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Abstract

Objective: With sensors, we are increasingly able to assess sitting behaviour during the day. However, there is no consensus
among researchers on the best outcome measures for representing the accumulation of sedentary time during the day.

Methods: We analysed the pattern measures of sedentary behaviour. Articles reporting patterns measures in adults, in
which behaviour data was collected with a sensor were included. We discuss the strengths and weaknesses of the pattern
measures of sedentary behaviour and provide recommendations for choosing objective measures of sedentary behaviour.

Results: Most studies report the number of sitting bouts during the day. Others focus on the number of breaks and/or
periods of physical activity. Simple measures of sedentary behaviour were most popular. More complex pattern measures,
such as the Gini index or the half-life bout duration, that capture the distribution of lengths of sitting periods in a single
number, were reported sparsely. The sedentary patterns that were reported in the various studies were difficult to compare,
due to the differences among measurement devices, data analysis protocols and a lack of basic outcome parameters such as
total wear-time and total sedentary time.

Conclusions: Objective sedentary measures can be grouped into simple and complex measures of sedentary time accu-
mulation during the day. These measures serve different goals. The answer to the question as to which measures are most
suitable to report, is strongly dependent on the research question. We have shown that the reported measures were
dependent on (a) the sensing method, (b) the classification method, (c) the experimental and data cleaning protocol and
(d) the applied definitions of bouts and breaks. We recommend that studies should always report total wear-time, total
sedentary time, number of bouts and at least one measure describing the diversity of bout lengths in the sedentary
behaviour such as the half-life bout duration. Additionally, we recommend reporting the measurement conditions and data
processing steps.
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Background

High levels of sedentary behaviour are associated with
an increased risk for chronic diseases and poor health
outcomes.'* This risk is unrelated to the amounts of
moderate- to vigorous-intensive physical activity that a
person achieves during the day.'* Moreover, there is
little association between the time spent in sedentary
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day,’ meaning that an individual can be simultaneously
very sedentary, while being sufficiently physically
active.® The focus of assessing sedentary behaviour
has shifted over the last years from a focus on total
sedentary time during a day towards approaches that
focus on the pattern of accumulation of sedentary
behaviour. This refers to a pattern which is a regular
and intelligible form or sequence discernible in the way
in which sedentary behaviour happens.” Studies that
apply these pattern measures indicate that the breaking
up of sedentary time may be beneficial for cardiovas-
cular disease risk. Prolonged sedentary time affects
cardio-metabolic and inflammatory biomarkers, inde-
pendent of the total sedentary time.®” In other words,
sitting for many hours is a health risk, and the seden-
tary pattern affects this health risk.

Sedentary behaviour research has, until recently,
predominantly relied on self-reported measures for
determining total sitting time per day, for example by
means of questionnaires and diaries. However, self-
reported measures do not provide detailed information
on the pattern of accumulation of sedentary behaviour,
as they are hindered by recall and normative biases.'®
The introduction of wearable activity sensors has rad-
ically expanded the range of measurement instruments,
as sensors are extremely capable of recording data at a
very high level of granularity suitable for uncovering
the patterns of accumulation.

Wearable activity sensors are predominantly based
on two different inertial sensing techniques: accelerom-
etry and inclinometry. These two types of sensing tech-
niques are reflected in the most widely adopted
definition of sedentary behaviour: ‘sitting or reclining
while expending <1.5 metabolic equivalents’,'" as the
strength of accelerometry is measuring intensity of
movement, while the strength of inclinometry is mea-
suring posture.'? Accelerometry and inclinometry refer
to how data are processed by the sensor, and not to the
type of data collected by the sensor. For example, both
can be based on the accelerations resulting from body
movement and gravitation. Accelerometry-based sen-
sors often use the intensity of accelerations to estimate
energy expenditure during daily life. For this,
accelerometer-based sensors use cut-points to distin-
guish intensity levels, which are most sensitive
for moderate- to vigorous physical activity."?
Inclinometry-based sensors measure the inclination of
body part(s) to estimate postural information such as
standing, sitting, lying and walking. These types of
sensors are very accurate in distinguishing sitting and
lying from standing and stepping.'* Both sensing types
have their strengths at the opposite ends of the activity
spectrum. Where the whole spectrum of activities from
sitting to high intensity physical activity is relevant, the
choice for the best sensor type is less evident.

