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Summary

According to the Global Health Risks Report of the World Health Organization (WHO),
about one-third of all deaths worldwide are attributable to a few risk factors. Inadequate
physical activity ranks fourth among these risk factors. A person’s physical activity is
defined as any movement performed by skeletal muscles that consumes energy. In short,
many people simply do not move enough in general. Worldwide trends in insufficient
physical activity are regularly tracked by WHO using large pooled data analyses. One
finding from its most recent analyses is that the global age-standardized prevalence of
inadequate physical activity was nearly one-third at its latest count. The difference
between genders was even greater, and the situation is additionally more critical for
young people. Overall, only one-fifth of the children and adolescents worldwide were
sufficiently physically active. Thus, a large proportion of adolescents are not adhering to
the current recommendations of at least 60 minutes of moderate physical activity daily,
which may impact their current and future health status.

But how much physical activity and exercise is enough and how is this being monitored?
One of the first recommendations on this question was published by the American College
of Sports Medicine in 1975. This publication had a major impact on sports science and
has been revised several times. In 2010, the World Health Organization published the
first international version of the physical activity guidelines. Building on this, many
countries have also adopted these guidelines as national recommendations, including
Germany. The WHO recommended amount of weekly or daily physical activity is used
as a reference to determine which individuals are reaching a sufficient level of physical
activity. As a result of these globally standardized recommendations, many studies have
used questionnaires to determine the impact on health from adhering to these guidelines.

Population-based studies investigating adherence to these recommendations in Ger-
many include the DEGS, KiGGS, and MoMo studies. The

”
German Health Interview

and Examination Survey for Children and Adolescents” (KiGGS) assesses physical ac-
tivity, health parameters, and social and environmental determinants of children and
adolescents in Germany. The Motorik Modul (MoMo) longitudinal study has been a
representative module of the KiGGS study since 2003 and at the same time an in-depth
study to record physical activity and motor performance, which was conducted by the
Karlsruhe Institute of Technology in three survey waves (wave 1 2009-2012, wave 2
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2015-2017, wave 3 2018-2022) after the baseline study (2003-2006). This dissertation
was also mainly conducted as part of the MoMo study, focusing on the measurement of
physical activity with accelerometers.

Until 2015, only the MoMo Physical Activity Questionnaire was used to record
physical activity in the MoMo study. The questionnaire focuses on recording the central
aspects of type, intensity, frequency and duration of typical or habitual activity. In
2015, the recording of physical activity by activity monitors, so-called accelerometers,
was added to the MoMo study. This had the purpose of expanding the data collection
to include a continuous recording of the current activity intensity, which is difficult to
record with questionnaires.

In fact, it is also evident from the sales figures that physical activity monitors are
now a leading fitness trend. In 2017-18, more than 100 million tracking devices and
accelerometer-based smartwatches were sold, and by 2020, that number was nearly 445
million units. Physical activity monitors, also technically known as accelerometers, have
emerged as important monitoring tools in clinical research and health promotions, and are
now being used more frequently in national research studies. ActiGraph accelerometers
were among the first accelerometers to be validated and used early in the study of physical
activity and health. In 2014, more than 51 % of 76 studies, each with more than 400
participants in 36 countries, used an ActiGraph accelerometer. Therefore, KiGGS and
MoMo also chose to use ActiGraph accelerometers in Wave 2 to ensure comparability
with other large epidemiological studies.

Today, accelerometers offer the ability to collect real-time, valid data on the intensity
and extent of physical behavior over multiple days and weeks. To describe the unique
aspects of physical behavior, a large number of metrics can be derived from these mul-
tidimensional data. When choosing and applying instruments to quantify physical
behavior, researchers must manage a great number of technical details in accelerome-
try. The impact of these technical choices on the metrics (energy expenditure, activity
intensity, body position, and activity patterns) can occur in a number of ways. The
device, the wearing position (hip, wrist, thigh), and the recording parameters (epoch
length, frequency, storage capacity, recording frequency, and signal filters) have a major
impact on the measured activity. Different backgrounds such as study design (purpose,
repeated measurements) and duration (time frame, wearing time) as well as data stor-
age and evaluation have to be considered when deciding on the parameters. In addition,
several adjusting factors (raw data, contextual information, non-wearing time, intensity
classification, compliance) have to be customized in the evaluation depending on the
target variables. In MoMo, for example, this results in approximately 18 million data
points for each subject when wearing an accelerometer for one week. The data from all
subjects must be preprocessed, transformed, and then analyzed in the most time-efficient
manner possible.

The main objectives of this dissertation were therefore to 1) disscuss how technical
decisions should be made when using accelerometers in large epidemiological studies of
activity research, 2) which basic methodological aspects were therefore applied in the
device-based measurement of physical activity specifically in the MoMo study, 3) what
are the implications of different evaluation methods in the preprocessing of accelerometer
data, 4) how accelerometer survey data differ from the representative MoMo Physical Ac-
tivity Questionnaire data, and 5) what are the results of accelerometer data with respect
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to differences between weekdays and weekend days. These questions were investigated
in five scientific articles.

In the“Consensus Article”we reflect the expert consensus of the authors during the 2nd
International Workshop for the Center for the Assessment of Physical Activity (CAPA) on
the topic of accelerometry for the assessment of movement behavior. The article clarifies
the aspects that should be considered in the design and evaluation of accelerometer
studies. One of the major findings of the workshop is the need to thoroughly familiarize
oneself with existing validation studies and to document as many technical decisions
as possible in data collection and analysis to allow for later comparison of data across
studies. We suggest that based on the most valid approach, the particular behavioral
metric and corresponding appropriate method should be chosen. From this perspective,
the method chosen will determine the type of device and the prediction algorithm used
to determine physical activity. Due to the large number of possible ”subjective”decisions
prior to the actual measurement, the article provides an overview of the technical details
of accelerometry that need to be considered. At the same time, it outlines best practices
in the selection and use of devices to quantify the three major behavioral categories of
general interest to the research community: physical activity, sedentary behavior, and
sleep.

To date, there have been no nationwide device-based physical activity data for children
and adolescents in Germany. With KiGGS and MoMo wave 2, device-based physical
activity data on children and adolescents were collected nationwide for the first time.
Therefore, building on the recommendations of the CAPA workshop, in our “Study
Protocol” we elaborated on the basic methodological aspects that were used for the
device-based measurement of physical activity specifically in the MoMo study. The
study protocol provides an overview of the technical details and basic decisions when
using accelerometers in large-scale epidemiological studies. Limitations imposed by the
specified filters and evaluation routines must be given special consideration.

To clarify which consequences different evaluation methods have in the subsequent pro-
cessing of accelerometer data, the influence of three specific factors was investigated
in the“Methods Article”. We examined the extent to which the factors ”non-wearing
time algorithm,””epoch length,”and ”intensity thresholds”influence the quantification of
physical activity measured with accelerometers. The differences found were significant
for all three factors. As a result, depending on the selection of the factor, the result-
ing discrepancies in the estimated values for sedentary behavior and physical activity
can become very large. In particular, the magnitude of the divergence between epoch
lengths has shown that particular consideration must be given to this when interpreting
accelerometer data. Thus, epoch length should be considered decisively as an influential
variable when comparing values of physical activity between studies. We also suggest
that data be pooled and analyzed in a unified manner. In addition to new validation
studies with short epoch lengths for younger children, we also recommend conducting
more meta-analyses. This could use data from multiple studies to validate cut-off points
and propose a consensual set of thresholds that can be used in different settings and
studies in children and adolescents.

Because children in particular demonstrate more complex but less structured movement
behavior than adults, determining their many spontaneous and impulsive movements
is a particular challenge for assessing physical activity. Neither questionnaires nor ac-
celerometers provide optimal coverage of all facets of physical activity. For this reason, a
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combined multimodal approach of self-report and device-based methods is recommended.
In the “Comparison Article”, we therefore compared physical activity measured with
the accelerometer and physical activity recorded with the MoMo questionnaire. Based
on the number of days participants achieved the WHO recommendation for physical
activity, this study examines the extent to which self-reported and device-based mea-
sured physical activity differ. It also examines whether the differences in physical activity
measured by the two methods are comparable between age and gender groups. As a
result, we found for accelerometers that only 1 in 25 respondents (4%) achieved the
WHO recommendation of 60 minutes of daily physical activity. Self-reported physical
activity by questionnaire was slightly higher (9%) but also very low. Differences between
the methods were smaller in younger children than in older age groups. The older the
subjects, the lower the proportion of those who meet the WHO recommendation on any
given day, with girls less likely to meet the recommendation than boys in all age groups.
Children and adolescents living in Germany thus meet the WHO recommendation for
physical activity only to a very small extent. While younger children are much more
active in their free play, children over the age of 10 and girls in particular should be the
target of physical activity programs.

Finally, in a last article we analyzed a“Typical Day”. In this, we looked at an average
day in which physical activity intensity was measured using accelerometers. The goal was
to better understand how device-based physical activity data differs between school and
weekend days in children and adolescents. We determined various aspects of physical
activity behavior intensity, including absolute and relative levels of light, moderate, and
vigorous physical activity, sedentary behavior, and wear time. We found that the wear
time of the participants increases with age, presumably because the waking phase during
the day increases. However, the percentage of vigorous physical activity remained con-
stant at about 3% across all age groups, with girls consistently engaging in less vigorous
physical activity than boys. This leads to an absolute increase in vigorous activity at
later ages of 5 minutes on average. No significant differences were found between boys
and girls in wear time. Interestingly, however, especially Friday as the longest day and
Sunday as the shortest day differ when absolute waking times are considered compared
to the other days of the week. Surprisingly, the percentage distributions of intensities
on these days are also almost the identical as during all the rest of the days. Therefore,
one of the core results is that the movement behavior should be considered from waking
to waking and not as a fixed 24-hour behavior cycle.

In conclusion, the fact remains that children today do not move enough. No matter
which algorithms are used to evaluate the data, the result remains basically the same.
This leads to a variety of health problems, such as obesity and an increased risk of
cardiovascular disease.

At the moment, however, we are at a crucial transition point where we need to take
additional measures to capture children’s physical behavior as reality-based as possible.
In this way, their physical behavior can be supported as feasible in the future. More pre-
cise measurements will allow critical decisions to be made based on the most accurate
data, which in turn will lead to improved effectiveness and performance of interventions.
Precise measurement devices are therefore of the utmost importance for physical
activity behavior research. Otherwise, we are creating data with an incorrect baseline
that will be interpreted by other researchers who may develop inappropriate interventions
based on it. Thus, pure methodology must continue to improve while becoming less and
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less biased by subjective choices in algorithm selection. Thus, more validation stud-
ies with short epoch lengths are needed, especially in young children, and the formerly
in-house ActiGraph signal preprocessing algorithms, now released by the manufacturer,
must be used to compare the data already collected with studies that have used devices
from other manufacturers.
We also cannot afford to just collect data and not analyze it. It cannot be the case
that large, pooled databases such as ICAD do not include additional studies due to lack
of financial and human resources. Here, policymakers must provide further resources to
ensure more comprehensive and accurate reporting. The price of failure to do so would
be too severe. The data sets exist, they are in the right format, they are collected using
the same study design, and they just need to be merged and analyzed. In the case of
the ICAD database, this can be done not only at the national level but also at the inter-
national level. Therefore, the WHO, the EU and also the governments of the individual
countries must collectively provide further resources so that this global issue can be
studied in more detail. Just talking about the pandemic of inactivity will not help, the
existing data must be analyzed in depth, and big data is the appropriate approach for
this.
It will also become increasingly important to record the entire period over 24 hours of
a day, over a week or more. In addition, the time when the sensors are not worn must
be reduced to a minimum. This can be achieved by using, for example, smaller and
waterproof devices but also sensors directly attached to the body or even subdermally
implanted sensors in the future. This, together with open source and data pooling meth-
ods, will allow us to further reduce the large gaps in the accurate acquisition of physical
behavior.
The form of international collaboration at the international CAPA workshop has to
be refocused now and established on a regular basis. There is a need to bring inter-
national experts in sports science, sleep research, and sports computer science together
with electrical engineers and accelerometer experts, data pooling experts, and Big Data
analysts to the same table. This will allow new methods of data acquisition to be refined
to the point where bias in data collection is further reduced and we can offer a realistic
picture of physical behavior in the future. This is where CAPA can play a central role
and become an international meeting place and catalyst in physical behavior research.
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Zusammenfassung

Laut Global Health Risks Report der Weltgesundheitsorganisation (WHO) ist etwa ein
Drittel aller Todesfälle weltweit auf einige wenige Risikofaktoren zurückzuführen. Un-
zureichende körperliche Aktivität steht dabei an vierter Stelle der Risikofaktoren. Als
körperliche Aktivität einer Person wird dabei jede Bewegung verstanden, die von der
Skelettmuskulatur unter Verbrauch von Energie ausgeführt wird. Kurz gesagt bewegen
sich viele Menschen einfach allgemein noch zu wenig. Die WHO erfasst die weltweiten
Trends der unzureichenden körperlichen Aktivität regelmäßig mit großen gepoolten Da-
tenanalysen. Ein Ergebnis der letzten Analysen ist, dass die globale altersstandardisierte
Prävalenz von unzureichender körperlicher Aktivität zuletzt bei fast einem Drittel lag.
Der Unterschied zwischen den Geschlechtern war sogar noch größer und für junge Men-
schen ist die Situation zusätzlich kritischer. Insgesamt war weltweit nur ein Fünftel der
Kinder und Jugendlichen in ausreichendem Maße körperlich aktiv. Ein großer Teil der
Heranwachsenden hält sich also nicht an die aktuellen Empfehlungen von täglich min-
destens 60 Minuten moderater körperliche Aktivität, was sich auf ihren aktuellen und
zukünftigen Gesundheitszustand auswirken kann.

Doch wie viel körperliche Aktivität und Bewegung sind genug und wie wird dies über-
prüft? Eine der ersten Empfehlungen zu dieser Frage wurde 1975 vom American College
of Sports Medicine veröffentlicht. Diese Publikation hatte einen großen Einfluss auf die
Sportwissenschaft und wurde mehrfach überarbeitet. Im Jahr 2010 veröffentlichte die
Weltgesundheitsorganisation die erste internationale Version der Bewegungsrichtlinien.
Darauf aufbauend haben viele Länder diese Richtlinien auch als nationale Empfehlun-
gen übernommen, darunter auch Deutschland. Der von der WHO empfohlene Umfang
an wöchentlicher oder täglicher körperlicher Aktivität wird als Referenz herangezogen,
um festzustellen, welche Personen ein ausreichendes Maß an körperlicher Aktivität er-
reichen. Infolge dieser weltweit einheitlichen Empfehlungen wurde in vielen Studien per
Fragebogen untersucht, inwieweit sich die (Nicht-) Einhaltung dieser Richtlinien auf die
Gesundheit auswirkt.

Bevölkerungsbasierte Studien, die die Einhaltung von diesen Empfehlungen in
Deutschland untersuchen, sind die DEGS-, KiGGS- und MoMo-Studie. Die

”
Studie zur

Gesundheit von Kindern und Jugendlichen in Deutschland”(KiGGS) erfasst körperliche
Aktivität, Gesundheitsparameter sowie soziale und umweltbedingte Determinanten von
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Kindern und Jugendlichen in Deutschland. Die Motorik Modul (MoMo) Längsschnitt-
studie ist seit 2003 ein repräsentatives Modul der KiGGS-Studie und gleichzeitig eine Ver-
tiefungsstudie zur Erfassung der körperlichen Aktivität und motorischen Leistungsfähig-
keit, die nach der Basisstudie (2003-2006) vom Karlsruher Institut für Technologie in drei
Erhebungswellen (Welle 1 2009-2012, Welle 2 2015-2017, Welle 3 2018-2022) durchge-
führt wurde. Auch diese Dissertation wurde hauptsächlich im Rahmen der MoMo-Studie
durchgeführt, wobei der Schwerpunkt auf der Messung der körperlichen Aktivität mit
Beschleunigungsmessern lag.

Bis 2015 wurde zur Erfassung der körperlichen Aktivität im Rahmen der MoMo-Studie
ausschließlich der MoMo-Aktivitätsfragebogen eingesetzt. Der Fragebogen konzen-
triert sich auf die Erfassung der zentralen Aspekte Art, Intensität, Häufigkeit und Dauer
der typischen bzw. gewohnheitsmäßigen Aktivität. Im Jahr 2015 wurde die Erfassung
der körperlichen Aktivität durch Aktivitätsmesser, sogenannte Beschleunigungssensoren,
in die MoMo-Studie aufgenommen. Dies hatte den Hintergrund die Datenerhebung um
eine kontinuierliche Erfassung der aktuellen Aktivitätsintensität zu erweitern, welche mit
Fragebögen nur schwierig zu erfassen ist. Wie man auch an den Verkaufszahlen sieht
sind Aktivitätsmesser inzwischen ein führender Fitnesstrend. In den Jahren 2017-18
wurden mehr als 100 Millionen Trackinggeräte und beschleunigungsmessende Smartwat-
ches verkauft, 2020 waren es knapp 445 Millionen Einheiten. Beschleunigungssensoren,
technisch auch Akzelerometer bezeichnet, haben sich als wichtige Überwachungsinstru-
mente in der klinischen Forschung und der Gesundheitsförderungen etabliert und werden
nun auch häufiger in nationalen Forschungsstudien eingesetzt. ActiGraph-Akzelerometer
gehörten zu den ersten Beschleunigungsmessern, die schon früh für die Untersuchung
von körperlicher Aktivität und Gesundheit validiert und eingesetzt wurden. Im Jahr 2014
verwendeten mehr als 51 % von 76 Studien mit jeweils mehr als 400 Teilnehmern in 36
Ländern einen ActiGraph-Akzelerometer. Daher entschieden sich auch KiGGS und Mo-
Mo für die Nutzung von ActiGraph-Akzelerometern in Welle 2, um die Vergleichbarkeit
mit anderen großen epidemiologischen Studien zu gewährleisten.

Heutzutage bieten Akzelerometer die Möglichkeit, valide Daten über die Intensität und
den Umfang des körperlichen Verhaltens in Echtzeit über mehrere Tage und Wochen zu
erfassen. Um die einzigartigen Aspekte des körperlichen Verhaltens zu beschreiben, kön-
nen aus diesen multidimensionalen Daten eine große Anzahl von Metriken abgeleitet
werden. Als Forscher muss man sich bei der Auswahl und Anwendung von Geräten zur
Quantifizierung des körperlichen Verhaltens aber unter anderem mit sehr vielen tech-
nischen Details der Akzelerometrie auseinandersetzen. Die Auswirkungen dieser techni-
schen Entscheidungen auf die Messgrößen (Energieverbrauch, Aktivitätsintensität, Kör-
perposition und Aktivitätsmuster) können auf verschiedene Weise erfolgen. Das Gerät,
die Trageposition (Hüfte, Handgelenk, Oberschenkel) und die Aufzeichnungsparameter
(Epochenlänge, Frequenz, Speicherkapazität, Aufzeichnungsfrequenz und Signalfilter)
haben einen großen Einfluss auf die gemessene Aktivität. Verschiedene Hintergründe
wie Studiendesign (Zweck, wiederholte Messungen) und Dauer (Zeitrahmen, Tragezeit)
sowie Datenspeicherung und -auswertung müssen bei der Festlegung der Parameter be-
rücksichtigt werden. Zusätzlich müssen bei der Auswertung mehrere Stellschrauben (Roh-
daten, Kontextinformationen, Nicht-Tragezeit, Intensitätsklassifizierung, Compliance) in
Abhängigkeit von den Zielgrößen justiert werden. In MoMo ergibt dies beispielsweise
ca. 18 Millionen Datenpunkte bei jedem Probanden der einen Akzelerometer für eine
Woche trägt. Die Daten aller Probanden gilt es möglichst Zeit effizient zu verarbeiten,
aufzubereiten und anschließend zu analysieren.
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Die Hauptziele dieser Dissertation waren daher, 1) zu diskutieren wie technische
Entscheidungen beim Einsatz von Akzelerometern in großen epidemiologischen Studi-
en der Aktivitätsforschung getroffen werden sollten, 2) welche grundlegenden metho-
dischen Aspekte deshalb bei der gerätegestützten Messung der körperlichen Aktivität
speziell in der MoMo-Studie angewendet wurden, 3) welche Auswirkungen verschiedene
Auswertungsmethoden bei der Vorverarbeitung von Akzelerometerdaten haben, 4) worin
sich die Daten der Akzelerometererhebung zu den repräsentativen Daten des MoMo-
Aktivitätsfragebogen unterscheiden und 5) welche Ergebnisse sich bei den Akzelerome-
terdaten im Hinblick auf Unterschiede zwischen Wochentagen und Wochenendtagen
ergeben. Diese Fragestellungen wurden in fünf wissenschaftlichen Artikeln untersucht.

In einem
”
Überblicksartikel”spiegeln wir zuerst den Expertenkonsens zum Thema

”
Be-

schleunigungsmessung zur Beurteilung des Bewegungsverhaltens”während des 2. inter-
nationalen Workshops des Center for the Assessment of Physical Activity (CAPA) wider.
Der Artikel verdeutlicht, welche Aspekte bei der Planung und Auswertung von Akze-
lerometerstudien berücksichtigt werden sollten. Eines der wichtigsten Ergebnisse des
Workshops ist, dass man sich gründlich mit bestehenden Validierungsstudien vertraut
machen muss und möglichst viele technische Entscheidungen bei der Datenerfassung
und -auswertung dokumentiert, um später einen studienübergreifenden Datenvergleich
zu ermöglichen. Wir schlagen vor, dass auf der Grundlage des validesten Ansatzes die
jeweilige Verhaltensmetrik und die zugehörig passende Methode gewählt wird. Unter
diesem Aspekt bestimmt die gewählte Methode die Art des Geräts und den Vorhersa-
gealgorithmus zur Bestimmung der körperlichen Aktivität. Aufgrund der großen Anzahl
an möglichen

”
subjektiven“ Entscheidungen vor der eigentlichen Messung verschafft der

Artikel einen Überblick über die technischen Details der Beschleunigungsmessung die es
zu beachten gilt. Gleichzeitig skizziert er die besten Praktiken bei der Auswahl und An-
wendung von Geräten zur Quantifizierung der drei wesentlichen Verhaltenskategorien, die
für die Forschungsgemeinschaft von allgemeinem Interesse sind: körperlicher Aktivität,
sedentärem Verhalten und Schlaf.

Bislang gab es in Deutschland keine flächendeckenden gerätegestützten Bewegungsdaten
für Kinder und Jugendliche. Mit KiGGS und MoMo Welle 2 wurden erstmals bundesweit
gerätegestützte Aktivitätsdaten zur körperlichen Aktivität von Kindern und Jugendlichen
erhoben. Auf den Empfehlungen des CAPA-Workshops aufbauend haben wir deshalb in
unserem

”
Studienprotokoll”die grundlegenden methodischen Aspekte dargelegt, welche

wir bei der gerätegestützten Messung der körperlichen Aktivität speziell in der MoMo-
Studie angewendet haben. Das Studienprotokoll gibt einen Überblick über die techni-
schen Details und die grundsätzlichen Entscheidungen beim Einsatz von Akzelerometern
in groß angelegten epidemiologischen Studien. Dabei sind Einschränkungen durch die
vorgegebenen Filter und Auswertungsroutinen besonders zu berücksichtigen.

Um zu klären welche Auswirkungen verschiedene Auswertungsmethoden bei der anschlie-
ßenden Verarbeitung von Akzelerometerdaten haben, wurde im

”
Methoden-Artikel”der

Einfluss von drei speziellen Faktoren untersucht. Wir haben dabei überprüft inwieweit
die Faktoren

”
Nicht-Tragezeit-Algorithmus“,

”
Epochenlänge“ und

”
Intensitäts Schwellen-

werte“ die Quantifizierung der mit Akzelerometern gemessenen körperlichen Aktivität
beeinflussen. Gefunden wurden signifikante Unterschiede bei allen drei Faktoren. Infol-
gedessen können die daraus resultierenden Unterschiede, je nach Auswahl des Faktors,
der geschätzten Werten für sedentäres Verhalten und körperliche Aktivität sehr groß
werden. Vor allem das Ausmaß der Diskrepanz zwischen den Epochenlängen hat ge-
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zeigt, dass dies bei der Interpretation der Akzelerometerdaten besonders berücksichtigt
werden muss. Die Epochenlänge ist damit maßgeblich als Einflussgröße zu betrachten,
wenn man Werte körperlicher Aktivität zwischen Studien vergleicht. Wir schlagen au-
ßerdem vor, Daten zu poolen und in vereinheitlichter Weise auszuwerten. Neben neuen
Validierungsstudien mit kurzen Epochenlängen für jüngere Kinder empfehlen wir auch
die Durchführung von Meta-Analysen. Hierbei könnten Daten aus mehreren Studien zur
Validierung von Grenzwerten verwendet werden, um einen einvernehmlichen Satz von
Schwellenwerten vorzuschlagen, die in verschiedenen Settings und Studien bei Kindern
und Jugendlichen verwendet werden können.

Da gerade Kinder ein komplexeres, aber weniger strukturiertes Bewegungsverhalten zei-
gen als Erwachsene, ist die Bestimmung ihrer vielen spontanen und impulsiven Bewe-
gungen eine besondere Herausforderung für die Ermittlung der körperlichen Aktivität.
Weder Fragebögen noch Akzelerometer bieten eine optimale Erfassung aller Facetten
der körperlichen Aktivität. Aus diesem Grund wird ein kombinierter multimodaler An-
satz aus Selbstauskünften und gerätegestützten Methoden empfohlen. In einem weiteren
Artikel, dem

”
Vergleichsartikel”, haben wir deshalb die mit dem Akzelerometer ge-

messene körperliche Aktivität und die mit dem MoMo-Fragebogen erfasste körperliche
Aktivität verglichen. Anhand der Anzahl der Tage, an denen die Teilnehmenden die
WHO-Empfehlung für körperliche Aktivität erreichten, wird in dieser Studie untersucht,
inwieweit sich selbstberichtete und gerätebasiert gemessene körperlicher Aktivität un-
terscheiden. Außerdem wird untersucht ob die mit den beiden Methoden ermittelten
Unterschiede in der körperlichen Aktivität zwischen Alters- und Geschlechtergruppen
vergleichbar sind. Als Ergebnis fanden wir bei den Akzelerometern, dass nur jeder 25.
befragte Person (4%) die WHO-Empfehlung von 60 Minuten täglicher körperlicher Akti-
vität erreicht. Die selbstberichtete körperliche Aktivität per Fragebogen war etwas höher
(9%), aber ebenfalls sehr niedrig. Die Unterschiede zwischen den Methoden sind bei jün-
geren Kindern geringer als in älteren Altersgruppen. Je älter die Probanden sind, desto
geringer ist der Anteil derjenigen, die die WHO-Empfehlung an jedem Tag einhalten,
wobei Mädchen die Empfehlung in allen Altersgruppen seltener einhalten als Jungen.
In Deutschland lebende Kinder und Jugendliche erfüllen damit die WHO-Empfehlung
für körperliche Aktivität nur in sehr geringem Maße. Während jüngere Kinder in ihrem
freien Spiel viel aktiver sind, sollten vor allem Kinder über 10 Jahren und insbesondere
Mädchen Ziel von Bewegungsförderungen sein.

Schlussendlich haben wir in einem letzten Artikel einen
”
Typischen-Tag” analysiert.

Hierbei haben wir einen durchschnittlichen Tag betrachtet, an dem die Intensität der
körperlichen Aktivität mit Hilfe von Akzelerometern gemessen wurde. Ziel war es, besser
zu verstehen, wie sich die gerätegestützten Daten zur körperlichen Aktivität bei Kindern
und Jugendlichen zwischen Schul- und Wochenendtagen unterscheiden. Wir haben dabei
verschiedene Aspekte der Intensität von körperlichem Bewegungsverhalten bestimmt und
dabei auch die absoluten und relativen Werte der leichten, moderaten und anstrengenden
körperlichen Aktivität, des sedentären Verhaltens sowie die Tragezeit untersucht. Fest-
stellen ließ sich, dass die Tragezeit der Teilnehmenden mit dem Alter ansteigt, vermutlich
weil die Wachphase während des Tages zunimmt. Der Prozentsatz der anstrengenden
körperlichen Aktivität blieb allerdings über alle Altersgruppen hinweg konstant bei etwa
3%, wobei Mädchen durchweg weniger anstrengenden körperliche Aktivität als Jungen
ausübten. Dies führt zu einem absoluten Anstieg der anstrengenden Aktivität im Alter
von im Schnitt 5 Minuten. Bei der Tragezeit wurden keine signifikanten Unterschiede zwi-
schen Jungen und Mädchen festgestellt. Interessanterweise unterscheiden sich aber vor
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allem Freitag als längster Tag und Sonntag als kürzester Tag, wenn man die absoluten
Wachzeiten betrachtet gegenüber den anderen Wochentagen. Erstaunlicherweise sind
die prozentualen Verteilungen der Intensitäten auch an diesen Tagen annähernd gleich
wie während aller restlichen Tage. Deswegen ist eins der Kernergebnisse, dass das Be-
wegungsverhalten vom Aufwachen bis zum Aufwachen und nicht als fester 24-stündiger
Verhaltenszyklus betrachtet werden sollte.

Abschließend bleibt die Tatsache, dass sich Kinder heutzutage zu wenig bewegen. Egal,
welche Algorithmen zur Auswertung der Daten verwendet werden, das Ergebnis bleibt
im Grunde dasselbe. Dies führt zu einer Vielzahl von Gesundheitsproblemen, wie Über-
gewicht und einem erhöhten Risiko für Herz-Kreislauf-Erkrankungen.

Im Moment befinden wir uns jedoch an einem entscheidenden Übergangspunkt, an
dem wir zusätzliche Maßnahmen ergreifen müssen, um das Bewegungsverhalten von Kin-
dern so realitätsnah wie möglich zu erfassen. Auf diese Weise kann ihr körperliches Ver-
halten in Zukunft so individuell wie nur möglich unterstützt werden. Präzisere Messungen
werden es erlauben, kritische Entscheidungen auf der Grundlage der genauesten Daten
zu treffen, was wiederum zu einer verbesserten Wirksamkeit und Effektivität von Inter-
ventionen führen wird. Präzise Messgeräte sind daher von allergrößter Bedeutung für
die Erforschung des körperlichen Bewegungsverhaltens. Ansonsten suggerieren wir Daten
mit einer falschen Ausgangsbasis, die von anderen Wissenschaftlern interpretiert werden
und darauf aufbauend gegebenenfalls unpassende Interventionen entwickeln. Die reine
Methodik muss also immer besser werden und gleichzeitig immer weniger durch subjek-
tive Entscheidungen bei der Auswahl der Algorithmen verzerrt werden. Daher sind mehr
Validierungsstudien mit kurzen Epochenlängen erforderlich, insbesondere bei kleinen Kin-
dern, und die ehemals firmeninternen ActiGraph-Signalvorverarbeitungsalgorithmen, die
jetzt vom Hersteller freigegeben wurden, müssen verwendet werden, um die bereits erho-
benen Daten mit Studien, die Geräten anderer Hersteller genutzt haben, zu vergleichen.
Wir können es uns außerdem nicht leisten, Daten nur zu sammeln und nicht zu ana-
lysieren. Es darf nicht sein, dass große, gepoolte Datenbanken wie die ICAD mangels
finanzieller und personeller Ressourcen keine weiteren Studien mit aufnehmen. Hier muss
die Politik weitere Mittel bereitstellen, um eine umfassendere und genauere Berichter-
stattung zu gewährleisten. Der Preis des Versäumnis wäre zu hoch. Die Datensätze sind
vorhanden, sie haben das richtige Format, sie werden mit dem gleichen Studiendesign
erhoben und müssen nur noch zusammengeführt und ausgewertet werden. Im Falle der
ICAD-Datenbank ist dies nicht nur auf nationaler, sondern auch auf internationaler Ebe-
ne möglich. Deshalb müssen die WHO, die EU und auch die Regierungen der einzelnen
Länder gemeinsam weitere Mittel zur Verfügung stellen, damit dieses globale Problem
genauer untersucht werden kann. Nur über die Pandemie der Inaktivität zu reden, hilft
dabei nicht weiter, die vorhandenen Daten müssen eingehend analysiert werden, und da-
für ist Big Data der geeignete Ansatz.
Außerdem wird es immer wichtiger werden, den gesamten Zeitraum über 24 Stunden ei-
nes Tages, über eine Woche oder mehr aufzuzeichnen. Zusätzlich gilt es die Zeit, in der
die Sensoren nicht getragen werden können, auf ein Minimum zu reduzieren. Dies kann
bewerkstelligt werden, indem zukünftig beispielsweise kleinere und wasserdichte Geräte
aber auch direkt am Körper angebrachte oder sogar subdermal implantierte Sensoren
verwendet werden. Dies wird es uns zusammen mit Open-Source- und Data-Pooling-
Methoden ermöglichen, die großen Lücken bei der tatsächlichen Erfassung des Bewe-
gungsverhaltens, weiter zu verringern.
Die Form der internationalen Zusammenarbeit beim internationale CAPA-Workshop
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gilt es nun neu auszurichten und regelmäßig zu etablieren. Es ist notwendig internatio-
nalen Experten aus der Sportwissenschaft, der Schlafforschung und der Sportinformatik
zusammen mit Elektrotechnikern und Experten für Beschleunigungssensoren, Experten
für Datenpooling und Big-Data-Analysen an einen Tisch zu bringen. Dadurch können
neue Methoden der Datenerhebung so weit verfeinert werden, dass die Verzerrung in
der Datenerfassung weiter verringert wird und wir zukünftig ein realistisches Bild des
Bewegungsverhaltens bieten können. Hier kann die CAPA eine zentrale Rolle spielen und
zu einem internationalen Treffpunkt und Katalysator in der körperlichen Verhaltensfor-
schung werden.



Contents

Acknowledgments iii

Summary v

Zusammenfassung xi

List of figures xix

List of tables xxi

List of Abbreviations xxiii

Preface xxv
0.1 Published Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxv
0.2 Motorik-Modul Study (MoMo) . . . . . . . . . . . . . . . . . . . . . . xxvi

1 Introduction 1
1.1 Physical Activity and Health . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Documentation of device-based measured PA . . . . . . . . . . . . . . . 8
1.3 Research Problem and relevance . . . . . . . . . . . . . . . . . . . . . . 10
1.4 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
References Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 State of the science, best practices and future directions 21
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 State of the science . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3 Best practices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
References Consensus Article . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3 Measurement of Physical Activity with Accelerometry in MoMo 55
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
References Study Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4 Processing accelerometer data of children and adolescents in MoMo 73



xviii Contents

4.1 abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
References Methods-Paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5 Comparison of self-reported & device-based, measured physical activity 95
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
References Comparison Article . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6 Typical day and influence of weekend on physical activity 111
6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
References Typical Day Article . . . . . . . . . . . . . . . . . . . . . . . . . 125

7 Discussion and Conclusion 129
7.1 Issue of methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.2 Issue of Development . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7.3 Issue of Comparability . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.4 Final Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
References Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . 153

A Appendix 165
A.1 Comparison WHO Guidelines 2010 vs. 2020 . . . . . . . . . . . . . . . 165
A.2 Supplement Material Chapter 4 . . . . . . . . . . . . . . . . . . . . . . 167
A.3 Poster Presentations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

B Publications 175



List of Figures

1 Preface: Logo Motorik Modul Study . . . . . . . . . . . . . . . . . . . xxvi

2 Preface: MoMo Samplepoints . . . . . . . . . . . . . . . . . . . . . . . xxvi

3 Preface: Physical Activity Measurement in MoMo . . . . . . . . . . . . xxvii

1.1 Introduction: Activity Pyramid . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Introduction: Scopus“sedentary behavior” . . . . . . . . . . . . . . . . . 6

1.3 Introduction: 24-hour Physical Behavior Cycle . . . . . . . . . . . . . . 7

1.4 Introduction: PA Questionnaire Cube . . . . . . . . . . . . . . . . . . . 8

1.5 Introduction: Scopus Search“physical activity and acceleromet*”. . . . . 10

1.6 Introduction: Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 Consensus-Article - Figure 1: CAPA Workshop Logo . . . . . . . . . . . 23

3.1 Study Protocol - Infographic . . . . . . . . . . . . . . . . . . . . . . . . 56

3.2 Study Protocol - Figure 1: ACC Study Design . . . . . . . . . . . . . . 58

3.3 Study Protocol - Figure 2: Placement of the Device . . . . . . . . . . . 61

3.4 Study Protocol - Figure 3: Wear time-protocol . . . . . . . . . . . . . . 62

4.1 Methods-Article - Figure 1: Histogram of WT per hour, for NWT . . . . 78

4.2 Methods-Article - Figure 2: Marginal Means of WT for diff. EL and NWT 79

4.3 Methods-Article - Figure 3: Mean Minutes in SED, LPA, MPA & VPA
for diff. EL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.4 Methods-Article - Figure 4: Mean Minutes in MVPA for different EL . . 82

4.5 Methods-Article - Figure 5: Cut Point Ranges for 15s EL . . . . . . . . 85

5.1 Comparison Article - Figure 1: Cross Table Heat Map . . . . . . . . . . 100

5.2 Comparison Article - Figure 2: Specific Cross Table Heat Maps . . . . . 102

5.3 Comparison Article - Figure 3: Differences Plot for Age and Gender . . . 103



xx List of Figures

6.1 Typical Day Article - Figure 1: MoMo – Activity Pyramid . . . . . . . . 115

6.2 Typical Day Article - Figure 2: Typical Day . . . . . . . . . . . . . . . . 116

6.3 Typical Day Article - Figure 3: Different Intensities across all Weekdays . 117

6.4 Typical Day Article - Figure 4: Different Intensities across all Weekdays
and Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.1 Discussion: Device Placement . . . . . . . . . . . . . . . . . . . . . . . 135

7.2 Discussion: ActivPal Icon Strip . . . . . . . . . . . . . . . . . . . . . . 136

7.3 Discussion: ICAD Logo . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.4 Discussion: MO|RE data Logo . . . . . . . . . . . . . . . . . . . . . . . 139

7.5 Discussion: WHO Guideline Cross Table Heat Map . . . . . . . . . . . . 141

7.6 Discussion: Approaches to assess Physical Behavior . . . . . . . . . . . 142

7.7 Discussion: 24-hour Physical Behavior Cycle . . . . . . . . . . . . . . . 144

7.8 Discussion: Measuring PA Cubes . . . . . . . . . . . . . . . . . . . . . 147

A.1 Comparison Article - WHO Comparison Heatmaps . . . . . . . . . . . . 166

A.2 Supplement Figure 1: Q-Q Plots for SED . . . . . . . . . . . . . . . . . 168

A.3 Supplement Figure 2: Q-Q Plots for LPA . . . . . . . . . . . . . . . . . 169

A.4 Supplement Figure 4: Q-Q Plots for MPA . . . . . . . . . . . . . . . . 170

A.5 Supplement Figure 4: Q-Q Plots for VPA . . . . . . . . . . . . . . . . . 171

A.6 Poster: ISPAH 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

A.7 Poster: dvs Hochschultag 2019 . . . . . . . . . . . . . . . . . . . . . . 174



List of Tables

3.1 Study Protocol - Table 1: Dropout MoMo . . . . . . . . . . . . . . . . 59

3.2 Study Protocol - Table 2: Dropout KiGGS . . . . . . . . . . . . . . . . 59

3.3 Study Protocol - Table 3: Accelerometer Criteria . . . . . . . . . . . . . 63

4.1 Methods-Article - Table 1: Cut Point Ranges for 1s EL . . . . . . . . . . 77

4.2 Methods-Article - Table 2: Valid Days depending on valid hour, epoch
length, and NWT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.1 Comparison Article - Table 1: Characteristics of Participants . . . . . . . 98

5.2 Comparison Article - Table 2: Accelerometer Criteria . . . . . . . . . . . 99

5.3 Comparison Article - Table 3: Mean data and 95%-CI . . . . . . . . . . 101

6.1 Typical Day Article - Table 1: Participant Characteristics . . . . . . . . . 114

6.2 Typical Day Article - Table 2: Differences of WT on Weekdays and
Weekend days . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.3 Typical Day Article - Table 3: Overall WT in different Intensities . . . . 122

6.4 Typical Day Article - Table 4: Minutes of WT on Weekdays and Weekend
days . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7.1 Discussion - Table 1: Accelerometer Criteria . . . . . . . . . . . . . . . 132

A.1 Supplement - Chapter 4 Table 1 . . . . . . . . . . . . . . . . . . . . . . 167



xxii List of Tables



List of Abbreviations

MoMo Motorik-Modul Study

KIT Karlsruhe Institute of Technology

KiGGS German Health Interview and Examination Survey for Children and
Adolescents

RKI Robert Koch-Institute

DEGS German Health Interview and Examination Survey for Adults

WHO World Health Organization

ICAD International Children’s Accelerometry Database

CAPA Center for the Assessment of Physical Activity

NHANES National Health and Nutrition Examination Survey

HELENA Healthy Lifestyle in Europe by Nutrition Adolescence

EHYS European Youth Heart Study

DOI Digital Object Identifier

PA Physical Activity

PB Physical Behavior

MET Metabolic Equivalent

SED Sedentary Behavior

LPA Light Physical Activity

MPA Moderate Physical Activity

VPA Vigorous Physical Activity



xxiv 0. List of Abbreviations

MVPA Moderate to Vigorous Physical Activity

EE Energy Expenditure

PAQ Physical Activity Questionnaire

ACC Accelerometer

EMA Ecological Momentary Assessment

AA Ambulatory Assessment

AGD-files Count-based ActiGraph Data files

GT3X ActiGraph Accelerometer models wGT3X-BT and GT3X+

NWT Non-Wear Time

WT Wear Time

EL Epoch Length

VA Vertical Axis

VM Vector Magnitude

BMI Body Mass Index

ISM Isotemporal Substitution Model

CoDA Compositional Data Analysis

ENMO Euclidean Norm Minus One

MAD Mean Amplitude Deviation

GGIR R-package to process multi-day raw accelerometer data



Preface

0.1 Published Research

Parts of this thesis have been published or are under review in peer-reviewed journals.
Thus, the following chapters can be read independently from each other:

CHAPTER 2: Burchartz, Alexander; Anedda, Bastian; Auerswald, Tina; Giurgiu,
Marco; Hill, Holger; Ketelhut, Sascha; Kolb, Simon; Mall, Christoph; Manz, Kristin;
Nigg, Claudio R.; Reichert, Markus; Sprengeler, Ole; Wunsch, Kathrin; Matthews,
Charles E. (2020): Assessing physical behavior through accelerometry – State of the
science, best practices, and future directions. In: Psychology of Sport and Exercise
49, S. 101703. DOI: 10.1016/j. psychsport.2020.101703.

