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Summary

Background: Stroke contributes significantly to the global rates of disability and mortality.
A widely recognised consequence of a stroke is motor impairment, including upper extremity
impairments. Rehabilitation has a significant role in the improvement of upper extremity
functioning. However, the field of rehabilitation care is currently confronted with several
challenges. Telerehabilitation, which includes wearable motion sensors such as Inertial
Measurement Units (IMUs), offers a promising solution to improve rehabilitation care in a
home-based environment. Therefore, the ArmCoach4Stroke (AC4S) project, initiated by the
Erasmus Medical Centre and Rijndam Rehabilitation Institute, was established to develop
and evaluate a wearable system for upper extremity rehabilitation at home for post-stroke
patients.

Aim: As part of the AC4S project, the aim of this thesis was to investigate the test-retest
reliability and criterion validity of an IMU-sensor based method, compared to an
optoelectronic system, for measuring kinematic metrics of the upper extremity in post-stroke
patients.

Methods: The data from two protocols were subjected to analysis: a reliability and validity
protocol. During both protocols, participants were equipped with IMUs and executed
predefined calibration movements, as well as reaching and lifting exercises. For the validity
protocol, patients also wore markers of the gold standard marker-based Vicon system. The
measurements of the validity protocol were performed in a laboratory setting, whereas the
reliability protocol simulated measurements in an ecological environment. The indices of
calibration movements and exercises were selected manually. The orientations of the IMU
sensor were estimated and joint angle metrics were calculated for the reaching and reach-
and-return phase of movements. A statistical analysis of the metrics was performed to
investigate test-retest reliability and criterion validity separately. This involved the use of the
intraclass correlation coefficients (ICC) and Spearman correlation coefficients, respectively.

Results: Eventually, 18 participants were analysed for the reliability protocol and 7 for the
validity protocol. The reliability protocol yielded ICCs indicating both good reliability (values
>0.75) and poor reliability (values <0.5) for some metrics. Significant test-retest differences
were identified for certain metrics. The Spearman correlation coefficients for the validity
protocol indicated strong correlations (values >0.7). However, the p-values were above the
level of significance. The results further demonstrated considerable differences in absolute
values between IMU and Vicon joint angles across various metrics.

Conclusion: A large variability and poor-moderate reliability were observed for multiple
metrics, indicating underlying issues with the measurements or metric calculations.
Substantial differences in absolute joint angle values were evident, not only between Vicon
and IMU, but also between test-retest sessions or between patients. This indicates suboptimal
orientation estimation, angle definitions or other fundamental problems that need further
investigation.



Introduction

Neurological disorders contribute significantly to global rates of disability and mortality.
Among all neurological disorders, stroke accounts for the largest proportion of DALY’s
(Disability Adjusted Life Years) and deaths (1). Since most patients survive the initial stroke,
the long-term effects have the most significant impact on the daily lives of patients and their
families. The location and size of the stroke lesion primarily determine the consequences of the
stroke (2). A widely recognised functional impairment after stroke is motor impairment,
affecting about 80% of the patients. Although spontaneous recovery of function may occur, a
substantial number of stroke survivors continues to experience limitations in their upper
extremity (UE) function several months after the initial stroke (3, 4).

Rehabilitation has a significant role in improving the upper extremity functioning of patients.
Earlier start of rehabilitation can be associated with more improvement of executing activities
after stroke (5, 6). Rehabilitation of the upper extremity can be complex, since UE activities
require multi-joint coordination and often involve movements of the trunk. Task completion
is emphasized, leaving little time for the quality of task performance and evaluation of
compensatory movements (7) during rehabilitation (8). Furthermore, rehabilitation facilities
are dealing with financial pressure, decreased lengths of stay and staff shortages. Motivational
or compliance issues of patients are also a perceived barrier in exercise training. These factors
lead to difficulties in providing patients with the necessary intensive practice (5, 9).

An affordable alternative to the provision of supervised outpatient training are home-based
rehabilitation methods. Remote rehabilitation strategies are performed in the patient's home
and could be self-directed or (remotely) supervised by a therapist, with or without technology.
Recent studies describe promising results regarding the effectiveness of home-based
rehabilitation interventions. The home-based setting offers contextual learning and directly
relevant objectives, which could increase the transfer of practiced skills to real-world activities
(10, 11). However, in a systematic review of Fong Mei Toh et al., home-based interventions with
self-directed or remote supervision were found to be less effective compared to home-based
interventions under direct supervision of a therapist (12). Therapists emphasise the
heterogeneity of stroke patients and the necessity of personalising (home-based) rehabilitation
care, as well as the importance of maintaining in-person contact. Sufficient communication
strategies should be developed for effective interaction with patients and their caregivers (13,
14). Patients themselves report barriers such as fatigue, the absence of assistance during
exercises and insufficient knowledge regarding exercise execution (15).

To overcome these barriers and to improve patient adherence to home-based therapy, the
possibilities of telerehabilitation are increasingly being investigated. Telerehabilitation may
include the use of wearable motion sensors, including accelerometers, gyroscopes and inertial
measurement units (IMUs), for purposes of intervention, assessment or monitoring (8). These
motion sensors could provide therapists with detailed information regarding upper extremity
impairment or activity limitation of patients, to enable more targeted therapy (16). By using
these types of Information and Communication Technologies (ICT), rehabilitation services
could be provided remotely, without continuous supervision of therapists (17). Hence, the use
of telerehabilitation can not only reduce travel time (for both patients and therapists) and

7



improve care for patients facing reduced mobility or residing in rural areas, but can also
increase continuity and personalisation of care by adjusting treatment based on a patient's
activity patterns. Consequently, it may enable a single therapist to assist a larger number of
patients within the same time frame (18).

Building on the aforementioned potential of telerehabilitation, the ArmCoach4Stroke (AC4S)
project was initiated by the Erasmus Medical Centre and Rijndam Rehabilitation Institute. The
project aims to develop and evaluate an IMU-based wearable system for upper extremity
rehabilitation at home (19), to improve upper extremity exercise of post-stroke patients. A
suitable body-fixed hardware configuration as well as analysis software to calculate
performance metrics are being investigated. Based on these calculated metrics, personalized
and real-time feedback regarding the execution of upper extremity movements will be provided
to the patient through an app and a tablet. The information will also be accessible to their
therapists.

When developing such new measurement instruments, assessment of its clinimetric properties
is crucial. Firstly, it is important to evaluate validity: determining if the developed instrument
measures what it intends to measure. Criterion validity, in particular, examines the
correspondence of measurements with the current gold standard. This enables the
determination of the instrument’s validity for its intended clinical purpose. Another essential
requirement of measurement instruments is reliability (20). If patients repeatedly perform the
same activity under identical conditions, the instrument should yield similar results over time.
This property, known as test-retest reliability, is fundamental to the provision of insights into
the exercise execution of patients.

As part of this graduation project, data analysis within the AC4S-project was performed,
regarding the test-retest reliability and the criterion validity of the IMUs and an optoelectronic
measurement system. This analysis aims to answer the following principal research question:
What is the test-retest reliability and criterion validity of an IMU-sensor based method,
compared to an optoelectronic system, for measuring kinematic metrics of the upper extremity
during predefined exercises in post-stroke patients?



Background

For a deeper understanding of the concepts of stroke impairments and assessment, validity
and reliability, IMUs and the optoelectronic Vicon system, further information regarding these
topics is provided in this chapter to serve as a theoretical research background.

2.1 Stroke and upper limb impairments

Stroke is often described as a neurological disorder during which oxygen supply to the brain is
disrupted by occlusion (ischaemic stroke) or haemorrhage (haemorrhagic stroke) of blood
vessels (Figure 1) (21). The majority of strokes, about 85%, are classified as ischemic strokes,
typically resulting from blood clots due to atherosclerosis or an embolism. In the case of a
haemorrhagic stroke, stress on the brain tissue (such as hypertension) and internal injury can
cause rupture of the blood vessels (22). The impaired perfusion or interruption of blood supply
leads to pathological events such as neuroinflammation and oxidative stress, which can
eventually result in necrosis of brain cells (23). The extend of neuronal death is a key
determinant of morbidity and mortality among stroke patients.

Ischemic strokes Hemorrhagic strokes

" burst aneurysm causing
subarachnoid hemorrhage

clot causing
embolic stroke

s cadsing PORTE SO RRD. ... . i S i
thrombotic stroke intracerebral hemorrhage

Figure 1: This figure shows the different mechanisms behind the two types of strokes: an
ischemic and haemorrhagic stroke. Retrieved from(24).



According to the framework of the International Classification of Functioning, Disability and
Health (ICF), a stroke might influence functioning and disability across multiple domains
(Figure 2) (25). For example, a stroke might cause abnormalities in body structures, such as
the nervous system, or impairments of body functions, resulting in loss of mobility, muscle
strength, or muscle tone. These functional impairments can impact a patients’ performance at
an activity level or on the level of societal participation. Multiple types of impairments can be
present simultaneously and the type and severity of these impairments may change over time.
Weakness or paralysis of the upper extremities is common after stroke, due to disrupted signal
transmission from the brain's motor cortex. Muscle weakness can result in physical disability
(26) and may eventually lead to muscle fibrosis, abnormal posturing, pain, spasticity and
decreased function.

Health Condition

(Stroke)
t
| !
Body Functions and Activity Participation
Structure _ (Disability) R (Handicap)
(Impairment) “—3x *Performance of a task I Y o

Functions: Spasticity, muscle (eg, reaching and An indvidual's involvement
activity pattemns, interjoint and grasping, walking) gltliliiizgu;tlso ;h?-j;rz
intersegment coordination,

Functioning vs
Disability
I

Facilitators vs Barriers
h A

dexterity, motor leamning, etc.
Structures: Arm, leg, trunk

Personal Factors Environmental Factors
Internal influences External influences

Figure 2: An overview of the International Classification of Functioning Model, showing the
effects of stroke on the level of body functions and structure, activity and participation.
Retrieved from:(27).

As previously mentioned, earlier start of rehabilitation can be associated with more functional
improvements, which could eventually lead to improved performance at an activity or
participatory level. The primary aim of recovery therapy after stroke is to induce brain
plasticity. However, during the rehabilitation phase, some patients may develop compensatory
movements, including the use of trunk movements to assist during arm and hand movements
(28). Over time, these compensatory movements can lead to negative functional outcomes,
such as learned non-use or misuse of the upper extremity, eventually limiting motor function
recovery (26). Research suggests that in mild-to-moderate impaired patients, appropriate
interventions may facilitate functional improvement of the upper extremity even in the chronic
stage of stroke (29). This recovery of motor functions could be achieved by activity-based
therapies, where home-based telerehabilitation shows promising results (30). These types of
interventions may not only provide a tool for home-based exercise, but may also help
differentiate between compensation and recovery.

2.2 Clinical assessment scales

Nowadays, severity of upper extremity motor impairments is often assessed using clinical
assessment scales: the Action Research Arm Test (ARAT) and the Fugl-Meyer Assessment
(FMA). For both assessments, an experienced physician is required. The ARAT can be
described as a tool to (quickly) assess limitations in upper-extremity activities for patients with
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cortical damage (31, 32). Patients perform various actions and are scored on 19 items, with a
score of 0 indicating no movement and 3 indicating normal movement. Normal performance
corresponds with the maximum score of 57 points across all subscales. The included subscales
are: gross motor (9 points), grasp (18 points), grip (12 points) and pinch (18 points)
movements.

The FMA is a quantitative measure of motor impairment for stroke patients, suggested for
assessment of impairments on a body function and structure level. The ordinal scale has been
designed as an objective index to assess recovery of hemiplegic stroke patients (33). The scale
includes items measuring movement, coordination and reflex action. The maximum score for
the upper extremity is 66 points (33).

Furthermore, the National Institutes of Health Stroke Scale (NIHSS) can be used to describe
the severity of a patient’s stroke. This numerical scale allows caregivers to measure
neurological function and deficits by having patients answer questions and performing
physical and mental tasks across 11 categories. Higher scores reflect more severe impairments,
with scores <5 described as mild impairments (34). The NITHSS, ARAT and FMA measures are
also recommended by the Stroke Recovery and Rehabilitation Roundtable (SRRR) to be
included in every stroke recovery trial (35).

2.3 Validity and reliability

While developing a measurement instrument for clinical applications, assessment of its
validity and reliability is important.

