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Chapter 1

General introduction

Chapter 1

Stroke
A stroke is characterized as a neurological deficit caused by an infarction of the central
nervous system in a defined area of a vascular disruption (intracerebral haemorrhage) or
a focal ischemic injury based on symptoms persisting longer than 24 hours or until death.1
A stroke can occur in any part of the brain. It results in cell death within the nervous
system and leads to post-stroke disabilities. Early signs and symptoms of a stroke include
the inability to move or feel one side of the body, problems understanding or speaking,
and loss of vision on one side.2 These impairments depend on the size and localisation
of the lesion.
Globally, strokes are the leading cause of long-term disability3 and is the number one cause
of motor handicap in Europe.4 Almost 16,000 people in Switzerland5 and 41,000 people in
the Netherlands suffer from a stroke each year.6 Common, persistent disabilities are upper
and lower extremity deficits, cognitive dysfunction, incontinence, and speech problems.7,8
Around 80% of stroke patients experience a unilateral motor deficit, which limits their
functionality and engagement in social life, requiring them to use assistance for various
activities of daily living (ADLs).9-12 To treat post-stroke disabilities, more than two thirds
of patients receive rehabilitation services after acute hospitalization.13

Stroke rehabilitation
Stroke rehabilitation is complex because of the different varieties of brain lesions and
diversity of physical and psychological problems.2 The rehabilitation process can be
distinguished between acute (within the first 24 hours), the early (24 hours to 3 months)
and late rehabilitation (3 to 6 months) as well as rehabilitation in the chronic stages (beyond
6 months).14
Stroke rehabilitation is a problem-solving process that aims to decrease the complexity
of disabilities and optimize social participation at different stages after a stroke. To tackle
the complexity of post-stroke characteristics, it is important to monitor, while assessing
the patient, set realistic goals, execute interventions, and re-assess patients’ disabilities.8
The complexity of stroke can be classified according to the International Classification of
Function, Disabilities and Health (ICF).15 To classify patients’ disabilities and handicaps,
a core set for stroke disabilities was developed (Figure 1.1).16 This set aims to distinguish
problems with stroke subjects in three different categories: functions and structures, activi
ties, and participation. However, the functions and structures categories can be subdivided
into capacity, or what a patient can do in a standard environment, and performance,
10
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Health condition
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Health professionals
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and policies

Personal factors

Figure 1.1: Brief ICF Core Set for Stroke.16

or what a person actually does in their usual environment. Participation is defined by
involvement in daily life.
An important limitation in stroke rehabilitation is described by James Gordon: ‘It is easy
enough to “facilitate” a certain pattern of movement. What is difficult is to get patients
to use that pattern when they are actually carrying out some functional activity. This is
the fundamental challenge facing rehabilitation therapists’.17 To face this challenge, it is
important to monitor patients and support stroke rehabilitation interventions after patients
are discharged in order to transfer what is taught in clinics over to patients’ daily lives and
achieve the final goal of independent living at home.18 This is also important to prevent a
functional decline of ADLs in the first two years.19 Based on this knowledge, it is critical
to detect a functional decline by performing long-term monitoring after a stroke and
planning appropriate stroke rehabilitation interventions.

Monitoring patients after a stroke
Monitoring patients after a stroke is essential to organizing the rehabilitation process,
and the measurement of time-points should be well defined, based on the neural repair
process.20 Monitoring can be differentiated between laboratory assessments performed in
the rehabilitation clinic and assessments in daily life. Laboratory assessments reflect patients’
11
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best abilities (i.e. capacity; Table 1.1), as they are encouraged by a therapist (e.g. Fugl-Meyer
Assessment, Action Research Arm Test, 10 Meter-Walk-Test). Laboratory assessments are
also important for identifying and quantifying different levels of function and activity.15 To
measure what patients do in their daily lives (i.e. performance; Table 1.1), clinicians and
researchers traditionally rely on semi-structured interviews.15 Movement analysis systems,
such as optical tracking systems and sensor-based systems to quantify stroke patients’
function,21 have been added to stroke rehabilitation guidelines and have been widely used for
clinical research in recent years.20 These technologies tackle problems with floor and ceiling
effects in clinical assessments and allow for more objective measurements of performance.22
These measurements are important for reflecting the quality of stroke patients’ motor
performance during the rehabilitation process. Functional activities can be measured with
optical tracking systems (e.g. Qualisis) or movement-sensor systems (e.g. Xsens) Figure
1.2. Optical tracking systems remain restricted to motion capture laboratories and cannot
be used in daily life. Sensor-based technologies allow for the continuous monitoring of
performance during daily life and can guide the rehabilitation process.23

A

B
Figure 1.2: A) Optical tracking system – Qualisys; B) Movement-sensor system – Xsens.
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Sensor-based systems (Table 1.1) can help measure physical properties of performance.24-26
However, it is unknown how patients’ performance, objectively measured by sensor-based
systems during daily life, match and complement standard clinical assessments. Stroke
rehabilitation interventions intend to improve patients’ performance in daily life, but this
has never been objectively evaluated. In addition, sensor-based systems can assess patients’
performance not only during daily life, but also during therapies, and the therapy can
subsequently be adapted based on patients’ performances during interventions.27
Table 1.1: Definitions
Term

Definition

Sensor-based systems

Movement sensor technology to monitor or control movements or
objects in an environment

Performance

Activities that are performed in daily life without the encouragement
of a therapist; knowledge about what people do in daily life

Capacity

Activities that are performed during a predefined task with the
encouragement of an assessor to achieve the best possible task
performance; the maximum potential of what a person can do

Self-directed therapy

Therapy where patients perform activities by themselves

Inertial measurement unit (IMU)

An electronic device that measures and reports the acceleration,
angular rate, and environmental magnetic field, while being placed
on an object

Neurorehabilitation stroke intervention
Neurorehabilitation is effective in increasing stroke patients’ independence in ADLs.14 Key
aspects of effective stroke rehabilitation are intensity, specificity, feedback, and enrichment.14,28
It has been shown already that intensity correlates positively with functional outcomes,14,28
implying that post-stroke therapy should be highly intensive.28 High intensity therapy is
easily organized in the first weeks after a stroke in clinical rehabilitation settings. After
discharge from the rehabilitation clinic, training at patients’ homes and therapy during
ADLs are important to prevent functions from deteriorating.29,30 However, the delivery of
such intensive home therapy in a traditional one-to-one setting requires extensive therapist
support, which in practice is not often feasible to implement due to high costs, logistics,
and limited human resources. However, traditional, self-reliant home therapy without
therapist supervision often suffers from low compliance and patients’ lack of motivation
to complete the instructed rehabilitative training at the recommended frequency.31 To
increase rehabilitation intensity, rehabilitation technologies are increasingly important,
especially with the use of robotics and virtual reality.32,33 Nevertheless, this type of training
13
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is most often performed in rehabilitation clinics. In recent years, the development of
monitoring and intervention technologies has created low-cost tools, such as movementsensors and cameras, to control virtual reality gaming platforms for stroke rehabilitation
in patients’ homes. Commercial, sensor-based home intervention systems (e.g. Wii (2006,
Nintendo Co., Japan), Kinect (Microsoft Inc., USA)) were developed to encourage users
to be more physically active. These systems include structured exercise for the upper
and lower extremities. Such entertainment systems have been tested with the elderly
and with stroke patients, producing results similar to conventional therapy.34,35 However,
these systems were not designed for patients with neurological disorders, and they do not
provide training in tasks that are clinically meaningful to reduce impairments. To deliver
specific interventions after discharge from rehabilitation clinics and to enrich the home
environment of stroke patients, it is important that sensor-based home interventions are
motivating, tailored to patients’ impairments, and monitoring the task performed in order
to reduce the occurrence of adverse events.
Improvement in learned tasks does not transfer to other trained tasks or activities, such
as ADLs.33 Therefore, an additional factor of intervention that is important is context
specificity. Training is almost always performed in the clinic, and to date, beneficial
effects have been shown with capacity measures. However, it is unknown how this
training translates to daily life. A combination of sensor-based technology and tailored,
patient-specific feedback during daily life might increase patients’ abilities to reduce their
disabilities.
Specificity alone is not enough for stroke rehabilitation. Reward and feedback during
rehabilitation have also been shown to increase the effectiveness of learning new motor
tasks.36-39 Therefore, the feedback provided should be tailored to individual needs with
the goal to increase motivation for, compliance with, and effectiveness of an intervention.
Various forms of feedback, like visual, tactile, proprioceptive, or auditory response, during
training are known to support the stroke rehabilitation process.40

Thesis projectS
Most sensor-based systems have been developed to monitor and/or encourage physical
activity in the general population. They were not designed for use in stroke rehabilitation.
While some of these systems have been tested with stroke patients during inpatient reha
bilitation, only a few have been used in patients’ homes to monitor and/or treat disabilities
remaining after discharge. However in recent years, sensor-based systems have been
developed in different projects to specifically monitor and treat stroke patients’ disabilities.
14
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This thesis focuses on the use of these sensor-systems that were specifically developed to
monitor and treat stroke patients.
The research in this Ph.D. thesis was performed in the framework of several projects:
In the research project ‘INTERACTION,’ a wearable sensor system was developed to
monitor stroke patients’ quality of movement during performance. This project was funded
by the European Union under the 7th Framework Program. International partners were from
the Netherlands with the Biomedical Signals and Systems group of the University Twente,
Roessingh Research and Development, and Xsens Technologies B.V.; from Switzerland
with the University Zurich; and from Italy with Smartex S.r.l. and the University of Pisa.
In addition to the monitoring system, a new feedback system, the ‘Arm Usage Coach’, was
designed to motivate stroke patients to use their affected arm more often during daily life
performance.
The idea of the Arm Usage Coach was further developed in Swiss national project ‘ISEAR’
to investigate the effect of rewards on arm use in daily life. The partners involved were the
University Hospital Zurich, Rehabilitation Engineering Laboratory of the Swiss Federal
Institute of Technology in Zurich, Zurich University of the Arts, FHNW University of
Applied Sciences and Arts Northwestern Switzerland, and industrial partner yband therapy
AG collaborate.
Furthermore, in Swiss national project, ‘ArmeoSenso’, a sensor-based system was developed
for unsupervised, sensor-based home therapy for upper extremities. The ArmeoSenso was
a collaborative project with the University Hospital Zurich, the Rehabilitation Engineering
Laboratory of the Swiss Federal Institute of Technology in Zurich, the Balgrist University
Hospital, and industrial partner, Hocoma. To further investigate the impact of rewards
on stroke rehabilitation intervention, the ArmeoSenso-Reward system was developed.
In European project ‘REWIRE’ under the 7th Framework Program, a home rehabilitation
system was developed to train balance and gait in patients after a stroke. The project
partners were the Università degli Studi di Milano; the Ecole Polytechnique Fédérale de
Lausanne; the Chancellor, Masters, and Scholars of the University of Oxford; the Università
degli Studi di Padova; the Swiss Federal Institute of Technology in Zurich; Ab.Acus Srl;
IAVANTE; Fundación Pública Andaluza para el Avance Tecnológico y el Entrenamiento
Profesional. Consejería de Salud de Andalucía; Technogym SpA (TECHNO); Fundació
Privada Barcelona Digital Centre Tecnològic; the University Hospital Zurich; and the Jožef
Stefan Institute Andalusia Health Service-Virgen del Rocío-University Hospital.
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Thesis objectives
The objectives of this thesis are outlined below:
1. To evaluate a sensor-based system that can quantify upper limb activities of stroke
patients during the rehabilitation process, in the rehabilitation clinic, and in the home
environment.
2. To evaluate the usability and efficacy of sensor-based systems with feedback modalities
for stroke rehabilitation interventions.
a. Evaluate how sensor-based systems can be used in daily life to treat stroke patients’
disabilities.
b. Evaluate how the provision of rewards by sensor-based systems can influence
rehabilitation outcomes in stroke patients?
c. Evaluate how sensor-based systems can be used in patients’ home environments
without therapists’ supervision?
Chapter 2, addressing objective 1, longitudinally to explore the parallels between poststroke, upper limb capacity measured with standard clinical assessments and daily-life
performance using IMUs (Table 1.1) during the transition from inpatient rehabilitation
to home. These data could be valuable in planning and monitoring rehabilitation therapy
when patients are in their home environment.
In Chapter 3 (objective 2a), the usability and acceptance of a vibrotactile feedback system
for stroke patients during simulated ADLs are investigated. The Arm Usage Coach aims
to train stroke patients in ADLs by monitoring their performance and giving real-time
feedback. Based on the results in this chapter, I determine in Chapter 4 (objective 2c) the
effects of wearing a wrist-worn, commercially available tracking device. This device provides
multimodal feedback on the amount of upper limb use in daily life. The intervention is
currently investigated in a randomized controlled trial (RCT), for hemiparetic subjects three
months after a stroke. The intervention compares to a control group receiving an identical,
sham wrist-device providing no feedback (sham). In Chapter 5 (objective 2b), I investigate
the feasibility, safety, and first effects of self-directed home therapy (Table 1.1) using a sensorbased, virtual therapy system (ArmeoSenso). Furthermore, Chapter 6 (objective 2b) presents
a protocol that describes an RCT to investigate the effect of enhanced feedback and rewards
on upper limb outcome measures after a stroke. In addition to upper-extremity stroke
rehabilitation, the usage (acceptance and compliance) and safety of the home autonomous
therapy system (objective 2a) for balance and gait is investigated in Chapter 7. Finally,
Chapter 8 presents the conclusion and discussion as well as future outlook, reflecting the
main and sub-goals of this thesis and the work that has been completed.
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Chapter 2

Abstract
Background Upper limb impairments in stroke patients are usually measured in

clinical setting using standard clinical assessment. In addition, kinematic analysis
using opto-electronic systems has been used in the laboratory setting to map arm
recovery. Such kinematic measurements cannot capture the actual function of the
upper extremity in daily life. The aim of this study is to longitudinally explore the
complementarity of post-stroke upper limb recovery measured by standard clinical
assessments and daily-life recorded kinematics.
Methods The study was designed as an observational, single-group study to evaluate

rehabilitation progress in a clinical and home environment, with a full-body sensor
system in stroke patients. Kinematic data were recorded with a full-body motion
capture suit during clinical assessment and self-directed activities of daily living.
The measurements were performed at three time points for three hours: (1) two
weeks before discharge of the rehabilitation clinic, (2) right after discharge, and (3)
four weeks after discharge. The kinematic analysis of reaching movements uses the
position and orientation of each body segment to derive the joint angles. Newly
developed metrics for classifying activity and quality of upper extremity movement
were applied.
Results The data of four stroke patients (three mildly impaired, one sever impaired)

were included in this study. The arm motor function assessment improved during the
inpatient rehabilitation, but declined in the first four weeks after discharge. A change
in the data (kinematics and new metrics) from the daily-life recording was seen in
in all patients. Despite this worsening patients increased the number of reaches they
performed during daily-life in their home environment.
Conclusions It is feasible to measure arm kinematics using Inertial Measurement Unit
sensors during daily-life in stroke patients at the different stages of rehabilitation.
Our results from the daily-life recordings complemented the data from the clinical
assessments and illustrate the potential to identify stroke patient characteristics,
based on kinematics, reaching counts, and work area.
Trial registration https://clinicaltrials.gov, identifier: NCT02118363.
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Kinematic measurements of stroke patients

Introduction
Stroke is the third most common cause of disability worldwide.1 After stroke, approximately
50% of all patients have long-term impairments of upper limb motor function.2 These
impairments and activities are usually measured in the laboratory with standard clinical
assessments such as the Fugl-Meyer Assessment – Upper Extremity subscale (FMA-UE)3
and Action Research Arm Test (ARAT).4 In the past decade, kinematic analysis of the upper extremity using opto-electronic systems in a clinical setting,5-9 has been applied as well
to evaluate upper limb motor recovery after stroke.10 However, these clinical assessments
reflect the patients’ best abilities as they are encouraged by an assessor. This test situation
does not reflect daily-life upper limb use.11
In stroke clinical trials, acceleration sensors have been used to measure the patient armactivities in real world.12 Although accelerometer sensors can be used to measure move
ments in the sagittal plane,13 they cannot provide information regarding three-dimensional
(3D) movements of the upper limb. To measure movement quality kinematic metrics from
optical motion capture systems quantify the patients’ motor abilities on a body function
level but remain restricted to a motion capture laboratory and cannot be used in daily life.
New technologies such as wearable inertial measurement units (IMUs) make it possible to
quantify upper limb motor function in daily-life.14-16 IMUs are able to measure movement
kinematics without being restricted to certain location.17 The application of IMUs in a
laboratory setting, has been compared with standard clinical assessments and showed
a good correlation to clinical assessments (e.g., FMA-UE) and short simulated daily-life
tasks.16 This study indicated that achievements during rehabilitation are incompletely
implemented in daily-life.18
New technologies, with the possibility to continuously perform daily-life monitoring of
functional activities in real life, can monitor response to a new therapy, guide recovery,19
and may be valuable tools to measure outcomes in clinical trials. For patients who need
continuing training after inpatient rehabilitation, it is important to monitor progress and
deterioration.
So far it was not possible to study upper limb motor recovery during daily-life in terms of
kinematics at different stages after inpatient stroke rehabilitation. The development of new
sensor technology made it possible to detect movement kinematics in stroke patients.18
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Aim of the study
The aim is to longitudinally explore the complementary between post-stroke upper limb
recovery measured with standard clinical assessments and daily-life kinematic recordings
using IMUs during the transition from inpatient rehabilitation to home. These data could
be valuable in planning and monitoring outpatient rehabilitation therapy.20,21

Methods and Materials
Study design
The study was designed as an observational, single-group study to evaluate rehabilitation
progress (over six weeks) in a clinical and home environment, with a full-body IMU system
in stroke patients (Figure 2.1). Stroke subjects with a first-ever ischemic stroke were admitted
to cereneo – Center for Neurology and Rehabilitation, Vitznau, Switzerland. Inclusion criteria
were (I) age between 35 and 80 years of age, (II) a hemiparesis as a result of a single unilateral
stroke, (III) able to lift their effected arm against gravity and (IV) to walk 10 meters without
supervision. Exclusion criteria were the inability to understand questionnaires and inability to
perform given instructions. Patients were recruited between January 2014 and January 2015.
Timeline

Visit

Location

Measurement

2 weeks
before
discharge

1

Rehabilitation clinic

Standard clinical assessment*

2

Rehabilitation clinic

sADL#

Right after
discharge

3

Rehabilitation clinic

Standard clinical assessment*

4

Home environment

sADL#

5

Rehabilitation clinic

Standard clinical assessment*

6

Home environment

sADL#

4 weeks
after
discharge

Figure 2.1: Overview of visits and assessments.
ARAT, Action Research Arm Test; FMA-UE, Fugl-Meyer Assessment – Upper Extremity; sADL, self-directed
Activities of Daily Living.
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The study was approved by the Cantonal Ethics Committee Northwest and Central
Switzerland (EKNZ 13101). All subjects gave written informed consent in accordance
with the declaration of Helsinki.

Measurement system
Kinematic data were recorded with a Xsens full-body motion capture suit. Each IMU con
sists of a 3D accelerometer, a 3D magnetometer and a 3D gyroscope (Xsens Technologies,
Enschede, Netherlands). To measure full-body kinematics, 14 IMUs were positioned by
a therapist on the following body segments: on the instep of both feet, lower legs (medial
of the tuberosity tibia), upper legs (middle part of the upper leg, on the Iliotibial tract),
lower arms (3 cm distal of the wrist), upper arms (15 cm distal from the acromion), both
shoulders (spine of the scapula), sternum, and the sacrum.22 Data of all sensors were
captured in Xsens MVN Studio software to estimate full-body 3D kinematics, e.g., each
body segment orientation, relative segment position and joint angles,23 with a sampling rate
of 20 Hz. This frequency was found to be adequate for the developed daily-life movement
metrics as internal sensor data were captured at a higher frequency.18,22
Data were transferred wirelessly to a base station (Awinda Station, Xsens, the Netherlands),
and connected to a laptop via USB. The base station allowed a maximal range of 10 m
to the stroke patients. A trained research therapist monitored the system for sensor loss
or system failure. To ensure good sensor quality data, the calibration procedure was
performed during the measurement, if the patient changed floor level or when changes in
the movement reconstructions where found indicated a sensor drift. The therapist never
encouraged the patient to perform any activity. If the patient was out of range a therapist
took the laptop and the base station after to the patient.

Measurements
The measurements with the full-body IMU system have been performed during the standard
clinical assessment and during of self-directed Activities of Daily Living (sADL). Clinical
assessments included arm motor function assessment using the FMA-UE3 and the ARAT4
to assess the patients’ arm activities. In addition, the Test of Attentional Performance was
included, to test the existence of a neglect.24 The assessments were performed in the clinic
by a trained therapist. The sADLs were performed in the patient leisure time (clinic) and
in house without any instructions. sADL data at each time point were collected for 3 hours.
Measuring stroke patients’ sADL that could not be possible to performed while wearing
the full-body IMU system (dressing, go to the restroom, showering) were excluded from
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the daily-life measurements. Data were continuously recorded during sADL. To ensure
manageable file sizes, data were saved every 10–15 minutes, after which recordings were
continued without influencing the patient daily-life activities.
Measurements were performed at three time points for 3 hours (Figure 2.1: (1) 2 weeks
before discharge of the rehabilitation clinic, (2) right after discharge, an (3) 4 weeks after
discharge.

Sensor data
The Xsens MVN studio software (MVN Studio, Xsens, the Netherlands) was used for data
capturing. Each body segment position and orientation was estimated using a Kalman filter
(Xsens Kalman Filter, XKF) included in the software to generate a 3D reconstruction.17
Measurement reports, including new metrics for stroke patient evaluation, were generated
in an offline environment using MATLAB® (The MathWorks Inc., Natick, MA, USA). The
measurement reports use the position and orientation of each body segment to derive the
joint angles. The accuracy was approximately 5 mm for position and 3° for orientation
measurements of the system for each body segment.25
Previously developed metrics for classifying activities and assessing the quality of lower and
upper extremity movements were applied.18 Classification of the activities included posture
detection (sitting or standing), walking detection, arm movements, and reaching detection
of the affected and non-affected arm. To present large amount of aggregated sADL data
in a consistent way, descriptive statistics, including average joint range of motion (RoM)
(from min to max) during a reaching movement and SDs was used.18
For the upper extremities (affected and non-affected arm), the elbow and shoulder RoM,
the hand position relative to the pelvis in the transversal plane, the maximum reaching
distance and the reaching counts were calculated. Reaching counts were based on a hand
displacement of more than 10 cm away from the preferred hand position (the average
hand position relative to the pelvis).18 Based on this metric, the ratio of reaching counts
between non-impaired and the impaired side was calculated. The reaching distance was
estimated by evaluating consecutive positions of each hand expressed in the pelvis and
the sternum coordinate system.15 Based on these data, the distribution of the patient’s
hand position in the horizontal plane was visualized. The usability of these metrics for
the objective evaluation of motor performance stroke patients were found to be adequate,
while a combination of metrics provided better insight in the patient sADL performance.26
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Results
Subjects baseline characteristics
Eight stroke patients (48–55 years of age) were included in this study. They had an inpatient
rehabilitation stay of at least 1 month. There was a full longitudinal data set available for
four of eight patients (Table 2.1). Due to technical problems related to sensor data loss
and sensor drift, the other patients could not be included in the analysis.

Table 2.1: Baseline characteristics of four stroke patients
P1

P2

P3

P4

Time post stroke (months)

12

1

4

4

Affected side

Left

Left

Right

Right

Dominant side

Right

Right

Right

Right

Neglect test (TAP#)

None

7 left

None

None

FMA-UE (total)
FMA-UE (proximal)
FMA-UE (hand/wrist)
FMA-UE (coordination)

57
30
23
4

55
31
20
4

57
31
21
5

7
7
0
0

ARAT§ (total)
ARAT (grasp)
ARAT (grip)
ARAT (pinch)
ARAT (gross movement)

57
18
12
18
9

52
18
11
14
9

57
18
12
18
9

3
3
0
0
0

†

Test of Attentional Performance – Subtest Visual Field (Absence on one side).
Fugl-Meyer Assessment - Upper Extremity (0–66 points).
§
Action Research Arm Test (0–57 points).
#

†

Standard clinical assessments
Three patients (P1, P2, and P3) had mild motor upper limb impairments (FMA-UE ≥ 53/66
points) and one (P4) had severe motor impairment of the upper extremity (7/66 points). The
arm motor function assessment (FMA-UE) improved seven points in the three patients (P1,
P2, P3) with a high FMA-UE from baseline to right after discharge, but declined 4 weeks
after discharge (Figure 2.2A). In the ARAT two patients (P3 and P4) improved slightly
in arm activities (Figure 2.2B). One patient was diagnosed with a neglect (P2) patient,
which improved over time from 7 to 4 omissions in the Test of Attentional Performance.
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Figure 2.2: Change in clincial assessment at the three diffrent time points.
A) Fugl-Meyer Assessment – Upper Extremity (FMA-UE) – maximum 66 points. B) Action Research Arm Test
(ARAT) – maximum 57 points.

