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Background: Inertial motion capture systems are used in many applications such as
measuring the movement quality in stroke survivors. The absence of clinical effectiveness
and usability evidence in these assistive technologies into rehabilitation has delayed the
transition of research into clinical practice. Recently, a new inertial motion capture system
was developed in a project, called INTERACTION, to objectively measure the quality of
movement (QoM) in stroke survivors during daily-life activity. With INTERACTION, we are
to be able to investigate into what happens with patients after discharge from the hos-
pital. Resulting QoM metrics, where a metric is defined as a measure of some property,
are subsequently presented to care professionals. Metrics include for example: reaching
distance, walking speed, and hand distribution plots. The latter shows a density plot of
the hand position in the transversal plane. The objective of this study is to investigate the
opinions of care professionals in using these metrics obtained from INTERACTION and
its usability.

Methods: By means of a semi-structured interview, guided by a presentation, presenting
two patient reports. Each report includes several QoM metric (like reaching distance, hand
position density plots, shoulder abduction) results obtained during daily-life measure-
ments and in clinic and were evaluated by care professionals not related to the project.
The results were compared with care professionals involved within the INTERACTION
project. Furthermore, two questionnaires (5-point Likert and open questionnaire) were
handed over to rate the usability of the metrics and to investigate if they would like such
a system in their clinic.

Results: Eleven interviews were conducted, where each interview included either two
or three care professionals as a group, in Switzerland and The Netherlands. Evaluation
of the case reports (CRs) by participants and INTERACTION members showed a high
correlation for both lower and upper extremity metrics. Participants were most in favor
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of hand distribution plots during daily-life activities. All participants mentioned that visu-
alizing QoM of stroke survivors over time during daily-life activities has more possibilities
compared to current clinical assessments. They also mentioned that these metrics could
be important for self-evaluation of stroke survivors.

Discussion: The results showed that most participants were able to understand the
metrics presented in the CRs. For a few metrics, it remained difficult to assess the
underlying cause of the QoM. Hence, a combination of metrics is needed to get a better
insight of the patient. Furthermore, it remains important to report the state (e.g., how
the patient feels), its surroundings (outside, inside the house, on a slippery surface), and
detail of specific activities (does the patient grasps a piece of paper or a heavy cooking
pan but also dual tasks). Altogether, it remains a questions how to determine what the
patient is doing and where the patient is doing his or her activities.

Keywords: stroke, rehabilitation, inertial sensing, daily life, data processing, technology assessment, evaluation,

usability

INTRODUCTION

Inertial motion capture systems are used in many applications
such as measuring the quality of movement (QoM) in patients
with neurological conditions, seen as assistive technologies in
healthcare, and capturing body movements, for e.g., film ani-
mation and games (Bauer et al., 2012; Kitagawa and Windsor,
2012; Altilio et al., 2015; Klaassen et al., 2015a) Recently, a new
ambulant full-body inertial motion capture system was devel-
oped in a project, called INTERACTION, to objectively measure
the QoM in stroke survivors during daily-life activities (Klaassen
et al., 2015a; Lorussi et al., 2016; van Meulen et al., 2016).
Daily-life monitoring of the QoM during functional activities of
stroke survivors in their home environment is important, as it is
essential for optimal guidance of rehabilitation therapy (Kollen
et al., 2006).

Although (full body) motion capture systems are used in some
specialized clinics for a better understanding of patients, such as
Qualisys mocap systems (Qualisys, 2008), the absence of clinical
effectiveness and usability evidence in assistive technologies,
e.g., motion capture and telemonitoring systems, into rehabilita-
tion has delayed the transition of research into general clinical
practice (Burridge and Hughes, 2010; Bergmann and McGregor,
2011). The potential for these technologies in clinical practice
is determined by a complex interaction between clinical and
cost-effectiveness; commercial availability of devices; funding
and user acceptance including patients, their careers, healthcare
professionals, funders, and manufacturers (Burridge and Hughes,
2010; Bergmann and McGregor, 2011). Furthermore, key barriers
that were found to translate assistive technologies into clinical
practice are lack of knowledge, education, awareness, and access.
Improvements in assistive technology design, clinical evaluation,
knowledge, awareness, and in provision of services will contrib-
ute to a better and cost-effective stroke rehabilitation (Hughes
et al., 2014). Therefore, it is useful to perform a field study to
investigate if care professionals from other rehabilitation centers,
not involved in the project, are able to use the outcome measures

from an inertial motion capture system, like the INTERACTION
system, in their clinical practice.