2.3.1 Validity

Validity can be defined as “the degree to which an instrument truly measures the construct(s)
it purports to measure” (20, 36). Several types of validity could be described, among which
content and criterion validity seem most relevant for this study. Content validity describes the
degree to which the instrument adequately reflects the measured concept, including face
validity: if measurements appear as though they are an adequate reflection of the content.
Criterion validity focuses on the correspondence of measurements of the instrument of interest
with the current gold standard. For continuous measurements using the same units, Bland and
Altman limits or intraclass correlation coefficients (ICCs) are often used to assess validity(20).
If the gold standard does not use the same units, Spearman (non-parametric) or Pearson's
(parametric) correlation coefficients can be used. Measurement instruments should be
validated again every time they are applied in a new setting or within a different population.
Therefore, the developed AC4S wearables should be validated for use within a stroke
rehabilitation setting.

2.3.2 Reliability

Additionally, reliability is an essential aspect of clinical measurements. When repeated
measurements are conducted under identical conditions by the same subject, the
measurement instrument should yield similar results. Reliability is defined as “the degree to
which the measurement is free from measurement error” (37). Since these measurement errors
can affect statistical analysis and interpretation of results (38), the reliability should be
assessed. The score and error of a measurement can be described according to formula 1:

Y=n+¢ (1)

Within this formula, Y represents the observed score, nrepresents the true score and
¢ represents the measurement error. Reliability parameters range from values of 0 (unreliable)
to 1 (perfect reliability). A parameter of measurement error is the standard error of
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measurement (SEM). Variation between measurements could be assessed by the standard
deviation (SD) or interquartile range (IQR). Perfect reliability is approached if the
measurement errors (SEM) are small compared to the variability within patients(20).

Multiple types of reliability exist, such as internal consistency, inter-rater, intra-rater or test-
retest reliability. The types of reliability can be influenced by several sources of variation within
measurements: the therapists performing the measurement, the patients undergoing the
measurements, the measurement instrument or measurement circumstances (39). The focus
of the ArmCoach4Stroke project was on test-retest reliability. To describe the reliability of
continuous variables, ICCs are often used (38).

2. 4 Inertial Measurement Units

In this study, the validity and reliability of IMUs within a rehabilitation context were evaluated.
The use of wearable sensors, such as IMUs, has been increasingly explored for upper extremity
rehabilitation in the past few years (40). IMUs are easily portable and low-cost sensors, which
do not need a laboratory setting to perform measurements. The systems can contain an
accelerometer, gyroscope and magnetometer. Most commonly used are the accelerometer and
gyroscope data, since the magnetometer measurements of the magnetic field can be disturbed
by environmental influences (41). Accelerometer and gyroscope measurements combine linear
changes in velocity and the rate of rotation or angular velocity in three axes (x, y and z)
respectively. Accelerometers can rely on several mechanisms, for example the measurement of
the displacement of a mass suspended by springs by measuring a signal proportional to the
force acting on the mass (caused by acceleration or gravity). Traditional mechanical gyroscopes
consist of spinning discs. While spinning, the orientation of the discs remains the same due to
angular momentum, unless an external force is applied. This external force causes a shift
(“recession”) proportional to the rate of rotation, thus the angular velocity can be determined

(42, 43).

Several kinematic parameters can be calculated using IMUs, such as duration, distance, joint
angles, velocity or smoothness (44). Velocity and position can be computed by (double)
integrating the acceleration with respect to time. However, measurement inaccuracies (such
as noise) can be accumulated over time during integration. Such signal drift is often present in
gyroscopes. These errors in gyroscope data can lead to linear errors in orientation estimation
(45). To avoid drift and track the motion, orientation and position of an object in a three-
dimensional space, the accelerometer and gyroscope data can be combined. Therefore, sensor
fusion algorithms, such as a Kalman filter or a Madgwick filter can be applied (46).

(X-Y axis)

(Z axis)

<

Gyroscope = Gyroscope

Z X Accelerometer | Magnetometer |

Figure 3: An example of an IMU with an accelerometer, gyroscope and magnetometer (left,
from: (46)) and an example of the IMUs as used within the ArmCoach4Stroke project (right).
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2.5 IMU data processing and analysis

To accurately measure and analyse IMU data, several steps have to be performed. The
methodology of the IMU data analysis of the ArmCoach4Stroke study is based on a study of
Bhagubai et al. (47). They conducted a pilot study in which an inertial sensing system to
measure UE kinematics was designed and tested. The sensors were aligned to the respective
limb segments based on data acquired during predefined static postures or dynamic
movements. Measurements of the gravity vector of the accelerometer during these predefined
postures represent an axis of the anatomical frame of a limb segment. A rotation matrix with
three vectors (%, y and z) defines the orientation of the segment's coordinate frame relative to
the sensor's coordinate frame. They also defined a common global frame to be able to relate
the orientations of segments to each other. The common vertical axis is defined by
measurement of the gravity vector in all sensors during the static pose. The horizontal axis is
derived from the measured angular velocity during the dynamic movement. After definition of
the global frame, movements can be reconstructed and eventually, joint angles can be
calculated. Accurate estimation of onset and termination of movements is complex, since real
movements usually show periods of low (but non-zero) velocity and acceleration signals before
and after the movements. Therefore, predefined thresholds of 5% or 10% of the peak velocity
are sometimes described to indicate start and end of movements (48, 49).

2.6 Vicon motion capture system

Currently, measurements of the upper extremity functions are frequently captured with 3D
marker-based, optoelectronic motion capture systems, such as Vicon. System markers are
placed on anatomical landmarks and infrared cameras record the marker trajectories based on
emitted infrared light (50). Standardized software models, such as the Vicon Plug-In Gait
Upper Body model (51), can be used to assign markers to the corresponding anatomical
landmarks and calculate kinematic outputs. An example of the Plug-In Gait Upper Body model
is shown in Figure 4. Elbow angles are relative angles calculated (using Euler angles, YXZ
convention) between the upper arm and forearm segments. Shoulder angles are calculated
between the upper arm and thorax. The markers placed on the torso define the thorax. Thorax
angles are calculated between the thorax and the laboratory coordinate system.

Optoelectronic systems such as Vicon have been found to be valid and reliable and have high
spatial and temporal sensitivity (52). However, they are technically complex, expensive and
require a large (controlled) environment. Therefore, these systems are less suitable for in clinic
or home-based measurements (53). Despite these limitations, optoelectrical motion capture
systems such as Vicon are considered the gold standard movement measurement method in
studies investigating other motion capture systems (52, 53). During these studies, metrics such
as movement time, spectral ark length or peak velocity of the measurement system of interest
(such as IMU's) are then compared to the outcomes of the gold standard method (53).
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The following image shows the front view. The left upper body markers are not
labeled; attach markers on that side in a similar way to those on the right (with
some asymmetry as described above).

. LBHD - Left Back of Head
RSHO - Right Shoulder RBHD - Right Back of Head
RUPA — Right Upper Arm
RELB — Right Elbow

RFRM - Right Forearm
RWRB — Right Wrist Marker B

RWRA — Right Wrist Marker A
RFIN - Right Finger . ‘ -2
: > \.Q" <,

« CLAV - Clavicle
+ STRN — Sternum

Figure 4: A snapshot of the Plug-In Gait Upper Body model used for Vicon-analysis,
showing the placement of markers on upper extremity locations (51).
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Methods

The following section describes the methods of the two protocols: the reliability protocol and
the validity protocol. The primary aim of the reliability protocol was to investigate the test-
retest reliability. The primary aim of the validity protocol was to investigate the criterion
validity by comparing IMUs to the gold standard. Despite the different objectives, these two
protocols show great similarity. For example, the subject inclusion criteria were identical for
both protocols. Furthermore, the exercises of the reliability protocol were also included in the
validity protocol, with the addition of two other exercises. Both protocols used similar methods
for calibration and trial indices selection. For the calculation of kinematic metrics and
statistical analysis of both protocols, comparable data processing methods were used.
Nevertheless, notable differences between the two protocols exist. The protocols were
conducted at different locations. The number and placement of IMU sensors also differed.
Additionally, participants of the validity protocol also wore Vicon markers. The validity
protocol could also be divided into two parts: Part A and Part B. The following sections will
provide a more detailed examination of these aspects.

3.1 Subjects

Adult patients in the subacute (>1 week, <6 months post-stroke) or chronic phase (>6 months
post-stroke) following an ischemic or haemorrhagic unilateral stroke and with reduced one-
sided upper limb motor function (Brunnstrom stage > 3) were included. The participants had
to be able to engage in upper extremity exercise sessions lasting at least 30 minutes (with rest).
Furthermore, sufficient trunk control to sit on a chair without side support for 30 minutes was
required. Patients with major upper limb complications or comorbidities (such as frozen
shoulder or upper limb pain), comprehensive aphasia or cognitive impairments were excluded.
The study participants were recruited from the outpatient or inpatient clinics of Roessingh
Centre for Rehabilitation in Enschede and Rijndam Rehabilitation Institute in Rotterdam.

3.2 Study Materials

Inertial Measurement Units produced by 2M Engineering (Valkenswaard, The Netherlands)
were attached to the body using (medical) tape during both protocols. Also, the optoelectronic
Vicon motion capture system (© Vicon Motion Systems Ltd UK) and Vicon Nexus software
(Plug-In Gait analysis Upper Body Model pipeline) were used as part of the validity protocol.
The sampling frequency of the IMUs was 50 Hz. The Vicon system makes use of eight high-
speed infrared cameras, with a sampling frequency of 100 Hz. Furthermore, two commercially
available Rollei video cameras were used to record the participants’ upper bodies during the
exercise performance. Additionally, an object with a cylindrical shape was 3D-printed to be
used during some of the exercises.
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3.3 Data collection

Data was collected according to the two study protocols: a reliability and validity protocol
(Figure 5). Measurements of the validity protocol were performed in a laboratory setting at
Roessingh Centre for Rehabilitation in Enschede. Measurements of the reliability protocol
mainly took place at Rijndam Rehabilitation Institute in Rotterdam, simulating an ecological
environment in which patients had to apply the sensors themselves. Baseline characteristics of
participants were collected and clinical assessments (FMA, ARAT) were performed on the first
day of the measurements.

Validity protocol Reliability protocol

Setting Laboratory 5 "Ecological” ﬁ
Assistance Part A: Yes \/ Part B: No X No x

10 IMUs & Vicon markers 4 IMUs

Both sides Impaired side

Sensors

IMU locations IMU locations

Hand, lowerarm, upperarm, Lowerarm, upperarm,

shoulder, sternum, object shoulder, object

4 Exercises Part 2 Exercises
Exercises 1: Reach + touch A 1: Reach, grasp + hold

2: Reach, grasp + hold A+B 2:Touch back of the head
3: Reach, grasp, displace A
4: Touch back of the head A+B

Figure 5: A side-by-side comparison of the validity (Part A + B) and reliability protocol,
indicating differences in setting, provided assistance, sensors worn and executed exercises.

For both protocols, IMUs were attached to the upper extremities using medical tape to measure
movements during several exercises. The Vicon Nexus software (Plug-in Gait analysis Upper
Body Model pipeline) and custom-made MATLAB scripts were used for data analysis.

3.3.1 Reliability protocol

The reliability protocol simulated an ecological setting. Three IMUs were attached to the
impaired upper extremity by the patients themselves. One IMU was placed inside the
cylindrical object. The exact placement of the IMUs on the upper extremity is described in
Table 1 and shown in Figure 6.

16



Table 1: Within this table, the exact placement of each IMU sensor location of each protocol
is described, as well as the side of attachment: on the impaired side, Left (L) + Right (R) or
not applicable (N.A.).

Sensor | Exact placement Part of protocol Attachment side
location Reliability | Validity | Reliability | Validity
Hand Dorsal side X J - L+R
Lower Near the wrist, dorsal side J J Impaired L+R
arm
Upper Near the elbow, lateral side V4 J Impaired L+R
arm
Shoulder | Near the acromioclavicular J J Impaired |L+R
joint and the superior border
of the scapula and clavicle
Sternum | At the centre of the chest X J N. A. N. A.
Object Within the 3D-printed object V4 V4 N. A. N. A.

Impaired side

Zsh

-=p» Sensor frame
— Anatomical frame

Figure 6: Example of the positioning of IMU-sensors 1-3 (green numbers) for the impaired
upper extremity during the reliability protocol, adjusted from the study of Bhagubai et al.
(47). The corresponding sensor frames and anatomical frames (X-, Y- and Z-axis) are also
shown.