Properly measuring and interpreting sedentary
behaviour will help in the development of health and
clinical guidelines on sedentary behaviour.'® In this lit-
erature review, we assess which pattern measures have
been wused to capture daily sedentary behaviour
(patterns) and determine how these measures disclose
information on the accumulation of sedentary behaviour.
This review will help researchers to understand the differ-
ences between the various pattern measures, as well as
their strengths and weaknesses. We will provide general
recommendations for the use of sedentary pattern meas-
ures in scientific research and clinical practice.

Methods

Search strategy and selection

Articles reporting sedentary behaviour patterns in
adults, measured with wearable sensors, were included
in this systematic review. Literature searches were con-
ducted using ISI Web of Knowledge and Scopus (see
Supplemental Material Additional File 1. Search strat-
egy, conducted on 8 June 2016). Combinations of the
following key terms were used to search the databases:
sedentary behaviour terms (sedentary behaviour, sit-
ting, sedentary time, sedentary lifestyle, and physical
inactivity); pattern terms (pattern, bout, behaviour);
sensor terms (sensor, accelerometer, pedometer,
Actigraph, ActivPal); and objective measures terms
(objective, monitor, measure, classification, pattern,
accumulation). We applied the preferred reporting
items for systematic reviews and meta-analyses
(PRISMA) guidelines to report our findings.

Screening

Two authors (STB and LvV) individually screened the
search results and identified studies based on (a) the
study title and (b) the abstract. Studies were included
if they described sedentary behaviour pattern measures
within the timeframe of a day, based on wearable
sensor data in adults (age >18 years) and were peer-
reviewed journal articles, letters or conference proceed-
ings. Studies were excluded if they described ambient
sensing techniques (i.e. not on-body), provided graph-
ical representations of sedentary patterns only, were
not in English, were review articles or were published
before 1989 (as modern wearable sensors were yet not
available back then). If the authors did not agree, they
discussed their arguments until agreement was reached.

Data extraction and synthesis

From each article, information about the type of sed-
entary behaviour pattern measures, specification and
validation of the measure were extracted and
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synthesised. These measures were complemented with
information about the study design, sample character-
istics, sample size, sensor type, data cleaning, activity
classification and analysis methods. The principal sum-
mary measures of this review are the number of times a
specific pattern measure is reported and its implications
for data analysis and interpretation. Results are sum-
marised on total wear-time, bouts, breaks and compos-
ite measures.

Results

A total of 868 unique titles were identified and screened
for inclusion. Full-text analysis was done on 144
records, of which 64 described pattern measures of sed-
entary behaviour (see Figure 1).

To review the pattern measures of sedentary behav-
iour from activity sensors, we first need to introduce

the general approach of data analysis. We identify
three levels of data aggregation to describe sedentary
behaviour measures, as shown in Figure 2.

e Level A. The most basic information level of seden-
tary behaviour is total sedentary time. To interpret
this measure it is best accompanied by the total
wear-time. Relevant questions here are: Are results
also considering sleep time or only waking time? For
how many hours is the behaviour measured during
waking time? Does it include evenings, for example
watching television?

e Level B. The total sedentary time is accumulated in
sedentary bouts (periods of sitting and/or lying)
which are interrupted by breaks (physically active
periods). Outcome measures at this level describe,
for example, the number of bouts during waking
hours and the mean bout length.

Records screened at title

N =868
2
= v » Records excluded N = 227
3
G Records screened at abstract
@ N =591

> Records excluded N = 447

2 Full text articles assessed for eligibility
° N=144
2 [
w =| Full text articles excluded N =78
el
(0]
E Studies included
S N=64

Figure 1. Flow diagram of numbers of studies screened, assessed for eligibility, and included in the review.

| B. Bouts & breaks

Time

A. Total wear-time & total sedentary time

C. Composite measures of sedentary behavior

Figure 2. Three levels of data aggregation for sedentary pattern measures.
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e Level C. Finally, we discern composite measures of
sedentary behaviour. These measures are composed
of bouts or breaks relative to another measure. This
can be (a) relative to another sedentary pattern mea-
sure, such as total sedentary time; or (b) relative to
its timing, describing the temporal aspects of seden-
tary behaviour; or (c) relative to the order of bouts
and breaks, describing the sequential aspects of sed-
entary behaviour.