CHAPTER 3: Burchartz, Alexander; Manz, Kristin; Anedda, Bastian; Niessner, Clau-
dia; Oriwol, Doris; Schmidt, Steffen CE; Woll, Alexander (2020): Measurement of Physi-
cal Activity and Sedentary Behavior by Accelerometry Among a Nationwide Sample from
the KiGGS and MoMo study: Study Protocol. In: JMIR Research Protocols 9 (7),
e14370. DOI: 10.2196/14370.

CHAPTER 4: Burchartz, Alexander; Kolb, S.; Klos, Leon.; Schmidt, S. CE; Haaren-
Mack, B. von; Niessner, C.; & Woll, A. (2023): How specific combinations of epoch
length, non-wear time and cut-points influence physical activity - Processing accelerom-
eter data from children and adolescents in the nationwide MoMo study. In: Ger-
man Journal of Exercise and Sport Research.Advance online publication. DOI:
10.1007/s12662-023-00892-9

CHAPTER 5: Burchartz, Alexander; Oriwol, Doris; Kolb, Simon; Schmidt, Steffen CE;
Wunsch, Kathrin; Manz, Kristin; Niessner, Claudia; Woll, Alexander (2021): Comparison
of self-reported & device-based, measured physical activity among children in Germany.
In: BMC public health 21 (1). DOI: 10.1186/s12889-021-11114-y.

CHAPTER 6: Burchartz, Alexander; Oriwol, D.; Kolb, S.; Schmidt, S. CE; Haaren-
Mack, B. von; Niessner, C.; & Woll, A. (2022). Impact of weekdays versus weekend days
on accelerometer measured physical behavior among children and adolescents: Results
from the MoMo study. German Journal of Exercise and Sport Research, 52(2),
218–227. 10.1007/s12662-022-00811-4

https://doi.org/10.1016/j.psychsport.2020.101703 
http://dx.doi.org/10.2196/14370 
https://doi.org/10.1007/s12662-023-00892-9 
https://doi.org/10.1186/s12889-021-11114-y 
https://doi.org/10.1007/s12662-022-00811-4 


xxvi 0. Preface

0.2 Motorik-Modul Study (MoMo)

This work was developed within the Motorik-Modul Study (MoMo) (2009-2022): Phys-
ical fitness and physical activity as determinants of health development in children and
adolescents. The MoMo study logo can be seen in Figure 1. The main objective of
MoMo is to track and report physical activity and physical fitness of children and adoles-
cents in a nationwide sample, and significant effort was put into collecting representative
data from 167 sample points throughout Germany (see Figure 2).

Figure 1: The logo of the Motorik Modul Study (MoMo)

Motor performance and physical activity are important aspects of healthy development
in childhood and adolescence. Until recently, it has not been possible to reliably answer
how healthy, active, and motorly fit children and adolescents in Germany are. The
Motorik-Modul (MoMo) aims to close this research gap. MoMo is a joint project of the
Karlsruhe Institute of Technology (KIT) and the Karlsruhe University of Education (PH
Karlsruhe) in cooperation with the German Health Interview and Examination Survey
for Children and Adolescents (KiGGS) of the Robert Koch-Institute (RKI). The German
Health Interview and Examination Survey for Children and Adolescents (KiGGS) study
was funded by the German Federal Ministry of Health, the Ministry of Education and
Research, and the Robert Koch Institute. This work was supported by the Federal
Ministry of Education and Research (01ER1503) within the long-term research program
in public health research. A positive vote of the ethics committee of the Karlsruhe
Institute of Technology on September 23, 2014, is available for the study.

Figure 2: Representation of the 167 MoMo sample points all over Germany.



0.2. Motorik-Modul Study (MoMo) xxvii

Since participants are selected on a representative nationwide basis, it is possible to
make statements about the motor development and activity behavior of children and
adolescents throughout Germany. The MoMo study aims to make a long-term contri-
bution to improving the health situation of children and adolescents in Germany. For
example, the following questions should be answered: Do active and “fit” children and
adolescents remain active, and does physical activity influence chronic diseases? To this
end, an analysis of factors that influence physical activity and motor performance will be
carried out and their effects on health development in childhood and adolescence will be
investigated.

Through cooperation with the RKI, particularly with KiGGS, interactions between motor
performance, physical activity, and the health status of children and adolescents can also
be derived. The findings of the MoMo study serve as a basis for planning and developing
targeted measures related to exercise for prevention and promotion of health.

The focus of this thesis is on the aspect of the MoMo study that deals with measuring
physical activity, more precisely, with acquiring physical activity using accelerometers.

Figure 3: Representation of the physical activity measurement in MoMo by accelerometers
on the left in contrast to questionnaires on the right.
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1. Introduction

1.1 Physical Activity and Health

A quote attributed to Hippocrates, a physician from ancient Greece referred to by many
as the “father of medicine,” showed an early awareness of the value of physical activity
to human health:

“If we could give every individual the right amount of nourishment and ex-
ercise, not too little and not too much, we would have found the safest way
to health.”

In ancient Greece, Hippocrates knew that the right dose of activity leads to better
health. Unfortunately, almost two and a half thousand years later, it still seems that
humanity has not comprehended this, while in the meantime the human lifestyle has
changed dramatically. According to the 2010 World Health Organization (WHO) Global
Health Risks Report (World Health Organization, 2010), about one-third of all deaths
worldwide can be attributed to a few risk factors. Physical inactivity ranks fourth among
the highest risk factors that can be influenced by the individual. Our activity behavior has
changed considerably due to technological but also social changes, especially in the last
century. The global target for physical activity set for 2025 (a 10% relative reduction
in insufficient physical activity) cannot be achieved according to the WHO. Physical
activity can mean many things. What exactly does physical activity mean? One of the
most well-known definitions is

“Physical activity is defined as any bodily movement produced by skeletal
muscles that results in energy expenditure”

Caspersen et al., 1985, p. 126

Physical activity (PA) as it is understood in this article includes all types of physical
activity such as walking, running, racing, dancing, and playing with light (LPA), moderate
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(MPA), and vigorous (VPA) intensities. All areas of daily life are also included (e.g.
school, work, transport, leisure, home, or sports). The intensity of physical activity is
quantified by the energy expenditure required to perform that activity. The metabolic
equivalent of activity is often used as a criterion of energy expenditure, namely, METs.
1 MET describes the measure of oxygen consumption for energy production at rest
and is expressed in ml of O2 consumed per kg of body weight for one minute (ml /
kg / min). The multiples reflect the energy expenditure during activity in relation to
the resting metabolic rate. On average, a male adult consumes 3.5 ml / kg / min at
baseline, and a female consumes approximately 3.15 ml/kg/min. Usually, the male value
is used as a reference (that is, 1 MET = 3.5 ml/kg/min). Relative METs can be derived
from measuring the baseline energy expenditure of a particular individual. Ainsworth
et al. (1993) recorded the associated METs for many activities in their“Compendium of
Physical Activities.” Usually, physical activity intensities are broken down into different
subsets (compare also Figure 1.1:

• LPA (1.5-3 METs),

• MPA (3-6 METs),

• and VPA (>6 METs).

Physical activity and health domains have traditionally been more concerned with the
moderate to vigorous (MVPA) domain; however, as stated above, this work uses the
term PA for the range from light activity upward (LPA, MPA, and VPA).

Figure 1.1: Illustration of the different activity intensities

VPA

MPA

LPA

SED

“Sedentary behavior (SED)” in contrast to PA, refers to awake behavior characterized
by energy expenditure ≤ 1.5 metabolic equivalents (METs) (Tremblay et al., 2017).
Typical behaviors with low energy expenditure include sitting, lying, standing, leaning,
and reclining. Interestingly, all behaviors occur without locomotion, which is the main
difference from PA.

From the perspective of movement, “Sleep” is defined by external rest with very little
movement during a prolonged period of time, typically in a lying position, usually with the
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eyes closed. Many vital signs such as pulse, respiratory rate, and blood pressure decrease
during sleep in contrast to wakefulness and are characterized by energy expenditure ∼ 1
metabolic equivalent (MET).

There is a great deal of confusion about the term“Physical Inactivity”. This does not
mean sedentary behavior, but rather an insufficient physical activity level to meet present
physical activity recommendations (World Health Organization, 2010). An example can
better illustrate this difference: One can be physically active enough to reach the target
of 60 minutes of moderate to vigorous exercise per day while accumulating a lot of
sedentary behavior during the rest of the day.

Just recently the WHO did two pooled data studies (Guthold et al., 2018, 2020) and
looked at worldwide trends in insufficient physical activity. The first study (Guthold et al.,
2018) included data from 358 population-based surveys in 168 countries with 1.9 million
participants to report the prevalence of insufficient physical activity. They used data on
physical activity at work, at home, for transport and during leisure time and compared
it with WHO physical activity guidelines. Here, in 2016, the global age-standardized
prevalence of insufficient physical activity was 27.5%. The gender difference was greater
than 8 percentage points (23.4%, for men versus 31.7%, for women). For young people,
the situation is even worse. Using cross-sectional studies from 146 countries in a second
study (Guthold et al., 2020), they analyzed approximately 1.6 million participants (ages
11-17) and found that a total of 81.0% were not physically active sufficiently worldwide
in 2016. This includes 77.6% of boys and 84.7% of girls. Therefore, a large proportion
of adolescents do not follow current recommendations for daily physical activity, which
can affect their current and future health status.

But how much activity is enough? “... not too little and not too much ...” is of limited
help.

One of the first guidelines for this question was published by the American College of
Sports Medicine in 1975: the Guidelines for Graded Exercise Testing and Exercise Pre-
scription (American College of Sports Medicine, 1975). This publication had a great
influence on sports science and was revised several times. However, the greatest influ-
ence on modern guidelines was probably the recommendation from the American College
of Sports Medicine and the Centers for Disease Control and Prevention, which first rec-
ommended exercise for at least 30 minutes in 1995 (Pate et al., 1995). A subsequent
nationwide recommendation was issued by the US government in 2008, which also explic-
itly related health to physical activity (U.S. Department of Health and Human Services,
2008). In 2010, the World Health Organization (WHO) published the first international
version of these guidelines (World Health Organization, 2010). Building on this, many
countries also adopted these guidelines as national recommendations, including Germany
(Rütten & Pfeifer, 2017). The level of weekly or daily physical activity recommended by
the WHO is used as a benchmark to determine which individuals achieve a sufficient level
of physical activity. As a result of these worldwide standardized recommendations, many
studies investigated to what extent (non)adherence to these guidelines has an impact on
health.

Population-based studies that examine compliance with guidelines in Germany are the
DEGS, KiGGS, and MoMo study. The German National Health Interview and Exami-
nation Survey later renamed the German Health Interview and Examination Survey for
Adults (Studie zur Gesundheit Erwachsener in Deutschland (DEGS)) had already been
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in existence since 1997. The aspects of physical activity measured by DEGS include the
frequency, duration and intensity of physical activity, in different domains (leisure time,
transportation, work, home), as well as sedentary behavior in different socioeconomic
and age groups (young people, adults and older adults) (Scheidt-Nave et al., 2012).
The second study in Germany that captures physical activity, health parameters, as well
as social and environmental determinants is the German Health Interview and Exami-
nation Survey for Children and Adolescents (KiGGS, Kurth et al., 2008). The Motorik
Modul (MoMo) longitudinal study has been a representative module of the KiGGS study
since 2003 (Woll et al., 2017). In MoMo, an in-depth study is conducted to assess phys-
ical activity and motor performance of children and adolescents living in Germany and
was conducted by the Karlsruhe Institute of Technology for three survey waves (Wave
1 2009-2012, Wave 2 2015-2017, Wave 3 2018-2022) after the baseline study (2003-
2006). This thesis was also carried out primarily within the framework of the MoMo
study with a focus on measuring physical activity with accelerometers. More detailed
information on MoMo can be found in Chapter 0.2.

However, until 2013, there were still no recommendations or even national guidelines
on physical activity in Germany. After the first results of the first MoMo survey wave
were available, Alexander Woll gathered a group of experts around Graf et al. (2013)
to publish an expert consensus with suggestions to promote physical activity among
children and adolescents in Germany. This group consisted of interdisciplinary scientists
and representatives of selected professional societies and associations. They were tasked
with considering German age and gender specific characteristics, as well as the charac-
teristics of selected groups concerning special access routes, for example, children from
educationally disadvantaged families or with a migration background, and regional dif-
ferences, and with developing data-based new recommendations explicitly for Germany.
The recommendations of Graf et al. (2013) finally included that children and adoles-
cents in Germany should achieve a daily physical activity time of 90 min or more and
that daily activities, for example, the active way to school should be explicitly promoted.
Furthermore, it was recommended that a daily step count of at least 12,000 steps be
achieved in daily life. Subsequently, and in part on the basis of this work, the National
Recommendations for Physical Activity and Physical Activity Promotion were published
in 2017 following a resolution of the German Bundestag (Rütten & Pfeifer, 2017). Two
special characteristics distinguished these recommendations: On the one hand, scientif-
ically based and systematically prepared official recommendations were formulated for
Germany for the first time; on the other hand, recommendations for physical activity
and promotion of physical activity were systematically linked for the first time, also from
an international perspective. For children and adolescents, a daily physical activity time
of 90 minutes and more was recommended at moderate to high intensity, 60 minutes
of which can be completed through daily activities, such as at least 12,000 steps/day.
Additionally, sedentary activities and the use of screen media (TV, computer/tablet,
smartphone, etc.) should be kept to a minimum. For elementary school children, the
recommendation is a maximum of 60 minutes/day, for adolescents a maximum of 120
minutes/day (Rütten & Pfeifer, 2017).

Based on the experience of studies around the world and developments in the techno-
logical field, updated WHO recommendations for physical activity were issued in 2020
(Chaput et al., 2020). These recommendations now include self-reported evidence and
modern wearable technology as tools to assess physical activity. Since then, it has been
recommended that
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“ children and adolescents should do at least an average of 60 minutes
per day of moderate to vigorous intensity, mostly aerobic physical activity,
throughout the week, and vigorous intensity aerobic activities, as well as
those that strengthen muscles and bone, should be incorporated at least 3
days a week. ”

Chaput et al., 2020, p. 6

This new recommendation from Chaput et al. (2020), which now looks at the average
time spent in physical activity per week, rather than the previous daily time, is very easy
to implement, especially for device-based records. On the other hand, it is important
to note that now days with activity times longer than 60 min would compensate for
those with less activity (Colley et al., 2017). Still, the daily stimulus is very important in
children (Dwyer et al., 1983). Taking a look at the exact times spent with MVPA every
day will result in fewer days of at least 60 min MVPA when both evaluation methods
are compared (Colley et al., 2017). However, the main reason, since the study part with
device-based measured physical activity was already planned and started in 2014, the
questions in the questionnaire still referred to the 2010 WHO Guidelines (World Health
Organization, 2010). In 2020, the youth activity recommendations have changed from
a recommendation of at least 60 minutes per day to a recommendation of an average of
60 minutes per day (Chaput et al., 2020). This adaptation will require changes in survey
questions and sampling methods for future monitoring.

A second recommendation of the new WHO Guidelines (Chaput et al., 2020) are limi-
tations for sedentary behavior:

“Children and adolescents should limit the amount of time spent being seden-
tary, particularly the amount of recreational screen time.”

Chaput et al., 2020, p. 7

These are especially important because, as already mentioned, inactivity causes 9% of
premature mortality (Lee et al., 2012), but separately also too much sedentary activity
leads to another 4% increase in the risk of premature mortality (Rezende et al., 2016).
So, on the one hand, you can be active and sedentary at the same time if you perform the
recommended amount of physical activity but also linger too long in sedentary behavior;
on the other hand, too much inactivity and sedentary behavior add up to an even higher
risk of premature mortality.

The literature on physical activity and health contains a multitude of different theoretical
models that will only be touched upon here since the topic of the thesis only broadly
addresses the effects on health. These models often predict and explain the occurrence
of health or disease, as well as fitness or motor performance. The spectrum of models
ranges from holistic models that organize the interaction of various constructs and in-
fluencing factors to complicated risk factor models for the prediction of various diseases.
Against the background of the relevance of physical activity as a factor that influences
health, it can be seen that in the decades around the millennium, physical activity was
transformed from a rather insignificant factor in risk factor models (e.g. the Saluto-
genesis Model by Antonovsky (1997)) to a central construct in holistic health models
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(e.g. the Requirement-Resource Model by Woll (1996), the widespread Health Model
by Bouchard et al. (2012) or the Model on the Influence of physical activity on fitness
by Buford et al. (2014)).

In recent years, in addition to research on the influence of physical activity on health,
a second focus, the study of sedentary time and sedentary behavior as an influencing
factor, has grown rapidly (Giurgiu et al., 2020; Owen et al., 2011; Tremblay et al., 2010).
In particular, in the last decade, the number of publications on this topic has increased
considerably (cf. Figure 1.2). Sleep research has also long been strongly represented as
an independent research area.

Figure 1.2: Publications by year with search term ’sedentary behavior’, Scopus.com, accessed
Nov. 04, 2022.
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In simple words, physical activity and sedentary behavior, together with sleep as the
third, represent the 24 hours of the day. Sleep represents a special component of seden-
tary behavior, which is usually characterized by a lying position and a reduction in bodily
functions and a state of unconsciousness. Therefore, self-reporting of sleep is diffi-
cult. Previously, the effects of PA, SED, and sleep were studied in isolation by most
researchers, which is flawed because the time spent on a behavior naturally depends
on the composition of the rest of the day (Taylor et al., 2018). However, it is widely
known that inadequate sleep is a risk factor for Cardiovascular Disease Risk (Covassin
& Singh, 2016). Although still less established than the measurement of PA and SED,
accelerometers are also now regularly used to assess sleep. Due to the aforementioned
interrelationships between PA, SED, and sleep, these three together form what is known
as“Physical Behavior (PB)” (Bussmann & van den Berg-Emons, 2013).
There are usually high correlations between behaviors, and an increase in a defined time
frame spent on one of the behaviors (e.g. physical activity) leads to a decrease in daily
time spent on at least one of the remaining behaviors (e.g. sedentary behavior and /
or sleep). This area of “physical activity and health” is currently evolving further into a
more comprehensive area of “physical behavior epidemiology.” Although sleep is an in-
creasingly important behavioral category, it is only mentioned in extracts, as the author
of this thesis article has little practical experience in recording sleep and sleep was not
part of the MoMo-Study.

Today, the physical behavior approach goes even a little deeper and focuses not only
on the consequences of physical activity on health, but applies a holistic approach to
the 24-hour sleep-wake cycle. Since each day is characterized by a combination of the
three behaviors: sleep, sedentary behavior, and physical activity, the focus of PB is
on mutual influence within this 24h-cycle (Bussmann & van den Berg-Emons, 2013;
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Rosenberger et al., 2019; Tremblay et al., 2017). Tremblay et al., 2017 was one of the
first to illustrate this model (compare Figure 1.3) which was modified by Rosenberger
et al. (2019) to explore the paradigm of the Interrelationships of all aspects of physical
behavior on health effects. In the future, this model can provide the basis for the creation
of holistic public health guidelines to combine synergies from different research areas and
develop overall interventions. In this thesis, the term physical behavior refers collectively
to the multidimensional construct of physical activity, sedentary behavior, and sleep.

Figure 1.3: 24-hour Physical Behavior Cycle (adapted from Tremblay et al., 2017).

24

Note: The movements that take place in the course of a day are divided into two components:
On the outside, different categories are presented based on the posture of the body. Inside,
divided by energy expenditure, are the three categories of sleep, physical activity, and sedentary
behavior. The proportion of space occupied by each behavior in this figure is not prescriptive
of the amount of time that should be spent on those behaviors each day.

The model of the Physical Behavior Cycle with its continuous observation of physical
behavior leads to the main topic of this thesis, the device-based recording of physical
activity. Until 2015, only the MoMo activity questionnaire was used to record physical
activity within the MoMo-Study. This questionnaire is based on the systematization
according to Woll (1996) shown in Figure 1.4. The questionnaire focuses on recording
the central aspects of the type, intensity, frequency, and duration of the habitual or
typical activity. To record these aspects of physical activity as holistically as possible,
the MoMo activity questionnaire differentiates in various domains or settings.
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Figure 1.4: The facets of physical activity, a modified and translated version of Woll, 1996
for surveying by activity questionnaire

In 2015 the recording of physical activity by accelerometers was added in MoMo, and this
approach was extended to include the continuous capture of current activity intensity,
which is rather difficult to capture with questionnaires. Some background information
and considerations that arise in this context will be covered in more detail in the next
two Sections.

1.2 Documentation of device-based measured PA

Hippocrates, as already mentioned, referred to the correct dosage of physical activity.
To determine this dose, an exact analysis of the actual condition is required. In ancient
Greece, neither stopwatches nor computers could be used for data acquisition. However,
due to the increasingly accurate acquisition of data with device-based measured PA in
modern times, the question of the correct dosage and the correct and most accurate
recording is also now raised.

In this thesis, the term“device-based measured PA” is used in contrast to“objective
measured PA”, because there are so many subjective (or at least relatively arbitrary)
decision points in the planning, recording, and analysis of accelerometry data that it is
hardly objective. Although device-based PA can also describe other methods in which
technical devices record physical activity, here the term mainly refers to the recording
of physical activity using accelerometers. Acclerometry is composed of the Latin word
“accelero”, which means accelerate, and the Greek word“métron”, which means measure.
Therefore, it is the measure of acceleration. In sports science, accelerometry is now
understood synonymously with the collection of physical behavior using accelerometer
(ACC). If you look at the term accelerometer in purely technical terms, it is a sensor
that can detect accelerations. When PA monitors are based on accelerometers, they
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use one or more piezoelectric accelerometers, depending on the number of axes. A
piezoelectric sensor consists of a piezoelectric element, for example, a bimetal, and a
seismic mass. If the seismic mass of the sensor is now moved by motion, a deformation
of the piezoelectric element takes place either in the form of a bend (in the case of beam
sensors) or direct pressure or tension (in the case of newer sensors with an integrated chip
(IC)). This change in electrical polarization results in a charge shift. This shift generates
a voltage signal that will be proportional to the registered acceleration. A detailed
description of the process can be found in Chen and Bassett (2005). Originally used
in elevators and airplanes, accelerometers can now be found in a wide range of devices
such as smartphones, activity monitors, pedometers, and game controllers. Since they
are very good at detecting motion, there is no question about their usefulness in tracking
physical behavior. Certain algorithms can be applied to accelerometer data to determine
PA, SED, and sleep. Although the term accelerometer refers to the sensor, in this thesis
it is also used synonymously for the entire device (in MoMo, especially for the models
of the ActiGraph accelerometers).

In the 40 years since Montoye’s team of exercise physiologists and engineers modified a
phono cartridge to measure bodily acceleration (Wong et al., 1981) and predict the en-
ergy expenditure of PA (Servais et al., 1984) the device-based measures of PA and related
behaviors have emerged as an essential tool for research on PA and health promotion.
In fact, the team’s prescient observations that

“[...]the accelerometer’s greatest value may be in the area of categorizing
people into various activity-related groups. It could also be used as a device
by which people could compare their daily activity to a prescribed level for
rehabilitation, weight loss, or personal goals in training.”

Servais et al., 1984

has become fully realized in recent years. PA monitoring devices continue to be the
leading fitness trend (Thompson, 2018). More than 100 million tracking devices and
accelerometer-enabled smartwatches were sold in 2017–18 (Lamkin, 2018), nearly 445
million devices in 2020 (IDC, 2022). Activity monitors have emerged as important self-
monitoring tools in clinical medicine (Lobelo et al., 2018), large-scale health promotion
(U.S. Department of Health and Human Services, 2018), and are now commonly used
in national surveillance efforts (Burchartz et al., 2020; Colley et al., 2011; Matthews
et al., 2008; Troiano et al., 2008). The number of yearly publications using search terms
’exercise or physical activity’ and ’acceleromet*’ increased from 10 or fewer until 1996
to more than 600 in 2012 and 2013 (Troiano et al., 2014). The same search term yields
more than 1400 publications on scopus.com in 2021 (compare Figure 1.5 assessed on
November 04, 2022).

ActiGraph accelerometers (Pensacola, FL, USA) were among the first accelerometers
to be used early on for the study of PA and health. At the time, the first ActiGraph
devices could only measure uniaxial acceleration. In 1998 (at that time Actigraph was
just named“Manufacturing Technology Incorporated (MTI)” after being founded under
the name “Computer Science Applications Inc. (CSA)”), the European Youth Heart
Study (EYHS) was one of the first population-level studies to use accelerometers to
quantify PA (Riddoch et al., 2004). ActiGraph released in 2009 the first triaxial GT3X
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Figure 1.5: Publications by year with search terms ’exercise or physical activity’ and ’ac-
celeromet*,’ Scopus.com, accessed Nov. 04, 2022.
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model. In 2014, a review by Wijndaele et al. (2015) reported that more than 51% of the
76 studies, each with more than 400 participants, in 36 countries, used an ActiGraph
accelerometer. Therefore, in KiGGS and MoMo wave 2, ActiGraph accelerometers (suc-
cessor models: GT3X+ and wGT3X-BT) were used to enable comparison with other
large-scale European studies (Riddoch et al., 2004; Ruiz et al., 2011).

This leads us to the actual core of this thesis. Device-based measurement of physical
activity using accelerometers in the MoMo study.

1.3 Research Problem and relevance

A quote from “De Monarchia” from the famous Italian poet and philosopher Dante
Alighieri (1265 - 1321), who after all is considered one of the most important philosophers
of the European Middle Ages, gives an insight into the importance of each part of the
whole:

“Et sicut se habet pars ad totum, sic ordo partialis ad totalem”
translated to

“And as a part stands in relation to the whole, so the order in a part stands
to the order in the whole.”

Alighieri, 1317

If this statement is transferred to the device-based recording of physical activity, we
should not only consider the measured activity as a whole, but also take a close look at
each step that is taken to record it.

Today accelerometers offer opportunities for researchers to capture valid data about
the intensity and amount of physical behavior in real-time over several days and weeks.
From these multidimensional data, a great number of metrics can be derived to capture
and describe the unique aspects of physical behavior. As a researcher, you need to
go through sometimes excessive technical details of accelerometry when selecting and
applying devices to quantify physical behavior. The effects of these decisions on the
metrics (energy expenditure, activity intensity, body position, activity patterns) can occur
in a variety of ways. The device, carrying position (hip, wrist, thigh), and recording



1.4. Structure of the thesis 11

parameters (epoch length (EL), frequency, memory capacity, recording frequency, and
filters) have a large influence on the measured activity (Rowlands et al., 2018). Different
backgrounds such as study design (purpose, repeated measurements) and duration (time
frame, wear time), as well as data storage and evaluation must be taken into account
when determining the parameters. Finally, the evaluation must adjust several levers (raw
data, context information, non-wear time, intensity classification, compliance) depending
on the target variables.

As mentioned above, annual publications using accelerometers in physical behavior re-
search have risen rapidly in recent years. The number of calibration studies and protocols
used for this also increased, leading to a very heterogeneous field of outcome variables
and results. Due to this large number of possible (subjective) decisions before the actual
measurement, one should be thoroughly familiar with existing validation studies when
planning a study and document as many technical decisions as possible when recording
and evaluating data to enable data comparison across studies.

Therefore, the main objectives of this thesis are as follows:

(1) clarify technical decisions that should be made when using accelerometers in large
epidemiological studies of activity,

(2) analyze the basic methodological aspects and important technical decisions in
the device-based measurement of physical activity in large scale epidemiological
studies, specifically the MoMo study,

(3) investigate the implications of different evaluation methods in the preprocessing
of accelerometer data,

(4) compare the data based on the accelerometer recordings in addition to the repre-
sentative data from the MoMo activity questionnaire,

(5) examine accelerometer data with respect to differences between weekdays and
weekend days.

1.4 Structure of the thesis

For this reason, the document is structured as follows (see also Figure 1.6). The Intro-
duction in Chapter 1 presents the background of activity and health research, as well
as the development of accelerometry in this field in recent years. Starting with a short
historical look at physical activity guidelines, it particularly focuses on Germany and the
MoMo-Study. The introduction ends with an outline of the specifics of device-based
activity measurement, emphasizing the particular importance of documenting technical
decisions, and the scientific research already published. This is followed by the research
problem and the main objectives of the thesis, which constitute the body of the docu-
ment.

Chapter 2 provides the “Consensus Article” (A1 in Fig. 1.6) and reflects the expert
consensus of the authors during the 2nd International Workshop for the Center for
the Assessment of Physical Activity (CAPA) on the topic of accelerometry for physical
behavior assessment. It is in the middle between methodology and data analysis (Figure
1.6), since it clarifies what aspects should be considered in planning and evaluation. This
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article helps to provide directions and useful references for practitioners and researchers
when considering using accelerometers in epidemiological studies.

In Chapter 3, ’the Study Protocol’ (A2 in Fig. 1.6), incorporates the problems identified
in the Consensus Article and offers researchers the possibility to obtain a specific overview
of the decisions for the methods and protocols used to assess device-based physical
activity in children and adolescents with accelerometers in the MoMo-Study.

Chapter 4, the“the Methods-Article” (A3 in Fig. 1.6), is the next step after the assess-
ment of physical activity with accelerometers. It explores the implications of choosing
various metrics when processing recorded data. Through this examination, it becomes
clear why it is so important for reproducibility that all technical decisions in the process-
ing and evaluation of device-based measured physical activity are documented. In this
article the different methods are primarily reviewed, but also analytically and critically an-
alyzed, which is why this Chapter is again closer to the transition between methodology
and analysis.

There was also strong agreement at the CAPA workshop that neither questionnaires nor
accelerometers provide optimal coverage of all aspects of PA and that instead a mul-
timodal, combined approach of self-report and device-based methods is recommended.
Therefore, in Chapter 5, “the Comparison Article” (A4 in Fig. 1.6) makes a compar-
ison between device-based measured physical activity and the MoMo physical activity
questionnaire. This article clearly falls into the analysis category of the thesis, but also
has a slight tendency to the underlying methodology. Based on the number of days
on which participants reached the physical activity values given in the WHO guideline,
this study examines the difference between self-reported and device-based measured PA
and whether the differences in PA between the age and gender groups obtained by two
methods are comparable.

Finally, Chapter 6 holds “the Typical Day Article” (A5 in Fig. 1.6) and takes a look on
a average day of physical activity intensities measured by accelerometer and compares
weekdays and weekend days. Compelling results on individual awake phases on different
days of the week pose interesting considerations for future accelerometer studies. For
this reason, this Chapter is also located in the outer margin of the analysis section.

This also introduces the transition to Chapter 7, “the Discussion”, which contains the
general discussion and conclusion of the thesis. It is intended to provide an outlook
on what lessons can be learned from the first nationwide physical activity survey using
accelerometers in Germany and what future research problems should be addressed next
based on this experience. Appendix A contains additional documents and supplements
that are referred to or have been created in the context of this work. Appendix B includes
a list of all scientific publications by the applicant as author or co-author up to the date
of submission.
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Figure 1.6: Structure of the Thesis.

Note: The different articels are shown in the green circles, the blue keywords represent main
topics, orientation of the articles to the yellow boxes indicates the affiliation whether the article
is more methodological in character or has an evaluation focus.
A1: Consensus Article
A2: Study Protocol
A3: Methods-Article
A4: Comparison Article
A5: Typical Day Article
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2.1 Introduction

Accelerometers offer opportunities for researchers to capture valid data on the intensity
and amount of physical behavior (PB) in real time over a period of several days and
weeks. From these multidimensional data, a great number of metrics can be derived to
capture and describe the unique aspects of PB. The goal of this article is to help the end
user of PB monitoring devices (from novice to intermediate experience) wade through
the sometimes excessive technical details of accelerometry to outline best practices in
selecting and applying devices to quantify three main behavioral categories of common
interest to the research community: physical activity (PA), sedentary behavior (SED),
and sleep. The effects of these decisions on the metrics (energy expenditure, activity
intensity, body position, activity patterns) can occur in a variety of ways. The device,
the carrying position (hip, wrist, thigh), and the recording parameters (epoch length
(EL), frequency, memory capacity, recording frequency, and filters) have a large influ-
ence on the measured activity. Different backgrounds such as study design (purpose,
repeated measurements) and duration (time frame, wear time), as well as data storage
and evaluation must be taken into account when determining the parameters. Finally,

https://doi.org/10.1016/j.psychsport.2020.101703
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the evaluation must adjust several levers (raw data, context information, non-wear time,
intensity classification, compliance) depending on the target variables. Looking into the
future, current developments in statistical analysis are discussed, because the research
community has not yet reached a consensus on the most promising approach. There are
exciting developments ahead of us in the future. Sleep in particular is increasingly being
considered an influencing factor for health. Together with the technical developments
in sensors that will become incrementally smaller, more accurate, and in the near future
will be integrated directly into our clothes or skin, accelerometry is facing exciting times
and lots of data to evaluate.

2.2 State of the science

In the 40 years since Montoye’s team of exercise physiologists and engineers modified a
phono cartridge to measure bodily acceleration (Wong et al., 1981) and predict the en-
ergy expenditure of physical activity (PA) (Servais et al., 1984), device-based measures
of PA and related behaviors have emerged as an essential tool for research on PA and
health promotion. In fact, the team’s prescient observations that “the accelerometer’s
greatest value” may be in the area of categorizing people into various activity-related
groups. It could also be used as a device by which people could compare their daily
activity with a prescribed level for rehabilitation, weight loss, or personal goals in train-
ing” (Servais et al., 1984) has become fully realized in recent years. PA monitoring
devices continue to be a leading fitness trend (Thompson, 2018) and more than 100
million tracking devices and accelerometer-enabled smart watches were sold in 2017–18
(Lamkin, 2018). Activity monitors have become important self-monitoring tools in clin-
ical medicine (Lobelo et al., 2018), large-scale health promotion (U.S. Department of
Health and Human Services, 2018), and are now commonly used in national surveillance
efforts (Burchartz et al., 2020; Colley et al., 2011; Matthews et al., 2008; Troiano et al.,
2008). The number of yearly publications by search terms ’exercise or physical activity’
and ’acceleromet *’ increased from 10 or fewer until 1996 to more than 600 in 2012 and
2013 (Troiano et al., 2014). The same search term yields more than 1200 publications
on scopus.com in 2019 (assessed on November 7, 2019).
One of the advantages of accelerometry is that it can collect dense data over a long period
of time (days, weeks, and sometimes even months), allowing for a detailed examination
of daily behavior. From these multidimensional data, a large number of metrics can be
derived to capture and describe the unique aspects of PB. Recent epidemiological stud-
ies provide new information on the distinct influence of sedentary behavior (SED), light
(LPA), and moderate to vigorous intensity physical activity (MVPA) on health enabled
by accelerometry (Diaz et al., 2017; Matthews et al., 2016), and new cohort studies
are using accelerometers on a much larger scale and include the assessment of sleep
(Doherty et al., 2017; German National Cohort Consortium, 2014). This accelerometer
era in PB research might be considered a golden age with great opportunities, but many
challenges remain.
Although there are suitable and precise devices available for most applications (e.g.,
interventions, epidemiology, surveillance), the wide variety of devices and prediction al-
gorithms available for a variety of metrics (e.g., step counts, energy expenditure, intensity
classification, posture, sleeping pattern) and limited information from rigorous validation
studies make it difficult for the average user to understand what the most appropriate
options are for each application. One device may not fit all applications, and users
must make informed choices to optimize the results of individual studies. The goal of
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this article is to help the end user of PB monitoring devices (novice to intermediate
experience) navigate through sometimes excessive technical details of accelerometry to
outline best practices and highlight necessary considerations in selecting and applying
devices to quantify two major behavioral categories of common interest to the research
community: PA and SED. Although sleep is an increasingly important behavioral cate-
gory, it is only mentioned in extracts, as the authors of the article have little practical
experience in recording sleep. Throughout this article, no major distinction is made be-
tween accelerometers sold for research purposes (research devices) and those sold to the
general population (consumer-devices), it is expected that the decision-making processes
apply to each. In many cases, consumer devices are as accurate as research devices and
they often provide feedback to participants more easily (Henriksen et al., 2018; Wahl
et al., 2017). Nonetheless, consumer-devices rarely provide raw data and mostly use
proprietary algorithms, which make the harmonization of various datasets difficult. In
addition, a reanalysis of the data with different calculation methods is almost impossible
with proprietary algorithms.

Figure 2.1: Logo of the CAPAWorkshop held on the 11th and 12th July, 2019 at the Karlsruhe
Institute of Technology, Germany

2nd International
Workshop

CAPA
GERMANY

The opinions outlined in this article reflect the accumulated experience of the authors
with a wide variety of monitoring devices. The group of authors consists of interdisci-
plinary researchers in the field of accelerometry and PB that came together at the 2nd
International Workshop for the Center for the Assessment of Physical Activity (CAPA)
held on the 11th and 12th July, 2019 at the Karlsruhe Institute of Technology, Germany
(Fig.2.1). This is not a systematic review, but rather reflects the expert consensus of
the authors on the topic of accelerometry for PB assessment.
The following section focuses on best practices and is divided into subsections of:

• Behaviors, highlighting the differences in assessing the different facets of the PB
spectrum,

• Metrics, providing insight on what parameters to use for different goals,

• Study Design, showing differences in approaches for a variety of research questions,

• Data collection, processing and (storage/accessibility), describing what still needs
to be done after the study has been designed,
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• And current developments in statistical analysis, highlighting the need for sophis-
ticated methods to analyze data.

The last section will focus on future directions of the field. Some of these directions are
already developing; others will definitely be important topics in the future.
Although there is literature that provides help for users of accelerometer- based measures
in surveillance (Pedǐsić & Bauman, 2015), which gives considerations regarding data
collection and processing (Migueles et al., 2017) or focuses on methods in intervention
studies (Montoye et al., 2018), the need for directions for new researchers in this field
remains. The authors provide these directions and related useful references to help
practitioners and researchers when considering using accelerometers.

2.3 Best practices

Currently, accelerometry is the“state of the art”when it comes to device-based measure-
ment of PB. In addition to PA, SED, and sleep are the most common behaviors assessed
using triaxial movement acceleration methods within 24-hour measurements.

2.3.1 Study Design

2.3.1.1 Physical activity

“Physical activity is defined as any bodily movement produced by skeletal muscles that
results in energy expenditure” (Caspersen et al., 1985, p. 126). When Caspersen and
colleagues defined PA in 1985, accelerometers were not yet feasible and widely available
for PA assessment. Technological advances have created an increasing interest in the use
of accelerometry for the assessment of PA today (Ward et al., 2005; Welk, 2002) using
different outcomes (see Section 2.3.2 Metrics for more information). The main advan-
tage of using accelerometry over self-reported (retrospective) PA is that it is not prone
to recognition, memory, or social desirability biases of participants, as recall measures
are (Adams et al., 2005; Brenner & DeLamater, 2014; Nigg et al., 2012). A detailed
discussion of the questionnaire approach can be found in the Physical Activity Ques-
tionnaire Article (Nigg & Woll, 2020). A review of the comparison of indirect measures
(that is, questionnaires) and direct device-based measures of PA in pediatric populations
revealed that 72% of indirect measures overestimated directly measured values (Adamo
et al., 2009). However, this trend was not confirmed for adults (Prince et al., 2008), nor
for older adult populations (Kowalski et al., 2012). Here, no clear patterns emerged for
the mean differences between subjective self-report and device-based measures of PB.
Moderating factors of overestimation are less clear and should be examined in future
studies. In general, the correlations between device-based and self-report measures are
weak throughout the lifespan, showing a discrepancy between both measures. However,
the need for device-based monitoring of PA, ideally 24 hours a day, for assessment of
real-life activity patterns is often stated.