Patients were instructed about the execution of the calibration movements and exercises. They
did not receive any assistance or feedback during the application of the IMUs and performance
of the calibration exercises. For this protocol, patients began this pre-exercise calibration in a
seated position, with both arms on the table (palms facing downward) for five seconds. Then,
they performed a supination-pronation movement of the hand, directly followed by a trunk
flexion movement (Figure 7), finished by five more seconds in the initial position. After
performance of these calibration movements, participants relocated their hand to the
designated starting position. Then, they performed two exercises in a randomized order: the
‘lift’ and ‘head’ exercise. During the ‘lift exercise’, patients lifted and held the object, which was
positioned at a distance of 45 cm from the starting position. During the ‘head exercise’, the
participants touched the back of their heads. Five trials of each exercise were executed, during
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a test and a retest session. There was a 5-10 minute break between the two sessions, during
which the sensors were taken off. The sensor were reapplied by the patients before start of the
retest session. Detailed descriptions of the executed exercises of both protocols are provided in
Table 2. Prior to the commencement of an exercise, the object was shaken by the researcher in
order to facilitate the identification of the exercises during the subsequent data processing
phase.

Table 2: The names and descriptions of the performed exercises of both protocols are
provided, and for each exercise the applicable protocol and exercise number are defined

Exercise name | Exercise description Part of protocol
Reliability | Validity

Touch exercise Reach for and briefly touch the object X J

Lift exercise Reach for and grasp the object, lift it a few S J

centimetres for 3 seconds, place it back and
return to the initial position

Head exercise Touch the back of the head with the palm of V4 J
the hand for 1 second and return to the
initial position

b &

Figure 7: Schematic overview of the beginning and end position of the calibration movement
(left) and performed trunk flexion (right). Retrieved from: (54).

3.3.2 Validity protocol

The validity protocol consisted of a part A and part B. During part A, IMU-sensors and Vicon-
markers were attached by the researcher. The placement of the IMU-sensors on both arms is
described in Table 1 and shown in Figure 8. The placement of the Vicon-markers is shown in
Figure 4. After attachment of the sensors, participants were instructed on the performance of
the exercises. First, they performed a pre-exercise calibration movement needed for sensor-to-
segment calibration, followed by four upper extremity exercises. For each exercise, five trials
were executed during a test and a retest session. As a calibration movement, participants had
to sit straight with their arms besides their body, perform a trunk flexion and then sit straight
again (Figure 7). The researcher could correct the patients to make sure the calibration
movements and exercises were performed correctly. In between the test and retest session, the
sensors were taken off and participants had a five minute break before reapplication of the
sensors by the researcher. Then, calibration movements were performed again, before five
repetitions of each arm exercise. Due to the observed difficulty and variability in execution of
the third exercise, only three exercises were included for further analysis. The included
exercises are described in Table 2.
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During part B, the participants needed to apply and remove the IMU-sensors themselves,
similar to the reliability protocol. They did not receive any feedback during the performance of
the calibration movements. This way, measurements performed in a home-based situation
were simulated. Also, participants were asked to perform only two exercises (the lift and head
exercises) during this part of the study protocol. Part B will not be included in the data analysis
of the validity protocol, but was considered and analysed as part of the reliability protocol. New
patient numbers for use in the reliability protocol analysis were created by adding ‘20’ to the
patient numbers from validity protocol part B.

-=-p»  Sensor frame
— Anatomical frame

Figure 8: Example of the position of IMU-sensors 1-9 (green numbers) for the left (L) and
right (R) arm during the validity protocol, adjusted from the study of Bhagubai et al(47). The
corresponding sensor frames and anatomical frames (X-, Y- and Z-axis) are also shown.
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3.4 Data (pre)processing

Calibration | | Trial
Indices Segmentation

Raw senso Presentation
Vicon &
data pre- Sensor c.lata? of statistical
IMU data processing in i
gatherlng processing Matlab script 2 outcome
in Matlab measures
Reliability | Validity (" calculation of |
Protocol Protocol joint angles and Bland-Altman Scatterplot
metrics

/

-
l Correlation
( R coefficient
Export of results

Figure 9: This figure shows a schematic overview of the different stages of data gathering,
preprocessing, metric calculation and selection and statistical analysis. The arrows indicate
relevant aspects of each stage. Abbreviations: Min = minimum, max = maximum, IQR =
interquartile range, ICC = intraclass correlation, SEM = standard error of measurement,
MDC = minimal detectable change.

A schematic overview of the data collection, pre(processing) and analysis is shown in Figure 9.
The raw IMU data from both protocols was analysed using custom-made Matlab scripts
(version 2023B, Mathworks, Inc., USA). Two types of scripts were developed in cooperation
with the University of Twente: one preprocessing script for determination of indices and one
for calculation of joint angle metrics. The IMU data of the reliability protocol was provided as
.parquet files containing all three IMU sensors, whereas the validity protocol IMU data was
provided as separate .txt files for each of the ten individual sensors. Thus, the data loading
method of the Matlab scripts was adjusted according to the protocol. For preprocessing of the
Vicon marker data, the Vicon Nexus software (Plug-in Gait analysis Upper Body Model
pipeline) was used. Vicon data was available as .C3D files.

For each patient, IMU data was matched to the corresponding sensor location. Additionally,
the Euclidean norm of the accelerometer and gyroscope data was calculated prior to selection
of indices. Figures of raw IMU sensor data were inspected and face validity was assessed before
proceeding to selection of calibration and trial indices. Video recordings of patients were
reviewed to verify the selection of calibration as well as trial indices.

3.4.1 Synchronicity analysis

Unexpected asynchrony between individual IMU-sensors was observed during the first
preprocessing steps and face validity checks of sensor data of the reliability protocol. Therefore,
multiple synchronicity tests were conducted to investigate the occurrence of asynchrony and
identify potential influencing factors. Visual inspection of data of multiple experimental
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Angular velocity (degrees/second)

sessions revealed that signal asynchrony was present, even when the sensors were attached to
the object and moved simultaneously. Due to the found inconsistency in asynchrony during
patient trials and between sessions, and the absence of any phase within the measurements
where the sensors were known to move simultaneously, it was concluded that no asynchrony
correction could be applied before further processing of the reliability protocol data. A more
detailed description of these synchronicity tests and results can be found in Appendix B.

3.4.2 Calibration indices selection

Based on the results of the synchronicity tests (Appendix B), no IMU synchronization could be
performed for the reliability protocol and analysis was continued. To perform the sensor-to-
segment calibration and define the global frame, the following indices for every individual IMU
had to be identified within the norm of the gyroscope signal of both protocols (Figure 10 &
Appendix A):

Start of the static phase

End of the static phase

Start of the calibration movement
End of the calibration movement
5. Return to the static pose

@b

Static phases were defined as phases during which the gyroscopic signal was below a
predefined threshold (<0.5 °/s). During the selection of calibration and trial indices, data had
to be inspected for missing values. In the case of missing data within the calibration or trial

sections, patients or trials had to be excluded from further analysis.
Upperarm IMU

= = Norm gyro hand
Threshold

1; tlj ,Ln - hLl | ~F'Uﬁl' Il\r- v ‘Hf ‘ ‘i \" ‘.1 J

1L w.t,‘l'«mcf nﬂ..ﬂlﬂf’,'? | MM

1000 150( 2500
S ample nr
Figure 10: Example of the selection of five calibration indices (numbers 1-5) using Matlab in
the norm gyroscope signal for the upperarm IMU during the trunk flexion calibration
movement (validity protocol): 1 = start of static phase, 2 = end of static phase, 3 = start of
trunk flexion, 4 = end of trunk flexion, 5 = return to initial position.
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3.4.3 Trial indices selection

After selection of the calibration indices, also indices of specific time points within the exercise
trials had to be manually selected based on sensor morphology. Before selection of these trial
indices, a second-order low-pass Butterworth filter with a cutoff frequency of 8 Hz was applied
to the norm of the accelerometer data of the lower arm (and IMU object data for the exercises
using an object). Then, the following timepoints were selected:

1. Start of the reaching movement
2. End of the reaching movement
3. Return of the hand to the starting position after finishing the movement

Trial segmentation was performed based on IMU accelerometer data for the reliability protocol
(Figure 11) and based on Vicon position data for the validity protocol (Figure 12), since Vicon
data showed more discernible patterns and five distinctive peaks across the five trials. When
applicable, the IMU object accelerometer signal was reviewed to assist in the selection of trial
indices. An example of IMU trial segmentation of the head exercise is shown in Appendix A.

Norm acceleration lowerarm IMU

| | | | l | l | | |

2250 2300 2350 2400 2450 2500 2550 2600 2650 2700 2750

sample nr

Figure 11: Example of IMU norm accelerometer data during the lift exercise of the reliability
protocol. The selection of trial indices using Matlab is shown with numbers 1-3 corresponding
to: 1 = start of reach, 2 = end of reach, 3 = return to initial position. The black line corresponds
to the lower arm IMU. The green area indicates movement of the object (blue line) after the
reaching phase. The yellow area indicates minimal movement.
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VICON Trial selection - position data wrist (L side, exercise1)

WICON Trial setection - pos ion data wrest (L sie, exsreisat)
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500 1000 1500 2000 2500 3000 3500 4000 4500

sample nr

Figure 12: Example of Vicon position data in the x-, y- and z-axis for Po2, during the touch
exercise of the Test session of part A, validity protocol. Trial indices selection using Matlab is
shown with numbers 1-3 corresponding to: 1 = start of reach, 2 = end of reach, 3 = return to
initial position.

3.4.4 Metric calculations

After selection of the indices, raw data files of every individual patient were loaded into the
main processing Matlab script. The 50 Hz IMU data from the validity protocol was upsampled
to 100 Hz and calibration indices were therefore multiplied by two. The accelerometer and
gyroscope data of both protocols were scaled to convert raw ADC values to the right units: m/s2
and degrees/second respectively using the following scale factors (provided by 2M
Engineering):

0.244
- Accelerometer: —— x 9.81
1000

. 17.50
- Gyroscope: -~

For the validity protocol data, a 4t order low-pass Butterworth filter with a cutoff frequency of
20 Hz was applied to the Vicon data. Every IMU sensor was synchronised to a nearby Vicon
marker based on the lag at which maximum cross-correlation of the accelerations (IMU
accelerometer data and second derivative of Vicon position data) occurred. A drift correction
for gyroscope data was applied by subtracting the mean of every sensor. Based on a threshold
(< 3/180 rad/s), static phases in gyroscope data were detected during which angular velocity
was set to zero (zero-velocity update).

To determine the IMU sensor orientation of both protocols with respect to the corresponding
segments (“sensor-to-segment calibration”), the static and dynamic calibration movements

23

5000



were examined. As mentioned in section 2.5, the measured gravity vector during a static pose
of the upper extremity represents the vertical axis of the anatomical frame of the respective
extremity. The angular velocity during the dynamic phase represents the horizontal axis of the
anatomical frame of the segment. Using the cross-product of the two axes, the third axis was
calculated. Furthermore, a common global frame needed to be defined to relate all segment
orientations to each other. The common vertical axis is defined using the gravity vector during
the static phase. The angular velocity measured during the dynamic phase is used to define
the common horizontal axis. Using the cross-product of the two axes, the third axis was
calculated. The initial orientation of the sensors within the global frame is expressed using a
rotation matrix. A Madgwick filter (Beta = 0.03) was used for orientation estimation in the
whole-body frame. The definitions of the IMU measurement axes can be found in Table 3.

Table 3: The definitions of the X-, Y- and Z-axis and the corresponding anatomical body
planes in which the movements of that axis occur.

Axis Definition Plane

X-axis Forward (+) from the trunk Sagittal plane
Y-axis Mediolateral to the left (+) Transverse plane
Z-axis Vertical, upward (+) Frontal plane

Segment angles (the shoulder elevation and trunk flexion angles) were calculated relative to
reference axes. Joint angles (in degrees) were calculated between the axes of the two adjacent
limb segments, relative to the initial position. For example, elbow angles were calculated by
relating the upper arm frame to the lower arm frame. The following metrics were calculated
for each patient of both protocols: shoulder flexion, shoulder abduction, elbow flexion and
trunk flexion. Additionally, shoulder elevation was calculated for participants of the reliability
protocol, while shoulder internal rotation was calculated for those in the validity protocol. For
the validity protocol, two methods for shoulder angle calculations were investigated: shoulder
angles based on the shoulder IMU or angles based on the sternum IMU. No sternum sensor
was used in the reliability protocol, thus the shoulder joint angles could only be calculated
between the upper arm and shoulder sensor. Moreover, trunk flexion (reliability protocol) was
calculated based on movement of the shoulder sensor in the sagittal plane.

Since motion in a plane occurs by rotation around a perpendicular axis(55), movement axes
were defined. Clockwise rotation was defined as negative, counterclockwise was defined as
positive. The initial positions (corresponding to 0°) and movement axes relevant to these
metrics are outlined in Table 4. Orientations were shown in Euler angles using the ZYX
convention.

Table 4: The definitions of initial or reference positions (corresponding to 0°) and movement
axes are shown for the calculated joint angle metrics of shoulder, elbow and trunk
movements.