Continuous measurement of self-directed activities of daily living
Table 2.2 shows the kinematic parameters collected during reaching movements: elbow
flexion, shoulder abduction, and shoulder flexion (mean ± SD over all reaching move
ments). The patient with the most severe motor impairments (P4) had low shoulder
abduction angles at all time points and after discharge high values of elbow flexion. P2
showed improvements in all kinematic data and kept them at least partially (even further
improved in shoulder flexion). The kinematic data for the other patients (P1, P3) did not
show relevant over the course of rehabilitation. A change in the new metrics (reaching
counts, reaching area, workspace) was seen in all subjects. Reaching counts on the impaired
side from average 63 reaches (in the clinic) to 202 reaches after discharge (Figure 2.3C).
Also the ratio of the reaching counts between the non-impaired and the impaired side
increases 26.8% (Figure 2.3A). Mildly affected stroke patients (P1, P2, P3) increased the
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A

Figure 2.3: Self-directed Activities of Daily Living.
A) Ratio of reaching counts between non-impaired and the impaired side. B) Reaching area of the impaired
side in the different stages of the rehabilitation. C) Reaching counts of the affected side for all patients
during self-directed ADL, measured over time 3 hours.
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Shoulder flexion (deg)

14.3
21.3
18.1

4 weeks after discharge

12.80

4 weeks after discharge

2 weeks before discharge

11.60

Right after discharge

Right after discharge

11.40

29.20

4 weeks after discharge

2 weeks before discharge

25.20

Right after discharge

Shoulder abduction (deg)

26.70

2 weeks before discharge

Elbow flexion (deg)

Average

Time point

Parameter

P1

16

19

14

11

9.60

7.10

35.00

22.00

25.00

SD

122

65.9

23.4

10.1

11.1

6.25

14.7

19.1

10.3

Average

P2

160

130

73

11

10

7.6

14

18

14

SD

83

100

39

12

12

10

19.1

19.7

17.3

Average

P3

140

150

88

12

13

9

22

21

14

SD

4.4

5.1

81

4.3

5.8

36

5.4

3.7

160

25

21.8

140

64

42.9

93

19

20.4

89

SD

Average

P4

Table 2.2: Kinematic data during a reaching movements (Average joint Range of Motion and SD) of the effected side, for all patients (P1, P2, P3 and P4) during selfdirected ADL, measured over time 3 hours
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reaching area, measured during self-directed daily activities after discharge (Figures 2.3B
and 2.4; Figures S2.1–S2.3 in Supplementary Material). Furthermore, P3 (right affected/
right handed) could persist the trend of increasing the reaching area (0.17 m2) and reaching
counts (37.3%). This is in contrast to P2 (right handed/left affected), who slightly decrease

Right after
discharge

X‐position (m)

4 weeks after
discharge

X‐position (m)

2 weeks before
discharge

Left hand position

Right hand position
(Impaired/Dominant)

Y‐position (m)

Y‐position (m)

X‐position (m)

Timeline

Figure 2.4: Example, of the distribution of the hand position relative to the pelvis in the horizontal plane
(colours indicate the total time during the selected time slot at which the hand is in a certain position,
where a darker colour reflects a longer time) of P2 at the three different stages in the rehabilitation process
during self-directed Activities of Daily Living. The encircled trajectory (left hand = green, right hand = red)
determines the reaching area of the patient.
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his workspace after discharge (0.03 m2) and showed a slow increased in the reaching counts
(12%) 4 weeks after discharge. Additionally, it appears that P2 crosses the midline less with
the right non-impaired hand as, compared with the impaired hand. The impaired hand is
neglecting the non-impaired side (Figure 2.4).

2

Discussion
These results demonstrate the feasibility of the method to measure upper limb kinematics,
with an IMU-based motion capture system at different stages of stroke rehabilitation
and during sADL and the concordance to standard clinical assessment. Although this
study did not aim to compare the clinical data with the kinematic measurements, we
observed a difference between the clinical assessments and the sADL measures, not only
in a cross-sectional manner but also over time. The proposed metrics (reaching count,
area, workspace) provide additional information as it shows an evolution, while standard
clinical assessments remained stable over time after discharge. This present explorative
study shows that patients with high arm function (FMA-UE) can change clinically relevant
in rehabilitation.27 The data from the sADL measurements including the metrics from
the sensors and the standard clinical test made it possible to characterize patients during
daily-life (participation level).20,21 An understanding of the discrepancy between the clinical
assessments, where the patient is encouraged by the therapist, and the patients’ performance
at home would help to develop tailored, innovative rehabilitation interventions, which
target engagement of upper limb use in daily life. According to the current literature, this
is the first study that analyzed kinematic data measured outside the clinic environment at
different stages of stroke rehabilitation. While performing daily-life activities a change in
arm kinematics after in-patient rehabilitation could be observed.
For the mildly impaired subjects, this was observable in the metrics reaching area, reaching
counts, and ratio of reaching counts (Figure 2.3), but not in the shoulder and elbow angle
ranges (Table 2.2). In the severely impaired patient, no change in the shoulder abduction
angles and no change in the working area were found. This could be caused by the weakness
of elbow extensors under higher shoulder load (abduction angles), which also contribute
to reductions in work area.28
Previous studies using accelerometer data to calculate the ratio of impaired and nonimpaired upper limb use reported a less-symmetric and less-intense real-world bilateral
upper limb activity compared with healthy subjects.29-31 Our findings are supplemented
by the low amount of reaching counts on the impaired side and the difference in hand
position, found in our current study that indicate a reduction of real-world upper limb
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use even in mildly effected stroke patients. Also, the differences between people living in
the community and inpatient rehabilitation have not been reported in previous studies.29
Furthermore, the increase in reaching counts ratio between the impaired and non-impaired
arm after rehabilitation in all patients would also suggest that patients have to be motivated
to use their hands more in the leisure time during the inpatient stay.
When looking at the single arm use (Figure 2.4), the new developed metric (work area)
offers the possibility to assess and plan interventions for motor neglect. These results
supports the findings from Ogourtsova et al.32 that neglect contribute to deficits observed
in action execution of the non-affected limb.

Limitation
To measure stroke patients, sADLs are challenging but promising. The main limitation of
this feasibility study is the low number of stroke patients included. From eight post-stroke
patients who where equipped with the full-body motion capture system, data from only
four patients were suitable for analysis. The data from the four excluded patients were not
usable due to sensor orientation (sensor drift and sensor placement) and transmitting
problems from sensors to the receiving device. The importance of the sensor calibration
procedures, the influence of the environmental factors (e.g., change in floor levels, electronic
devices in home), the duration of measurements, and the complexity of activities of the
patients affected the measurements.33 This could be solved with more robust sensing and
communication systems in the future. It is unclear what patients did during the 3 hours
of sADL, as tasks could highly influence upper limb kinematics.
A combination of sensors and a more extensive activity monitoring system including a
markerless camera system could increase the knowledge about the patient performance.34
Also the obtrusive measurement setup (14 sensors) makes it less suitable for long-term
measurements, without technical support in stroke subjects. Furthermore, the presence of
the therapist could influence the patient performance during the measurement. A reduced
sensor set would improve the problem of obtrusiveness.13,35
Moreover, a group analysis was not possible because of data loss of four subjects and the
heterogeneity of the stroke population.
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Conclusions
This study showed the feasibility of measuring kinematics in stroke patients at the different
stages of rehabilitation. Our results illustrate that certain metrics derived from kinematic
data are likely more sensitive to changes as compared with clinical assessments. Measuring
with a full-body IMU system allows a quantification of movement quality outside a
laboratory environment. Future studies are needed to optimize the technology, better
characterize the metrics derived from IMUs, and include more post-stroke patients to
profile the rehabilitation process.
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Supplementary Figure S2.1: The distribution of the hand position relative to the pelvis (colours indicate
the total time during the selected time slot at which the hand is in a certain position: dark red = mostfrequent position, blue = least-frequent position) of P1 at the three different stages in the rehabilitation
process during self-directed Activities of Daily Living.
The encircled trajectory (left hand = green, right hand = red) determine the reaching area of the patient.
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Supplementary Figure S2.2: The distribution of the hand position relative to the pelvis (colours indicate
the total time during the selected time slot at which the hand is in a certain position: dark red = mostfrequent position, blue = least-frequent position) of P3 at the three different stages in the rehabilitation
process during self-directed Activities of Daily Living.
The encircled trajectory (left hand = green, right hand = red) determine the reaching area of the patient.
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Right hand position
(Impaired/Dominant)

Y‐position (m)

Y‐position (m)

X‐position (m)

Timeline

Supplementary Figure S2.3: The distribution of the hand position relative to the pelvis (colours indicate
the total time during the selected time slot at which the hand is in a certain position: dark red = mostfrequent position, blue = least-frequent position) of P4 at the three different stages in the rehabilitation
process during self-directed Activities of Daily Living.
The encircled trajectory (left hand = green, right hand = red) determine the reaching area of the patient.
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Abstract
Background To increase the functional capabilities of stroke subjects during

activities of daily living, patients receive rehabilitative training to recover adequate
motor control. With the goal to motivate self-training by use of the arm in daily
life tasks, a sensor system (Arm Usage Coach, AUC) was developed that provides
VibroTactile (VT) feedback if the patient does not move the affected arm above a
certain threshold level. The objective of this study is to investigate the usability of
this system in stroke subjects.
Method The study was designed as a usability and user acceptance study of feedback

modalities. Stroke subjects with mild to moderate arm impairments were enrolled.
The subjects wore two AUC devices one on each wrist. VT feedback was given by
the device on the affected arm. A semi-structured interview was performed before
and after a measurement session with the AUC. In addition, the System Usability
Scale (SUS) questionnaire was given.
Results Ten ischemic chronic stroke patients (39 ± 38 months after stroke) were

recruited. Four out of ten subjects have worn the VT feedback on their dominant,
affected arm. In the pre-measurement interview, eight participants indicated a
preference for acoustic or visual over VT feedback. In the post evaluation interview,
nine of ten participants preferred VT over visual and acoustic feedback. On
average, the AUC gave VT feedback six times during the measurement session. All
participants, with the exception of one, used their dominant arm more than the
non-dominant. For the SUS, eight participants responded above 80, one between
70 and 80%, and one participant responded below 50%.
Discussion More patients accepted and valued VT feedback after the test period,

hence VT is a feasible feedback modality. The AUC can be used as a telerehabilitation
device to train and maintain upper extremity use in daily-life tasks.
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Introduction
To gain independence and increase the quality of life, inpatient neurorehabilitation is
usually necessary for hemiparetic stroke subjects.1 The functional capabilities of these
patients are assessed using standardized tests, which are intended to predict functional
performance after discharge. However, the power of this prediction is poor.2 Therefore,
daily-life monitoring of movement quality and quantity would help in guidance of
therapy. We previously developed a monitoring solution using a full body inertial sensor
suit,3,4 with resulting metrics capable of objectifying the quality of movement of stroke
subjects. Monitoring in poststroke patients demonstrated that while patients are capable
of performing movements during the clinical assessments, they often do not use their
affected arm in daily life.5 These results suggest that capability and arm training does not
automatically translate into usage of the affected arm. An unobtrusive coaching system
for arm usage during daily life might be able to motivate arm movement in these patients.
In addition to the INTERACTION project, a reduced sensor system was developed with the
objective to coach and motivate stroke subjects in remembering to use their affected arm
during daily life activities. This Arm Usage Coach (AUC) includes two inertial sensors and
one VibroTactile (VT) device. The objective here is to investigate if VT feedback is accepted
and the usability of the AUC in stroke subjects during simulated daily life activities. The
development of the first prototype and the evaluation with healthy subjects is described
in Klaassen et al.6 This paper is a usability study of the first prototype with stroke patients.

Methods and Materials
Study overview
This study was designed as a usability study, conducted at the University Hospital Zurich,
to investigate the usability and the acceptance of the AUC. Stroke subjects with mild to
moderate arm impairments were enrolled. A semi-structured interview was performed
at enrollment, including a questionnaire, to assess the preference of different types of
feedback modalities, e.g., VT, visual, and acoustic feedback among stroke subjects. Then, a
measurement session was performed using the AUC to let subjects experience VT feedback,
responsive to their arm activity and the overall usage of the device. Afterward another
semi-structured interview was done, and the System Usability Scale (SUS)7 questionnaire
was applied to evaluate the system’s usability. An overview is shown in Figure 3.1.
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Screening and
enrolment

Study
preparation

Interview 1

Measurement
with the AUC

Interview 2

Figure 3.1: Flowchart of the study.

Participant selection
Stroke subjects (above 18 years old) with a unilateral ischemic or hemorrhagic stroke and
residual hemiparesis after completion of inpatient rehabilitation were enrolled between
March and April 2016. Stroke subjects were required to have a mild to moderate arm
impairment with a Fugl-Meyer Assessment – Upper Extremity (FMA-UE, score range
0–66) score higher than 22.8 Additional exclusion criteria were as follows: if the participant
has: (1) a major untreated depression, (2) a major cognitive or communication deficits, (3)
a major comprehension or memory deficits, (4) major medical comorbidity, (5) severely
impaired sensation, (6) sever neglect, and (7) suffering from comprehensive aphasia.
Furthermore, the aim for this usability study is to include 10 participants.

Preparation of the study
The participants gave written informed consent in accordance with the declaration of
Helsinki. The Cantonal ethics in Zurich gave approval in using the VT feedback system
(nr. 06-2016). Demographic data of the participant (including age, gender, stroke event,
work status, technical background, left or right handed, affected side, and arm dimensions)
were documented. Furthermore, vibration sense on the affected arm was assessed using
the Revised Nottingham sensory assessment (on the wrist).9

Preinterview
A semi-structured interview was performed with each participant before the measurement
intervention. The questions, with multiple answering options, are listed in Table 3.1.

Arm Usage Coach overview
The AUC is composed of two inertial sensors (Xsens B.V.1) (each weights 27 g), an Elitac
(Elitac B.V.2) VT actuator (weighting 200 g), and a laptop.4 Both sensors are wirelessly
connected via an Xsens dongle, utilizing the Awinda protocol, and the Elitac system via
Bluetooth. The inertial sensors are worn on each wrist of the participant. The Elitac VT
actuator is placed, with Velcro on the affected arm of the participant (Figure 3.2). The
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Table 3.1: Questions during pre-interview
#

Question

Answering options

1

Do you use a self-tracking device?

Yes/No. If yes, what type? Smartphone, wrist
band, walking tracker, sleeping mat, other….

2

Do you have any experience with getting
feedback?

Yes/No. If yes, by whom? Therapist, doctor,
relatives, friends, other…)

3

Do you get therapy for the upper extremities?

Yes/No

4

What kind of feedback do you prefer?

Visual, acoustic, vibrotactile, none

5

When should the feedback be applied?

Every 15 min, per hour, every second hour,
if the arm is not moving, one time per day,
none…

6

Should the information about the feedback be
send to the clinician?

3

Yes/No

Figure 3.2: Right impaired stroke subject with Arm Usage Coach prototype. 1) Inertial sensors; 2) Elitac VT
actuator.

45

Chapter 3

laptop is operating a software program for providing feedback, including analysis of the
sensor data, a decision feature, and feedback.
A mandatory starting pose is required from the participant, which is used as a reference
pose to compute arm activity by using a metric called the difference acceleration vector
(DAV).4 The length of the DAV d(t) is calculated by subtracting a reference gravitational
acceleration vector g(t), obtained from the sensor data captured during the reference pose,
from the current acceleration vector a(t) of the sensor during daily life movements, and
taking the norm of the resulting vector.
�
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Finally, the mean DAV is calculated over a 1-s time period of measurement data. The
final decision of determining whether a certain mean DAV can be seen as arm movement
activity is based on more complex algorithms, as explained in Klaassen et al., 2016.4 These
decision-making algorithms can be personalized by the following two input parameters
of the software, namely, (1) threshold of arm activities (between 0 and 9) and (2) the ratio
between the affected and non-affected arm usage (0 - 1, where 1 means the affected side
should be used in the same amount as the non-affected side). The outcome parameters
of the algorithms are amount of arm usage (when exceeding the threshold mentioned
above, for the left and right arm as percentage of combined arm usage) and the amount
of feedback provided over time. A default set of input parameters is used for the software
for each participant (threshold = 8 m/s2 and ratio = 1). The VT feedback is given at 158.3
± 2.4 Hz and is given for only 489 ms (300 ms duration, and 189 spin-up and down time
of the vibration motor to reach the vibration intensity).

Measurement protocol
At the start of the measurement, participants were asked to don the wristbands, which
include inertial sensor holders, then click the sensors into the holder and finally mount
the VT actuator on the Velcro-wristband on the affected side. Then, the participants were
instructed to stand in a comfortable neutral position. This will be the reference position
in which arm activity is detected.4
Next, a selection of tasks, listed in Table 3.2, is performed by the participant twice in a
specific measurement area. This measurement area consists of one room (18 m2) including
a table and a chair, with a door leading to a 15 m long hallway. This set of tasks is performed
twice, one time where the VT feedback device is OFF and a second time where the device
is turned ON for later comparison.
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Table 3.2: Activity protocol
#

Tasks

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Sit in a chair behind a table in the ARAT test room
Stand up and walk to the door
Open the door, walk through it to the hallway and close it again
Walk 15 meters in the hallway.
Turn around
Walk 15 meters
Open the door, walk through it to the ARAT test room and close it again
Walk to the table
Move objects from A to B according to the ARAT assessment test in standing
Take a seat in a chair

3

Task 1, 2, 3, 7, 8 and 10 are based on the protocol presented by van Meulen et al., 2015.10
The tasks were specifically designed for measuring stroke subjects performing simulated
activities of daily living. Participants were instructed to stand up from the chair, walk to a
door, open the door, walk through the door and close the door. Then, the participants were
instructed to walk in the hallway for 15 m, turn around and walk 15 m back to the door,
open, walk through the door, close the door and walk to a table. On this table (height 75
cm), four blocks (10, 2.5, 5, 7.5 cm3), a cricket ball, a sharpening stone, a drinking glass,
and a marble were placed. Participants were asked to grasp each object and place them on
a shelf. This combined set is part of the ARAT11 assessment while standing. After all, items
were placed on the shelf, and the participants were instructed to sit down in a chair. After
the measurement, arm usage and the amount of feedback that is given were presented in
a visual graph on a computer screen, as shown in Figure 3.3.

A

Percentage of time of arm usage

B

VT feedback given to subject

1
83

17

left

right

0

Figure 3.3: Example of arm usage and VibroTactile (VT) feedback results. A) Percentage of time of arm
usage and B) VT feedback over time.
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Postinterview
A semi-structured interview was done after the measurements. Two questionnaires were
presented to the participants: (1) a custom-made questionnaire as listed in Table 3.3 and
(2) the SUS.7 The SUS is a well-established 10-item scale, designed to evaluate usability
(effectiveness, efficiency, and satisfaction) of technical devices. Questions were scored on a
five- point Likert-type scale ranging from “strongly agree” to “strongly disagree.” Combined
scores were translated to a range of 0–100, with a higher score meaning better usability.7
SUS scores above 90 s reflect best imaginable usability, 85 excellent, 71 good, and 50 suggest
fair usability. Scores below 50 indicate that using the product or intervention in practice
with will be limited due to low compliance.12,13 An additional customized questionnaire
(Table 3.4) was designed to gain more insight into the patient’s preferences in terms of
feedback after using the AUC and if they would like to use the AUC at home to increase
arm function in daily life.
Table 3.3: Custom questionnaire during the postinterview
#

Question

Answering options

1

What kind of feedback would you prefer?

Visual, acoustic, vibrotactile, none

2

When should the feedback be applied?

Every 15 min, per hour, every second hour, if the
arm is not moving, one time per day, none…

3

Should the information about the feedback be
send to the clinician?

Yes/No

4

Would you use a device like the AUC?

Yes/No

5

When would you use the AUC?

Daily, Weekly

6

Do you think the AUC could compliment your
standard therapy?

Yes/No

Results
Participant enrolment
Ten subjects of an ischemic stroke (39 ± 38 months after the event) were recruited in the
University Hospital Zurich. Four out of 10 participants wore the AUC on the dominant,
impaired arm. Six participants had arm FMA-UE score of larger or equal to 48 points; four
participants showed poor to limited arm function (FMA-UE ≤ 47 points). Details of each
participant are listed in Table 3.4. Eight participants had impairments in vibration sense
(> 64 Hz) on the wrist, at the radial and ulnar styloid process and between the processes.
Six participants reported to have a technical occupational background. Seven participants
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M
M
F
M
M
M
M
F
F
M

Gender*

Left
Left
Left
Right
Left
Right
Left
Right
Right
Left

Impaired
side
Right
Right
Right
Right
Right
Right
Left
Right
Left
Right

Dominant
side
54
69
57
59
75
22
50
45
48
38
52
± 15

Age
6
35
31
142
39
15
20
42
33
26
39
± 38

Month post
stroke
1
2
3
3
1
1
2
3
1
2
1.9
± 0.9

mRS †
57
46
54
46
61
65
64
34
40
56
52.3
± 15.1

FMA-UE ‡

FMA-UE
(distal)
26
22
25
16
27
29
29
8
12
24
21.8
± 7.3

FMA-UE
(proximal)
31
24
29
30
32
36
35
26
28
30
30.1
± 3.7

1
1
2
0
2
1
1
1
1
1

Vibration
sense §

* Male/Female, † modified Rankin Scale (0–6 points), ‡ Fugl-Meyer Assessment - Upper Extremity (0–66 points| proximal 36 points | distal 30 points), § Vibration sense
wrist (0 absent; 1 impaired; 2 normal).

1
2
3
4
5
6
7
8
9
10
Mean
Std

P

Table 3.4: Participant characteristic
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have used self-tracking devices before, for example, a pulse watch and walk-ing trackers.
One participant used an activity tracker worn on the wrist to monitor his arm movements
during daily life.

Preinterview results
The results from the questionnaire given during the preinterview are listed in Table 3.5.
Seven participants had experience with self-tracking devices, e.g., wrist band, walking
trackers, or chest strap to measure heart rate. Seven participants mentioned that they have
experience with feedback on arm movement provided by relatives, friends, therapists, or
self-tracking devices. Eight participants preferred acoustic or visual over VT feedback based
on their experience. Four participants mentioned that they would like to receive feedback
hourly or when the arm is not moving, one participant every 15 min, and one patient
once daily. All participants agreed on sharing the feedback information with a clinician.

Table 3.5: Results interview 1
#

Question

Results

1

Do you use a self-tracking device?

Yes: 7; No: 3

2

Do you have any experience with getting
feedback?

Yes: 7; No: 3

3

Do you get therapy for the upper extremities?

Yes: 5; No: 5

4

What kind of feedback would you prefer?

Visual: 2; acoustic: 6; vibrotactile: 3; none: 0

5

When should the feedback be applied?

Every 15 min: 1; per hour: 4; every second
hour: 0; if the arm is not moving: 4; ones a day:
1; none: 0

6

Should the information about the feedback be
send to the clinician?

Yes: 10; No: 0

Measurement results with the Arm Usage Coach
All stroke subjects had hand/wrist function14 (FMA-UE distal > 8 points, out of 30 points)
and were able to done and doff the wristbands, attach the sensors to sensor holders, and
mount VT actuator on the wristband, without any additional devices. In Table 3.6, a
summary of the measurement results are listed (over all participants), including arm
usage (in percentage of time of combined left/right arm usage) for the impaired and nonimpaired arm and the amount of VT feedback. In addition, an example of arm usage and
VT feedback as shown by the AUC is shown in Figure 3.3. Each participant was able to
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Table 3.6: Summary of the measurement results.
Impaired arm
usage (%)

Non-impaired
arm usage (%)

Difference
impaired/
non-impaired

Amount of
feedback

Average

43

57

-15

6

Standard deviation

24

23
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2

perform the measurement session (length 15 min) and got VT feedback from the device
(on average 6 ± 2 times). Overall, the non-impaired side was used in 57 ± 23% of the time
during the session compared to the impaired side with 43 ± 24% of the time. Participants
did not report to have any obstruction of the device during their activities. One participant
did not feel the VT feedback during the simulated daily life activities, which was congruent
with the perception impairment of the participant (Table 3.1).