The INTERACTION system enables telemonitoring capabili-
ties by constructing an architecture capable of capturing move-
ment data, storing data remotely, processing the data, and finally
visualizing patient data in a report form. Resulting outcome
metrics of the system enables new insights into the differences
between in-clinic and outpatient measurements of stroke survi-
vors over longer periods of time (van Meulen et al., 2016). The
final system is composed of a full-body sensor suit with 14 inertial
sensors specifically designed for stroke survivors to be measured
at home during daily-life activities (Klaassen et al., 2015a). It
consists of a shirt, trousers, and a pair of shoes and is wireless
connected to a tablet with the functionality to upload the datato a
remote server for data processing. Although the INTERACTION
system consists of different types of sensing modules, only the
inertial sensors are used to compute the resulting metrics included
in this study, as presented in van Meulen et al. (2016). A software
package was developed to analyze the data, which includes an
activity monitor, movement visualizer, and several metrics for the
QoM. The package generates case reports (CRs) for each patient
measurement as described in van Meulen et al. (2016).

This system was used for an extended period of time to monitor
stroke survivors athome to gain new insights into the performance
of these patients during daily-life activities. The technological
concept of INTERACTION system was fully implemented in
daily-life, where some issues related to, e.g., magnetic distortions
and wireless capture range had to be overcome in order to achieve
the highest possible data quality. Both were to be expected dur-
ing daily-life usage with wireless inertial-based motion capture
system relying on magnetometers for the positional estimation
of body segments (Klaassen et al., 2015a; van Meulen et al., 2016).

In this paper, we focus on the resulting QoM metrics of the
system and how care professionals might integrate it in cur-
rent clinical practice. The objective of this study therefore is to
investigate the opinions of care professionals in using metrics
obtained from INTERACTION system during clinical and
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FIGURE 1 | Flyer of the INTERACTION project showing the sensor suit, sensors, software (with activity monitor and case report generator), and the
main objectives of the INTERACTION project and solutions.
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daily-life measurements and their usability. In particular, the
focus of this study is on the interpretation of the QoM metrics
for lower and upper extremity, compared to existing clinical
methods and if a system like INTERACTION, including a
full-body suit with many sensors, can be used in a variety of
clinical practices. By means of a semi-structured interview,
the evaluation of two CRs by care professionals involved in
INTERACTION was compared with the evaluation of care pro-
fessionals outside the project. Furthermore, two questionnaires
were handed over to rate the metrics of extremity function in
terms of their liking and an open questionnaire was given to
investigate if they would adopt such a full-body motion capture
system for their clinical practice.

MATERIALS AND METHODS

Within the INTERACTION project, patients CRs were con-
structed. Each report consists of results of a stroke survivor
measured with the INTERACTION system in the form of metrics
(Klaassen et al., 2015a; van Meulen et al., 2016). Within each set of
INTERACTION measurements, the patient’s QoM was estimated
at home, performing daily activities, and in clinic during fre-
quently used clinical tasks: Timed-Up-and-Go (TuG) (Podsiadlo
and Richardson, 1991) and the upper extremity part of the
Fugl-Meyer Assessment (FMA-UE) (Gladstone et al., 2002). The
measurements were part of a larger study from INTERACTION
(Tognetti etal., 2014; Veltink et al., 2014; van Meulen et al., 2016).
Care professionals involved in the INTERACTION project evalu-
ated these CRs. During a semi-structured interview, two of these
CRs, one for the lower extremities and one for the upper extremi-
ties, were presented to care professionals from outside the project.
Furthermore, a ranking questionnaire and an open questionnaire
were given to gain more insight in the use of inertial motion
capture systems, such as the INTERACTION system, in clinic
and the resulting metrics for therapy.

