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The primary aim of this thesis was to investigate two methodological aspects of measur-
ing physical behavior from the perspective of stroke rehabilitation. The methodological
aspects were: i) the effect of applying different operationalizations of the construct to
be measured, and ii) the validity of a measurement device. These aspects were inves-
tigated with respect to three components of physical behavior: sedentary behavior,
body postures & movements, and arm use. Another aim was to apply physical behavior
monitoring to describe daily-life arm use in people after stroke.

More specifically, the effect of different operationalizations of sedentary behavior
was assessed on sedentary behavior outcomes in healthy people (Chapter 2) and in
people after stroke (Chapter 3). The validity of two different monitors was assessed: an
activity monitor to measure body postures & movements in daily life (Chapter 4) and a
custom-made activity monitor to measure arm use in daily life (Chapter 5). Finally, the
latter activity monitor was used to measure the recovery of arm use during the first six
months after a stroke, and this was related to the recovery of arm function during the
same period (Chapter 6). This chapter discusses the main findings in the context of the
existing literature, as well as clinical implications, and it offers some recommendations
for future research.

MAIN FINDINGS

The main findings of this thesis are summarized in Figure 7.1. It was found that different
operationalizations of sedentary behavior had a clear effect on the outcomes related to
the total amount of sedentary time and the way sedentary time accumulates in bouts,
in healthy people and in people after stroke. In both groups, the differences were not
only significant but also large enough to acknowledge differences between the different
operationalizations. Next, we found that the Activ8 Physical Activity Monitor ' (the Activ8)
was sufficiently valid to detect body postures & movements in people after stroke. The Ac-
tiv8 arm use monitor (the Activ8-AUM) was developed and proved to be sufficiently valid
to measure arm use during lying/sitting and standing in people after stroke. Therefore,
both these activity monitors can be used to measure components of physical behavior in
stroke rehabilitation. The results of using the Activ8-AUM in people after stroke showed
that, 3 weeks after the stroke, the arm use ratio was low, i.e. the arms were used in a
non-symmetrical way and with low use of the affected arm. During the first 26 weeks after
the stroke, although the arm use ratio increased it remained significantly lower than the
ratio in healthy people, as reported by others®. Moreover, both the arm use ratio and its
increase showed considerable variability between participants. The arm use ratio seemed
to be non-linearly related with arm function, because the positive relation between arm
use and arm function was more clearly observed at higher levels of arm function.
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This general discussion is approached from two perspectives as described in Figure 7.1,
i.e. from the top of the figure that presents the methodological aspects and the applica-
tion of measuring physical behavior, and from the bottom of the figure that presents the
components of physical behavior.

& N N
( Physical Behavior: Methodology ) \
L 4 " Physical Behavior: |
o N/ 2\ Application |
[ Effect of Operationalization | Validity of a Measurement Device \\ /
N ) pa /

e After a stroke, arm

. . R use ratio increases,
e Different operationalizations of sedentary !

I The Activ8 Physical Activity Monitor and the Activ8 but is still low after
behavior significantly affect outcomes . L .
. Arm Use Monitor are sufficiently valid to be used to 26 weeks
e Both in healthy people and after a stroke N L R
measure physical behavior in people after stroke |e  Arm use is not

e Results are large enough to be relevant

Chapter4 and 5 i
(Chapter 2 and 3) (Chapter4 and 5) linearly related to
arm function
(Chapter 6)
Sedentary Behavior LR Arm Use
Movements

Physical Behavior: Components

Figure 7.1 Overview of the main findings of this thesis.

PHYSICAL BEHAVIOR: METHODOLOGY
Effect of operationalization

Different operationalizations of sedentary behavior lead to important differences in
outcomes, as shown in Chapter 2 and 3. During the process of operationalization, the
construct to be measured is translated into a measurable variable. However, several op-
tions are available regarding how to operationalize a construct. For example, sedentary

13,4

behavior has been operationalized as ‘the amount of time someone sits’ ** or as ‘the

'%6 whereas the consensus definition com-

amount of time with low energy expenditure
bines both of these . Since the effect of applying different operationalizations has not
previously been investigated, our use of different operationalizations showed relevant

differences in sedentary time and the way in which this time was accumulated.