2.3.1.2 Sedentary behavior

Besides PA, it is also important to objectively measure SED (Lewis et al., 2017), es-
pecially since studies have shown that SED has negative effects on health outcomes
(Katzmarzyk et al., 2019). According to the internationally accepted definition of SED
(Tremblay et al., 2017), it is necessary to capture both characterizations of SED, namely:
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body posture (sitting/lying/reclining) and energy expenditure (≤1.5 MET). Moreover,
there is an ongoing debate on whether the effects of SED on mental and somatic health
are independent of PA or not (Biswas et al., 2015; Ekelund et al., 2016).
Thus, there is a growing need to assess both behaviors over a specified period of time,
providing the opportunity to examine the definite effects of both on mental and somatic
health. Measurement of SED is also feasible using self-report and device-based measures.

2.3.1.3 Sleep

Sleep forms a special component of SED, which is usually characterized by a lying po-
sition and a reduction in bodily functions. Therefore, self-report measures of sleep are
difficult, as a sleeping state induces a state of unconsciousness. The effects of PA, SED,
and sleep are examined by most researches in isolation (Chaput et al., 2017), what is
flawed because time spent in one behavior will naturally depend on the composition of
the rest of the day (Taylor et al., 2018). Even if less established than PA and SED mea-
surements, accelerometers can also be used to assess sleep, which is the third component
of every day PB. Different sleep quality patterns, such as bed and out-of-bed time (and
therefore hours per day spent in bed), nighttime movements, or even clinical sleep prob-
lems, can be assessed. But this 24-hour movement recording requires different methods
of data analysis than standard multivariate techniques. These methods need to take
into account the codependence and proportional nature of compositional data (Chastin
et al., 2015; see Section 2.3.5 Current developments in statistical analysis for more infor-
mation). A study comparing sleep / wake judgments obtained through sleep diary and
accelerometer driven data revealed good agreement for nocturnal sleep (Kawada, 2008).
Similar findings were obtained from a recent review on the validity and reliability of sleep
time questionnaires across the lifespan with moderate to strong correlations between
measurements (Nascimento-Ferreira et al., 2016) as well as in a study combining diary
and questionnaires with accelerometer data (van Hees et al., 2015). When validated
against polysomnography, the state-of-the-art method for detecting sleep, high correla-
tions can be detected, revealing that accelerometry is a good tool for real-life assessment
(Jean-Louis et al., 2001).

2.3.2 Metrics

Accelerometry is based on continuous and real-time measurement and recording of
movement-induced raw acceleration signals over a specific period of time (EL). Ac-
celerometers register the intensity and duration of single- or multiaxial accelerations and
convert these raw data into manufacturer- and model-specific outcome metrics. Before
the raw data is converted, it is usually filtered. This should eliminate acceleration fre-
quencies that are not compatible with human movement. Most devices allow the user
to choose between different filters when processing the data. As the different filters
have a large impact on the outputs, it is important to report information on the filters
used. Unfortunately, there are no internationally accepted standards for signal processing
(Rowlands, 2007). Due to these differences in raw data processing and filtering, outcome
metrics cannot be directly compared across devices (Chen & Bassett, 2005). However,
using identical software and algorithms to process outcome measures can help harmonize
the data. A recent study by Rowlands (2018) has shown that key PA outcomes derived
from data from different devices, which were processed identically thereafter, were largely
equivalent.
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Since the outcome metrics provided by accelerometers do not have direct physical mean-
ing, they must be translated into a more interpretable unit or measure (Troiano, 2006).
For example, different age-specific cut-points can be applied to accelerometer outcome
metrics in order to express raw data in terms of time spent in specific behaviors (PA, SED
or sleep), in different positions and postures (standing, sitting, lying) and to determine
intensities of PA (low, moderate, vigorous; for example, Schaefer et al., 2014). When
applying specific cut-off points from calibration studies, it is crucial to follow the same
data collection protocol (processing, epoch length, device placement, filter, etc.) that
was used in the original study (Migueles et al., 2017). Although common metrics of
interest are described in detail in this section, there are new approaches that focus on
improving these existing metrics. The finding of metrics for PA volume and intensity de-
rived from raw acceleration has been the focus of recent studies and show great promise
(Rowlands, Edwardson, et al., 2018; Rowlands, Mirkes, et al., 2018; Rowlands, Sherar,
et al., 2019).

2.3.2.1 Energy expenditure

One key use of accelerometry is to interpret the raw data recorded by the device to
estimate energy expenditure (EE). This is one way to make accelerometer data compa-
rable across different types of PA and across a broad range of target groups. Therefore,
accelerometer metrics are often transferred into the commonly used metabolic equiv-
alent of a task (MET). The MET values obtained can then be classified as sedentary
(≤ 1.5 METs), low (1.5-3 METs), moderate (3 to 6 METs) and vigorous (> 6 METs)
PA (Butte et al., 2012)) for adults. However, children are known to have considerably
higher basal metabolic rates per unit of body mass than adults. Therefore, the adult
MET thresholds do not apply to children (McMurray et al., 2015; Saint-Maurice et al.,
2016). For scoring and interpretation of youth PA data, the new Youth Compendium of
Physical Activities can be applied (Butte et al., 2012). When interpreting accelerometer
data by means of EE one has to consider that multiple different algorithms exist to con-
vert accelerometer outcome metrics into EE outcomes. This may lead to different EE
outcomes depending on the algorithm used, so data from different accelerometer models
cannot be directly compared if the conversion algorithm is not open to the public. Fur-
thermore, the relationship between a specific activity and EE can vary due to external
circumstances (additional loading, changes in altitude, and temperature). Furthermore,
depending on the placement, accelerometers are not capable of accurately detecting the
intensity of activities that involve the use of the upper extremities and activities with
limited hip movement (Prince et al., 2008).
The inclusion of heart rate monitors may have an additive informative value, especially
in activities that involve isometric muscular contraction, such as weight bearing exercises
and activities such as carrying a load, pushing, and rowing (Jakicic et al., 2004; Kozey-
Keadle et al., 2010). A combination of accelerometer analysis and heart rate monitoring
may further improve the overall accuracy of EE and the assessment of exercise intensity
in free-living situations.

2.3.2.2 Activity intensity

The volume and intensity of PA and SED during a specific time interval (hours, days,
and weeks) may be obtained by classifying outcome metrics accumulated in a specific EL
(integration of a filtered digitized acceleration signal over a user-specified time interval,
see Section 2.3.4 Data collection and processing for more information) with a set of
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cut-points. These cut-points function as thresholds for outcome metrics and are used
to classify activities as sedentary, light, moderate, vigorous or very vigorous activities
(Migueles et al., 2017).
These cut-points are generally validated specifically for a certain model of accelerometer,
wear location, age group, and health status of the observed population (Taraldsen et al.,
2012). Thereafter, applying cut-points to a specific data set requires following the same
data collection and processing criteria that were applied in the original calibration study.

2.3.2.3 Body position and posture

Some accelerometers have the ability to distinguish between different body postures and
positions using the accelerometer inclination output. Using both inclination and dynamic
acceleration, these devices are able to classify basic posture by distinguishing sedentary
activities from upright activities. The ability to identify different body positions and
postures is dependent on the placement of the accelerometer on the human body (e.g.
hip, wrist, thigh, etc.). However, Carr and Mahar (2012) reported that the correct body
position was identified only two-thirds of the time during sedentary activity. This may be
attributed to the fact that accelerometry analyzes PB in predefined ELs (Ayabe et al.,
2013). Especially small activities such as transitions from a sitting or supine position
only last a few seconds and thus may be below the EL chosen and are therefore not
resolved. New methods to address this using angle for posture estimation show promise
(Vähä-Ypyä et al., 2018).
It is also challenging to monitor the movement behavior of certain study populations,
such as toddlers, children, and people with movement disabilities due to the occurrence
of ’non-standard’ postures, such as kneeling and crawling (Davies et al., 2012). These
postures are “non-standard” because the devices categorize body position as sitting /
lying, standing, or step. The best way to quantify non-standard postures and the tran-
sitions between postures is direct observation or proxy reporting. Additionally, the time
spent in a posture does not indicate the effort someone must exert to attain or maintain
this posture or movement.

2.3.2.4 Activity patterns

To date, most research has focused on associations between the amount of time spent
in SED, LPA, and MVPA and health. However, recent evidence from controlled exper-
imental trials suggests that the pattern of PB may also be related to health outcomes,
even when accounting for the total volume of activity (Keadle, Shiroma, et al., 2017). In
addition to PB variables such as duration, intensity, and volume, the activity pattern has
been suggested as an outcome of PB that may provide additional information beyond
reports of activity counts or other outcome metrics (Cavanaugh et al., 2010). Short PA
breaks between prolonged periods of SED are especially important to reduce the adverse
effects of somatic and mental health effects (Ekelund et al., 2016; Giurgiu et al., 2019).
Therefore, determining these intermissions is of relevance, especially in organizational
settings such as work and school. In the current literature, the term bout is often used
to describe a predefined amount of time without intermission in the same PB. However,
with the new emerging possibilities of data analysis, the term ’activity pattern’ refers to
more than just the summation of bouts.
Another very interesting measurable characteristic is the timing of different PB. Olds
et al. (2011) got results associated with late bedtimes and late wake-up times with an
unfavorable activity profile and a weight status profile. Matricciani et al. (2019) used GE-
NEActive wrist-worn accelerometers to check the duration, onset, offset, daily variability
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and efficiency of sleep. Recent studies used an accelerometer to assess associations
between sleep duration, timing, and regularity with measures of adiposity (Zhou et al.,
2018) or PA (Xu et al., 2019). The development of population-independent outcome
metrics that adequately assess the prevalence of meeting the PB guidelines is another
new approach to quantify accelerometer outcomes. Metrics such as the ’magnitude of
acceleration’ above which a person accumulates the most active 60 (for children) or 30
(adult) minutes are possibly comparable between data sets and a new tool for public
health to report on guidelines (Rowlands, Fairclough, et al., 2019).

2.3.2.5 Evaluating the accuracy and precision of outcome metrics

Somewhat surprisingly, it can be difficult to determine the accuracy and precision of
the monitoring devices in the setting it is typically used in population-based samples of
people living independently of their daily lives, at home, work / school or at leisure. If
one is interested in assessing the total volume of PA, estimated as total activity counts
or a sum of all bodily acceleration during the monitoring period, then less validation
work may be needed. On the other hand, if you want to know the true validity of your
estimates of step counts, sedentary time, EE or the duration of activity intensities or
sleep, more rigorous validation studies are needed. For example, EE validation can be
performed by validating against oxygen intake determined by spiroergometry.
It has become clear that the initial assumption that simple calibration studies using
laboratory-based approaches alone would be sufficient to develop accurate prediction
algorithms for PB in real life settings was not always tenable. Prediction methods devel-
oped using a small set of activities in controlled environments have not always produced
valid estimates of target behaviors in real life because they cannot cover the entire spec-
trum of PB that occurs. Additionally, high-quality validation studies (described in more
detail below) are actually relatively rare, especially with the use of free-living data. Many
new prediction methods have been created, but few have been rigorously tested. Limited
information about which of these prediction methods (e.g. moderate-vigorous intensity
cut-points, Lee et al., 2019) are most accurate has led to much confusion in the field.
To help clarify this area and identify studies that may provide better validity estimates,
Keadle et al. (2019) have recently proposed a framework that outlines specific steps
in the monitoring development, calibration, and validation process. Drawing on frame-
works used for drug development, they proposed four phases of monitoring development,
validation, and application. The initial step (Phase 0) is based on bench tests and re-
finement of the technical reliability of the monitor. The next steps reflect the calibration
of the monitor or the development of the prediction algorithms. Phase I testing includes
simpler and more controlled laboratory-based testing of selected activities using fixed
start/stop times and the development of the initial prediction method(s). Phase II test-
ing extends the earlier phase and includes implementation of semi-free-living protocols,
including transitions between activities, to further develop and refine prediction meth-
ods. Critterion measures, such as direct observation and indirect calorimetry, are integral
to the calibration monitoring process, and these data are often used to provide initial
validity information about new devices or prediction methods. However, since the data
used in these“validation”studies are derived from the same study population from which
the prediction methods were developed, they can overestimate the actual validity of the
method when it is applied in a new study population. Phase III of the development pro-
cess involves rigorous validation studies of previously developed prediction methods using
strong criterion measures (i.e., indirect calorimetry, direct observation, doubly labelled
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water) in a study sample different from that used to develop prediction method (i.e., in-
dependent sample). Examples of strong Phase III validation studies include that of Toth
et al. (2018) who evaluated the validity of step counts from a variety of devices compared
to direct video observation; Lyden et al. (2014) who evaluated MVPA estimates using a
new machine learning algorithm compared to direct observation; Chomistek et al. (2017)
who compared a variety of ActiGraph prediction methods for energy expenditure with
doubly labeled water; and Crouter et al. (2013) who compared estimates of MVPA dura-
tion using various ActiGraph prediction methods to indirect calorimetry. Implementation
of strong criterion measures in independent samples of free-living individuals can provide
clear evidence for most accurate precise methods, while reliance on Phase I/II can be
useful but leaves much more uncertainty. Unfortunately, Phase III validation studies are
relatively rare in most cases and only Phase I or II studies are available to evaluate a
method of interest.
The final phase (Phase IV) of the development process involves the application and dis-
semination of methods that have successfully progressed through previous phases. As
data processing and prediction algorithms become more complex, to minimize the re-
quirements of specialized expertise, the development of more user-friendly methods will
be required for more effective dissemination and use by the research community.

2.3.2.6 Limitations/perspectives

The accelerometry data should be directly comparable and understandable in physical
terms and valid in a wide range of target groups (Taraldsen et al., 2012). Unfortunately,
little data is available to provide evidence to determine the most valid variables for dif-
ferent purposes.
A common problem with all acceleration monitors is processing and classifying the data
into PB outcome variables. Specifically, different methods for handling the same data
can result in significantly different values for the same outcome variables. Thus, al-
though PB measurement with accelerometers may be considered ’objective’, there are
subjective elements such as setting the EL and cut-points, and consensus guidelines
for collecting and processing these device-based measured data are lacking (Heil et al.,
2012). Additionally, contextual information related to the setting and type of activity
in accelerometry is limited. Therefore, information from other sources (that is, behavior
logs) and sensors should be integrated to better understand PB in different contexts and
to increase the comparability of measurements by imputing non-wear time (Sprengeler
et al., 2017). However, this will increase the participant burden and the evaluation effort
of the researchers.

2.3.3 Study Design

2.3.3.1 Choosing a monitor and monitor placement

Choosing the ’best’ monitor for a given research, clinical, or intervention application
depends on the characteristics of the PB that one wants to measure; the type of study
or intervention project at hand; the amount of burden that participants might accept;
and the available staff and resources to administer the monitors. These resources include
cost of devices, logistics of monitor administration, data storage, and analytic resources
available, and increasingly specialized expertise to implement more advanced prediction
methods/algorithms.
The first question to ask when deciding on which monitor to use in a given setting and
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where to locate it in the body is: What aspects of human behavior and metrics of those
behaviors should be measured? Different monitoring devices have different strengths
and weaknesses to predict different summary metrics. For example, devices worn on the
thigh generally provide more accurate and precise measures of body posture than waist
or wrist-worn accelerometers, although devices worn at each of these sites may output
a summary metric for sedentary time. Additionally, there can be important differences
in the accuracy and precision of a given metric, even when they are derived from the
same type of monitor. For example, more advanced pattern recognition methods are
likely to be more accurate and precise than simple cut-points derived from the same
device (Lyden et al., 2014). It is recommended to think about identifying the most valid
algorithm to predict the specific metrics of interest, and then select the monitor and
monitor placement that can capture data to feed into that algorithm. In other words,
identify the summary metrics of primary importance for the study, select the monitoring
device, and placement that have adequate validity for the specific study population and
study type. These choices also need to be within the resources available for the project
and within an acceptable range of burden for the participants.

2.3.3.2 Measurement time frame

The time frame for data collection depends mainly on the research question or the broad
measurement objective. In planning a study, researchers must decide how long monitors
should be worn each day (e.g., a few hours, waking day, 24 hours), how many days
should the data collection period include, and whether seasonal variation in behavior
may affect the results (Atkin et al., 2016; Matthews et al., 2001). Choosing a device or
prediction method that has higher validity/accuracy should minimize systematic errors in
the estimation of PB metrics of primary interest. However, human behavior is inherently
variable because humans are not robots that do exactly the same thing every day. This
results in a natural variation from day to day in behavior, and our patterns of behavior
often change with the seasons and from year to year. Thus, natural variation in behavior
must be taken into account when designing measurement protocols and matching the
protocol to the broad objectives of the study. Study designs using shorter measurement
time frames with the goal of estimating mean values within a study population (versus
individual prediction), such as population surveillance and intervention studies, may be
more susceptible to the influence of seasonal variation, and the measurement schedule
may need to be designed to minimize these effects. Short data collection periods during
the day could be useful if the aim of the research is to measure PB in a specific setting
or situation such as during physical education in schools. Wake-up time, or time out of
bed, is often used for studies of SED and PA, while a 24-hour protocol is also needed if
sleeping behavior is part of the research question. Furthermore, wearing the device for
24 h increases the recording time and the compliance with the wear time, therefore, a
recording time of 24 h per day is recommended when possible (Migueles et al., 2017;
Tudor-Locke et al., 2015). However, from an ethical perspective, it should be carefully
reconsidered if a 24-hour measurement period is justified if only daytime data is of
interest.
In terms of the number of days of monitoring needed, this choice may depend on the
objectives of the study. If the goal is to estimate mean values in a population for
surveillance purposes, in theory, only a single day of observation is needed. Migueles
et al. (2017) recommend a minimum of four days of valid data (wear time of at least
8–10 h per day), while Trost et al. (2005) claim that PB patterns can be determined
with 3–4 days of measurement with over 80% reliability. The general recommendation
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to capture seven consecutive days of data collection is generally a feasible approach to
assess habitual PB patterns in children and adults (Addy et al., 2014; Barreira et al.,
2015; Trost et al., 2000). Sampling 7-day periods increases the chance of capturing
an adequate number of valid days, which means a compromise between sample size
and reliability (Migueles et al., 2017), for meaningful data analysis, and improves the
opportunity that weekday and weekend days are part of the data collection period (Addy
et al., 2014; Trost et al., 2005). Interestingly, Wolff-Hughes et al. (2016) noted that
purposeful sampling of weekend days can lead to biased estimates of population mean
values compared to random sampling, raising questions about the common practice of
requiring fixed numbers/types of days in ones analyzes. There may be no right or wrong
approach and for some purposes including participants with a single day of observation
is appropriate, while studies with other goals may need to ensure more days and specific
types of day should be included in the analysis. The research community has carefully
examined the number of days or observations required to achieve adequate reliability
for short-term measures (e.g., ICCs > 0.8). However, less work has been done to
understand the variation in behavior from one administration period (e.g., one 7-day
period) to the next. In general, studies that examined this type of behavior variation
have observed relatively high reliability from one 7-day administration to the next in older
women from the United States (Keadle, Sampson, et al., 2017) and middle-aged and
older adults in Germany (Jaeschke et al., 2018), indicating that 7-day administration
periods reflect relatively long-term average values for PA and SED in the population.
Interestingly, behavioral variation in measures, conceptualized as random fluctuations
around long-term average behavior (i.e. random measurement error), has a differential
impact on statistical results depending on whether the PB variable is used as a dependent
or independent variable in models (Hutcheon et al., 2010). When PB variables are used
as dependent variables, random error results in no bias in the model-based estimates,
but does reduce their precision (i.e., standard errors increase). On the contrary, when
PB variables are used as independent variables, random error can introduce bias into
model-based association estimates (that is, attenuated beta coefficients) a phenomenon
called regression dilution bias (Elliott et al., 1990). This effect should be considered
when interpreting analysis including an independent PB variable.

2.3.3.3 Studies with repeated measurements

Study designs, such as interventional or longitudinal studies, that require repeated mea-
surements need some additional considerations in the planning stages to allow the best
comparability of the device-based measured PB data collected over time. The moni-
tor administration methods, including wearing position and periods, as well as device
settings (e.g., sampling frequency), should remain as consistent as possible within each
administration period. Additionally, the wear time determinations and metric prediction
methods applied to the raw data should be consistent over time. Furthermore, exter-
nal factors that could influence the PB, but that are not part of the research question,
should be standardized by consistent and purposeful sampling over time. For example,
sampling PB with attention to season of the year and/or the days of the week monitored
is important to minimize variation due to these factors. Documentation of all procedures
and decisions made is recommended, e.g. in the form of a standard operation procedure
(SOP).
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2.3.3.4 Measurement reactivity

Wearing an accelerometer might influence the behavior of participants, which is known as
measurement reactivity (Baumann et al., 2018). The studies showed that the participants
modified their PA pattern in the presence of an accelerometer. For example, in an adult
sample, a small portion of LPA was reallocated to SED. In another study, Clemes et al.
(2008) compared the step counts of the participants who knew they were being tracked
with those of the participants who did not know and found a significant increase in the
first condition. Devices that display the archived activity or sedentary time might even
enhance the effect and motivate participants to change their behavior. However, if the
typical activity behavior should be measured, a modification of the normal activity pattern
is not desired and could bias the results. Therefore, it is recommended to provide as much
information as necessary on the outcome measure (e.g. explaining ’measuring activity’
rather than ’measuring steps’ or ’measuring movement at the hip’) and use devices that
do not display results to reduce the reactivity bias of the measurement. Furthermore,
longer measurement periods, as well as the exclusion of the first measurement day from
data analysis, can counteract bias due to measurement reactivity (Dössegger et al.,
2014).

2.3.4 Data collection and processing

It is critical to document all technical decisions for comparison purposes.

2.3.4.1 Data collection

Three decisions must be made before collecting accelerometer data. First, it is a basic
requirement to measure and store the raw data of the accelerometer. Unlike previous
decades that required the accumulation of data in formats such as counts, the storage
capacity of accelerometer devices is not limited, as emphasized thirteen years ago (Row-
lands & Eston, 2007). The storage of raw data enables researchers to process the data
offline with different algorithms (analyzing body position with static components, time
course of the magnitude of activity, time-frequency analyzes) or to reanalyze the data
with algorithms newly developed in future. The measurement range (e.g. ± 8g) and
resolution (e.g. 0.01 g, respectively, 0.1 m/s2 per bit) depend on the characteristics
of the Micro-Electro-Mechanical Systems (MEMS) sensor selected by the manufacturer
of the accelerometer and usually covers the full range of naturally occurring human ac-
celeration values. The sampling frequency (defining the temporal resolution) must be
at least twice as high (Nyquist frequency or Nyquist-Shannon sampling theorem Shan-
non, 1949) as the highest movement frequency component to avoid aliasing effects (this
means generating virtual frequency components when the analog accelerometer signal is
digitized). Human movement frequencies can reach values of 10 Hz in writing (Teulings
& Maarse, 1984) or 10.5 Hz in piano playing (Furuya & Soechting, 2012). Taking into
account these two examples, a sampling rate of 21 Hz (2 × 10.5 Hz) is required to as-
sess the movement frequency. For the assessment of PB, a sampling frequency of 30 Hz
normaly meets the Nyquist criterion. If the magnitude of the activity or the movement
pattern (e.g. for biomechanical analyses) is in the focus of interest, the sampling rate
must be multiple times higher, whereas the accuracy of the measured pattern increases
with sampling rate (accuracy – samplerate trade-off; e.g., a sampling rate of five or ten
times higher than the movement frequency results in a more or less amount of distortion
of the measured signal). Therefore, it depends on the research question how precisely a
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movement pattern should be measured, respectively, which grade of distortion is accept-
able to increase measuring time (depending on the storage capacity of the device). Kang
and Rowe (2015) developed a method for automated and task-specific optimization of
sampling rates.
Secondly, as mentioned above, it must be decided how many days or weeks to measure.
This decision depends mainly on the study question (for a detailed discussion, see 2.3.3.2
Measurement Timeframe).
The third issue is the epoch setting, i.e., the aggregation level / period length used to
analyze the raw acceleration. Aggregation into epochs is necessary to feed raw data into
various prediction methods, whether they are equations or simple cut-points. Particularly
in children, whose movement behavior pattern is known to be spontaneous and inter-
mittent, an EL between 1 and 5 s or the shortest possible EL is recommended (Banda
et al., 2016; Bornstein et al., 2011; Heil et al., 2012; Kettner et al., 2013; Migueles
et al., 2017; Sigmund et al., 2014). On the contrary, long ELs such as 60 s are known
to underestimate MVPA in children (Guinhouya et al., 2013). Here it must be noted
that with longer ELs, short vigorous PA intervals are more often detected as moderate
PA, and short intervals of moderate PA are at the same time detected as LPA. The
accelerometer studies chose to use an EL of 60 s due to the smaller storage capacities
in the early years. With better storage capacities today, smaller ELs are no longer a
problem and are highly recommended. The optimal EL in terms of health outcomes is
yet unknown.

2.3.4.2 Context information

Using diaries or questionnaires assessing the PB context is essential for specific research
questions. For example, the simultaneous application of self-reports and device-based
measurements enables one to reliably quantify the volume/intensity of PB within a
specific time frame, such as work or school hours, and the timing of organized sports
(Helmerhorst et al., 2012; Reilly et al., 2008; Sprengeler et al., 2017; Westerterp, 2009).
If schedules are available, this information can be collected at the group level in a
less time-consuming manner, e.g. school classes (Sprengeler et al., 2019). If they
are not available, the use of wear time protocols or log-books needs to be considered
(Burchartz et al., 2020). Combining self-reports and device-based measures can allow
for a comprehensive understanding of PB (Sallis & Saelens, 2000). The accelerometer
can only capture accelerations to create an activity profile of the frequency, intensity,
and duration of the activity when worn, so detailed information about the type, quality,
and context of the activity is needed for a complete understanding of the assessed PB.

2.3.4.3 Non-wear time

Since most accelerometers are not waterproof (with a few exceptions, the latest sensors
from GENEActiv and Axivity), essential amounts of aquatic PA will not be measured. In
this case or when the participants forget to wear the accelerometer, the non-wear time
must be identified (via self-report or algorithms). In general, algorithms for detecting
non-wear times consist of time intervals with successive values of the lowest valid accel-
eration with or without a tolerance of several minutes in which small accelerations are
allowed, with optional windows of zero acceleration before and after this tolerance. The
algorithm of Barouni et al. (2020) also analyzed the respiration pattern to differentiate
the wear time from the non-wear time. Toftager et al. (2013) recommend that the differ-
ent algorithms be used only for the specific subgroups in which they have been validated.
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There are different algorithms for different age groups and more studies are needed to
test the precision of each algorithm for these different age groups (Migueles et al., 2017).
The non-wear time data need to be excluded from the data analysis, otherwise they will
likely be categorized as SED. This introduces a bias as non-wear time is normally as-
sociated with some kind of activity with an intensity higher than SED. As mentioned
above, recording 24 h movement requires different data analysis methods since during
sleep movement is even lower than during SED (Chastin et al., 2015). When devices are
not worn during sports activities, the imput of MVPA for the duration of sports activities
should be considered with caution. It is highly unlikely that the entire duration will be
spent doing MVPA. It is not recommended to enter the total time spent during sports
activities as MVPA as stated in a diary. An imputation of 50% of the reported duration
is a good solution if the average PA value is to be analyzed from an epidemiological
point of view, particularly in children (Fairclough & Stratton, 2006; Hollis et al., 2016;
Sprengeler et al., 2019).

2.3.4.4 Compliance

Trained study staff should hand out the devices and motivate participants to wear the
device at all times. It is best that the participants are introduced to how to wear the
device correctly. The important points of wearing the accelerometer (placement, wearing
times, data protection, and return of the device) should be summarized in an informa-
tion sheet to be distributed to participants. In particular, concerns can be dispelled by
pointing out that an activity sensor (accelerometer) is present and used to detect PB
(as opposed to camera, GPS, WLAN, Bluetooth, or similar). In some countries, it is
possible to obtain an ethics statement to collect GPS data – even for children, which
provide rich data sets on PB.
In some sports, the organizer / organization prohibits the use of electronic devices to
record and evaluate activities in real time. Additional information sheets with further
information about the study for teachers, trainers, coaches, parents, or employers, de-
pending on the setting in which the study takes place, should also be provided. This
information may prevent devices from needing to be removed at sporting events or during
work/school, which would result in data loss. When returning the device by mail, an
addressed and stamped envelope should be provided to participants to make it as easy as
possible for them to send it back. A telephone follow-up protocol can be implemented if
the devices are not returned (Burchartz et al., 2020). The already recommended 24-hour
recording time can also increase compliance. On the one hand, it provides a complete
picture of activity during waking hours, sleep patterns, and inactive phases. On the other
hand, the compliance is better as participants do not have to pay attention to taking off
the device at certain times (e.g. sleep).

2.3.5 Current developments in statistical analysis

2.3.5.1 Acknowledgement of the intrinsic co-dependency between human be-
haviors during a finite amount of time

Measurement of human behavior such as PA, SED, and sleep with accelerometer devices
results in data sets representing observations of a finite amount of time, e.g., 8 h, 12-h,
24-h, or 7 days. Within the observed time frame, the amount of an individual’s behavior
summed up to 100%, and an increase in one behavior ultimately leads to a decrease in
at least one of the other behaviors. These circumstances have important implications
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for the interpretation of the results of the statistics used and the interpretation of the
results in relation to health benefits. Standard procedures of multivariate statistical an-
alyzes (e.g., linear regression, ANOVA) assume that the time spent on one behavior is
independent of the time spent on any other behavior and that the amounts are poten-
tially infinite. However, accelerometry always deals with finite amounts of time, and
applying, for example, a standard linear regression technique may in some cases lead to
multicollinearity issues. Over decades, research on human behavior in relation to health
has most often not taken advantage of the interrelationships between time-linked behav-
iors by examining the specific behavior of interest in isolation, rather than investigating
the dependencies that do exist (Mekary et al., 2009). Recently, several research groups
have worked on different strategies to recognize the codependency between behaviors
and apply more sophisticated statistical approaches, such as the Isotemporal Substitu-
tion Model (ISM), Compositional Data Analysis (CoDA), Multivariate Pattern Analysis
or Bayesian Dirichlet distributions (Aadland et al., 2018; Chastin et al., 2015; Mekary
& Ding, 2019; van der Merwe, 2018). In October 2019, an international workshop was
held in Granada organized by Francisco Ortega with the focus on statistical methods
to analyze accelerometer-measured PA. As a result of this workshop, there is a detailed
consensus article on analytical approaches to evaluate associations with accelerometer-
determined PB in epidemiological studies (Migueles et al., 2021). This article provides
an expert description and a discussion of the statistical approaches currently available
for use in epidemiological studies, as well as highlighting their strengths and limitations.

2.3.5.2 Isotemporal substitution model/compositional isotemporal substitu-
tion model

The ISM was originally developed by Mekary et al. (2009) to analyze PA and SED data.
The general aim of the ISM is to estimate the effect of replacing one specific behavior
with another behavior for the exact same amount of time. With a setup of different
models, the association with a specific health outcome variable (e.g., BMI, biomarkers)
for a predicted replacement of one behavior with another can be estimated. The ISM
approach is able to control for all relevant behavior- related variables and the observed
total time. It is important to note that, in most cases, absent multiple measures of
behavior over time, the association only describes the predicted influence of changing
behavior rather than the effect of an actual change.

2.3.5.3 Compositional Data Analysis

The CoDA approach was developed by Chastin et al. (2015) to analyze PA and SED
data. CoDA accounts for the constraint structure of the data, namely the finite amount
of, time of e.g. 24-h. Such data can only exist in a specific constraint geometric space,
the so-called simplex, according to the Aitchison geometry (Aitchison, 1982). However,
standard statistical techniques apply Euclidean geometry and assume potentially infinite
data. To analyze data of compositional nature, the data first has to be expressed as
isometric log ratios (ilr). The compositions of the ilr coordinates can then be analyzed
in Euclidean geometry with standard statistical techniques. CoDA can be applied with
the aim of using the composition of human behaviors as an independent variable or to
predict the change in specific health-related outcome variables (e.g., BMI, biomarkers)
in relation to behavior change. Dumuid, Stanford, Pedǐsić, et al. (2018) have recently
developed and tested a compositional ISM in an empirical study.
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2.3.5.4 Multivariate Pattern Analysis

Multivariate pattern analysis is widely used in pharmaceutical and metabolomics studies
and has recently been adapted by Aadland et al. (2018) to analyze accelerometry-derived
PA and SED data in relation to cardiometabolic health. Multivariate pattern analysis
accounts for the multicollinearity of PA and SED data and provides a solution to analyze
a more detailed spectrum of PA intensities in comparison to the established but rather
broad overall summary measures (e.g., SED, LPA and MVPA). Furthermore, Aadland,
Andersen, et al. (2019) showed that the explained variance of metabolic health was ten
times when applying the full spectrum of PA intensities from the three axes compared
to the traditional summary of MVPA derived by counts per minute from the vertical axis
alone.

2.3.5.5 Bayesian Dirichlet distribution

For several research questions, it may be of interest that a composition of human be-
haviors such as PA and SED is the dependent variable. A Bayesian approach using a
Dirichlet distribution is suggested (van der Merwe, 2018), which accounts for the com-
positional nature and allows one or more independent variables in a regression model. As
an empirical example, how player positions in team sports affect the amounts of stand-
ing, walking, and running, measured via accelerometry, during the game, which can be
of great importance in sport science and practical coaching situations.

2.3.5.6 Practical suggestion

The research community has not yet reached a consensus on the most promising ap-
proach, and both the original ISM and the compositional ISM have tended to show
broadly similar results (Dumuid, Stanford, Mart́ın-Fernández, et al., 2018). Mekary and
Ding (2019) argue in their comment article on a compositional ISM study by Biddle
et al. (2018) that their original ISM has several advantages compared to compositional
ISM, such as a straightforward interpretation and intuitive articulation of the results
with respect to PA guidelines. The original ISM uses absolute values of the time spent
in a specific behavior instead of relative values that are used in the compositional ISM
by Biddle et al. (2018) and Dumuid, Stanford, Pedǐsić, et al. (2018) and Fairclough
et al. (2017). Aadland, Kvalheim, et al. (2019a) compared multiple linear regression,
CoDA, and multivariate pattern analysis in an empirical study. Substantial differences in
associations between PA intensities and cardiometabolic health were identified, and the
authors argue that multivariate pattern analysis should be considered in future studies.
Each approach has its strengths, limitations, and practical relevance. Therefore, re-
searchers must carefully inspect the approach that fits best with their research objective
and data. Helpful guidelines for the analytical process are available: Mekary et al. (2009)
provide detailed information regarding the applied substitutional model and other related
models in the appendix; Chastin et al. (2015) provide detailed information regarding the
compositional nature of sleep, SED, and PA, and Dumuid, Stanford, Mart́ın-Fernández,
et al. (2018) provide a description and sample R code in the Supplementary Material
accompanied to the respective article. Aadland, Kvalheim, et al. (2019b) provide a tuto-
rial that guides the reader on how to conduct multivariate pattern analysis with respect
to PA and health. van der Merwe (2018) also provides a description, sample R code,
and an example data set to adapt his Bayesian approach to handle compositional data
in regression modelling. It is important to note that the application of these statistical
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approaches is rather complex in comparison with standard procedures of multivariate sta-
tistical analyzes (e.g. linear regression, ANOVA). Therefore, researchers are encouraged
to seek the advice of appropriate experts.

2.4 Future directions

2.4.1 Algorithms for intensity detection and validation studies

Traditionally, the intensity of PA obtained from accelerometer data is determined by
the accumulated number (the outcome metric, sometimes referred to as ’counts’) of
threshold exceedances (so-called cut-off points) per time unit (EL). The raw signals of
the accelerations measured by the accelerometer are processed and evaluated by vari-
ous methods. Various validation studies for different age groups and devices determine
cut-off points for SED, light, moderate, and vigorous intensities (Migueles et al., 2017;
Schaefer et al., 2014). This has proven to be successful, as the intensities for different
age groups and different target groups differ greatly from each other. However, because
of the large number of devices available, the number of intensity algorithms is also very
high. So far, there are no uniform international standards that specify how validation
studies should be conducted for the different target groups, so that the results calculated
afterwards would be comparable. Similarly, an unanswered question using ELs is whether
and how measuring in smaller epochs affects estimates of PA minutes and meeting PA
guidelines.
However, we recommend not using device-based outcome metrics anymore because it
is not always known or reported how they are computed. Many commercially available
devices keep these methods for count calculation proprietary. Newer device manufac-
turers (e.g. activpal, movisens, GENEActiv), mostly with a scientific background, have
therefore increasingly opted for an open-science approach, making comparability between
devices possible. Future intensity calculation algorithms should be based on raw data
from accelerometers and be open to the public. This open science approach would allow
studies to compare their data with raw data from other studies by applying the different
algorithms to their own raw data set.
This is why pattern recognition algorithms are emerging in the field right now. Due
to the amount of raw data available for evaluation, different algorithms, for example,
from the field of speech recognition, were tested in the last years to be used to find
PB patterns in accelerometer data. Different studies and researchers like Farrahi et al.
(2019) and Smith et al. (2019) or the group around Stewart Trost (Ahmadi et al., 2019;
Tong et al., 2019) are currently working on the use of supervised learning algorithms, as
well as deep learning and convolutional neural networks, to predict activity patterns and
EE from body-worn accelerometers.

2.4.2 Sleep detection

As sleep is related to many health outcomes, future studies should also use the oppor-
tunity of accelerometers to assess different sleep outcomes, such as duration of sleep,
sleeping habits, including sleep movements, health issues related to sleep such as ap-
nea or naps during the day. Differentiation of sleep and SED can be difficult at times
(e.g., the difference between lying on the couch watching television and sleeping on the
couch in front of the TV). An important point to consider is the positioning of the
accelerometer. Positioning the sensor on the thigh makes it possible to detect different



38 2. State of the science, best practices and future directions

body positions very well. Smith et al. (2019) validated different body placements of
the accelerometer and found that the hip may be superior for sleep timing and quantity
metrics, whereas the wrist may be superior for sleep quality metrics. In the future, more
studies like the one by Barouni et al. (2020) are needed to differentiate between wake,
sleep and non-wear periods. Studies that confirm the best placement for accelerometers
during PA, SED and sleep like Leppänen et al. (2019) are needed as well.

2.4.3 Timing of PA

2.4.3.1 Sleep/active cycles

Moreover, the inclusion of sleep pattern assessment can provide deeper insights into sleep
/ wake patterns of participants. After achieving more accurate algorithms for sleep and
daytime nap detection (potentially by including other sensors, or measuring heartrate
variability), gaining deeper insights into inter-individual daily routines and making it
possible to more precisely determine the relationship between active and sedentary versus
sleep times should be the focus of future research.

2.4.3.2 Activity throughout the day

Moreover, accelerometer use makes it possible to examine different activities in terms
of duration and intensity over the whole day (if the device is worn throughout the day).
Using these data, researchers can make specific statements about when, for how long,
and at what intensity a person is active. Here, daily patterns can be examined, that is,
if someone is walking to work every day at the same time or if someone has any activity
routines. This also allows investigation of the within-day transfer or compensation effects
of PA or SED.

2.4.3.3 Non-wear time protocols via ambulatory assessment

The manual input of non-wear time protocols into PA data is very time-consuming and
distorts the collected device-based data set with subjective evaluations of activity. A
more sustainable approach is to use ambulatory assessment in combination with 24-hour
recording.
Triggered e-diaries can ask subjects about activity right after certain events have been
detected (no device worn, periods of high activity, or SED). This means that non-wear
times and especially the reasons for that can also be recorded relative precisely. This
allows at least the recording of PA while the device was not worn, and the participant
can receive feedback on how much activity was not recorded, as well as the activity
type and context. Due to continuous technical progress and the constantly decreasing
size of the sensors, simultaneous use of several sensors will be conceivable in the future.
This could combine the advantages of different carrying positions and also improve the
detection of certain PB (Reichert et al., 2020).