Our results will be described following these three
levels of data aggregation. For each level we will dis-
cuss the general data processing steps, the most
reported outcome measures, the various levels of
detail, generalisability and complexity and challenges
with these measures. Details of the described measures
are reported in the detailed results table in the
Supplemental Material Additional File 2.

Total sedentary time, total wear-time and
sensor type

Total sedentary time was often reported as the sum of
all sedentary minutes during the measurement day or
as a percentage of wear-time. Sixty-two of the 64
included studies reported total sedentary time; total
wear-time was reported by 34 studies.

The 64 studies reporting sedentary pattern measures
most often used the Actigraph (n=43) or ActivPal
(n=14) activity sensor. Other sensors were the
Actical, Actiheart, Active stylePro, autonomous sens-
ing unit recorder (ASUR), SenseWear Pro3 Armband,
Stepwatch, Promove3D, and research devices. These
various sensors are either accelerometry-based sensors
or inclinometry-based sensors, see Table 1. These two
sensing methods have their own specific limitations in
measuring sedentary behaviour. These differences
affect all of the outcome measures, making it difficult
to compare, for example, the total sedentary time of
various studies.

The most important advantage of accelerometry-
based sensors is that they are predominantly worn on
the clothes, such as on the waist belt or the wrist, which
is convenient for users, can be self-applied, and is there-
fore a more practical option for large scale, longitudi-
nal studies. These sensors are predominantly applied in
protocols measuring sedentary behaviour during
waking hours, with a minimum wear-time or minimum
valid data of at least 10 h/day (n=42). The most
important disadvantage of accelerometery-based sen-
sors is the vast variety of classification methods applied
in the literature, which are listed in Table 1. This means
that identical behaviour of sedentary and active time
can be classified differently, resulting in differences in
total sedentary time and the pattern measures that are
derived from this. For example Kim et al.'® found that

the performance of the Actigraph sensor for the assess-
ment of sedentary behaviour improved when applying
the Sojourn classification method or by applying a cut-
point of <150 counts per minute (cpm). This cutpoint
classifies more minutes as being sedentary than the
most commonly applied cutpoint (100 cpm) in the lit-
erature, likely resulting in more sedentary time.

Inclinometry-based sensors are often attached to
the skin of the upper leg with adhesive tape for 24
h per day for several days. The proprietary ActivPAL
software that classifies the postures, lying, sitting,
standing and walking, is overall more accurate in dis-
tinguishing standing and walking from sitting and
lying than an accelerometry-based classification.'®!’
Nevertheless, distinguishing sitting from lying remains
a challenge and is often deduced from the behaviour
preceding and succeeding the sitting or lying. This
limitation is reflected in the applied definitions of sed-
entary behaviour when using the ActivPAL. Most of
these studies define sedentary behaviour as the posture
sitting (n=06) while others sum sitting and lying
(n=9), see Table 1. This difference in definition can
affect the sedentary measures significantly if during
waking hours subjects lay down more, for example
in patient-groups suffering from fatigue. Moreover,
if sleeping at night is included in the sedentary behav-
iour, subjects will be sedentary for many more
hours."® However, in general only waking hours are
analysed (n=7).