Case Reports

Two CRs were generated, where measurement sessions were
selected within the rehabilitation program of two patients to
construct the CR. One for the lower extremity (CR1) and one
for the upper extremities (CR2). The study protocol for these
patient measurements is a subset of a larger protocol that was
approved by the local cantonal medical and ethical committee
(registered in http://Clinical Trials.gov identifier: NCT02118363).
Each report includes the results, in the form of metrics, of a stroke
survivor measured with the INTERACTION system in clinic
during several days, and at home over a time period of 3 months.
In addition, traditional clinical assessment scores of the patient
were obtained from the clinics. The upper and lower extremity
metrics were presented in van Meulen et al., 2016. In short, the
following metrics were included for the lower extremities: heel
stride profiles, which shows the heel height and stride length plot-
ted for each stride, and walking speed. For the upper extremity
metrics the following metrics were selected: reaching distance
(hand-sternum distance), reaching area (area in which the patient
moves their hand in transversal plane), and range of motion of the
shoulder and hand distribution plots. Hand distribution plots are

a new type of metric designed for INTERACTION that shows
spatial and temporal information of the hand position relative
to the pelvis in the transversal plane. The color shown in these
distribution plots are mapped to the duration, the hand was
positioned in a specific location. No activity monitor results, as
described in van Meulen et al., 2016, were presented to reduce the
amount of information to the participants. An example of a CR is
shown in Appendix 1, Figures Al and A2.

Evaluation Protocol

Each interview was conducted by the same person, following the
four steps mentioned below. The interviews were captured on a
digital field recorder for later analysis. First, information about
the INTERACTION project, including a flyer about the system
(with information), and a description of this study was handed
over as shown in Figures 1 and 2. Second, an inform consent
form was presented and explained to the care professionals. After
informed consent was given, the evaluation started and the digital
field recorder was turned on. Third, a semi-structured interview
was held, guided by a presentation on a laptop, and aimed to last
1 h. Finally, a 5-point Likert questionnaire (Allen and Seaman,
2007) and an open questionnaire were filled in.

Semi-Structured Interview and Presented

Metrics

The semi-structured interview was supported by a PowerPoint
presentation. The slides were organized as follows: first, the clinical
assessment metrics were shown, then an INTERACTION metric
from a measurement in clinic was shown, and finally the same
metric captured during activities of daily living (ADL) at home was
shown. This process was repeated for all the metrics mentioned in
Section “Case Reports”. An example of each metric was shown and
explained to the participants before the metric with patient data (in
clinic or at home) were revealed. In detail, the origin of the data,
the type of data, and the graphs axis were explained. Subsequently,
three questions were asked for each metric:

« What do you see?

o What does it add for you compared to structured clinical
measures?

o Is there any downside to this new metric?

Likert Questionnaire and Open

Questionnaire

After the semi-structured interview, a standard 5-point Likert
questionnaire (Allen and Seaman, 2007) was handed over to rate
the presented metrics with a score of 0 points (do not want to
have) to 5 points (want to have). Finally, a non-standardized open
questionnaire was presented about using the system and metrics
in clinic, with the following questions:

o Do you want to have an inertial motion capture system, like
INTERACTION, in your clinic?

o Do you have enough resources (e.g., time and money) in your
clinic to utilize this system?

o Do you have any additions to what can be measured?
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FIGURE 2 | Flyer of the INTERACTION project showing several pictures of the sensor suit and the web-portal for displaying quality of movement
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TABLE 1 | Feature reference list.

Case report (CR) 1: lower extremities

Feature points details
Fl_12 5 Based on TuG assessment scores, see an

improvement in function of gait

Based on in-clinic measurements (C)
FI_2 2 Observed difference in stride profile metric
between left/right side over time for clinical task
(TuG) between left/right side over time for clinical
task (TuG)
2 Indicated that difference disappeared over time
for clinical task (TUG)

1 Showing an improvement of foot clearance
during clinical task (TuG)

Based on daily-life measurements (D)
FI_3 2 Observed a difference in heel height between
left/right in ADL walking tasks

3 Observed no change over time during ADL
walking tasks

FI_4 3 Noted improvement of walking speed in clinical
task (TuG)
2 Observed no change in walking speed during
ADL walking task

CR 2: upper extremities

Fu_12 5 Based on the FMA-UE assessment scores,

show no distinct improvement over time

Based on in-clinic measurements (C)

Fu_2 2 Observed an increase in reaching distance of
affected side between baseline and discharge,
but then a decrease back to baseline for clinical
task (FMA-UE)

3 Observed an increase in total area/hand
distribution plots of affected side between
baseline and discharge, but then a decrease
back to baseline UE for clinical task (FMA-UE)

Showing that abduction of shoulder increased
between baseline and discharge, but then
decreased back to baseline of affected and non-
affected arm for clinical tasks (FMA-UE)

Fu_3 5

Based on daily-life measurements (D)

Fu_4 3 Noted that shoulder abduction ROM was higher
for the non-affected arm than for the affected
arm during ADL

2 Indicated no clear improvement of shoulder
abduction over time during ADL

Fu_5 2 Show little change in max reaching distance over
time during ADL

3 Show little change in total area over time during
ADL
Fu_6 5 Total reaching area was lower for the affected

side than for the non-affected side during ADL

Points (P) are assigned to each feature for the lower extremities (FI_1, FI_4) and upper
extremity (Fu_1-Fu_6).