2.4.3.4 Smart patches and clothes

To encounter compliance problems and the difficulties in comparing data intraindividually
due to different wear times, body-mounted sensors, smart patches, or smart clothes are
promising attempts. This technology also has the potential to be used in automated
activity profiling systems that produce a continuous record of activity patterns over
extended periods of time (Preece et al., 2009). However, a 24-hour assessment faces
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multiple challenges: First, the adherence of the participants must be ensured. People
are more likely to wear a monitoring device if it does not interfere with their daily habits
and activities (Evenson et al., 2015). A hip-worn device, for example, is not feasible for
tight clothes; a wrist-worn device is not suitable for a craftsperson wearing gloves, and
either device is not suitable for a swimmer if it is not waterproof. A promising approach
to face these problems is the establishment of more (validated) user-friendly equipment,
like (waterproof) smart patches (Schneller et al., 2017). A microchip collecting triaxial
acceleration data (and possibly more) mounted in a small patch that can easily be
adhered at any body location. The first commercial products (e.g., biobeat patch or
Moio.care smart patch) are already on the market. At present, these products are
still associated with high costs for individual smart patches. In addition, these devices
can often be used once or a limited number of times and must then be disposed of,
which produces a lot of waste and is not as sustainable as reusable devices, such as
typical accelerometers. Reusable devices that attach to the body with bio patches are
preferable to one-use devices. Due to technological development, sensors and device
sizes are getting smaller and are therefore easier to use. A promising approach into
this direction has already been made by leading sports manufacturers by inserting such
microchips into sportswear (e.g., shirts like the Hexokin Smart Shirt, or shoes like the
Digitsole Smartshoe or the Skiin smart underwear) which can be used more than once.
But even smart clothes still have a very limited lifespan, moisture during washing and
the strain on cables and sensors caused by movement limit the length of time they can
be used. A potential future direction is the development of subdermal accelerometer
computer chip implants. The potential in terms of data collection is great; however,
this raises major ethical issues as subdermal microchips cannot easily be removed. This
would limit human rights with respect to privacy and make them ’transparent humans’
with no chance of escaping permanent (possible) observation through data gained within
these chips.

2.4.4 Combining accelerometry with other PA assessment meth-
ods

To obtain more comprehensive pictures of PA, SED, and sleep behavior, it is recom-
mended to integrate accelerometry with ecological momentary assessment (EMA). EMA
is a reliable instrument for gaining Big Data, allowing one to make differentiated as-
sumptions about people’s daily lives due to high-resolution data points which can be
obtained by:

a) collect data from large numbers of subjects using, for example, mobile phones and
by

b) assessing a large number of different measures from subjects (e.g., GPS, heart
rate, heart rate variability, electrodermal activity, context, etc.; Hesse et al., 2015;
Hidalgo-Mazzei et al., 2016).

Both approaches can help to understand real life settings in different ways and are
valuable approaches to various science topics (Berger et al., 2017). A detailed discussion
of this approach can be found in the Ambulatory Assessment Article (Reichert et al.,
2020).
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2.5 Conclusion

Accelerometry is the state of the art when it comes to device-based measurement of PB.
The advantage of accelerometry is that it can collect dense data over a long period of
time, allowing a detailed examination of daily behavior. From these multidimensional
data, a great number of metrics can be derived to capture and describe the unique
aspects of PB.
Besides PA, SED and sleep are the most commonly evaluated behaviors. Various carrying
positions and sensors are available for different areas of application. The complex and
dense data resulting from device-based measured PB as well as the various options
with respect to devices, data collection, and data analysis, can also be a challenge for
researchers. Furthermore, the different approaches used in studies can lead to limited
comparability and reproducibility of the study results. The numerous considerations
mentioned lead to the conclusion that:

≫ A recording time of 24-h per day is recommended for at least seven days (Migueles
et al., 2017; Tudor-Locke et al., 2015);

≫ Consider existing validation studies when planning one’s own studies and to docu-
ment as many technical decisions as possible when recording and evaluating data
to allow data comparison across studies;

≫ There is a critical need for better validation studies (Phase III studies in the Keadle
et al. (2019) framework). They are needed to clarify questions about the accuracy
of various prediction methods;

≫ Determine format and sampling frequency of the acceleration data (a sampling
frequency of 30 Hz normally meets the Nyquist criterion) the recording time (a 24
h recording of at least one complete week using the shortest possible EL (1s) is
recommended) which can be converted to longer ELs if needed;

≫ In addition to the device-based measurement, assess the type of activity performed
during non-wear time and reasons for non-wear of the devices for a complete
understanding of the PB assessed;

≫ There are algorithms that can determine non-wearing periods, but EMA methods
are endorsed to capture contextual information and activities during non-wearing
periods as mentioned in Reichert et al. (2020).

Device-based measured PA is often assumed accurate and to reflect actual PB. We pro-
pose that researchers choose their method based on the most valid approach for their
given behavioral metric. From that perspective, the method chosen will dictate the type
of device and the prediction algorithm. However, the values from, e.g., accelerometers
are still estimates, and in the absence of satisfactory agreement with ground-truth gold
standard measures of free-living PA should not be interpreted as ‘actual’ PA levels. The
research community has not yet reached a consensus on the most promising approach in
statistical analyses of device-based measured data, besides the inherent multicollinearity
within data based on human behavior during a finite amount of time should be carefully
considered. Each approach has its strengths, limitations, and practical relevance. There-
fore, researchers must carefully inspect the approach that fits best with their research
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objective and data.
In exercise psychology, accelerometry is a valuable tool for experimental and correlational
research, as well as for developing individualized training programs. In addition to gain-
ing information such as duration, length, and height and triaxial acceleration within a
passed training session, accelerometer data are also used in post-match analyses in team
sports. For (self-) observational purposes, accelerometer-based information can be help-
ful in two main areas focused by exercise psychology: in motivation of people to engage
in any kind of exercise, or athletes; and in barrier management. Here, a combination
of accelerometry with other features (like EMA, diaries) is expected to be the means of
choice. In addition, individual feedback methods can be used to improve the enjoyment
of exercise or training.
The best practices section of this article also provides valuable information for exercise
psychologists and points to further literature to reach a fundamental understanding of
the use of accelerometers in exercise psychology. It should be used as a starting point
for exercise psychologists considering the use of accelerometers. The section of future
directions shows opportunities for further research, and especially ambulatory assessment
shows great promise in the field of exercise psychology. The goal of this report is to
help the end user of PB monitoring devices wade through sometimes excessive technical
details of accelerometry to outline best practices in selecting and applying devices to
quantify three major behavioral categories of common interest to the research commu-
nity: PA, SED, and sleep. There are still many challenges, but we also have exciting
developments, e.g., technical developments in sensors which will be even smaller and
more accurate ahead of us in the future.
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3.1 Abstract

Background: Currently, no nationwide objective physical activity data for children and
adolescents living in Germany exists. The German Health Interview and Examination
Survey for Children and Adolescents (KiGGS) and the Motorik-Modul Study (MoMo)
are a national cohort study that has incorporated accelerometers in its most recent data
collection wave (wave 2, since 2014). This wave 2 marks the first nationwide collection
of objective data on physical activity of children and adolescents living in Germany.
Objective: The purpose of this protocol is to describe the methods used in the KiGGS
and MoMo study to capture the intensity, frequency, and duration of physical activity
with accelerometers.
Methods: Participants (N=11,003, aged 6 to 31 years) were instructed to wear an
ActiGraph GT3X+ or wGT3X-BT accelerometer laterally on the right hip. Accelerom-
eters were worn on consecutive days during waking hours, including at least 4 valid
weekdays and 1 weekend day (wear time >8 hours) in the evaluation. A non-wear time
protocol was also implemented.
Results: Data collection was completed by October 2017. Data harmonization took
place in 2018. The first accelerometer results from this wave were published in 2019,
and detailed analyzes are ready to be submitted in 2020.

http://dx.doi.org/10.2196/14370 
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Conclusions: This study protocol provides an overview of the technical details and
basic choices when using accelerometers in large-scale epidemiological studies. At the
same time, the restrictions imposed by the specified filters and the evaluation routines
must be taken into account.

Figure 3.1: Study Protocol Infographic
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3.2 Introduction

The health benefits of regular physical activity are well documented in the public health
literature. However, assessing physical activity in children remains difficult because
the energy expenditure of a small active person can be as high as that of a large
inactive person (Cain et al., 2013; Ekelund et al., 2004; Gabrys et al., 2015; Rowlands,
2007). Because children show more complex but less structured movement behaviors
than adults (Gabrys et al., 2015; Graf et al., 2013), capturing their many spontaneous
and impulsive movements is a great challenge for physical activity assessment (Müller
et al., 2011). Currently, questionnaires are still the most widely used subjective method
to assess physical activity. One of the greatest advantages of questionnaires is their
versatility. In addition to recording the duration, frequency, and intensity of physical
activity, questionnaire methods can also be used to collect information about the type
of physical activity, which has only recently become possible with accelerometers.
Furthermore, in the context of large-scale epidemiological or health science studies,
questionnaires are the only feasible alternative for practical and financial reasons (Jekauc
et al., 2013). In contrast, many empirical studies have already shown that the level of
physical activity subjectively assessed by questionnaires is often overestimated (Jekauc
et al., 2013; Slootmaker et al., 2009; Wijndaele et al., 2015). In particular, irregular and
unstructured activities in everyday life are difficult to retrieve from memory correctly.
In recent years, accelerometers have been used more frequently in large-scale studies
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(Riddoch et al., 2004; Ruiz et al., 2011; Troiano et al., 2014; Wanner et al., 2017)
because they have become more feasible, more accurate, and much more affordable.

Although accelerometers are used more frequently, there is no consensus on the
use of accelerometers for the assessment of physical activity in nationwide studies
in adolescents or in children (Ettienne et al., 2016; Migueles et al., 2017; Schaefer
et al., 2014). Due to the rapid development in this field and the extremely large
amounts of data collected, many current studies do not accurately document the use
of accelerometers in detail (e.g. technical details of settings and evaluation) (Migueles
et al., 2017). This complicates the replication and comparison of these studies because
there are only a few representative studies worldwide (Riddoch et al., 2004; Tudor-Locke
et al., 2003). Until 2014, no nationwide study had been performed in Germany in which
physical activity was measured with accelerometers.

The objective of the Motorik-Modul study (MoMo), as part of the German Health
Interview and Examination Survey for Children and Adolescents (KiGGS), was to
establish regular monitoring of physical fitness and physical activity of children and
adolescents living in Germany and to gain insight into their determinants and conse-
quences for health outcomes. The MoMo study was established in 2003 and is based
on a cohort-sequence design; four measurement waves (baseline and waves 1, 2, and 3)
were planned from 2003 to 2021. Up to 2014 (baseline and wave 1), physical activity
was assessed solely using a validated physical activity questionnaire (PAQ) (Jekauc
et al., 2013). In KiGGS and MoMo wave 2, physical activity was also assessed by
accelerometers.

The purpose of this study protocol is to explain the challenges faced when using
accelerometers in the MoMo and KiGGS studies as an example of a large-scale
epidemiological study and to detail the methods and protocols used to capture physical
activity in children and adolescents with accelerometers in Germany.

3.3 Methods

3.3.1 Study Design

KiGGS is part of the German health monitoring system established by the Robert Koch
Institute. KiGGS research topics include physical health, mental health, health-related
behavior, health care, prevention, and social and environmental determinants. The study
design and the sampling procedure are described in detail elsewhere (Kurth et al., 2008).
The core KiGGS survey is supplemented by the MoMo study, an in-depth study to
assess the physical activity and motor performance of children and adolescents living
in Germany that is being conducted by the Karlsruhe Institute of Technology. MoMo
is being carried out with a subsample of KiGGS participants, as described in (Wagner
et al., 2014; Woll et al., 2017). The KiGGS team established temporary study centers at
167 sample points throughout Germany. Participants aged 0 to 17 years were randomly
selected from 167 registration offices and invited for interviews, physical examinations,
and laboratory tests. In the study centers, KiGGS participants were asked if they were
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willing to participate in the MoMo study. If they consented, the interviews and physical
examinations for the MoMo study took place approximately six to eight weeks later.
To date, three assessments have been conducted in KiGGS and MoMo: baseline (2003-
2006; sample sizes: KiGGS n=17,641; ages: 0 to 17 years; MoMo, n=4528; ages: 4 to
17 years), the first follow-up (wave 1) between 2009 and 2012 (sample sizes: KiGGS,
n=12,368; ages: 0 to 17 years; MoMo, n=5106; ages: 4 to 23 years), and the second
follow-up (wave 2) between 2014 and 2017 (sample sizes: KiGGS, n=15,023; ages: 0 to
17 years; MoMo, n=5689; ages: 4 to 30 years). Wave 3 of the MoMo Study is currently
underway (2018-2020; compare (Mauz et al., 2017; Wagner et al., 2014; Woll et al.,
2017; Worth et al., 2015)). For the follow-up surveys (waves 1, 2, and 3), participants in
the baseline survey were reinvited (longitudinal subjects). In addition, for cross-sectional
analysis, a new sample of children aged 0 to 6 years was drawn in KiGGS wave 1, and
in wave 2, a new sample of participants aged 0 to 17 years was drawn. For detailed
sample sizes, see (Mauz et al., 2017; Woll et al., 2017). In KiGGS and MoMo wave 2
(2014-2017), accelerometry was used for the first time in this study to measure physical
activity.

Figure 3.2: MoMo study design with the accelerometer sample in wave 2. MoMo: Motorik-
Modul.
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3.3.2 Accelerometer Sample

In KiGGS wave 2, all longitudinal participants aged ≥ 10 years (n=6465) were included
in the accelerometer sample. In MoMo wave 2, all cross-sectional participants (n=4538)
in the MoMo wave 2 sample who did not receive an accelerometer in KiGGS wave 2
were asked to wear one (Figure 3.2). Thus, a total of 11,003 participants were asked
to wear an accelerometer. Participants who had impairments that prevented them from
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wearing an accelerometer were excluded. Participants who dropped out (did not agree
to wear an accelerometer or experienced technical problems) in the MoMo and KiGGS
studies are listed in Table 3.1 and Table 3.2, respectively.

Table 3.1: Details of the MoMo study participants asked to wear an accelerometer (N=4538),
n (%).

Participation Participants

Agreed to wear an accelerometer 2105 (46.4)

Dropped out because they did not agree to wear an accelerometer 2433 (53.6)

Downloaded accelerometer records 1974 (43.5)

Dropped out due to technical problems or did not wear the accelerometer 131 (2.9)

Table 3.2: Details of the KiGGS study participants asked to wear an accelerometer (N=6465),
n (%).

Participation Participants

Agreed to wear an accelerometer 5040 (78.0)

Dropped out because they did not agree to wear an accelerometer 1425 (22.0))

Downloaded accelerometer records 4750 (73.5)

Dropped out due to technical problems or did not wear the accelerometer 426 (6.6)

3.3.3 Types of Accelerometers

In KiGGS and MoMo wave 2, ActiGraph accelerometers (models: GT3X+ and wGT3X-
BT) were used to enable comparison with other large-scale European studies (Riddoch
et al., 2004; Ruiz et al., 2011). Both the heart rate monitor and the Bluetooth wire-
less interface of each accelerometer were deactivated during testing. The accelerom-
eters were equipped with a triaxial acceleration sensor (range: ±6g, sensitivity: 3mg,
axes: horizontal right-left (x), vertical (y), and horizontal front-back (z)); they could
record acceleration data at rates ranging from 30-100 Hertz and store them in epoch
lengths of 1-240 seconds (compare with ActiGraph, 2013). The settings are described
in Section 3.3.5 ’Initializing the Devices’. The physical dimensions of the devices were
4.6×3.3×1×5 centimeters, their weight was 19 grams, and they used a rechargeable
lithium polymer battery.

3.3.4 Assessment Period and Registration Protocol

MoMo and KiGGS accelerometer data sets were considered valid with a minimum wear
time of 8 hours of recordings on 4 weekdays and 1 weekend day. These scoring policies
are also consistent with the inclusion requirements in the International Children’s Ac-
celerometry Database (ICAD) (Sherar et al., 2011). Furthermore, the literature suggests
that 4 days is a reasonable measurement time, thus reducing the burden on participants
and making it easier for researchers to collect sufficient data for the formation of recom-
mendations related to general health guidelines (Colley et al., 2011; Mâsse et al., 2005;
Matthews et al., 2002; Toftager et al., 2013). To archive the highest possible number
of valid data sets, the accelerometer should be worn for 7 days (8 days in the MoMo
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study) following the day of examination in the study center. The assessment period of
at least seven days ensured the inclusion of weekdays and weekend days. This inclusion
is recommended due to differences in physical activity during the week and on weekends
(Donaldson et al., 2016; Matthews et al., 2002; Trost et al., 2005). An additional anal-
ysis was planned of data sets with 10 or more hours of recording on each of the 5-7
days. This analysis was included because recent studies (Aadland & Ylvisaker, 2015;
Donaldson et al., 2016; Herrmann et al., 2013; Warren et al., 2010) propose the use of
longer accelerometer wear times in hours and days to provide better estimates of daily
activity.
The accelerometer should only be removed at bedtime, during activities that risk damag-
ing the device (eg martial arts), or when the participant is exposed to water (eg swimming
and showering).

3.3.5 Initializing the Devices: Epoch Length, Sampling Fre-
quency, and Filter

Each ActiGraph activity monitor was initialized using a standardized procedure prior
to being given to the participant. The monitors used the latest firmware (v1.9.2. for
wGT3X-BT and v3.2.1 for GT3X+), a unique output filename, and a sampling frequency
of 30 Hz. In research with adults, the accelerometer signal was processed in epoch lengths
of 10-60 seconds. Due to the sporadic activity of children, an epoch length between 1 and
5 seconds or the shortest possible epoch length is recommended (Bornstein et al., 2011;
Edwardson & Gorely, 2010; Migueles et al., 2017; Vanhelst et al., 2012). The ActiGraph
models used in the KiGGS and MoMo study store the collected raw data. Furthermore,
the data are downloaded in epoch lengths of 1 second, reducing memory space and
enabling faster data processing afterward. The devices can be used with two different
filters when processing the data: a normal filter and a low-frequency extension filter (the
implementation and algorithms of the filters are not open to the public). The normal filter
is known to detect accelerations in the range of 0.25-2.5 Hz (Tryon & Williams, 1996).
To capture slower movements, the low-frequency extension filter establishes an unknown
lower threshold (ActiGraph, 2013). During vigorous physical activity, the human body
produces hip accelerations of up to 3.4 Hz (Cavagna & Franzetti, 1986; Cavagna et al.,
1991). Even higher frequencies were documented in the wrist when performing physical
activity (Fairclough et al., 2016; Hildebrand et al., 2014). Considering these limitations,
the normal filter was configured to recognize as many accelerations as possible.
In KiGGS, the device was set up to start measurement at 12:00 AM the day after the
examination and stop measurement at midnight after 7 days of recording. A pilot study
prior to data collection in MoMo revealed that many participants were confused by the
standard“no flashing”mode of the ActiGraph device during recording. Therefore, a flash
mode was activated during the recording, in which the device showed a green flashing
light-emitting diode (LED). In MoMo, the device was programmed to start at 12:00 a.m.
the day the participants underwent their motor performance tests to avoid the confusion
of “no flashing” noted above. The measurement stopped at midnight after 8 days of
recording. In the MoMo study, the recordings of the first day were not considered for
data analysis because participants received the devices at different times throughout the
day, depending on the initial examination time. Furthermore, the first day served as an
adaptation period for the participants.
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3.3.6 Placement of the Device

In KiGGS and MoMo, the device was placed laterally on top of the right anterior superior
iliac spine with the closure on top, and then secured with an elastic belt (see Figure 3.3).
Compared to wrist attachment of the device, hip monitor placement provides better
acceleration detection due to the limited frequency range of the normal ActiGraph filter.
The higher movement frequencies at the wrist would be outside the range of that filter.
Additionally, most of the cut-off points for intensity estimation are validated with the
device placed on the hip (Hänggi et al., 2013; Hildebrand et al., 2014; Migueles et
al., 2017; Romanzini et al., 2014), and it is the most common carrying position for
accelerometers (Anastasopoulou et al., 2012). More importantly, studies show a more
accurate classification of intensities when the device is placed on the hip than on the
wrist (Crouter et al., 2015; Hänggi et al., 2013; Hildebrand et al., 2014; Migueles et al.,
2017; Stec & Rawson, 2012).

Figure 3.3: Participant wearing an accelerometer device on top of the right anterior superior
iliac spine.

3.3.7 Non-wear Time Protocol (Logbook)

The accelerometer can only capture accelerations when worn; therefore, detailed infor-
mation on the type of activity and the reasons for not wearing the devices is needed
for a complete understanding of the evaluated physical activity. Therefore, participants
were asked to complete a non-wear time protocol (see Figure 3.4). The combination of
self-reports and device-based measures allows a better understanding of physical activity
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behavior (Sallis & Saelens, 2000). When both self-reported and device-based mea-
sured physical activity assessments are available, it is also possible to cross-validate the
non-wear time calculated by the algorithms and the self-reported non-wear time. With
information about the reasons for not wearing the device, statistics can be created for
activities that were not captured, and adjustment factors can be calculated.

Figure 3.4: Sample MoMo wear time-protocol (translated).
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3.3.8 Transfer and Return of the Devices

Trained study assistants at the study centers distributed the devices. The participants
chose the appropriate belt size and were shown how to properly wear the device. Im-
portant aspects of accelerometer use (placement, wear times, and device return) were
summarized in an information sheet provided to participants. At the end of the mea-
surement period, the device, belt, and protocol were returned by mail. Therefore, an
addressed and stamped envelope was provided to the participants. A follow-up protocol
was implemented by telephone if the devices were not returned after 2 weeks.

3.3.9 Data Download and Preparation

After receiving the devices, the data was downloaded as gt3x files using ActiLife Version
6.13.3 software (ActiGraph). The MoMo team marked all data sets with less than 4+1
days of wear time as invalid. Additionally, ActiGraphData (AGD) files with data for
all three axes and an epoch length of 1 s were created for data analysis. These data
sets (1 second epoch length) can be converted into data sets with other epoch lengths,
allowing comparison with studies using different data analysis protocols (Choi et al.,
2011; Evenson et al., 2008; Freedson et al., 2011; Hänggi et al., 2013; Romanzini et al.,
2014; Sasaki et al., 2011; Troiano et al., 2008). This is a faster way to process the
data than to convert raw data files (*.gt3x) to data files (*.agd) with different epoch
lengths. Additionally, the time saved during the calculation is enormous when analyzing
large data sets of several thousand participants. The resulting data sets would be the
same. The gt3x files were stored separately to allow a more in-depth analysis of the raw
data after planned evaluations (e.g. with the GGIR software package (van Hees et al.,
2019)).

3.3.10 Planned Data Processing

To ensure comparability with studies already included in the ICAD (Sherar et al., 2011),
we decided to perform the analysis using the ActiGraph count system first. Before
data analysis, data regarding non-wear time must be preprocessed. Therefore, the wear
time values from the non-wear time protocols were compared with the calculated values
of different non-wear time algorithms. In this study, the algorithms invented by Choi
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et al. (2011) and Troiano et al. (2008) were considered to determine wear time. The
Choi algorithm using a 90-minute window (±30 minutes) for capturing non-wear time
was found to be the most practical because there is no need to record for 24 hours
and the other non-wear time algorithms with a 60 minute window found too many
incorrectly classified non-wear times (Jaeschke et al., 2017). Furthermore, the non-wear
time identified by Choi is independent of the used epoch length (Anedda et al., 2018).
Different cut-points were calibrated for the classification of intensity of physical activity
for different epoch lengths. The cut-off points used the most frequently were based on
1-second (Hänggi et al., 2013; Sasaki et al., 2011), on 15-second (Evenson et al., 2008;
Romanzini et al., 2014), or on 60-second (Freedson et al., 2011; Freedson et al., 1998)
epochs. In our analysis, different cut-off points for intensity classification will be used
for different age groups because the age range of the study sample includes children,
adolescents, and adults (6-27 years). The cut points from Evenson et al. (2008) for
participants aged 6 to 8 years, Hänggi et al. (2013) for participants aged 9 to 11 years,
Romanzini et al. (2014) for participants aged 12 to 19 years, and Sasaki et al. (2011)
for adult participants are currently being considered. A summary of the accelerometer
data processing criteria (suggested by Migueles et al. (2017)) can be found in Table 3.

Table 3.3: Accelerometer criteria

Accelerometer data processing
criterion

Definition in this study

Placement of the device Laterally on top of the right anterior superior iliac spine

Sampling frequency 30 hertz

Filter Normal ActiGraph GT3X filter

Epoch lengths 1 second with possibility to convert to 5, 10, 15, 30, and
60 seconds

Non-wear time definition Choi et al. (2011): 90-minute time window for consecu-
tive zero/nonzero counts; allowance of 2-minute intervals
of nonzero counts with an up/downstream 30-minute
consecutive zero counts window

Valid days/valid weeks 8 hours of recording on at least four weekdays and one
additional weekend day

Population age range 6-27 years (children, adolescents, and young adults)

Sedentary and physical activity
intensity classification and cut
point algorithms

6-10 years: Evenson et al. (2008)
11-17 years: Romanzini et al. (2014)
Young adults: Sasaki et al. (2011)a

Note: List of accelerometer data processing criteria in KiGGS and MoMo (suggested by Migue-
les et al. (2017)). aTo be determined; definition listed is under consideration.

3.4 Results

Data collection was completed in October 2017, and data harmonization was performed
in 2018. The first accelerometer results from this wave were published in 2019 (Bur-
chartz et al., 2019; Woll et al., 2019). Detailed analyzes are ready to be submitted in
2020.



64 3. Measurement of Physical Activity with Accelerometry in MoMo

First, data analysis should focus on gender and age differences in daily physical activity
levels, as well as compliance with the physical activity recommendations of the World
Health Organization (WHO). Furthermore, we plan to perform an in-depth analysis of
the associations between physical activity and different health-related parameters (eg,
obesity) and socioeconomic parameters (eg, education) by considering various data min-
ing methods. This includes investigation of cross-links and trends between questionnaires
and device-based collected activity data (eg, physical activity differences between groups
in both data sets).

3.5 Discussion

3.5.1 Summary

Currently, there are different concepts of collecting and processing accelerometer data
for the assessment of physical activity among children and adolescents (Migueles et al.,
2017). Many studies do not provide detailed descriptions of their data collection and
data handling processes. This complicates the replication of and comparability between
studies. Therefore, the purpose of this study protocol was to explain the challenges faced
when using accelerometers in the MoMo and KiGGS studies as an example of a large-
scale epidemiological study and to detail the methods and protocols used to capture
physical activity in children and adolescents with accelerometers in Germany.

3.5.2 Strengths

This study protocol provides an extensive list of considerations for measuring physical ac-
tivity and sedentary behavior by accelerometry in a large sample. These include technical
details of the device used and the reasoning behind the device choice, the reasoning be-
hind the a priori data collection proceedings (assessment period and registration protocol,
device initialization, device placement, non-wear time protocol), and the data processing
methods. Furthermore, thoughts on feasibility issues (transfer and return of the devices,
data download and preparation) are provided. Researchers planning similar studies are
given all the information needed for replication. This enables comparability with other
large European studies such as the European Youth Heart Study (Riddoch et al., 2004)
and the Healthy Lifestyle in Europe by Nutrition in Adolescence (HELENA) Study (Ruiz
et al., 2011; Vanhelst et al., 2012; Vicente-Rodriguez et al., 2007) due to similarities
in methodology. A multimodal approach to the use of self-reports and accelerometers
is recommended (Jekauc et al., 2014) and can combine the advantages of the different
methods (eg precision and breadth of detection) because no single procedure provides
optimal detection in all situations. The MoMo-PAQ was developed to measure habitual
physical activity in general, while current physical activity was measured using accelerom-
eters for 1 week. Combining these two methods of assessing physical activity provides the
opportunity to present a more comprehensive picture of the actual participant’s physical
activity and can provide a basis for planning health-enhancing physical activity programs
for specific target groups.

3.5.3 Challenges

Although ActiGraph accelerometers are used in many studies to record physical activity,
there are technical issues associated with these devices; therefore, their limitations must



3.5. Discussion 65

be considered. The use of the normal ActiGraph filter removes signals with a frequency
greater than 2.5 Hz. However, while performing vigorous physical activity, the human
body produces accelerations at the hip up to a frequency of 3.4 Hz (Cavagna & Franzetti,
1986; Cavagna et al., 1991). Due to this limitation, activities with higher movement
frequencies (that is, in the vigorous activity spectrum) may not be correctly assessed.
In the context of MoMo and KiGGS, this will not be an issue, because all activities
in this frequency range will be classified as vigorous and more detailed investigations
are currently not planned. However, evaluating physical activity based on raw data is
recommended for unbiased data processing that conforms to the open science approach.
This requires more complex and advanced algorithms and evaluation methods. The
first applied analysis will resort to a comparable evaluation with counts; however, future
discussions on this topic are needed (Brønd & Arvidsson, 2016; Hill et al., 2015), and
complex data analysis methods must be adapted. Although irregular and unstructured
daily activities are recorded more accurately using accelerometers than questionnaires,
there are still improvements to be made. Devices can only measure physical activity
when they are worn.
Therefore, physical activity that occurs during the non-wear time is not included in the
data sets. This creates a need for methods that include additional information from
these non-wear times, such as a non-wear time protocol that adjusts for the missing
physical activity.
Taking into account the wide range of ages in the sample, different cut-points and epoch
lengths are suitable for the data in this study; however, calibration studies for such a
broad sample do not exist. This leads to data accuracy issues when only one calibration
study was used or to comparability issues within the sample when multiple calibration
studies were used for different subsets of the sample.

3.5.4 Implications and Perspectives

For future waves of data collection, the non-wear time protocol should be improved. The
frequency of reasons for non-wear must be analyzed so that the wearing instructions can
be refined. This could potentially increase the wear time of devices. Furthermore, the
non-wear time protocol should assess the intensities of physical activity more precisely
during non-wear times. This would lead to a more complete assessment of all physical
activity that occurs, and more detailed feedback could be given to participants. Future
studies should examine the accuracy of different algorithms for detecting non-wear times
for different age groups (Migueles et al., 2017). The impact of different thresholds for
the classification of intensity of physical activity and the choice of the right epoch length
for the target population based on age will be of interest as long as proprietary counts
are used. Therefore, it is recommended to analyze multiple implemented cut-point algo-
rithms and identify the one that best fits the sample at hand. Both methods of assessing
physical activity should be compared between different target groups. Furthermore, the
adherence to the recommendations of physical activity of the WHO should be examined.

3.5.5 Conclusion

This study protocol will help researchers obtain an overview of the decisions about the
methods and protocols used to assess device-based physical activity in children and
adolescents with accelerometers in Germany.
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4.1 abstract

This study assesses three factors that influence the quantification of children’s and ado-
lescents’ physical activity (PA) using accelerometers: Selection of 1) non-wear algorithm,
2) epoch length and 3) cut-points. 1,525 participants from MoMo Wave 3 (2018-2022),
aged 6 to 17 years, wore ActiGraph GT3X accelerometers during waking hours. Accel-
eration counts were reintegrated into lengths of 1, 5, 15, 30, and 60 s epochs. Two
non-wear time algorithms and two sets of cut-points were applied to each epoch length.
Significant differences (p < .01) were found in both the comparison of the non-wear
time algorithms and the comparison of the cut-points when the different epoch lengths
were considered. This may result in large differences in estimated sedentary behavior
and PA values. We propose to pool the data by merging and combining multiple ac-
celerometer datasets from different studies and evaluate them in a harmonized way in
the future. In addition to the need for future validation studies using short epoch lengths
for young children, we also propose to conduct meta-analyses. This allows using data
from multiple studies to validate cut-off points and to propose a consensual set of cut-off
points that can be used in different settings and projects. The high discrepancy between
results when comparing different epoch lengths has to be considered when interpreting
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accelerometer data and is regarded a confounding variable when comparing levels of PA
between studies.

Key Words: guidelines, physical behavior, data analysis, youth, vertical axis

4.2 Background

When measuring physical activity (PA) with devices, especially accelerometers, the ob-
jective is to detect it by measuring the acceleration occurring at a specific point on
the human body (Burchartz, Anedda, et al., 2020). To report physical behavior (PB) in
public health settings, epidemiological studies use times spent at certain levels of activity
intensity throughout the day and the week as result. Usually, these intensities are divided
into sedentary behavior (SED), light (LPA), moderate (MPA), and vigorous (VPA) in-
tensity PA, although there are few more complex evaluation possibilities (Pfeiffer et al.,
2022). To convert the captured accelerations into these intensity levels, the collected
data needs to be preprocessed. Many parameters like device selection, carrying position
and recording parameters such as recording frequency or filters influence how the mea-
surement is transformed into the final results and largely affect the following estimation
of activity (Burchartz, Anedda, et al., 2020; Rowlands et al., 2018). Understanding the
PA behavior of children and adolescents is severely limited by the presence of many sets
of intensity-based limits for different brands and models of accelerometers. Trost (2007)
used the term“cut-point conundrum”already in the early days of device-based assessment
of PA to describe the bewildering number of calibration studies for different individual
populations with a wide variety of devices and settings that have been published with-
out a generalized and standardized approach, which has made a comparison between
individual studies difficult, if not impossible. Today, there are even more approaches
to analyze accelerometer data, and for these reasons, it is important to document all
decisions made in recording and processing the data to allow later comparison with other
studies (Arvidsson et al., 2019; Burchartz, Anedda, et al., 2020; Migueles et al., 2017).
In an earlier review, Cain et al. (2013) reported that only about half of all studies report
all decisions used during the process of data processing. In a recent review analyzing
the approach of accessibility and use of novel analytic techniques for classifying physi-
cal activity intensity using raw or count-based accelerometer data, Pfeiffer et al. (2022)
found that less than half of the models developed between 2000 and 2021 are not even
publicly available. Therefore, it is not surprising that so many models are not used by
other researchers.

One of the first things to look at when preprocessing the data is the accuracy of different
algorithms for detecting the time the accelerometer is not worn, the so-called non-wear
time (NWT) (Migueles et al., 2017). However, determining NWT has received little
attention in the literature, although it sometimes accounts for a large portion of the
activity data in the 24-hour activity behavior cycle (Syed et al., 2020). To evaluate
compliance with the study, determining the time during which the accelerometer was
not worn is very important. For an accurate calculation of summary statistics, such as
minutes spent in SED or LPA, MPA, and VPA, NWT has a profound impact (Syed et al.,
2020). Second, the effect of different thresholds for PA intensity classification and of
choosing the right epoch length for the target population based on age is of high interest
as long as proprietary counts are used (Dencker et al., 2012), since classifying activity
is done by accumulating counts in a specific time interval, i.e., the epoch length. Some
studies Banda et al. (2016), Bornstein et al. (2011), Breau et al. (2022), Dias Moura
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et al. (2019), Leppänen et al. (2022), Logan et al. (2016), Migueles et al. (2019), and
Xing et al. (2021) already did compare the effects of different cut points for children in
the estimates of physical behavior. However, to our knowledge, the specific combina-
tion of algorithms used in MoMo have not yet been compared as a collective. Migueles
et al. (2019) provide a comprehensive comparison of different cut-point algorithms in
overweight children. In doing so, they demonstrate that it is currently not and proba-
bly never will be possible to determine the prevalence of meeting PA guidelines based
on accelerometer data. This is based on the fact that the apparent differences found
range from almost zero to almost all participants meeting the guidelines, depending on
the algorithm used for the evaluation. Giurgiu et al. (2022) found that most validation
studies did not meet recommended quality principles when performing validation of wear-
ables in real-world conditions and therefore recommend using standardized protocols to
document all technical decisions for reproducibility. This is another reason why it is im-
portant that this point of the analysis in MoMo be adequately documented. Ultimately,
the comparability of results from different studies in Germany stands or falls with the
algorithms used to analyze the data.

Many cohort studies use sensors or generations of software that have been replaced by
newer versions over time, making it difficult to draw conclusions about changes in current
technology. In the early days of accelerometry, only vertical acceleration was measured
by the devices. Nowadays, sensors are much smaller and cheaper than earlier devices and
thus it has become state of the art to measure acceleration in all three axes. Although
this enables for even more accurate measurement, it also comes with new challenges.
Newer cut-point intensity classification based on vector magnitude (the magnitude of
a three-dimensional vector as the length of the entire acceleration, respectively, the
movement in all three axes) produces higher MVPA time compared to estimations based
on older ENMO (Euclidean Norm Minus One, see Bakrania et al. (2016)) or vertical axis
algorithms, independent of the place of attachment (Migueles et al., 2019).

As a consequence of the factors described above that prevented reasonable comparability
of previous studies, it is now recommended to analyze multiple cut-point algorithms and
identify the one where the validation sample best fits the target population at hand
(Breau et al., 2022; Burchartz, Anedda, et al., 2020; Migueles et al., 2017; Syed et
al., 2020). This means that from the large number of available validation studies, one
selects the study or algorithm that best fits one’s own study. It is important that the
following criteria are particularly similar to the validation study: Age frame, gender,
device, location, recording frequency, filter, epoch length, valid days. By capturing
accelerometer data from 2014 to 2020, the nationwide Motorik-Modul study (MoMo)
collected representative data on the physical behavior of children and adolescents in
Germany in two waves (MoMo Wave 2 and MoMo Wave 3). The objective of this
study is to transparently examine the acceleration data of MoMo wave 3 (2018-2022)
under the various aspects of epoch lengths, NWT, and cut point sets as a combined
overall construct.. In particular, the influence of five different epoch lengths on two
different NWT algorithms was examined, as well as the differences when interpreting
intensity classifications by two sets of cut-points for different age groups. The results
will help German researchers to understand how to set the appropriate parameters and
for what reasons when evaluating their own accelerometer data, in order to be able to
subsequently compare their data with the results of MoMo.
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4.3 Methods

4.3.1 Study design

The German Health Interview and Examination Survey for Children and Adolescents
(KiGGS) is part of the Federal Health Monitoring System conducted by the Robert Koch-
Institute (RKI) and consists of regularly conducted nationwide surveys among children,
adolescents, and young adults aged 0 to 29 years and living in Germany since 2003.
MoMo is a submodule of the KiGGS study and aims to assess physical fitness, PA, and
determinants of PA in children and adolescents (Woll et al., 2017). The entire study
sample was drawn from the German resident population aged 4 to 17 years using a
two-stage cluster sampling approach. Furthermore, participants from the baseline study
(2003-2006), wave 1 (2009–2012), and wave 2 (2015-2017) were invited back for wave
3 (2018-2021). A detailed description of the study design and sampling procedure can
be found elsewhere (Hoffmann et al., 2018; Mauz et al., 2019; Woll et al., 2017).
KiGGS and MoMo provide nationally representative data on PA and SED of children,
adolescents, and young adults living in Germany. A positive vote of the Ethics Committee
of the Karlsruhe Institute of Technology on 23 September 2014 is available for the study.

4.3.2 Sample description

For the current analysis, only cross-sectional data from participants aged 6 to 17 years
from MoMo Wave 3 (2018–2022) were used (n = 1,525). All data used in this study
had been collected before the first Covid-19-related lockdown in March 2020. The
participation in the study was voluntary and the guardians of the participants gave their
written consent.

4.3.3 Device-based, measured PA data

The technical and methodological details of the present study have previously been
published (Burchartz, Manz, et al., 2020; Burchartz et al., 2021). In summary, for
the assessment of device-based measured PA, ActiGraph GT3X+ and wGT3X-BT ac-
celerometers (Actigraph, LLC, Pensacola, FL, USA) were used for eight consecutive
days. Participants were instructed to place the accelerometer on the right hip and wear
it continuously, except during water activities or while sleeping. Data was sampled at a
frequency of 30 Hz, downloaded as ActiLife GT3X raw device files, and stored for offline
analysis. The GT3X files were then accumulated in ActiGraph count-based AGD files
with a 1s epoch length and converted to a Matlab-readable format.
For the present study, we analyzed all accelerometry data using the Matlab software
version R2017a (The MathWorks Inc., Natick, Massachusetts, USA) to automate the
data processing workflow without having to rely on the ActiLife 6.13.4 graphical user
interface software (Actigraph, LLC, Pensacola, FL, USA). The recordings of the first day
were not considered for data analysis because the participants received the devices at
different times throughout the day. Additionally, the first day served as an adaptation
period for the participants. In total, data for 10,557 days were recorded in n = 1,525
participants, with data available for all 7 days in 97.2% of the sample. Data was ana-
lyzed for individual days to investigate the effect of the parameters for example on wear
time in the context of the valid day criteria. The analysis focuses on methodological
differences rather than test subjects’ results. This allows to examine how different the
results can be when evaluating them using different methods.
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The epoch length data set of 1s was therefore reintegrated into another four data sets
with epoch length of 5s, 15, 30s, and 60s, respectively. Afterward, each of these five
epoch length datasets were analyzed by specifying the two different non-wear criteria
of Troiano et al. (2008) and Choi et al. (2011) resulting in 10 different configurations.
Those criteria were chosen since in the standard software ActiLife offers only three wear
time validation options to users: Troiano, Choi and a daily/hourly algorithm by ActiGraph
(ActiGraph, 2020). Thus, for the inexperienced user there is only the possibility to choose
from these two algorithms. Two vertical-axis cut-point algorithms for classification into
different activity classes (Evenson et al. (2008) and Romanzini et al. (2014), Table 4.1)
were then applied to each of these 10 epoch length/NWT datasets, resulting in 20 final
datasets including all possible combinations of the specific epoch lengths, NWT and cut
points. This decision is oriented to the ICAD specifications and sample specifications.
Evenson is also used in ICAD as an evaluation routine, also only the variant with vertical
axis. However, our age range is larger than that of Evenson (validated with 5-9 years).
That is why Romanzini was used for older children in MoMo (validated with 10-15 years,
recommended also from 12-19 years by Migueles et al. (2017)).