Joint angle metric Initial position (0°) Movement axis

Shoulder joint Arm straight besides trunk | In x-z axis, around y-axis
flexion/extension

Shoulder joint Arm straight besides trunk | In y-z axis, around the x-axis
abduction/adduction

Shoulder segment elevation

Y-axis

In y-z axis, around the x-axis

Shoulder internal rotation

Arm straight besides trunk

In x-y axis, around the z-axis

Elbow joint flexion

Arm straight besides trunk

In x-z axis, around the y-axis

Trunk segment flexion

Z-axis

In x-z axis, around the y-axis
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Based on the trial indices, the joint angles metrics were calculated for different phases of
movement: the reaching phase and the reach-and-return phase. The reaching phase was
defined between trial indices 1 and 2, the reach-and-return phase between trial indices 1 and
3. For each metric and phase, several statistical outcomes were determined: minimum,
maximum, mean and median joint angle, range of joint motion, time to the maximum value
and duration of the movement. Currently, only the mean angles and range of joint angles (in
degrees) for the two phases were further analysed. A schematic representation of the calculated
and included metrics is shown in Figure 13. All output metrics were exported to an Excel file

for each patient separately.
Statistics per metric Movement phases

Minimum

Joint angle metrics
for each exercise

Both protocols

Trunk flexion
Maximum

Reach
Return

Median

Range

Elbow flexion

rm—
—

) Mean
Shoulder abduction

Shoulder flexion

Reliability protocol

Shoulder elevation

I/H
I

\ Time to peak Return

- = Included

Validity protocol

[ Shoulder internal rotation ] Duration

- = Not included

Figure 13: An overview of the calculated metrics of each protocol. For both protocols, only
the mean joint angle and joint angle range are included for further analysis. The mean and
range were calculated during two phases: the reaching phase and the reach-and-return
phase.

3.5 Statistical analysis

Multiple scripts for statistical analysis were created using R and RStudio (R Core Team, version
2023.12.1). Please refer to Appendix C for further details regarding access to the scripts.
First, the Excel files with individual patient outcomes were loaded into R. The Excel files of the
reliability protocol patients contained a sheet with metrics calculated across the test session
and a separate sheet for the retest session. For the validity protocol participants, currently only
the test sessions (of part A) were analysed. After the initial data load, the individual patient
outcomes were combined into a data frame with metric outcomes of all patients. Then, before
conducting calculations to investigate the validity and reliability of IMUs, descriptive statistics
were performed, and the normality of the data was assessed. The overall median and
interquartile range (IQR) of all metrics for each session (test or retest, IMU and Vicon) and for
each exercise (reaching and reach-and-return phase) were calculated. Histograms were created
to visually examine the bell-shaped, symmetrical distribution of all individual metric data.
Furthermore, the Shapiro-Wilk test was conducted to numerically assess the normal
distribution (56). Due to small sample sizes in the validity protocol (57, 58), low Shapiro-Wilk
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test p-values (Appendix C), and asymmetric histogram distributions for several reliability
protocol metrics, the null hypothesis of normal data distribution was rejected. Consequently,
non-parametric methods were chosen for further statistical analysis. Individual patient data
frames with raw data and calculated descriptive statistics were combined and exported as Excel
documents for further use in the reliability and validity scripts.

3.5.1 Test-Retest reliability

For each patient and metric, the average values across all five trials within the test and retest
session were computed. Also, median values (and IQRs) across all patients per metric and
session were calculated. The differences and absolute values of the differences between these
test and retest trial averages per metric (for each patient) were calculated by subtracting the
retest values from the test values. The level of significance of these differences was assessed
using the non-parametrical Wilcoxon test for paired data. The level of significance was set at p
< 0.05. Additionally, the overall median test-retest differences and overall median of absolute
values of differences (and IQRs) across all patients were calculated.

Furthermore, the ICC was determined to assess the test-retest reliability. A two-way mixed
effects ICC-model for absolute agreement was used. Values less than 0.5, between 0.5 and 0.75,
between 0.75 and 0.9, and greater than 0.90 are indicative of poor, moderate, good, and
excellent reliability, respectively (59). The Standard Error of Measurement (SEM) and
Minimal Detectable Change (MDC) were also calculated. The SEM is a measure of the spread
of measurement outcomes, while the MDC represents the magnitude of change needed to
exceed the variability and the measurement error of the data (60). They were calculated using
formula 2 and formula 3:

SEM = o x+/(1-1ICC) (2)

MDC = SEM X 1.96 X 2 (3)
3.5.2 Criterion validity

The average values over all trials per metric of the test sessions for both IMU and Vicon data
were calculated for each patient. Then, the (absolute values of) differences between these trial
averages were calculated. The level of significance of these IMU-Vicon differences was
assessed, again using the non-parametrical Wilcoxon test. Furthermore, the overall median
(+IQR) absolute differences between IMU and Vicon were determined across all patients.

For each metric, the (trial) average IMU and Vicon patient values were plotted against each
other in a Spearman scatter plot, including a regression line. Bland-Altman plots were created
using each patient's average of IMU and Vicon combined and the difference between the two
averages for each metric. The mean difference (across all patients) between IMU and Vicon
and limits of agreement (1.96 X ¢ ) were also calculated and plotted to detect outliers.

26



Results

First, the patient characteristics of both protocols are shown. Then, results for the test-retest
reliability (reliability protocol) and criterion validity (validity protocol) are presented
separately.

4.1 Patient characteristics

Due to computational differences between the right- and left-sided patients, the test-retest
reliability could only be evaluated for the remaining 18 right-sided patients, instead of all 32
patients. Out of the 12 recruited patients of the validity protocol, eventually only seven could
be included for further analysis. Only four of these patients could be included for the test
sessions of the touch exercise and lift exercise, and only three patients were included for the
head exercise. Thus, currently only an interim analysis on subgroups of the measured patients
was performed. Characteristics of the patients of both protocols measured at both
rehabilitation centres (including part B of the validity protocol) are presented in Table 5. Table
6 indicates which patients were included in which exercise. A flowchart of the patient in- and
exclusion for the reliability protocol is shown in Figure 14 and in Figure 15 for the validity
protocol.

Table 5: Characteristics of patients included for the reliability and validity protocols.
Separate and combined characteristics for patients measured at Rijndam (= Centre 1) and
Roessingh Rehabilitation (= Centre 2) of the reliability protocol are shown.

Protocol: Reliability | Reliability | Reliability | Validity
Measurement location: Centre 1 Centre 2 Combined Centre 2
Number of patients N =10 N=8 N =18 N=7
Mean age (SD) 61 (8) 58 (11) 60 (9) 57 (14)
Gender (Male/Female) 7/3 (70%) 5/3 (62%) 12/6 (67%) 5/2 (71%)
Type of stroke 6/4 (60%) 6/2 (75%) 12/6 (67%) 6/1(86%)
(Ischemic/hemorrhagic)

Mean time since stroke in 198 (423) 99 (131) 154 (323) 138 (140)
days (SD)

Mean NIHSS-score (SD) 3.5(2) 1(1) 2(2) 1 (1)
Mean FMA (SD) 43 (12) 58 (5) 50 (12) 57 (5)
Mean ARAT (SD) 29 (21) 52 (6) 39 (20) 51 (6)
Most affected side (R/L) 10/0 (100%) | 8/0 (100%) 18/0 (100%) | 5/2 (71%)

Abbreviations: SD = standard deviation, R = right, L = left
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Participants measured
N=g2

Participants excluded: N =2
| P01 = practice measurement
Poz2 = different protocol

Included for indices selection
N=30

‘ Participants excluded: N = 1
| P24 = unclear sensor configuration |

(Sessions excluded: N = 3 A

Po3 retest lift exc. = missing data
sternum + hand

@2'7 + P21 test lift exc.= unclear trialj

Successful indices selection
N==2g

Participants excluded: N = 11
Pos, P10,P11, P14, P15, P16, P19,

7| P2o, P21, P22, P29 = left-sided
impairment

Included for test-retest
reliability analysis
N=18

Figure 14: A flowchart of the inclusion and exclusion of the reliability protocol participants,
also showing exclusion of a substantial number of participants because of left-sided
impairment.

Table 6: An overview of how many and which patients were included for every exercise and
session, shown for both the reliability and validity protocol.

Protocol Exercise Patients included
Reliability Lift exercise - N =15; Po3, Po4, Po6, Po7, P08, Pog, P12, P13, P17,
Test & Retest P18, P25, P26, P28, P30, P32
Head exercise — N =18; Po3, Po4, Po6, Po7y, Po8, Po9g, P12, P13, P17,
Test & Retest P18, P23, P25, P26, P27, P28, P30, P31, P32
Validity Touch exercise — N = 4; Poz2, Pos, P08, P10
Test
Lift exercise — N =4;Po3, Pos, Po7, Po8
Test
Head exercise — N = 3; Po2, Po8, Pog
Test
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Participants measured
N=12

" (Participants excluded: N =5
Po1, P12 = incorrect sensor
configuration
P06 = no correct .C3D files
Po4 = unclear sensor configuration
P11 = incorrect sensor configuration

+ missing Vicon data
Included for test session indices
selection
N=7

Sessions excluded: N = 3

Pog touch + head exc. = missing data
— | Po7 touch + head exc. =

unclear calibration

Pog lift exe. = unclear trials

Pog touch exc. = not executed

P10 head exc. = missing Vicon data

selection, included for metric calculation
=7

./ JNﬁ \.N‘*
D EED TR

Sessions excluded during
calculations: N=3

Pos head exc.=Madgwick filter error
Poz + Pio lift exc. = synchronisation
erTor

Touch Exercise: N = 4 J Lift Exercise: N = 4

Figure 15: A flowchart of the inclusion and exclusion of the validity protocol participants,
showing the resulting numbers of included participants for each exercise (= exc.).

E‘aﬁents with partially succesful indices]
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4.2 Test-Retest Reliability
4.2.1 Segment angle trajectories and joint angle visualisation

Two examples of calculated segment angle trajectories in the frontal plane and joint angles for
a less (P13) and more impaired patient (P09) during the lift exercise are shown in Figures 16
and 17. The upper arm segment angle trajectory starts at a negative angle, whereas the lower
arm segment starts at an angle of about +90°. During the forward reaching movement, the
upper arm angle becomes increasingly negative and the lower arm angle becomes increasingly
positive (and the vector length slightly decreases). The shoulder segment trajectories tend to
fluctuate between +180° and -180°. While reaching for the object, the elbow flexion angle
decreases. Cyclic patterns are visible for P13 and less clearly for Po9.
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Figure 16: An example of segment angle trajectories in the frontal plane and joint angles for
the shoulder flexion and abduction and elbow flexion during the test session of the lift exercise
of the reliability protocol, shown for a less impaired patient: P13 (FMA = 60, ARAT = 57,
NIHSS = 0). The x-axis shows the sample number, the y-axis the angle in degrees.
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Figure 17: An example of segment angle trajectories in the frontal plane and joint angles for
the shoulder flexion and abduction and elbow flexion during the test session of the lift exercise
of the reliability protocol, shown for a more impaired patient: P09 (FMA = 35, ARAT = 2,
NIHSS = 7). The x-axis shows the sample number, the y-axis the angle in degrees.

4.2.2 Test-Retest Reliability of metrics

Tables 7 and 8 provide an example of the calculated results, shown for the elbow flexion metric.
Full tables including all metrics are available in Appendix D. Both the elbow flexion test and
retest IQR values demonstrate relatively large ranges (>10°, for the reaching as well as the
reach-and-return phases) and median absolute differences. The elbow flexion range during
the reaching phase of the head exercise even shows an IQR of 266°. The median absolute
differences appear to be higher for the head exercise compared to the lift exercise, for both
phases. Values of median absolute test-retest differences for all metrics ranged from below 5¢
(mean shoulder elevation during the reach-and-return phase, head exercise) to 41> (elbow
flexion range during the reach phase, head exercise).

ICC-values > 0.75 were achieved for elbow flexion (both Range and Mean, during the reaching
phase, lift exercise), trunk flexion (Mean, during the reaching phase, head exercise), elbow
flexion and shoulder flexion (Range, during the reach-and-return phase, lift exercise), elbow
flexion (Mean, during the reach-and-return phase, lift exercise) and shoulder flexion (Mean,
during the reach-and-return phase, head exercise). ICC-values <0.5 were achieved for multiple
metrics: shoulder abduction and trunk flexion (Range, during the reaching phase, lift exercise),
shoulder flexion and elevation (Range, reaching phase, head exercise), shoulder flexion (Mean,
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during the reaching phase, lift exercise) and elevation (Mean, during the reaching phase, lift
and head exercises), shoulder abduction and trunk flexion (Range, during the reach-and-
return phase, lift exercise), shoulder flexion (Range, during the reach-and-return phase, head
exercise) and shoulder abduction (Mean, during the reach-and-return phase, head exercise).
Significant differences (p < 0.05) were found between the Test and Retest session for shoulder
flexion (Range, during the reaching phase, head exercise), elbow and trunk flexion (Mean,
during the reaching phase, lift exercise), shoulder flexion and elevation (Range, during the
reach-and-return phase, head exercise ) and shoulder elevation (Mean, during the reach-and-
return phase, head exercise).