In this thesis, we studied the effect of operationalization in sedentary behavior; how-
ever, this effect is not solely an issue of this specific component of physical behavior.
The translation from a theoretical construct to a measurable variable also plays a role in
other components. Physical activity is a broad concept of complex behavior that can be
operationalized using different dimensions: frequency, intensity, time and type (FITT) *°.
Arm use is a theoretical construct as well that can be operationalized in different ways.
For example, it can be operationalized as the number of specific functional activities like
drinking and hair brushing '°, or the quality of specific movements like reaching and
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grasping """, In this thesis, we operationalized arm use as ‘active movement of parts of
the arm, holding objects or leaning during sitting and standing’.

Besides operationalization, other decisions in measuring physical behavior may also in-
fluence the outcome, e.g. the way of calculating the outcome measure. In Chapter 6 we
calculated the ratio of arm use as ‘the movement counts of the affected arm divided by the
movement counts of the unaffected arm’. We chose this particular formula in order to be
in line with other studies on this topic " '*. However, we could also have calculated the
ratio as ‘the movement counts of the affected arm divided by the movement counts of both
arms together’. In that case, the same arm use would have resulted in a different value of
the ratio, which hinders comparison of our results with other studies. Another example
of a difference in calculation is the relative duration of physical activity (expressed in %)
during one day. In this case it is important to establish what’100%’ actually represents;
for example, does it literally mean during 24 h, or does it refer to the wear-time of the
monitor.

Back in 2012, Taraldsen et al.” reported the urgent need to develop consensus on activ-
ity protocols and outcome measures. The studies in Chapter 2 and 3 confirm this need.
The use of similar activity protocols and operationalizations, and calculating outcomes
measures in the same way, allows to compare and exchange data across studies. Large
meta-analyses can then be performed to investigate health effects and working mecha-
nisms of physical behavior, without the possible confounding effects of methodological
aspects. However, it will probably be impossible to reach consensus (100% agreement)
on all of these issues. For example, measuring physical behavior in patient populations
sometimes requires population-specific choices of those aspects. Therefore, it is impor-
tant that authors explicitly describe such choices (e.g. in the Methods section of their
study). For future research we recommend to measure physical behavior in accordance
with other research groups whenever possible, with at least consensus on the definitions
of the terms used. Comparison of data should be done with care and only when studies
are sufficiently similar in operationalization, way of calculation, and other aspects that
influence outcomes.

Validity of a measurement device

In this thesis two devices were validated: in Chapter 4 a commercially available activity
monitor to measure body postures & movements (Activ8 Physical Activity Monitor :
the Activ8), and in Chapter 5 a custom-made arm use monitor based on Activ8 sensors
(Activ8 arm use monitor: the Activ8-AUM). Both devices were considered sufficiently
accurate and suitable (small dimensions, user-friendly, and with low costs) to be used
in stroke rehabilitation. Despite technological developments and the increasing num-
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ber of devices, not all commercially available activity monitors can be used in clinical
practice. Many of these devices (e.g. the Fitbit, Apple Watch, Garmin watches, etc.) were
primarily developed for general use in large groups of healthy people, and less often
for a patient population. Firstly, most activity monitors were developed to measure the
intensity of physical activity, which is only one of the components of physical behavior.
Very often, body postures & movements and arm use, which are important components
in stroke rehabilitation, cannot be measured. Secondly, the reported output of the
activity monitors is generally limited to certain basic outcome measures (e.g., total time
sitting), whereas caregivers in stroke rehabilitation are also interested in other measures
(e.g. number of sit-to-stand transfers interrupting sitting behavior). Finally, most com-
mercially available activity monitors have not been validated (or only to a limited extent)
for use in patient populations; moreover, the results cannot be generalized because of
deviations in movement patterns.