Table 4.1: Count cutoff ranges for one-second epochs of vertical-axis intensity algorithms.

Count cutoffs
Calibration
Population

SED LPA MPA VPA

Evenson et al. (2008) 5-9 years ≤ 2 >2 to ≤ 38 >38 to ≤ 67 >67
Romanzini et al. (2014) 10-15 years ≤ 3 >2 to ≤ 40 >40 to ≤ 54 >54

Note: SED Sedentary behavior, LPA light physical activity, MPA moderate physical activity,
VPA vigorous physical activity

The Troiano et al. (2008), Choi et al. (2011), Evenson et al. (2008), and Romanzini
et al. (2014) algorithms were implemented in Matlab programming language according
to their published descriptions and, where available, the published code (Choi et al.,
2011). The Troiano et al. (2008) and Choi et al. (2011) implementations were validated
against their implementations in the ActiLife Software. Cut-point limits of the Evenson
et al. (2008) and Romanzini et al. (2014) algorithms were independently verified by two
authors.

4.3.4 Statistics

All statistical tests were conducted using IBM SPSS 28 (IBM Corporation, Armonk,
NY, USA). Descriptive analyzes, stratified by NWT algorithms, EL, and cut-point al-
gorithms, were performed and means (M), standard deviations (SD), and percentages
were reported, as well as the corresponding inference statistical parameters, including 95
% confidence intervals for differences (CI ). A one-way analysis of variance with repeated
measurements (ANOVA) was used to analyze differences between groups of different
epoch lengths and algorithms. The P values were adjusted using the Bonferroni method
for multiple comparisons. The Games-Howell post hoc test was used. Additionally, the
differences between days regarding the two cut-point algorithms were calculated and t-
tests were used to analyze differences between intensity classifications. For all analyses,
the level of significance was set to α = 0.01.
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4.4 Results

4.4.1 Differences in NWT

Regarding the wear time for each day of the week, there were no differences between
the algorithms except in the tenth range (Figure 4.1, Supplement Table A.1). While
applying the Choi algorithm revealed more full-day NWT, applying the Troiano algo-
rithm resulted in more NWT classification at less than 1 hour. For both algorithms,
the results indicated a wear time between 8 and 16 hours (Choi = 73.5 %, Troiano
= 74.6 %) for almost three-quarters of the days. Wear times of 0-2 hours were clas-
sified by both algorithms for only 9.4 % of the days of the week. However, descrip-
tive analysis of the NWT algorithms revealed that the mean wear time of Choi was
independently constant in all epoch lengths and evaluation algorithms (MC=825.01,
SDC=165.26). For Troiano, however, different epoch lengths had a significant influ-
ence on the result. Longer epoch length resulted in more NWT and therefore less
valid days (MT1s=822.48, ST1s=162.38; MT5s=819.54, ST5s=160.16; MT15s=813.80,
ST15s=155.43; MT30s=806.42, ST30s=149.36; MT60s=805.55, ST60s=145.58). The ho-
mogeneity of the variances was asserted using the Levene test, which showed that equal
variances could be assumed for Choi (pC > .05) but not for Troiano (pT < .001).
Therefore, the wear time did not differ for the different epoch length for Choi (F 4,88495

= 0.00, p > .05), but for Troiano (Welch’s F 4,43987.00 = 42.52, p < .001) (Figure 4.2).
Games-Howell’s post-hoc analysis revealed a significant difference (p < .001) between
all epoch length groups (except for 1s to 5s and 30s to 60s) for Troiano. The mean
wear time decreased from 5 to 1s (-2.94, 95% CI [-7.62, 1.74], p >.05), from 15 to 5s
(-5.74, 95% CI [-10.32, -1.15], p <.05), from 30 to 15s (-7.38, 95% CI [-11.82, -2.95],
p <.05), and from 60 to 15s (-0.86, 95% CI [-5.16, -.34], p >.05).

Figure 4.1: Histogram of wear time per hour, for both NWT algorithms in % of datasets.
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4.4.2 Differences in valid days by valid hours of WT

The proportion of valid days in the data set depending on the criterion of valid hours
required decreases rapidly above 10 h of wear time (Table 4.2). For the analysis of the
two cut-point algorithms, only the Choi data set with more than 8h of weartime was
used . Differences in mean minutes per day were analyzed for all cut-point levels of
both algorithms and significant differences were found between the five epoch lengths
(Figure 3). For SED, a 196 min (29.5 %) and a 152 min (22.4 %) decrease were observed
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Figure 4.2: Marginal means of wear time for different epoch lengths and non-wear time
algorithms (with 95% CI).

Note: Analysis for days with a wear time of more than 8 hours.

between the 1s and 60s epochs for the cut-points of Evenson et al. (2008) and Romanzini
et al. (2014), respectively (Figure 4.3A). Significant differences (p < .01) in sedentary
time were observed between each activity output for all epoch length. A decrease in
SED time occurred as epoch length increased for both cut-points. For LPA, an increase
of 213 min (216.3 %) and a decrease of 170 min (185.3 %) were observed between the
1st and 60s epochs for Evenson et al. (2008) and Romanzini et al. (2014) Cut-points,
respectively (Figure 4.3B). Significant differences (p < .01) in LPA time were observed
between each activity output for all epoch lengths. An increase in LPA time occurred
as the epoch length increased for both cut-points. An increase of 0.6 min (1.8 %) and
1 min (7.9 %) was observed between the 1 and 60s epochs using Evenson et al. (2008)
and Romanzini et al. (2014) cut-points, respectively (Figure 4.3C). There was an overall
decrease in MPA between the 15 and 1s as well as between the 15 and 60s epochs. The
decrease was 4 min (12.2 %) and 3 min (10.6 %) for Evenson et al. (2008) and 2 min
(14.4 %) and 1 min (7.7 %) for the cut-points of Romanzini et al. (2014), respectively
(Figure 4.3C). Significant differences (p < .01) in MPA time were observed between
each activity output for all epoch length except for 5s Evenson et al. (2008) with 30s
and 5s Romanzini et al. (2014) with 60s (p > .05). For VPA, a 17 min (58.9 %) and
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Table 4.2: Valid days depending on valid hour criterion, epoch length, and non-wear time
algorithm

NWT EL 8h 10h 12h 13h 14h 15h 16h

Choi 1s
5s
15s 83.83%* 77.84%* 64.26%* 51.62%* 35.43%* 21.76%* 12.17%*
30s
60s

Troiano 1s 83.77% 77.83% 63.74% 51.11% 34.63% 21.06% 11.85%
5s 83.60% 77.56% 63.28% 50.41% 34.03% 20.52% 11.40%
15s 83.30% 77.10% 62.19% 49.20% 32.84% 19.48% 10.63%
30s 83.01% 76.61% 61.12% 47.61% 31.33% 18.20% 9.61%
60s 83.12% 76.72% 61.50% 48.04% 31.67% 18.44% 9.48%

Note: *The values of the different epoch lengths are uniform for the Choi algorithm within each
valid hour criterion. NWT non-wear time algorithm, EL epoch length in s, % of n=21,114
valid days overall

a 19 min (47.2%) decrease were observed between the 1s and 60s epochs for the cut-
points of Evenson et al. (2008) and Romanzini et al. (2014), respectively (Figure 4.3D).
Significant differences (p < .01) were observed between the VPA times spent within and
between all epoch length. A decrease in VPA time occurred as epoch length increased
for both cut-points. For moderate-to-vigorous physical activity (MVPA), a 17 min (27.5
%) and a 18 min (30.9 %) decrease were observed between the 1s and 60s epochs for
Evenson et al. (2008) and Romanzini et al. (2014) Cut-points, respectively (Figure 4.4).
The mean minutes of MVPA per day between both the cut-point algorithms and all
epoch length are statistically significantly different (p < .01). A decrease in MVPA time
occurred as the epoch length increased for both cut-points.

For further analysis, only the data set with an epoch length of 15 s was analyzed since
this was also used as a parameter in the validation study of the two cut-point algorithms
Evenson et al. (2008) and Romanzini et al. (2014). When examining the intensities
of individual days (without days with 0 min WT; n=9,937) for normal distribution, all
tests were significant due to the high number of observations, but visual inspection
of the Q-Q graphs showed that mainly some outliers in the high and low ranges are
responsible (Supplement Figure A.2, A.3, A.4, A.5). Skewness and kurtosis showed that
the distribution with SED was minimally left-skewed (Evenson: .19, Romanzini: .08) and
values below the mean were more likely to be obtained (Evenson: .91, Romanzini: .99),
and that marginal areas are more pronounced. For LPA, the distribution was almost
symmetric (Evenson: -.04, Romanzini: .10) for both algorithms but equally downward
sloping (Evenson: -.27, Romanzini: -.27). MPA and VPA were no longer normally
distributed for both algorithms, with a majority of days with low values.

4.4.3 Differences in mean min for SED, LPA, MPA & VPA by
EL and cut point algo

The results of the t-test showed that MVPA was significantly lower for Romanzini (M
= 42.89; SD = 34.19) compared to Evenson (M = 46.28; SD = 36.22, t(1056) =
130.79; p < .001; d=1.27). Taking each step individually, MPA was significantly lower
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Figure 4.3: Mean minutes spend in a) sedentary time, b) light, c) moderate and d) vigorous
physical activity per day interpreted using Evenson et al. & Romanzini et al. algorithms at
five different epoch settings (95% CI).
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Note: Epoch length of 15s is highlighted with a black edge since it is the one it was validated
for.

for Romanzini (M = 17.11; SD = 13.06) compared to Evenson (M = 30.53; SD =
22.95, t(10556) = 131.69; p < .001; d=1.28). Whereas VPA was significantly higher
for Romanzini (M = 25.78; SD = 23.74) compared to Evenson (M = 15.75; SD =
17.14, t(1056) = 122.00; p < .001; d=1.19). According to Cohen (1988), all the
differences were large.

Calculating active days based on the WHO guidelines on PA (World Health Organization,
2010), which means more than 60 min of MVPA per day, there were some differences
based on the epoch length and cut-point algorithm. Of the 10,557 recorded days, 4,033
(38.2 %) and 3,686 (34.9 %) were considered active days at a 1s epoch length in Evenson
et al. and Romanzini et al. cut-points, respectively. This number was reduced to 3,189
(30.2 %) and 2,789 (26.4 %) active days at an epoch length of 15s, and 2257 (21.4 %)
and 1909 (18.1 %) at an epoch length of 60s for Evenson et al. and Romanzini et al.
cut-points, respectively.

4.5 Discussion

The lack of a standardized preprocessing process for accelerometer data has challenged
research efforts to gain a comprehensive understanding of children’s and adolescents’ PA
and how they can be related to their health behaviors. It is recommended to analyze
multiple accelerometer data preprocessing algorithms and identify those in which the
validation sample best fits the sample at hand. Therefore, the present study aimed to
examine the accelerometer data of MoMo Wave 3 (2018–2022) concerning different data
processing approaches used specifically in this scenario. We sequentially assessed three
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Figure 4.4: Mean minutes spend in moderate-to-vigorous physical activity per day interpreted
using Evenson et al. & Romanzini et al. algorithms at five different epoch settings (95% CI).
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factors that based on previous research may influence the quantification of children’s and
adolescents’ PA using accelerometers: 1) non-wear time algorithm selection, 2) epoch
length selection, and 3) cut-point selection. In our study, we identified problems when
evaluating data analyzed with different epoch lengths. Specifically, when using different
NWT algorithms and definitions of activity cut-points with epoch lengths that were not
originally used to validate these algorithms, the resulting differences in the estimated
SED and PA values turned out to be very large.

4.5.1 Differences in non-wear time by epoch length

The NWT has a profound impact on the accurate calculation of summary statistics,
such as minutes spent in SED or LPA (Syed et al., 2020; Vanhelst et al., 2019). Except
for the edges of the data, both NWT algorithms applied in this study differed only
in the tenth range (Figure 4.1, Supplement Table A.1). For both algorithms, almost
three-quarters of the recorded days had a wear time between 8 and 16 hours (Choi =
73.7 %, Troiano = 74.7 %). Although there were only small differences between the
algorithms in general, different epoch lengths had a significant influence on the results
when using the Troiano algorithm, as was also found by others (Banda et al., 2016). The
reason for these differences may be attributable to the way the NWT is accumulated by
different epoch lengths during the allowance periods since individual counts are always
accumulated to the full epoch length, whether it is 10s or 60s. The 2-minute allowance
period of non-zero counts in the Troiano algorithm is getting filled up by counts occurring
during the epochs in this 2-minute window. Counts occurring during a smaller epoch
length like 10-seconds only contribute 10 seconds to the allowance window, the same
counts during a 60-second epoch contribute 60 seconds to the 2-minute window. Longer
epoch lengths, therefore, lead to less NWT since the 2-minute allowance window is
much faster overreached for the Troiano algorithm. Banda et al. (2016) on the other
hand described that the Choi algorithm accumulates all non-60-second epoch data into
60-second epoch data before the Choi NWT algorithm is applied on the data. They
analyzed the R- package provided by Choi et al. (2011) and did a comparison with the
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implementation in the ActiLife software and found that both implementations work the
same way using only accumulated 60-second epochs. Since the epoch length has also to
be taken into account in further data processing (for example, the intensity algorithms
for different age groups can differ in the specified epoch lengths), it makes sense to use
a NWT algorithm that remains constant. The Choi algorithm has also been validated for
an age range of 10-67 years (Choi et al., 2011). Aadland et al. (2018) found differences
in various accelerometer NWT criteria and recommend that NWT algorithms should
be standardized across studies to avoid confounding and improve the comparability of
children’s PA levels. Studies with adolescents older than 11 years have shown that
there were differences that influenced the evaluation of SED time depending on the
choice of NWT rules (Aadland et al., 2018; Vanhelst et al., 2019). For these, it is
recommended to choose algorithms with shorter periods of continuous zeros for defining
NWT to improve the accuracy in determining the activity levels. Vanhelst et al. (2019)
recommend 30 minutes of continuous zeros because Choi et al. (2011) and Troiano et al.
(2008), with longer zero criteria, among others, overestimate time with SED. However,
this overestimation could be due to their choice to use a 1s epoch length in their analysis,
since smaller epoch lengths lead to more SED classifications (Figure 4.3A). Although
Vanhelst et al. (2019) conducted a methodologically very well-designed NWT study,
and the recorded data were examined and compared with accurate log books, it comes
down to small details in data reduction decisions such as the selection of an appropriate
epoch length. Two other studies suggested that a 20-minute window is too short and
recommended a longer window of at least 60 minutes of consecutive zeros as a realistic
NWT criterion for younger children aged 7-13 years (Banda et al., 2016; Chinapaw et al.,
2014). However, these studies had small numbers of participants while in MoMo, the
complete cross-section of the society is represented. In MoMo, one of the goals was to
include as many different children as possible. Toftager et al. (2013) have shown that
overweight children drop out of the data set more often when using shorter window sizes
because their behavior is more sedentary and sometimes misclassified as non-wear time
resulting in not reaching the required wearing time. Since Choi uses a 90 min window
of consecutive zero/nonzero counts instead of, for example, a smaller window of 30 or
60 min, overweight children should be included more often in the MoMo dataset instead
of dropping out. The longitudinal design and the long-term study duration of almost
20 years of the MoMo study, with a total of 4 survey waves (baseline, wave 1 to 3),
resulted in a very large age range and heterogeneity sample of participants. Although a
large part of the data is drawn from a cross-sectional sample of participants aged 6 to 17
years each wave, evaluations of the repeating and now adult participants aged 18 to 32
years are planned soon. To be able to use validated algorithms for children, adolescents,
and adults with different epoch lengths while still maintaining the comparability of the
data, we decided to use Choi’s algorithm for calculating the NWT in MoMo.

4.5.2 Valid wear time criterion

The results revealed declining valid days for longer wear time criteria (Table 4.2). 5 %
fewer valid days when changing from an 8h to a 10h wear time criterion may still be
acceptable, but 20 % less when compared with a 12h wear time criterion would have
a large loss of participants as a consequence. This is especially true in light of the
large social background spectrum from which MoMo participants are recruited; as many
children and adolescents as possible were included. Therefore, the MoMo and KiGGS
accelerometer data sets were considered valid with a minimum wear time of 8 hours of
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recordings on 4 weekdays and 1 weekend day. These scoring policies are also consis-
tent with the requirements for inclusion in the International Children’s Accelerometry
Database (ICAD) (Sherar et al., 2011). Furthermore, the literature suggests that 4 days
is a reasonable measurement time, thus reducing the burden on participants and making
it easier for researchers to collect sufficient data for the formation of recommendations
related to general health guidelines (Colley et al., 2010; Mâsse et al., 2005; Matthews
et al., 2002; Toftager et al., 2013), although more days are even better (Chinapaw et
al., 2014). To archive the highest possible number of valid data sets, the accelerometer
should be worn for 7 days following the day of the examination in the study center. The
assessment period of at least seven days ensured the inclusion of weekdays and week-
end days. This inclusion is recommended due to differences in PA between weekdays
and weekends (Burchartz et al., 2022; Chinapaw et al., 2014; Donaldson et al., 2016;
Matthews et al., 2002).

4.5.3 Differences in Cut-point Algorithms

We found similar patterns of results for the two cut-point algorithms considered in MoMo
for the average minutes per day classified in the intensity levels SED and PA. For both
algorithms, the estimates for SED and VPA decreased with increasing epoch length,
while the estimates for LPA increased and MPA peaked at 15 s. A large amount of SED
was reclassified as LPA when longer epoch lengths were used, regardless of the cut-point
definitions. This can be seen in Figure 4.3, and similar results were found in other studies
(Banda et al., 2016; Logan et al., 2016). It should be noted that the wear time resulting
from the sum of all assigned intensities did not differ between Evenson et al. (2008) and
Romanzini et al. (2014) when different epoch lengths were used. The differences arise
only from the allocation of the activity to a certain intensity level.

4.5.4 Which EL should be used?

For children and adolescents, an epoch length between 1s and 5s or the shortest possible
epoch length is recommended by Bornstein et al. (2011), Migueles et al. (2017), and
Vanhelst et al. (2012) due to the sporadic activity of children. It must be acknowledged,
however, that when deciding which epoch length to use, one must carefully weigh the
potential benefit of this decision for a small epoch length (e.g., 1 second) against the
validity of a change in the original activity cut-point definitions (e.g., a cut-point vali-
dated at an epoch length of 15 seconds). The large differences observed in the estimates
of WT, SED, and PA used in converting the validated cut-point epochs in the present
study suggest the use of validated epoch length in future studies as long as there are no
new validation studies with short epoch lengths for children. Assuming that this is pos-
sible, at a minimum, open documentation of data processing decisions must be provided
to help other studies interpret the results. This is even more important to nationally
representative studies such as MoMo, since other studies with special subsamples (e.g.,
children with certain diseases) from Germany, for example, are using these results to
compare their data.

4.5.5 Which cut-point algorithm should be used?

Banda et al. (2016) and Logan et al. (2016) also examined the differences between
cut-points of Evenson and Romanzini and found similar results. Both compared the
algorithm for the vector magnitude and not the vertical axis of Romanzini with the
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algorithm of the vertical axis of Evenson. Therefore, comparability is rather complicated
because different raw data sets (vertical axis vs. vector magnitude) were considered.
Another study by Breau et al. (2022) also compared Evenson with newer algorithms for
children under 6 years of age and found significant variations in times spent in different
intensities of PA. The choice as to which cut-points to apply to young children’s data
to calculate times in different PA intensities, in turn, affects the proportion of children
who meet the guidelines, which is also suggested by results from other studies (Banda
et al., 2016; Breau et al., 2022; Logan et al., 2016). Thus, comparisons of movement
intensities should not be made across studies with the same study population using
different sets of cut-points. We again emphasize the need for additional studies validating
WT algorithms and cut-points using smaller epoch lengths in children and adolescents,
as already suggested elsewhere (Giurgiu et al., 2022).

Figure 4.5: Visualization of the cut point ranges for 15s epochs of vertical axis algorithms

Note: SED Sedentary behavior, LPA light physical activity, MPA moderate physical activity,
VPA vigorous physical activity.

On the other hand, Migueles et al. (2017) recommended using different cut-point criteria
for different age groups. Therefore, and because the MoMo sample has such a wide age
range from 6-32 years, we still decided to divide the sample into different age groups.
In this study, the two groups of children (6-10 years) and adolescents (11-17 years) and
the most suitable cut-points of Evenson (5-9 years) and Romanzini (10-15 years) were
compared. The advantage of these two algorithms is that they fit very closely with the
two age groups in MoMo, had similar validation protocols, and, in addition, both used
an epoch length of 15s. Table 4.1 and Figure 4.5 also show similar cut-point ranges
of the two algorithms. This also explains the slight differences in the classification of
SED and PA times. The cut-point range for SED is larger in Romanzini, leading to
an increased classification of SED in contrast to Evenson. In comparison, there is an
earlier classification of LPA and a larger range for the classification of MPA times in
Evenson. VPA again takes an earlier and larger part of the classification in Romanzini
than Evenson, resulting in higher amounts of VPA when using the Romanzini cut-points.

Small differences in the applied cut-point range should be noted when comparing these
two age groups. However, in general, we do not consider this to be a problem, since
SED is correlated with age. As children get older, their school curricular activities change
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from very short and unpredictable activity bouts to longer and more constant physical
behavior sessions (Crane et al., 2018). This is also confirmed by PA behavior captured
with MoMo questionnaires, which also showed more SED for older children (Burchartz et
al., 2021). The differences in the classification of MPA and VPA compensate each other
to the extent that both are often considered together under the sum term MVPA anyway.
Therefore, the more frequent classification of MPA in Evenson would be compensated
by the more frequent classification of VPA in Romanzini and vice versa (Figure 4.4).
However, when examining individual classifications such as VPA, this factor should be
kept in mind, especially since the percentage of VPA on an average day has been shown
to remain stable across age groups, while the absolute time spent on VPA increases at
the same time due to longer waking hours among adolescents (Burchartz et al., 2022).

The present study adds important knowledge based on its investigation of a large sam-
ple of children and adolescents who were evaluated under free-living conditions, even if
the evaluation was not performed at the subject, gender, or age-specific level. It pro-
vides important results for the data processing of NWT, epoch length, and intensity
classification on data from the same subjects on the same days. With its comprehen-
sive documentation of all technical decisions, the present study improves replicability.
However, the following limitations of this study should be acknowledged: a) Cut-points
based on a vertical axis instead of vector magnitude are known to produce significantly
lower estimations of time spent in MVPA (Migueles et al., 2019). The two cut-points
under analysis in this study only used the vertical axis. The MVPA values of other vector
magnitude cut-points might therefore be higher. Although recent studies (Breau et al.,
2022; Leppänen et al., 2022) have investigated other cut-points, we are not aware of any
study that has investigated the specific algorithms used in MoMo; b) we did not identify
sleep/wake states since the participants were told to remove the device for sleeping.
Therefore, separate detection of sleep phases was not possible; and c) we were unable to
evaluate the precision of the individual cut-point limits, as we did not have a comparison
criterion measure available in the present study. In current device-based PA research,
the results are reported with different criteria for collection and processing, as no con-
sensus has been found yet. Reporting includes a wide variety of methods that require a
high level of technical expertise with sometimes detailed explanations of nuanced differ-
ences. These can overwhelm the unsophisticated recipient and lead to poorly selected
criteria. Pooling accelerometer data, the merging and combining of multiple datasets
from different studies, and re-analyzing them in an uniform way across studies may be
the best long-term solution to overcome inconsistencies in processing criteria, as imple-
mented by ICAD, for example (Steene-Johannessen et al., 2020). By using standardized
methods, the data can then be processed in a consistent manner to enable the creation
of comparable accelerometer variables. Recently, newer open-source metrics are being
used more and more often to analyze accelerometer data (Leppänen et al., 2022). For
a long time, count-based evaluation has only been possible with a proprietary algorithm
because different manufacturers used different and unknown proprietary definitions to
calculate them. Although methods are now known to calculate strong correlating counts
produced by ActiGraphs for accelerometers from other manufacturers (Brønd & Arvids-
son, 2016; Brondeel et al., 2021; Clevenger et al., 2022), the trend in evaluation is
to use the original raw data as a basis for calculating certain metrics. Faced with this
development, ActiGraph has recently published the complete algorithm for calculating
the device-internal counts, so that raw data from other accelerometers can now officially
be converted into ActiGraph counts (Neishabouri et al., 2022). Open-source analyzes
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could improve comparability between studies by comparing different device models and
help further rationalize data analysis (Clevenger et al., 2022).

4.6 Conclusion

This study demonstrates the extent of variation in the results for PA levels across epoch
lengths, different non-wear algorithms, and between different cut-point algorithms. We
identified problems when evaluating data analyzed with different epoch lengths, specifi-
cally when different NWT algorithms and definitions of activity cut-points are used with
epoch lengths that were not originally used to validate these algorithms. As a conse-
quence, the resulting differences in the results of estimated SED and PA values can
become very large.
Therefore, our results confirm previous studies and extend their findings to a sample of
children and adolescents in Germany. We propose to pool the data and evaluate them in
a harmonized way in the future. In addition to new validation studies with short epoch
lengths for young children (e.g., 1 or 5 s), we also propose to conduct meta-analyses
using data from multiple studies to validate cutoff points to propose a consensual set of
cutoff points that can be used in different settings and projects.
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frath Rosario, A., & Gößwald, A. (2018). Querschnitterhebung von KiGGS Welle
2: Teilnehmendengewinnung, Response und Repräsentativität (Journal of Health
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5.1 Abstract

Background: As children show a more complex but less structured physical behavior
than adults, assessment of their many spontaneous and impulsive movements is a chal-
lenge for physical activity (PA) assessment. Since neither questionnaires nor accelerom-
eters enable optimal detection of all facets of PA, a multimodal, combined approach of
self-reported and device-based methods is recommended. Based on the number of days
on which the participants reached the physical activity (PA) values given in the WHO
guideline, this study examines 1) the difference between self-reported and device-based,
measured PA and 2) whether PA differences between age and gender groups obtained
by two methods are comparable.
Methods: Participants aged 6–17 years were randomly chosen and data were collected
representatively at 167 sample points throughout Germany within the Motorik-Modul
Study. PA of n = 2694 participants (52% female) was measured using the ActiGraph
accelerometer (ACC) and a physical activity questionnaire (PAQ). The sample was di-
vided into three age groups (6–10 yrs. n = 788, 11–13 yrs. n = 823, 14–17 yrs. n
= 1083). Numbers of days per week with at least 60 min moderate to vigorous PA
(MVPA) were analyzed for both methods.

https://doi.org/10.1186/s12889-021-11114-y 
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Results: Only every 25th respondent (4%) reaches the WHO standard of 60 min MVPA
every day if measured with ACC. Self-reported PA was slightly higher (9%) (meanPAQ

= 3.82 days; meanACC = 2.34 days; Fmethod = 915.85; p = <.001; fCohen = .64). The
differences between the methods are significantly smaller in younger children than in the
older age groups (Fage = 264.2, p < .001; fCohen = .48). The older the subjects are,
the lower is the proportion of those who meet the WHO guideline on each day, with girls
meeting the guideline less frequently than boys in all age groups.
Conclusion: Children and adolescents living in Germany show a very low adherence to
the WHO guideline on PA. While younger children are much more active with their free
play, especially children over 10 years of age and especially girls should be the target of
programs to increase PA.

5.2 Background
As children show a more complex but less structured physical behavior than adults
(Gabrys et al., 2015; Graf et al., 2013), assessment of their many spontaneous and
impulsive movements is a challenge for physical activity (PA) assessment (Müller et al.,
2011). To date, questionnaires have been the most commonly used method to assess
PA in large, epidemiological studies. One of the biggest advantages of questionnaires lies
in their versatility. In addition to the assessment of duration, frequency, and intensity,
self-report methods provide information about the type of PA, which is not feasible with
common device-based methods like accelerometry without complex diaries or ambulatory
assessment. Furthermore, epidemiological research requires larger samples, which is why
questionnaires often are the more feasible alternative (Jekauc et al., 2013). However,
many studies have shown that the level of PA assessed by self-reports is often overesti-
mated (Jekauc et al., 2013; Slootmaker et al., 2009; Wijndaele et al., 2015). Since this
overestimation is higher in children and adolescents compared to adults, it is particularly
important to make accurate investigations in the former group (Slootmaker et al., 2009).
Unstructured and irregular activities in everyday life are difficult to remember correctly.
Accelerometers were used more frequently to measure PA in recent large-scale studies
(Troiano et al., 2014), as they became more feasible, more accurate, and more afford-
able in the last decade. By measuring movement acceleration, everyday PA, including
PA intensities and patterns, can be recorded in more detail than by self-reports. In
conclusion, no single procedure provides for optimal detection of all facets of PA, which
is why a multimodal, combined approach of self-reported and devicebased methods is
recommended (Jekauc et al., 2014; Schutz et al., 2001). To the best of our knowledge,
this study is the first attempt to compare self-reported and device-based, measured PA
guideline adherence in a nationwide sample of children and adolescents living in Ger-
many. Based on the number of days on which the participants reached the value given
in the World Health Organization (WHO) guideline (World Health Organization, 2010),
this study examines 1) the difference between self-reported and device-based, measured
PA, and 2) whether PA differences between age and gender groups are comparable in
the two methods.

5.3 Methods

5.3.1 Study design

The German Health Interview and Examination Survey for Children and Adolescents
(KiGGS) is part of the Federal Health Monitoring System conducted by the Robert
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Koch-Institute (RKI) and consists of regularly conducted nationwide surveys among chil-
dren, adolescents, and young adults aged 0 to 29 years and living in Germany. KiGGS
Wave 2 was conducted between 2014 and 2017. The Motorik-Modul Study (MoMo)
is a submodule of the KiGGS study and aims to assess physical fitness, PA, as well as
determinants of PA in children and adolescents (Woll et al., 2017). The whole study
sample was drawn from the German resident population aged 4 to 17 years using a
two-stage cluster sampling approach. Informed consent to participate in the study was
obtained from all parents of the participants. Also, participants from the baseline study
(2003–2006) and Wave 1 (2009–2012) were reinvited. A detailed description of the study
design and sampling procedure can be found elsewhere (Hoffmann et al., 2018; Mauz
et al., 2019; Woll et al., 2017). KiGGS and MoMo provide nationally representative
data of PA and sedentary behavior of children, adolescents, and young adults living in
Germany. A positive vote of the ethics committee of Karlsruhe Institute of Technology
of September 23, 2014, is available for the study.

5.3.2 Sample description

For the current analysis, cross-sectional data of participants aged 6 to 17 years from
KiGGS and MoMo Wave 2 (2014–2017) were used (n = 2743). A detailed dropout
description can be found elsewhere (Burchartz et al., 2020). To investigate the direct
comparison of both measurement methods within each participant, only participants
with complete valid device-based (using accelerometer) data as well as self-reported (via
physical activity questionnaire) PA data were included in the analyses. The final sample
consisted of n = 2236 children and adolescents (meanage = 12.5, SD = 3.3; Table 5.1).
The sample was divided into three age groups (6–10 yrs. n = 698, 11–13 yrs. n = 694,
14–17 yrs. n = 844) as well as two gender groups (boys n = 1050, girls n = 1186). The
sample revealed no gender differences in age, weight, height, or BMI.

5.3.3 Measures

5.3.3.1 Self-reported PA data – physical activity questionnaire (PAQ)

The MoMo-PAQ is a self-administered questionnaire with 28 items (Bös et al., 2002).
The reliability and validity of the MoMo-PAQ were found to be comparable to those of
other activity questionnaires internationally used to assess PA for the same age group.
Data obtained with the MoMo-PAQ are sufficiently reliable (test-retest reliability: ICC
= 0.68), but correlation coefficients with accelerometry data are low (r = 0.29) (Jekauc
et al., 2013). The goal of the MoMo-PAQ is a domain-specific quantification of PA
in minutes per week at different intensity levels (low, moderate, and vigorous) in four
domains: PA in everyday life, PA in school, leisure time in sports clubs, and leisure time
outside of sports clubs. For the present study, the guideline adherence question “On
how many days of a normal week were you/was your child physically active for at least
60 minutes”was analyzed (Prochaska et al., 2001). Parents (or legal guardians) of the
6- to 10-year-olds helped to complete the self-administered questionnaires, the 11- to
17-year-olds did so themselves. The answer categories ranged from 0 to 7 days. This
question refers to the internationally agreed PA criterion of at least 60 min of moderate
to vigorous PA per day that is promoted by the World Health Organization (WHO)
(Corbin et al., 2004; World Health Organization, 2010).
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5.3.3.2 Device-based, measured PA data - accelerometer

For assessment of device-based, measured PA, Acti- Graph GT3X accelerometers were
used, as they were found to be reliable and valid devices to monitor PA in children and
adolescents (O’Neil et al., 2014; Puyau et al., 2002; Treuth et al., 2004; Tryon, 2005;
Wood et al., 2008). The technical and methodological details of the present study,
which are required when accelerometers are used in epidemiological studies (suggested
by Migueles et al. (2017)), can be found elsewhere (Burchartz et al., 2020). A modified
summary of the Burchartz et al. (2020) setup procedures can be found in Table 5.2. For
the present study, minutes of moderate to vigorous-intensity physical activity (MVPA)
per day were calculated. Each day was categorized as either meeting the guideline
(MVPA > 60 min.) or not meeting the guideline. The resulting variable, therefore,
ranges from 0 to 7.

Table 5.2: Expanded list of accelerometer criteria used in KiGGS and MoMo, modified from
Burchartz et al. (2020)

Criteria Definitions within this study

Accelerometer devices ActiGraph (models: GT3X+, wGT3X-BT)

Placement of the device Laterally on top of the right anterior superior iliac spine

Sampling frequency 30 hertz

Filter Normal ActiGraph GT3X filter

Epoch lengths 1 second with possibility to convert to 5, 10, 15, 30, and
60 seconds

Non-wear time definition Choi et al. (2011): 90-minute time window for consecu-
tive zero/nonzero counts; allowance of 2-minute intervals
of nonzero counts with an up/downstream 30-minute
consecutive zero counts window

Valid days/valid weeks 8 h of recordings on four weekdays and one further week-
end day when wearing the device for 7 days

Population age range Children, adolescents and young adults from 6 to 17 years

Sedentary and physical activity
intensity classification and cut
point algorithms

6-10 years: Evenson et al. (2008)
11-17 years: Romanzini et al. (2014)

5.3.4 Statistical analysis

Statistical analyses were performed using SPSS Statistics 24 (IBM Corporation, Armonk,
NY). Differences in the number of days with 60 min of MVPA (dependent variable) be-
tween the assessment methods (independent variables) were calculated. Repeated mea-
sures ANOVAs were calculated for assessment methods (PAQ and ACC) with between-
subjects factors age and gender to reveal the effects of assessment and interaction.
Mean values, standard deviations, as well as p-values, and effect sizes (f) are given for
the analysis of variance. 0.1 stands for a small effect, 0.25 for a medium, and 0.4 for a
large effect (Cohen, 1988). The statistical significance level was set to .05. 95% CI were
calculated for the comparison of all age and gender groups. Crosstable heat maps were
chosen to display two-dimensionally varying PAQ and ACC values of WHO guideline
adherence by the same subject. Those heat maps are color-coded (white-grayblack for
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low to high values) for each cell to visually highlight patterns in row-column interactions.
Figure 1 symbolizes compliance with the standards as shown by the PAQ and the ACC.
When a participant met the criteria outlined in the PAQ, he/she can be found on the
black-colored diagonal. When the participant reached more days of at least 60 min of
MVPA with the ACC than given in the PAQ, he/she will be found below the diagonal
in one of the vertically lined cells. Participants reaching 60 min MVPA on fewer days
than stated in the PAQ will be found in the white cells above the diagonal. Besides,
the difference in days between the two methods was calculated and a t-test was used to
detect differences between genders in all age groups. Here the level of significance was
set to α = 0.01.

Figure 5.1: Cross table heat map - black cells: Same results in the PAQ and ACC; white cells:
More days with the PAQ; vertically lined cells: More days with the ACC

5.4 Results

Reaching the WHO Guidelines of at least 60 min MVPA every day is significantly lower
when measured with the ACC than with the PAQ. 9% of the participants met the WHO
Guidelines on each day per week when measured with the PAQ, 4% with the ACC.
According to the PAQ, more than 60 min MVPA is achieved on a meanPAQ = 3.82 days.
When measured with ACC, this goal is achieved on a meanACC = 2.34 days (Fmethod =
915.85; p = <.001; fCohen = .64) (compare Table 5.3). Besides the differences in the
detection method, smaller but still large effect sizes can be found between age groups
(Fage = 264.2, p < .001; fCohen = .480). Especially the 6–10-year-olds adhere to the
WHO Guidelines significantly more often (16% PAQ, 11% ACC, p = .000) on every day
of the week compared to 11–13-year-olds (7% PAQ, 2% ACC, p < .001) and 14–17-
year-olds (4% PAQ, 1% ACC, p < .001). In gender, medium effect sizes can be found.
11% (PAQ) and 7% (ACC) of boys reached the WHO standard on each day of a week.
Girls reach the target on a much lower percentage of days (7% PAQ, 2% ACC, Fgender

= 134.8, p < .001; fCohen = .25). In the PAQ 68% of all participants stated that they
were active on more days than detected with the ACC (upper right corner of the heat
map). For 13% of the participants, the answers from the PAQ and the ACC matched,
whereas 19% met the Guidelines on more days than stated in the PAQ (see Fig. 5.2a)).
The youngest age group shows a different pattern in the heat maps. The remaining
groups show patterns similar to that of the overall sample, which is why these two are
shown here. Heat maps for all groups differentiated by age and gender can be found in
the supplementary material. The distribution in the cross table heat maps shows that
boys and girls as well as the 11–13-year-olds and the 14–17-year-olds (see supplementary
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material) did not differ much in distribution from the whole sample. As noted above,
girls reached the Guideline on fewer days than boys. Figure 3 shows the differences in
the various age groups. The non-overlapping confidence intervals in Table 3 show that
gender has a significant influence on the results, but a much bigger influence, and the
larger variance can be explained by age. The 6–10-year-olds differ most from the other
groups (see Fig. 5.2b and supplementary material). 52% of these youngest participants
stated more days with 60 min of PA in the PAQ than measured by the ACC. That is 16%
less than the average across all participants. Also, the proportion of participants aged
6–10 years with more PA measured by the ACC as stated in the PAQ almost doubled to
33% in contrast to the older participants. The distribution is much smoother with peaks
now lying in the estimation corridor (number of days PAQ = number of days ACC),
deviations of ± one day, and only a slight overestimation for the PAQ. Figure 3 shows
more detailed results for the mean differences of the age groups separated by genders.
Here, the difference between boys and girls (6–10 years) in reaching the WHO Guidelines
with PAQ and ACC is significant. The youngest boys (meanDiffboys = 0.3d; SD = 2.5)
nearly reach their PAQ results with the ACC. The difference in girls (meanDiffgirls = 1.2d;
SD = 2.6) is almost one day higher in the PAQ than in boys. A significant difference
of half a day can be found between genders for 11–13-year-olds (meanDiffboys = 1.4d;
meanDiffgirls = 2.0d;). No significant difference was found between 14 and 17-year-old
boys and girls (meanDiffboys = 1.9d; meanDiffgirls = 2.0d).