Postinterview
Custom questionnaire

The results from the questionnaire given during the postinterview are listed in Table 3.7.
After the measurement session, nine out of 10 participants mentioned that they like VT
actuation as a feedback modality. More so, seven participants liked and found the VT
feedback intuitive when the affected arm was not moving. In total, nine participants would
utilize the AUC on a daily basis. All participants would share data generated by the system
with a clinician. All participants indicated that they would use the AUC as an addition to

Table 3.7: Results custom questionnaire during interview 2
#

Question

Results

1

What kind of feedback would you prefer?

Visual: 3, acoustic: 0, vibrotactile: 9, none: 0

2

When should the feedback be applied?

Every 15 min: 0; per hour: 3; every second hour:
0; if the arm is not moving: 7; one time per day:
1; none: 0

3

Should the information about the feedback be
send to the clinician?

Yes: 10; No: 0

4

Would you use a device like the AUC?

Yes: 10; No: 0

5

When would you use the AUC?

Daily: 9; Weekly: 1

6

Do you think the AUC could compliment your
standard therapy?

Yes: 10; No: 0
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their routine therapy in everyday life. Furthermore, participants liked the unobtrusiveness
of the VT feedback and that the surrounding environment cannot recognize the feedback.
Nine out of 10 participants found the VT feedback helpful, when they do not move the
impaired arm.
System Usability Scale results

P9
P1
M 0
ea
n

P7
P8

P5
P6

P3
P4

100
90
80
70
60
50
40
30
20
10
0
P1
P2

System Usability Score

On average, patients reported a SUS score of 84 (± 20.7) out of 100 points indicating
excellent usability (Figure 3.4).12 Eight participants scored above 80, one between 70 and
80, and one participant reported poor usability below 50. This individual had the worst
FMA-UE score (≤ 40). Nine participants reported in the SUS that they would use the
system frequently.

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
Mean

Figure 3.4: System Usability Scale results.

Discussion
The objective of this study was to investigate if VT feedback is accepted and usability of
the AUC in stroke subjects during a daily life activities simulation. Based on the inclusion
criteria, all included stroke subjects were able to move there affected hand and were able
to mount the AUC to the wrist. In total, 70% of the participants said that they would like
to obtain feedback when the impaired arm was not moving during certain activities. This
indicates good acceptance of the device. In total, 9 out of 10 participants were able to
feel the vibration on their impaired arm. Therefore, it appears that participants accepted
VT feedback. All participants reported that they would like to use the device, that it
complements their current therapy, and that they prefer to share the data with a clinician.
Patients agree to send the data from the AUC to a care professional to check on their progress
and address this during therapy sessions, this could help to adapt the rehabilitation for upper
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extremity to the patients needs. This indicates that AUC could be used as telemonitoring
and rehabilitation devices for upper extremity. The usability reported with the SUS was
high, with 84 out of 100 points on average for all 10 participants. The usability of the AUC
is therefore classified as excellent according to Bangor et al., 2009.12 The AUC however
could, according to patients, be improved by being smaller and waterproof. It is increasingly
unlikely that new usability problems will be uncovered by including more stroke subjects.15
Physical activity coaches, who mostly use accelerometers, implement different feedback
strategies (in form of graphs, push-messages, VT feedback) to encourage active behaviour
during daily life.16,17 In stroke, feedback is used to investigate certain interventions (e.g.,
constrained induced movement therapy),18-20 to correct postures of patients during specific
tasks21 or to improve motor learning capabilities.22 Moreover, many studies showed that
multimodal feedback strategies, proved to be effective to improve performance of patients
in various tasks and scenarios.23-26 Most of these studies are performed in a lab environment,
and therefore have a reduced interest in the social context of the patients. We designed
the AUC based on two feedback strategies: first, knowledge of performance, implemented
by VT feedback, which is given during simulated daily life tasks in this study. The second
is knowledge of results, which is given through visual feedback where the arm usage is
shown in a bar graph, in percentage of the left and right arm and the number of feedbacks
within a given time period. This combines the real-time VT feedback with post-visual
feedback. This differs by most work done in multimodal strategies, which in most studies
gives a combined (near) real-time feedback. In our design, we aimed for an unobtrusive
and wearable design during daily life, without the direct need of smartphone apps to
make it more applicable and intuitive for stroke patients. Acoustic feedback is obtrusive in
social settings and was not implemented. Furthermore, our visual feedback needs longer
data processes in order to “make sense” (arm usage); therefore, there is no need for direct
visual feedback. Systems to train the upper extremity function with VT feedback in stroke
patients have been previously developed.27-30 It is known that intensive training after stroke
has a positive effect in clinical outcome, but the effect of VT feedback on arm function is
unclear.30 The AUC could provide the opportunity to increase the arm usage in daily life,
thereby training intensity and time by providing VT feedback.
We did not observe an effect of the AUC on arm usage of the impaired side. This is due
to the short observation period. Because the main objective here was to test the usability
and acceptance of the system, hence a short measurement time was selected.
The combination of monitoring and training stroke patients in daily life with VT feedback is
new and could be realized by using a smaller, waterproofed version of the AUC. Computational
tasks should be performed on the sensor, rather than on a laptop or a smartphone.
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Based on the results of this usability study, an efficacy study, with extended protocol and
pre defined outcome parameter, could evaluate the impact of VT feedback on the stroke
subjects arm movements in daily life activities.
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Abstract
Introduction Retraining the paretic upper limb after stroke should be intense and

specific to be effective. Hence, the best training is daily life use, which is often limited
by motivation and effort. Tracking and feedback technology have the potential to
encourage self-administered, context-specific training of upper limb use in the
patients’ home environment. The aim of this study is to investigate post-intervention
and long-term effects of a wrist-worn activity tracking device providing multimodal
feedback on daily arm use in hemiparetic subjects beyond 3 months post-stroke.
Methods and analysis A prospective, multi-center, assessor-blinded, Phase 2 rand-

omized controlled trial with a superiority framework. Sixty-two stroke patients will
be randomized in two groups with a 1:1 allocation ratio, stratified based on arm
paresis severity (Fugl-Meyer Assessment – Upper Extremity subscale < 32 and ≥
32). The experimental group receives a wrist-worn activity tracking device providing
multimodal feedback on daily arm use for 6 weeks. Controls wear an identical device
providing no feedback. Sample size: 31 participants per group, based on a difference
of 0.75 ± 1.00 points on the Motor Activity Log – 14 Item Version, Amount of Use
subscale (MAL-14 AOU), 80% power, two-sided alpha of 0.05, and a 10% attrition
rate. Outcomes: primary outcome is the change in patient-reported amount of daily
life upper limb use (MAL-14 AOU) from baseline to post-intervention. Secondary
outcomes are change in upper limb motor function, upper limb capacity, global disability, patient-reported quality of daily life upper limb use, and quality of life from
baseline to post-intervention and 6-week follow-up, as well as compliance, activity
counts, and safety.
Discussion The results of this study will show the possible efficacy of a wrist-worn

tracking and feedback device on patient-reported amount of daily life upper limb use.
Ethics and dissemination The study is approved by the Cantonal Ethics Committees

Zurich, and Northwest and Central Switzerland (BASEC-number 2017-00948) and
registered in https://clinicaltrials.gov (NCT03294187) before recruitment started. This
study will be carried out in compliance with the Declaration of Helsinki, ICH-GCP,
ISO 14155:2011, and Swiss legal and regulatory requirements. Dissemination will
include submission to a peer-reviewed journal, patient and healthcare professional
magazines, and congress presentations.
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Introduction
Although medical interventions and care for stroke patients have been improving tremendously during the last decades, stroke still remains one of the main causes of disease
burden globally.1,2 Frequently reported limitations after stroke are impairments of upper
limb motor function and activities, which is present in 80% of the acute stroke patients.3,4
Recovery of post-stroke impairments mainly occurs within the first 3 months after stroke
and plateaus thereafter.5,6 Although the presence of a plateau phase implies that patients
have reached a stable situation, a functional decline has been shown on the long term
(i.e., learned-non-use).7 This underlines the importance of continued practice beyond
the first 3 months post-stroke, with the aim to maintain the levels achieved during earlier
rehabilitation.8
Key elements that characterize effective stroke rehabilitation interventions are intensity of
practice, and task- and context-specificity.9,10 Provision of feedback is another important
ingredient for effective motor learning after stroke.11 In the last decade, rehabilitation
technology has enabled higher intensity of practice and new methods of feedback.
Examples of applied technologies for the upper limb are robotics and virtual reality.12,13
However, these interventions often lack context-specificity, as the training is almost always
performed in a clinic and to date, a beneficial effect on what patients actually do with their
paretic upper limb in their daily lives has not been reported. Furthermore, many of these
technological developments require a high-financial investment in terms of costs and
human resources. Recent developments in the field of tracking and feedback technology
have provided low-cost tools (e.g., sensors) that incorporate key elements for effective stroke
rehabilitation outside the clinic. These tracking and feedback tools have the potential to
motivate patients to use their paretic upper limb in daily life while they are in their home
environment. With that, they possibly are able to maintain or even improve gains made
during the intensive rehabilitation period and facilitate a translation to the patients’ daily
life. These tools most often rely on accelerometer data, which have been found to be reliable
and valid in stroke subjects,14,15 and correlate well with patient-reported upper limb use in
daily life as assessed by the Motor Activity Log.16 Previous research has shown that stroke
survivors have a high adherence to wearing accelerometer devices at home17 and report
good acceptance levels and high usability scores.18,19 These tracking devices can be used to
give augmented feedback regarding movement outcomes or success rate (i.e., knowledge
of results).20,21 Knowledge of results is an external form of feedback that can encourage a
patient to reach a certain goal, such as using the paretic upper limb at least a pre-defined
number of times a day (e.g., 100) when performing daily life activities. In this example, the
external feedback given by the trackers could enhance a patient’s intrinsic motivation to
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improve the number of times he or she uses the upper limb during the day. The provided
feedback should be tailored to the individual needs to increase motivation, compliance, and
effectiveness. There are various feedback modalities available, such as vibrotactile, visual,
and auditory feedback. A recent study reported that stroke patients preferred vibrotactile
feedback over visual and auditory feedback.19 However, the application of visual feedback
on a smartphone has also been indicated as an effective way of delivering feedback.22 With
that, the optimal medium for providing feedback remains unknown.

Study aim
The primary aim of this study is to determine the post-intervention and long-term effects
of wearing a wrist-worn, commercially available tracking device that provides multimodal
feedback for 6 weeks on patient-reported amount of paretic upper limb use in daily life in
hemiparetic subjects beyond 3 months after stroke, when compared with a control group
receiving an identical looking device providing no feedback. The secondary aims are to
examine the compliance to use the device, and explore the effect on motor function of
the paretic upper limb, upper limb capacity, patient-reported quality of paretic upper
limb use in daily life, global disability, health-related quality of life, and during the 6-week
intervention, the compliance and activity counts of the paretic and non-paretic upper limb.
As a measure of safety, the incidence and severity of side effects related to the long-time
wrist-worn feedback intervention during the study period will be investigated. Furthermore,
the Minimal Clinical Important Difference (MCID) of the Amount of Use (AOU) subscale
of the Motor Activity Log – 14 Item Version (MAL-14) will be established.

Methods and Analysis
Study design
The present study is a multi-center, assessor-blinded, Phase 2 randomized controlled
trial with a superiority framework, including two parallel study arms. Patients will be
informed about the study, including its procedures, and enrolled by a study team member.
Randomization will be stratified based on severity of upper limb paresis (Fugl-Meyer
Assessment – Upper Extremity subscale (FMA-UE) < 32 and ≥ 32)23 with a 1:1 allocation
ratio. At the time of patient registration in the centralized web-based database (REDCapTM),
patients will be given a unique study identification number that is linked to a computergenerated randomization assignment using a pre-set list of random numbers. The pre-set
list of random numbers was generated based on a seed number (SAS® 9.3) and balanced
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based on the stratification in blocks of 4. Randomization is performed by a study member
not involved in the outcome assessments.
An Emergency Code Break will be available to the investigator. This Code Break should
only be opened in emergency situations when the identity of the investigational product
must be known by the investigator in order to provide appropriate medical treatment.
This study was approved by the Cantonal Ethics Committee Zurich and Cantonal Ethics
Committee Northwest and Central Switzerland (BASEC-number 2017-00948). All subjects
will give written informed consent in accordance with the Declaration of Helsinki. The
trial is registered at https://clinicaltrials.gov, unique identifier NCT03294187 prior to
patient recruitment.

Eligibility criteria / participants
This study includes subjects aged 18 years or older who have experienced a unilateral
stroke more than 90 days ago and have residual upper limb paresis after completion of all
inpatient rehabilitation. Subjects have to be able to lift the paretic arm against gravity (> 30°
of flexion or abduction), don/doff the devices on both wrists independently or with the
assistance of a caregiver, and provide informed consent as documented by signature.
Patients will be excluded from this study if they have major untreated depression, severe
cognitive impairment, comprehensive aphasia, and/or severely impaired sensation (unable
to feel a soft touch on the dorsal side of their paretic wrist with closed eyes). Other exclusion
criteria are a potential non-compliance such as hospitalization during the study period,
known intolerance to the device material, known drug or alcohol abuse, and/or other
major comorbidities (e.g., cardiopulmonary disease, renal failure, hepatic dysfunction,
and orthopedic disorders of the upper limb).

Stepwise procedures
Subjects will be recruited at three study centers in Switzerland: University Hospital Zurich
(academic hospital), cereneo – Center for Neurology and Rehabilitation (rehabilitation
clinic), and Zürcher RehaZentrum Wald (rehabilitation clinic) by the local principal or
sub-investigator. The participant timeline is displayed in Figure 4.1. The written participant
information and informed consent forms (in German) can be obtained by the corresponding
author. After having obtained participant consent, the baseline assessment (T0) will be
performed. Randomization will take place after the baseline assessment and depending on the
group allocation, participants will be handed over the trial arm-specific devices and receive
instructions accordingly. Randomization and device hand-over will be performed by study
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6-week intervention

6-week follow-up

Experimental
R

Control

T0

T1

T2

Figure 4.1: Participant time line.
Legend: R, Randomization; T0, Baseline assessment; T1, Post-intervention assessment; T2, Follow-up
assessment.

personnel not involved in assessments (e.g., physical therapist, study nurse). The intervention
period has a total duration of 6 weeks. The post-intervention assessment (T1) takes place
at day 45 ± 3 after baseline and the follow-up assessment (T2) at day 90 ± 6 after baseline.
Recruitment started in September 2017 and is expected to last until December 2018,
which means that the estimated study completion will be in March 2019. If inclusion stays
behind, ethical approval will be obtained for adding other study centers in order to enroll
the required number of patients within this timeframe. No payment will be provided to
the participants other than compensation for travel costs.

Interventions
The investigational devices to be used in the study are (see Figure 4.2):
•
•

Motion tracker “ARYSTM me│tracker” (Figure 4.2A: black-silver tracker).
Motion tracker “ARYSTM pro│tracker healthy” (Figure 4.2B: black-brown tracker).

Additionally, the patients receive:
•
•

Two accessory charging stations “ARYSTM│tracker charger” (Figure 4.2C).
An Android smartphone with the preinstalled Application “ARYSTM me│app”; only
for study subjects in the intervention group (Figure 4.2D); and

•

A manual covering the following topics: study system components, charging the trackers, placement of the trackers, when not to use the trackers (e.g., bathing, swimming,
MRI scanning, and uncomfortable feeling on the wrist), Frequently Asked Questions
regarding technical problems and cleaning, and contact information. Additionally, the
manual for the experimental group provides information regarding on-device feedback
and reminders, use of the smartphone app, and daily goals.
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A

B
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C

D

Figure 4.2: Investigational devices.
A) Motion tracker “ARYSTM me│tracker” black-silver tracker; B) “ARYSTM pro│tracker healthy” black-brown
tracker; C) Accessory charging station “ARYSTM│tracker charger”; D) Android smartphone with the
preinstalled Application “ARYSTM me│app”, here displaying the history of today’s Arm Activities, including
provided reminders.
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The devices are manufactured and distributed by “yband therapy AG” and are intended
for use in arm therapy of patients with arm movement deficiencies. The arm movement
deficiencies may have been caused by cerebral, neurogenic, and spinal-related disorders.
The “ARYSTM me│tracker” and “ARYSTM pro│tracker healthy” are both CE-certified as a
“Class 1 Medical Device”.
Experimental intervention

Participants in the experimental group will wear an “ARYSTM me│tracker” on the paretic
wrist and an “ARYSTM pro│tracker healthy” on the non-paretic wrist (see Figure 4.2). The
trackers are hardware-wise identical and consist of: the actual tracker (silver with a feedback
and communication module for paretic side, which is deactivated for the control group),
a reference tracker (black brown tracker for the non-paretic side); and an exchangeable,
flexible black wristband. Both elements are made out of biocompatible materials. The
devices should be worn every day, as long as possible over a period of 6 weeks. During
this 6-week period, a three-axis accelerometer in each device will constantly monitor
the subjects’ arm movements. A threshold of 0.1 g acceleration is defined for detection
of movements. This raw acceleration data, aggregated over 1 minute, will be converted
on-device in so-called “Arm Activities”. Starting from a pre-defined goal-value, new daily
goals will be automatically calculated every day from the rolling average of the last 30 days
plus 3% (e.g., after the first intervention week, patient X shows an average number of 100
“Arm Activities” per day. For day 8, his daily goal therefore becomes 103 “Arm Activities”).
Patients will constantly be challenged to slightly increase their Arm Activities without ever
being overstrained. Assuming a steady arm activity during the course of the day, a linear
target activity line will be calculated (default start/end times: 8:00 a.m. to 10:00 p.m.).
The already reached “Arm Activities” will be compared with an intermediate target value.
After 30 minutes of inactivity, the “ARYSTM me│tracker” vibration engine will provide the
subject on the paretic wrist with two short double pulses and up to four LEDs will light
up in orange color to remind to make more use of this arm (Level 1 Reminder). If 30 min
later, “Arm Activities” are still below the intermediate target, a second escalation level of
the reminder is triggered: five long vibrating pulses will be provided and up till four LEDs
will light up in red color (Level 2 Reminder). Thereafter, the escalation level is reset and
starts over again with the Level 1 reminder next time. Additionally, by pressing the button
on the “ARYSTM me│tracker” once, the LED lights will show the percentage of the daily
target that is already reached (one white LED = < 25%; two white LEDs = 25–50%; three
white LEDs = 50–75%; three white LEDs and one blinking LED = 75–99%; four white
LEDs = 100%, daily target reached) and the patient receives vibration feedback. When the
patient has reached the daily target, the tracker vibrates.
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Participants in the intervention group are encouraged to regularly check the pre-installed
“ARYSTM me│app” on a standard commercial Android smartphone, which they have
received. It will download “Arm Activity” data from the “ARYSTM me│tracker” automatically,
motivate study subjects based on the concepts of gamification, and visualize activity data
over various time intervals. Patients can monitor the development of their daily targets,
today’s progress, and provided reminders towards the daily target, as well as a history of
all past “Arm Activities” and reminders presented in a day, week, month, and year view
(see Figure 4.2D). Additionally, they can follow the growth of the “Tree of Recovery” (see
Figure 4.3). This is a figurative representation of their amount of upper limb use over time,
in which they earn “Diamonds” by fulfilling challenges of intensive activity and can use
these “Diamonds” to water their tree to let it grow and flourish.
For using the devices, no medical and/or surgical procedures will be involved. However,
a tight fit on the wrist will be beneficial to reduce motion artifacts and to ensure that
the vibration feedback is properly felt by the study subjects. As both devices are splash-

Figure 4.3: “Tree of Recovery”.
A figurative representation of the amount of upper limb use in daily life. Arm Activities are displayed in blue
numbers and the earned diamonds in red.
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waterproof, there is no need to doff the trackers during daily activities involving water,
such as washing hands or showering. Thanks to the easy-to-use pin-and-tuck closure,
study subjects should be able to don/doff the device on their own without any help (see
Figure 4.2A, B). Other than instruction through a non-blinded study member at one of
the participating study sites and the information provided in the group-specific leaflet,
no training or experience will be required to use the devices. The one-to-one instruction
takes up to 30 minutes. Furthermore, the patients can always look up information in the
accompanying manual, pose questions during the weekly telephone calls, and call the hotline.
Control intervention

Subjects in the control group will use the same devices in the same way as the intervention
group. They will wear the “ARYSTM me│tracker” on their paretic and the “ARYSTM
pro│tracker healthy” on their non-paretic wrist. The “ARYSTM me│tracker” will have a
custom firmware installed that deactivates both the vibration module as well as the LEDprogress bar. Therefore, subjects in the control group will neither receive nor know about
any feedback happening in the intervention group. They will not receive a smartphone
with the “ARYSTM me│app”. The one-to-one instruction for the control intervention takes
up to 15 minutes. Analogue to the patients in the experimental group, they can consult
the accompanying manual, ask questions during the weekly telephone calls, and, when
needed, contact the hotline.
Additional information regarding the interventions

To increase study compliance and adherence, both intervention and control group subjects
will receive weekly reminder calls (six in total) to wear the “ARYSTM│tracker” devices every
day. These calls will be performed by an unblinded study team member. Additionally, there
will be a hotline telephone number they can call when facing any technical problems.
Discontinuation of the allocated intervention for a given trial participant will take place
in case of, for example, occurrence of a Serious Adverse Event (AE) or participant request.
We expect no modifications on the given intervention during the study. All participants
are permitted to receive concomitant rehabilitation interventions such as physical therapy
and/or occupational therapy during the trial. The time spent in these interventions will
be registered during the total study period.

Sample size
A sample size calculation based on a difference between groups in change from baseline
to post-intervention in the AOU subscale of the MAL-14 of 0.75 points. With an effect
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SD of 1.00, a two-sided alpha level set at 0.05, and a power of 80%, 28 subjects per group
are required.24 Taking into account an attrition rate of 10%, a total of 62 subjects will be
randomized. In case of an attrition rate higher than the expected 10%, post-recruitment
for replacement will take place.

Measures
Potential participants will be screened and examined by the local study team for eligibility.
Included subjects will be assessed prior to randomization (T0), after the 6-week intervention
(T1), and 6 weeks thereafter (T2). The outcome assessors will be trained regarding the
assessments and are blinded to group allocation. Study participants will be told at the
beginning of the study, as well as right before and during the T1 and T2 assessments, not
to mention any details regarding their experiences with the devices during the assessment
visits. Potential success or failure of blinding will be checked, by asking the assessors at the
end of the post-intervention and follow-up visits, in which group they think a given patient
was allocated. Success of blinding will be presented in a descriptive manner.
Primary endpoint is the change from T0 to T1. An overview of the measures and timing of
assessments is displayed in Table 4.1. Data collection forms (in German) can be obtained
by the corresponding author upon request.
Primary outcome

The primary outcome measure of the present study is the patient-reported amount of use
of the paretic upper limb in daily life, measured with the MAL-14 AOU subscale.24-26 In a
semi-structured interview, the patient is questioned regarding how often he or she has used
the paretic upper limb during 14 activities of daily living (ADL) tasks on a six-point ordinal
scale. For each item, the score ranges from 0 (did not use my weaker arm [not used]) to 5
(used my weaker arm as often as before the stroke [same as pre-stroke]. Scores are only given
if the patient has performed the ADL task during the last week. The total score for the MAL14 AOU subscale ranges from 0 to 5, calculated by adding scores for each of the performed
items and subsequently dividing this number by the total number of performed tasks.
Secondary outcomes

The secondary outcome measures include the FMA-UE, Action Research Arm Test
(ARAT), EuroQol Five Dimensions Five Levels Questionnaire (EQ-5D-5L), modified
Rankin Scale (mRS), MAL-14 Quality of Movement (QOM) subscale, Global Rating of
Perceived Changes (GRPC), Quantitative Sensor Data for compliance and Arm Activities
of the paretic and non-paretic upper limb during the 6-week intervention, and AEs.
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Table 4.1: Overview of study measures
Measure

Domain measured

T0

Primary outcome
Motor Activity Log – 14 Item Version
(Amount of Use)

Patient-reported amount of
upper limb use in daily life

Secondary outcomes
Motor Activity Log – 14 Item Version
(Quality of Movement)
Fugl-Meyer Assessment – Upper Extremity
Action Research Arm Test
EuroQol Five Dimensions Five Levels
Questionnaire
modified Rankin Scale
Adverse Events
Global Rating of Perceived Changes
Quantitative Sensor Data

Other measures
Demographics
Stroke Event Data
Charlson Comorbidity Index
National Institutes of Health Stroke Scale
Edinburgh Handedness Inventory
Apples Test
Concomitant Therapy

I

T1

T2

X

X

X

Patient-reported quality of
upper limb use in daily life
Upper limb motor function
Upper limb capacity
Health-related quality of life

X

X

X

X
X
X

X
X
X

X
X
X

Global disability
Safety
Self-perceived change
Compliance; activity counts
of the paretic and non-paretic
side

X
X

X
X
X

X
X
X

Participant demography
Disease characteristics
Medical history
Neurological impairments
Handedness
Visuospatial neglect
Standard rehabilitation
therapy

X
X
X
X
X
X
X

X

X

X
X

I, Intervention; T0, Baseline; T1, Post-intervention; T2, 6-week Follow-up.