The validity of an activity monitor is an important issue when the device is to be used in
stroke rehabilitation. To draw correct conclusions about the level of physical behavior,
the devices should measure accurately and precisely. However, to be used in stroke
rehabilitation, other features need to be considered as well, such as the ease of use for
the caregiver, the level of wearing comfort, and the costs. However, although all these
requirements are important, the validity and reliability of a device is the most crucial
item because of the consequences of conclusions and decisions based on the acquired
data.

Although the validity of a device is an important issue, concerns have been raised
about validation studies of activity monitors '°. These concerns are related to the stan-
dardization of research (discussed above). In addition, and specifically for validation
studies, the lack of harmonization of validation protocols is an important issue. Often,
the activity protocols of validation studies are not standardized and are restricted to a
limited number of activities performed in a laboratory or in a semi-natural setting. In
contrast, activity protocols that include i) a standardized part and ii) a semi-structured
part in the home setting, increase both comparability with other studies and ecological
validity '°. Based on experience with our validation study, we also recommend to take
into account the applicability of the activity protocol in different settings. For example,
the protocol to be applied in a home setting needs to be performed in many different
types of accommodations. When using similar protocols, the effect of the protocol on
the validation outcomes will be minimized, since including easily detectable activities
improves the validation results, whereas daily-life activities are more difficult to detect
correctly. Standardization needs to be done within certain populations, to make it easier
to compare the results of different studies and to start a discussion on the interpretation
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of validation results: e.g. what is ‘good’, and when should a device be considered valid.
Whenever possible, standardization between certain populations is also good, although
most of the time validation studies need to be population-specific which may involve
different choices about the activity protocol.

PHYSICAL BEHAVIOR: APPLICATION

In Chapter 6, a custom-made arm use monitor was applied to investigate the recovery of
arm use in the first months after a stroke. This was a pilot study within the PROFITS study
to assess whether adding measurements of arm use are useful in stroke rehabilitation.
The PROFITS study aims to develop a clinical infrastructure to obtain an individual-
ized prognosis of functional recovery after a stroke . In this cohort study, functional
outcomes are uniformly evaluated within the full care chain of stroke rehabilitation.
The results of the study in Chapter 6 show that arm use and arm function are related,
although not one-to-one, indicating that arm use in daily life is a unique construct of
physical behavior. Therefore, measurements of arm use are potentially valuable in stroke
rehabilitation and may be used to improve the individualized prognosis of functional
recovery after a stroke.

Activity monitoring is increasingly applied in medical research. Studies using activity
monitors generally aim to assess the health effects of physical behavior; this contributes
to the important aim of understanding, preventing and treating diseases. In most of
these studies, physical activity has been investigated in large cohort studies in the gen-
eral population, for example the Rotterdam study '® and the NHANES cohort '°. However,
it is important to apply ambulatory measurements of other components of physical
behavior as well. These components provide insight into other aspects of physical be-
havior, which might have a different relationship with health and disease. The PROFITS
study is an example of applying ambulatory measurements to extend our knowledge
on the functional recovery of arm use after a stroke. In this thesis, to facilitate measuring
body postures & movements and arm use in people after stroke, two activity monitors
were validated. These two monitors proved to be sufficiently valid to be used in stroke
research and, therefore, should be applied to extend our knowledge on body postures &
movements and arm use in people after stroke.

In addition to application in scientific research, the two activity monitors can also be
used in the clinical practice of stroke rehabilitation. Currently, it is becoming increasingly
important to measure several outcome measures in order to optimize rehabilitation care.
The large differences found between participants, described in Chapter 6, highlight the
importance of personalized care. However, measuring physical behavior is not yet a rou-
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tine assessment in stroke rehabilitation. Recently, the American Heart Association con-
cluded that, although physical activity is increasingly stimulated, it is not yet routinely
assessed in clinical practice, in contrast to other cardiovascular risk factors *°. Therefore,
they published a statement *° including concrete recommendations to stimulate routine
assessment of physical activity in healthcare settings. In stroke rehabilitation, routine
assessment of other components is also important. The monitoring of body postures
& movements and arm use can help to personalize rehabilitation care based on actual
functional status and individual progress, like the PROFITS study aims to.