@Obtained via clinical assessments scores, all other features are obtained with the
INTERACTION system.

TuG, Timed-Up-and-Go assessment task (Podsiadlo and Richardson, 1991); FMA-UE,
upper extremity part of the Fugl-Meyer assessment (Gladstone et al., 2002); ADL,
activities of daily living.

Reference Analysis

For comparing the evaluations of care professionals (in and out-
side the project), a feature list was constructed, where a feature (F)
is a conclusion given by the care professional on resulting metric
in the patient-report (Table 1). A score per feature (as shown in
Table 1), were assigned by researchers from INTERACTION.
This score provides a weight to each feature based on that features
complexity. In total, 10 features were defined, based on the patient
CR, four (F1_1-Fl_4) for the lower extremity CR, where Fl_1
is based on tradition clinic assessments and Fl_2 on measure-
ment data captured by INTERACTION in clinic and Fl_3 and
Fl_4 during daily life. For the upper extremity CR, six features
(Fu_1-Fu_6) are included, as listed in Table 1, where Fu_1 is
based on traditional assessments, Fu_2 and Fu_3 are captured in
clinic and Fu_4-Fu_6 during daily life with the INTERACTION
system. Each feature, except for F1_1 and Fu_1, is obtained using
the INTERACTION system. The evaluation of both CRs by care
professionals during the interview was captured and points were
given if a feature was mentioned. As a maximum, 50 points could
be assigned.

Data Processing

The captured semi-structured interviews were transcoded in
Atlas TT 2.0 (Muhr, 2004). The transcoded interviews were
analyzed for the reference analysis. Means and SDs of the Likert
questionnaire scores were calculated per INTERACTION
metric.

Participants

Care professionals were recruited from five different treat-
ment centers: Roessingh Rehabilitation Center (Enschede,
The Netherlands), Cereneo Clinic, Center for Neurology and
Rehabilitation (Vitznau, Switzerland), University Hospital
Zurich (Zurich, Switzerland), Physiotherapy Praxis Meilen
(Herrliberg, Switzerland), and Fysio Holland (Enschede,
The Netherlands). These centers were selected because of the
expertise they provide in rehabilitation of stroke survivors. In
this study, care professionals had no past involvement with the
INTERACTION project, but needed to have experience with
stroke survivors and are actively involved in rehabilitation. The
decision was made to perform the semi-structured interview
with care professionals in pairs, to encourage discussions which
could lead to potentially more insight in the data. Written
informed consent was given, but no ethical approval was needed
as no medical intervention took place. In total, 11 interviews
were conducted with 11 groups consisting of 23 participants.
Seven interviews were held in Switzerland divided over three
institutes. Six interviews consisted of two care professionals and
one interview was conducted with three care professionals. Four
interviews were held in The Netherlands divided over two insti-
tutes. Each interview group consisted of two care professionals.
The interviews were held between July 2015 and October 2015.
The interviews, on average, lasted 51 + 11 min and were all suc-
cessfully completed. All participants filled in the questionnaires
at the end of the interview.
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TABLE 2 | Reference analysis results.

CR1? CR2
Location® Cc C D D C Cc C D D D
Features FI_1 Fl_2 FI_3 Fl_4 Fu_1 Fu_2 Fu_3 Fu_4 Fu_5 Fu_6 Total
# interviews®
INT S1 5 5 5 5 5 5 5 5 5 5 50
INT S2 5 5 5 5 5 5 5 5 5 5 50
INT S3 5 5 3 5 5 5 5 2 5 5 45
INT S4 5 5 5 5 5 5 5 5 5 5 50
INT S5 5 5 5 5 5 2 5 5 2 5 44
INT S6 5 5 5 5 5 5 5 5 5 5 50
INT S7 5 5 5 5 5 5 5 5 5 5 50
INT NL1 5 5 5 5 5 5 5 5 5 5 50
INT NL2 5 5 5 5 5 2 5 2 5 2 41
INT NL3 5 5 5 5 5 1 5 5 0 5 41
INT NL4 5 5 5 5 5 5 5 5 5 5 50
Average 5 5 4.8 5 5 41 5 4.5 4.3 4.7 47.4
Std 0 0 0.6 0 0 1.6 0 1.2 1.7 0.9 3.8

aCase report (CR) 1: lower extremity, 2: upper extremity.
bBased on in-clinic (C) or during daily-life (D) measurements.
cInterview (INT) held in Switzerland (SX) and The Netherlands (NLX).