Fugl-Meyer Assessment – Upper Extremity Subscale

The FMA-UE measures motor function of the paretic upper limb.27,28 A total of 33 items
are assessed and each item is rated on a three-point ordinal scale (0 = cannot perform, 1
= performs partially, 2 = performs fully). The sum score ranges from 0 to 66.
Action Research Arm Test

Upper limb capacity is measured with the ARAT and includes four categories: grasp (6
items), grip (six items), Pinch (six items) and gross movement (three items).29-31 Each item
is rated on a four-point ordinal scale (0 = no movement; 1 = the movement task is partially
performed; 2 = the movement task is completed, but takes abnormally long; and 3 = the
movement is performed normally), leading to a maximum overall score of 57 points.
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EuroQol Five Dimensions Five Levels Questionnaire

The EQ-5D-5L is a self-completed questionnaire regarding health-related quality of life.32,33
Each of the five assessed domains (mobility, self-care, usual activities, pain/discomfort, and
anxiety/depression) is described by one out of five responses, ranging from “no problem/
not at all” to “unable/major problem”. In addition, the patient is asked to rate his or her
self-rated health on a Visual Analogue Scale (VAS). Approval of the EuroQol Research
Foundation to use the German (Switzerland) EQ-5D-5L paper version has been obtained
(March 13, 2017).
Modified Rankin Scale

Global disability is assessed with the mRS, which includes an informal interview with the
patient, to rate the extent of a patient’s post-stroke disability or impairment in ADLs on a
six-point ordinal scale, ranging from 0 = “no symptoms at all” to 5 = “severe disability”.34-36
Motor Activity Log –14 Item Version – Quality of Movement Subscale

The MAL-14 QOM measures the patient-reported quality of paretic upper limb use in daily
life by performing a semi-structured interview.24-26 Analogue to the AOU subscale, 14 ADL
tasks are questioned. Patients score how well the paretic upper limb helped during this
activity on a six-point ordinal scale, with item scores ranging from 0 (My weaker arm was
not used at all for that activity [not used]) to 5 (The ability to use my weaker arm for that
activity was as good as before the stroke [normal]), and a total score ranging from 0 to 5.
Global Rating of Perceived Changes

With the GRPC, the patients rate their perceived changes in the daily life usage of the
paretic upper limb, using the following seven-point Likert scale: score 1 is much better;
score 2 = a little better, meaningful; score 3 = a little better, not meaningful; score 4 = about
the same; score 5 = a little worse, not meaningful; score 6 = a little worse, meaningful; and
score 7 = much worse.37
Quantitative Sensor Data for Compliance and Activity Counts

Adherence will be monitored through the weekly reminder calls and through analysis of
the gathered Quantitative Sensor Data and smartphone App usage data. The Quantitative
Sensor Data measure the “Arm Activities” by using the acceleration data, aggregated over
1 min during wearing the activity tracker. This refers to Arm Activities of both the paretic
and non-paretic side and allows comparing both changes in Arm Activities over time for
each upper limb during the 6-week intervention, as well as comparing Arm Activities
between the paretic and non-paretic upper limb.
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Safety

Adverse Events (AEs) will be gathered from inclusion upon follow-up. Assessments will be
made during each study visit, as well as by the weekly phone calls during the intervention
period. Each time, study subjects will be actively questioned by unblinded study personnel
whether they experienced any AEs. In case of occurrence of a related AE, the time of onset,
the duration, the resolution, actions that were taken, the intensity as well as the relationship
with the study intervention will be recorded.
Descriptive measures

Next to the above described outcome measures, the following data will be collected at
baseline to characterize our cohort: demographic data, stroke event data, comorbidities,
handedness (Edinburgh Handedness Inventory [EHI]38), neglect (Apples Test [AT]39), social
situation, and neurological functions (National Institutes of Health Stroke Scale [NIHSS]40).

Data collection
Assessments will take place at one of the participating centers, or at the patients’ home
when he or she is not able to visit one of the study centers. All assessors will be trained
prior to the first screening during which they will receive proper instruction and guidance
regarding all outcome parameters and assessments that will be taken. The trial management
committee (TMC) will be available for questions.
In the case that a patient discontinues or deviates from the intervention protocol, all efforts
will be made to obtain at least the primary outcome measure (MAL-14 AOU) and the
safety measures (AEs) at the pre-defined study visits. All patients will receive a reminder
for each visit to diminish retention and incomplete follow-up.

Data management
Study data will be recorded in electronic Case Report Forms (eCRF). For each enrolled study
participant, an eCRF will be maintained. These eCRFs will be kept current to reflect subject
status at each phase during the course of study. The participants’ code will be assigned
in a random order. Source data will be available at the respective study site to document
the existence of the study participants. Source data will include the original documents
relating to the study, as well as the medical treatment and medical history of the participant.
All study data will be archived for a minimum of 10 years after study termination or premature termination of the clinical trial in a secure database. Study data will be managed
using REDCapTM, being hosted on servers administered by the Data Informatics Services
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Core of cereneo Schweiz AG. To access the REDCapTM site, all study team users of the
REDCapTM system will be issued a unique username and password that is generated and
maintained by our administrator on the REDCapTM server.
The study data will be analyzed by the TMC after study completion (last patient, last
visit). No interim analysis will be performed. Only the study coordinators and principle
investigators will have access to the final trial dataset.

Statistical analysis
Patient demographics and baseline data will be analyzed by trial arm using summary
descriptive statistics. Baseline differences between groups will be tested by the independentsamples t-test for parametric data, Pearson’s chi-squared test for categorical data, and the
Mann-Whitney U test for non-parametric data.
Differences in change scores (T0–T1) between groups will be analyzed for the primary
outcome (MAL-14 AOU) and secondary outcomes (MAL-14 QOM, FMA-UE, ARAT,
EQ-5D-5L, mRS, Quantitative Sensor Data). In addition, change will be monitored in the
follow-up assessments (T1–T2). An analysis of covariance (ANCOVA) will be applied,
with the baseline value of the measure of interest as a covariate. Compliance to using the
devices during the 6-week intervention period and safety data will be presented by trial
arm with descriptive statistics and compared between groups by the independent-samples
t-test, Pearson’s chi-squared test, or Mann-Whitney U test, depending on the nature of
the data distribution. In a secondary analysis, compliance to wearing the trackers – based
on the Quantitative Sensor Data – will be added as a covariate for analysis of the primary
outcome MAL-14 AOU.
All randomized subjects will be included in the analyses according to the intention-to-treat
approach. Missing data will be imputed. In addition, differences in baseline characteristics
of patients who did and did not dropout will be formally tested. A p-value of < 0.05 will
be considered to be statistically significant. The analyses will be performed in IBM SPSS
Statistics 23.
Furthermore, the compliance to the intervention will be presented with descriptive statistics.
The MCID will be calculated based on the MAL-14 AOU and GRPC scores, analogue to
previous work by Lang et al.37
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Monitoring and quality control
The sponsor-investigator has the overall responsibility for the study conduct. The TMC at
the University Hospital Zurich provides day-to-day support for the sites.
Regular monitoring visits at the investigator’s site prior to the start and during the course
of the study will help to follow-up the progress of the clinical study, to assure utmost
accuracy of the data, and to detect possible errors at an early time point. All original data
including patient files, progress notes, and copies of laboratory and medical test results
will be available for monitoring. The monitor will review all or a part of the eCRFs and
written informed consent forms. The accuracy of the data will be verified by reviewing the
above referenced documents. A formal Data Monitoring Committee (DMC) or equivalent
body will not be convened, as the study is approved by the ethical committees as a clinical
trial with a CE-marked Medical Device (MD) with minimal risks. However, safety data
will prospectively be reviewed at monthly TMC meetings.
The entered data will be verified by an independent unblinded study nurse, after a block
of 10 subjects have been enrolled in the study.

Audits and inspections
A quality assurance audit/inspection of this study may be conducted by the Competent
Authority or Competent Ethics Committee, respectively. The quality assurance auditor/
inspector will have access to all medical records, the investigator’s study-related files
and correspondence, and the informed consent documentation that is relevant to this
clinical study. The investigator will allow the persons being responsible for the audit or
the inspection to have access to the source data/documents and to answer any questions
arising. All involved parties will keep the patient data strictly confidential.
The primary endpoint (MAL-14 AOU) and AEs will be monitored by the TMC.

Anticipated results
We expect that a 6-week program of wearing a wrist-worn activity tracking device, providing
multimodal feedback on daily life arm use will induce statistically significant and clinical
relevant changes in daily life upper limb use, when compared to wearing a sham device in
patients who are beyond 3 months post-stroke.
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Discussion
By applying wrist-worn activity tracking and feedback devices, this study aims to optimize
patient-reported amount of daily life upper limb use in stroke survivors beyond the first
3 months after stroke onset. Patients are eligible, regardless whether they have suffered
an ischemic or hemorrhagic stroke. Although it has been shown that hemorrhagic stroke
patients are more severely affected in the acute stage when compared to ischemic stroke
patients,41 long-term functional outcomes were not significantly different.41,42 As we include
stroke survivors beyond 3 months post-stroke, we do not expect that type of stroke affects
the outcomes of the present study. In addition, since we will recruit stroke patients beyond
3 months after stroke onset, we do expect that recovery has plateaued and no improvements
will occur in the absence of intensive rehabilitation.
Previous studies have shown that intensive rehabilitation can influence upper limb
capacity in chronic stroke patients, but context-specificity is often limited and the observed
improvements fail to translate to upper limb use in daily life.10 The present study can
help to close the gap that exists regarding the translation of gains made during inpatient
rehabilitation to the home situation. The amount that patients use their paretic arm in daily
life could be enhanced by providing multimodal feedback when they are in their home
environment. Feedback can be used to motivate stroke patients and with that, positively
impact patient outcomes.43 The experimental trial arm provided feedback regarding Arm
Activities (i.e., knowledge of results). This can mainly be seen as extrinsic feedback, as the
patients receive immediate vibrotactile feedback from the trackers when paretic arm use
is below the pre-set daily target (i.e., controlled motivation). They furthermore receive
delayed feedback regarding paretic arm use when they use the smartphone applcation.
However, the use of the pre-installed application on the smartphone also requires selfdetermined motivation (i.e., self-control of feedback) of the patient, as he or she actively
has to open the application for checking their progress and play the “Tree of Recovery”.
We expect that the combination of various forms of feedback (vibrotactile feedback, visual
feedback by the LED lights, information regarding upper limb activity counts in the app,
and gamification) increases patient-reported amount of upper limb use in daily life, which
consolidates at follow-up.
The applied tracking and feedback device focuses on the number of times that the patient
moves the paretic upper limb in daily life. The MAL-14 AOU as a primary outcome
matches this goal, by asking patients to rate how often they have used their paretic upper
limb in daily life activities. We hypothesize that the change in MAL-14 AOU from baseline
to post-intervention and follow-up will significantly differ between the experimental and
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control groups, favoring the experimental group. We expect that this difference will be
also clinically relevant. This means that the change observed in the experimental group
from baseline to post-intervention is at least 0.75 points more when compared to the
control group. The latter is especially important, as clinical applicability and acceptability
are highly dependent on whether a statistically significant difference is also meaningful
for clinical practice. Although this study is not powered for our secondary outcomes, we
expect to see relevant differences between groups regarding upper limb capacity (ARAT)
and changes in upper limb activity counts as measured by the tracker devices itself during
the 6-week intervention. Contrary, we do not expect to find clinically relevant change on
motor function of the paretic upper limb (FMA-UE). First of all, because the feedback
does not relate to QOM. Second, while patients in the chronic phase usually do not show
significant, clinically relevant changes on motor function beyond 3 months post-stroke.44,45
Furthermore, we do not expect to see a difference between groups regarding safety and
compliance to wear the devices.
A positive result of this study will underline the importance of tracking and feedback on
daily life upper limb use after stroke. It would provide therapists with a tool to enhance
their patients’ real-world upper limb use, without being labor-intensive. Furthermore, the
application of a tracking and feedback device could potentially reduce healthcare costs,
although that is something that is beyond the scope of the present study.

Ethics and Dissemination
This study will be carried out in compliance with the protocol approved by the previously
mentioned ethical committees (version 1.1, dated 20/07/2017), the current version of the
Declaration of Helsinki, the ICH-GCP or ISO 14155:2011, as well as all Swiss national legal
and regulatory requirements. All subjects will give written informed consent in accordance
with the Declaration of Helsinki. The trial is registered at https://clinicaltrials.gov, unique
identifier NCT03294187. When protocol amendments are needed (e.g., to include another
participating center), ethical approval will be obtained first. After having obtained this
approval, relevant adaptations will be made in the relevant clinical trial registry databases.
Potentially eligible participants will be screened by the study site principal or subinvestigator for the presence of a first stroke > 90 days, their ability to lift the paretic arm
against gravity (> 30° flexion or abduction), to don/doff the “ARYSTM│tracker” devices
independently on both wrists or if not, whether a caregiver is at hand for assistance, and
to feel a soft touch on the dorsal side of their paretic wrist with closed eyes. Additionally,
potential participants will be questioned and their medical record will be checked in
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regard to the other eligibility criteria. Given eligibility to take part in the study, they will be
provided with further details and an informed consent form by one of the study members.
The model consent form and other related documentation given to participants (all in
German) can be obtained by the corresponding author upon request.
A separate list with patients screened, but who are not enrolled will contain information
regarding the number of patients and the reasons for not enrolling. This list will be stored
in the Trial Master File or Investigator Site File and is only accessible by the research team
and the persons responsible for monitoring, audits, or inspections.
After the statistical analysis of this trial, the sponsor will make every effort to publish the
data in a peer-reviewed medical journal, thereby adhering to the CONSORT reporting
standards46 and SPIRIT guidelines.47 The use of professional writers is not foreseen.
Authorship eligibility is defined according to the International Committee of Medical
Journal Editors (ICMJE). Furthermore, presentations at congresses and reporting in a
patient and healthcare professional magazine are planned.
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Abstract
Background The effect of rehabilitative training after stroke is dose-dependent.

Out-patient rehabilitation training is often limited by transport logistics, financial
resources and a lack of motivation/compliance. We studied the feasibility of an
unsupervised arm therapy for self-directed rehabilitation therapy in patients’ homes.
Methods An open-label, single group study involving eleven patients with hemiparesis

due to stroke (27 ± 31.5 months post-stroke) was conducted. The patients trained with
an inertial measurement unit (IMU)-based virtual reality system (ArmeoSenso) in
their homes for six weeks. The self-selected dose of training with ArmeoSenso was
the principal outcome measure whereas the Fugl-Meyer Assessment of the upper
extremity (FMA-UE), the Wolf Motor Function Test (WMFT) and IMU-derived
kinematic metrics were used to assess arm function, training intensity and trunk
movement. Repeated measures one-way ANOVAs were used to assess differences
in training duration and clinical scores over time.
Results All subjects were able to use the system independently in their homes and

no safety issues were reported. Patients trained on 26.5 ± 11.5 days out of 42 days for
a duration of 137 ± 120 min per week. The weekly training duration did not change
over the course of six weeks (p = 0.146). The arm function of these patients improved
significantly by 4.1 points (p = 0.003) in the FMA-UE. Changes in the WMFT were
not significant (p = 0.552). ArmeoSenso based metrics showed an improvement in
arm function, a high number of reaching movements (387 per session), and minimal
compensatory movements of the trunk while training.
Conclusions Self-directed home therapy with an IMU-based home therapy system is

safe and can provide a high dose of rehabilitative therapy. The assessments integrated
into the system allow daily therapy monitoring, difficulty adaptation and detection
of maladaptive motor patterns such as trunk movements during reaching.
Clinical trial registration URL: http://www.clinicaltrials.gov. Unique identifier:

NCT02098135.
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Background
Functional outcome following stroke is positively correlated with the dose of the applied
rehabilitative intervention.1 Therefore, post-stroke therapy should be provided at a high
intensity, a high frequency and over long periods of time.1,2 However, the delivery of
intensive physical therapy requires extensive therapist support, is expensive, and is often
limited by the low compliance and lack of motivation to perform rehabilitative training at
the recommended frequency.3 This can lead to functional deterioration, e.g., by learned
non-use of the affected limb.4
Self-directed home therapy, supported by dedicated instrumented devices5-7 or virtual
reality gaming platforms,8-13 could help to increase the dose of rehabilitation at low
cost without the need for direct supervision by a therapist. It is important that such
home therapy adapts to changes in the subject’ s performance in order for it to remain
challenging and motivating.8 On the other hand, unsupervised rehabilitative training could
lead to inefficient or harmful (i.e. maladaptive) movement sequences or pain, and could
potentially worsen performance.8,11,14 Home therapy should, therefore, include monitoring
of movement quantity and quality. Several platforms dedicated to upper-extremity home
rehabilitation have been proposed.6,7,15-17 However, to the best of our knowledge only few
were actually installed in the patients’ homes for several weeks and tested for feasibility
beyond case studies. These home studies always involved some external supervision, in
the form of e.g. on-site visits,16,17 tele-monitoring and adaption16,17 or telephone calls,6,7
which might have affected compliance and motivation and thereby therapy dosage.
However, such an approach requires manpower, which limits the affordability and scalability
of home-based therapy. The feasibility and compliance of completely unsupervised
upper limb stroke therapy over the course of several weeks remains to be investigated. In
this paper we investigate the feasibility of self-directed home training with the customdesigned ArmeoSenso system,18 a virtual reality arm rehabilitation platform based on
wearable inertial measurement units (IMU). In a clinical study involving eleven patients
with hemiparesis of the arm due to stroke, we evaluated the ability to deliver therapy at a
high dose through simple-to-use and entertaining, yet functionally relevant and adaptive
rehabilitation games. Unsupervised, automated assessments integrated into each therapy
session allowed monitoring of arm function, and detection of undesired compensatory
movements.
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Methods
ArmeoSenso training system
ArmeoSenso comprises a motion capture system based on wearable sensors in combination
with an all-in-one touch screen computer (Inspiron 2330, Dell Inc., Figure 5.1A). The
therapy software provides a user-friendly graphical user interface, two therapy games, and
two short automated assessments of arm function.18 For real-time tracking of arm and trunk
movements, the patient wears three IMUs (MotionPod 3, Movea Inc.) fixed to the lower
and upper arm as well as the trunk (Figure 5.1A). The IMUs measure acceleration, angular
velocity and the magnetic field, all in three dimensions, and stream this data wirelessly to a
receiver block, which is connected to the computer via USB and serves as a docking station
to charge the sensors. A kinematic reconstruction estimates the orientation of the trunk,
the upper- and the lower arm based on the Madgwick algorithm19 and the corresponding
joint positions are computed with forward kinematics.20 This reconstruction serves as
input for the assessments and therapeutic virtual reality games (Figure 5.1B). By using
the same virtual kinematic parameters for each patient, virtual sizes, e.g. distances or the
size of targets, are normalized to the patient’s body size. To discourage trunk inclination
or rotation during pointing movements, the arm movements are computed and displayed
relative to the trunk.

Sequence of a training session
A typical training session is illustrated in Figure 5.1C. The patient uses the unaffected
hand to touch a start button on the screen, which triggers visual instructions on how to
remove the IMUs from the receiver block, don them on and perform a simple calibration
procedure (i.e. guided start). For the calibration, the patient has to sit upright and hold
the impaired arm in a horizontal position directed towards the screen for five seconds to
determine the orientation of the IMUs on the patient’s body. For calibration, the patient
was allowed to use the unaffected arm for support.
Automated unsupervised assessments, conducted before every therapy session, evaluate arm
function on two standardized tasks that remained identical throughout the therapy. The
first was a pointing task which aims to evaluate the ability and time required for reaching
a virtual target. The targets appear consecutively and in random order at nine pre-defined
target positions located within the reachable workspace of a healthy individual. The patients
are instructed to reach the target as quickly as possible and then stay on the target for two
seconds. If a target is not reached within eight seconds, it disappears and a penalty time of
eight seconds is taken instead. The number of targets reached and the mean time to reach
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Figure 5.1: System overview and study outline.
A) Photograph of a healthy subject using ArmeoSenso. B) Screenshot of the pointing task assessment:
the virtual upper- and lower arm and the trunk are displayed. The arm points to a target. C) Sequence
of a training session. Before each training session, two automated assessments are performed. D) Study
outline: The ArmeoSenso system is installed in the patient’s home for six weeks. The patients are assessed
clinically before the start, after three weeks, and after six weeks of training. Abbreviations: WMFT: Wolf
Motor Function Test; FMA-UE: Fugl-Meyer Assessment Upper Extremity; NIHSS: National Institute of Health
Stroke Scale. * System installation and patient instruction by a therapist.

the targets are reported. Joint angles are recorded to detect maladaptive compensatory
movements such as excessive trunk inclination or trunk rotation during reaching.
The second assessment measured the two-dimensional workspace of the impaired arm in
the transverse plane. Patients are instructed to actively reach out as far as possible with their
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impaired arm and to explore the entire arm workspace, similar to previous studies.21 The
attained workspace is displayed and computed as the number of squares of ten centimeters
side length arranged in a transverse plane relative to the patient’ s trunk.
Therapy games: The aim of the therapy game ‘Meteors’, was to improve arm workspace and
reaching velocity. In this game scenario, a virtual arm which matches the movement of the
patient’ s arm is used to catch meteors that fall towards a planet. In contrast, the aim of the
therapy game ‘Slingshot’ was to train arm coordination and to improve the precision of arm
pointing and reaching movements. The patient holds a virtual slingshot to shoot stones
at static or moving targets of variable size by pointing at the target with the slingshot and
extending the elbow according to the target, which requires both precision and endurance.
In both games, a performance-based (i.e. speed, number of targets reached, etc.) score
is computed and used to dynamically adapt the difficulty of the game (e.g. meteors and
targets move faster, or appear smaller etc.) in order to keep motivation and engagement
high. The targets are placed within or at the border of the patient’s 3D workspace, which
is continuously estimated with a voxel-based model, to keep the challenge high, promote
an increase in arm workspace, and prevent frustration.18

Study design
The study was designed as an open-label, single group clinical trial to study the feasibility
and safety of performing arm rehabilitation with the ArmeoSenso system in the patient’s
home without any supervision. Inclusion criteria were a minimum age of 18 years, hemi
paresis of the arm due to cerebrovascular ischemia, the ability to lift the paretic arm
against gravity, a minimal arm workspace of 20 cm x 20 cm in the horizontal plane and
absence of aphasia, depression, dementia and hemianopia. ArmeoSenso was installed on
a table, and instructions for proper usage were given by a trained physiotherapist to the
patient, prior to the start of the study. No modification of the patient’ s house was required.
Patients were asked to use the system as often as possible over a period of six weeks. They
decided by themselves about the training duration and frequency and could start or stop
a therapy session at any time. The patients’ usual therapy continued and was not altered
during the study. A structured patient interview was conducted at the end of the trial. The
study followed GCP-guidelines and was approved by the local Cantonal ethics committee
Zurich (KEK-ZH: 2013– 0182) and the Swissmedic (2013-MD- 0019). All subjects gave
written informed consent in accordance with the declaration of Helsinki.
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Outcome measures
The primary safety outcome was any adverse event related to the system that occurred
during the study period. The primary outcome of the study was the duration of training per
week with ArmeoSenso. This was used as an indicator of therapy acceptance and feasibility
of unsupervised therapy. As a measure of motivation, we investigated whether system usage
changed over time. We report the average training duration for every training week, the
training duration per session (equal to the minutes of playing games per ArmeoSenso
session) and the training frequency (equal to the number of days of ArmeoSenso usage).
The sum of both the number of meteors caught (Meteors game) and the number of targets
hit (Slingshot game) was used as a measure of training intensity. To assess the efficiency of
training, we quantified the training duration in relation to the overall time spent with the
system, which includes the time for automated assessments and for system setup.
To investigate whether patients compensated for their arm impairment by moving their
trunk, we analyzed trunk rotation and inclination during successful pointing movements in
the pointing task assessment for one target. Trunk rotation and inclination were recorded
at onset (initiation) of the movement and once the hand reached the target (final). The
respective absolute difference between initial and final trunk orientation was treated as
the patient’s trunk compensation. The subtraction also serves to remove bias, e.g. due to
sensor misalignment or magnetic field disturbances,22,23 while the short duration of 8 s or
less should minimize effects of orientation drift,24 e.g. due to gyroscope bias. As a control,
patients performed the same task with their unaffected arm 10 consecutive times within
one session at the end of the home trial.
Arm function was assessed clinically using the Fugl-Meyer Assessment - Upper Extremity
(FMA-UE)25 and the Wolf Motor Function Test (WMFT)26 at 3 time points (see Figure
5.1D) and with ArmeoSenso-based automated assessments, as described above.