To apply physical behavior monitoring in clinical practice, more work is required. As
mentioned, there needs to be a consensus on definitions and methodological aspects
(operationalization, outcome measures, etc.). Another previously mentioned condition
is the use of valid measurement devices. This validity becomes more important when
data are used for medical decision-making that has direct consequences for patients,
and even more so when this is on an individual level rather than group level. Moreover,
there are practical issues to be considered, including the training of caregivers and an
infrastructure to safely store data within medical records. Despite this work, there is no
reason to postpone implementing routine assessment of physical behavior in clinical
practice. Although new insights into the health impact of physical behavior will con-
tinue to update and optimize measuring physical behavior in clinical practice, there is
enough evidence and knowledge available to startimplementing routine assessment of
physical behavior in clinical practice right now.

PHYSICAL BEHAVIOR: COMPONENTS
Sedentary behavior

The results of the studies in Chapter 2 and 3 show that sitting/reclining/lying and having
alow energy expenditure are two different things. It is possible to sit and spend relatively
high amounts of energy, for example during sitting on an active sitting product or when
playing a game *"*%. On the other hand, it is possible to have a low energy expenditure
while standing ** . Recently, the Sedentary Behavior Research Network finished its
Terminology Consensus Project and defined sedentary behavior as: ‘any waking behavior
characterized by an energy expenditure <1.5 metabolic equivalents (METs) while in a sitting,
reclining, or lying posture’’. According to this consensus definition, sedentary behavior
requires both components at the same time: a certain body posture and a low energy
expenditure. The rationale behind the combination of these two components is that low
energy expenditure has negative health effects * as does muscle inactivity of the large
muscle groups > . The ‘lying posture’ part of this definition was recently added and
shows that even the definition of sedentary behavior is still developing and changing.
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The health effects of sedentary behavior have been studied over many years although, in
the beginning, sedentary behavior itself was not measured. In older studies, sedentary
behavior was operationalized as the absence or a low amount of moderate-vigorous
physical activity ¥’. Sedentary behavior was associated with all-cause mortality %, per-
ceived poor health %, and obesity *. Strictly speaking, these associations are not correct.
Sedentary behavior originates from the Latin word sedere which means ‘to sit, which is
not the same as the absence of moderate-vigorous physical activity. During one day,
a person can perform sufficient moderate-vigorous physical activity according to the
physical activity guidelines and sit the rest of the day. A second person can fail to meet
the recommended levels of physical activity, while he/she barely sits; this is nicely il-
lustrated by the accelerometer data of two random people analyzed by Pate et al. 7.

Nowadays, it is possible to measure both components of sedentary behavior using ac-
celerometry. This enables researchers to separate sedentary behavior from light physical
activity and to assess the health effects of both separately. The results of such studies
show that sedentary behavior seems to have harmful effects on health, irrespective
of the level of physical activity *" 2. Therefore, sedentary behavior has become a new
target for interventions, as its harmful health effects cannot be canceled out by simply
meeting the recommended levels of physical activity **. Although sedentary behavior is
measured instead of physical inactivity, most studies operationalize sedentary behavior
as the amount of time sitting >* or the amount of time with low energy expenditure >¢,
thus only one component is assessed. However, a more complete understanding of the
physiological working mechanism of both components and their possible interaction
is needed *. Therefore, for future research we recommend using activity monitors that
assess both components of sedentary behavior. Based on the results of such studies, the
two-component definition can be assessed on its validity and be adjusted if necessary.
Ideally, a longitudinal cohort study is designed in which both components of sedentary
behavior are measured at several time points. Then, the separated and combined effect
of postures and different levels of energy expenditure can be related to health outcomes,
e.g. biomarkers for cardiovascular disease and lipid profiles, as well as mortality rate.