RESULTS

Reference Analysis Results

The results of the reference analysis are listed in Table 2. The
participants scored, on average, 47.3 + 3.5 points. For the lower
extremity case report (CR1), they were able to extract each
feature. For the upper extremity case report (CR2), participants
scored lower for descriptive statistics of reaching distance over
time for both in clinic and at home.

Interview Results

What Do You See?

Participants were asked to interpret the metrics shown for each
CR. Of 11 groups, 7 (64%) were able to relate data shown in
each metric with movement disorder or issues of the patient
for the upper extremities, where all groups could do it for
the lower extremities. The four groups who had difficulties
relating the metric results to movement disorders for the
upper extremities found it difficult to describe what the metric
actually showed them in relation to functional movement of
the patient. This applied in particular to the metrics: reach-
ing distance and shoulder abduction range of motion. The
participants explained that with these metric results, they
did not know exactly how the patient managed to get to that
result. Therefore, they could not describe the underlying cause
of particular movements or give suggestions for future therapy.
In total, six groups were able to give a detailed description of
the hand distribution plots of the hand during daily-life activi-
ties, including compensation strategies, certain movements the
patient performed, and insight in what these patients should
train. For example, introduce a new therapy to enhance the
patient’s ability to reach more sideways. The other five groups
were able to understand the density plots, but only mentioned
differences in density plot surface areas.

What Does It Add for You?

In total, 9 out of 11 groups mentioned that they prefer objec-
tive measures for the QoM as presented in the INTERACTION
metrics compared to current clinical scores measured with a
stopwatch or subjectively scored by a care professional. They
expect that it will give them specific information about the
patient’s movements and that the objective measures more
accurate than current clinical scores. All groups mentioned
that visualizing QoM by using these metrics, especially during
daily-life activities, have more possibilities compared to clini-
cal assessments. Especially, when compared over time, which
makes it possible to intervene earlier before patients come back
to the care professional with complains. Two groups mentioned
that the INTERACTION system and resulting metrics could
be a solution in the case you cannot physically see the patient
in clinic. According to eight groups, they do not have to be an
expert to understand the metrics, in particular the density plots
of the hand. In these graphs, they see what patients are doing
and what areas they have to work on. Two groups mentioned it
would also help to show the progress of rehabilitation to insur-
ance companies as proof that the patient is progressing, in order
to reimburse their medical costs.

All groups mentioned in detail that feedback toward the
patient is important and that these metrics, with particular focus
on the density plots and reaching areas, are an important part
of self-evaluation. One group also mentioned that patients often
loose feeling of progress, particularly at home. Therefore, present-
ing those patients with weekly updated metrics about the QoM
at home (most in favor: density plots) could help them regaining
that feeling. These metrics captured in clinic and at home are of
interest especially for reward-addicted patients according to two
groups. Two groups stated that by just wearing such a system at
home could be motivating to patients. Three groups mentioned
that the shoulder range of movement is a compact and objective
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measure which can easily be compared over time. In total, 10 out
of 11 groups agreed that the density plots are the most interesting
metrics to summarize daily-life function at home and to visualize
differences between the left and right arm. They mentioned that
it would be a great metric to be used for clinical assessments,
especially in rehabilitation clinics, but not in acute hospitals as
these patients are not monitored for longer periods of time.

Are There Any Downsides to These New Metrics?