Statistical methods
Descriptive statistics are reported as mean ± standard deviation of the mean, and where
relevant with (min, max). All outcomes were inspected for normal distribution using the
Kolmogorov-Smirnov test, prior to selection of appropriate statistical tests. The two tailed
Mann-Whitney test was used to compare the average weekly training duration in patients
with severe impairment of arm function against patients with moderate to mild impairment.
A one-way repeated measures ANOVA was used to assess differences over time in training
duration, clinical scores and automated assessments, in case of normally distributed data.
Otherwise, the non-parametric Friedman test was used. Correlation analysis was used to
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examine the relationship between clinical assessments and ArmeoSenso-based assessments.
Results were considered significant at p < 0.05.

Patient characteristics
Eleven patients were recruited in the University Hospital Zurich (for details see Table 5.1).
In parallel to the study, all patients except for one received physical therapy, on average 3.9
sessions/week, corresponding to approximately 155 min/week (estimated duration of 40
min per therapy session). Only one patient reported that he had no prior experience in
using computers, and 8 out of 11 patients reported that they had never played computer
games before.
Table 5.1: Baseline characteristics
Mean ± SD*
N

11

Male

5

Right side affected

3/8

Age, y

60 ± 11.5

Months post stroke

27 ± 31.5

NIHSS †

3.3 ± 1.2

mRS ‡

1.9 ± 0.1

FMA-UE §

35.1 ± 19.9

WMFT | |

52 ± 39

* Standard deviation.
† National Institutes of Health Stroke Scale (0–42 points).
‡ modified Rankin Scale (0–6 points).
§ Fugl-Meyer Assessment - Upper Extremity (0–66 points).
| | Wolf Motor Function Test (0–75 points).

Results
Safety and system usage
All subjects were able to use the system without supervision at their homes and there
were no patient-reported adverse events. On average, patients used the system on 26.5 ±
11.5 days (min 8, max 41) out of 42 days (Figure 5.2C), corresponding to 4.4 days with
training per week. The average training duration per week was 137 ± 120 min (min 15, max
357). The weekly training duration did not change over the course of six weeks (one-way
repeated measures ANOVA: p = 0.146, F = 1.912, Figure 5.2A). According to the patient
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interviews, 8/11 patients would have liked to continue training with the system and the
perceived therapy efficacy was high, with 8/11 patients stating that the trial improved
their arm function. Further, 9/11 of patients found the system to be motivating. The two
patients who replied negatively were also within the group of those 3/11 patients not
stating a desire to continue training with the system. Further, these three patients had a
significantly (Wilcoxon rank-sum test, p = 0.049) lower initial FMA-UE score (16 ± 7.8)
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compared to the other eight patients (FMA-UE 43 ± 18.3). These patients also trained less
(85 min/w versus 177 min/w), but the difference was not significant (Wilcoxon rank-sum
test, p = 0.38).
The average training (gaming) duration per session was 30 ± 16 min (min 11, max 56)
(Figure 5.2B). The average number of successful arm movements during gaming with
Meteors and Slingshot, a measure for training intensity, was 387 ± 522 movements per
session (min 40, max 1486). Patients with severe impairment of arm function (FMA-UE
≤ 20, N = 4) used ArmeoSenso significantly less (42 ± 42 min/week) than those with
moderate and mild arm impairment (FMA-UE > 20, N = 7, 191 ± 113 min/week, p =
0.024, Figure 5.2D).
The average setup duration per therapy session was 4 ± 2 min. The combined average time
to complete all assessments for a therapy session was 4 ± 1 min. On average, patients spent
79% of a therapy session with actual training, i.e. playing either the Meteors or Slingshot
therapy game.

Changes in arm function
Patients showed a significant improvement in the FMA-UE from 35.1 ± 19.9 points to 39.2
± 17.9 points after 6 weeks, which represents an average improvement of 4.1 ± 2.5 points
(one way repeated measures ANOVA: p = 0.003, F = 8.701, Figure 5.3A). The changes
seen in the WMFT were small and not significant (improvement of +1.2 points after six
weeks, Friedman-test: p = 0.552).
The automated assessments performed at each training session were plotted as twoweekly averages for comparison to clinical scores. The workspace of the affected arm in
the transverse plane, as documented by the automated workspace assessment, improved
significantly by 31% between the first two weeks (31.5 ± 20.8 squares) and the last two weeks
(40.8 ± 28 squares; one way ANOVA: p = 0.008, F = 9.280, Figure 5.3B). In the pointing
task, the number of targets (out of 9) reached within 8 s improved significantly from 4.4 ±
2.8 in the first two weeks to 5.9 ± 3.1 in the last two weeks (Friedman-test: p < 0.001, F =
13.780, data not shown). The average time to reach the targets decreased significantly by
19%, from 5.4 ± 1.6 s in the first two weeks to 4.5 ± 2.2 s in the last two weeks (one-way
ANOVA: p = 0.005, F = 7.17, Figure 5.3C).
The FMA-UE scores correlated significantly with all three metrics of the automated
assessments (number of workspace voxels r = 0.91, p < 0.001, number of reached targets
r = 0.96, p < 0.001, time to reach target r = 0.92, p < 0.001, the latter is shown in Figure
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5.3D). The therapy dose (i.e. total training duration with ArmeoSenso) did not correlate
with the changes over six weeks in the clinical assessments (r = -0.3, p = 0.370 for the
FMA-UE, and r = -0.083, p = 0.809 for the WMFT, data not shown).

Kinematic analysis
Trunk angle analysis during the pointing assessment shows that patients moved their trunk
significantly more when reaching with their impaired arm compared to reaching with their
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unaffected arm (Figure 5.4). These trunk movements occurred with a higher variability
in the impaired side, as demonstrated by high standard deviations. The average absolute
trunk rotation did not change significantly between the first and the last two weeks (oneway ANOVA, p = 0.531, F = 0.415) but was significantly higher when compared to reaching
movements with the unaffected arm (one-way ANOVA, p = 0.030, F = 5.859). The same was
observed for the average trunk inclination (for target 6), which did not change significantly
between the first and the last two weeks (one-way ANOVA, p =0.208, F = 1.757) but was
significantly higher compared to the sessions with the unaffected arm (one-way ANOVA, p
< 0.001, F = 24.968). An example of the high inter-session variability of trunk angles during
all training sessions for one patient (and the same target) is shown in Figures 5.4B and D.
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Discussion
This paper presents results of a feasibility study using ArmeoSenso, a novel, wearable sensorbased home therapy system with rehabilitative games for arm training and automated IMUbased assessments of arm function. During a six-week intervention, all stroke patients (N
= 11) were able to train with ArmeoSenso at home without therapist supervision and with
no side effects reported, demonstrating that unsupervised selfdirected home therapy using
a sensor-based virtual therapy platform is feasible and safe. As automated rehabilitation
systems carry the risk of being unsuitable for stroke patients due to their complexity, we
placed a high priority on developing a system that was easy to use, with therapy exercises
that involved intuitive and meaningful, yet challenging movement tasks.27 The fact that
elderly patients (6/11 were aged > 60 years) and patients without gaming experience (8/11)
were able to successfully use the system supports its broad applicability. However, patients
with severe impairments of arm function used the system less than those with moderate
or mild impairments, suggesting that targeted training systems for this group should be
developed, e.g. by addition of gravity support.
The therapy dose of 137 min per week (min/week) on average, with training sessions
on 4.4 days per week, is promising. Despite the lack of any external therapy supervision
after the initial setup day, this result compares favorably to other studies on unsupervised
therapy in stroke, where doses of 105 min/week were achieved with the “Supervised Care
& Rehabilitation Involving Personal Telerobotics” (SCRIPT) hand orthosis,16,28 85 min/
week with the “home-based Computer Assisted Arm Rehabilitation” (hCAAR) actuated
joystick7 or 31 min/week with the Virtual Glove upper limb rehabilitation system.17 Higher
training doses of 214 min/week were achieved with the “Elinor” home therapy system,13
but mandatory weekly hospital visits might have influenced patient compliance. The
average training intensity, which was 387 successful reaching and pointing movements per
session, is in the range of another study with self-directed home therapy for subacute stroke
patients, where 383 exercise repetitions per session were reported,29 and is much higher
than the relatively low intensity typically observed in standard rehabilitation sessions for
the upper limb (32 functional upper extremity movements per session30). The observed
training duration did not decline during the six weeks intervention, indicating that the
motivation to train with ArmeoSenso remained high. Overall system usage and the reported
desire to continue training after completion of the study protocol suggest that the therapy
could even be applied over longer periods. Training efficiency was also high with patients
spending almost 80% of the time using the ArmeoSenso system with actual rehabilitation
training. This compares favorably to training times in routine outpatient therapy.31 Such
high training efficiency might lower the threshold to start a therapy session and thus
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increase the therapy dose within the available time. The system’s permanent availability
throughout the day in the subjects’ home without the restriction of clinical schedules is an
important advantage over tele-rehabilitation approaches.32,33 It would be interesting to know
how many patients declined to participate and the reasons they give for this. However, this
was not documented in this feasibility study. In two cases, there was insufficient space to
set up the system in the patient’ s homes, which illustrated the fact that size and footprint
is an important design criterion for a home-based rehabilitation system.
In the unsupervised setting used here, research therapist did not see the patient over
the course of the therapy. Direct monitoring of performance and progress and external
intervention was therefore not possible. This motivated the development of short
assessment modules that patients performed on a daily basis. To the best of our knowledge,
unsupervised, automated assessments that accompany each training session have not been
realized until now. The high correlation found between the automated assessments and
clinical assessment scales in arm function is a first step towards confirming their validity.
In the future, such unsupervised, automated assessments could alert therapists remotely,
e.g. via the Internet, about stagnating or declining performance during home training
sessions. Therapy games which do not take into account a patient’s individual impairment,
as with commercial entertainment systems designed for healthy users, are likely to frustrate
patients, potentially jeopardizing motivation and compliance. ArmeoSenso therapy games
constantly adapt their difficulty and intensity according to the subjects’ performance, and
place targets within or at the border of the reachable workspace 18 to maximize engagement
and motivation of the subject.
An important function of a therapist is also to monitor and, if needed, correct the patient’ s
posture and movements in order to prevent the development of pain or maladaptive motor
patterns, such as excessive compensatory trunk movements (inclination and rotation) or
excessive shoulder abduction during arm reaching.34 With systems that do not track joint
angles (e.g. Nintendo Wii) or commercial games that are not designed for rehabilitation
purposes,11,35 development of such patterns may go unnoticed. Systems based on the use
of cameras (e.g. Kinect12,35-37) or IMUs that reconstruct body posture offer the possibility
to detect compensatory movements.38 The reconstruction algorithm implemented in
ArmeoSenso attempted to minimize trunk inclination and rotation by directly suppressing
their effects in the virtual environment, i.e. only arm movements relative to the trunk are
depicted and used as input for the games and assessments. Despite this effort, patients
typically exhibited significantly higher trunk inclination and trunk rotation during reaching
movements with their impaired arm than with the unimpaired arm.39 Nevertheless, trunk
movements remained small in most patients, with an average of less than five degrees
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of trunk inclination or rotation. The extent of trunk movement was highly variable
(interpatient and inter-session), and there was no significant trend over time that would
suggest either an increase or a reduction of compensation with the trunk during reaching
movements. Providing auditory instructions when excessive trunk movements are detected,
simulating the presence of a virtual therapist,38 or using negative visual cues within the
therapy game,40 might help to prevent compensatory trunk movements.
The mean gain in FMA-UE was 4.1 points, which is not regarded as clinically relevant, but five
out of eleven patients showed a clinically relevant improvement of more than 4.25 points.41
This is comparable to findings for high-intensity therapy in chronic stroke patients.42
This improvement was not reflected in the WMFT, which improved marginally by 1.2
points. This is likely due to the lack of hand training by ArmeoSenso; hand function is
important for performing the WMFT. The improvement of arm function could be explained
by the self-directed training with ArmeoSenso or by the standard rehabilitation therapy
that most patients received during the study in addition to the experimental training (155
min per week on average).

5

Conclusion
This paper presents the design and feasibility of ArmeoSenso, a wearable sensor-based
home therapy system for self-directed rehabilitative arm training after stroke. Our results
demonstrate that this home therapy is safe and can provide rehabilitative training in a high
dose. The integrated assessments allow daily therapy monitoring, difficulty adaptation and
detection of maladaptive motor patterns such as trunk movements during reaching. Clinical
effectiveness of ArmeoSenso needs to be investigated in a larger randomized controlled trial.
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Abstract
Background Fifty percent of all stroke survivors remain with functional impairments

of their upper limb. While there is a need to improve the effectiveness of rehabilitative
training, so far no new training approach has proven to be clearly superior to
conventional therapy. As training with rewarding feedback has been shown to
improve motor learning in humans, it is hypothesized that rehabilitative arm training
could be enhanced by rewarding feedback. In this paper, we propose a trial protocol
investigating rewards in the form of performance feedback and monetary gains as
ways to improve effectiveness of rehabilitative training.
Methods This multicentric, assessor-blinded, randomized controlled trial uses the

ArmeoSenso virtual reality rehabilitation system to train 74 first-ever stroke patients
(< 100 days post stroke) to lift their impaired upper limb against gravity and to
improve the workspace of the paretic arm. Three sensors are attached to forearm,
upper arm, and trunk to track arm movements in three-dimensional space while
controlling for trunk compensation. Whole-arm movements serve as input for a
therapy game. The reward group (n = 37) will train with performance feedback
and contingent monetary reward. The control group (n = 37) uses the same system
but without monetary reward and with reduced performance feedback. Primary
outcome is the change in the hand workspace in the transversal plane. Standard
clinical assessments are used as secondary outcome measures.
Discussion This randomized controlled trial will be the first to directly evaluate

the effect of rewarding feedback, including monetary rewards, on the recovery
process of the upper limb following stroke. This could pave the way for novel types
of interventions with significantly improved treatment benefits, e.g., for conditions
that impair reward processing (stroke, Parkinson’s disease).
Trial registration Trial registry number on cliniclatrials.gov is NCT02257125, first

registered on 30 September 2014.
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Background
After stroke, 50% of survivors are left with impairments in arm function,1,2 which is
associated with reduced health-related quality of life.3 While there is evidence for a positive
correlation between therapy dose and functional recovery,4-6 a higher therapy dose is
challenging to implement, as it usually leads to an increase in costs commonly not covered
by health insurances. However, when dose is matched, most randomized controlled trials
introducing new types of rehabilitative interventions (e.g., robot-assisted therapy7) failed
to show a superior effect compared to standard therapy. Thus, the need for improving
therapy effectiveness remains. In search for elements of effective therapy, we hypothesize
that performance feedback and monetary rewards can improve effectiveness.
It has been shown that reward enhances procedural8 and motor skill learning9,10 and has a
positive effect on motor adaption.11 Rewards mainly improve retention of motor-skills and
motor adaptions.9-11 This effect was not explained by training duration (dose) as rewarded
and non-rewarded groups underwent similar training schedules.8-11 In a functional magnetic
resonance imaging (fMRI) study, Widmer et al. reported that adding monetary rewards
after good performance lead to better consolidation and higher ventral striatum activation
than knowledge of performance alone.10 The striatum is a key focus of reward processing,12
and its activity was shown to be increased by both intrinsic and extrinsic reward.13 Being
a brain structure that receives substantial dopaminergic input from the midbrain, ventral
striatal activity can be seen as a surrogate marker for dopaminergic activity in substantia
nigra/ventral tegmental area.14 In rodents, Hosp et al. found that dopaminergic projections
from the midbrain also terminate directly in the primary motor cortex (M1).15 Dopamine
in M1 is necessary for long-term potentiation of certain cortico-cortical connections and
successful motor skill-learning.16 As mechanisms of motor learning are also thought to play
a role in motor recovery,17 rehabilitative interventions may benefit from neuroplasticity
enhanced by reward.
Here, we describe a trial protocol to test the effect of enhanced feedback and reward on
arm rehabilitation after stroke at matched training dose (time and intensity). We use the
ArmeoSenso, a standardized virtual reality (VR)-based training system18 that is delivered
in two versions for two different study groups, one version with and one without reward
and enhanced performance feedback.
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Methods
Ethics and reporting
The study protocol follows the Consolidated Standards of Reporting Trials (CONSORT)
Statement on randomised trials of non-pharmacological treatment19 and Standard
Protocol Items: Recommendations for Interventional Trials (SPIRIT; see Figure 6.5 for the
SPIRIT Figure and the SPIRIT Checklist) guidance for protocol reporting.20 The study is
recruiting patients at three different rehabilitation clinics. The procedures and the protocol
(version 4.1 of 18 August 2016) have been approved by the responsible Ethics Committees
“Ethikkommission Nordwest- und Zentralschweiz” and the “Kantonale Ethikkommission
Zürich” (LU2013-079 and PB_2016-01804), and the Swiss Agency for Therapeutic Products
(Swissmedic: 2014-MD-0033) and conform to the guidelines of Good Clinical Practice E6
(R1). All subjects have to give written informed consent in accordance with the Declaration
of Helsinki. A quality assurance audit/inspection of this study may be conducted by the
competent authority or Ethical Committees, respectively. The quality assurance auditor/
inspector will have access to all medical records, the investigator’s study related files and
correspondence, and the informed consent documentation that is relevant to this clinical
study.

Study design
This multicentric trial is randomized, controlled and assessor-blinded (Figure 6.1). Patients
are unaware of the training characteristics of the other study group.

Study population
This study includes stroke patients (maximum 100 days after stroke) who meet the following
criteria: minimum age of 18 years, hemiparesis of the arm due to cerebrovascular ischemia,
the ability to lift the paretic arm against gravity, a minimal arm workspace of 20 cm x 20
cm in the horizontal plane, ability and willingness to participate, as well as the absence of
severe aphasia (i.e., patients who are not able to follow two-stage commands), depression,
dementia and hemianopia.

Randomization
The randomization procedure was planned and set up by an independent contract
research organization (Appletree CI Group, Winterthur, Switzerland). A non-consecutively
increasing, pseudo-randomly generated list of subject identification numbers (IDs) was
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Screening and recruitment

Informed consent
= enrolment

Baseline assessment
- blinded (day1)

Randomization

1h a day, 5 days a week for 3 weeks
ArmeoSenso therapy
No performance feedback, no
reward,
minimalistic graphics
(day 2 to 22)

1h a day, 5 days a week for 3 weeks
ArmeoSenso therapy
Performance feedback, monetary
reward, captivating game story, state
of the art graphics
(day 2 to 22)

Post-training
Assessment - blinded
(day 23 ± 5 days)

3 month Follow-up
Assessment - blinded
(day 113 ± 7 days)
Figure 6.1: Flow diagram illustrating the trial design and sequence.
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created. IDs are chronologically assigned to each new study participant, stratified by the
study center. Allocation to one of the two study groups is balanced in blocks of four. The
randomization list containing the subject-ID, the corresponding group allocation and a
randomly generated password was sent to an independent (unblinded) study staff member
(“admin”) who has set up respective patient-user computer accounts used for accessing the
therapy game. The group-specific version of the game, i.e., either with or without reward,
is defined by the account. The admin keeps the assignment list and is not involved in data
collection.
Immediately before the first training session, each study participant has to confirm by
signature to have received a sealed envelope containing a butterfly etiquette with ID and
password to access the account. The patient keeps this etiquette for the entire study duration.

ArmeoSenso Training System
The arm rehabilitation system combines motion capturing via wearable inertial measurement units (IMUs) in combination with a therapy game, running on a touch screen
computer (Inspiron 2330, Dell Inc., Round Rock, TX USA) (Figure 6.2A). Three wireless
IMUs (MotionPod 3, Movea SA, Grenoble, France) are fixed to the functionally impaired
lower and upper arm as well as the trunk.18,21
In contrast to robot-based VR therapy systems, this sensor-based approach does not offer
any weight support for the impaired arm. The ArmeoSenso system specifically requires the
patient to lift the arm against gravity and to increase hand workspace in three-dimensional
(3D) space. The system was validated in a home feasibility trial with stroke patients.21 For the
present study, the ArmeoSenso system includes two automated functional assessments, one
consisting of a pointing task with nine targets arranged in two semicircles in the transversal

Figure 6.2: A) Healthy subject using the ArmeoSenso training system. B) Arm workspace assessment:grey
cubic voxels arranged in the transverse plane reflecting 10 cm x 10 cm active workspace relative to the
patient’s trunk.
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Figure 6.3: A) ArmeoSenso-Reward: METEORS therapy game. The hand of the virtual arm is used to catch
the falling meteors before they crash onto the planet. If caught, the meteor explodes and a score appears.
If missed, the planet gets damaged (note the impact crater). The current score (=PUNKTE) is displayed on
the upper left (white font colour) and compared to the patient’s all-time record (=REKORD; red font colour,
upper left). The green bar on the upper right indicates resting time. If completely black, the patient has to
rest for 4 s before new meteors are spawned. During rest, the bar fills with green. The yellow bar on the left
indicates how much playtime is left in the ongoing round (max. 150 s). B) Control game. The virtual hand
is a green decagon that can be used to touch the pill-shaped, single-colored targets dropping in from the
top of the screen, which then disappear with a delay of 1 s without producing a score. The green bar on the
upper right fills up whenever the patient assumes the resting position.

plane. The second assessment measures the hand workspace of the trained limb (see the
“Primary Outcome” section). While identical assessments are performed in both training
groups, the system includes a specific version of a therapy game for each of the two training
groups: (A) a rewarding version including monetary rewards, knowledge of performance
feedback and graphical special effects (Figure 6.3A), and (B) a non-rewarding version
lacking these motivators (Figure 6.3B). A more detailed description follows.

Intervention
In addition to standard therapy, both groups train 1 hour per day, 5 days a week for 3 weeks
while inpatients in a participating rehabilitation hospital. Note that for study participants,
standard therapy excludes additional proximal-arm training. All other therapies, however,
are not affected by the study.
ArmeoSenso training is supervised by a therapist. Since 1 hour of consecutive upper limb
training per day without weight support can be too demanding for some patients, deviations
from this protocol are allowed to a minimum cumulative training time of 720 min.
A typical ArmeoSenso training session is described in Wittmann et al.21 For the present
study, patients log in to their user account with their random ID and the password printed
on their butterfly etiquette. The IMUs are fixated to the affected lower and upper arm and
to the trunk using custom-made Velcro straps (Balgrist Tec AG, Zurich, Switzerland).
The supervising therapist may help if necessary. The ArmeoSenso system then guides the
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patient through three calibration poses and two automated assessments (see the “Outcome
Measures” section) before training starts (beginning of the targeted 60 min session
duration). In order to prevent physical exhaustion, the patient is visually instructed to rest
for at least 4 seconds every 40 seconds. Moreover, patients are allowed to interrupt the
training session if an additional break is needed. The duration of the additional breaks is
added at the end of the training session. After 60 min of net training time, the automated
assessments will be repeated and the patient will be asked to fill in a short motivation
questionnaire (see the “Secondary Outcome” section).
Both groups train with modified versions of the ArmeoSenso “METEORS” game (see
Wittmann et al.18 and Wittmann et al.21). Although the two versions differ markedly in terms
of their appearance, they share the underlying game mechanics. That is, in both a virtual
“hand” which matches the movement of the subject’s real hand is used to catch objects that
drop downwards from the top of the screen. The targets are placed within, or at the border
of, the patient’s virtual 3D workspace, which is continuously estimated and updated using a
voxel-based model.18 The time to complete a round in the METEORS game is T_max = 150
s (excluding rest). If, during these 150 s, less than five targets were missed, the round is won
and the difficulty increases by up to three levels, depending on the number of targets that
hit the ground. Difficulty is adapted dynamically by changing (1) the average target speed of
falling, (2) the target spawn interval and (3) the number of simultaneously spawned targets
(one to a maximum of seven). It increases in this order (1, 2, 3, 1, ...). Conversely, difficulty
decreases in reverse order if more than four targets were missed and the round is lost after
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
a certain time (T_loss). In that case, the difficulty decrease is calculated by rounding
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
to the closest integer, but with a maximum of four difficulty levels.

