For distinguishing different physical intensities (i.e., SB,
LPA, and MVPA), we found strongest evidence in pre-
schoolers. Next to age-specific hip cut-points [81], wrist
cut-points were also evaluated as valid [78]. For assess-
ing sleep, adjusted wrist [66] cut-points were evaluated
as valid. Quality of evidence for hip cut-points was high
[81], and these cut-points were also positively evaluated
in cross-validation studies [61, 71], but not when applied
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in toddlers [45]. The wrist cut-points, however, have not
been cross-validated and despite very good methodologi-
cal study quality of the study assessing sleep cut-points
[66], quality of evidence was low [66, 78]. Conversely, for
identifying SB, LPA, and MVPA, using multi-parameter
methods resulted in more promising results compared to
cut-points based methods [83, 85, 89]. Although random
forest and support vector machine models were rated as
sufficient in laboratory setting [89], these were rated as
insufficient in a free-living setting [83, 85]. Activity type
could be distinguished using a decision table in a free-liv-
ing setting [86]. In addition, sleep could be distinguished
from wake using the AlgoSmooth algorithm applied to
(raw) wrist data [66]. Despite very good [66, 85] and ade-
quate [83, 86, 89] methodological study quality, quality of
evidence was low [66, 85] or very low [83, 86, 89].

Despite the promising results of multi-parameter
methods, only few models were accessible as open-
source software [84—86, 88]. This hampers the replica-
tion of study results as closed source models cannot be
reused. In case software is available, be aware to use the
same version, configuration, and implementation (e.g.,
brand, axis, placement, parameters, target group). It is
not recommended to reuse cut-points based methods
when deviating from accelerometer specifications (i.e.,
brand, axis, and placement) or target population (age
group), as cut-points need to be re-evaluated. Moreover,
the inconvenience of cut-points based methods is related
to the derivation of the magnitude of acceleration (count
data), which is kept close source by most manufacturers.

Most studies used a single device or axis to measure
physical behavior, while more promising results were
found when combining data derived from different sen-
sor placements [39, 85, 89] or multiple axes [34, 43, 47,
49, 50, 90]. Movement patterns of young children are
sporadic, omnidirectional, and unique per developmental
stage (e.g., lying on back or tummy, crawling or walking),
and accelerometers capture only the movement of the
body segment it is attached to [15, 20, 23]. This requires
accelerometers that can capture movement in multiple
planes, and placement of accelerometers on different
sites (e.g., wrist and hip, legs, and arms).

There are a few reasons that contributed to the (very)
low quality of evidence of the studies. Firstly, the qual-
ity of evidence was mostly downgraded due to limited
sample sizes of<100 children included in studies, i.e.,
imprecision [26]. If more studies would have used the
same measurement and analyses protocol (i.e., accel-
erometer brand, accelerometer data analysis approach,
axis, and epoch length), this sample size issue could have
been resolved by pooling the results. Besides sample size,
another important aspect for the generalizability is that
the variation of the performed physical behaviors in the
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target population is captured. Secondly, the doubtful
methodological study quality contributed to the down-
grading of the quality of evidence, i.e., risk of bias [26].
Common methodological limitations varied per meas-
urement property. Regarding convergent validity, both
the unknown or insufficient measurement properties
of the comparison instrument and the too long epoch
lengths [101] resulted in low methodological study qual-
ity. For most studies that used direct observation as com-
parison measure, interrater agreement was insufficient,
or a non-validated observation scheme was adopted. In
some studies, physical behavior of toddlers was assessed
using observation schemes developed and validated in
preschoolers, thereby disregarding developmental spe-
cific physical behavior. Thus, physical activities and
their intensities may have been misinterpreted. In addi-
tion, an epoch length<60 s is preferred to measure the
sporadic and intermittent nature of physical behavior in
young children. However, some studies reintegrated the
epochs up to three minutes without providing a valid rea-
son, e.g., to align the epochs with the comparison instru-
ment. For studies evaluating validity of cut-points based
methods, low methodological study quality was mostly
due to validation using data derived under the same cir-
cumstances as for the cut-point calibration, e.g., using
the same sample instead of an independent sample. Stud-
ies that assessed validity of multi-parameter methods,
mainly received low methodological study quality due to
not reporting statistics suitable for comparing the perfor-
mance of prediction models.