Table 7: This table shows the calculated reliability results of the elbow joint angle range and
mean elbow joint angle (in degrees) during the reaching phase: Test and Retest median (+
interquartile range, IQR), median absolute test-retest difference (+IQR), Wilcoxon test
results, ICC, SEM and MDC

Metric Test Retest Median Wilcoxon | ICC SEM | MDC

Median | Median | Absolute |test agree-

(IQR) (IQR) Difference | Retest vs | ment

(IQR) Test

Reach, grasp, lift and hold object — Lift exercise
Elbow Flexion | 50.50 52.47 11.74 0.84 0.75 43.73 | 121.21
- Range (138.81) | (90.57) (34.00)
Elbow Flexion | 72.30 78.70 14.59 (11.84) | 0.04 0.77 37.93 | 105.14
- Mean (108.66) | (149.98)
Reach to the back of the head— Head exercise
Elbow Flexion | 81.15 181.68 40.56 0.06 0.60 79.80 |221.19
- Range (167.78) | (269.16) | (123.74)
Elbow Flexion | 78.70 34.64 19.30 0.90 0.50 41.92 |116.19
- Mean (149.98) |(49.84) |(43.14)

Abbreviations: IQR = interquartile range, ICC = intraclass correlation coefficient, SEM =
standard error of measurement, MDC = minimal detectable change
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Table 8: This table shows the calculated reliability results of the joint angle range and mean
joint angle (in degrees) during the reach-and-return phase: Test and Retest median (+IQR),
median absolute test-retest difference (+IQR), Wilcoxon test results, ICC, SEM and MDC

Median

Metric Test Retest

Wilcoxon | ICC SEM | MDC
Median | Median | Absolute |test agree-
(IQR) (IQR) Difference | Retest vs | ment
(IQR) Test

Reach, grasp, lift and hold object — Lift exercise
Elbow Flexion | 64.58 57.08 14.27 0.67 0.84 42.41 | 117.56
- Range (181.45) |(105.53) | (46.19)
Elbow Flexion | 81.19 86.49 12.64 0.29 0.87 30.03 | 83.25
- Mean (114.46) | (128.33) | (13.99)
Reach to the back of the head— Head exercise
Elbow Flexion |105.65 195.42 33.93 0.28 0.73 66.01 |182.97
- Range (220.30) | (265.58) | (51.40)
Elbow Flexion | 86.49 23.32 24.23 0.57 0.60 38.03 |105.40
- Mean (128.33) | (65.82) (57.68)

Abbreviations: IQR = interquartile range, ICC = intraclass correlation coefficient, SEM =

standard error of measurement, MDC = minimal detectable change

4.3 Criterion validity
4.3.1 Data inspection
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Figure 18: On the left: Example of the lowerarm Euler angles of Po2 during the lift exercise
(test session), showing asynchrony of IMU and Vicon data. On the right: The corresponding
cross-correlation shows an unexpected peak near the end of the calculated Vicon
acceleration, probably resulting in wrongly selected lags of maximum cross-correlation.
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While assessing face validity of the Euler angles, asynchrony appeared and corrupted the
results of some patients. The cross-correlation figures showed deviations in the second
derivative of Vicon signals (Figure 18), distorting cross-correlation results and leading to
incorrectly updated indices. Two patients were therefore excluded.

Figure 19 shows examples of IMU Sternum Euler angles and Vicon Thorax angles for the
included Po2 and P0o9. Movements of the thorax on the impaired side can be evaluated,
especially around the Y-axis (indicating trunk flexion), during the execution of the movements.
Although the Vicon and IMU data show similar movement patterns, differences in patterns
and absolute Euler angle values can be observed.
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Figure 19: On the left: Synchronised Sternum IMU and Thorax Vicon angles for the less
impaired patient Po2 (FMA = 60, ARAT = 57, NIHSS = 0) are shown (touch exercise), with a
difference in thorax movements for the impaired and unimpaired upper extremity. The red
area indicates the movement phase of the impaired extremity. On the right: The same results
for the more impaired patient P09 (FMA = 50, ARAT = 46, NIHSS = 2), are shown (lift
exercise), with thorax movements during movement phases of both the unimpaired and
impaired arm. The y-axis shows the angles in degrees, the x-axis the sample number.
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4.3.2 Criterion validity

Eventually, 16 of the calculated metrics were included for analysis. Again, examples of the
results calculated for the elbow flexion are shown in Tables 9 and 10. Full tables of results can
be found in Appendix E. Wilcoxon test p-values were >0.05 for all metrics, initially suggesting
no statistically significant differences between IMU and Vicon results. However, large median
absolute differences were observed, especially for the elbow flexion mean and range of the head
exercise (during both movement phases). Median absolute Vicon-IMU differences of all
metrics ranged from below 1° (trunk flexion range during the reaching phase, touch exercise)
to 158¢° (mean elbow flexion during the reach-and-return phase, head exercise) (Appendix E).

Although the Spearman correlation coefficient indicated strong positive or negative
correlations (rho = 0.7) between IMU and Vicon outcomes for 44 out of 64 of the calculated
metrics in total, all p-values were above the level of significance (> 0.05). The head exercise
(with only 3 patients included for analysis) frequently yielded p-values of 1, indicating no
statistical evidence to support the observed correlations between IMU and Vicon values.
Results were likely to have occurred by chance.

Table 9: This table shows the calculated validity results of the joint angle range and mean
joint angle (in degrees) during the reaching phase: IMU and Vicon median (+IQR), median
absolute IMU-Vicon difference (+IQR), Wilcoxon test results and Spearman correlation
coefficient with corresponding p-values.

Validity protocol — Reaching phase

Metric | IMU Vicon Median Wilcoxon Spearman
Median Median Absolute test correlation
(IQR) (IQR) Difference Vicon vs Vicon vs

(IQR) IMU, IMU
p-value (p-value)

Reach to touch object — Touch exercise

Elbow 46.97 (14.22) | 35.37(3.06) | 12.26 (8.41) 0.20 0.2 (0.92)

flexion -

Range

Elbow 16.49 (33.03) | 73.18 (2.96) | 54.06 (27.81) 0.10 0.4 (0.75)

Slexion -

Mean

Reach, grasp, lift and hold object - Lift exercise

Elbow 62.92(15.39) | 44.54 (8.93) | 17.12(10.57) 0.10 0.4 (0.75)

Sflexion-

Range

Elbow 27.20 (18.55) | 63.28 (8.25) | 41.21 (22.58) 0.10 -0.4 (0.75)

Slexion -

Mean

Reach to the back of the head — Head exercise

Elbow 187.67 59.73 (12.21) | 123.73 (110.81) | 0.18 0.5 (1)

flexion - | (120.92)

Range

Elbow -16.28 116.19 (1.71) | 130.81(27.55) | 0.18 0.5(1)

flexion - | (28.43)

Mean

Abbreviations: IQR = interquartile range, IMU = Inertial Measurement Unit
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Table 10: This table shows the calculated validity results of the joint angle range and mean
Jjoint angle (in degrees) during the reach-and-return phase: IMU and Vicon median (+ IQR),
median absolute IMU-Vicon difference (+IQR), Wilcoxon test results and Spearman
correlation coefficient with corresponding p-values.

Validity protocol — Reach-and-return phase

Metric | IMU Vicon Median Wilcoxon Spearman
Median Median Absolute test correlation
(IQR) (IQR) Difference Vicon vs Vicon vs

(IQR) IMU, IMU
p-value (p-value)

Reach to touch object — Touch exercise

Elbow | 48,12 (15,59) |39.75(7.36) |13.32(7.50) 0.36 0.4 (0.75)

flexion -

Range

Elbow 19.34 (27.86) |74.30 (3.60) |54.39 (26.26) 0.10 0.4 (0.75)

Slexion -

Mean

Reach, grasp, lift and hold object — Lift exercise

Elbow 80.27(20.38) | 51.14 (4.55) | 27.06 (18.04) 0.10 0.2 (0.92)

flexion-

Range

Elbow 20.53 (24.68) | 62.43 (8.44) |37.08 (24.77) 0.10 -0.2 (0.92)

flexion -

Mean

Reach to the back of the head — Head exercise

Elbow 192.97 62.28 (12.40) | 126.08 (109.70) | 0.18 0.5 (1)

flexion - | (119.79)

Range

Elbow -34.66 (9.56) | 121.21(2.40) |157.90 (8.18) 0.18 0.5(1)

flexion -

Mean

Abbreviations: IQR = interquartile range, IMU = Inertial Measurement Unit
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Discussion

5.1 Interpretation of results

The aim of this study was to investigate the test-retest reliability and criterion validity of IMUs
for calculation of upper extremity metrics in stroke patients. Currently, an interim analysis of
results has been conducted with subgroups of the included patients. Therefore, results cannot
be generalized to the whole study population. Nevertheless, it can be concluded that the current
data processing methods are not yet sufficient. Initially, the study aimed to include distance
and velocity metrics. However, inspection of the face validity of these outcomes revealed
underlying issues in the data or the metric calculation. Consequently, only joint angle outcomes
were deemed sufficient for statistical analysis. The exclusion of some patients due to
synchronization or sensor configuration difficulties underscores the challenges encountered
even before calculation of the joint angle metrics. Additionally, the large variability and poor-
moderate reliability results for multiple metrics indicate underlying issues with the
measurements and/or the current joint angle calculation processes. Large differences in
absolute joint angle values were observed, not only between Vicon and IMU, but also between
test-retest sessions or between patients. This indicates suboptimal orientation estimation,
angle definitions or other fundamental problems. A more detailed description of the
preliminary results of each protocol is provided in the following sections.

5.1.1 Test-retest reliability

The relatively large IQRs of the joint angles (especially for shoulder elevation and elbow
flexion) suggest considerable variations in repeated measurements and between patients,
while executing the same movements. A possible explanation for the large range of elbow
flexion and shoulder elevation might be the quick transitions from a negative angle (-180°) to
a positive angle (+180°). These transitions were observed for multiple patients in the segment
angle trajectories of the elbow and shoulder in the frontal planes. They could occur when a
patient was operating near the edge of the plane (180° or -180°). Inspection of the Bland-
Altman plots also revealed outliers for several metrics. This suggests that there are individual
cases with large variations in test-retest measurements. These angle transitions and large
ranges in outcomes may be attributed to the current definitions of the axes in all planes and
the methods employed for angle calculation. Moreover, the mean and range of trunk flexion
appear to be substantially higher for the reliability protocol compared to the validity protocol.
An increased trunk flexion following stroke is anticipated, with values observed by Roby-Brami
et al. ranging from approximately 5 to 13° (61). However, these current trunk flexion results
(far above 13°) are deemed improbable. This discrepancy may be attributed to the use of the
shoulder sensor to define trunk flexion.

For six of the calculated metrics, the Wilcoxon test showed statistically significant differences
between test and retest sessions. Thus, considerable discrepancies in the calculated joint angles
between the two sessions exist. It is noteworthy that these significant differences were found
in multiple metrics for multiple exercises, rather than consistently in a single metric. A possible
factor influencing the test-retest results could have been the consistency of patient
performance across sessions. Merlau et al. addressed this by excluding the first repetition for
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each series and each subject, treating these as a test run (62). Within this project, all five
repetitions of a session were included for analysis, since the movements were considered to be
intuitive and the influence of a test run was assumed to be minimal. Nonetheless, the effects of
learning or fatigue cannot be entirely ruled out and might have influenced test-retest
reliability. However, examination of the recordings did not reveal clear differences in execution
of the test and retest sessions. Therefore, it can be hypothesised that these differences might
be attributed to random errors in the measurements or calculations rather than the exercise
execution. This hypothesis is also supported by the relatively large SEM (>5°) and MDC (>15°)
values for most of the metrics, indicating significant random errors.
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Figure 20: Bland-Altman plot for test-retest comparison of shoulder flexion angle range
during the reach-and-return phase of the head exercise, showing an outlier corresponding to
P30 marked in red. The test-retest mean is shown on the x-axis, the difference on the y-axis.