Table 5.3: Numbers of days with 60 min of moderate- to vigorous-intensity physical activity
(MVPA) as obtained from accelerometer (ACC) measurements and self-reported (PAQ) PA,
data are presented as mean and 95%-CI

Group ACC PAQ

Mean 95%-CI Mean 95%-CI

Overall 2.42 (2.35–2.50) 3.86 (3.79–3.93)

Boys 2.89 (2.78–3.00) 4.05 (3.95–4.15)

Girls 1.95 (1.85–2.06) 3.67 (3.57–3.76)

6–10 years 3.66 (3.53–3.79) 4.39 (4.26–4.51)

11–13 years 2.08 (1.95–2.22) 3.76 (3.63–3.88)

14–17 years 1.53 (1.40–1.65) 3.43 (3.32–3.54)

Boys

6–10 years 4.29 (4.10–4.48) 4.54 (4.37–4.72)

11–13 years 2.53 (2.33–2.73) 3.94 (3.76–4.13)

14–17 years 1.85 (1.67–2.03) 3.67 (3.50–3.83)

Girls

6–10 years 3.03 (2.84–3.22) 4.23 (4.06–4.41)

11–13 years 1.63 (1.45–1.82) 3.57 (3.40–3.74)

14–17 years 1.20 (1.03–1.36) 3.20 (3.05–3.35)
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Figure 5.2: Cross table heat map – numbers of days with MVPA ≥60 min; ACC*PAQ a)
overall sample b) age: 6–10-year-olds; % of participants; heat maps are color-coded (white/min
< gray/moderate < black/max)

5.5 Discussion

The study aimed to investigate how children and adolescents in Germany differ in reach-
ing the WHO Guideline of at least 60 min MVPA per day depending on whether PA was
self-reported or measured by accelerometer. As expected, the PAQ values were higher
than those measured by the ACC but still, both values are alarmingly low. The low
overall adherence to the PA Guideline as obvious from the PAQ can also be found in the
results of a recently published pooled data study by the WHO, according to which less
than 15% of school-going adolescents aged 11–17 did meet the Guidelines (Guthold et
al., 2020). The lower PA Guideline adherence as measured by the ACC is consistent with
the findings of (Adamo et al., 2009; Dyrstad et al., 2014; Troiano et al., 2014) who also
reported less light to moderate PA determined by device-based measurements compared
to questionnaires. The difference between self-reported and device-based measured PA
might be because the PAQ only asks for physically active time, which is subjective and
depends on the physical fitness of the participant, as was stated by other studies be-
fore (Jekauc et al., 2013; Slootmaker et al., 2009; Wijndaele et al., 2015). Additional,
well-known factors that influence the validity of self-reports are recall bias and social
desirability (Dyrstad et al., 2014). The differences between the results of both methods
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Figure 5.3: Differences between numbers of days with MVPA ≥60 min measured by PAQ
and ACC (DiffPAQ−ACC) for the three age groups by gender in %, mean difference for boys
and girls, including SD. Zero on the X-axis means the same number of days with MVPA ≥60
min measured by PAQ and ACC

are significantly smaller for younger children than in the older age groups. Differences
between age and gender groups are found in both methods. The older the subjects are,
the lower is the proportion of those who meet the WHO Guideline on each day, with girls
meeting the guideline less frequently than boys in all age groups. A closer look at the
differences between genders in the youngest age group reveals that boys almost match
their answers given in the questionnaire with a difference of 0.2 days. The previously
mentioned overestimation of PA by the questionnaires (Jekauc et al., 2013; Slootmaker
et al., 2009; Wijndaele et al., 2015) cannot be found here. The significant difference
between the youngest age group and the older ones may be caused by the fact that
in this group an external observer (usually a parent) fills out the questionnaire together
with the child and may therefore be better able to assess the activity. (Sallis et al., 2002)
found that parent-reported MVPA corresponds to one to twothirds of the child’s activity
measured by the accelerometer. This could be a clue why the gap between the methods
is smaller. A more plausible explanation is that the activity patterns of children are
more spontaneous, impulsive, and of shorter duration (Gabrys et al., 2015; Graf et al.,
2013). These short activities, when measured in total, often result in a small amount of
light or moderate activity and are poorly captured by questionnaires (Shephard, 2003).
Accelerometers, by contrast, register these short and spontaneous movements which
are sometimes overlooked when filling out the questionnaire. This does not lead to an
overestimation in the questionnaire for small children, but an underestimation due to
the short, spontaneous movements not recorded. Since accelerometers measure these
movements, this would explain the reduced difference between the two methods. This
is also reflected by the increasing difference between the methods used in the older age
groups. The older the participants are, the more structured is their everyday life and the
less spontaneous movements are registered by the accelerometer. The familiar overes-
timation by the questionnaire reoccurs. The older the participants were, the less often
they reached the WHO recommendation of 60 min MVPA per day. The lower adherence
in older age groups is confirmed by findings of (Cooper et al., 2015; Riddoch et al., 2004)
in other European countries and might be due to longer times spent at school or work.
In comparison to boys, girls reach the 60 min MVPA on fewer days in all age groups,
but the difference decreases to about half of the initial value with increasing age. The
difference in gender and the lower adherence for girls is consistent with the worldwide
gender gap of physical activity reported in Guthold et al. (2020), Mielke et al. (2018),
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and Riddoch et al. (2004). Mielke et al. (2018) found a similar prevalence of inactivity
in women and men in a study based on worldwide data of the WHO. Normally, girls and
boys might be expected to be equally active until puberty, with the gap starting to open
up at this point in time. However, different interests may probably be the reason for this
earlier gap - girls tend to be sociable and do esthetic sports, while boys tend to romp,
scuffle, and do run-intensive sports. Further examination of the data on PA intensity and
sport disciplines in MoMo could give a more detailed answer as to where this difference
comes from and where interventions could be useful to close this gap.

5.5.1 Strength and limitations

The present study is limited to its observational nature and we do not intend to infer
causality from paralleled trends or significant correlations. The main goal of MoMo is to
track and report PA and fitness of children and adolescents in a nationwide sample, and
significant effort was put into collecting representative data from 167 sample points all
over the country. A major strength is the large number of participants and recording of
physical activity of each participant by PAQ and ACC. However, this also leads to the
restriction that the PAQ assessed PA of an average week, whereas the ACC measured PA
during one specific week. An additional comprehensive and elaborate diary was avoided
during the week by wearing an ACC. Study participants carried the ACC following the
completion of the already very time-consuming fitness test and surveys on activity and
health. Even though the wearing times were very long on average, some participants told
us that wearing had been prohibited in some sports competitions like soccer. Wearing
electronic devices was forbidden to prevent trainers from having an unfair advantage
in knowledge. Even if documented by the non-wear time protocol (Burchartz et al.,
2020), the unrecorded activities could not be taken into account retrospectively. The
manual input of the data from the handwritten non-wear protocol is very timeconsuming.
Besides, the information in the protocols is very inconsistent and manual input would
distort the acceleration data. This missing data could be another link to the difference
between PAQ and ACC results in this study. A wearing time of 24 h and a consistent
ambulatory assessment for the non-wear time could solve this problem in future studies. A
check of the WHO guidelines is easy to implement with an accelerometer at first glance.
However, evaluation results in a multitude of possibilities for implementation. When
examining the average time spent with physical activity each week (as now recommended
by the new WHO Guidelines of 2020 (Chaput et al., 2020)), days with activity times
longer than 60 min would compensate for those with less activity (Colley et al., 2017).
Still, the daily stimulus is very important in children (Dwyer et al., 1983). This study
determined whether the subject was active for at least 60 min or not on each day
individually. To look at the exact times spent with MVPA on every single day will result in
fewer days of at least 60 min MVPA when both evaluation methods are compared (Colley
et al., 2017). The main reason, however, since the study was already planned and started
in 2014, the questions in the questionnaire still referred to the 2010 WHO Guidelines
(World Health Organization, 2010). Only now the recommendations on youth activity
have changed from a recommendation of at least 60 min per day to a recommendation of
an average of 60 min per day (Chaput et al., 2020). This adaptation will require changes
in survey questions and sampling methods for future monitoring. However, changing the
question wording is unlikely to address the need for PA monitoring among children who,
especially at young ages, are unable to answer a complex question about average behavior
over the past few days, weeks, or months. In the future, this may require the use of proxy
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reports from multiple respondents, including parents and teachers, though both may also
miss observing large portions of the day (Troiano et al., 2020). The alternative of asking
daily duration for an entire week may be more accurate but increases survey response
time. Therefore, measuring daily PA remains a strength of the portable devices for now,
and adapting the questionnaires to the new WHO guideline remains a real challenge.
However, we have looked at the accelerometer data with the background of the new
WHO guideline. It should be noted, however, that these results cannot be compared
with the results of the question used in this study about the number of days on which
the subjects have MVPA for more than 60 min. However, if one compares the number of
subjects meeting the old versus the new guideline based on the accelerometer data, we
see that the percentage increases from 3% to a full 34% of the study participants. This
means that 31% of the participants who do not reach 60 min MVPA on all days still
have days in the week on which they do so much physical activity that these outweigh
the remaining days under the new guideline compared to the old one. This drastically
reduces the proportion of children and adolescents who are too inactive, which is also
likely to cause some political controversy in the future. By using an epoch length of one
second in MoMo, short activities can be recorded with the accelerometers. This could
be another reason why younger children have a more consistent PA outcome with both
methods. These short activities are less frequent for older children, which is associated
with the fact that an increasing number of older children only practice organized sports.
According to MoMo data from previous waves, organized PA in extracurricular activities
and sports clubs increased by 8 %, while unorganized PA decreased by 7 % (Schmidt
et al., 2017). Apart from PA, many other parameters were collected in MoMo. This
results in a multitude of evaluation options, and further examination of the data in MoMo
(such as PA intensity, sports disciplines, socioeconomic status, migration status, etc.)
will give a more detailed answer as to the reasons behind the differences regarding age
and gender.

5.6 Conclusion

Children and adolescents living in Germany and examined within the MoMo and KiGGS
studies show a very low adherence to the recommendations given in the 2010 WHO
Guideline (World Health Organization, 2010). These results were confirmed by both
survey methods. Surprisingly, the differences in meeting the Guideline between the
measurement methods are much smaller for younger children than for older age groups.
Future studies should take a deeper look into the underlying cause and verify whether
short and spontaneous movements reduce the gap between the methods. Continuous
overestimation of the self-report in contrast to the accelerometer was observed in all other
age groups. With increasing age, the percentage of compliance with the 2010 WHO
Guidelines was found to decreasing, with girls reaching the target with a significantly
lower percentage in all age groups. As this study only used PA data, no statements can
be made for the underlying cause. The large number of participants that did not reach
the WHO Guidelines, however, suggests that PA interventions and further monitoring
as well as further analysis of the MoMo data are required. This also is the conclusion
drawn by the WHO. It recommends all countries adopt policies and programs to increase
the PA of children and adolescents, especially girls (Guthold et al., 2020). Further
examination of the data on PA intensity and sport disciplines in MoMo could give a
more detailed answer to the reasons behind the differences regarding age and gender.
Having both self-reported and device-based, measured data will help explain the observed
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population differences (Corder & van Sluijs, 2010). However, the true value of physical
activity probably lies somewhere in between these two methods. The WHO Guideline
adaptation in 2020 (Chaput et al., 2020) will require changes in survey questions and
sampling methods for future monitoring. To record a more accurate activity profile,
a combination of both methods might be a solution. This could be an algorithm to
subtract or add the methodological difference if only one method is used. A solution not
to loose the activity during non-wear time could be the use of ambulatory assessment
in combination with 24 h recording. Triggered e-diaries may ask the subjects for the
type of activity performed after certain events have been detected (e.g. device not worn,
periods of high activity, or sedentary behavior). Then, non-wear times, their reasons,
and activities performed while not wearing the device can be considered uniformly. The
participant may be given feedback on how much activity was not recorded and how much
was missing to reach the Guidelines. Ambulatory assessment can also be used to ensure
that the activity time frames for both methods are consistent by answering the PAQ on
the mobile phone at the end of the survey. In this way, the strengths of one method
would compensate for the limitations of the other method.
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6.1 Abstract

Structured activities, in which children participate, for example, at school, are consistent
and limited in scope. On the contrary, after school or weekend activities involve a
wider range of behaviors. Studies have shown that physical activity (PA), measured by
accelerometers, is lower on weekends compared to weekdays or school days, while PA
does not differ between weekdays. In the present study, we examined accelerometer
data of children and adolescents living in Germany for different days of the week and
weekends.weekends. The current analysis used cross-sectional data from participants
(n = 2743) between 6 and 17 years of age collected between 2014 and 2017. The
final valid sample consisted of 2278 children and adolescents divided into three age
groups (6–10 years, n = 713; 11–13 years, n = 706; 14–17 years, n = 859) and two
gender groups (1072 boys, 1206 girls). Physical behavior, including sedentary behavior,
as well as light, moderate, vigorous PA, and wear time were analyzed. The absolute
and percentage intensity distributions were evaluated daily. The average wear time was
807min daily from Monday–Thursday with significant deviations from the mean on Friday
(+38min), Saturday (–76min), and Sunday (–141min). Absolute moderate to vigorous
PA times were lower on weekends than during the week. However, the percentage
intensity distribution remained constant over all days. Girls were less physically active and

https://doi.org/10.1007/s12662-022-00811-4 
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more sedentary than boys (F1,2272 = 38.3; p<0.01) and adolescents were significantly
less active than younger children (F2,2272 = 138.6; p< 0.01). Waking times increased
with age (F2,2272 = 138.6; p< 0.01). Shorter awake periods limit possible active times
on weekends, resulting in lower PA and sedentary behavior compared to weekdays. The
percentage distributions of the different categories of intensity of physical behavior are
similar on all weekdays and weekend days. We were unable to find a justification for
specific weekend interventions. Instead, interventions should generally try to shift activity
away from sedentary behavior toward a more active lifestyle.

Key Words: Wear time, School days, Weekend interventions, Physical exercise, Health
behavior

6.2 Background

Recently, the World Health Organization (WHO) conducted a pooled data study
(Guthold et al., 2020) and analyzed global trends in insufficient physical activity (PA).
Using cross-sectional studies from 146 countries, they analyzed 1.6 million participants
(ages 11-17 years) and found that a total of 81.0% were not physically active sufficiently
worldwide world in 2016, including 77.6% boys and 84.7% girls. Therefore, a large pro-
portion of adolescents do not follow the current recommendations for daily PA, which can
affect their current and future health status. Due to the high level of physical inactivity,
the WHO has published the action plan ’More active people for a healthier world’ for
the period from 2018 to 2030(World Health Organization, 2019). Among other things,
it has set itself the goal of reducing physical inactivity by 15% by 2030.
Still, little is known about which time periods should be targeted to effectively prevent
obesity and improve PA and fitness of school-aged children. So far, the most successful
intervention studies for school PA programs have used questionnaires that are subject
to recall bias and often lead to overestimation of PA (Dobbins et al., 2013; van Sluijs
et al., 2007). However, the use of device-measured physical behavior (PB) is increas-
ing for tracking school-based interventions (Mannocci et al., 2020). Device-based PB
recording makes the collected data less vulnerable to social desirability, although it no
longer captures the type of PB, but intensity, duration, and frequency (Burchartz et al.,
2021).
These intervention studies address activity behaviors on school days, but often focus
on changes in moderate to vigorous PA (MVPA) (Ajja et al., 2021; Kolle et al., 2020;
Wang, 2019), thus following the WHO guidelines (Chaput et al., 2020; World Health Or-
ganization, 2010) that recommend at least 60 min MVPA per day. Time-related factors
can be problematic in the school setting, such as competing demands of the education
curriculum, the potential overload of teachers through additional PA breaks, or a lack
of PA resources and a lack of a PA-supportive school climate. These factors can affect
implementation (Naylor et al., 2015). While physical activities during school hours are
more consistent, but limited in scope, weekend activities enable a much wider range
of behaviors (Fairclough et al., 2012; Mannocci et al., 2020). Studies have shown that
children get most of their MVPA during non-structured times, also at school Bailey et al.
(2012). Furthermore, large cohort studies found a lower MVPA on weekends compared
to weekdays or school days, while PA was comparable on the different weekdays (Brazen-
dale et al., 2021; Corder et al., 2013; Fairclough et al., 2015). Therefore, these studies
recommend future PA interventions to target less structured days, such as weekend days,
and to provide additional PA opportunities for children. However, PA intervention studies



6.3. Methods 113

targeting children on weekends have a lower reach, are less feasible, and may reinforce
social disparities, since children with higher socioeconomic status participate in more
types of MVPA activity than peers with lower socioeconomic status (Aibar et al., 2014;
Love et al., 2019). For this reason, interventions aimed only at weekends should be criti-
cally evaluated. As mentioned earlier, the focus of PA interventions often is on changing
MVPA levels according to the 2020 WHO guidelines. Regarding the time of the week,
Drenowatz et al. (2016) found that longer sleep times on weekends were associated with
less time spent sedentary. These extended sleep times indicate shorter awake times on
weekends, which should not be ignored.
Hence, the question arises of whether shorter MVPA times on the weekend are simply
caused by the shorter awake phase. Or, more specifically, can it be assumed that waking
phase during the week is largely determined by the very structured daily school routine,
while the weekend time is influenced by the changed sleeping routines? On weekends,
the structure of the day is much more self-determined, but getting up later can lead to
shorter waking phases. This leaves less time for activity. For example, more children do
not reach 60 min of absolute MVPA on the weekend compared to schooldays as reported
by Brazendale et al. (2021), Corder et al. (2013), and Fairclough et al. (2015).
More research is needed to better understand how device-based measured PB differs
between weekdays/school days and weekends for children and adolescents. In addition,
the complete range of PB intensity should be analyzed - not only MVPA but also the
proportion of other activities and sedentary intensity. By capturing accelerometer data
from 2014–2017, the nationwide Motorik-Modul study (MoMo) collected representative
data on PB from children and adolescents in Germany. On this basis, we can now
present the first detailed distribution of device-based measured PB levels in Germany.
This study examines accelerometer data to determine the differences between weekdays
and weekend days. In particular, the different daily patterns of intensity distributions
on weekdays versus weekends, as the well as absolute and relative times spent in these
intensities, are investigated and compared.

6.3 Methods

6.3.1 Study design

The German Health Interview and Examination Survey for Children and Adolescents
(KiGGS) is part of the Federal Health Monitoring System run by the Robert Koch In-
stitute (RKI) and consists of regularly conducted nationwide surveys among children,
adolescents, and young adults living in Germany. KiGGS Wave 2 was conducted be-
tween 2014 and 2017. The Motorik-Modul study (MoMo) is an in-depth module of
KiGGS and aims to assess physical fitness, PA, as well as determinants of PA in children
and adolescents (Woll et al., 2017).
The whole study sample was drawn from the German resident population using a two-
stage cluster sampling approach. Informed consent to participate in the study was
obtained from all parents of the participants. Participants of earlier surveys (baseline
study [2003–2006] and Wave 1 [2009–2012]) were re-invited. A detailed description
of the study design and sampling procedure can be found elsewhere (Hoffmann et al.,
2018; Mauz et al., 2019; Woll et al., 2017). KiGGS and MoMo provide nationally repre-
sentative data of PA and sedentary behavior (SED) of children, adolescents, and young
adults living in Germany. A positive vote of the ethics committee of Karlsruhe Institute of
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Technology (KIT) of September 23, 2014, is available for the study. The STROBE state-
ment (Strengthening the Reporting of Observational Studies in Epidemiology) guided the
reporting of this study (Vandenbroucke et al., 2007).

6.3.2 Sample description

For the current analysis, cross-sectional data of participants aged 6-to-17 years of KiGGS
and MoMo Wave 2 (2014–2017) were used (n = 2743). Children under 6 years of age
did not wear an accelerometer. A detailed dropout description can be found elsewhere
(Burchartz et al., 2020). The final valid sample that reaches the set wear time threshold
(WT) of 8 h on at least four weekdays and one weekend day consists of n = 2278
children and adolescents (cf. Table 6.1). The sample was divided into three age groups
(6-10 years. n = 713, 11-13 years. n = 706, 14-17 years. n = 859), as well as two
gender groups (boys n = 1,072, girls n = 1,206). Gender was almost equally distributed
with females representing 52.9 % of the sample population.

Table 6.1: Participant characteristics

Age group N
Sex

(% female)

Age
M ± s
(years)

Days with
WT >8h
M ± s

WT per day
M ± s
(min.)

6-10 years 713 49.9 08.46 ± 1.43 6.66 ± 0.58 774.2 ± 67.1
11-13 years 706 53.7 12.48 ± 0.85 6.65 ± 0.58 809.6 ± 70.4
14-17 years 859 54.8 15.93 ± 1.12 6.60 ± 0.61 836.1 ± 79.3

All participants 2,278 52.9 12.52 ± 3.30 6.64 ± 0.59 808.5 ± 77.3

Note: N Number of participants, M mean, s standard deviation, WT wear time in number of
days and minutes per day, min minutes.

6.3.3 Device-based PA data

ActiGraph GT3X+/wGT3X-BT accelerometers (Actigraph, LLC, Pensacola, FL, USA)
were used to assess PA. The technical and methodological details of the present study
are described elsewhere (Burchartz et al., 2020; Burchartz et al., 2021). For the present
study, mean minutes of SED, light (LPA), moderate (MPA), and vigorous-intensity PA
(VPA) were calculated per weekday as well as a percentage distribution of WT (cf. Fig.
6.1). The final data sets included in the analysis are of high quality with an average of
6.64 valid days (WT > 8h) and an average WT (seven days) of 808.5±77.3 minutes
per day (more than 13 hours). Subjects were instructed to remove the accelerometers
only to sleep or when in contact with water (Burchartz et al., 2020). Therefore, we
assumed that the wearing time was almost equivalent to the awake phase of the day.
Due to the interrelationship between PA, SED, and sleep, the present manuscript uses
the term ’physical behavior’ (PB) to refer to these three behaviors (Bussmann & van
den Berg-Emons, 2013).

6.3.4 Statistical analysis

All statistical analyzes were performed using IBM SPSS 28 (IBM Corporation, Armonk,
NY, USA). Descriptive analyzes stratified by age and gender were performed. Means
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Figure 6.1: MoMo – Activity pyramid that associates different physical behaviors to their
intensities.

VPA

MPA

LPA

SED

Note: SED Sedentary behavior, LPA light physical activity, MPA moderate physical activity,
VPA vigorous physical activity. The pictograms represent activities in different intensities.
Due to the wide age range in the MoMo study, age-unspecific representations were chosen
to the extent possible (e.g.,mowing the lawn symbolizes gardening, bricklaying symbolizes
physical work in occupation or education, carrying packages symbolizes carrying lighter objects
in contrast to weight-lifting which symbolizes lifting heavier objects).

(M), standard deviations (SD), and percentages were reported, as well as the correspond-
ing inference statistical parameters, including 95 % confidence intervals for differences
(CI). Two-way analysis of variance (ANOVA) with post hoc t-test was used to analyze
differences between age groups and gender. P values were adjusted using the Bonfer-
roni method for multiple comparisons. For comparison of weekdays and weekend days,
Student’s t tests for paired samples were used. The effects sizes were calculated us-
ing Cohen’s d (Cohen, 1988) with |d| = 0.2 representing small effects, | d | = 0.5
representing medium and | d | = 0,8 representing large effects.

6.4 Results

WT, in MoMo, the assumed awake phase of their day, increased with age in our sam-
ple. Accordingly, the effect of age for WT was significant (F2,2272 = 138.6; p<.01 and
explained 10.9% of the variance in WT. No significant difference in WT was found be-
tween gender. The Leven test for homoscedasticity was positive (W = 9.8) due to the
theory-compliant deviation of the standard deviation and the high number of participants
in each group.
The average WT was 806 min during all weekdays from Monday to Thursday, except
Friday. The difference to Friday was +38 min (t = 9.85; df = 2.276; p < .01; 95%
CI: [-46.09, -30.78]; |d| = .21). The difference to Saturday was -76 min (medium effect
for 14-17 years, |d| = .51) and -141 min to Sunday (medium effect for 6-10 years |d|
= .67, large effects for other age groups, |d| =.83/.84; cf. Table 6.2). The average
distribution of intensities over the day was: 69% SED, 25% LPA, 3% MPA, 3% VPA (cf.
Fig. 6.2). There was a 1% shift from SED to LPA on Saturday and from VPA to SED
on Sunday (cf. Table 6.3). Absolute MVPA times were lower on weekends compared to
the rest of the week (cf. Fig. 6.3, Table 6.3 and 6.4). However, when looking at the
intensity distribution relative to the WT, the intensity remained constant for all days (cf.
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Figure 6.2: Typical day (average over all 7 days) of a participant

6-10 year olds 11-13 year olds 14-17 year olds

54.1%36.3%

6.6% 3.0%

56.6%
35.8%

5.3% 2.3%

68.3%

25.1%

3.5% 3.1%

71.4%

23.3%

2.7% 2.6%

76.7%

18.0%

1.8% 3.6%

78.8%

16.8%

1.6% 2.8%

SED LPA MPA VPA
Note: Percentage distribution of activity intensities during the awake phase of the day for
the three age groups 6–10 years (Nmale = 357,Nfemale = 356), 11–13 years (Nmale =
327,Nfemale = 379), and 14–17 years (Nmale = 388,Nfemale = 471) and both genders.
SED Sedentary behavior, LPA light physical activity, MPA moderate physical activity, VPA
vigorous physical activity,

Fig. 6.3 and Table 6.3). The youngest children (6-10 years) spent just over half of the
day sedentary, whereas the oldest adolescents (14-17 years) spent almost three-quarters
of the day in SED (see Fig. 6.2 and Table 6.3). Age explained 56.7% of the variance
of SED (F2,2272 = 1489.7; p<.01). Girls were significantly more sedentary than boys
(F1,2272 = 38.3; p<.01). The oldest age group had the longest WT and the highest
amount of sedentary time (cf. Fig. 6.4). Younger children had less overall WT, but
spent more time in higher intensity activity (cf. Fig. 6.4).

6.5 Discussion

The purpose of this study was to obtain a better understanding of how device-based
PB data differ between weekdays and between school days and weekends for children
and adolescents. To cover the complete range of PA intensity, not only MVPA, but also
the proportion percentage of all aspects of PB intensity as well as WT were calculated.
Behavioral patterns were determined per day, gender, and age, and WT was calculated
for each day of the week.
The present study revealed main differences between weekdays and weekend days. In
general, the absolute WT for weekdays (Monday-Thursday) is 13.4h. While the awake
period on Friday is over half an hour longer (14.0h), children and adolescents have less
waking time on Saturday (12.2h) and Sunday (11.1h). These differences can be ex-
plained by different aspects. During structured school days, participants get up and
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Figure 6.3: Overall (N=2278) mean minutes in different intensities for all weekdays.
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Note: SED Sedentary behavior, LPA light physical activity, MPA moderate physical activity,
VPA vigorous physical activity, Minutes of wear time shows the absolute minutes of wear
time among intensity classes on weekdays. % of wear time (WT) shows the percentage
distribution of wear time among intensity classes.

go to bed at similar times (Gradisar et al., 2011). Friday is an exception in terms of
going to bed late due to the following weekend Noland et al. (2009). Getting up late on
Saturday is relativized by going late to bed (Gradisar et al., 2011; Mishra et al., 2017;
Noland et al., 2009). Sunday, however, usually shows the shortest period of awake-
ness, since after sleeping until late in the morning, the evening ends early to get enough
sleep for the following school day and has similar sleep times compared to school nights
(Noland et al., 2009). Based on these results, future studies should consider evaluating
PB based on the sleep–wake cycle rather than on a 24 hour basis or on the external
construct of time of day. In this case, the night from Friday to Saturday may already be
counted as a weekend day, and the night from Sunday to Monday as a school-related
day. This could have further positive implications in view of the current 24h PB debate.
One option would be to determine threshold parameters for the separation of sleep and
waking phases, which would then no longer require the use of fixed 24 hour evaluation
windows, but would allow the actual influence of sleep and waking times on PB to be
investigated. For example, it would be possible to make even more realistic assumptions
on how sleep behavior affects psychological factors such as mood and other parts of PB.
Furthermore, it could be examined how much influence the day before has in contrast to
the day following the sleep phase. Questions that could be addressed in this connection
include: Is the night after a day off more attributable to the following school day or to
the day off weekend? What is the influence of the night from Friday to Saturday or
before a day off, which starts later but also lasts longer, compared to that of a night
between two school days or workdays? This would allow for different sleeping patterns
to be considered. In contrast to fixed-day analyzes that use periods from midnight to
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Figure 6.4: Overall mean minutes in different intensities over weekdays for three age groups.
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Note: a) shows the absolute minutes among intensity classes on weekdays for 6–10 years
(Nmale = 357,Nfemale = 356), b) 11–13 years (Nmale = 327,Nfemale = 379), and c) 14–17
years (Nmale = 388,Nfemale = 471). SED Sedentary behavior, LPA light physical activity,
MPA moderate physical activity, VPA vigorous physical activity.

midnight, the actual daily sleep phases could then be taken into account. Therefore,
changes in sleep patterns, such as different bedtimes on different weekdays, could be
considered.
However, this would require data for the entire 24 hour PB cycle over one or more weeks
and cannot be done with the data underlying this study.
As a second result, this study showed similar day patterns for all age groups in terms of
intensity distribution. The pattern of the waking phase of the day in the form of WT
is also consistent for all groups. The total minutes of WT per day increased with age,
which is in line with the observed decrease in sleep hours with increasing age (Chaput
et al., 2018). With less sleep at night, waking time during the day increases. The
distribution of activity intensity over a day is consistent with previous studies. A 25%
increase in SED correlated with age coincided with changes in children’s school curricular
activities (Crane et al., 2018; Troiano et al., 2008; Williams et al., 2013). Interestingly,
the percentage of VPA remains consistent in all age groups at approximately 3%, with
girls consistently engaging in fewer VPA than boys. This must be emphasized in the
context of the longer waking time of older subjects, as this increases the absolute min-
utes of VPA by 5 minutes (cf. Fig. 6.3 & Table 6.3). These results are in line with a
cross-sectional study by Steele et al. (2010) who found no difference in percentage time
of VPA for weekdays and weekends in children measured by accelerometers aged 9-10
years. The same was found by Drenowatz et al. (2016) for young adults and by Aibar
et al. (2014) for Spanish and French children. This positive trend in the relatively small
increase in absolute VPA is also compensated by a reduction from 6% to below <2% for
MPA and a decrease to half of the LPA proportion from 36% to 17% when comparing
younger participants (6-10 years) with older ones (14-17 years).
No significant differences in WT were found between boys and girls. However, a sig-
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Table 6.2: Differences in minutes of wear time on weekdays and weekend

Age N
Monday -
Thursday

Sunday Difference

(years) (M ± s) (M ± s) diff. 95% CI t p d

6-10 Ø 713 768.4 ± 83.0 657.0 ± 157.8 99.26 123.63 17.96 <.001 0.67
11-13 Ø 706 804.8 ± 89.1 665.5 ± 168.0 126.85 151.62 22.07 <.001 0.83
14-17 Ø 859 837.2 ± 109.5 674.4 ± 192.6 149.87 175.68 24.75 <.001 0.84
All Ø 2,278 805.6 ± 99.7 666.2 ± 174.8 132.09 146.73 37.35 <.001 0.78

Age N Friday Saturday Difference

(years) (M ± s) (M ± s) diff. 95% CI t p d

6-10 Ø 713 800.4 ± 179.0 721.6 ± 188.5 62.83 94.81 9.68 <.001 0.36
11-13 Ø 706 850.3 ± 193.2 738.1 ± 227.9 91.87 132.60 10.82 <.001 0.41
14-17 Ø 859 875.1 ± 188.8 731.2 ± 212.4 127.19 160.61 16.90 <.001 0.58
All Ø 2,278 844.1 ± 189.7 730.3 ± 210.3 103.44 123.99 21.71 <.001 0.46

Age N
Monday -
Thursday

Saturday Difference

(years) (M ± s) (M ± s) diff. 95% CI t p d

6-10 Ø 713 768.4 ± 83.0 721.6 ± 188.5 32.97 60.62 6.64 <.001 0.25
11-13 Ø 706 804.8 ± 89.1 738.1 ± 227.9 50.36 83.03 8.02 <.001 0.30
14-17 Ø 859 837.2 ± 109.5 731.2 ± 212.4 92.17 119.78 15.07 <.001 0.51
All Ø 2,278 805.6 ± 99.7 730.3 ± 210.3 66.78 83.78 17.36 <.001 0.36

Note: Medium and large effects are marked in bold.
M mean, s standard deviation, diff. difference, 95% CI 95% confidence interval, t posthoc
t-test; p Significant difference, d effect sizes calculated using Cohen’s d.

nificantly higher proportion of SED and lower proportions of LPA, MPA and VPA were
observed on the daily average for girls (see Fig. 6.1 and Table 6.3), with this gender gap
repeatedly reported by many studies (Berglind & Tynelius, 2017; Guthold et al., 2018,
2020; Padmapriya et al., 2021; Steele et al., 2010).
Considering our study’s results in the context of previous studies, most studies showed
longer MVPA time during the week compared to the weekend. Brazendale et al. (2021)
found similar results in a study using pooled accelerometer data from the ICAD project
(International Children’s Accelerometry Database), which revealed that children accu-
mulated approximately 10 minutes more MVPA on school days (up to 17 minutes more in
European children) compared to weekend days. Similar results were reported by Corder
et al. (2013) and Steele et al. (2010). Some studies found also less time spent in SED
on weekend days compared to weekdays (Corder et al., 2013; Frago-Calvo et al., 2018)
and concluded that this may be explained by a lack of typically structured SED associ-
ated with school lessons. Until now, we are not aware of any PA study that considers
significantly lower awake periods on weekends. The present results suggest that the
percentage intensity distribution of SED, LPA, MPA, and VPA on the weekend is similar
to that during the week, including Friday, despite the lower WT (cf. Fig. 6.2). As can
be seen in detail in Table 6.3, there is a small 1% change from SED to LPA on Saturday
and a 1% reduction in VPA on Sunday that can be attributed to the increase in SED
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compared to weekdays. Hence, lower MVPA and SED times on the weekend cannot be
attributed to a fundamental change in PA behavior. On the contrary, the PB patterns
observed during the week also prevailed over the weekend. Since the shorter waking
phase on the weekend indicates that less time is available overall, this also results in less
time spent for the different PB intensities. With this in mind, we were unable to find
any justification for specific weekend interventions based on PA distribution.
Instead, we recommend interventions to generally change activity behaviors from SED
to a more active lifestyle (more LPA, MPA, and VPA). Due to the distinct differences
between the levels of activity during the week and on weekends, previous studies recom-
mended collecting data on both weekdays and weekend days (Trost et al., 2005; Vanhelst
et al., 2014). However, some authors disagreed with the inclusion of weekend data in
PA analysis (Wolff-Hughes et al., 2016). Although the inclusion of weekend data can
introduce bias into PA estimates, most studies typically use measurement periods of four
out of seven valid days, including at least one weekend day, to calculate PA (Skender
et al., 2016). Due to the results of the present study that the show that durations of the
waking phases differ on Saturday and Sunday, we assume that the evaluation of PA may
be influenced by the type of weekend day included in the analysis. We suggest that the
evaluations continue to include weekend days. Due to the high proportion of valid days
(m= 6.64) in the MoMo study, we consider the data presented to be robust. However,
studies with a small sample should consider the potential influence of different weekend
days in their analysis (if quality assessment specifications such as 4 + 1 are used: four
valid weekdays and one [random] weekend day). In addition to absolute minutes, relative
proportions of MVPA should be reported in future studies.
The present study is limited due to its cross-sectional nature and we do not intend to
infer causality. The main goal of MoMo is to track and report PA and fitness of children
and adolescents in a nationwide sample, and significant effort was put into collecting
representative data from 167 sample points all over the country.
In the light of the recent development to assess 24 h PB, the present study is subject
to the restriction that the accelerometer measures PA during a specific week and during
waking hours. Keeping an additional comprehensive and elaborate diary was avoided dur-
ing the week by wearing an accelerometer. Study participants carried the accelerometer
after completion of the already very time-consuming fitness test and surveys on activity
and health. A WT of 24 h could solve this problem in future studies. Although we
attempted to solve most of the methodological problems in our accelerometer-measured
PA, difficulties remained, such as calibration for a wide age range and the occurrence of
non-wear times during sports competitions.
This study’s advantages are the large and nationwide sample (N= 2278) and the record-
ing of PA of each participant by a PA questionnaire as well as by accelerometry. We
collected the sample at 167 locations across Germany throughout the year to account for
seasonal effects. To our knowledge, this study was one of the first to look at individual
wake-up phases of each day in a week and combine it with an analysis of absolute and
relative intensity data of PA measured by accelerometers. Apart from PA, many other
parameters were collected in MoMo. This results in a multitude of further evaluation
options. Closer examination of the data in MoMo (e.g. fitness levels, sports disciplines,
socioeconomic status, migration status) will give a more detailed answer as to the reasons
behind the differences regarding age and gender.



6.6. Conclusion 121

6.6 Conclusion

This study was the first to provide detailed information on device-based PA behavior
on a national level in Germany. The results regarding PA patterns on weekdays and
weekends allow the conclusion to be drawn that the WT of the participants increases
with age because the waking phase during the day increases. However, despite the longer
waking periods on Friday and Saturday (in terms of absolute minutes), the percentage
distribution of time spent in the different intensities of activity is similar on all weekdays
and weekends. Since shorter waking periods limit the possible absolute active time on
weekends, PA and SED times are lower on the weekend compared to weekdays. The
visualization of PA on a typical day for an average MoMo participant may help researchers
compare their data. We could not find any justification for specific weekend interventions
from PA-level distributions alone. Instead, we believe that interventions should generally
try to change activity behavior from SED toward a more active lifestyle. We recommend
that low-threshold sports, play, and exercise facilities for children and adolescents should
be increased and promoted on the municipal level. Here, open public spaces and exercise
areas (e.g., paths, squares, courtyards, green spaces, forests, playgrounds, football fields
and skate parks) should be created to support a generally more active lifestyle. Joint
efforts to ensure physical activity and sports programs in schools, clubs, and leisure
time are necessary at the federal, state, and local levels and should be extensively funded
within a federal pact to promote PA (Woll et al., 2021). In the present study, we provided
daily patterns for intensity distributions of PA levels. We suggest that PA analysis from
wake-up to wake-up may not be a fixed 24 hour PB cycle. Due to sleeping patterns, for
example, there is more time to be active on Friday compared to Saturday, which is why
the comparability of these two days is limited. In the future, this should be considered
when interventions are made and evaluated. Future studies of PB should consider using
the sleep–wake cycle rather than the 24-hour basis.
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Table 6.4: Minutes of wear time on weekdays and weekend days

Age N
Monday -
Thursday

Friday Difference

(years) (M ± s) (M ± s) diff. 95% CI t p d

6-10 m 357 771.6 ± 84.1 807.9 ± 186.7 -55.16 -17.46 -3.79 <.01 -0.20
f 356 765.2 ± 81.9 792.9 ± 170.8 -45.28 -10.18 -3.11 <.01 -0.17
Ø 713 768.4 ± 83.0 800.4 ± 179.0 -44.88 -19.18 -4.89 <.01 -0.18

11-13 m 327 798.7 ± 91.0 843.1 ± 202.6 -66.01 -22.82 -4.05 <.01 -0.22
f 379 810.1 ± 87.2 856.6 ± 184.7 -64.65 -28.37 -5.04 <.01 -0.26
Ø 706 804.8 ± 89.1 850.3 ± 193.2 -59.46 -31.61 -6.42 <.01 -0.24

14-17 m 388 830.3 ± 120.3 874.9 ± 189.9 -64.29 -24.96 -4.46 <.01 -0.23
f 471 842.9 ± 99.5 875.3 ± 188.2 -49.66 -15.13 -3.69 <.01 -0.17
Ø 859 837.2 ± 109.5 875.1 ± 188.8 -50.88 -24.96 -5.74 <.01 -0.20

All m 1,072 801.1 ± 103.5 842.9 ± 194.7 -53.31 -30.27 -7.12 <.01 -0.22
f 1,206 809.6 ± 96.1 845.1 ± 185.2 -45.67 -25.24 -6.81 <.01 -0.20
Ø 2,278 805.6 ± 99.7 844.1 ± 189.7 -46.09 -30.78 -9.85 <.01 -0.21

Age N Saturday Sunday Difference

(years) (M ± s) (M ± s) diff. 95% CI t p d

6-10 m 357 728.2 ± 194.1 659.7 ± 166.9 43.89 93.09 5.48 <.01 0.29
f 356 715.0 ± 182.8 654.2 ± 148.4 38.43 83.18 5.35 <.01 0.28
Ø 713 721.6 ± 188.5 657.0 ± 157.8 48.06 81.24 7.65 <.01 0.29

11-13 m 327 740.0 ± 230.4 655.6 ± 191.5 54.45 114.32 5.55 <.01 0.31
f 379 736.5 ± 226.0 674.2 ± 144.3 37.04 87.60 4.85 <.01 0.25
Ø 706 738.1 ± 227.9 665.5 ± 168.0 53.17 91.91 7.35 <.01 0.28

14-17 m 388 728.0 ± 223.0 669.3 ± 190.3 32.61 84.77 4.42 <.01 0.23
f 471 733.9 ± 203.4 678.7 ± 194.5 32.75 77.73 4.83 <.01 0.22
Ø 859 731.2 ± 212.4 674.4 ± 192.6 39.78 73.82 6.55 <.01 0.22

All m 1,072 731.7 ± 216.0 661.9 ± 183.1 54.35 85.23 8.87 <.01 0.27
f 1,206 729.1 ± 205.2 670.0 ± 167.0 45.59 72.63 8.58 <.01 0.25
Ø 2,278 730.3 ± 210.3 666.2 ± 174.8 53.94 74.33 12.34 <.01 0.26

Note: Ø mean of males and females, M mean, s standard deviation, diff. difference, 95%
CI 95% confidence interval, t posthoc t-test; p Significant difference, d effect sizes calculated
using Cohen’s d.
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frath Rosario, A., & Gößwald, A. (2018). Querschnitterhebung von KiGGS Welle
2: Teilnehmendengewinnung, Response und Repräsentativität (Journal of Health
Monitoring, Ed.). https://doi.org/10.17886/RKI-GBE-2018-015

https://doi.org/10.1186/s12966-020-01037-z
http://www.loc.gov/catdir/enhancements/fy0731/88012110-d.html
https://doi.org/10.1186/1479-5868-10-69
https://doi.org/10.1186/1479-5868-10-69
https://doi.org/10.3390/children5100131
https://doi.org/10.1002/14651858.CD007651.pub2
https://doi.org/10.1155/2016/8236439
https://doi.org/10.1186/1471-2458-12-406
https://doi.org/10.1016/j.jsams.2014.06.005
http://www.eurjhm.com/index.php/eurjhm/article/view/438/624
http://www.eurjhm.com/index.php/eurjhm/article/view/438/624
https://doi.org/10.1016/j.sleep.2010.11.008
https://doi.org/10.1016/S2214-109X(18)30357-7
https://doi.org/10.1016/S2352-4642(19)30323-2
https://doi.org/10.17886/RKI-GBE-2018-015


References Typical Day Article 127
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7. Discussion and Conclusion

The aim of this thesis was to investigate the usage of accelerometers to measure PA in
the MoMo-Study. The main objectives were to clarify technical decisions that should
be made when using accelerometers in large epidemiological studies of activity behav-
ior research, investigate the implications of different evaluation methods in the prepro-
cessing of accelerometer data in general, and provide reference data to practitioners
and researchers when comparing their accelerometer-measured physical activity with the
MoMo study. The analyzes performed were able to contribute to the achievement of
these objectives. Based on the results already reported, a summary of the answers is
given below. In five research articles, it was shown that

(1) the“Consensus Article”helps the end user of PA monitoring devices to work through
the excessive technical details of accelerometry, use outlines of best practices
in device selection and application, and apply these learned lessons to quantify
the three broad behavioral categories of PA, SED, and sleep (compare Chapter 2);

(2) the study protocol provided an extensive list of considerations to measure physical
activity and sedentary behavior by accelerometry in a large epidemiological sample
of the MoMo-Study; Researchers planning studies with the same protocol are given
a best practice example and all the information needed for replication and
allows comparability to other epidemiological studies (compare Chapter 3);

(3) there are challenges when evaluating data analyzed with different epoch
lengths that need to be considered. Specifically, when different non-wear time
algorithms and definitions of activity cut-points are used with epoch lengths that
were not originally used to validate those algorithms. As a consequence, the
resulting differences in the estimated SED and PA values can become very large
(compare Chapter 4).