The essential differences in sensing methods are
reflected by the findings of articles that studied validity
or sensitivity of accelerometry- and inclinometry-based
sensors in measuring sedentary behaviour. ActivPAL
was found to be more accurate than Actigraph and
Actiheart for most measures of sedentary behav-
iour."®1”2! Nevertheless, the performance of the
Actigraph improved when only studying prolonged
sedentary bouts.'® The cutpoint in accelometry-based
sensors can be either too low or too high, as Actigraph
overestimated and Actiheart underestimated the total
sedentary time.”! Nevertheless, the number of breaks
was overestimated by both  Actigraph and
Actiheart.'”?! The sensitivity to behaviour change in
an intervention varied with the intervention and behav-
iour of a population.’® Chastin et al.*® found that
ActivPAL was in general more sensitive, but not con-
sistently so for all measures and intervention designs.
And they conclude that ‘the instrument of choice
should also take into consideration accuracy and valid-
ity characteristics’ (p.146).%°

Bouts

A continuous period of sedentary time is commonly
called a (sedentary) bout and the length is most often
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Table 1. Overview of sensor types, the classification methods of sedentary behaviour and number of studies in which the sensor was

reported.

Accelerometry-based sensors Acceleration intensity Actigraph Cut-points: <100 cpm; <50 cpm; 43
<150 cpm; 8 counts per 10 s.
. Classification algorithms: Actilife;*
Soj-1x and Soj-3x by Lyden et al.?
Actical <100 cpm; <100 cpm 5
<91 cpm; <50 cpm
Promove3D <1.660m-s 2 1
Activity Intensity Actiheart <1.5 MET 1
Active stylePro <1.5 MET 1
SenseWear Pro3 <1.8 MET 1
(Armband)
Number of steps Stepwatch 0 steps 1
Inclinometry-based sensors Posture; ActivPAL Sitting; sitting + lying 14
Inclination o )
ASUR Sitting + lying 1
Research devices Sitting + lying 1
Actigraph® Inclination >45°; Sitting by 2

Acti4 classification software

cpm: counts per minute; MET: metabolic equivalent of task; n: number of studies reporting the specific sensor.

“The Actigraph was attached to the upper leg and or trunk.

in minutes. In general, a bout ends when a higher inten-
sity activity is measured or when the posture changes
from sitting to standing. However, there are some dif-
ferences in definitions regarding the minimum duration
and allowed minutes of higher intensity activity within
a bout. An example of such a restriction is that a bout
should last at least two minutes. The definitions applied
in the included studies are listed in Supplemental
Material Additional File 2. Detailed results can be
found in Table 2.

Bouts are the most reported measure of sedentary
behaviour that describes a pattern (n = 33). Bouts were
reported by direct measures such as the number of
bouts, the bout length (its duration) or these measures
stratified by bins of bout length of 1, 5, 10, 20, 30 or
60 min. ‘Prolonged bouts’ of lengths of 20 and 30 min**
were reported more frequently, as they have been
found to mitigate health effects. For example,
Dunstan et al.® showed that breaking up sedentary

time every 20min can confer health benefits as it
lowers postprandial glucose and insulin levels in over-
weight/obese adults.

A number of measures capture the diversity of bout
lengths during a day. The distribution of bout lengths
are reported in various measures such as the coefficient
of variation (CoV=standard deviation of bout length/
mean lognormal transformed bout length) of bout
length®> and the cumulative distribution of bout
lengths (x).® The CoV is high when the bout length
shows much within subject-variability. A low o indi-
cates a larger proportion of long sedentary bouts.
For example Chastin and Granat®® found that ‘the sed-
entary time of subjects with chronic diseases and sed-
entary occupation is made up of a larger proportion of
long sedentary periods [low o] compared to healthy
subjects with active occupation’ (p.85). They linked
this effect to a low ability to adapt to random chal-
lenges during the day regulated by either their
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Table 2. Sedentary pattern measures based on sedentary bouts.

Bout length

Number of bouts

Diversity of bout lengths

Mean

Median

Log mean

Mean - stratified®
Median - stratified®

Total sedentary time, accumulated in
bouts of specific bout lengths

Longest bout length

Mean

Day-part (morning, afternoon, evening)
Mean - stratified®

coefficient of variation

Distribution of bout lengths®
Burstiness parameter

Memory parameter

13,25,28-34

13,20,26,29,30,33,35,36

25

37

38

39-41

22,33

16,20,25,28,33,38,42-44

42

16,30-32,34,37,38,41,43,45-49

25

20,26,38,50-52

53

53

2Reported for various bout lengths; ®various measures.

occupation or the medical condition, rather than the
individual freewill.