Multiple metrics achieved an ICC <0.5, indicating poor reliability. For example, shoulder joint
flexion angle range (during the reach-and-return phase, head exercise) yielded both a low ICC
(0.025) and Wilcoxon test p-value (0.0017). The Bland-Altman plot reveals an outlier with a
very large test-retest difference (Figure 20), corresponding to P30 with Test average of 280°
and Retest average of 28°. Repeated calculations without the outlier resulted in an increased
ICC (0.38) and Wilcoxon test p-value (0.04), but still indicated low test-retest reliability.
Another remarkable example is the mean elbow joint flexion angle (during the reaching phase,
lift exercise) that resulted in an ICC value of 0.77 (good reliability), but a Wilcoxon test p-value
of 0.04, suggesting significant differences between the test and retest sessions. Inspection of
the corresponding scatterplot in Figure 21 shows a patient (P09) with a positive test value and
a negative retest value, resulting in large test-retest differences. The underlying explanation
for such differences should be further investigated.
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Figure 21: The scatterplot of the mean elbow joint flexion angle during the reaching phase of
the lift exercise, complementary to figure X. The datapoint marked in red shows a participant
(Pog) with a positive test value and negative retest value.

5.1.2 Criterion validity

Although the calculated IMU and Vicon angles exhibit similar patterns, there are notable
differences in absolute values, suggesting fundamental differences between the two systems.
Other studies have reported similar offsets in absolute values (63). The discrepancy might be
due to differences in sensor placement, orientation estimations, or data processing algorithms.
Furthermore, the IMUs show signal drift around some of the axes, despite the currently applied
gyroscopic drift correction. Overall, while the IMU and Vicon systems may track similar
movement patterns, these discrepancies in absolute values and the presence of signal drift
highlight the need for further refinement of IMU calibration and data processing techniques
to ensure accurate estimation of criterion validity.

Several metrics showed relatively large median absolute differences (in degrees) between
Vicon and IMU measurements, especially for the elbow flexion (mean and range). The degree
of acceptable measurement variation depends on the clinical application. According to the
literature review of McGinley et al., errors between 2° and 5° are often deemed reasonable
while measuring joint angles (64). The large median absolute differences between Vicon and
IMU data suggest that the discrepancies are well beyond this 5° threshold that would raise
concern in clinical contexts. Morrow et al. found an underestimation of large joint angles and
overestimation of small joint angles while comparing IMUs to a lab-based motion capture
system. They observed the largest error in shoulder elevation data (65). Errors in (proximal)
shoulder angles could propagate in (distal) elbow angles (66), highlighting the importance of
accurate shoulder measurements. The preliminary results indicate a relatively large median
absolute difference between Vicon and IMU measurements for shoulder abduction and
rotation, similar for both methods of shoulder angle calculations. Investigation with larger
sample sizes is necessary to determine the optimal methodology.
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A study of El-Gohary et al. found an excellent agreement with an average correlation coefficient
of > 0.97 for all tasks among all subjects, while comparing an inertial and optical motion
tracking system(66). Although some metrics of our study also yield a Spearman correlation
coefficient close to 1, all corresponding p-values were >0.05. Thus, these results are likely to
have occurred by chance. Figure 22 shows two Spearman correlation examples, illustrating the
uncertainty of the results. One is an example of a scatterplot for the elbow flexion range of the
head exercise with a Spearman rho of 0.5 and p-value of 1. Although moderate correlation is
implied, there is no statistical evidence to support this. The other example is the trunk flexion
range, which showed a strong correlation (rho =1) during the reaching phase of the lift exercise.
Since the p-value was 0.083, no statistically significant correlation could be determined.
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Figure 22: Left: An example of a scatterplot for the elbow flexion range (in degrees) during
the reaching phase of the head exercise, with a Spearman rho of 0.5 and p-value of 1. Right:
A scatterplot for the trunk flexion range during the reaching phase of the lift exercise with a

Spearman rho of 1 and a p-value of 0.083 is shown.

As mentioned in the results section, the current IMU-Vicon synchronization processes
appeared to yield inaccurate results for two participants. Although the calibration and trial
indices were correct, the updated calibration indices (required for synchronization) were found
to be incorrect for some sensors, because of large differences in individual sensor lags. The
cross-correlation figures revealed unexpected patterns for the second derivative of the Vicon
data in these cases. Probably, the cross-correlation of these patients was performed on
erroneous signals and therefore lead to incorrect synchronization and metric calculation. Due
to a second derivative needed to calculate acceleration of Vicon position data, errors might be
introduced (67), and the results might not be directly comparable to the IMU acceleration data.

5.2 Strengths and limitations
5.2.1 General strengths

A key strength of the ArmCoach4Stroke project is the conduction of measurements in both a
laboratory and an ecological setting. These two environments provide complementary insights.
The ecological setting has offered valuable initial insights into the usability of the sensors and
data, as well as how a diverse range of patients interact with the IMUs. Because of the manual
selection of indices, deviating data, missing data or incorrect trials could easily be identified.
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Furthermore, the aim of the project is to calculate a large variety of metrics, while current
studies often only investigate a subset of metrics. Eventually, not only joint angles, but also
distance and velocity profiles will be calculated. That way, validity and reliability can be
investigated within a broad range of outcomes and applications.

5.2.2 General limitations

There are several limitations to this study. Firstly, calibration and trial indices were manually
selected and therefore possibly subject to human errors. Suboptimal indices selection could
have affected sensor to segment calibration and thus result accuracy. Ideally, the use of an
algorithm for the automatic detection of calibration movements and trial segmentation is
desirable to enhance objectivity and repeatability of results and increase time efficiency.
Additionally, trial segmentation was based solely on indices from the wrist Vicon marker or
IMU sensor, potentially causing inaccuracies due to timing differences in movement onset
between anatomical locations. For example, sternum movement may start later than lower arm
movement. These discrepancies are particularly relevant in the reliability protocol, where
asynchrony could not be corrected. The precise extent of this underlying sensor asynchrony
remained unknown, due to the absence of a phase at which simultaneous movement was
known.

A limitation of the use of skin-mounted sensors is the occurrence of soft tissue artefacts. Muscle
contractions deform the surrounding skin (45), affecting the measurements and thus joint
angle calculations (68). According to the systematic review of Fang et al., measurements near
the shoulder joint are the most susceptible to the influence of such skin motion artefacts (69).
However, soft tissue artefacts are difficult to prevent and occur in both the IMU and Vicon
data. Therefore, validity calculations are not necessarily compromised by these tissue artifacts.
To enhance shoulder joint calculations in the reliability protocol, exploring the addition of a
sternum sensor could be beneficial. Then, trunk flexion could also be based on movement of
the sternum sensor rather than the shoulder IMU. Nonetheless, according to Fiorentino et al.,
metrics such as the range of motion may be underestimated using sensors attached to the skin,
so caution while interpreting the results is still recommended (68).

5.2.3 Limitations: Reliability protocol

Due to the ecological setting of the reliability protocol, small variations in the execution of the
exercises were not corrected by the investigators. Some patients experienced difficulties with
the execution of calibration movements because of their impairments, potentially affecting the
calculated kinematic metrics. Calibration should ideally involve data showing rotation about
only one axis, but some patients may have used compensatory movements. Similar issues could
occur during trials, where patients might need assistance from the investigator. These
variations could have influenced the results, though the exact extent is unknown and will most
likely be present during clinical applications as well.

5.2.4 Limitations: Validity protocol

The current design of the Matlab data processing scripts was not able to handle deviations in
sensor configurations and resulted in small sample sizes. Larger sample sizes are
recommended to achieve valid correlations (70). Also, the Wilcoxon signed-rank test requires
a sample size of at least six to accurately accept or reject the null-hypothesis (71). Therefore,
current correlation coefficients and Wilcoxon results were deemed insufficient to draw any
conclusions. Interpretation of underestimation or overestimation of IMUs compared to Vicon
results based on the bias within Bland-Altman plots can be done after inclusion of more
patients. Currently, no trends can be evaluated.
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Although marker-based motion capture systems are often described as the gold standard for
three-dimensional kinematic joint measurements (55, 72, 73), their limitations must be
considered. These systems require laboratory conditions and skilled personnel, due to their
complex set-up. Therefore, the validity was examined in a laboratory setting, even though the
IMUs are being designed for an ecological setting. However, if an instrument exhibits low
validity in a laboratory setting, it is probable that its validity in a less controlled environment
would also be low. Besides the design for a different setting, it is important to acknowledge the
existence of discrepancies in calculations of IMU and Vicon. According to the Vicon Plug-In
Gait model (51), the combination of markers on the torso (near C7, T10, clavicle and sternum)
defines the ‘thorax’. These Vicon thorax angles were compared to the measurements of the
IMU on the sternum for the trunk flexion angles. However, it should be noted that the thorax
segment and sternum IMU are not identical and were defined differently. This may have
resulted in minor discrepancies between the Vicon and IMU trunk flexion results.

5.3 Future recommendations

The interim results indicate the need for further improvement of the currently used sensors
and data processing methods. Orientation estimations and joint angle definitions should be
thoroughly reviewed and verified. Possibly, the initial positions and reference axes should be
redefined and gyroscopic drift corrections could be improved. Optimal settings of lowpass
filters and the use of the Kalman filter instead of the currently used Madgwick filter could be
explored. Besides that, the script of the validity protocol should be adjusted to deal with
deviations of the standard IMU sensor configuration or missing IMU sensors. Moreover,
calculation of the second derivative of Vicon signals and the cross-correlation methods for
synchronization should be further investigated and improved to be able to include all measured
participants. For example, cross-correlation could be performed on a smaller fragment of
Vicon data. Once these improvements are made, the reliability and validity of joint angle
calculations should be enhanced.

The next step would be to extend the current methods of metric calculation to allow for
accurate calculation of velocity and distance profiles. Other studies, such as Hughes et al. (74),
already provide promising results regarding the reliability and validity of IMUs for movement
metrics such as peak velocity during different movement phases. Within the ArmCoach4Stroke
project, data from healthy subjects who performed a similar laboratory exercise protocol as the
validity protocol is also available. This data could provide further insights into the validity and
reliability of IMUs, independent of variations caused by impairments or slight deviations of
the protocol. An analysis of these datasets in a similar manner to the current analysis methods
is therefore recommended, allowing for comparison of validity and reliability results.

Within this research, the hypothesis that IMUs are reliable and yield comparable results as a
gold standard marker-based system was tested. However, the ArmCoach4Stroke project alone
may not confirm the IMUs' clinical validity. Correlation between changes in IMU-derived
metrics and a clinical scale for motor recovery (such as the FMA) could be investigated.
Eventually, the wearable system should be validated in clinical practice to assess its impact on
therapy efficacy, long-term outcomes, and patient quality of life., such as investigated by Lin
et al. Or Chae et al. (775, 76). Ideally, a randomized controlled trial should be conducted,
comparing IMU-assisted therapy with standard rehabilitation. Furthermore, therapist
perspectives and the organizational context should be carefully considered.
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Conclusion

The purpose of this thesis was to investigate the test-retest reliability and criterion validity of
IMUs within the context of upper extremity rehabilitation of stroke patients. Due to
computational difficulties, unforeseen project delays and exclusion of participants, only a
preliminary investigation of a subset of the data could be performed.

Within the reliability protocol, large IQRs were observed for patients with a right-sided
impairment, especially for the shoulder elevation and elbow flexion angles. These findings
suggest variations in measurements and exercise executions. The large variability and poor-
moderate reliability indicate the existence of underlying issues within the measurements,
orientation estimations or current calculation processes.

Because of the small remaining sample sizes of the validity protocol, no definitive conclusions
regarding criterion validity could be drawn. Although Vicon and IMU signal patterns were
similar, interim results indicate differences in absolute values of both sensors and large
variations between subjects. Inclusion of more subjects is essential to accurately assess
validity. Thus, data processing methods of both protocols should be thoroughly reviewed to
allow for further improvement and interpretation of results.
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Appendix A: Indices selection

The following two figures further clarify the trial indices selection of the reliability protocol
(Figure A.1) and phases present in the IMU signal of the validity protocol (Figure A.2).
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Figure A.1: Example of trial indices selection of the head exercise in the acceleration signal
of the reliability protocol. 1 = start of reaching movement, 2 = end of reaching movement, 3
= return to initial position. Yellow areas indicate periods of minimal movement.
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Figure A.2: Example of an upper arm signal of the validity protocol, with several movement
phases: calibration movement (black), movement to start position (green), trials of opposite
extremity (purple), trials of the currently selected extremity (blue).
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Appendix B: Synchronicity analysis

Since unexpected asynchrony between individual IMU-sensors was observed during the first
preprocessing steps and face validity checks of sensor data of the reliability protocol, multiple
synchronicity tests were conducted to investigate the occurrence of asynchrony and identify
potential influencing factors. These experiments and their results are briefly described here.