According to all groups, the density plots constructed based
upon the clinical measurements were more difficult to read
compared to density plots constructed from the daily activities
at home, especially when trying to compare the left and right
reaching area of the patient. In total, 9 out of 11 groups stated
that the context of the home measurements is of importance in
understanding the movement data. Distractions at home (such
as tv, phone or other people), dual tasks the patients might
perform or cognitive challenges all influence the movement
performance of the patient. Furthermore, the environment, e.g.,
the surface of the ground, is of great influence to, for example,
the movement speed or stride profile metrics. A clinical envi-
ronment is controlled and safer than at home and therefore
it remains difficult to compare clinic and daily-life situations.
Three groups mentioned that the coaching or motivational
aspect of a care professional being present during clinical assess-
ments has a large influence on the capabilities of the patient
during the measurement. Therefore, it might be challenging to
compare these clinical results with a home situation. Five groups
mentioned that it is not possible to assess how the patients man-
ages to do the movement by only using the reaching distance or
shoulder range of motion metric. Including information like:
carrying an object, grasping, or muscle activation would help
in understanding how patients are able to perform a certain
movement. Concerning the lower extremity stride profiles, two
groups stated that it is not possible to properly assess how the
patient is making his foot movement (if he drags the foot or
swings it outside) which affects the patient’s therapy. One group
stated they would like to have the metric values for movements
made by healthy subjects as a reference. One group mentioned

they want to see the selected metrics only for a very specific
activity.

Likert Questionnaire Results

The metrics, as described earlier, were scored by each group
of care professionals from 0 (not to have) to 5 (really want to
have). The results are listed in Table 3. Hand distribution plots,
constructed from ADL at home and for the FMA-UE, were the
most favorite metric to have, with a mean of 4.2 + 1.2 out of 5.
Next is the reaching area descriptive statistics metric, shown for
both ADL and FMA-UE task, with a 3.4 + 1.1 and stride profile
metric, shown for ADL walking task and TuG task with an aver-
ageof, 3.2 + 1.7.

The open questionnaire was given at the end of the interview
and focuses more on the INTERACTION system in general. Eight
groups mentioned that using the system would probably take too
much time, especially in donning and duffing the suit and set-up
time. The set-up time of the system replaces regular therapy time
for the patient so it needs to be beneficially for therapy. If the data
capture and analysis processes can be fully automated and generate
reports instantly it would be a big improvement. One group men-
tioned that within their private clinic, there are no resources (e.g.,
time and money) available to support such a system. According
to three groups, originating from The Netherlands, roughly 20%
of available time, in a hospital environment, can be spent on new
technology or therapy (including e.g., filling in reports and data
processing). In total, nine groups mentioned that it will be dif-
ficult to organize weekly get together with clinicians to discuss
the CRs. They also mentioned that, in order to save time, special-
ists should be involved that perform the patient measurements,
process the resulting data, and finally hand over reports. Three
groups mentioned that in an acute hospital environment there is
no advantage for such a system. The interesting part of this system
is for performance measurements at home. However, in an acute
care hospital environment, care professionals rarely work with
patients in home situations. In ambulatory care or a rehabilitation
hospital, this could be interesting technology. There are also more
resources available in rehabilitation centers to do performance
measurements and discuss the data with care professionals on

TABLE 3 | Likert score results obtained during interviews (INT) in Switzerland (S) and The Netherlands (NL).

Interview Stride profile Walking speed

Reaching distance

Shoulder ROM Reaching area Hand distr. plot

INT S1
INT S2
INT S3
INT S4
INT S5
INT S6
INT S7
INT NLA1
INT NL2
INT NL3
INT NL4
Average
SD
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a monthly base. One group mentioned they would rather use a
strap-based system with sensors than a shirt and trousers with
integrated sensing as it is easier for most patients to wear. One
other group mentioned that they would like to see standardized
activity of daily living tasks for training and connect patient’s defi-
cits to these tasks. They would also like to see how many activities
are performed and where those took place. Furthermore, a big
data approach by incorporating different types of data (heart-rate,
ECG) could be interesting.

DISCUSSION

Afull-bodyinertialmotioncapturesystem,calledINTERACTION,
was developed by engineers and care professionals for the evalu-
ation of the QoM of stroke patients in clinic and at home. In this
usability study, we combined multiple evaluation methods,
including a semi-structured interview, and questionnaires to
evaluate the developed metrics among 23 care professionals from
5 different treatment centers. In this way, quantitative results on
the interpretation of the metrics and the opinion of a full-body
inertial motion capture system in clinic were obtained. The
reference analysis results showed that most groups were able to
understand, interpret, and explain the QoM metrics for two CRs
by obtaining close to maximum scores. The upper extremities
metrics consist mostly of new metrics, whereas for the lower
extremities, presented metrics, or similar, were already known
by care professionals and applied in therapy (for instance: foot
clearance, which resembles heel-height stride profiles). Two met-
rics: reaching distance and shoulder range of motion were more
difficult to apply than others related to functional movements of
patients. The QoM shown within these metrics could be realized
by patients in multiple ways; therefore, it remained difficult to
assess the underlying cause of the QoM by the participants (35%).
Hence, a combination of metrics is needed, in which the care
professional can combine multiple results to come to a conclusion
on the QoM of the patient.