(4) Children and adolescents living in Germany show a very low adherence to the
2010 WHO Guideline (World Health Organization, 2010). These results were
confirmed by accelerometer and PA questionnaire. Surprisingly, the differences in
meeting the Guideline between the measurement methods are much smaller for
younger children than for older age groups. Continuous overestimation of the
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self-report in contrast to the accelerometer was observed in all other age
groups (compare Chapter 5);

(5) the percentage distribution of time spent in different activity intensities is the
same across all weekdays and weekend days. However, since shorter awake
periods limit the absolute possible active time on weekends, PA and SED times
are lower on weekends than during the week. We could not find a justification
for specific weekend interventions; instead, we suggest that the physical behavior
analysis from wake up to wake up may not be a fixed 24-hour behavioral cycle.
(compare Chapter 6).

Accelerometer devices for measuring physical activity have emerged as important self-
monitoring tools in clinical medicine (Lobelo et al., 2018), large-scale health promotion
(U.S. Department of Health and Human Services, 2018), and are now commonly used in
national surveillance efforts (Burchartz, Manz, et al., 2020; Colley et al., 2011; Matthews
et al., 2008; Troiano et al., 2008). The number of yearly publications using search terms
’exercise or physical activity’ and ’acceleromet*’ increased from 10 or fewer until 1996 to
more than 600 in 2012 and 2013 (Troiano et al., 2014), to more than 1400 publications on
scopus.com in 2021 (compare Figure 1.5 assessed on Nov. 04, 2022). Despite this large
number of publications dealing with the assessment of device-based measured physical
activity, there is still no general consensus on a standardized assessment, although it
is regularly criticized (Bussmann & van den Berg-Emons, 2013; Migueles et al., 2017;
Rowlands, 2007; Troiano et al., 2020).

Accelerometry is nevertheless the “state of the art” when it comes to device-based
measurement of PB. The advantage of accelerometry is that it can collect dense data
over a long period of time, allowing a detailed examination of daily behavior. From these
multidimensional data, a large number of metrics can be derived to capture and describe
the unique aspects of PB. In addition to PA, SED and sleep are the most common
behaviors being assessed (Diaz et al., 2017; Doherty et al., 2017; German National Co-
hort Consortium, 2014; Matthews et al., 2016). Various carrying positions and sensors
are available for different areas of application. Complex and dense data resulting from
device-based measured PB, as well as various options regarding devices, data collection,
and data analysis, can also be a challenge for researchers, and there are still no in-
ternationally accepted standards for signal processing (Leppänen et al., 2022; Migueles,
Cadenas-Sanchez, et al., 2019; Rowlands, 2007; Trost, 2007). Furthermore, the different
approaches used in the studies can lead to limited comparability and reproducibility of
the study results. The aim of the first article, the Consensus Article of Chapter 2, was to
outline the best practices and highlight the necessary considerations when selecting and
using devices to quantify the two important behavioral categories PA and SED, which
are of general interest to the research community. This helps smaller studies to better
navigate the excessive technical details of accelerometry.

It is important to note that device-based PA measurements are often assumed to be
accurate and reflect actual PB. However, the values of, for example, accelerometers
are still estimates, and in the absence of satisfactory agreement with the ground truth
gold standard measures of free-living PA should not be interpreted as ‘actual’ PA levels.
The consortium at the CAPA Workshop proposed that researchers choose their method
based on the most valid approach for their given behavioral metric. From this perspective,
the method chosen will dictate the type of device and the prediction algorithm. The
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research community has not yet reached a consensus on the most promising approach in
statistical analyses of device-based measured data (Migueles et al., 2021), besides that
the inherent multicollinearity within data based on human behavior during a finite period
of time should be carefully considered. Each approach has its strengths, limitations,
and practical relevance, and some examples are discussed in Chapter 7.3. Therefore,
researchers must carefully inspect the approach that fits best with their research goal
and data. A repository of Clevenger, Montoye, et al. (2022) will also help researchers find
novel methods to estimate physical activity or energy expenditure and the best possible
solution for their study. It is possible to find models sorted by population, wear location,
or device brand and gives a good overview of the currently published open source models.

The results are another step towards a better understanding of the evaluation of the
physical activity behavior of children and adolescents in Germany. However, as men-
tioned above, the field of research is not yet in consensus, neither in the selection and
attachment of the device nor in the signal processing and the following statistical anal-
ysis. Therefore, the important issue of documentation and differences in the evaluation
of accelerometers, especially the MoMo study, will be examined in more detail next.

7.1 Issue of methods

How is acceleration data analyzed in MoMo and what are the causation
and specific underlying characteristics?

Only since 2017 have there been national recommendations on physical activity in Ger-
many (Rütten & Pfeifer, 2017). These are also largely based on representative ques-
tionnaire data on physical activity of children and adolescents in Germany collected in
previous years by the MoMo and KiGGS studies (Woll et al., 2017). Despite that, two
years earlier in 2015, the MoMo study was already again the pioneer in Germany for
the next development in data collection and went one step further. MoMo is the only
national study in Germany that has collected data on physical activity using accelerom-
eters since 2015 (Burchartz, Manz, et al., 2020). Especially in a study that provides
representative results that other studies (with special subsamples, such as children with
certain diseases) from Germany use to compare their data, it is important that all tech-
nical decisions are well documented. Therefore, for MoMo, it was important to fulfill
the following three important criteria (Burchartz, Manz, et al., 2020) when introducing
this acquisition method, which was still quite new at the time:

1.) Complete documentation of all technical decisions

2.) Possibility of later integration into the International Children’s Accelerometry
Database (ICAD)

3.) Delivery of reference data at national level

Therefore, the study protocol of Chapter 3 as the second research article in this thesis
provides an extensive list of considerations to measure physical activity and sedentary
behavior using accelerometry in the large sample of the MoMo-Study (see Table 7.1).
It gives all the details of similar studies for replication and allows comparison with other
large studies.
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Table 7.1: List of accelerometer criteria used in MoMo, modified from Burchartz, Anedda,
et al. (2020)

Criteria Definitions within this study

Accelerometer devices ActiGraph (models: GT3X+, wGT3X-BT)

Placement of the device Laterally on top of the right anterior superior iliac spine

Sampling frequency 30 Hz

Filter Normal ActiGraph GT3X filter

Epoch lengths 1 s with possibility to convert to 5, 10, 15, 30, and 60 s

Non-wear time definition Choi et al. (2011): 90-minute time window for consecu-
tive zero/nonzero counts; allowance of 2-minute intervals
of nonzero counts with an up/downstream 30-minute
consecutive zero counts window

Valid days/valid weeks 8 h of recordings on four weekdays and one further week-
end day when wearing the device for 7 days

Population age range Children and adolescents from 6 to 17 years

Sedentary and physical activity
intensity classification and cut
point algorithms

6-10 years: Evenson et al. (2008) vertical axis
11-17 years: Romanzini et al. (2014) vertical axis

Furthermore, the specifications for integration into the ICAD database could also be in-
cluded (Sherar et al., 2011), since the physical activity data are stored in raw accelerom-
eter (.dat) files from a waist-worn ActiGraph accelerometer in children aged 6-17 years
and accompanying data of gender, age, measured height, and weight were also collected.
Although the original plans for the expansion of ICAD included the addition of new stud-
ies, it became clear to the ICAD consortium over time that this would not be possible
within the scheduled time frame and staff capacity, so this phase has been put on hold
(Atkin et al., 2017). However, discussions on adding new partners to ICAD are expected
to resume soon. For this reason, it was not possible to actually integrate the MoMo
data into the ICAD database until today. The description of the national reference data
will be presented later, as they are part of the two scientific articles in Chapters 5 and 6.
Meanwhile, let’s look at another discussion point that was frequently raised in the con-
text. The era of accelerometers in physical behavior research could be described as a
golden age with tremendous opportunities, but, as we have noticed, there are also many
challenges. Although suitable and accurate devices are available for most applications
(e.g., interventions, epidemiology, surveillance), the wide variety of devices and prediction
algorithms available for a variety of metrics (e.g., step count, energy expenditure, in-
tensity classification, posture, sleep behavior) and the limited information available from
rigorous validation studies make it difficult for the average user to understand which op-
tions are best suited for each application. A device such as, for example, the ActiGraph
in MoMo may not be appropriate for all applications, and users must make informed
decisions to optimize the results of each study. As mentioned in Chapters 3 and 4, there
are also some methodological problems in MoMo that need to be disscussed.

First, the use of normal ActiGraph filter removes signals with a frequency greater
than 2.5 Hz. However, while performing vigorous physical activity, the human body
produces accelerations on the hip up to a frequency of 3.4 Hz (Cavagna & Franzetti,
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1986; Cavagna et al., 1991). Due to this limitation, activities with higher movement
frequencies (that is, in the vigorous activity spectrum) may not be correctly assessed.
In the context of MoMo and KiGGS, this will not be an issue, because all activities in
this frequency range will be classified as vigorous and more detailed investigations are
currently not planned. This is only one of the proprietary ActiGraph signal preprocessing
algorithms, which was not specified in more detail by the manufacturer processing until
recently (Neishabouri et al., 2022). Other technical decisions, such as the use of sam-
pling frequencies, can have a great impact on the outcome. For example, Clevenger
et al. (2019) reported that the sampling rate affects the determination of intensity clas-
sification. They recommended that researchers be consistent and vigilant in reporting
these decisions, since higher Hz data resulted in significantly more total generated counts
when using hip-worn monitors. Similar conclusions were reached by Brønd et al. (2019)
who investigated the variation of different bandpass filters and found a reduced bias in
the measurement when running above 10 km/h due to the higher frequency.
Furthermore, there are subjective decisions (placement of the device, device selection,
study protocol, sampling frequency, choice of epoch length, etc.) that were made in
MoMo after thorough research and analysis of existing validation studies, but that in-
fluence the non-wear time and also the intensity calculation (compare Chapters 3 and
4. In MoMo in particular, there is also the restriction that the physical activity ques-
tionnaire asked and assessed physical activity of an average week and the week before
the accelerometer measured physical activity during a specific week. An additional com-
prehensive and elaborate diary was avoided during the week by wearing an accelerom-
eter. Study participants carried the accelerometer after completing the already very
time-consuming fitness test and activity and health surveys. Having self-reported and
measured data will help explain the observed population differences in Chapter 5. As
already said, the true value probably lies somewhere in between these two methods. To
record a more accurate activity profile, another combination of both methods might be
a solution. This could be an algorithm to subtract or add the methodological difference
if only one method is used. A solution to not lose activity during non-wearing time
could be the use of ambulatory assessment in combination with 24 h recording (Reichert
et al., 2020). Triggered e-diaries may ask the subjects for the type of activity performed
after certain events have been detected (e.g. device not worn, periods of high activity,
or sedentary behavior). Then, non-wear times, their reasons, and activities performed
while not wearing the device can be considered uniformly. The participant can receive
feedback on how much activity was not recorded and how much was missing to reach
the guidelines. Ambulatory assessment can also be used to ensure that the activity time
frames for both methods are consistent by answering the physical activity questionnaire
on the mobile phone at the end of the survey. In this way, the strengths of one method
would compensate for the limitations of the other method.
Although wearing times were very long on average, some participants reported that
wearing had been prohibited in some sports competitions, such as soccer. The use of
electronic devices was forbidden to prevent trainers from having an unfair advantage in
knowledge. Even if documented by the non-wear time protocol (Burchartz, Anedda, et
al., 2020), the unrecorded activities could not be retrospectively taken into account.
Manual input of the data from the handwritten non-wear protocol is very time consum-
ing. Also, the information in the protocols is very inconsistent, and manual input would
distort the acceleration data. These missing data could be another link to the difference
between the questionnaire and the accelerometer results in Chapter 5. A wear time of
24 h and a consistent ambulatory assessment for the non-wear time could solve this
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problem in future studies. Although compliance in MoMo was quite good, other large
national studies have switched to wrist-worn devices (Doherty et al., 2017; Freedson &
John, 2013). We will look at these developments in device selection and placement on
the body in the next subsection of the Chapter.
Another topic to discuss is the large age span in MoMo. The range of 6 to 17 years
and older, for long-term participants who are now adults, complicates the calculation of
intensity because validation studies typically use only age groups with more compact age
ranges. Therefore, to cover the entire sample, different algorithms must be used, but
may not be directly comparable among themselves. We have demonstrated the extent
of variation in PA levels when using ActiGraphs in MoMo during Chapter 4. Specifically,
when different non-wear time algorithms and definitions of activity cut-points are used
with epoch lengths that were not originally used to validate those algorithms as reported
by others (Banda et al., 2016; Breau et al., 2022; Leppänen et al., 2022; Logan et al.,
2016). As a consequence, the resulting differences in the estimated SED and PA values
can become very large. The advantage of these two algorithms used in MoMo is that
they fit very closely with the two age groups for children and adolescents of MoMo, be-
cause they had similar validation protocols, and in addition, both used an epoch length of
15s. A possible future solution could be through new validation studies with short epoch
lengths for young children, as proposed by (Banda et al., 2016; Giurgiu et al., 2022).
As explained in detail in Chapters 3 and 4, our results justify the choice of algorithms in
MoMo, but in the end also show the general technical problems of large epidemiological
studies that still need to be overcome in the future.

In conclusion, documentation is still essential for comparability within a large study such
as MoMo but also for comparison with other studies. However, documentation is often
not easy to handle and can also be very technical and time consuming when dealing with
large data sets. (compare Chapters 2, 3 and 4).

7.2 Issue of Development

How should data be collected in the future?

After analyzing the specific conditions under which the device-based measured physical
activity was executed in MoMo, the following section discusses the“lessons learned”and
gives an insight into the challenges to be faced in the future when collection device-
based physical behavior. As mentioned above, there is still the problem of positioning
devices and attaching them to the body. In current research, three positions are used in
particular for accelerometers and offer various advantages and disadvantages: the hip,
the wrist, and the thigh (Figure 7.1).

As mentioned in Chapter 3, device-based measurement of physical behavior with an
accelerometer on the hip has many advantages, but also some limitations. Placement
of the accelerometer affects which part of the mechanical work of the body is captured.
The placement on the hip captures mechanical work and acceleration and deceleration of
the body during locomotion relatively accurately; it serves well to measure the intensity
of activity consistent with age and stature. However, it should be remembered that
mechanical work, such as riding a bicycle or carrying and lifting heavy objects or weights,
is not captured very adequately as these activities produce very little movement on the
hip. Placements on the thighs and wrists can better capture this physical work performed
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Figure 7.1: Device placement on the wrist, the hip and the thigh

Note: Illustrations for ActiGraph on wrist and hip, ActivPAL on thigh.

internally, but do not provide equivalent results to the measurement at the hip (Arvidsson
et al., 2019). This is also documented by Tudor-Locke et al. (2015) who found that
visual step counts matched better when the accelerometer was attached to the hip than
when it was attached to the wrist. Furthermore, Rosenberger et al. (2013) showed higher
sensitivity and specificity on the hip compared to attachment to the wrist for motion
detection, as other studies did (Chen et al. (2003), Swartz et al. (2000), and Welch et al.
(2013)). Lynch et al. (2019), however, showed some evidence in a review suggesting
that children are more compliant when placed on the wrist than when wearing devices
on the hip. Notably, in the NHANES study, the physical activity monitoring protocol
was changed from hip placement to wrist placement. Another large national study using
wrist-worn accelerometer devices is the UK Biobank Study with over 100.000 participants
(Doherty et al., 2017). This improved adherence to wear time from 40%-70% to 70%-
80% (Freedson & John, 2013). The NHANES study assumed at that time that the
algorithms could be adjusted to improve the weaker activity estimate based on wrist
placement. It is not clear what impact this trade-off between validity and wear time has
on the survey data. Furthermore, it should be noted that higher acceleration values are
found at the wrist compared to hip placement, resulting in a shorter time in SED and a
longer time in light, moderate, and vigorous PA (Routen et al., 2012).
Another limitation is that separate detection of sleep phases was not possible in MoMo,
as this would require downloading a second file for each participant in 60 second epochs,
with the low frequency extension function selected to process sleep data. Unfortunately,
this option was not available. According to (ActiGraph, 2018), this option lowers the
amplitude threshold, allowing lower amplitude movements such as when sleeping to be
included in the acceleration signal. This would increase the sensitivity to detect the sleep
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phase and can be used to remove the sleep phase in accelerometer data (Coyle-Asbil et
al., 2020). However, it should be mentioned here that smaller movements during sleep
can be better detected by wrist measurements and are often used to assess sleep quality,
while hip detection can be used primarily for sleep time (Ancoli-Israel et al., 2003; Full
et al., 2018; Smith et al., 2019).

Sedentary Behavior is a major part of the day as has been shown in Chapter 6 but
can be a mixture of many different behaviors with low metabolic cost. The Sedentary
Behavior Research Network published consensus definitions for different key terms related
to these sedentary behaviors (Tremblay et al., 2017). Among other things, a distinction is
made between stationary behavior and sedentary behavior, although more differentiated
distinctions such as standing, lying, sitting, and reclining are part of these definitions.
Consensus definitions clarify the distinction between different behaviors under the broader
term “Sedentary Behavior”. For example, researchers can now use the term ’stationary
time’ when reporting data measured by accelerometers that do not measure posture;
those who do can differentiate between sitting, standing, reclining, and lying. On the
other hand, it is also possible to distinguish different forms of locomotion, such as
running, jumping, walking, sneaking, or even climbing, in terms of categories when visual
analyzing the participants. Hence, activity classification is the process of identifying what
type of activity a person performs based on their body movements. In contrast, intensity
recognition refers to the amount of effort a person exerts during an activity. This is very
complicated when only the data of the hip-worn accelerometer are available, but works
well when using the ActivPAL. This waterproof device, which is worn on the thigh, uses
accelerometer-derived information on the position of the thigh in space to determine the
beginning and end of each period of changes in sitting / lying, standing, and posture
(Edwardson et al. (2017) and compare Figure 7.2).

Figure 7.2: The Different ActivPAL activity classification profiles from www.palt.com

In recent years, thigh worn accelerometers such as ActivPALs have become the gold
standard for recording especially sedentary behavior, sitting and sleep (Arundell et al.,
2019; Blackwood et al., 2022; Carlson et al., 2022; Edwardson et al., 2017; Hurter
et al., 2018; Shi et al., 2019; Smits et al., 2022). Since various studies have shown its
high validity and reliability in measuring physical activity (Dowd, Harrington, Bourke,
et al., 2012; Dowd, Harrington, & Donnelly, 2012; Grant et al., 2006; Kim et al., 2015;
Kozey-Keadle et al., 2011), the ActivPAL is increasingly chosen mainly for its accurate
discrimination between upright and sedentary postures. This is a huge advantage, espe-
cially in the direct output of body posture, in contrast to the calculation of body posture
using models from other manufacturers such as ActiGraph or GeneActive, which have
not yet provided comparable results (Hurter et al., 2018; Pereira et al., 2020).

When sensors are applied to the thigh with a biopatch, it is also easier to record 24h
assessments, as insufficient wear time leads to data loss and increases the cost of
conducting large-scale studies. To date, only a few studies have investigated the impact
on compliance and practical benefits of a continuous wear protocol when recording with
devices such as the activPAL on the thigh (Edwardson et al., 2017; Hidde et al., 2021;
Montoye et al., 2016; Shi et al., 2019), but all found greater compliance than devices

https://www.palt.com/why-activpal/
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worn on the wrist or hip. Shi et al. (2019) as one of the few with children as participants
found that sweating and skin irritation were the most common reasons for the removal
episodes of children who wore an ActivPAL for 7 days, while the use of alcohol pads
and cartoon stickers during application was positively associated with total wear time.
This means that in addition to switching to wear sensors on the thigh, a user-friendly
wear protocol may need to be introduced to enable continuous wear of the device. In
general, we conclude that a protocol with accelerometers worn on the thigh using skin
attachment methods appears to be very promising for studying 24-hour physical behavior
in children and adolescents. A concluding and more in-depth discussion of the topic of
24-hour physical behavior is provided in the next subsection.

On the other hand, several sensors are now often used at the same time to take advantage
of the various benefits of the individual devices (Barboza et al., 2021; Carlson et al.,
2022). For example, ActivPALs on the thigh are worn simultaneously with ActiGraph
accelerometers on the hip or wrist. Thus, for one, body position and sedentary behavior
can be well recorded with the ActivPALs, and for another, these data can be combined
and evaluated with the widely used activity evaluations of the ActiGraphs. Manufacturers
of other devices such as the movisens Move-III are using additional sensors such as
air pressure sensors to better estimate energy consumption when climbing stairs, for
example (Gaser et al., 2022; Tost et al., 2019). With this additional sensor, the energy
consumption or intensity of the activity can be better estimated, for example, if it is
increased when ascending stairs.

Another future development will be that objective and subjective data can merge due to
technological advances. The accompanying challenges will be to structure this merging
or to connect the data sources. Open source preprocessing methods based on raw
acceleration to obtain alternative metrics to activity counts using ActiGraph are already
existing. Many different software programs, including free ones, are available to process
and analyze acceleration data using different types of methods, including Euclidean
Norm Minus One (ENMO) and Mean Amplitude Deviation (MAD) (Bakrania et al.,
2016) as well as Activity Index and ActiGraph counts. Open source programs include,
for example, the R package GGIR (Migueles, Rowlands, et al., 2019; van Hees et al.,
2019) and OMGui (Open Lab of Newcastle University), as well as methods by other
colleagues (Brønd et al., 2017; Brondeel et al., 2021; Neishabouri et al., 2022). GGIR is
an R package that processes multiple-day raw accelerometer data for research on physical
behavior and sleep. The term raw refers to data expressed as gravitational acceleration
data in m/s2, whereas previous generation accelerometers stored data in unique units
such as counts for all different brands of accelerometers. The system has built-in signal
processing including automatic calibration, detection of abnormally high values, non-wear
time detection, and calculation of a variety of metrics to describe physical behavior. GGIR
is currently one of the most widely used methods for analyzing activity monitor data
from different brands, and researchers use this information to describe their recorded
accelerometer data. Recently, these newer open source metrics have been used more
and more frequently to analyze accelerometer data (Leppänen et al., 2022). For a long
time, count-based evaluation was only possible with a proprietary algorithm because
different manufacturers used different and unknown proprietary definitions to calculate
them. Although methods are now known to calculate strong correlating counts produced
by ActiGraphs for accelerometers from other manufacturers (Brønd & Arvidsson, 2016;
Brondeel et al., 2021; Clevenger, Montoye, et al., 2022), the trend in evaluation is
to use original raw data as a basis for calculating certain metrics. Faced with this
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development, ActiGraph has recently published the complete algorithm to calculate the
internal counts of the device, so that the raw data from other accelerometers can now
officially be converted into ActiGraph counts (Neishabouri et al., 2022). Open source
analyzes could improve the comparability between studies by comparing different device
models and help further rationalize data analysis (Clevenger, Montoye, et al., 2022). The
CHAP child classification method allows researchers to derive from triaxial ActiGraph
data worn on the hip, for example, activPAL equivalent measures of sedentary time,
transitions from sitting to standing, and sedentary movement patterns (Carlson et al.,
2022).
On the other hand, Pfeiffer et al. (2022) recently conducted a review to identify new
methods to estimate physical activity or energy expenditure from accelerometer data.
They found that more than half of the published methods were never used. This makes
sense since less than half of the methods they found were actually made available (e.g.,
as code or equations in the article). For this reason, Clevenger, Mackintosh, et al. (2022)
have created a repository to improve accessibility and further develop these new methods
that will help researchers choose the right accelerometer and the appropriate methods
for their studies in the future.

In conclusion, the collection of physical activity data with accelerometers in MoMo
did face some limitations, and there is a wide field of possibilities to develop. After
two complete data collection phases, it can be concluded that it was the right decision
at the time when MoMo started the accelerometer measurement to collect data on
physical activity over a week using ActiGraphs on the hip. With the data now available,
it is possible for studies with more specialized populations to compare their results with
the MoMo data. The widespread use of ActiGraphs throughout the world also allows
for good comparability internationally and the ability to integrate them into the ICAD
database. This comparability is further enhanced by publishing the algorithms used to
calculate the ActiGraph counts by the manufacturer (Neishabouri et al., 2022). Initial
investigations have shown that this now also allows comparability with raw data from
accelerometers from other manufacturers when a similar study protocol was used. In
the future, in contrast, the focus should be on a 24-hour assessment, also against the
background of advancing technical developments. At the same time, this automatically
brings the topic of sleep and sedentary behavior into the spotlight. When selecting
a device, the ActivPAL with its attachment to the thigh offers a suitable solution to
collect data on physical activity, sedentary behavior, and sleep. Against the background
of around-the-clock monitoring, compliance can be increased with the ActivPAL on the
one hand, and on the other hand it is possible to examine the various facets of sedentary
behavior in greater depth and in a more differentiated manner than has been possible
to date with the ActiGraph devices. If the time difference between the survey with
the activity questionnaire and the device-based recording of physical behavior is further
avoided, it should be possible in the future for MoMo to provide an even more reliable
picture of the physical behavior of children and adolescents in Germany. Using open
source methods such as the R package GGIR (Migueles, Rowlands, et al., 2019; van
Hees et al., 2019), that is witnessing an increasing number of citations from all kinds
of studies, will allow future MoMo waves to efficiently generate numerous outcomes of
physical behavior from the upcoming large acceleration datasets.
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7.3 Issue of Comparability

How can physical behavior data be analyzed in the future?

After the previous chapter discussed the basic methods for collecting and then processing
physical activity behavior, the following chapter focuses on the subsequent analysis of
the data.
The increasingly rapid pace of technological progress makes it more difficult to compare
the methods of recording physical activity because something about the recording is con-
stantly changing. This has already become apparent in the recent past when comparing
changes in questionnaires or accelerometry in large epidemiological studies (e.g., carrying
position wrist versus hip of accelerometers in“NHANES”). The large number of different
indicators of physical activity makes comparisons between studies difficult, if not impos-
sible, despite good documentation (Bai et al., 2016; Burchartz, Anedda, et al., 2020).
However, this is not practical in the long term, as documenting different and multifac-
torial methods would require lengthy explanations and requires a high level of technical
expertise from readers (Migueles, Cadenas-Sanchez, et al., 2019). Datapooling and uni-
form reanalysis of raw data could be a solution to overcome inconsistencies in processing
criteria. In the thematic fields of MoMo, these approaches have already been success-
fully applied to accelerometers (http://www.mrc-epid.cam.ac.uk/research/studies/icad/
Atkin et al. (2017) and Steene-Johannessen et al. (2020)) as well as physical fitness data
(Eberhardt et al., 2021; Kloe et al., 2019).

Figure 7.3: Logo ICAD

www.mrc-epid.cam.ac.uk/.../icad/

Figure 7.4: Logo MO|RE data

www.motor-research-data.org

These data sets can be preprocessed uniformly, even if they originate from different
studies, and then evaluated in a comprehensive and uniform manner. A recent study
by Rowlands (2018) has shown that the key results of physical activity derived from
data from different devices that were processed identically afterwards were also highly
equivalent. This would avoid inconsistencies in the evaluation, and even smaller studies
or surveys with different devices could contribute to large data sets and evaluations.
Although the ICAD database currently only includes ActiGraph accelerometers worn on
the hip, there are promising developments for the future that will make it possible, for
example, to include data from various sensors in the same database. Crowley et al.
(2019) and colleagues for example, have studied three different brands of thigh-worn
accelerometers and found negligible differences, which supports the harmonization of
data between cohorts when analyzed in the same way.

https://www.mrc-epid.cam.ac.uk/research/studies/icad/
http://motor-research-data.org/
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With the ability to collect and store even larger amounts of data, it will not be possible
to examine large amounts of data in the future without artificial intelligence. However,
the promising field of ecological momentary assessment will then also allow us, thanks to
artificial intelligence, to directly consider contextual influences (environment, situation,
social interaction, etc.) when investigating movement and activity. Then, the congru-
ence of objective and subjective perception before, during, and after movement can be
captured directly and individually.
In the future, however, data pooling may also help address another relatively new prob-
lem. As explained in Chapter 1, physical activity recommendations have only been widely
applied in the last decade. However, the different guidelines make it difficult to make
comparisons between recommendations, especially since the WHO, for example, has set
itself the goal of updating and adapting the guidelines every 10 years. Therefore, the
progression of time alone results in different values of compliance with the recommen-
dations, as the recommendations change on a regular basis. The pooling of data can
support this since even large data sets can be evaluated relatively quickly according to
more recent or even past recommendations, and thus a comparison with earlier evalua-
tions is still possible.
This apparent paradox raises the question of the suitability of the Activity Guideline
to quantify activity levels. Is a daily activity of one hour of moderate intensity valued
more highly than an activity that is performed less frequently, but for a longer time and
at a higher intensity? What constitutes the health effect? Does it depend on the fre-
quency or the total amount of activity? Until 2022 research has not yet provided a clear
answer to these questions. The new WHO Guideline of 2020 (Chaput et al., 2020) is
now recommending to examine the average time spent with physical activity each week.
Therefore, days with activity times longer than 60 min would compensate for those with
less activity (Colley et al., 2017). However, the daily stimulus is very important in chil-
dren (Dwyer et al., 1983). The results of Chapter 5.4 determined whether the subject
was active for at least 60 minutes or not on each day individually. Taking a look at
the exact times spent with MVPA on each day will result in fewer days of MVPA of
at least 60 minutes when both evaluation methods are compared (Colley et al., 2017).
However, the main reason since the study was already planned and started in 2014 was
that the questionnaire questions still referred to the 2010 WHO Guidelines (World Health
Organization, 2010). Only now have the youth activity recommendations changed from
a recommendation of at least 60 minutes per day to a recommendation of an average
of 60 min per day (Chaput et al., 2020). This adaptation will require changes to the
survey questions and sampling methods for future monitoring. However, changing the
formulation of the question is unlikely to address the need for physical activity monitoring
among children who, especially at young ages, cannot answer a complex question about
average behavior during the last days, weeks, or months (Corder et al., 2009; Ekelund
et al., 2011). In the future, this may require the use of proxy reports from multiple re-
spondents, including parents and teachers, although both may also miss observing large
portions of the day (Troiano et al., 2020).
The alternative of asking for the duration of the day for an entire week may be more
accurate, but increases the response time to the survey. Therefore, the measurement
of daily PA remains a strength of portable devices for now, and adapting questionnaires
to the new WHO guideline remains a real challenge. However, we also reexamined our
accelerometer data in accordance with the new WHO guidelines. It should be noted that
these results cannot be compared with the results of the question in the questionnaire
used in this study and are presented in Chapter 5.4. The questionnaire asked for the
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number of days that the subjects have MVPA for more than 60 min, so it is not possible
to calculate the average value over several days from this question.
Reanalyzing and comparing the number of subjects who meet the old versus the new
guideline based on accelerometer data, we see that the percentage increases from 3%
to 34% of study participants. In Figure 7.5 the percentage of participants who meet
the two WHO recommendations is presented as a heat map. The heat map shows how
many days the subjects have reached the respective recommendation. On the Y-axis,
subjects are ranked according to the 2010 recommendation of“daily 60 min MVPA”and
on the X-axis, the same subjects are ranked according to the current recommendation of
“average 60 min MVPA per day”. Both times, accelerometer data are used as the basis
for the calculation. If we now look at the 7-day row respective column, this means that
31% of the participants who do not reach MVPA at 60 min on all days still have days of
the week on which they do so much physical activity that these outweigh the remaining
days according to the new guideline compared to the old one. Together with the 3%
that had already reached the 2010 recommendations (cp. Figure 5.2a in Chapter 5.4),
the total is 34%. Another example can be illustrated by the following. 9% of those who
achieved 60 min MVPA on four days according to the 2010 guideline (compare 4 days
ACC WHO 2010 in row 5) achieved a total of more than 420 min MVPA (compare 7
days ACC WHO 2020 in column 8), that is, an average of at least 60 min MVPA on each
day for seven days. This drastically reduces the proportion of children and adolescents
who are not active enough, which is also likely to cause some political controversy. Until
these questions are answered, the overall usefulness of the Activity Guideline must be
questioned.

Figure 7.5: WHO recommendation 2010 vs. 2020

Note: Percentage of participants reaching the WHO Guideline on the one hand, according to
the 2010 recommendation of “daily 60 min MVPA” on the Y-axis, and on the other hand on
the X-axis, according to the current recommendation of“an average of 60 min MVPA per day”.
Heat map is color-coded (white/min < gray/moderate < black/max)

Specific perspectives on the development of the assessment of physical activity are offered
in the three consensus articles of the International Workshop of the Center for the
Assessment of Physical Activity (CAPA) (Nigg & Woll, 2020). In addition to the article
on accelerometry (Chapter 2), Reichert et al. (2020) provides detailed information on
ambulatory assessment and Nigg et al. (2020) discusses the best practices of physical
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activity questionnaires to provide some standardization for the field. The fact that there
is no general approach to measuring physical activity behavior and related determinants
is frustrating for many researchers studying physical behavior. Unfortunately, there is no
simple decision tree that leads to a single evaluation method. However, the three articles
give some useful rules that should be followed in general.

One of these suggestions is to measure physical activity behavior in parallel with ques-
tionnaires but also using accelerometers. The purpose of this idea is to make use of
the advantages of both methods in the subsequent analysis of the data. Assessment of
physical activity using a self-report is a valuable approach to understanding the health
effects of behavioral choices, which cannot be adequately represented by the classifica-
tion of intensity of physical activity (Nigg et al., 2020). Second, the outcome evaluation
of interventions targeting specific types of physical activity in specific settings (e.g. dif-
ferent locomotion types in the context of active commuting to school) is easier with
questionnaires. However, one of the main reasons is to identify factors at the individual,
socioeconomic, and environmental levels that can influence the behavior of physical ac-
tivity and possibly be addressed through intervention. The use of questionnaires is often
argued to be a cost-effective method of monitoring and observing physical activity and
inactivity in a large population. This is certainly still true; however, this argument is
gradually being mitigated by the possibility of obtaining accelerometers, which are now
relatively inexpensive.
Troiano et al. (2012) and Fig 7.6 describe several different combinations of approaches
to how physical activity behavior can be represented using both methods (questionnaire
and device-based).

Figure 7.6: Approaches to assessing physical activity and sedentary behavior by report and
devices. (adapted from Troiano et al. (2012)).

In 2012, Scenarios A or B were still used. Therefore, there was only interest in physical
activity in different settings or only device-based measured physical activity was recorded.
In the last 10 years, the field has tended to move towards C. In MoMo, both question-
naires and accelerometers were also used to obtain independent measurement results (see
Chapter 5.3). The current challenge is now to link both approaches in a way that allows
for an even more comprehensive survey. Partially, this has already been done in MoMo
with the logbooks, but there the problems described above were encountered (Section
7.1). For the future, the connection of the two methods should be linked in parts or even
completely as in the graphics D and E accordingly. Only then can the limitations of one
method be compensated to some extent by the strengths of the other method. When
closely looking at application C in MoMo, children and adolescents living in Germany
show a very low adherence to the 2010 WHO Guideline (World Health Organization,
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2010) (as seen in Chapter 5). These results were confirmed by both the accelerom-
eter and the PA questionnaire. Surprisingly, the differences in meeting the Guideline
between the measurement methods are much smaller for younger children than for older
age groups. Although a continuous overestimation of the self-report was observed in
contrast to the accelerometer in all other age groups.
As seen in Chapter 5.3, at elementary school age, approximately one in ten children
achieves the activity guideline on each day measured with an accelerometer (ACC), 16
% when using the MoMo physical activity questionnaire (PAQ). With the transition to
secondary school, the proportion of young people who meet this activity guideline drops
to 2 % (ACC), respectively 7% with PAQ. Finally, between the ages of 14 and 17, only
one in 100 (ACC) and four in 100 (PAQ) achieve the required activity guideline. How-
ever, these figures must be put into perspective in light of the development of physical
activity in childhood and adolescence. The results suggest that with increasing institu-
tionalization of the child’s world, due to longer school days and increasing amount of
homework, there is less and less time for daily exercise. At the same time, there is a shift
in physical activity from everyday activities to sports activities in and out of clubs several
times a week, which decisively changes the frequency but also the quality of physical
activity (Schmidt et al., 2017).
These developmental processes can explain the apparent paradox in which adolescents
play more organized sports in their free time as they age, but at the same time they fulfill
the activity guideline less and less frequently. In childhood, everyday activities (e.g., play-
ing outdoors) dominate, which have a lower degree of organization than sports activities
and can therefore be practiced more frequently on a daily basis. In this way, children
are more likely to meet the Activity Guideline. In contrast, adolescents’ activity shifts
predominantly to recreational sports (both club and non-club). This type of activity is
performed less frequently on a daily basis, but with a longer duration and higher intensity
of exercise units. However, again, the true value of physical behavior lies somewhere in
between the results of the questionnaire and the accelerometer. A development that,
at least on the side of accelerometry, will allow for an even more comprehensive and
precise description of the actual behavior of physical activity in the future is 24-hour
recording. As mentioned above, in recent years more attention has been paid to the
analysis of complete 24-hour physical activity behaviors (including physical activity (PA),
sedentary behavior (SED), and sleep) than to the isolated examination of these behaviors
(de Craemer et al., 2021).
Biswas et al. (2015) reported that extended periods of sedentary behavior, regardless of
the amount of physical activity performed at other times, are associated with adverse
health outcomes. However, this evidence, which at first glance seems inconclusive, is also
reflected in various other studies, even if they sometimes come to divergent conclusions
(Ekelund et al., 2019; Katzmarzyk et al., 2019; Koster et al., 2012; Stamatakis et al.,
2019). In short, the actual dependence between sedentary behavior and physical activity
is an important issue that can only be resolved if both of these behaviors are measured
simultaneously using the same method and can be analyzed separately but also together
in subsequent data analysis. However, physical activity and sedentary behavior are only
two aspects of daily physical activity behaviors of people. As introduced in Chapter
1 and also presented again in Figure 7.7, the daily 24 hour cycle of movement and
non-movement can be conceptualized as an aggregation of the three entities of physical
activity, sedentary behavior, and sleep (Rosenberger et al., 2019; Tremblay et al., 2017).
Evaluation and analysis of all data during the 24-hour cycle is a necessary approach for
future research.
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Figure 7.7: 24-hour Physical Behavior Cycle (adapted from Tremblay et al., 2017).

24

Note: The movements that take place in the course of a day are divided into two components:
On the outside, different categories are presented based on the posture of the body. Inside,
divided by energy expenditure, are the three categories of sleep, physical activity, and sedentary
behavior. The proportion of space occupied by each behavior in this figure is not prescriptive
of the amount of time that should be spent on those behaviors each day.