Rewarded training
The reward group will train for 15 hours with a version of the METEORS game that is very
similar to the one used in previous studies.18,21 Briefly, the hand is used to catch the targets
that are depicted as meteors. The movement of the patient’s whole arm is displayed with
low latency on the computer screen as a moving virtual arm; a feature implemented to
increase the feeling for embodiment and thus improve the motivation to move the arm.22
Subjects are instructed to use the hand to catch the falling meteors in order to protect
their planet from being destroyed (Figure 6.3A). This game theme is easily understood
and emotionally involving.21
Whenever a meteor is touched by the virtual hand, it explodes, giving the patient immediate
knowledge of the result. Furthermore, a score appears with each exploding meteor that
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depends on the falling speed and diminishes with the time the meteor was visible on the
screen before being caught. Scores are summed up over a round and reset when the next
round starts. However, there is also an all-time high score always visible on the upper left
(Figure 6.3A). If a meteor is missed, it crashes on the planet and damages it. Should the
patient miss more than four meteors within T_loss < 150 s, the round is lost, which results
in visual effects showing the planet being destroyed and the camera shaking, followed by
a message encouraging the patient to try again.
After successful level completion, patients are shown a feedback screen illustrating that
they have successfully saved the planet, how many meteors they managed to catch and how
many they have missed (Figure 6.4A). Monetary rewards are given for each completed
level. Patients can win up to 1 Swiss Franc (CHF; approx. US$ 1), if they succeed, but 0.1
CHF is deducted for every missed meteor. As a new level can be started approximately
every 3 minutes, a maximum of 20 CHF could be won per training session in case of an
uninterrupted winning streak. This, however, is unlikely due to the difficult adaption
described above. All of it, the money won during the preceding round, during the ongoing
training session and the total money gathered over the whole course of the study, is
presented on the feedback screen (Figure 6.4A), which is followed by a high score list
showing the top 10 results (Figure 6.4B). If the current result was in the top 10, it is marked
in the list (Figure 6.4B). This feature was also implemented to optimize patient engagement.
New planets (eight in total) and/or backgrounds (12 in total) are unlocked during the course
of the three-week training. These rewards do not have any influence on the gameplay and
difficulty but are intended to add variety to the game. Once three planets have been unlocked,
the patient can choose between two randomly selected planets at the start of every round.

Figure 6.4: ArmeoSenso-Reward feedback screens. A) “PLANETEN GERETTET”: planet saved. This screen is
presented after each completed round. The number of meteors caught (“GEFANGEN”, top) and meteors
hitting the planet (“EINGESCHLAGEN”, bottom) is indicated on the left. The monetary reward (“GEWINN”) for
the current round (“DIESE RUNDE”, top), the current day (“HEUTE”, middle) and the total amount of money
gathered over the course of the study (“TOTAL”, bottom) are displayed on the right. Note that a maximum
of 1 Swiss Franc (CHF) can be won per round. B) Hall of fame (“RUHMESHALLE”) with the patient’s top 10
scores. If the current score is in the top 10, it is highlighted in red.

109

6

Chapter 6

Control training
The control training consists of the same sensor system and game mechanics with all
rewarding feedback removed. In order to reduce the feeling of embodiment,22 only the
position of the hand is shown as a green decagon on a plain black background. Targets
are simple pill-shaped, single-colored objects that disappear with a delay of 1 s without
producing a score or sound after being touched; hence, there is no immediate but delayed
knowledge of performance. Complete removal of knowledge of performance is not possible
in this game because patients then might reach for the same target for several times,
which would hamper comparability to the other study group. The feedback screen, the
monetary reward, the high score list and the unlocking of new planets and backgrounds
are also removed. Instead, patients are looking at a blank screen to keep the training
time comparable. Most notably, the target placement and difficulty adaption remain
unaffected.

Outcome measures
The clinical assessments are collected by assessors blinded to treatment allocation. All
assessors are trained in performing the assessments before the start of the trial. In addition
to the outcome measures described below, demographics, comorbidities, cognitive function
(Mini Mental State Examination) and concomitant therapy will be recorded (Figure
6.5).
Primary outcome

The primary outcome of this trial is the workspace of the impaired arm in the horizontal
plane, measured by using an assessment integrated into the ArmeoSenso platform. Subjects
are instructed to actively reach out as far as possible with their impaired arm forward,
backward and sideways to explore the entire arm workspace. The workspace is corrected for
trunk movements and computed as the number of square pixels of 10 cm side length arranged
in the transverse plane relative to the patient’s trunk (Figure 6.2B) (see Wittmann et al.18
and Wittmann et al.21 for more information). This assessment is conducted immediately
before and after every therapy session (Figure 6.5).
Secondary outcome

Arm impairment is assessed using the Fugl-Meyer Assessment - Upper Extremity (FMAUE), arm activity using the Wolf Motor Function Test (WMFT), the Box and Block Test,
and a pointing task (ArmeoSenso integrated assessment) (Figure 6.5). For the pointing
task, nine targets arranged in two semicircles appear one after another in the transversal
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STUDY PERIOD

TIMEPOINT

Enrolment

Baseline
assessment

Allocation

Training

Post-training
assessment

3 Month
Follow-up

Day 0

Day 1

Day 2

Day 2 – 22

Day 23 ± 5

Day 113 ± 7

ENROLMENT:
Eligibility screen

X

Informed consent

X

Randomization and
allocation

X

INTERVENTIONS:
Rewarded training

X

Control training

X

ASSESSMENTS:
Demographics

X

Comorbidities

X

Mini-Mental State
Examination

X

Concomitant therapy

X

X

Primary outcome:
Workspace
assessment

X

Secondary outcomes:
Fugl-Meyer
Assessment – Upper
Extremity

X

X

X

Wolf Motor Function
Test

X

X

X

Box and Block Test

X

X

X

Motor Activity
Log – 14

X

X

X

Barthel Index

X

X

X

National Institutes of
Health Stroke Scale

X

X

X

modified Rankin Scale

X

X

X

X

X

Pointing task

X

Motivation
questionnaire

X

Adverse events:

X

X

6

Figure 6.5: Recommendation for Interventional Trials (SPIRIT) figure: the schedule of enrolment,
interventions, and assessments. MT, month; MMSE, Mini-Mental State Examination; FMA-UE, Fugl-Meyer
Assessment of the upper extremity; WMFT, Wolf Motor Function Test; MAL-14, Motor Activity Log 14; BI,
Barthel Index; NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale.

plane in front of the subject. The goal is to reach out to the target within 8 s. The number
of targets reached and the mean time to target is reported. The Motor Activity Log 14
(MAL-14) for self-reported movement ability, the Barthel Index (BI) as a measure of
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independence in daily living, the National Institutes of Health Stroke Scale (NIHSS) as
a measure of stroke severity are recorded and the global disability is assessed using the
modified Rankin Scale (mRS) (Figure 6.5).
Finally, patients fill in a short questionnaire after each training session. Ten questions
(five positively and five negatively formulated), given in randomized order, evaluate the
subjective appraisal of the training on a five-point Likert-scale (Figure 6.5).
Assessments of safety

Adverse events (AEs) expected to occur are skeletal or muscular pain and fatigue indicating
a syndrome of overuse. The quality management system of the Clinical Trail Center Zurich
will be followed according to national and international guidelines.23 Adverse events (AEs)
will be documented and related serious adverse events (SAEs) will be reported to the Ethical
Committee, the competent authority (Swissmedic) and local principle investigators (PIs).
All SAEs will be included in an annual report to authorities and PIs. AEs will be recorded
from baseline assessment to the end of the trial.

Sample size
The sample size is estimated to detect a between-group difference of 4.8 voxels in the
workspace difference from beginning to end of training, based on the improvement in
arm workspace from pilot results (unpublished) and an estimated group difference of
20%. This assumes a two-sided alpha level at 0.05 and a power of 80%. For an effect with
a standard deviation of seven voxels, 35 subjects per group yields 80% power to detect
the true alternative. We will randomize 37 subjects in each group, based on our observed
attrition rate of 5% in a previous interventional trial.21 This calculation was performed
using G*Power 3.1.24,25

Statistical analysis
Our primary analysis is an intention-to-treat analysis comparing the two groups. In
addition, as this is an explanatory trial, a per-protocol analysis will be used to analyse the
effect of feedback under ideal conditions.26,27 Therapy will take place in 15 sessions over 3
weeks, and there is the possibility that some subjects will not complete the full treatment
regimen due to scheduling issues or other time constraints. If they still perform at least
12 hours of therapy the data will be analysed. All other patients will be considered “noncompliant” in the sense that they do not receive the full treatment dose. According to the
per-protocol principle, their outcomes will not be analysed.
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A two-sample t-test comparing the mean change in voxel workspace assessment between
the two groups will be used; in case of non-normality, a Mann-Whitney test will be
computed instead. Moreover, repeated measures analysis of variance (ANOVAs), in case
of normally distributed data, or non-parametric Friedman tests will be used to assess the
development of the different outcome measures over time. Statistical significance will be
based on a p-value threshold of 0.05. Data will be analysed using MATLAB R2013b (or
newer) (Mathworks Inc., Natick, MA, USA) and SPSS (version 23 (or newer), IBM Corp.,
Armonk, NY, USA).

Discussion
This is the first randomized clinical trial to evaluate the effect of enhanced feedback and
reward on arm rehabilitative training following stroke. Intrinsic (score, knowledge of
performance) and extrinsic rewards (money) hypothetically improve motor cortex plasticity
and overall motivation to train. Because motivation affects training time and time is a
crucial determinant of effect,4 this trial controls for time by using a control intervention
that is matched in time and dose of training.
In a motor learning study with healthy young subjects, we have shown that the
consolidation/retention of a skilled motor task is more effective if the task was trained in
the presence of reward.10 In a rat model, projections from midbrain dopaminergic regions
to M1 are required for successful motor learning and functional plasticity at cortical (layer
II/III) synapses,15,16 mechanisms that presumably support recovery after stroke.28 Whether
the dopaminergic system can be stimulated to improve recovery remains to be shown.
Likewise, whether reward is an appropriate stimulus is yet unknown.
Previous studies have assessed the patient’s motivation for a specific training (e.g. Wittmann
et al.21 and Nijenhuis et al.29), but none of them compared the outcome to an appropriate
control condition for the evaluation of the effectiveness of rewarding therapy. Although
functional improvement itself might be motivating enough for some patients to train, here
we are in search of a clinical effect of reward on a reduction in impairment (shoulder/elbow
range of motion (ROM)) mediated by active and repetitive proximal-arm training. We chose
this training method because (1) it can be standardized in its conduct and has quantifiable
parameters of dose, movement success and arm workspace as primary outcome measure,
(2) it is based on a therapy system which was already evaluated with patients and found
to be safe, (3) it is easily supported in participating institutions without much training of
therapists who provide assistance to the patient and (4) it has shown a moderate effect on
chronically arm-impaired stroke survivors.21 Because the ArmeoSenso training only works
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on proximal-arm function, it is not expected to have a clinically relevant effect on activities
of daily living, independence, or quality of life. We therefore chose a primary outcome
that is close to what is actually being trained, i.e., arm workspace. Workspace assessments
have been widely used to assess the arm function of stroke patients, thereby showing high
correlation to standard clinical scales.30,31 For a discussion of clinical relevance of functional
outcomes, in the interest of clarity and conciseness, we would like to refer to the review
of Ashford, Slade, Malaprade, Turner-Stokes.32 Nevertheless, potential transfer to more
clinical scores can be tracked using our secondary outcome measures.
The study is enrolling subjects during the initial three months after stroke. Most recovery
is occurring in this period.33-37 Therefore, we expect an improvement in arm function in
both groups.
A positive outcome of this trial will emphasize the role of reward in rehabilitative training. This result could potentially be applicable to various forms of post-stroke rehabilitative training. Social rewards (smileys, praise), food rewards (sweets, dietary allowance),
monetary reward or token programs are options that are easy to implement in situations
where there is systematic interaction between a patient and a human trainer or a technical
training device. Virtual-reality-based training games, therapy elements including repetitive performance feedback and similar approaches are examples where to integrate reward
according to suggestions to be derived from the described study.

Trial status
The trial is currently recruiting patients. At the time of submission, 16 stroke patients
have been enrolled.
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Abstract
Background New technologies, such as telerehabilitation and gaming devices offer

the possibility for patients to train at home. This opens the challenge of safety for
the patient as he is called to exercise neither with a therapist on the patients’ side nor
with a therapist linked remotely to supervise the sessions.
Aim To study the safety, usability and patient acceptance of an autonomous telereha-

bilitation system for balance and gait (the REWIRE platform) in the patient’s home.
Design Cohort study.
Setting Community, in the stroke patients’ home.
Population 15 participants with first-ever stroke, with a mild to moderate residual

deficit of the lower extremities.
Methods Autonomous rehabilitation based on virtual rehabilitation was provided
at the participants’ home for twelve weeks. The primary outcome was compliance
(the ratio between days of actual and scheduled training), analysed with the twotailed Wilcoxon Mann-Whitney test. Furthermore safety is defined by adverse
events. The secondary endpoint was the acceptance of the system measured with
the Technology Acceptance Model. Additionally, the cumulative duration of weekly
training was analysed.
Results During the study there were no adverse events related to the therapy. Patients
performed on average 71% (range 39 to 92%) of the scheduled sessions. The Technology
Acceptance Model Questionnaire showed excellent values for stroke patients after the
training. The average training duration per week was 99 ± 53 min.
Conclusions Autonomous telerehabilitation for balance and gait training with the

REWIRE-system is safe, feasible and can help to intensive rehabilitative therapy at
home.
Clinical rehabilitation impact Telerehabilitation enables safe training in home envi-

ronment and supports of the standard rehabilitation therapy.
Trial registration URL: https://clinicaltrials.gov. Unique identifier: NCT02192125.
Registered 30 May 2014 (retrospectively registered).
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Background
A key factor for successful neurorehabilitation after stroke is intensive training.1 Intensity
is defined by the time spent in training and the training demand, i.e., its complexity, level
of difficulty and challenge for the trainee. This is optimized for being inpatient.2 After
being discharged home, most stroke patients still suffer from a residual impairment that
requires additional therapy to improve further or to prevent deterioration.3 This additional
therapy could be offered in outpatient centers or at patients’ home (domiciliary therapy),
which requires a large organization effort and strain.4 Besides this, economical support
for outpatient rehabilitation by service providers has become very limited due to budget
cuts.3,5,6 Moreover, in most cases, outpatient therapy does not reach intensity sufficient to
produce meaningful effects.1,7,8
Information and communication technologies (ICT) have the potential to improve this
situation9-13 by enabling the video/audio communication between a healthcare professionals
and the patient at home. Results generally show a fragmentation in protocols and not
enough evidence for a benefit for the patients.13 Moreover, economical gains are limited,
as a therapist has still to be present remotely.
A different approach to telerehabilitation has been offered by commercial gaming devices
like the Nintendo balance board and the Microsoft Kinect used to track human motion
in real-time with an acceptable accuracy.14,15 In combination with powerful game engines
like Panda3D and Unity3D, they have been recently explored to provide autonomous
rehabilitation at the patient’s home in the form of games.8,16,17
These studies have shown that such an approach can be effective in improving patient’s
motor ability and motivating, and even more effective than standard rehabilitation.18
However, such approach opens the challenge of safety for the patient as he is called to
exercise neither with a therapist on the patients’ side nor with a therapist linked remotely
to supervise the sessions. A recent pilot clinical studies have reported adverse events (e.g.,
Prosperini et al.19 – occurrence of knee or lower back pain that limited compliance) that
have caused patients dropping out of the studies.
Recently, inside the European Commission funded project REWIRE, a platform that
integrates inside the game engine a continuous monitoring of patient’s motion is provided:20
motion data are analysed in real-time, to diminish the risk for occurrence of therapy-related
adverse events. This allows preventing maladaptation and/or joints overloading, thereby
making therapy unsupervised by the therapist, safe for the patient. This real-time analysis
is used to provide immediate on-line feedback by the system about movement quality
and suggestions to correct it. At the end of each training session, a summary feedback on
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how well the exercise was carried out (online tutor) as well as on how much progress was
achieved is provided to the patient.
Such an approach would allow one step forward in telerehabilitation as it would allow safe
exercising at home. Here, we present the usability results of a home autonomous therapy
system (the REWIRE platform[1]).

Methods
Description of the platform
The REWIRE autonomous telerehabilitation platform is aimed at allowing patients to
continue intensive rehabilitation at home under asynchronous remote monitoring by
clinicians working at the hospital. The platform consists of three hierarchical components:
Patient Station, Hospital Station, and Networking Station.
Patient Station, Computer installed at patient’s home and a TV screen, to play rehabilitative
balance exergames (a video game that is also a form of exercise) and collects game
information and motion data. The Patient Station in this study has been configured for
posture rehabilitation and it includes a force plate (Tymo, Tyromotion, Graz, Austria), a
3D camera (Kinect, Microsoft Inc, Redmond USA) and a host computer connected to a
TV screen,20 to the Kinect camera via USB port and to the force plate through Bluetooth
wireless connection.
Control of the Patient Station software is implemented by gesture tracking, therefore no
keyboard or mouse input is necessary.21,22 Exergames are pre-selected by a clinician at the
Hospital Station and, each day at training start, they are proposed to the patient by the
virtual therapist, embedded insight the game engine, are presented to the patient. The
patient is free to choose which game to start with.
The patient exercises in front of the TV screen and the movement is tracked by the Kinect
camera23 and used to animate the avatar. For some exergames, a force plate is used to track
the Centre of Pressure;24 this is projected down to the virtual floor of the game to provide
feedback to the patient. In the exergame, the patient sees himself as an avatar moving and
interacting in real-time with the virtual game environment (Figure 7.2D, and Figure 7.3).
The virtual therapist guides the patients through each therapy session, including advice
and encouragement during the exergames; at the end of each daily session it summarizes
the results.
[1]

http://www.rewire-project-eu
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The Virtual Therapist is endowed with an artificial intelligence engine based on a fuzzy
control system.22 This analyses motion and pressure data during the training sessions and
is able to inform the patient about wrong movements that are potentially harmful and may
lead to maladaptation or strain injuries.19,25 The fuzzy system is instructed by clinicians
before starting the therapy. The correctness of the posture maintained while performing
the exercise is clearly shown in real-time through a meaningful color code painted over
the 3D avatar (Figure 7.1). Each body segment color could change from an intense green
(correct posture) to a red colour (wrong posture) passing through the spectrum of colors
(yellow and orange). If a wrong posture is detected, the exergame is paused and the Virtual
Therapist avatar pops-up and explains the correct way to perform the movements required
by the game (Figure 7.2).22 To this aim, a simple face animation of the virtual therapist is
used to improve engagement and compliance.26 In the extreme cases, when the movement
is dangerous, the system forces the shutdown and sends a message to the therapist (this
never occurred in the pilot). Music, selected by the patient, is played during the game to
avoid isolation and increase compliance.

A

C
B
7

D

Figure 7.1: Patient station components and deployment for one patient.
A) Microsoft Kinect Camera; B) Laptop; C) Tyromotion Balance Board; D) Screenshot of one of the exergames:
“animal hurdler”. Notice the green spot under the avatar: this shows the position of the center of pressure
(CoP) that indicates the resulting of all forces exerted on the ground. In a healthy postural control, the CoP
lies in between the feet when standing vertically.
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Figure 7.2: Playing patient.
A patient playing fruit catcher game is bending his spine on the right too much and he is advised by the
Virtual Therapist.

A set of eleven exergames have been designed starting from therapists’ specifications
according to pre-specified guidelines27 to implement exercises to train body alignment,
weight shifting, stepping, raising legs and sit to stand (see Pirovano, Mainetti for detailed
description of the exergame).22 The Patient Station logs the gaming data: the motion of
the patient’s skeleton, the time course of the Center Of Pressure and the interaction with
game elements are recorded and sent to the Hospital Station at the end of each session for
assessment by a clinician.
The Hospital Station installed in the rehabilitation center to configure, schedule and review
therapy sessions by a clinician. The Hospital Station is a cloud-based service that allows
therapists, through a Web graphical interface, to schedule and personalizes the rehabilitation sessions and revise rehabilitation results, any time, from anywhere, also outside the
hospital. It has been designed with therapists to maximize compliance and it is organized
into two main modules: therapy schedule and assessment. The modules are structured
through a set of hierarchical interfaces to maximize ease of use. The scheduler is based on
a calendar: it allows defining the mix of exercises that the patient is required to carry out
daily. Such exercises can be grouped into sessions to make assignment easier.
A critical aspect specific of exergames for rehabilitation is the regulation of the degree of
difficulty: this should be adapted to the actual patient capabilities. When an exercise is too
easy, it has little effect, if exercise is too difficult, it may become frustrating. The Hospital
Station allows regulating for each exergame its speed, range of motion and/or accuracy.
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To simplify the exercises, a set of predefined difficulty levels is offered to the therapist.
The regulation of the difficulty enables implementing a progressive therapy schedule as a
continuous learning stimulus.28,29 The exergame parameters are for instance the amplitude
of apples falling from a tree (amplitude control), the speed of a tractor moving in the virtual
field (velocity control).
The assessment module shows the patient’s performance, through a specific Web interface
integrated inside the Hospital Station. It shows a summary table of the compliance with
the therapy along with a detailed description of the patient’s performance. The movements
executed during each session can also be played back through a skeleton to better
understand how the exercise was performed along with the time course of the Center
of Pressure on the floor plane. The same Web interface allows regulating monitoring.
The maximum value of specific parameters is defined (e.g. spine bending, knee flexion,
displacement of the Center of Pressure), thus defining for those parameters a range of
admissible values. The range is mapped on a continuous scale from 0 to 4. The interval of
values [0–2) is associated to correct movement (green avatar), the interval [2–3) to warning
level (yellow avatar), the interval [3–4) to dangerous movement (red avatar, the exergame
is paused). If the value is equal or above 4, the exercise is interrupted for safety reasons,
the system shuts down and a message is sent to the therapist.
The Networking Station, at the health provider site, mines the data to discover common
features and trends of rehabilitation treatment among hospitals and regions. Moreover,
analysing over time the recovery curve of each patient and the mix of exercises provided, it
could determine which exercises could be most effective for particular groups of patients.

7

Therapy scheduling
At the beginning of the therapy program, the therapist defined a weekly set of exercises
to be performed daily and tailored them to the patient status choosing the adequate level
of difficulty and activates specific monitoring. Each session was composed of a mix of
exercises that often involve equilibrium, coordination and increase of lower limbs lower
limb muscle strength.3 The sessions were scheduled to last between 10 to 40 minutes per
day depending on the patients’ capacity and the therapist knowledge of performing each
exercise. Based on the data collected by the Patient Station during the prior week and on the
qualitative report from the weekly visit by the therapist to the patient’s home, the clinician
could update inside the Hospital Station the program for the following week by adjusting
game mix selection, difficulty level, monitoring, and session duration.
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Installing the REWIRE telerehabilitation platform at home and follow-up
Swiss patients were trained on the Patient Station for one day at the hospital. Spanish
participants received this training during the last two weeks of their outpatient program.
Afterwards, the Patient Station was installed at the patient’s home, and the autonomous
home training was continued for three consecutive months.
When a problem occurred, the patient contacted the therapist by telephone. If the problem
could not be solved in the first line, a therapist or technician visited the patient. In case
the problem persisted, a remote connection through TeamViewer software (Permira,
London, UK) was established with the technical team in the University of Milan to solve
problems.

Design of the study
The pilot study was designed to evaluate safety, feasibility and compliance of the REWIRE
intervention in stroke patients. This study was performed in the stroke patients’ homes
and assessments where performed at the cereneo, Centre for Neurology and Rehabilitation
(Vitznau, Switzerland) and at the Virgen del Rocio University Hospital (Seville, Spain).
Patients recruited had already completed their outpatient rehabilitation program and did
not receive any rehabilitation training any more. The study followed “Good Clinical Practice
(GCP)” guidelines30 and was approved by the responsible ethics committees for each site.

Participants
First-time stroke patients with a mild to moderate residual deficit of the lower extremities
were recruited (Functional Ambulatory Categories ≥ 3;31,32 Berg-Balance-Scale (BBS) ≥
2133). All patients were willing to train at home with an autonomous telerehabilitation
system for balance and gait (the REWIRE platform). Exclusion criteria were presence of
aphasia, dementia, severe neglect or other neurological disease.