Both the Likert questionnaire and the results from the semi-
structured interviews revealed that the density plots of the hand,
when applied during daily-life activities, were favored by most
groups. Density plots have proven to be successful to assess
upper-limb activity outside of the clinic in an earlier study by
Bailey et al., 2015, stating that upper-limb activity in a patient’s
real-world environment must be assessed to improve daily func-
tion (Bailey et al., 2015).

Hand distribution plots visualize not only the area wherein
the patient moves their hand, but also the amount of time the
hand is in a certain position. Differences between left and right
can be seen instantly and in an intuitive way. Compared to cur-
rent clinical methods, it gave 6 out of 11 groups more insight
into the QoM of the patient and objective results which can
easily be documented for the assessment of these patients over
time, either numerical on in a graph/picture compared to current
clinical assessments. It opens more possibilities to show progress
of patients, which might not be reflected in clinical scores or the
feeling of progress by the patient. According to the participants,
it could give the opportunity to present visual feedback to the

patient, which is important especially at home, as patients tend
to lose track of progress.

The largest drawbacks in using such a full-body monitoring
system are the set-up time, processing and report generation
time, and the context in which data are captured at home. The
first two are merely technological drawbacks. New full-body
motion capture systems are currently realized, with faster set-up
times and utilizing straps for attaching sensors (Xsens, 2015;
Noitom, 2016). The processing and report generating algorithms
developed in INTERACTION (van Meulen et al., 2016) can
potentially be automated for clinical use and need to be more
explored in the future. The last drawback is more challenging
and involves the patient’s state (e.g., feels tired), intentions
(e.g., does the patient wants to grab a piece of paper or a heavy
cooking pan, or dual tasks), or surroundings (e.g., is he walking
indoors or outdoors, on what type of surface, etc.). For example,
participants mentioned that dual tasks clearly influence walking
speed. Therefore, the patient needs to wear an additional sen-
sor, e.g., gloves which can detect grasping an object. These were
also developed in INTERACTION (Bianchi et al., 2014), but
were found to be invasive to use at home as it makes daily-life
activities like washing hands or go to the bathroom more dif-
ficult. Furthermore, the consistency of the surface people walk on
(e.g., grass, slippery floor or sand) makes a difference for many
of the lower extremity metrics like walking speed and stride pro-
files. These surface consistencies are difficult to detect, although
promising research has been done (MacLellan and Patla, 2006;
Bang et al., 2014). Within the INTERACTION project, an activ-
ity monitor was developed acting like a filter on the acquired
data. It consists of basic activities like walking, sitting, standing,
and arm movement (van Meulen et al., 2016). More complex
activities like “brushing your teeth” or “vacuum the floor” would
be a nice addition to that filter for a detailed report of activities.
More so, QoM metric for specific activities can then be inspected
by a care professional, assisting into a more personalized training
approach for the patient.

Finally, the results suggest that a full-body inertial measure-
ment system is most likely to be used in rehabilitation centers,
rather than in (acute) hospitals as patients in rehabilitation
centers are like to benefit more from such an extensive system
and it remains scientifically more interesting to monitor these
patients. Ambulant monitoring is not a common practice in
an acute hospital division focusing on stroke survivors. This
mixed method usability evaluation study has only been car-
ried out in two countries with five different centers (hospital,
rehabilitation) and included 23 care professionals. A larger
analysis in more countries would be beneficial, which might
reveal new insights into how stroke therapy is applied in
practice, as this might differ from country to country. Certain
countries could have therapeutic strategies focusing on
functionality of the patient (e.g., can you pick up the cup of
tea), where the others try to maximize the full capacity of the
patient (e.g., can you pick it up with your arm fully stretched
and body upwards).