Many of the results of current research are still based on previous analysis approaches,
such as regression-based thresholds to classify different intensities of activity or linear re-
gressions to predict energy consumption. Researchers continue to use many count-based
accelerometers from previous studies for reasons of comparability to previously collected
data or even economic reasons because the equipment is already available, which is
understandable. Therefore, it is also not surprising that PA research is often cluttered
with conflicts and debates about which devices to use, where to place them and how to
further process the data.
In the future, rather than forgetting past experiences, we should build on them and
take more advantage of existing raw accelerometer data. It will be equally important
to recognize the limitations of raw signal-based analyzes as with regression-based ap-
proaches, but new approaches to high-resolution data analysis offer great potential. The
capabilities of these new instruments will further enhance the research of PA research.

Accelerometers capture motion in an absolute manner, specifically by deriving the
recorded data over time at different intensities. However, if the measurement period
is defined as finite, like the 24 hours of a day or the wearing time in MoMo, a compo-
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sitional approach can also be applied to physical behavior. Chastin et al. (2015) and
Dumuid et al. (2018) are of the view that information on physical behavior should be
studied in relation to the entire composition. For example, as explained in Chapter 1, the
physical activity behavior of a day is then made up of the three behaviors, activity, seden-
tary behavior, and sleep. These three behaviors are reassigned in their absolute length
each day, partially replacing each other in the process, and ultimately combining to form
24 hours. Recently, a discussion has emerged about how to deal with this closeness, in
which various possible approaches are being debated as potential strategies. Aadland,
Kvalheim, et al. (2019) provide an overview of this, with compositional analysis on one
side (Chastin et al., 2015; Dumuid et al., 2018) and isotemporal substitution models
on the other (Mekary et al., 2009). As discussed in Chapter 2.3.5, the application of
these statistical approaches is rather complex in comparison with standard procedures of
multivariate statistical analyzes (e.g. linear regression, ANOVA). The Granada Consen-
sus Report (Migueles et al., 2021) provides a comprehensive description, discussion, and
consensus on the strengths and limitations of the different accelerometer-based descrip-
tors of physical behaviors. Among other things, examples of the application of various
methods such as “Linear regression modelling” (Henson et al., 2013; Mora-Gonzalez et
al., 2019), “Isotemporal substitution model” (Grgic et al., 2018; Mekary et al., 2009),
“Multivariate pattern analysis” (Aadland, Andersen, et al., 2019; Aadland, Kvalheim, et
al., 2019; Kvalheim et al., 2018; Rajalahti et al., 2009; Rajalahti & Kvalheim, 2011),
“Functional data analysis” (Augustin et al., 2017; Goldsmith et al., 2015; Menai et al.,
2017; Ramsay, 2005; Sørensen et al., 2013) as well as first approaches of “Machine
learning”(Alaa et al., 2019; Bi et al., 2019; Hua et al., 2018) are presented there.
Currently, there is no gold standard that can be used to test which of the analytical
approaches presented is the best for each case. Therefore, there is no recommendation
for one analytical approach or the other at this stage. Practical recommendations and
the decision tree for choosing an analytical approach given by Migueles et al. (2021) are
good for selecting the most appropriate approaches for a particular research question.
Although the scientific debate between the two camps is ongoing, caution should be used
when comparing the results of analyses of absolute (raw, normalized, and logarithmic
transformed) and relative (compositional) data.

In any case, it makes sense to look at both the analyses with absolute and relative
values. Multivariate analysis of absolute data patterns showed weak associations for
lower intensities and strong associations with cardiometabolic health and locomotor skills
for vigorous intensities, but the association patterns were in conflict with compositional
data (Aadland, Andersen, et al., 2019). In Chapter 6 we also discuss the difficulties
between absolute and relative values in the results. The results of Chapter 6.4 suggest
that the percentage intensity distribution of SED, LPA, MPA, and VPA on the weekend
is similar to that during the week, including Friday, despite the lower WT (compare
Fig. 6.2). Hence, lower MVPA and SED times on the weekend cannot be attributed
to a fundamental change in PA behavior. On the contrary, the PB patterns observed
during the week also prevailed over the weekend. Since the shorter waking phase on the
weekend indicates that less time is available overall, this also results in less time spent
for the different PB intensities.

In summary, data pooling and uniform reanalysis of raw data could be a solution to over-
come inconsistencies in processing criteria even if they originated from different studies
and different devices. Together with the measurement of physical activity behavior in
parallel with questionnaires, but also by accelerometers, one could use the advantages
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of both methods in the subsequent analysis of the data if the connection of the two
methods will be linked or even matched in great parts or even completely. In the future,
this could also clarify questions as to whether, for example, a daily activity of one hour
of moderate intensity is valued more highly than an activity that is performed less fre-
quently, but for a longer time and at a higher intensity? What constitutes the health
effect? Does it depend on the frequency or the total amount of activity? All against the
premise that public health guidelines on physical behaviors should recognize that behav-
iors are related to each other, which can affect the guidelines as they have traditionally
been understood. For this reason, it is important to record complete physical behavior
for 24 hours for at least one week. On the one hand, this allows us to investigate how the
behaviors influence each other. For example, what influence do sleeping times have on
physical activity and sedentary behavior, and are different waking times on the weekend
actually the only influencing factor on very similar physical behavior to school days?

7.4 Final Discussion

The literature contains a multitude of attempts to systematize physical activity in all
its aspects (e.g. Ainsworth et al. (1993) and Bouchard et al. (2012)). The MoMo
activity questionnaire was based on the systematization according to Woll (1996) shown
in Figure 7.8 on the left. The questionnaire focuses on recording the central aspects of
the type, intensity, frequency, and duration of typical or habitual activity. To record these
aspects of physical activity as holistically as possible, the MoMo activity questionnaire
is differentiated in various domains or settings.

Recording physical activity with accelerometers extends this approach to include intensity
of activity, which is rather difficult to capture with questionnaires. With accelerometers,
the focus is on recording the pure intensity of the activities. The energy consumption can
then be determined by the duration and frequency of the activity, and the body position
can also be determined by means of additional sensors or by attaching the device to
the thigh. However, current research is still completely at the beginning when it comes
to recognizing activity patterns and the type of activity, which is again very easy with
questionnaires. This requires very complex algorithms that are not yet sophisticated
enough according to the current state-of-the-art.

Similarly to the systematized cube of Woll (1996), which gets to the core of the activity
questionnaire when recording the different facets of physical activity, the same system-
atization also helps when using device-based measured physical activity. As a researcher,
sometimes the technical details of accelerometry are excessive when selecting and apply-
ing devices to quantify physical behavior. The effects of these decisions on the metrics
(activity intensity, energy expenditure, body position, and activity patterns) can occur
in a variety of ways. The carrying position (hip, wrist, thigh) and the device selection
and the resulting decisions made regarding the recording parameters (epoch length, fre-
quency, memory capacity, recording frequency, and filters) have a large influence on the
measured activity.

Different background, such as study design (one-time and repeated measurements) and
recording duration (time frame, wear time), as well as data storage and evaluation,
must be taken into account when determining the parameters. Finally, the evaluation
must adjust several levers (raw data, context information, non-wear time, intensity clas-
sification, compliance) depending on the target variables. For this reason and for the
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thesis described above, we propose a novel construct, a systematization for device-based
measured physical behavior (right figure 7.8).

Figure 7.8: On the left the facets of physical activity modified version of Woll (1996) for
surveying by activity questionnaire, on the right the facets for device-based measured physical
behavior
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But we must not stop here. Even if device-based measurement of physical behavior
is the next logical step, the results are still too far from the underlying reality in their
estimation.

A promising approach for the next generation of devices is the establishment of more
user-friendly (validated) equipment, such as (water-proof) smart patches (Schneller et
al., 2017). The first commercial products (e.g., biobeat patch or Moio.care smart patch)
are already on the market. Currently, these products are still associated with high costs
for individual smart patches. In addition, these devices can often only be used once or a
limited number of times and must then be disposed of, which produces a lot of waste and
is not as sustainable as reusable devices such as typical scientific used accelerometers.
Due to technological development, sensors and device sizes are becoming smaller and
therefore easier to use. Leading sports manufacturers have already taken a promising
approach in this direction by inserting such microchips into sportswear (e.g., shirts such
as the Hexokin Smart Shirt or shoes such as the Digitsole Smart Shoe or the Skiin Smart
Underwear), which can be used more than once. But even smart clothes still have a very
limited lifespan; moisture during washing and the strain on cables and sensors caused by
movement limit the amount of time they can be used. Another potential future direction
is the development of subdermal accelerometer computer chip implants. The potential in
terms of data collection is great; however, this raises major ethical issues as subdermal
microchips cannot be easily removed. This would limit human rights with respect to
privacy and make them ’transparent humans’ with no chance of escaping permanent
(possible) observation through data gained within these chips.
Sensor data fusion will also be a key topic in the next years. You can illustrate this quite
simply with the example of humans themselves. We constantly collect different kinds
of sense impression and then we are able to make predictions from them and anticipate
our behavior in an efficient way. For this, we need all the senses of our body. In the
future, sensors will also be able to operate and react autonomously in a similar way.
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When different sensors are combined into a single compact sensor application, we can
gather even more information. With artificial self-learning intelligences, through deep
learning algorithms, we can directly evaluate these data in the future. In the setting of
MoMo, for example, sensor-based recording during a small movement parkour would be
imaginable, the data of which could then be used to automatically create a movement
profile, if necessary. Based on these training data, an artificial intelligence could possibly
use a personalized identifier that could then recognize different types of movement even
in the following week and produce a personalized profile of physical behavior and give
concluding tips after the week about how to be more active. All of this will result in
even more data.

Making big data available is a key to future studies. These data will no longer be used
only in their own study. They will also then be shared, with appropriate agreements,
with collaborative partners who can perform analyses in their own areas of expertise.
Through these collaborations, new research models can be found, which in turn allow
for new funding opportunities. However, science should not forget to think outside the
box. Scientifically collected data is normally very valid and reliable, but unfortunately
the methods and devices we use for this are not “sexy”. Another way to obtain large
data sets are collaborations with the big technology companies that can collect massive
amounts of data with their trendy and widely used products. It is often a big challenge
in research to find enough study participants. The large number of smartphone users
worldwide offer easy ways to reach more participants and collect more data than ever
before with unified apps. Examples of this are Apple ResearchKit, Google Study Kit, or
Android ResearchStack (Sezgin, 2021). Here, companies help aggregate the data and
make them available for research. It is important to mention that no one has to partici-
pate and that data is not used in any way without explicit consent. More specifically, you
first have to sign up and qualify for certain research. This could be combined with the
“normal”methods for finding participants. With their smartphone, which most subjects
always have with them anyway, they no longer have to go to university, a test site, or
another institution to take tests or complete questionnaires. Instead, smartphone’s in-
creasingly multifaceted sensors can be used to generate data from anywhere. This could
create even greater cross-sectional sources of information.
In addition to finding voluntary participants, survey data are often subject to individual
evaluation. This applies to participants (“How often were you active for more than 60
minutes in the last week?”), as well as to the determination of the test results. Apple
showed an example in its keynote where Parkinson’s sufferers were asked to walk 20
steps and then have the medical staff record how straight or curvy the person was in
doing so (on a subjective scale of 0 to 5). A smartphone uses sensors that can accurately
determine whether a person is walking straight or how much these deviations are. Simi-
larly, not only 20 steps can be studied in a test, but virtually every step that the subject
takes every day. This extends the observation of classic studies from one-time testing to
several days, entire months, or even years, during which the smartphone (or smartwatch)
permanently tracks the subject. There is promising research in human activity recog-
nition for health research (Straczkiewicz et al., 2021) and there are several examples
that have already successfully conducted studies with these toolkits (Jungnickel et al.,
2022; Sezgin, 2021). Chu et al. (2022) for example examined quality of life and physical
activity using the Apple ResearchKit similar to Wunsch et al. (2021) in the MoMo study.
Apple took an unusual and very positive step with ResearchKit in 2015 and other
providers have followed since then. The entire framework is open source. This means
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that the source code is freely available. This allows the system to be tested independently
and applications can also be developed for other devices and operating systems (Android,
etc.). On the other hand, there are new problems to be aware of. Within a study app,
incorrect information can be entered in self-disclosure that would be directly noticeable
in an on-site examination (age information, body measurements, etc.). There is often
no replacement for a personal conversation, but here too there may be workarounds in
the future, such as video chats like those used in MoMo during the Corona pandemic.
However, the biggest obstacles are still privacy, trust, data use policies, and security.
Although there are significant efforts in privacy and data use policies, the implementa-
tion of such studies should be further examined and researched. This includes how these
commercial toolkits can be used in healthcare from a regulatory, policy, and research
perspective.

Even without significant changes in study design, some near-term advances can also be
derived for the MoMo study from the results and discussions presented. Closer inspection
is needed on two key topics: More in-depth evaluations and improvement of future MoMo
surveys.

A closer examination of the data in MoMo (e.g. fitness levels, sports disciplines, migra-
tion status) will give a more detailed answer as to the reasons behind the results we found
in our articles. Furthermore, there are plans to perform an in-depth analysis of the asso-
ciations between physical activity and different health-related parameters (eg, obesity)
and socioeconomic parameters (eg, education). This includes investigation of cross-links
and trends between questionnaires and device-based collected activity behavior data (eg,
physical activity differences between groups in both data sets). It is certainly also inter-
esting to see how media use affects activity behavior. For example, the hypothesis of
reading displacement (Beentjes & van der Voort, 1989) could be transferred to physical
activity behavior. Originally, the displacement hypothesis stated that increased media
use among children can displace their reading activities. However, media consumption
itself has changed considerably in recent years, and screen time is no longer the same
as TV time. A transfer of this hypothesis would be, for example, that increased media
consumption tends to displace light activity and sleep, whereas more intensive physical
activities do not lose any shares.
The MoMo study also has the potential to look at specific populations that are normally
underrepresented. Studies typically do not address socioeconomic status, race, or eth-
nicity (Pfeiffer et al., 2022). However, since MoMo has collected these parameters, it
is possible to at least check to what extent there are differences between these popula-
tions. Another possibility is to compare the representative data sets of MoMo with the
data sets of other studies that only include subjects with specific characteristics. Some
first collaborations already exist where it is possible to compare the results based on the
study design parameters and the data collection defined in this thesis. Siaplaouras et al.
(2020) is looking at physical activity among children with congenital heart defects in a
nationwide survey in Germany, Götte et al. (2022) did compare the physical activity of
9-15 year old pediatric cancer survivors with the MoMo sample and the ActiMON study
(TARISMA Konsortium, ActiMON Project website accessed on 14.10.2022) monitors
activity in adolescents and young adults with inflammatory rheumatic musculoskeletal
diseases and will also compare their data with the MoMo sample.

The possibilities for further development and the potential for improvement of the MoMo
study should be relatively straightforward by now. The implications of this work for future

https://tarisma.de/rabbit-2/teilprojekte/teilprojekt-6/
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MoMo surveys, especially in the area of device-based physical activity assessment are 24-
hour recordings and getting an even more realistic view in the physical behavior data.
Our results have highlighted the importance of extending the measurement to a 24-hour
recording, which thus also includes sleeping hours. These recordings will substantially
improve our understanding of the complete physical behavior cycle and will add the
next step toward a complete understanding of the interaction between sleep, sedentary
behavior, and physical activity. The widespread use of ActiGraph devices and the original
idea of integrating study results into the ICAD database were certainly the right decision
in 2017 for the last surveys. Now we have the availability of more open source methods
for data processing, and the subsequent analysis and more research into solving the
comparability problem is already underway. Since the entire 24-hour behavior cycle is a
key area to explore, ActivPAL with its attachment to the thigh offers a suitable solution
to collect data in all three categories (physical activity, sedentary behavior, and sleep).
Data pooling and big data are terms that are now becoming increasingly familiar in sports
science and public health. The large and representative survey, as it has been conducted
in MoMo so far, is still very time-consuming and cost-intensive despite technical progress
and should continue to approach these two concepts. In the near future, it should be
reconsidered whether it is possible to increase the sample size by more cost-effective
methods, on the one hand, and to reduce the bias in the recruitment of test persons,
on the other. Commercial research frameworks, as mentioned above, might be an idea.
Combined with existing expertise in recruiting test participants, it would be possible,
for example, to test entire classes or even entire schools by improving the process flow
during on-site examination instead of inviting individual test participants. A digitized
questionnaire as an app on the smartphone could replace time-consuming interviews,
and children and adolescents could be tracked by sensors on their own smartphones
instead of accelerometers around the waist or on the thigh.

Looking back at the introduction of this thesis, we have now arrived at the whole through
numerous individual parts. We have been able to establish the importance of each part,
each technical decision in capturing physical activity, and, as a part of the whole, the use
of accelerometers to describe physical activity behavior in MoMo. We have considered
measured activity not only as a whole, but have also taken a closer look at each step
that is taken to record it.
The main objectives were to clarify technical decisions that should be made when using
accelerometers in large epidemiological studies of activity behavior research, investigate
the implications of different evaluation methods in the preprocessing of accelerometer
data in general, and provide reference data to practitioners and researchers when com-
paring their accelerometer-measured physical activity with the MoMo study.
We clarified what aspects should be considered in planning and evaluation before the
study in Chapter 2 and what technical decisions should be made when using accelerom-
eters in large epidemiological studies of activity behavior research; we introduced a spe-
cific overview of the decisions for the methods and protocols used to assess device-
based physical activity in children and adolescents with accelerometers specifically in the
MoMo-Study in Chapter 3; we examined the implications of choosing various metrics
when processing the recorded data in Chapter 4 and it became clear why it is so im-
portant for reproducibility that all technical decisions in the processing and evaluation
of device-based measured physical activity are documented; we presented differences
between self-reported and device-based measured in Chapter 5 and found that children
and adolescents living in Germany show very low adherence to the WHO physical activ-
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ity guidelines with both methods; and lastly in Chapter 6 we focused on a typical day
of physical activity intensities measured by accelerometer and compared weekdays and
weekend days. This work provides a valuable contribution to improving research practice
within large epidemiological cohort studies, provides mandatory information for survey
replication that focuses on other contexts, and general measurement of physical activity
with accelerometers in the MoMo study. The conclusion that emerges from the entire
work is therefore as follows.

7.5 Conclusion

It’s a fact that children are not getting enough physical activity these days, no matter
what algorithms are used to evaluate the data, the result remains basically the same.
This leads to a variety of health problems, such as obesity and an increased risk of
cardiovascular disease.

Right now, however, we are at a crucial transition point where we have to take additional
actions in order to capture the physical behavior of children as close to reality as possible.
This way, in the future, their physical behavior can be supported as individually as
possible. More precise measurements will allow critical decisions to be made based on
the most accurate data, which in turn will lead to improved efficiency and performance
in intervention. Accurate measurement devices are therefore of utmost importance in
the research of physical behavior.

What happens if we do not continue to work on the technical measurement and become
even more accurate? We will continue to produce inaccurate and estimated values that
do not correspond to reality. Then these data suggest a false baseline for scientists
who interpret the data and develop interventions based on it. The pure methodology
must therefore become better and better and at the same time less and less biased by
subjective decisions in the selection of algorithms. We physical behavior scientists at the
technical level have a social responsibility, especially towards our children. As the father
of a young daughter, I am aware of this every day, and anyone who takes a closer look
at the current generation of children will be able to see it for themselves. We need to
ensure that physical activity is promoted from an early age and that the world is a better
place when our children grow up. Our children should not suffer from lack of physical
activity and the resulting health risks as the current generations.

We have and will be assessing large amounts of data and we cannot afford to just collect
these data and not analyze it. It must not be the case that data pooling databases
such as the ICAD database do not include further studies due to a lack of financial
and human resources. In this case, politics must free up further funds to enable more
comprehensive and precise reporting. The cost of missing out is too great. The data
sets are there, they are in the right format, they are collected with the same study
design and only need to be combined and analyzed. In the case of the ICAD database,
this is possible not only on a national level, but also on an international level. Therefore,
the WHO, the EU, and also the individual country governments together must provide
further funds so that this global problem can be studied in more detail. Only talking
about the pandemic of inactivity does not help, the available data must be analyzed in
depth, and for this big data is the appropriate approach.
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However, we cannot stop here. We need to be even more precise in capturing data
and we need to portray the actual movement behavior even better. Therefore, more
validation studies with short epoch lengths are needed, especially for young children, and
the formerly proprietary ActiGraph signal preprocessing algorithms that are now released
by the manufacturer need to be used to compare the data with studies using devices
from other manufacturers. In addition, we mentioned two additional issues in Chapter
7. In particular, we expect that the issue of development on how data will be collected
in the future will be based primarily on the simultaneous recording and evaluation of all
aspects of physical behavior. It will be increasingly important to record the full 24 hours
a day over a week or more and reduce the non-wear time to a minimum by using smaller
and waterproof devices and when possibly with sensors directly attached to or subdermal
implants in the body. This will allow us to further reduce the large gaps we currently
still have in the actual mapping of movement behavior. With the issue of comparability,
we complete the picture of perspectives and emphasize the importance of open source
and data-pooling methods when analyzing physical behavior data in the future. This
will include data from different studies, and studies will increasingly use combined survey
approaches in which reports and devices are linked so closely that the limitations of one
method can be compensated to some extent by the strengths of the other method.

Here, too, we return one last time to the beginning of this work. The international CAPA
workshop, which, among other things, resulted in three consensus articles, one of which
is part of this work, was the right starting signal at that time. This form of international
cooperation has had a significant influence on this work and has pushed the development
in this area considerably ahead. Now, it is precisely this collaboration that needs to be
refocused and established on a regular basis. It is necessary to bring the international
experts to one table, to other CAPA workshops. Experts from sports science, sleep
research and sports informatics need to put their heads together with electrical engineers
and experts for accelerometers, experts for data pooling and big data analyses, and think
about how we can refine the data collection methods to such an extent that the bias in
the data acquisition disappears and how we can offer a realistic picture of the movement
behavior. Here, CAPA can be pivotal and become an international meet-up and catalyst
in physical behavior research. Even in light of the fact that some internal restructuring
will be necessary, and while it may no longer roll off the tongue as easily, the “Center
for the Assessment of Physical Activity” should prepare to rename itself to CAP-B, a
“Center for the Assessment of Physical Behavior”.
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A. Appendix

Here you find documents and notes referred to in the previous chapters.

A.1 Comparison WHO Guidelines 2010 vs. 2020

The article in Chapter 5 determined whether the subject was active for at least 60 min or
not on each day individually. To look at the exact times spent with MVPA on every single
day will result in fewer days of at least 60 min MVPA when both evaluation methods are
compared (Colley et al., 2017). The main reason, however, since the study was already
planned and started in 2014, the questions in the questionnaire still referred to the 2010
WHO Guidelines (World Health Organization, 2010). In 2020 the recommendations on
youth activity have changed from a recommendation of at least 60 min per day to a
recommendation of an average of 60 min per day (Chaput et al., 2020). We have looked
at the accelerometer data with the background of the new WHO guideline as well. It
should be noted, however, that these results cannot be compared with the results of
the question used in this study about the number of days on which the subjects have
MVPA for more than 60 min. However, if one compares the number of subjects meeting
the old versus the new guideline based on the accelerometer data in Figure A.1, we see
that the percentage increases from 3% to a full 34% of the study participants. This
means that 31% of the participants who do not reach 60 min MVPA on all days still
have days in the week on which they do so much physical activity that these outweigh
the remaining days under the new guideline compared to the old one. This drastically
reduces the proportion of children and adolescents who are too inactive, which is also
likely to cause some political controversy in the future.
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Figure A.1: Comparison of participants reaching the WHO Guidelines of 2010 (60 min MVPA
every day) and 2020 (60 min MVPA per day on average)
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A.2 Supplement Material Chapter 4

The article in Chapter 4 has some Supplement Material and can be found here.

Table A.1: Histogram of the wear time for each day per hour separated between the two
non-wearing algorithms

Choi et al. 2011 Troiano et al. 2008
h N % N %
0 6196 5.9% 3066 2.9%
1 2654 2.5% 5798 5.5%
2 1050 1.0% 1066 1.0%
3 830 0.8% 892 0.8%
4 920 0.9% 1048 1.0%
5 1030 1.0% 988 0.9%
6 1302 1.2% 1436 1.4%
7 1208 1.1% 1340 1.3%
8 1910 1.8% 1942 1.8%
9 2470 2.3% 2534 2.4%
10 3910 3.7% 4036 3.8%
11 5520 5.2% 6182 5.9%
12 8970 8.5% 9494 9.0%
13 13370 12.7% 13816 13.1%
14 17090 16.2% 17282 16.4%
15 14460 13.7% 14108 13.4%
16 9940 9.4% 9406 8.9%
17 5620 5.3% 5238 5.0%
18 2780 2.6% 2230 2.1%
19 940 0.9% 828 0.8%
20 350 0.3% 542 0.5%
21 470 0.4% 508 0.5%
22 370 0.4% 504 0.5%
23 510 0.5% 680 0.6%
24 1700 1.6% 606 0.6%

Note: Note: h wear time hours per day, N Number of datasets, % percentage of datasets
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Figure A.2: Q-Q Plots for SED with Evenson and Romanzini Algorithms
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Figure A.3: Q-Q Plots for LPA with Evenson and Romanzini Algorithms
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Figure A.4: Q-Q Plots for MPA with Evenson and Romanzini Algorithms
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Figure A.5: Q-Q Plots for VPA with Evenson and Romanzini Algorithms
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A.3 Poster Presentations

Burchartz, A., Anedda B., Oriwol, D., Niessner, C., & Woll, A. (2018). Impact of
different evaluation methods on the dropout rate of objectively detected physical activity
on age specific subgroups: Results from the Motorik-Modul Study (MoMo). In N.
Anoke, ... K. Wijndaele (Eds.), 7th International Society for Physical Activity and
Health Congress (p. 216). Human Kinetics., see Figure A.6

Burchartz, A., Anedda, B., Oriwol, D., Kolb, S., Schmidt, S. C. E., & Woll, A.
(2019). Erreichen Kinder und Jugendliche in Deutschland die WHO-Richtlinien für kör-
perliche Aktivität: - erhoben durch Akzelerometer und Fragebogen. In A. Arampatzis,
S. Braun, K. Schmitt, & B. Wolfarth (Eds.), Schriften der Deutschen Vereinigung für
Sportwissenschaft: Vol. 282. Sport im öffentlichen Raum: 24 dvs-Hochschultag • Berlin
18 – 20. September 2019 • Abstracts (1st ed., p. 324). Feldhaus. Won first place in
the natural sciences category, see Figure A.7
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Figure A.6: Poster Presentation at the 7th International Society for Physical Activity and
Health Congress (ISPAH) 2018 in London

K
IT

 –
T

h
e

 R
e

s
e

a
rc

h
 U

n
iv

e
rs

ity
 in

 th
e

 H
e

lm
h

o
ltz

 A
s
s
o

c
ia

tio
n

w
w

w
.k

it.e
d

u

M
o

M
o

PA
Q

Ep
o

ch
le

n
gth

A
ctiG

rap
h

G
T3

X
+

w
G

T3
X

-B
T

1
6

7
 Sam

p
e

lp
o

in
ts

in
 G

erm
an

y

M
o

M
o

-Te
stte

am
d

rives
to

Sam
p

lep
o

in
ts

In
te

n
sity

C
lassificatio

n
N

o
n

-W
e

ar-Tim
e

C
alcu

latio
n

SED

LPA

M
PA

V
PA

1
s

5
s

1
0

s
1

5
s

? sSED

LPA

M
PA

V
PA

A
.
B

u
rc

h
a

rtz
,  B

. A
n

e
d

d
a

, D
. O

riw
o

l, C
. N

ie
s
s
n

e
r (b

o
rn

 A
lb

re
c
h

t), A
. W

o
ll

K
a

rls
ru

h
e

 In
s
titu

te
 o

f T
e

c
h

n
o

lo
g

y, In
s
titu

te
 fo

r S
p

o
rts

 a
n

d
 S

p
o

rts
 S

c
ie

n
c
e

, G
e

rm
a

n
y

Im
p

a
c

t o
f d

iffe
re

n
t e

v
a

lu
a

tio
n

 m
e

th
o

d
s

 o
n

 o
b

je
c

tiv
e

ly
 d

e
te

c
te

d
 

p
h

y
s
ic

a
l a

c
tiv

ity
 o

n
 a

g
e

 s
p

e
c

ific
 s

u
b

g
ro

u
p

s

R
e

s
u

lts
 fro

m
 th

e
 M

o
to

rik
-M

o
d

u
l-S

tu
d

y
 (M

o
M

o
)

U
s
e
 d

iffe
re

n
t

in
te

n
s
ity

-

a
lg

o
rith

m
s

fo
r d

iffe
re

n
t a

g
e

g
ro

u
p

s
b
e
c
a
u
s
e
 o

f d
iffe

re
n
t a

g
e
 

s
a
m

p
le

s
 in

 th
e
 v

a
lid

a
tio

n
 s

tu
d
ie

s
.

T
h
e
s
e
 re

s
u
lts

 w
ill h

e
lp

 to
 m

a
k
e
 

m
o

re
 s

u
ita

b
le

 d
e
c
is

io
n

s
 fo

r

a
c
c
e
le

ro
m

e
te

r d
a
ta

 p
ro

c
e
s
s
in

g
 

c
rite

ria
 in

 la
rg

e
-s

c
a
le

 

e
p
id

e
m

io
lo

g
ic

a
l s

tu
d
ie

s
.

C
o

n
ta

c
t:

M
A

. Sc. A
lexan

d
e

r B
u

rch
artz 

A
ccelero

m
eter

Team
M

o
M

o
Stu

d
y

E-M
ail:

alexan
d

er.b
u

rch
artz@

kit.ed
u

w
w
w
.m
o
to
rik-m

o
d
u
l.d
e

R
e

fe
re

n
ce

s:

[1
] B

u
rch

artz et al. 2
0

1
8

 (in
 R

eview
)

[2
] C

h
o

i L, Liu
 Z, M

atth
ew

s C
E, et al. M

ed
. &

 sci. in
 sp

o
rts

&
 exer. 2

0
1

1
;4

3
(2

):3
5

7
.

[3
] Tro

ian
o

R
P, B

errigan
D

, D
o

d
d

K
W

, et al. M
ed

. &
 sci. in

 sp
o

rts
&

 exer. 2
0

0
8

;4
0

(1
):1

8
1

.
[4

] Even
so

n
K

R
, C

atellier
D

J, G
ill K

, et al. J. o
f

sp
o

rts
sci. 2

0
0

8
;2

6
(1

4
):1

5
5

7
–6

5
.

[5
] H

än
ggiJM

, P
h

illip
s LR

S, R
o

w
lan

d
s

A
V. J. o

f
sp

o
rts

sci. 2
0

1
3

;1
6

(1
):4

0
–4

4
.

[6
] R

o
m

an
zin

iM
, Petro

skiEL, O
h

ara
D

, et al. Eu
ro

. J. o
f

sp
o

rt
sci. 2

0
1

4
;1

4
(1

):9
1

–9
9

.
[7

] Freed
so

n
P

S, Lyd
en

K
, K

o
zey-K

ead
le

S, et al. J. o
f

A
p

p
l. P

h
ysio

. 2
0

1
1

;1
1

1
(6

):1
8

0
4

–1
2

P
ictu

re: w
w

w
.sh

u
ttersto

ck.co
m

, D
esign

: A
lexan

d
er B

u
rch

artz

M
o
s
t c

o
m

m
o
n
 o

b
je

c
tiv

e
 m

e
th

o
d
 to

 a
s
s
e
s
s
 

p
h
y
s
ic

a
l a

c
tiv

ity
 (P

A
) in

 fre
e
liv

in
g

c
o
n
d
itio

n
s
: 


A

c
c
e
le

ro
m

e
try

 (A
C

C
)

W
e
 a

n
a
ly

z
e
d
 d

iffe
re

n
t te

c
h

n
ic

a
l m

e
th

o
d

s
 

a
n

d
 th

e
ir o

u
tc

o
m

e
s
 e

v
a
lu

a
tin

g
 

a
c
c
e
le

ro
m

e
te

r d
a
ta

 in
 th

e
 la

rg
e
-s

c
a
le

 

e
p

id
e
m

io
lo

g
ic

a
l M

o
M

o
 s

tu
d
y
.

M
o
M

o
 m

a
rk

s
 th

e
 firs

t n
a
tio

n
w

id
e
 

c
o

lle
c
tio

n
 o

f o
b
je

c
tiv

e
 d

a
ta

 o
n
 P

A
 a

n
d
 S

E
D

 

o
f G

e
rm

a
n
 c

h
ild

re
n

, a
d

o
le

s
c
e
n

ts
 a

n
d

 

y
o

u
n

g
 a

d
u

lts
.

D
iffe

re
n
t te

c
h
n
ic

a
l d

e
c
is

io
n
s
:


d
iffe

re
n
t a

c
tiv

ity
 o

u
tc

o
m

e
s


d
iffe

re
n
t a

c
tiv

ity
 re

c
o
m

m
e
n
d
a
tio

n
s

A
c
c
e
le

ro
m

e
te

r s
a
m

p
le

 s
iz

e
 (s

u
rv

e
y
 fro

m
 

2
0
1
4
-2

0
1
7
) n

=
2
8
0
9
 (6

-1
7
 y

e
a
rs

)

P
A

 Q
u

e
s
tio

n
n

a
ire

 s
a
m

p
le

 s
iz

e
 n

=
2
8
0
9
 (6

-

1
7
 y

e
a
rs

) n
=

6
1
3
9
 (4

-1
7
 y

e
a
rs

)

D
a
ta

 a
c
q
u
is

itio
n
: o

n
e
 w

e
e
k
, A

c
tiG

ra
p
h
 

a
c
c
e
le

ro
m

e
te

rs
 G

T
3
X

+
/w

G
T

3
X

-B
T

, 3
0
 H

z

E
ffe

c
ts

 o
n
 d

a
ta

 a
n
a
ly

s
is

 w
e
re

 a
n
a
ly

z
e
d
 w

ith
 

d
iffe

re
n
t e

p
o

c
h

 le
n

g
th

s
 (E

L
), N

o
n

-W
e
a
r-

T
im

e
(N

W
T

) d
e
fin

itio
n
s
, d

iffe
re

n
t v

a
lid

 

d
a
y
/w

e
e
k
 c

rite
ria

 a
n
d
 in

te
n

s
ity

-

c
la

s
s
ific

a
tio

n
-a

lg
o
rith

m
s
.

In
 a

 s
u

b
s
a
m

p
le

 (N
=

5
7
, a

g
e
=

1
0

-1
5

, M
W

: 1
2

,3
5
 y

., S
D

 =
 1

,6
4

 y
.) th

e
 

re
s
u

lts
 o

f E
v
e
n

s
o

n
v
s
. R

o
m

a
n

z
in

i
V

A
 a

n
d
 R

o
m

a
n

z
in

i
V

M
 v

s
. H

a
n
g

ii

w
e

re
 re

la
tiv

e
ly

 c
lo

s
e

 to
g
e

th
e
r.

T
h

e
 F

re
e

d
s
o
n

re
s
u

lts
 o

f M
V

P
A

 In
te

n
s
ity

 w
e
re

 in
 c

o
n
tra

s
t to

 E
v
e
n

s
o

n

a
n

d
 R

o
m

a
n

z
in

i
b
y
 1

5
.8

7
%

 (S
D

 =
 4

.9
%

) a
n
d

 1
6
.3

2
%

 (S
D

 =
 5

.0
4

%
) 

h
ig

h
e
r.

P
A

 o
u

tc
o
m

e
 in

 M
o
M

o
 is

 c
a

lc
u

la
te

d
b
y
 E

v
e
n

s
o

n
 a

n
d
 R

o
m

a
n

z
in

i
V

A

1
s

E
p

o
c
h

le
n

g
th

:

N
o

n
-W

e
a
r-T

im
e

d
e
te

c
tio

n
w

ith
d
iffe

re
n
t

E
L
:

V
a
lid

D
a
y

C
rite

ria
:

R
e

co
rd

e
d

in
 1

s, co
n

ve
rtib

le
in

 o
th

e
r

EL

C
o
n
s
ta

n
c
y
 in

 C
h

o
i-A

lg
o

rith
m

V
a
ria

n
c
e

u
p
 to

 3
%

 in
 T

ro
ia

n
o
-A

lg
o
rith

m

8
h

1
0

h

+
1
3
%

 

v
a
lid

 re
c
o
rd

in
g
s

5
s
,
1

0
s
,
1

5
s
,

3
0

s
,
6

0
s
,
…

R
e
a
c
h

in
g

W
H

O
–

G
u

id
e
lin

e

6
0
 m

in
u

te
s

M
P

A
 p

e
r d

a
y

in
 1

 w
e
e
k

6
0

m
in

u
te

s
M

P
A

o
n

X
d

a
y
s

Fu
n

d
in

g:
Th

is w
o

rk h
as b

ee
n

 d
evelo

p
ed

 w
ith

in
 th

e
 M

o
to

rik-M
o

d
u

l-Stu
d

y (M
o

M
o

) (2
0

0
9

 
–

2
0

2
1

): P
h

ysical fitn
ess an

d
 p

h
ysical activity as d

eterm
in

an
ts o

f h
ealth

 
d

evelo
p

m
en

t in
 ch

ild
ren

 an
d

 ad
o

lescen
ts. M

o
M

o
 is fu

n
d

ed
 b

y th
e Fed

eral 
M

in
istry o

f Ed
u

catio
n

 an
d

 R
ese

arch
 (fu

n
d

in
g referen

ce n
u

m
b

er: 0
1

ER
1

5
0

3
) 

w
ith

in
 th

e rese
arch

 p
ro

gram
 ´lo

n
g-term

 stu
d

ies` in
 p

u
b

lic h
e

alth
 rese

arch
. 

In
tro

d
u

c
tio

n

M
e

th
o

d

R
e
s
u

lts

C
o

n
c

lu
s

io
n

1
4

 o
u

t o
f

1
0

0
 p

articip
an

ts
acco

rd
in

g
to

PA
Q

3
 o

u
t o

f
1

0
0

 p
articip

an
ts

acco
rd

in
g

to
A

C
C

A
C

C

P
A

Q

A
C

C
7
4
,7

%
1
7
,5

%
5
,0

%
2
,8

%

P
A

Q
4
6
,4

%
3
1
,1

%
8
,4

%
1
4
,1

%

D
a
y
s

0
-3

4
-5

6
7

e
v
e
n
 le

s
s
 P

a
rtic

ip
a
n
ts

 re
a
c
h
 th

e
 

W
H

O
 G

u
id

e
lin

e
s
 a

c
c
o
rd

in
g
 to

 

A
C

C
 in

 c
o
m

p
a
ris

o
n
 w

ith
 P

A
Q



174 A. Appendix

Figure A.7: Poster Presentation at dvs-Hochschultag 2019 in Berlin. Won first place in the
natural sciences category.

KIT – Die Forschungsuniversität in der Helmholtz-Gemeinschaft

Burchartz A., Anedda B., Oriwol D., Kolb S., Schmidt S., Woll A.
Karlsruher Institute für Technologie (KIT), Institut für Sport und Sportwissenschaft (IfSS)

Erreichen Kinder und Jugendliche in Deutschland 
die WHO Richtlinien für körperliche Aktivität?
- erhoben durch Akzelerometer und Fragebogen

Erhebliche Einschränkungen bei Erfassung 
von körperlich-sportlicher Aktivität (KSA), 
gibt es bei subjektiven (Erinnerungsfehler) als 
auch bei objektiven Verfahren (Reaktivität). 

Studienziel: Vergleich der KSA erfasst durch 
Aktivitätsfragebogen (PAQ) & Akzelerometer 
(ACC) ergänzt durch Informationen zu 
Geschlecht & Alter in einer repräsentativen 
Stichprobe von Kindern in Deutschland.
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Nichttragezeit Choi et. al. 2011
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KSA Klassifikation
06-10 Jahre: Evenson et al. 2008
11-17 Jahre: Romanzini et al. 2014

Die KSA von n=2694 (52%♀, 29% 6-10y, 
31%11-13y, 40%14-17y) Probanden wurde 
durch ActiGraph ACC & MoMo PAQ erhoben

Die Anzahl der Tage pro Woche an denen 
mind. 60 min moderate bis anstrengende 
KSA (MVPA) erreicht wurden, sind durch eine 
ANOVA (α=0.05) mit Messwiederholung 
untersucht worden.
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Einheitliche Ergebnisse: 6-10 Jährige 
erreichen die WHO Richtlinien sign. öfter.

Die Einhaltung der Richtlinien ist in allen 
Altersklassen in Deutschland sehr niedrig.

Subjektiv und objektiv erhobene 
KSA kann genutzt werde um ein 
umfassendes Bild zu erhalten wie 
aktiv Kinder und Jugendliche in 
Deutschland sind. 

Schlussfolgerung

In zukünftigen Studien sollte die KSA 
von unterschiedlichen Gruppen 
genauso wie der Einfluss von 
unterschiedlichen Parametern auf die 
KSA untersucht werden.
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