Outcome measures
Outcome was assessed at baseline, before the intervention, and after the intervention, by a
trained therapist. The primary safety outcome was related adverse events (e.g. pain, falls)
or serious adverse event during the study period. The acceptance of the intervention was
evaluated through the compliance defined by the ratio between days of actual and scheduled
training. The reason for skipping a scheduled session was recorded by the supporting
therapist. Additionally the cumulative duration of weekly training was analysed.
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Safety measure, defined in the system during the sessions was evaluated through the
mean value of monitoring occurring during the training sessions, ranging from 0 (correct
movement) to 4 (dangerous movement).
Patients’ acceptance of the telerehabilitation program was measured using the Technology
Acceptance Model (TAM) questionnaire.34-37 TAM is one of the most commonly used
measures of user acceptance and usage of technological devices along the following
dimensions: perceived ease of use, perceived usefulness and attitude toward using and
behavioural intention to use the system.38 The TAM questionnaire has been tailored to
the REWIRE intervention by taking also into account the patient’s involvement in the
program, knowledge of disability and satisfaction. It comprises 24 items (see Appendix
A) that are rated in a seven-point Likert-scale, whereby a score of one refers to “I do not
agree at all” and a score of seven refers to “I agree entirely”. Patients receiving autonomous
telerehabilitation training evaluated their acceptance after the initial two weeks of training
and again after three months.

Statistics
For statistical analysis we used Prism version 6 (GraphPad Prism, La Jolla, USA). Descriptive
statistics are reported as median ± interquartile range [IQR]. Two-sided P values less than
0.05 were considered significant. The two-tailed Wilcoxon Mann-Whitney test was used
to compare the average weekly training duration in patients with higher risk of falling
against patients with lower risk of falling, based on the BBS.

Results

7

Recruited participants
16 subjects with first-ever stroke (3 to 74 months post-stroke) and mild to moderate
impairments in balance and gait (BBS: 47 [43; 53]) were recruited between April 2014 and
February 2015. All subjects gave informed consent (6 in Switzerland and 9 in Spain). The
study followed GCP-guidelines and was approved by the local Cantonal ethics committee
“Nordwest- und Zentralschweiz” (EKNZ: 2014-061) and by the ethical committee from
Virgen del Rocío Hospital in Seville, Spain (CEIcode 2012PI/216). Baseline demographics
and baseline functional parameters are shown in Table 7.1.
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Table 7.1: Baseline characteristics
Characteristic
Number of participants
Age (years)
Months after stroke
Sex (female/male)
NIHSS †
BBS ‡
Barthel Index

Switzerland
Median, IQR*

Spain
Median, IQR*

Combined
Median, IQR*

6

9

16

53 [48; 58.5]

56 [52; 67]

56 [48.5; 63.5]

32 [20; 55]

7 [6; 7]

7 [6; 31.5]
5/9

3/3

2/6

4.5 [2.5; 6]

3 [2; 7]

51.5 [46.5; 53.5]

44 [41; 49]

47 [43; 53]

97.5 [95; 100]

75 [74; 90]

92.5 [75; 95]

4 [2; 6]

* Interquartile Range.
† National Institutes of Health Stroke Scale (0–42 points).
‡ Berg Balance Scale (0–56 points).

Safety and system usage
One patient decided to quit after the hospital training, because of lack of appropriate
infrastructure at home and technical problems with the system. Therefore, the data from
that participant was not included. 15 patients completed a minimum of 12 weeks of training.
No adverse events (e.g., pain or injury) occurred. Furthermore, the clinicians perceived
no risky or critical situations while the patients trained at home with the REWIRE system.
Monitored data showed that patients, trained below level 3 most of the time (> 75% of the
training sessions). The overall maximum monitoring score did not exceed 3.04 points: a
score close to level 3 was observed 29 out of 900 times during training sessions. In none
of the patients the system interrupted the therapy for security reasons (monitoring level
4 or above, Figure 7.3A).
On average, patients excluded 71% (range 39% and 92%) of the scheduled sessions (Figure
7.3B). One participant had to travel abroad for work and interrupted training for 3 weeks.
Other reasons for low compliance were technical issues or the requirement of more support
from a clinican.
Patients used the REWIRE system on 3.58 ± 1.59 (Switzerland 3.63 ± 1.87, Spain 3.55
± 1.38) days per week. Sessions were scheduled on 5.11 ± 1.63 (Switzerland 6.22 ± 1.6,
Spain 4.38 ± 1.19) days per week. The average training duration per week was 99 ± 53 min
(Switzerland 88 ± 54 min / Spain 107 ± 50 min) (Figure 7.4A). It did not change over the
course of twelve weeks of training (p = 0.5328).
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Figure 7.3: A) Game Performance. Mean and standard deviation of the monitoring level for each patient.
0–2 = green, no safety concern, 2–3 = yellow, the patient receives a warning, 3–4 = red, the exercise is
interrupted and the virtual therapist shows the patient how to move correctly, > 4 = application shuts down
for severe safety concerns. B) Compliance in percentage. Percentage of executed relative to scheduled
sessions.

The average training duration per training day was 28 ± 15 min (Switzerland 24 ± 11 min
/ Spain 30 ± 7 min) (Figure 7.4B). Six patients with high fall risk (BBS ≤ 45) 39,40 did use
the system for similar amounts of time as compared with low risk subjects (BBS > 45) (p
= 0.533) (Figure 7.4C).
The TAM questionnaire showed high acceptance of the REWIRE system already at the
beginning of the study (Table 7.2) and scores improved slightly but not significantly
during the three months of training (p = 0.197). All patients reported that they would
have continued to use the REWIRE system after the trial if the system would have been
made available to them.
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Figure 7.4: System usage.
A) Minutes trained per week per subject, mean and standard deviation B) Minutes trained per day C) Weekly
training in patients with high versus low fall risk (BBS – Berg Balance Scale).

Table 7.2: Change in Technology Acceptance Model Questionnaire
Swiss
Mean ± Standard
Deviation

Spain
Mean ± Standard
Deviation

Combined
Mean ± Standard
Deviation

Preintervention

Postintervention

Preintervention

Postintervention

Preintervention

Postintervention

Perceived Ease
of Use

5.5 ± 1.58

6.11 ± 1.37

6.04 ± 1.21

6.09 ± 1.28

5.8 ± 1.17

6.11 ± 0.96

Perceived
Usefulness

5.94 ± 1.25

6.67 ± 0.66

5.91 ± 1.01

5.91 ± 1.17

5.93 ± 0.92

6.24 ± 0.85

Attitude
Toward Using

4.33 ± 2.79

4.43 ± 2.74

6.33 ± 0.8

6.38 ± 0.87

5.51 ± 0.92

5.54 ± 1.06

Behavioral
Intention to
Use

6.11 ± 1.47

6.36 ± 1.36

5.7 ±1.33

5.5 ± 1.8

5.89 ± 0.88

5.89 ± 1.19

TAM total

5.54 ± 1.91

5.96 ± 1.83

5.98 ± 1.13

5.96 ± 1.36

5.8 ± 0.68

5.97 ± 0.73

Domain

7-point Likert-scale: 1 = “I do not agree at all” to 7 = “I agree entirely”.

Discussion
This pilot study demonstrates that the REWIRE autonomous telerehabilitation system
to train balance and gait is feasible and safe for stroke patients who live in their home
and are able to walk independently. Safety is a major concern when training at home, as
the patient is not supervised by a therapist in a one-to-one setting. Harmful movements
could induce or aggravate high tone for patients with paresis or overload joints and induce
pain.19,25 Falls are of concern during balance training. The REWIRE platform therefore
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continuously monitored the patient movement using an intelligent engine working on the
data from the 3D camera and a pressure board.
The early warning to the patient, provided when slight deviations from correct movements
were occurring (yellow or orange color) prevented more dangerous movements that would
harm the patient. This preventive measure enabled a therapy that in no case had to be
interrupted for security concerns nor led to serious adverse events. These results are in
contrast to previous balance training studies,19,25 with related adverse events occurring. The
system allowed movement pattern variability among subjects, as a certain movement may
be harmful to some but not for other patients and the possibility to regulate and program
them was rated as an important feature by all clinician.
Adequately setting the monitors was made possible because the therapist could evaluate the
exercise safety while the patient performed supervised training in the clinic. The therapist
then defined individual movement parameters and associated monitoring levels.
The compliance with the system was good. The average duration of 99 minutes per week,
with training performed on 3.6 days/week is promising. This result compares well with
other studies of home-based rehabilitation, in which duration of 105 min/week41 and 85
min/week42 were reported. Patients who used the REWIRE system less had a higher risk
of falling, which could be due to fear of falling when using the system unassisted.
Patients used the REWIRE system at the hospital, before starting autonomous training
at home. They were satisfied and motivated in using the system. Only a slight change in
TAM was observed over the 3-months training period: TAM had possibly reached an
already high value at the beginning of training. While high acceptance may be the result
of a selection bias with patients open to technology being more likely to consent to the
trial, acceptance may have been positively influenced by designing the REWIRE system
intuitively to be used via gestures avoiding keyboard and mouse.
The REWIRE system provides valid scenarios that stimulate movement and behaviors
that are relevant for daily life. This is implemented within a safe environment, which
can be shaped in accordance with individual requirements and levels of ability. The
responsive virtual environments allow patients to explore independently, increasing their
sense of autonomy and independence in directing their own therapeutic experience. The
controllability of the virtual environment allows for consistency in the way therapeutic
protocols are delivered and performance is recorded, enabling an accurate valuation of a
patient’s performance over time.
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Conclusions
Autonomous telerehabilitation for balance and gait training with the REWIRE system
is safe, feasible and can enable intensive rehabilitative therapy at home. Patients were
satisfied with and motivated in using the system. The efficacy of the REWIRE therapy
with respect to improving balance and reducing impairments should be investigated in
future randomized trials.
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Appendix A
Questionnaire Technology Acceptance Model
Perceived Ease of Use
1. I found the exergames easy to use.
2. Learning to use the exergames would be easy for me.
3. My interaction with the exergames was clear and understandable.
4. I think the messages displayed by the REWIRE system would be clear.
5. I think it would be easy to acquire the skills required to use the exergames.
6. I found the lifestyle devices easy to use.
7. In general, I think the REWIRE system will be easy to use.
Perceived Usefulness
8. Using the exergames would enhance my effectiveness in training.
9. Using the exergames would improve my training performance.
10. Using the exergames would increase my productivity in training.
11. I found the exergames useful.
12. Using the lifestyle devices would improve the follow up of my rehabilitation.
13. In general, the REWIRE system may help to improve the rehabilitation.
Attitude Toward Using
14. I dislike the idea of using the exergames. (R)
15. I have a generally favorable attitude toward using exergames.
16. I believe it is (would be) a good idea to use these exergames for my training.
17. Using the exergames is a foolish idea. (R)
18. In general, I think that my family/friends would support the use of the REWIRE system.
Behavioral Intention to Use
19. I intend to use the exergames in my further training.
20. I will use the exergames often.
21. I intend to use the exergames frequently for my training.
22. I intend to use the lifestyle devices when it is necessary for my rehabilitation.
23. I intend to take part in the patients’ community.
24. I intend to use the REWIRE system when it is available at my hours.
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Stroke rehabilitation
The field of stroke rehabilitation has changed in recent years with the development of
advanced technologies to measure1,2 and treat3 recovery after a stroke. These technologies
have introduced the way for a more personalised approach to the rehabilitation research
process.4 However, these advanced technologies often lack context specificity, as the
measurements and interventions are often performed in a rehabilitation clinic or private
practice after rehabilitation discharge.
The present thesis focuses on two aspects of stroke rehabilitation: first, quantifying stroke
patients’ activities in the clinic and home environment during the rehabilitation process
(Chapter 2) and secondly, evaluating sensor-based systems with a feedback modality for
continued rehabilitation at home (Chapters 3–7).
In this general discussion, the context of each chapter is described, the findings are
summarised and critically reviewed, and a future direction for sensor-based systems in
the daily life of stroke rehabilitation is provided.

Evaluating a sensor-based system to monitor stroke
patients
There is a growing interest in quantifying stroke patients’ activities during the rehabilitation
process to predict1 and sensitively measure motor recovery in stroke rehabilitation trials.5 For
this reason, sensor-based systems have been developed to objectively measure outcomes.6,7
These systems have mainly been used for research in a laboratory setting but have the
potential to measure functions and activities in daily life (ADL) situations.8 Information
about the function and activities, measured with a sensor-based system, in daily life activities
in patients after stroke has not been previously examined.
The sensor-based system developed in the European project, ‘INTERACTION’,9 and the
metrics included from the on-body sensor data10 were applied while ischaemic stroke patients
performed standard clinical assessments and measurements in a home-like environment.
The sensor system is also able to capture movements while performing standard clinical
assessments in the laboratory environment.11 In the prospective observational trial (Chapter
2), the sensor-based system was implemented in a clinical setting and a home environment
to explore parallels between standard clinical assessments (i.e. capacity) and daily-life
measures (i.e. performance). A research therapist monitored daily life measures to ensure
the quality of the data. It was necessary to monitor the system because of sensor drift during
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the measurements, requiring a recalibration of the system. Sensor drift is the accumulating
measurement error of acceleration sensors, gyroscopes, and magnetic-sensors over time.12
Positional tracking systems, such as cameras, and repeated calibrations can be employed
to correct drift error continuously. Thus, the physical properties of the movements in the
different stages of stroke rehabilitation were presented, and the use of the affected hand in
daily life was compared to the measures from the clinical assessments. The measures derived
from the movement sensor demonstrated that the metrics are likely to be more sensitive to
change than clinical assessments. Furthermore, the motor function measured with clinical
assessments, in which patients were encouraged by the therapist, did not reflect patients’
behaviour concerning their impaired upper limb during ADLs. Stroke patients who score well
in clinical assessments do not necessarily use their paretic arms in daily life. A limitation of
this study is the small number of first-time ischaemic stroke patients included. Additionally,
the early rehabilitation process was not observed. In future studies, first-time ischaemic stroke
patients should not be the only patients monitored early after a stroke; haemorrhagic stroke
patients and those with recurrent strokes should also be included. This is relevant because
20% of all stroke patients suffer a haemorrhagic stroke13 and approximately 25% suffer a
recurrent stroke in the first 10 years.14 Future studies should investigate the natural course
of upper limb movements not only in a clinical rehabilitation setting but also in daily life
situations15 in order to determine the effectiveness of stroke rehabilitation interventions in the
long term.2,16 Thereby, assessments with sensor-based systems are more sensitive to change,
and rehabilitation interventions can be planned accordingly. Findings from these studies
would then be generalisable to a larger portion of stroke survivors than those from prospective
observational studies conducted that included only first-time ischaemic stroke patients.1
This knowledge could be used for designing rehabilitation trials, with a hetrogenous stroke
population. Future studies should also observe the long-term effects of stroke rehabilitation
intervention in the chronic stage,17 while measuring the daily life activities. The extent of
upper extremity function and use during a patient’s daily life activities is still unknown. Upper
limb measures taken by sensor-based technologies will provide vital data by combining
knowledge of clinical assessments and daily life. Moreover, these studies will not only examine
the parallels between clinical assessments for upper limb function and activities as well as
arm use in daily life but also provide insight into how upper limb use during daily life is
measured using sensor-based technologies.
The sensor-based system described in Chapter 2 consists of 14 movement sensors placed
in specific positions on the body and requires calibration and recalibration procedures
during measurement. Furthermore, the transmission of data from the sensors to the receiver
laptop and environmental factors, such as a change in floor levels, produced measurement
errors. Therefore, the presence of a therapist was necessary. Together with the obtrusiveness
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of the system, this might influence the patients’ performance during the measurements.
A reduced sensor set would improve the problem of obtrusiveness, but would also imply
that the measures from the sensor-based system will be less specific regarding movement
quality because less information regarding the body segment orientation, relative segment
position and joint angles is obtained.18 Another option to analyse movement quality,
described in Chapter 5 is a reduced sensing system that uses a predefined condition for
stroke rehabilitation intervention was presented.19,20 An automated, unsupervised, sensorbased assessment was added to the intervention. During the assessments, the patient
was seated in front of a screen and performed standardised tasks. Stroke patients had to
recalibrate the arm after every task at a predefined position. This offers the possibility to
obtain objective measures of upper limb function.
Currently, in clinical stroke rehabilitation, assessments with sensor-based systems are
possible but not yet integrated. To measure upper limb function during ADL a reduced
sensor system should be used, noting the limitation of obtaining less advanced measures.21
To acquire exact upper limb movement parameters, such as kinematics, an extended sensorbased system can be used in the laboratory environment,11 or a therapist or technician,
with an enormous effort, can constantly supervises the system during ADL measurements.
This knowledge can serve as a next step to developing patient-tailored rehabilitation.

Evaluating sensor-based systems for stroke
rehabilitation interventions
The evidence for optimising post-stroke motor recovery supports high-level, intensive,
specific, and enriched rehabilitation interventions in which patients receive feedback
regarding their performance.16,22 However, these interventions can be difficult to deliver in
daily practice because of high costs for healthcare providers.23,24 An option to increase the
intensity of rehabilitation interventions is a programme in which patients independently
perform motor rehabilitation in their home environment. The structure and format of the
interventions can be separated in functional activities of daily life, by using tracking and
feedback devices as well as structured exercises that use for example video games. Both
interventions have the ability to enhance the use of the paretic side and increase patients’
activity levels.
In order to meet these goals, a sensor-based system complemented with a vibrotactile
actuator that can provide feedback based on users’ performance was designed and tested.
The aim was to coach stroke patients to use their affected upper extremity more in daily life
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(Chapter 3). The acceptance and usability of the device, ‘Arm Usage Coach’, was evaluated
in a laboratory environment during a predefined daily task. The influence of the vibrotactile
feedback modalities on arm use was also tested. Most patients reacted positively to the
intuitive, vibrotactile feedback device and reported that the system could complement
their current therapy. In the long term, sensor-based coaching systems could complement
current therapy and be more context specific than standard therapy. Limitations of the
system include its size and the requirement of a laptop to process movement data. To
increase the usability of the sensor-based systems the size of the sensor should be reduced
and the data should be processed on a portable smartphone. Furthermore, an integration
of a combination of the vibrotactile and visual feedback and gamifications could increase
the effectiveness of arm activity in daily life. With this multimodal approach, the efficacy
of the system should be tested in a clinical trial.
The novel yband therapy system (yband therapy AG, Basel, Switzerland) has incorporated
these contents, but the effects of such a sensor-based feedback system on upper limb use
in daily life arm have not been investigated (Chapter 4). Enhancing functional activities
during daily life is crucial, as interventions often lack context-specificity. This is because
training is often performed in a clinic. To date, a beneficial effect of sensor-based feedback
systems has not been reported from patients’ paretic upper limb use in their daily lives, nor
has an investigation of the influence of the feedback been completed. The protocol presented
in Chapter 4 describes a randomised controlled trial that tests the efficacy of multimodal
feedback to increase upper limb use in daily life as reported by chronic stroke patients who
have completed their inpatient stroke rehabilitation. The multimodal feedback differentiates
between extrinsic motivation from the wrist-worn device (e.g., vibrotactile sensation) and
intrinsic motivation (e.g., use of the smartphone app). In addition, quantitative sensor data
furnishes insight into the patients’ compliance in completing arm activities while wearing
the system. It is expected that the patient-reported amount of upper limb use in daily life
in hemiparetic subjects will increase when wearing the wrist-worn, commercially available
tracking device that provides multimodal feedback when compared with a control group.
A positive result from this study would positively affect the development of sensor-based
systems for rehabilitation of ADLs in patients’ homes, beyond interventions in rehabilitation
clinics. A similar approach has also been tested by Da-Silva et al., who demonstrated
that home-based interventions can increase arm activities.25 As yet, it is not known how
patients can be encouraged to keep using their paretic arm when they are in the home
environemnt. The present study aims to address this issue in rehabilitation practice. The
results can help therapists to remotely monitor patients and facilitate the patients to transfer
learned patterns of arm movements from the therapy session to stroke patients’ daily life.
Based on this information, therapists can offer feedback and adapt therapy interventions
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accordingly. The proposed approach might also be beneficial for other diseases for which
it is important to enhance arm use (e.g., multiple sclerosis).
Technologies for in-home interventions, including structured exercises, are being developed
and evaluated to promote recovery without increasing demands on therapists’ time.
Two feasibility studies (Chapters 5 and 7) evaluated the use and safety of self-directed
interventions in stroke patients’ homes without the involvement of therapists. The level
of compliance with using self-directed, sensor-based systems was high in the group, the
members of which had mild-to-moderate upper limb and gait impairments. Patients
with severe disabilities tended not to use these systems while performing exercises when
they were not supported. In a limited number of moderately affected stroke patients,
an increase in upper extremity function, measured with the Fugl-Meyer Assessment upper extremity (FMA-UE) and in arm workspace was observed. For upper limb activity
measured with the Wolf Motor Function Test (WMFT), the training effects were minimal.
This is likely due to the fact that there was no hand training integrated into the system.
The new, commercially available, self-directed Armeo®Senso (Hocoma AG, Switzerland)
has incorporated a hand module to obtain feedback and train grip function. The efficacy
of this device requires investigation.
These findings are in line with a recent review that evaluated self-directed therapy pro
grammes for upper extremities.26 It reports that these programmes have the potential to
enhance arm recovery after a stroke. In addition, to increase the use of self-directed therapy
systems by severely affected stroke patients, new devices such as exoskeletons could help
compensate for the motor function of the hand during self-directed therapy and increase
the use of the affected upper extremity.27,28 Future research using larger samples of patients
including a control group should further examine the effects of treatment and identify those
who would benefit most from self-directed, sensor-based systems at home. Additionally, the
integrated in-system assessments, such as workspace and posture control assessments, to
evaluate performance during exercises can prevent adverse events related to interventions.
This is particularly important in interventions in which patients are encouraged to perform
the exercise without a therapist’s supervision.
Chapter 6 describes the protocol of the randomised controlled trial that investigates the
effect of performance feedback and monetary rewards on movement performance using an
adapted, sensor-based training system (Chapter 5). It is currently unknown how feedback
and reward during rehabilitation interventions improve stroke patients’ abilities and how this
could change rehabilitation outcomes. It has been indicated that feedback and reward have a
positive effect on motor learning.29,30 In addition, recent work supports the positive effects of
monetary rewards on procedural learning (e.g., simple tasks)31 and skilled motor learning (e.g.,
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complex motor tasks)32 as well as on motor adaption.33 Notably, all of these studies reported
diverse effects of positive and negative rewards. Abe et al. and Galea et al., for example, found
that a positive rewards influenced task consolidation and retention in healthy participants.
With more knowledge regarding the type of feedback to provide to stroke patients during
their rehabilitation, therapists and healthcare providers will be able to adapt therapy strategies
to improve stroke patients’ abilities. Reward, whether social or monetary, can be integrated
into the rehabilitation programme, whether social or monetary. Technological interventions,
such as sensor-based systems, can help to integrate more reward features.