Experimental methods:
Tests with data of own experiments

Firstly, four IMUs were attached to the object and lifted five times, three times in a row. In
between these three sessions, the IMUs were switched off to also assess the influence of a
restart on possible asynchrony. The data was analysed using Matlab's “xcorr” function to
investigate the normalized cross-correlation between two sensors. By assessing the resulting
figures, the maximum “spike” is identified, indicating the lag indices at which maximum
correlation of sensor data occurs. Perfect synchronization would show a maximum spike at a
lag of zero.

Furthermore, the influence of the sequence of sensor activation on the asynchrony was
assessed. The IMUs were activated and attached to the object using two different sequences of
activation. Then, the IMU data was plotted to investigate if the chronological sequence of the
asynchronous signals matched the sequence of activation.

The consistency of asynchrony was investigated, by comparison of the cross-correlation lags at
maximum correlation in two different phases. In the “object phase”, four IMUs were attached
to the object and shaken. In the “movement phase”, sensors were attached to the lower arm,
upper arm, and shoulder of the investigator, who performed pronation, supination, and trunk
flexion movements. In a separate session, the consistency of lags was investigated by three
repetitions of a movement of the object with the four IMU sensors attached to it. Every
repetition was selected as a separate phase (so three times an “object phase”), and for every
phase the lags of sensor combinations were calculated, to investigate consistency without
anatomical influences.

Tests with patient data

The IMUs cross-correlation of patient data were assessed. Lags of the whole data segment of
trial execution (between trial indices 1 and 3) and of only the movement phase of the trial were
described for Pos and Po7 (head exercise) of the reliability protocol. The movement phase was
defined as the part of the trial at which all sensors were expected to move (between trial indices
1 and 2).

Experimental results:

Tests with laboratory data

Visual inspection of data of multiple experimental sessions revealed that signal asynchrony
was present, even when the sensors were attached to the object and moved simultaneously.
The lag of maximum cross-correlation between the IMU signals varied across sessions where
the sensors were switched off in between (Figure B.1). Lags appeared to vary from zero to ten
samples. The order in which the signals were turned on did not appear to have a direct
relationship with the occurrence of asynchrony. The lag resulting from cross-correlation at
multiple phases during a single measurement appeared to be quite consistent, with an
estimated difference in lags of only one sample (Figure B.2).
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Figure B.1: Examples of cross-correlation for the two IMUs “lower arm” and “shoulder”
during session 1 (left image) and session 3 (right image). The lag at which maximum cross-
correlation occurred is visible as the X-coordinate: -4 and -8 respectively.
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Figure B.2: Examples of the cross-correlation during three different phases of a single
measurement. The lag at which maximum cross-correlation occurred is visible as the X-
coordinate: 2, 1 and 1 respectively.

Tests with patient data

For both Pos and Po7 of the reliability protocol, the lags at which maximum cross-correlation
occurred were inconsistent throughout the entire trial or movement phase of the trial (Figure
B.3). Due to this inconsistency in asynchrony during patient trials and between sessions, and
the absence of any phase within the measurements where the sensors were known to move
simultaneously, it was concluded that no asynchrony correction could be applied before further
processing of the reliability protocol data.
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Figure B.3: The lags at which maximum cross-correlation between different IMU sensors
occurred for the trial phase (above) or the movement phase (below) of data of Pos (head
exercise) were not consistent. The lags are shown as the X-coordinates for multiple sensor
combinations, the normalized cross-correlation is shown as the Y-coordinate.
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Appendix C: Shapiro-Wilk normality test (reliability)

All the statistical scripts were uploaded to the GitHub repository and can be accessed via the
following (private) link, which is restricted to authorised users only:
https://github.com/mspaaks/AC4S . In case permission is required, please contact Marije
Spaaks (m.spaaks@erasmusmec.nl).

The following tables show the results of the Shapiro-Wilk normality test for the reliability
protocol. The hypothesis of normality is rejected if the p-value is <0.05.

Table C.1: Results of the Shapiro-Wilk test W-statistic assessing normality of the lift and
head exercise, joint angle range, for the reaching and reach-and-return phase, both the
Test and Retest session. The corresponding p-values are also shown.

. . Head Exercise
Lift Exercise
Metric (range) Session w |p-va1ue w p-value
ReachReturn — Elbow Flexion Test 0,75 |o,00 0,82 0,00
ReachReturn — Shoulder Abduction Test 0,93 0,32 0,85 0,01
ReachReturn — Shoulder Flexion Test 0,06 0,67 0,65 0,00
ReachReturn — Shoulder Elevation Test 0,77 0,00 0,66 0,00
ReachReturn — Trunk Flexion Test 0,82 0,01 0,90 0,06
Reach — Elbow Flexion Test 0,77 0,00 0,83 0,00
Reach — Shoulder Abduction Test 0,94 10,39 0,90 0,06
Reach — Shoulder Flexion Test 0,94 |0,43 0,69 0,00
Reach — Shoulder Elevation Test 0,83 [0,01 0,61 0,00
Reach — Trunk Flexion Test 0,81 0,00 0,87 0,02
ReachReturn — Elbow Flexion Retest [0,74 |o,00 0,80 0,00
ReachReturn — Shoulder Abduction Retest 0,95 0,48 0,86 0,01
ReachReturn — Shoulder Flexion Retest 0,97 0,86 0,96 0,70
ReachReturn — Shoulder Elevation Retest [o0,71  |o,00 0,76 0,00
ReachReturn — Trunk Flexion Retest 0,91 [0,14 0,76 0,00
Reach — Elbow Flexion Retest [0,73 |o,00 0,80 0,00
Reach — Shoulder Abduction Retest 0,90 0,09 0,92 0,12
Reach — Shoulder Flexion Retest 0,94 0,38 0,94 0,34
Reach — Shoulder Elevation Retest 0,78 [0,00 0,76 0,00
Reach — Trunk Flexion Retest 0,84 |o0,01 0,75 0,00
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Table C.2: Results of the Shapiro-Wilk test W-statistic assessing normality of the lift and
head exercise, mean joint angle, for the reaching and reach-and-return phase, Test and

Retest session.
. . Head exercise
. Lift exercise
] Sessio (W p-value W p-value

Metric (mean) n

ReachReturn — Elbow Flexion Test 0,84 0,01 0,39 0,04
ReachReturn — Shoulder Abduction Test 0,96 0,67 0,99 1,00
ReachReturn — Shoulder Flexion Test 0,96 0,72 0,93 0,19
ReachReturn — Shoulder Elevation Test 0,75 0,00 0,68 0,00
ReachReturn — Trunk Flexion Test 0,93 0,28 0,91 0,10
Reach — Elbow Flexion Test 0,83 0,01 0,85 0,01
Reach — Shoulder Abduction Test 0,94 0,40 0,98 0,94
Reach — Shoulder Flexion Test 0,96 0,75 0,97 0,72
Reach — Shoulder Elevation Test 0,67 0,00 0,63 0,00
Reach — Trunk Flexion Test 0,98 0,93 0,96 0,52
ReachReturn — Elbow Flexion Retest 0,83 0,01 0,97 0,87
ReachReturn — Shoulder Abduction Retest 0,96 0,74 0,98 0,95
ReachReturn — Shoulder Flexion Retest 0,94 0,36 0,98 0,01
ReachReturn — Shoulder Elevation Retest 10,74 0,00 0,74 0,00
ReachReturn — Trunk Flexion Retest 0,85 0,02 0,97 0,87
Reach — Elbow Flexion Retest 10,86 0,03 0,98 0,96
Reach — Shoulder Abduction Retest [0,88 0,04 0,96 0,59
Reach — Shoulder Flexion Retest 0,94 0,40 0,98 0,96
Reach — Shoulder Elevation Retest [0,71 0,00 0,71 0,00
Reach — Trunk Flexion Retest 0,90 0,08 0,98 0,89
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Appendix D: Test-Retest reliability

Table D.1: This table shows the calculated reliability results of the joint angle range (in
degrees) during the reaching phase: Test and retest median (+ IQR), median absolute test-

retest difference (+IQR), Wilcoxon test results, ICC, SEM, MDC.

Metric Test Retest Median Wilcoxon | ICC SEM | MDC
Median | Median | Absolute | test agree-
(IQR) (IQR) Difference | Retest vs | ment
(IQR) Test
Reach, grasp, lift and hold object — Lift exercise
Elbow 50.50 52.47 11.74 0.84 0.75 43.73 | 121.21
Flexion (138.81) | (90.57) (34.00)
Shoulder |12.59 13.40 4.93(5.82) |0.67 0.39 5.43 15.06
Abduction | (11.46) (6.79)
Shoulder | 25.65 19.75 6.05(4.24) |0.35 0.70 5.39 14.94
Flexion (8.06) (9.80)
Shoulder |76.56 24.96 12.88 0.84 0.70 72.67 | 201.44
Elevation |(200.27) |(281.80) |(100.85)
Trunk 77.93 54.19 30.19 0.11 0.06 48.09 |133.29
Flexion (45.74) | (24.10) | (50.44)
Reach to the back of the head— Head exercise
Elbow 81.15 181.68 40.56 0.06 0.60 79.80 |221.19
Flexion (167.78) | (269.16) | (123.74)
Shoulder |39.83 30.46 7.66 (13.93) | 0.16 0.59 13.55 |37.55
abduction | (24.05) (31.91)
Shoulder | 45.92 28.82 12.74 0.02 0.04 35.10 |97.28
Flexion (39.84) (20.53) (21.76)
Shoulder | 27.72 66.26 11.44 0.06 0.49 96.53 | 267.58
Elevation | (70.92) (230.79) | (111.80)
Trunk 49.22 62.32 14.72 0.04 0.52 45.05 | 124.88
Flexion (66.45) (47.87) (34.12)

Abbreviations: IQR = interquartile range, ICC = intraclass correlation coefficient, SEM =
standard error of measurement, MDC = minimal detectable change
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Table D.2: This table shows the calculated reliability results of the mean joint angle (in
degrees) during the reaching phase: Test and retest median (+IQR), median absolute test-
retest difference (+IQR), Wilcoxon test results, ICC, SEM, MDC.

Metric | Test Retest Median Wilcoxon | ICC SEM | MDC
Median | Median |Absolute |test agree-
(IQR) (IQR) Difference | Retest vs | ment
(IQR) Test
Reach, grasp, lift and hold object — Lift exercise
Elbow 72.30 78.70 14.59 0.04 0.77 37.93 |105.14
Flexion |(108.66) |(149.98) |(11.84)
Shoulder | -10.27 -16.29 7.46 (7.19) 0.13 0.60 8.15 22.59
abductio | (13.50) (24.89)
n
Shoulder | 9.17 7.05 14.35 0.06 0.44 15.77 | 43.70
Flexion | (28.45) (26.22) (10.69)
Shoulder | -158.80 | -161.61 9.21(34.89) | 0.71 0.49 76.80 | 212.87
Elevatio |(82.49) | (107.07)
n
Trunk -18.23 -61.97 19.14 0.05 0.51 38.27 [106.08
Flexion | (75.28) (81.11) (38.43)
Reach to the back of the head— Head exercise
Elbow 78.70 34.64 19.30 0.90 0.50 41.92 |116.19
Flexion |(149.98) |(49.84) |(43.14)
Shoulder | -16.29 -17.65 11.83 (21.65) | 0.54 0.51 16.98 |47.07
abductio | (24.89) | (14.94)
n
Shoulder | 7.05 9.17 10.47 0.86 0.74 13.05 |36.18
Flexion | (26.22) (28.91) (12.34)
Shoulder | -161.61 -151.73 6.79 (31.17) | 0.08 0.42 38.02 |105.38
Elevatio | (107.07) | (19.70)
n
Trunk -61.97 -10.89 19.20 0.83 0.75 17.22 | 47.74
Flexion | (81.11) (32.27) (14.78)

Abbreviations: IQR = interquartile range, ICC = intraclass correlation coefficient, SEM =
standard error of measurement, MDC = minimal detectable change
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Table D.3: This table shows the calculated reliability results of the joint angle range (in
degrees) during the reach-and-return phase: Test and retest median (+IQR), median
absolute test-retest difference (+IQR), Wilcoxon test results, ICC, SEM, MDC.