Single outcome measures, such as number of bouts
and bout lengths, may hinder full understanding of the
behaviour pattern. One method to overcome this is by
visualization of the outcome measures and their
relation.'>%’

Breaks. Breaks from sedentary behaviour were reported
in 27 articles. They are a relevant part of the sedentary
behaviour pattern and we encountered various units in
which breaks were reported in our review.

The period between two bouts is called a break.
A break in sedentary time was often defined as the
moment a data point was above the cut-point for sed-
entary behaviour or any instance where a sedentary
behaviour was followed by a non-sedentary behaviour,
such as standing or walking. Most studies classify each
interruption in sedentary time as a break, which can be
as short as one minute. Sometimes a break should have
a minimum duration, for example at least three
minutes.”* This difference affects the number of
breaks as well as the number of bouts.

The most reported aspects of breaks are the number
of breaks (n=24) and their duration (n=3).

Additionally, break intensities are sometimes reported
to discuss the relation between sedentary and specific
active behaviour. For example Straker et al.'> found
that prolonged sedentary bouts (>30min) and short
light intensity breaks (0—5min) were sensitive to differ-
ences between small groups, ‘suggesting adequate sen-
sitivity for use in intervention studies’ (p. 662)."> For
full details, see Table 3.

Composite measures of sedentary behaviour

Finally, we report on the composite measures that we
encountered in our review. These measures are com-
posed of bouts or breaks relative to another measure,
and provide the most detail of sedentary patterns.

Composite measures - related to total sedentary time.

Thirty-two studies reported composite measures, relat-
ed to total wear time, see Table 4. A common approach
in this is reporting the contribution of specific bout
lengths to the total sedentary time per day. For exam-
ple Shiroma et al.*® reported that most of the sedentary
time is accumulated in bouts of less than 10 minutes.
Reporting the percentage of total sedentary time accu-
mulated in prolonged bouts is also common, for
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example in bouts of >30min. A more universal mea-
sure to report bout length related to total sedentary
time is the half-life bout duration (W50), which is the
bout length at which 50% of the total sedentary time is
accumulated. Chastin et al.?® found that ‘measures of

Table 3. Sedentary pattern measures based on breaks from
sedentary time.

8,31,35,42,54

Break length Mean

35,55

Median
Log mean 2
Burstiness parameter

Memory parameter

Number of Mean 8,18,19,21,23,31,39,
bl’eaks 42,45,49,54,56-67
Median %
Break intensity Mean 20

Table &. Composite measures of sedentary behaviour.

sedentary time accumulation, in particular W50%,
were consistently more sensitive than total sedentary
time [to changes in sedentary behaviour in intervention
studies]” (p.138). And they recommend that for seden-
tary behaviour interventions, measures of accumula-
tion should be considered as outcomes.

Bout-rate is a composite measure from total
sedentary time and the number of bouts and is also
called the fragmentation of bouts (F=number of
bouts/total sitting time (min)).>>*® This approximates
the break-rate, when one assumes that each bout is fol-
lowed by a break (which depends on the definition of a
break). A higher fragmentation index indicates that the
sedentary time is more fragmented with shorter bouts.
Blikman et al.?® describe the sedentary pattern as fol-
lows: ‘There was a tendency for persons with multiple
sclerosis to have a less fragmented pattern of sedentary
behaviour’ (p. 26-27). These relative measures have the
advantage of being less dependent on total wear-time or
total sedentary time, improving the comparability of
studies. However, break-rate is a composite measure
from total sedentary time and number of breaks and
therefore depended on biases in both measures
that can have independent sources of variability.

Measures related to

total wear-time
Break-rate

Measures related to total

sedentary time
W50

Percentage of sedentary time - stratified®

Bout-rate
Break-rate

Gini index (G)

Sedentary time per day-part

Temporal pattern measures

Detrended fluctuation analysis

(Approximate) entropy

Sequential pattern measures Fano factor analysis

Probability of specific sequences

+Ws50: half-life bout duration.
“Reported for various bout lengths.