Next to the low quality of evidence, there were some
general study limitations. For instance, in the reliabil-
ity studies, differences between accelerometer record-
ings might be due to slightly different placement of the
accelerometer, or actual different physical behaviors dur-
ing the repeated measurements. Differences based on
mechanical shaker experiments, on the other hand, are
purely device related. Regarding validity studies using
observation as comparison measure, it is difficult to
estimate what observation time would be sufficient for
validation of the targeted physical intensities and rep-
resentative for physical behavior. This is also dependent
on the observed activities and setting. Observation dura-
tions of included studies varied from 8 to 180 min. For
instance, if observation took place in the childcare set-
ting, this might not be representative for daily life physi-
cal behavior. Another general limitation is that activity
types were not described in detail, resulting in different
activity intensity ranges between studies.

Strengths and limitations
A strength of this review is that the methodological
study quality was systematically assessed using the newly
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developed CAMQAM checklist. Another strength is
that our search had no publication date limit. Although
this resulted in including studies on devices that are no
longer available on the market, this review includes all
available studies examining measurement properties of
accelerometer-based methods in 0—5-year-olds. A limi-
tation of this review is that due to the great variability of
accelerometer-based methods, it was not feasible to pool
the study results, resulting in low quality of evidence rat-
ings due to small sample sizes. Appropriate sample sizes
are important for precision but also in order to capture
adequate variation in physical activities. Another limita-
tion is that we were unable to rate study results of meas-
urement errors, as the minimal important difference or
minimal important change is needed to conclude on
the magnitude of measurement error. Since this infor-
mation was not available for 0—5-year-olds, we only
described these results. A limitation of the study result
rating is that, the ratings were not weighted for the num-
ber of reported results. Lastly, our focus was limited to
the evaluation and quality of measurement properties
and did not include feasibility. Feasibility is context-
specific because studies differ in available expertise and
computational resources to perform the data analysis.
Further, feasibility may change over time as software is
subject to ongoing development and maintenance, or
lack thereof, and accelerometers may change in price or
dimensions as newer models enter the market.

Recommendations for future studies

High quality studies and standardized protocols are
required to assess measurement properties (includ-
ing feasibility) of these accelerometer-based methods
and enable pooling of data. To improve methodological
study quality of future studies, we recommend using our
developed CAMQAM Checklist for Assessing the Meth-
odological Quality of studies using Accelerometer-based
Methods. Future studies should incorporate more pre-
cise definitions for physical activity types, adapted to the
child’s developmental stage. For example, activity types
such as crawling can be more precisely defined using
inclination angles in video observation or derived from
accelerometer-based methods. Additionally, for accel-
erometer-based methods to be generalizable to young
children, ideally in a free-living setting, validation studies
should include a variety of physical activity types repre-
sentative for the target population. Moreover, we recom-
mend that future studies transparently share methods
by making these open-source available. Making meth-
ods accessible supports the sustained impact of research
investments. Given the lack of reliable and/or valid of
accelerometer-based methods and the lack of 24-h stud-
ies on physical behavior, especially in the youngest age
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groups (i.e., infants and toddlers), future studies should
develop and evaluate methods targeted at these young
age groups, including all 24-h physical behaviors, and
exploring different sensor placements and axes using raw
acceleration data of modern accelerometers.

Conclusions

Validated cut-points are lacking in infants and tod-
dlers, while multi-parameter methods proved valid
to distinguish SB and LPA from more vigorous activi-
ties. For preschoolers, both valid cut-points based and
valid multi-parameter methods were identified, where
multi-parameter methods appeared to have better meas-
urement properties. Large heterogeneity and methodo-
logical limitations, impedes our ability to draw definitive
conclusions about the best available accelerometer-based
methods assessing all 24-h physical behaviors combined
in young children.
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