Body postures & movements

In Chapter 4, the Activ8 ' was validated to measure body postures & movements in
people after stroke. Although often used interchangeably, ‘physical activity’ and ‘body
postures & movements’ are different components of physical behavior. Physical activity
has been defined as ‘any bodily movement produced by skeletal muscles that results in

energy expenditure’ *°

, Whereas body postures & movements stand apart from energy
expenditure and concern the orientation of the body relative to gravity. The aim of

measuring physical behavior determines whether physical activity or body postures &
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movements needs to be quantified. In health-related issues, energy expenditure is more
relevant: a healthy lifestyle includes sufficient moderate-to-vigorous physical activity
%37 On the other hand, body postures & movements are mostly measured to assess
motor recovery and muscle function, or to monitor falls. Therefore, it is also important
to have valid devices to measure body postures & movements, besides devices that
measure energy expenditure.

In the general population and in rehabilitation populations there are reasons to measure
body postures & movements, instead of energy expenditure, when assessing physical
behavior. For healthy aging, use of the musculoskeletal system to maintain muscle func-
tion is a highly relevant aspect **. To assess that use, body postures & movements need
to be measured, instead of energy expenditure or physical activity. In stroke rehabilita-
tion, motor recovery is an important goal that strives to mobilize people to change from
mainly lying and sitting, to standing and walking *. From the perspective of energy

2.2 \whereas these activities

expenditure, sitting and standing still are relatively similar
differ physiologically **. Upright activities, including standing, activate large muscle
groups and will prevent deconditioning of the locomotion system . Thus, especially
in people after stroke, measuring body postures & movements in addition to energy

expenditure is relevant to assess functional status and motor recovery.

Data on body postures & movements can also be used to improve other measurements,
e.g. to optimize estimates of energy expenditure *°. Moreover, these data can improve
measurements of arm use. Arm movements due to walking are often described as a
confounder of measuring arm use '**"** Information on body postures & movements
can be used to separate arm movements caused by walking and whole-body move-
ments, from arm movements related to actual arm use. Also, when measuring sedentary
behavior, it is important to be able to validly measure body postures & movements, as
body posture is one of the requirements of sedentary behavior.

Arm use

Arm use is a relevant component of physical behavior in people after stroke, because
they might have disturbed motor function of the arm. Therefore, in Chapter 6 we per-
formed a pilot study to assess the recovery of arm use and its relation with arm function.
In this thesis, arm use was defined as ‘active movement of parts of the arm, holding objects
or leaning during sitting and standing’. Thus, arm use implies conscious and intended
movements of a person. The advantage of including all those movements is that a more
complete measure is obtained of actual arm use in daily life, as compared to only using
specific activities (e.g. hair brushing, eating) or movements (e.g. reaching). To measure
arm use, we developed and validated the accelerometer-based Activ8 arm use monitor
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(the Activ8-AUM), described in Chapter 5. Although the use of accelerometry to measure
arm use has limitations, it is currently the preferred technique due to the lack of other
widely applicable and accepted techniques **. The main limitation of accelerometry is
that it measures accelerations, i.e. movement, which makes it impossible to measure
static arm use, such as holding an object. Moreover, arm movements are neither es-
sential nor sufficient for functional arm use. To minimize this latter problem, we defined
arm use as ‘... during sitting and standing’, which excludes arm movements due to
walking and other whole-body movements. In addition, we applied a threshold to the
movement counts above which they are classified as arm use. Applying a threshold to
accelerometry data proved successful in other studies ' ***. The study in Chapter 5
shows that, overall, the Activ8-AUM correctly detected 75% of arm use, although arm
use without movement and non-use with movement were not so well classified. Un-
fortunately, the effect of including body postures & movements in the analysis of arm
use has only been investigated to a limited extent. Until now, only one study has shown
that the correlation of activity counts with the Box and Block test improved significantly
when walking bouts were excluded .