Percentage of wear-time - stratified®

Mean bout length (at specific % of sedentary time)

Temporal diversity of sedentary bouts

69

15

70

13,20,22,33

20,24,27,29,30,33,36,43,45,47,55,68,70,71,71-75

20,25,36,42

23,24,27,43,45,56,61,66,71,76

25,26,29,50,58

77

58

52,68

53,68

52,53

52
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Lyden et al. (p.9)"” states that

[...] using a composite measure such as break rate also
has limitations. Change in break-rate will indicate sed-
entary behaviour has changed, but this metric will pro-
vide no indication if the change was in total amount of
sedentary time, how sedentary time is broken up, or
both. When we measure total sedentary time and the
number of breaks independently, we can use statistical
adjustment to evaluate the independent effects. Break-
rate cannot be statistically adjusted for because this
would result in variables being entered in the model
twice.

Other studies provided a visual representation of the
relation between bout length and total sedentary time,
by showing the accumulation graph of total sedentary
time for increasing bout length, see for example
Figure 3. This graphical representation provides a
more intuitive feel for the distribution of bout length
and its corresponding sitting pattern during the day
than measures such as the bout-rate or fragmentation
index. However, to make such a graphical representa-
tion suitable for statistical analysis, often specific points
on the accumulation graph were analysed, such as: the
bout lengths corresponding to 10%, 50% and 90% of
total sitting time and the proportion of total sedentary
time accumulated in bouts longer than 30 and 60 min.®

One of the solutions to bridge the gap between the
accumulation graph and the wish for a single value is
the Gini (G) index. This is a composite measure that

accumulation of total sedentary time.”® The G index
appeared to be suitable for comparing diagnosis
groups and healthy subjects. Chastin and Granat
state that “The very high G index for chronic fatigue
syndrome and low back pain groups suggest that these
subjects seem to adopt a boom-bust behaviour with
sedentary time mostly made of very long rest periods’
(p. 85-86).%¢ However, comparing G indexes between
studies should be done with great care: the study pro-
tocol highly affects the pattern measure. Blikman
et al.?® discussed how differences in reported G indexes
may appear because of the inclusion of night as seden-
tary time. Finally, it is important to realise that the G
index is a measure of bout length distribution and not
of bout length itself. For this reason Ortlieb et al.*
additionally report measures like the mean and
median bout length and the percentage of time spent
in bouts longer than the median bout length to provide
a more complete overview of the sedentary behaviour
pattern.

Composite measures - temporal and sequential patterns of
sedentary behaviour. Composite measures that describe
temporal and sequential patterns were reported in four
studies, see Table 4. These measures capture the most
detailed aspects of the sedentary behaviour, can predict
behaviour and are capable of distinguishing healthy
subjects from patient groups.

The temporal diversity of bouts described by Lord
et al.>® quantifies how many different lengths of bouts
are present in the sedentary pattern and how regularly

captures a relation between bout length and they are used. This calculation is based on Hill
120
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Figure 3. Accumulation of total sedentary time versus increasing bout length. Reprinted with permission from Reid et al.®®
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numbers, which are common in literature describing
diversity in species. A high value indicates that seden-
tary bouts are spaced at irregular intervals.

Detrended fluctuation analysis and Fano factor
analysis are both methods to describe the randomness
of succeeding bout and break lengths. Both methods
show in the studies that healthy subjects show a more
random sedentary pattern than patient groups.
Paraschiv-Tonescu et al.,>> for example, found a
larger value of fluctuation in the sedentary pattern of
chronic pain patients. They also suggested that ‘activ-
ity-to-rest transitions are randomly spread over time
with pain patients as opposed to organised in healthy
people’ (p.7). This bursty nature of (healthy) human
behaviour was further analysed in a later publication.™

Cavanaugh et al.®® used entropy rate and approxi-
mate entropy to quantify the amount of uncertainty
associated with whether step activity was recorded in
any given minute. ‘Greater uncertainty implied that the
ordering of active versus inactive minutes contained a
greater amount of information, and, therefore, greater
complexity’ (p. 199).°® Cavanaugh et al. showed that
the successive activity-rest pattern recorded from
highly active participants was more complex than of
less active participants. In other words: there was rela-
tively more uncertainty about whether or not activity
occurred in any given minute. The behaviour is less
predictable.