Altogether, it remains a question how to determine what the
patient is doing and where the patient is doing his or her actions.
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As suggested above, more body sensors can be added, but that
makes a system more invasive toward the patient hence a reduced
sensor system is more in favor (Kollen et al., 2006). Another way
is to instrument the environment [e.g., smart home concepts and
instrument objects (Hermsdorfer et al., 2013; Liu et al., 2016)].
Those systems have more issues related to privacy. It seems that in
order to address the drawbacks of the current system mentioned
by the care professionals for patient evaluation, a combination of
body sensors and an instrumented environment is needed. Only
then, it might be successfully implemented in a variety of clinics.

For future research, the current system can be reduced to a
limited number of body sensors and might be combined with
vibrotactile actuators for giving feedback (Klaassen et al., 2015b)
and with environmental sensing which makes it possible to deter-
mine the impact of the environment on the actual QoM shown in
the INTERACTION metrics.
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APPENDIX 1: CASE REPORT EXAMPLE
Patient Example Information

Participant one is a 70-year-old right-handed woman, who lives
with her husband in a flat on the third floor. Before her stroke she
was working in administration and case management of a hospi-
tal. She suffered an ischemic stroke in October 2011, 12 months

before participating in the study. The stroke left her with a left-
sided hemiparesis. No cognitive or language impairments were
detected. She is partly living independent, as she needs assistance
during shopping and heavier tasks.

Clinical Assessment Score

TABLE A1 | Clinical assessment scores for the upper and lower extremity.

Time point Enroliment Discharge Discharge + 4 weeks Enrolliment + 3 months
Fugl-Meyer total 56 63 57 58
Fugl-Meyer proximal 31 37 30 32
Fugl-Meyer distal 28 27 29 27
Action research arm test 57 56 57 57
Timed-Up-and-Go (s) 12 11 8 8
10 m walk test (m/s) 0.7 0.8 1 1.2

Time selected from: 0 min. to 201 min.

Sitting ro-.o—“--':p.-—-—o--— ----- -

Standing [ - - = --------- oo R s+ LRI EE LR B ELLLLEEEP PP - e---
Variable Walkin e I @i oo e---
Cyclic Walking[®- - -0 ------=------ - - _ --------- SRR eemeo-0- -
Affected arm [ G 4 . -e- ] - 4 .
Non-Affected arm #-.**—.—..
0 20 40 60 i 80 100 120 140 160 180 200
Zoom: Time (min.)
I Time selected from: 69 min. to 71 min.
Sitting Y - oo oo e e e e e
Standing [=--=--==-eserermeemesrnneiians Feenen R REETTTETTEn = - -1
Variable Walkingf===-+===r=rsssnszeserccmeazazenes Bl-cicivie »m oo wnm e nn e ein e L A
Cyclic Walking--------=---==r-mmmmmrmmnnnene s I S SRR - - W - - - - - -ee-eeeeseaan
Affected armf-------=---=-===-----B--B-F0--E------oo - feooomeeeocBeee oo R - - - - EE-- -
Non-Affected arm ff--------====-------- - - - N R S S 5 - R - - - - -0 - - - - - -
69 69.2 69.4 69.6 69.8 70 70.2 70.4 70.6
Time (min.)
Total time selected: 201 min.
Time (min.) % — of Total time
Posture Sitting: 95.6 476 %
Standing: 28.7 143 %
Walking Total: 26 13 %
Variable: 7.42 3.7 %
Cyclical: 18.6 926 %
Arm Affected: 14.4 7.2 %
Non-Affected: 419 209 %

FIGURE A1 | Case report example page 1: activity monitor, as reported in van Meulen et al. (2016).
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Figure: Heel stride profile of the left (affected) and right foot. Each line indicates a stride.
Table: General parameters lower extremity
Left (A) Right (NA) Overal
Metric Unit Mean SD Mean SD
Stride Length (m) 0.78 0.18 0.75 0.15
Number of steps #) 18 18
Speed (m/s) 0.31
Left hand distribution (affected side) Right hand distribution
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|
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Figure: Distribution of the hand positions relative to the pelvis (origin of the graph, indicated with a
black circle) in the transversal plane, of the left (affected side) and right hand
Table: General parameters upper extremity
Left (A) Right (NA)
Metric Unit Mean SD Mean SD
Max. reaching distance (m) 0.58 0.14 0.65 0.1
Number of reaches #) 19 25
Total area (m”2) 0.55 0.91
Shoulder abduction ROM |(Deg) 15.1 6.2 38.1 17.5
FIGURE A2 | Case report example page 2: a selection of metrics of extremity function from one measurement, as reported in van Meulen et al.
(2016).
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