The results of the study in Chapter 6 show that data on arm use can be useful to assess
functional recovery after a stroke. However, since that was a pilot study, future research
needs to examine the recovery of arm use in larger groups, including important de-
terminants of arm use recovery, e.g. neglect, apraxia, and received therapy. Another
important determinant to be considered is arm dominance. Studies on patients with
Complex Regional Pain Syndrome have shown that, whether or not the dominant arm
or non-dominant arm was affected, had an impact on the amount of arm use ***°, After
stroke, when the restitution of arm use fails, recovery can result from compensational
strategies *°. The success of these strategies might be influenced by the fact that the
dominant or non-dominant arm can be affected.

In order to use measurements of arm use to unravel the working mechanism of arm use
recovery and to improve and personalize stroke rehabilitation, measurements may be
improved by adding sensors that are based on technologies other than accelerometry.
For example, Leuenberger et al. *’ used an inertial measurement unit to quantify func-
tionally relevant arm use. This device combines an accelerometer, a gyroscope and a
magnetometer and showed promising results; however, the high correlation with the
Box and Block test was not better than the correlation with only accelerometry data
when walking bouts were excluded. Another possible improvement could be the use of
an individual and self-learning algorithm to detect the optimal threshold to distinguish
between arm use and no arm use, based on movement counts measured by accelerom-
etry.

Erasmus University Rotterdam Zo\/uap

11



12

Erasmus Medical Center Rotterdam

GENERALIZABILITY OF THE RESULTS

In Chapter 6, the arm use of people after stroke was assessed during the first 26 weeks
after their stroke. The inclusion criteria were kept intentionally broad in order to increase
generalizability, although people with severe mental and severe communication prob-
lems were excluded. People with severe communication problems were excluded due
to practical reasons, i.e. it is important that participants of a clinical study understand
both the aim of the research and their rights as a participant. Since this exclusion was
based on a practical reason and not related to the research itself, the results might be
generalizable to people with communication problems. However, the results are not
generalizable to people with severe mental problems, e.g. with neglect or apraxia. This
latter type of conditions influence a person’s physical behavior (including arm use), pos-
sibly leading to other recovery patterns in both arm function and arm use.

CLINICAL IMPLICATIONS OF THIS THESIS

This thesis investigated important aspects of measuring physical behavior that need
to be considered when applying these measurements in clinical practice. The need to
measure physical behavior in clinical practice was described in the section ‘Physical Be-
havior: Application’. Routine assessments are not only important in stroke rehabilitation
but throughout clinical practice. In general, it can personalize care, just like all other
variables which are measured to determine a personal treatment plan. However, when
information on physical behavior is used in clinical practice, it needs to be regularly
assessed. A change in physical behavior should be a trigger to evaluate the reason for
that changed behavior and to (possibly) change the treatment plan. For example, the
results presented in Chapter 6 show that, in daily life, arm use does not always recover
in a straight line upwards. By regular assessment of arm use, non-use of the arm can
be detected and tackled during, e.g., hand therapy. This early approach may prevent
learned non-use on the longer term.

FUTURE RESEARCH

The previous sections made some recommendations for future research on specific is-
sues. It isimportant to continue developing the field of measuring physical behavior be-
cause of its relationship with health research and the importance of measuring physical
behavior during stroke rehabilitation. The working mechanism of physical behavior and
the health effects of changed physical behavior, both positive and negative, need more
in-depth study. Hopefully, new insights will allow to further optimize guidelines for a
healthy lifestyle and interventions in stroke rehabilitation. Moreover, the development
and validation of activity monitors need to be continued, with a focus on devices suit-
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able for application in clinical practice. Therefore, developers need to collaborate with
caregivers and patients about the requirements, needs, and wishes for such devices.
Additionally, the potential of activity monitors to provide feedback on physical behavior
should be investigated and developed. Feedback can be used as an important element
of interventions aimed at improving physical behavior in both the general population as
well as in rehabilitation populations.
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