A similar approach for predicting sedentary behav-
iour was described by Paraschiv-Tonescu et al.> The
symbolic sequence of successive rest-activity-rest peri-
ods is a binary code of ones and zeros for each break
depending on the length of the preceding and succes-
sive bout. Paraschiv-Ionescu et al.’> found that the
probability of ‘long activity followed by short rest’
was significantly greater for the healthy controls than
for those in the chronic pain group.

Discussion

This review has shown that objective sedentary meas-
ures can be grouped into simple and complex measures
of sedentary time accumulation during the day. These
measures serve different goals, varying from a quick
overview of the total behaviour to in-depth analysis
of sedentary time accumulation and prediction of
behaviour. The answer as to which measures are most
suitable to report, is therefore strongly dependent on
the research question. The measures of sedentary
behaviour patterns that we identified in the literature
are difficult, if not impossible, to compare, making the
current body of knowledge fragmented, contradictory
and difficult to build upon. We suggest it is appropriate
to always report total wear-time, total sedentary time,
number of bouts and one of the measures describing

the diversity of bout lengths in the sedentary behav-
iour. The W50 measure seems very suitable here, as it
is sensitive to changes in behaviour and is relatively
easy to calculate. Additionally, we suggest it is neces-
sary to report measurement conditions (the sensor used
and measurement protocol) and the data processing
steps (valid days, non-wear, classification method and
applied definitions of bouts and breaks).

Reporting these measures does not solve the prob-
lem of incomparability of different studies. We identi-
fied various sources of errors, especially in the first
steps of data processing, that can have significant
effects on the results. The sensing method -
accelerometry-based versus inclinometry-based sensors
— and the classification method, have the strongest
effect on the measured sedentary behaviour patterns.
The succeeding data processing steps can strongly
affect the results, such as the inclusion of sleep in the
sedentary behaviour. Finally, some measures have mul-
tiple sources of biases. For example, a change in the
break-rate does not clarify which aspect of the seden-
tary behaviour changed: the total sedentary time or the
number of breaks. Most importantly, one should
always consider the whole picture of sensor, protocol,
classification, data processing and sensitivity of the
outcome measure.

Limitations

We have seen that because sedentary behaviour pattern
analysis is a new and fast emerging field of research,
relevant pattern measures find their origin in other dis-
ciplines. Our search terms may have not been compre-
hensive, omitting relevant sedentary pattern measures
from other domains. However, we have checked all
references in the records and did not find any evidence
in such a direction. Related to this, the various fields of
research  (accelerometry and inclinometry) are,
although complementary to each other regarding
insights in sedentary behaviour analysis, also diverse
in terminology. This makes it difficult to fully capture
both fields in one search strategy. To fully capture all
possible publications, we have learned that this field
requires a very extensive search with a very large and
diverse range of search terms.

The rapid increase of commercial activity trackers
such as the Fitbit, are not reflected in this study.
They are not commonly applied in current scientific
research. However, we do expect them to become
adopted by the field both as an applied sensing
method as well as valuable data source resulting from
the consumer, quantified-self domain. As free-living,
self-tracking of behaviour is becoming more and
more common, this rapid rise of activity trackers dem-
onstrates the time-sensitivity of reviews such as these.
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We therefore encourage the community to keep an eye
on new developments and to, perhaps, replicate this
review at some point in the future.

Conclusions

Sedentary behaviour research is a fast emerging field of
study. Many sedentary pattern measures already show
how they developed towards more robust, general
measures and this development will probably continue
in the upcoming years as has happened to physical
activity measures.

This review has shown that objective sedentary
measures described in literature are strongly dependent
on (a) the sensing method (accelerometry-based or
inclinometry-based sensors), (b) the method of classi-
fying sedentary behaviour, (c) the experimental and
data cleaning protocol and (d) the applied definitions
of bouts and breaks. Differences in one or more of
these steps can make it difficult or even impossible to
compare reported sedentary pattern measures.

Nevertheless, the sedentary behaviour patterns stud-
ied in this review show us that the sedentary pattern
can be best described by providing both general out-
come measures and a measure of bout length
distribution.
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