General conclusion
In recent years, sensor-based systems have become increasingly prevalent in measuring
physical activity in stroke rehabilitation. They can also be applied in treatment by furnishing
feedback on performance.34 The use of new rehabilitation technologies has made it possible
to monitor the recovery of motor control in the first months after a stroke and to observe
stroke patients’ behaviour in their daily lives.35,36 Sensor-based systems enable performance
monitoring for stroke patients. The feasibility of measuring the quality of movements
with sensor-based systems has been presented in this thesis and has been revealed to be
beneficial but challenging. Investigating the reliability and validity of these measures in
large groups of patients and at predefined points of time after a stroke is vital to establish
these measures as a standard for rehabilitation monitoring. Longitudinal studies can
help to compare metrics of sensor-based systems with standard clinical scales. Based on
these studies, standard measures can help to explain the natural course of post-stroke
performance and can provide an early indication of functional deterioration.
For stroke neurorehabilitation interventions, sensor-based systems allow training in the
patients’ home environments thereby increasing the context-specificity of the therapy.
Currently, evidence of how these systems can influence the use of the upper extremities
or physical activity in people with stroke is limited.26,37 This is because to the fact that it is
unknown how sensor-based systems can change behavioural strategies to improve physical
activity for people after stroke. The development of sensor-based technologies for stroke
patients will increase the acceptance for continued use, particular in persons who are less
motivated, and are not included in clinical trials.
Research on using sensor-based systems for rehabilitation has only recently begun, but it
can be expected that ongoing trials will identify the validity of the metrics derived from
observational studies, and the efficacy on upper-extremity and physical activity outcomes
from interventional trials.38,39
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Outlook
The sensor-based systems presented in this thesis ushered in the next step for individualised
rehabilitation. The use of sensor-based systems is not limited to evaluating stroke survivors’
capacity or performance and treating their disabilities. Other diseases influencing the
function and activity of movements could profit from sensor-based systems. Improvements
in sensor-based systems are required and should enhance the potential for implementation
in stroke rehabilitation. For the assessment of motor performance and the execution
of interventions in clinical rehabilitation, sensor-based systems need to fulfil different
requirements. To assess the patients’ disabilities with sensor-based systems, it is important
that the system is unobtrusive and easily donned and doffed. The data analysis should
be as straightforward as possible, and the metrics clinically relevant. This will increase
the applicability in the daily clinical routine and the acceptance of therapists to use these
systems. In addition, it is important to demonstrate to clinicians that the sensor-based
systems are less time-consuming to use than standard clinical assessments. Hereby realistic,
specific rehabilitation goals can be planned. Furthermore, the technical development of
sensor-based systems to assess the patients’ disability can also improve by adding additional
measurement technologies, such as ultrasound40 or camera systems.41 The combination of
Inertial Measurement Units (IMUs) and ultrasound sensors could facilitate the accurate
evaluation of parameters, which depend on the relative position.40 The combination of
IMUs, to track the motion of an object and the Simultaneous Localization and Mapping
(SLAM) with camera systems to estimate objects in relation to the camera system in
real-time.41 The combination of these approaches produces a vast amount of data, which
requires adequate information technology for processing.
To treat patients’ disabilities with sensor-based systems, it is essential that the systems are
simple to use and low-cost and adapt to the changes in stroke subjects’ performance during
the interventions. A safety measure should be integrated to detect harmful movements
and prevent a deterioration of movement performance. Furthermore, the possibility to
telemonitor and adapt the intervention in the patients’ homes and in daily life, according
to the movement performance, will improve the usability and increase the effectiveness of
the intervention. The task performed during the intervention should involve meaningful,
challenging, and context-specific movement tasks. To avoid technical support during the
intervention, the sensor-based devices should be extensively tested before delivery to stroke
patients. This will help to increase the patients’ acceptance of the system.
Sensor-based systems for rehabilitation interventions can integrate therapy into stroke
patients’ daily lives. This can prevent deterioration after discharge from rehabilitation
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centres. Nevertheless, the sensor-based methods that have been presented and tested in
this thesis require further investigation in terms of efficacy and carryover of gains achieved
in clinics to stroke patients’ performance in daily life.
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Stroke is the third cause of long-term disability worldwide and the most common cause
of disablement. Common, persisting disabilities are upper and lower extremity deficits,
cognitive dysfunction, incontinence, and speech difficulties. Around 80% of stroke patients
experience a unilateral motor deficit, which limits functionality and engagement in social
life. Stroke patients require assistance for various activities of daily living and receive
rehabilitation services to treat these disabilities.
Stroke rehabilitation is complex because of the varieties of brain lesions and diversity of
physical and psychological issues. To tackle the complexity of post-stroke characteristics,
it is important to assess the patients, set realistic goals, execute interventions, and reassess
patients’ abilities.
Stroke patients are assessed in a laboratory environment, where patients are encouraged
by the therapist to perform predefined tasks. To measure patients’ actions in their daily
lives, clinicians and researchers traditionally rely on semi-structured interviews. Sensorbased technologies have been developed to objectively measure daily life activities and to
allow for the continuous monitoring of daily life performance. Currently, it is not known
how patients’ performance, objectively measured by sensor-based systems during daily
life, match and complement standard clinical assessments.
Interventions in stroke rehabilitation are well organised in a clinical setting within the
first weeks after a stroke. However, the interventions after discharge are also important to
improve performance and prevent deterioration in functioning. As a first step to prevent
deterioration, sensor-based devices combined with feedback modalities are developed
to motivate stroke patients to use and train their affected extremities more in daily life.
The present thesis focuses on the application of sensor-based systems in stroke
rehabilitation. The objectives of this thesis are: 1) to evaluate a sensor-based system that
can quantify stroke patients’ upper limb activities in the rehabilitation clinic and in their
home environment (Chapter 2); and 2) to evaluate the usability and efficacy of sensorbased systems with feedback modalities for stroke rehabilitation interventions that can be
used in the patients’ home environment (Chapters 3-7).
To assess the stroke patients, a sensor system called ‘INTERACTION’ was developed
to explore parallels between standard clinical assessments (i.e. capacity) and daily-life
measures (i.e. performance) in an observational study (Chapter 2). The measurements
were performed in the rehabilitation clinic and in the patients’ home environment. Newly
developed metrics for classifying the activity and quality of upper extremity movement were
applied. Their arm motor function, measured with standard clinical assessments, improved
during the inpatient rehabilitation but declined in the first four weeks after discharge.
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Despite this deterioration in the clinical assessments, patients increased the number of
reaches they performed of the affected side during daily life in their home environment.
The metrics derived from the sensor system are likely to be more sensitive to change than
clinical assessments. Furthermore, this study revealed that the motor function measured
with clinical assessments did not reflect patients’ behaviour in relation to their impaired
upper limb during activities of daily living. Stroke patients who score well in clinical
assessments do not necessarily use their paretic arm in daily life.
For stroke rehabilitation intervention, a sensor-based system combined with vibrotactile
feedback, the ‘Arm Usage Coach’, was tested with patients in a laboratory environment
(Chapter 3). The system aimed to influence arm use by monitoring performance and
providing real-time feedback. The acceptance and usability were evaluated. Most patients
found the vibrotactile feedback intuitive, agreeable and reported that the system could
complement their current therapy.
The findings of Chapter 3 led to the development of a new sensor-based feedback system,
the yband therapy system (Yband Therapy AG, Basel, Switzerland), which is described
in Chapter 4 and is now being tested in a randomised clinical trial. The system monitors
arm use in daily life and coaches stroke patients to increase use of their paretic arm in
daily life with an integrated feedback system. The ongoing randomised controlled trial
aims to test the efficacy of the feedback system in stroke patients who have completed their
clinical rehabilitation. Results of this study will positively influence the development of
sensor-based feedback systems for rehabilitation of real-world arm use in patients’ homes,
beyond interventions in rehabilitation clinics.
Technologies for in-home interventions, including structured exercises, are being developed
and evaluated to promote recovery without increasing demands on therapists’ time. Two
feasibility studies (Chapters 5 and 7), the ‘ArmeoSenso’ for the upper extremity and the
‘REWIRE’ for balance and gait, evaluated the use and safety of self-directed interventions
in stroke patients’ homes without supervision of a therapists. Compliance with using these
self-directed, sensor-based systems was high in patients who had mild-to-moderate upper
extremity and gait impairments. Patients with severe disabilities tended to not use these
systems. In addition, there were no safety issues in using the self-directed, sensor-based systems.
To evaluate the efficacy of the performance feedback and reward provision, an adapted
sensor-based ‘ArmeoSenso’ system is currently being investigated in a randomised
controlled trial described in Chapter 6. The results of this trial could emphasise the role of
reward in stroke rehabilitation. With this knowledge, therapists and healthcare providers
will be able to adapt strategies to diminish stroke patients’ disabilities.
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The use of new rehabilitation technologies, such as sensor-based systems, have made
it possible to monitor motor function and observe stroke patients’ behaviour in their
daily lives. Furthermore, these technologies can help measure function and activities in
rehabilitation trials and profile the patients’ recovery. In addition, sensor-based systems
for stroke rehabilitation interventions allow training in the patients’ home environments,
thereby increasing the specificity of the therapy. As such, they can facilitate the integration
of therapy into stroke patients’ daily lives.
Nevertheless, the presented and tested sensor-based methods need to be further investigated
in terms of efficacy as well as the carryover of gains achieved in clinics for mildly to
moderately affected stroke patients’ performance in their daily lives.
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Samenvatting

Beroertes zijn wereldwijd de derde oorzaak van langdurige invaliditeit. Veelvoorkomende
beperkingen zijn paresen van armen en benen, cognitieve stoornissen, incontinentie en
problemen met spreken. Ongeveer 80% van de patiënten met een beroerte hebben een
eenzijdige parese van arm en/of been. Dit beperkt niet alleen het uitvoeren van dagelijkse
activiteiten zoals het wassen en aankleden, maar ook sociale interactie en maatschappelijke
participatie. Patiënten met een beroerte nemen deel aan een revalidatieprogramma om
deze beperkingen te reduceren.
Revalidatie na een beroerte is complex, omdat de locatie van het hersenletsel van patiënt tot
patiënt verschilt en daarmee de fysieke en psychologische problemen die zij ervaren. Om
deze complexe problemen aan te pakken, is het belangrijk de patiënten eerst te onderzoeken
en op basis daarvan realistische revalidatiedoelen en een behandelplan op te stellen. Tijdens
en na de behandelperiode worden de beperkingen van de patiënten opnieuw beoordeeld.
Patiënten met een beroerte worden normaliter in een kliniek onderzocht met behulp van
standaard klinische tests. Hierbij worden ze door de therapeut aangemoedigd om voorgedefinieerde taken uit te voeren. Om inzicht te krijgen in wat patiënten buiten therapieën
om of in de thuissituatie doen, maken clinici en onderzoekers gewoonlijk gebruik van
semigestructureerde interviews. Deze hebben als nadeel dat ze subjectief zijn en hoge
eisen stellen aan het begrip en de communicatieve vaardigheden van patiënten. Sensorgebaseerde technologieën zijn ontwikkeld om op objectieve wijze dat wat patiënten tijdens
het dagelijks leven doen (d.w.z. prestaties) te meten. Daarnaast kunnen ze deze prestaties
gedurende meerdere uren of dagen registreren. Momenteel is het niet bekend of de prestaties van patiënten die objectief worden gemeten via sensorgebaseerde systemen tijdens
het dagelijks leven overeenstemmen met standaard klinische beoordelingen en hoe ze deze
aanvullen.
Revalidatie-interventies na beroertes zijn goed georganiseerd gedurende opname in een
ziekenhuis en revalidatiecentrum. Voor patiënten die niet volledig zijn hersteld is het echter
belangrijk dat revalidatie na ontslag wordt voortgezet teneinde achteruitgang te voorkomen en zo mogelijk het functioneren verder te verbeteren. Sensorgebaseerde systemen
gecombineerd met feedbackmodaliteiten spelen hierop in door patiënten na een beroerte te
motiveren om bijvoorbeeld hun aangedane arm meer te gebruiken in het dagelijkse leven.
Het onderhavige proefschrift richt zich op het gebruik van sensorgebaseerde systemen
in de beroerterevalidatie. De doelstellingen van dit proefschrift zijn: 1) het evalueren
van een sensorgebaseerd systeem dat de activiteiten van de armen van patiënten met een
beroerte kan meten in de revalidatiekliniek en in de thuisomgeving (Hoofdstuk 2); en 2)
het evalueren van de bruikbaarheid en effectiviteit van sensorgebaseerde systemen met
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feedbackmodaliteiten voor revalidatie na een beroerte die gebruikt kunnen worden in de
thuisomgeving (Hoofdstukken 3 tot en met 7).
In een observationele studie werden bij patiënten met een beroerte de parallelen tussen
standaard klinische tests (d.w.z. capaciteit) en metingen tijdens het dagelijks leven (d.w.z.
prestaties) onderzocht (Hoofdstuk 2). Hiervoor werd het ‘INTERACTION’ sensorsysteem
gebruikt. De metingen werden uitgevoerd in de revalidatiekliniek en in de thuisomgeving
van de patiënten. Er werden nieuw ontwikkelde parameters voor het classificeren van zowel
de mate van armactiviteit als de kwaliteit van de armbeweging toegepast. De motorische
functie van de aangedane arm, gemeten met standaard klinische tests, verbeterde tijdens
klinische revalidatie, maar verslechterde tijdens de eerste vier weken na ontslag uit de kliniek. Ondanks deze achteruitgang verhoogden patiënten het aantal keren dat ze naar iets
reikten in hun thuisomgeving. De uit het sensorsysteem afgeleide parameters zijn wellicht
gevoeliger voor verandering dan standaard klinische tests. Bovendien onthulde deze studie
dat de met klinische tests gemeten motorische functie het gebruik van de aangedane arm
in het dagelijks leven niet altijd weerspiegelden: niet alle patiënten die goed scoorden op
klinische tests gebruikten hun paretische arm in het dagelijks leven.
In Hoofdstuk 3 werd de ‘Arm Usage Coach’ in de kliniek getest op acceptatie en bruikbaarheid. Het systeem trachtte het armgebruik in het dagelijks leven te beïnvloeden door
prestaties te controleren en realtime vibrotactiele feedback te geven. De meeste patiënten
vonden de vibrotactiele feedback aangenaam en rapporteerden dat het systeem hun huidige
therapie kon aanvullen.
De bevindingen van Hoofdstuk 3 leidden tot de ontwikkeling van een nieuw sensorgebaseerd feedbacksysteem (yband therapy system, Yband Therapy AG, Basel, Zwitserland) dat
beschreven wordt in Hoofdstuk 4. Het systeem meet hoe vaak patiënten na een beroerte
hun aangedane arm in het dagelijks leven bewegen. Vervolgens stimuleert het systeem middels een geïntegreerd feedbacksysteem om de prestaties te verhogen. Momenteel wordt de
effectiviteit van dit systeem getest in een gerandomiseerde gecontroleerde studie waaraan
62 thuiswonende patiënten met een beroerte zullen deelnemen. Naar verwachting zullen
de resultaten van deze studie de ontwikkeling van sensorgebaseerde feedbacksystemen
voor het herstel van armgebruik in het dagelijks leven positief beïnvloeden.
Momenteel worden technologieën voor interventies in de thuisomgeving ontwikkeld en
geëvalueerd om herstel na een beroerte te bevorderen zonder dat de inzet van therapeuten
toeneemt. Twee haalbaarheidsstudies (Hoofdstukken 5 en 7), de ‘ArmeoSenso’ voor de
aangedane arm en het REWIRE-therapiesysteem voor de balans en het gaan, evalueerden
het gebruik en de veiligheid van ongesuperviseerd oefenen door patiënten met een beroerte
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in hun thuisomgeving. De therapietrouw was hoog bij patiënten die milde tot matige
beperkingen hadden. Patiënten met zeer ernstige beperkingen waren niet snel geneigd
deze systemen te gebruiken.
Om de effectiviteit van de geleverde prestatiefeedback en beloningen te evalueren, wordt
momenteel een aangepast sensorgebaseerd ‘ArmeoSenso’-systeem in een gerandomiseerde
studie onderzocht (Hoofdstuk 6). De resultaten zouden het belang van beloningen bij
revalidatietraining kunnen onderstrepen. Met deze kennis zullen therapeuten en andere
zorgverleners hun behandelstrategieën kunnen aanpassen met als doel beperkingen van
patiënten met een beroerte verder te verminderen.
Het gebruik van nieuwe technologieën zoals sensorgebaseerde systemen heeft het mogelijk gemaakt de motorische functie te monitoren en de prestaties van patiënten met een
beroerte in hun dagelijks leven objectief vast te leggen. Sensorgebaseerde systemen maken
het mogelijk dat patiënten in hun thuisomgeving trainen, waardoor de specificiteit van
de therapie wordt verhoogd. Patiënten gebruiken deze sensorgebaseerde systemen ook
daadwerkelijk en de training is veilig gebleken.
Door de ontwikkeling van nieuwe revalidatietechnologieën kunnen de motorische functie
en de prestaties van patiënten met een beroerte worden geobjectiveerd. Tevens kunnen
ze worden ingezet om patiënten die mild tot matig aangedaan zijn in staat te stellen in de
thuissituatie te oefenen. Daarmee kunnen ze de integratie van de therapie in het dagelijkse
leven van patiënten vergemakkelijken. Ondanks dat de eerste resultaten veelbelovend
zijn, moeten de gepresenteerde sensorgebaseerde systemen verder onderzocht worden
op hun effectiviteit, inclusief de transfer van de in de kliniek bereikte resultaten naar het
dagelijks leven.
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Zusammenfassung

Schlaganfall ist weltweit die dritthäufigste Ursache für dauerhafte Einschränkungen und die
häufigste Ursache für Behinderungen. Häufige Einschränkungen sind Defizite der oberen
und unteren Extremitäten, kognitive Dysfunktion, Inkontinenz und Sprachstörungen.
Etwa 80% der Schlaganfallpatienten leiden unter einem einseitigen motorischen Defizit,
das die Funktionalität und die Teilnahme am gesellschaftlichen Leben einschränkt.
Schlaganfallpatienten benötigen Unterstützung bei verschiedenen Alltagsaktivitäten und
erhalten Rehabilitation zur Behandlung dieser Einschränkungen.
Die Rehabilitation nach Schlaganfall ist aufgrund der unterschiedlichen Hirnläsionen
und der Vielfalt der physischen und psychischen Probleme komplex. Um die vielfältigen
Eigenschaften nach einem Schlaganfall zu behandeln, ist es wichtig, die Patienten zu
untersuchen, realistische Ziele festzulegen, Therapien durchzuführen und im Anschluss
daran die Einschränkungen der Patienten neu zu bewerten.
Schlaganfallpatienten werden unter Laborbedingungen beurteilt, wobei sie vom Therapeuten aufgefordert werden bestimmte Aufgaben durchzuführen. Um den Alltag der
Patienten zu messen, sind Therapeuten, Ärzte und Wissenschaftler üblicherweise auf teilstrukturierte Interviews angewiesen. Um die Aktivitäten der Patienten im Alltag objektiv
und kontinuierlich zu messen, wurden sensorbasierte Technologien entwickelt. Derzeit ist
nicht bekannt, wie die tatsächlichen Aktivitäten und Leistungen der Patienten im Alltag
objektiv durch sensorbasierte Technologien gemessen werden können und wie diese mit
den klinischen Tests übereinstimmen, bzw. welche ergänzenden Informationen die neuen
Technologien liefern können.
Die Therapien in der Rehabilitation sind in den ersten Wochen nach dem Schlaganfall
im Krankenhaus und in den Rehabilitationskliniken gut organisiert. Um die Leistungen
der Patienten auch nach der Entlassung aus den Kliniken zu verbessern und einer
Verschlechterung vorzubeugen, ist es wichtig, Therapien für den Alltag der Patienten zu
planen. Um Schlaganfallpatienten zu motivieren, die betroffenen Extremitäten im Alltag
einzusetzen und zu trainieren wurden sensorbasierte Technologien und Feedbacksysteme
kombiniert.
Die vorliegende Doktorarbeit fokussiert sich auf die Anwendung sensorbasierter Systeme
in der Schlaganfallrehabilitation. Die Ziele dieser Dissertation sind: 1) Bewertung eines
sensorbasierten Systems, das die Aktivitäten der oberen Extremitäten von Schlaganfallpatienten in der Rehabilitationsklinik und bei den Patienten zu Hause quantifizieren
kann (Kapitel 2); und 2) Die Benutzerfreundlichkeit und Effektivität von sensorbasierten
Feedbacksystemen für Rehabilitationsinterventionen im Alltag von Schlaganfallpatienten
zu bewerten (Kapitel 3-7).
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Um die Aktivitäten von Schlaganfallpatienten zu messen, wurde das Sensorsystem
„INTERACTION“ entwickelt und in einer Beobachtungsstudie (Kapitel 2) verwendet, um
den Zusammenhang zwischen klinischen Tests (d.h. Fähigkeit) und Alltag (Performance) zu
untersuchen. Die Messungen mit dem Sensorensystem wurden in der Rehabilitationsklinik
und bei den Patienten zu Hause durchgeführt. Um die Aktivität und die Qualität der
Bewegungen der oberen Extremität zu klassifizieren, wurden neu entwickelte Metriken
verwendet. Die mit klinischen Tests gemessene Armfunktion verbesserte sich während
der stationären Rehabilitation, verschlechterte sich aber in den ersten vier Wochen
nach der Entlassung. Trotz der Verschlechterung erhöhten die Patienten die Anzahl
Greifbewegungen im Alltag. Die aus dem Sensorensystem abgeleiteten Metriken reagieren
vermutlich empfindlicher auf Veränderungen als klinische Tests. Darüber hinaus zeigte
diese Studie, dass das mit klinischen Tests gemessene Bewegungsverhalten der Patienten,
bezogen auf die betroffene obere Extremität, nicht die Aktivitäten im Alltag widerspiegeln.
Schlaganfallpatienten, die bei klinischen Tests gut bewertet werden, verwenden ihre
paretischen Arme nicht unbedingt im täglichen Leben.
Für die Therapien in der Schlaganfallrehabilitation wurde der „Arm Usage Coach”,
ein sensorbasiertes System kombiniert mit Vibrations-Feedback, an Patienten unter
Laborbedingungen getestet (Kapitel 3). Das Ziel des Systems ist, die Armnutzung zu
beeinflussen, indem es das Bewegungsverhalten misst und Echtzeit-Feedback liefert. Die
Akzeptanz und Benutzerfreundlichkeit wurden bewertet. Die meisten Patienten fanden
das intuitive Vibrations-Feedback angenehm und gaben an, dass das System ihre aktuelle
Therapie ergänzen könnte.
Die Erkenntnisse aus Kapitel 3 führten zur Entwicklung eines neuen sensorbasierten
Feedbacksystems, das yband therapy system (Yband Therapy AG, Basel, Schweiz), das
in Kapitel 4 beschrieben wird, und derzeit in einer randomisierten klinischen Studie
getestet wird. Das System überwacht Alltagsaktivitäten und trainiert Schlaganfallpatienten
mit einem integrierten Feedbacksystem. Die randomisierte kontrollierte Studie wird die
Wirksamkeit des Feedbacksystems an Schlaganfallpatienten testen, welche die Rehabilitation
abgeschlossen haben, um die Verwendung der oberen Extremitäten zu erhöhen. Die
Ergebnisse dieser Studie werden sich positiv auf die Entwicklung sensorbasierter
Feedbacksysteme zur Rehabilitation und der tatsächlichen Nutzung des Arms im Alltag
beim Patienten zu Hause, über die Therapie der Rehabilitationskliniken hinaus, auswirken.
Um die Erholung nach Schlaganfall zu unterstützen, wurden Technologien für die Therapie
zu Hause entwickelt und untersucht. Diese schließen strukturierte Übungen ein, die den
Zeitaufwand für Therapeuten nicht erhöhen. Zwei Machbarkeitsstudien (Kapitel 5 und
7), die „ArmeoSenso“ Studie für die oberen Extremitäten und die REWIRE-Studie für
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Gleichgewicht und Gang, evaluierten die Verwendung und die Sicherheit von selbstbestimmten Interventionen bei Schlaganfallpatienten zu Hause, ohne eine Betreuung
durch einen Therapeuten. Die Schlaganfallpatienten mit leichten bis mittelschweren
Beeinträchtigungen der oberen Extremität und des Ganges verwendeten Therapie Systems
häufiger. Patienten mit schweren Beeinträchtigungen neigten dazu die Systems nicht zu
verwenden. Zudem konnten während der Verwendung von selbstbestimmten Sensorensystemen, für die Therapie keine unerwünschte Ereignisse festgestellt werden.
Um die Wirksamkeit von Leistungs-Feedbacks und Belohnungen zu evaluieren, wird derzeit
eine randomisierte kontrollierte Studie (beschrieben in Kapitel 6) durchgeführt. Hierbei
wird ein überarbeitetes sensorbasiertes „ArmeoSenso“-System verwendet. Die Ergebnisse
dieser Studie könnten die Bedeutung von Belohnungen im Rehabilitationstraining
hervorheben. Mit diesen Kenntnissen werden Therapeuten und die im Gesundheitswesen
tätigen Personen in der Lage sein, Therapien anzupassen, um die Einschränkungen von
Schlaganfallpatienten zu verringern.
Durch den Einsatz neuer Rehabilitationstechnologien, wie beispielsweise sensorbasierte
Systeme, ist es möglich geworden, die Motorik von Schlaganfallpatienten zu messen
und zu beobachten wie sie sich im Alltag tatsächlich verhalten. Des Weiteren bieten
sensorbasierte System die Möglichkeit, die Einschränkungen im Alltag des Patienten in
Rehabilitationsstudien zu messen und den Verlauf der Erholung darzustellen. Zudem
ermöglichen sensorbasierte Systeme für die Schlaganfallrehabilitation das Training beim
Patienten zu Hause und erhöhen damit die Spezifität der Therapie. Als solches unterstützen
sie die Integration von der Therapie in das alltägliche Leben.
Dennoch sollten die beschriebenen und getesteten sensorbasierten Methoden hinsichtlich
ihrer Wirksamkeit weiter untersucht werden. Ausserdem sollte der Transfer der erworbenen
Fähigkeit, von der stationären Klinik in den Alltag, bei leicht bis mittelschwer betroffenen
Schlaganfallpatienten weiter untersucht werden.
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– “Drift” can be a disadvantage of sensor-based technologies, an everincreasing difference between where a sensor thinks an object is and
the actual position. It can also happen to anyone during everyday life
and it is important that systems and persons recalibrate. –
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