Metric | Test Retest Median Wilcoxon |ICC SEM | MDC

Median | Median | Absolute test agree-

(IQR) (IQR) Difference | Retestvs ment

(IQR) Test
Reach, grasp, lift and hold object — Lift exercise
Elbow 64.58 57.08 14.27 (46.19) | 0.67 0.84 42.41 |117.56
Flexion |(181.45) |(105.53)
Shoulder | 20.93 19.45 4.46 (9.27) 0.93 0.31 7.62 21.13
abductio | (12.09) (11.30)
n
Shoulder | 32.57 30.98 2.90 (5.27) 0.32 0.78 5.89 16.33
Flexion | (16.78) (14.52)
Shoulder | 78.09 25.41 5.00 (24.50) | 0.44 0.74 82.45 | 228.55
Elevatio |(329.68) |(346.47)
n
Trunk 79.53 67.49 31.10 (64.25) | 0.11 0.35 45.25 | 125.44
Flexion | (42.03) (24.22)
Reach to the back of the head— Head exercise

Elbow 105.65 195.42 33.93 (51.40) | 0.28 0.73 66.01 |182.97
Flexion |(220.30) |(265.58)
Shoulder | 45.87 34.27 13.49 (22.81) | 0.21 0.53 19.99 |55.40
abductio | (25.27) (35.31)
n
Shoulder | 56.20 34.88 12.91 (15.44) | 0.00 0.03 43.75 |121.26
Flexion | (41.01) (16.72)
Shoulder | 32.43 69.12 9.48 (107.83) | 0.05 0.61 88.43 | 245.11
Elevatio | (83.90) |(304.45)
n
Trunk 64.79 77.71 12.65 (24.00) | 0.10 0.57 46.19 | 128.04
Flexion | (62.04) |(57.78)

Abbreviations: IQR = interquartile range, ICC = intraclass correlation coefficient, SEM =
standard error of measurement, MDC = minimal detectable change
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Table D.4: This table shows the calculated reliability results of the mean joint angle (in
degrees) during the reach-and-return phase: Test and retest median (+IQR), median
absolute test-retest difference (+IQR), Wilcoxon test results, ICC, SEM, MDC.

Metric | Test Retest Median Wilcoxon | ICC SEM | MDC

Median | Median Absolute test agree-
(IQR) (IQR) Difference | Retestvs | ment
(IQR) Test
Reach, grasp, lift and hold object — Lift exercise

Elbow 81.19 86.49 12.64 (13.99) | 0.29 0.87 30.03 | 83.25
Flexion | (114.46) (128.33)
Shoulder | -9.74 -15.92 6.65(13.92) |0.32 0.54 9.66 26.78
abductio | (13.35) (23.52)
n
Shoulder | 15.12 11.09 12.51 (13.10) | 0.07 0.59 14.76 | 40.92
Flexion |(35.40) | (37.42)
Shoulder | -155.41 -159.93 8.16 (64.44) |0.75 0.52 58.63 |162.5
Elevatio |(82.53) (90.54) 2
n
Trunk -29.37 -71.13 16.84 (25.33) | 0.11 0.54 35.29 | 97.81

Flexion | (78.31) (68.39)
Reach to the back of the head— Head exercise

Elbow 86.49 23.32 24.23 (57.68) | 0.57 0.60 38.03 |105.4
Flexion |(128.33) |(65.82) o)
Shoulder | -15.91 -18.62 14.59 (20.74) | 0.76 0.42 20.41 |56.58
abductio | (23.16) (14.57)

n

Shoulder | 11.09 15.22 8.65 (11.25) 0.57 0.75 13.82 | 38.30
Flexion |(37.42) (25.37)

Shoulder | -159.93 -154.24 4.73 (14.17) 0.02 0.62 18.74 | 51.94
Elevatio |(90.54) (22.97)

n

Trunk -71.13 -8.03 20.61 (12.43) | 0.97 0.72 16.01 | 44.39

Flexion |(68.39) (35.31)
Abbreviations: IQR = interquartile range, ICC = intraclass correlation coefficient, SEM =
standard error of measurement, MDC = minimal detectable change
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Appendix E: Criterion validity

Table E.1: This table shows the calculated validity results of the joint angle range (in
degrees) during the reaching phase: IMU and Vicon median (+IQR), median absolute IMU-
Vicon difference (+IQR), Wilcoxon test results and Spearman correlation (+ p-value). Both
methods for shoulder angle calculations are shown.

Metric IMU Vicon Median Wilcoxon Spearman
Median Median Absolute | test correlation
(IQR) (IQR) Difference | Vicon vs Vicon vs IMU

(IQR) IMU, p-value | (p-value)
Reach to touch object — Touch exercise

Trunk flexion | 4.35(1.24) |4.07(1.33) 0.59 (0.35) | 0.86 0.4 (0.75)

Elbow flexion | 46.97 35.37(3.06) |12.26 0.20 0.2 (0.92)
(14.22) (8.41)

ShoulderUsing | 45.15 (8.75) | 37.64 (10.18) |5.67(2.31) | 0.10 1 (0.083)

Sternum -

flexion

ShoulderUsing | 10.86 (3.82) | 11.89 (1.99) 3.77(1.65) | 0.58 -0.2 (0.92)

Sternum -

abduction

ShoulderUsing | 10.02(3.51) |28.89(1.85) |16.81 0.10 o (1)

Sternum- (5.78)

rotation

ShoulderUsing | 37.81(5.97) | 37.64 (10.18) | 2.44 0.58 1 (0.083)

Shoulder- (0.80)

flexion

ShoulderUsing | 10.52 (4.50) | 11.89 (1.99) 5.85(1.43) |1 0.4 (0.75)

Shoulder -

abduction

ShoulderUsing | 18.40 (2.78) | 28.89 (1.85) |10.49 0.10 -0.8 (0.33)

Shoulder - (4.34)

rotation

Reach, grasp, lift and hold object - Lift exercise

Trunk flexion |10.71(1.77) |9.46 (1.41) 1.26 (0.36) | 0.10 1 (0.083)

Elbow flexion |62.92 44.54 (8.93) |17.12 0.10 0.4 (0.75)
(15.39) (10.57)

ShoulderUsing | 48.08 (8.67) | 40.99 (15.20) | 3.75(3.92) | 0.10 0.8 (0.33)

Sternum -

flexion

ShoulderUsing | 16.79 (5.60) | 9.51 (7.71) 10.33 0.86 0.6 (0.42)

Sternum - (6.43)

abduction

ShoulderUsing | 19.06 39.05 (19.66) | 20.00 0.10 1 (0.083)

Sternum- (13.33) (6.34)

rotation
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ShoulderUsing | 43.73 (5.47) | 40.99 (15.20) | 6.73 (4.75) | 0.86 0.4 (0.75)
Shoulder-
flexion
ShoulderUsing | 14.32 (5.32) | 9.51 (7.71) 7.73 (7.18) | 0.86 0.6 (0.42)
Shoulder -
abduction
ShoulderUsing | 27.41 39.05 (19.66) | 13.86 1 1 (0.083)
Shoulder - (13.54) (3.90)
rotation
Reach to the back of the head — Head exercise

Trunk flexion |9.23(4.28) |2.41(0.22) 6.81(4.49) | 0.42 -1(0.33)
Elbow flexion |187.67 59.73 (12.21) | 123.73 0.18 0.5 (1)

(120.92) (110.81)
ShoulderUsing | 102.98 25.33 (14.72) | 59.50 0.18 0.5 (1)
Sternum - (23.22) (23.00)
flexion
ShoulderUsing | 50.95(8.47) | 66.22 (17.29) | 27.67 0.18 0.5 (1)
Sternum - (15.72)
abduction
ShoulderUsing | 76.17 100.35 27.62 0.42 0.5 (1)
Sternum- (38.46) (15.90) (23.19)
rotation
ShoulderUsing | 59.59 (6.77) | 25.33 (14.72) | 25.63 0.18 -0.5 (1)
Shoulder- (17.18)
flexion
ShoulderUsing | 35.60 66.22 (17.29) | 41.74 0.18 1(0.33)
Shoulder - (14.56) (8.29)
abduction
ShoulderUsing | 25.89 100.35 56.43 0.18 0.5 (1)
Shoulder - (12.35) (15.90) (12.56)
rotation

Abbreviations: IQR = interquartile range, IMU = Inertial Measurement Unit
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Table E.2: This table shows the calculated validity results of the mean joint angle (in
degrees) during the reaching phase: IMU and Vicon median (+ interquartile range, IQR),
median absolute IMU-Vicon difference (+IQR), Wilcoxon test results and Spearman
correlation (+ p-value). Both methods for shoulder angle calculations are shown.

Validity protocol — Mean (Reaching phase)
Metric IMU Vicon Median Wilcoxon | Spearman
Median Median Absolute test correlation
(IQR) (IQR) Difference | Vicon vs Vicon vs
(IQR) IMU, IMU (p-
p-value value)
Reach to touch object — Touch exercise
Trunk flexion | 4.05(3.58) | 12.78 (4.11) |7.84(4.19) |o0.10 0.4 (0.75)
Elbow flexion |16.49 73.18 (2.96) | 54.06 0.10 0.4 (0.75)
(33.03) (27.81)
ShoulderUsing | 41.86 43.04 (2.93) | 4.90(5.89) |1 0.8 (0.33)
Sternum - (11.54)
flexion
ShoulderUsing | -13.074 23.49 (0.88) | 35.95 0.10 -0.4 (0.75)
Sternum - (21.40) (20.28)
abduction
ShoulderUsing | -0.69 18.03 (1.84) |19.93(8.51) |o0.10 -0.8 (0.33)
Sternum- (5.46)
rotation
ShoulderUsing | 30.54 43.04 (2.93) | 11.36 (13.15) | 0.20 0.8 (0.33)
Shoulder- (18.09)
Slexion
ShoulderUsing | -8.21 23.49 (0.88) | 31.08 0.10 -0.4 (0.75)
Shoulder - (17.58) (16.46)
abduction
ShoulderUsing | -12.78 18.03 (1.84) | 30.80 0.10 -1(0.083)
Shoulder - (11.38) (13.22)
rotation
Reach, grasp, lift and hold object - Lift exercise
Trunk flexion |5.82(7.03) | 17.52(4.79) | 18.63 0.10 0.4 (0.75)
(14.81)
Elbow flexion | 27.20 63.28 (8.25) | 41.21 0.10 -0.4 (0.75)
(18.55) (22.58)
ShoulderUsing | 46.49 47.57 8.08 (6.70) |0.20 0.8 (0.33)
Sternum - (4.93) (12.05)
flexion
ShoulderUsing | -5.47 16.62 (9.53) | 25.66(8.83) | 0.10 0.8 (0.33)
Sternum - (8.26)
abduction
ShoulderUsing | -6.88 6.88 (14.72) | 13.12(8.44) | 0.20 o(1)
Sternum- (1.48)
rotation
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ShoulderUsing | 34.38 47.57 20.43 (8.59) | 0.10 0.8 (0.33)

Shoulder- (15.32) (12.05)

flexion

ShoulderUsing | -6.26 16.62 (9.53) |19.91(5.73) | 0.10 0.8 (0.33)

Shoulder - (10.66)

abduction

ShoulderUsing | -15.87 6.88 (14.72) | 19.72 (9.45) | 0.20 -0.4 (0.75)

Shoulder - (7.74)

rotation
Reach to the back of the head — Head exercise

Trunk flexion |-2.45 0.97(2.36) |11.47(3.80) | 0.18 0.5(1)
(4.06)

Elbow flexion |-16.28 116.19 (1.71) | 130.81 0.18 0.5 (1)
(28.43) (27.55)

ShoulderUsing | 59.93 42.67(3.24) | 17.25(3.97) | 0.18 1(0.33)

Sternum - (7.20)

flexion

ShoulderUsing | 5.87 55.63 31.53 0.42 -0.5 (1)

Sternum - (54.31) (10.09) (50.60)

abduction

ShoulderUsing | 0.37 -24.81 5.39 (15.79) | 0.18 0.5 (1)

Sternum- (18.84) (12.95)

rotation

ShoulderUsing | 51.27 42.67 (3.24) | 10.80 (6.25) | 0.42 -0.5 (1)

Shoulder- (5.99)

flexion

ShoulderUsing | 3.39 55.63 34.01 0.18 -0.5(1)

Shoulder - (40.96) (10.09) (41.93)

abduction

ShoulderUsing | -15.87 -24.81 2.27(3.72) |0.18 1(0.33)

Shoulder - (12.56) (12.95)

rotation

Abbreviations: IQR = interquartile range, IMU = Inertial Measurement Unit
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Table E.3: This table shows the calculated validity results of the joint angle range (in
degrees) during the reach-and-return phase: IMU and Vicon median (+ interquartile
range, IQR), median absolute IMU-Vicon difference (+IQR), Wilcoxon test results and
Spearman correlation (+ p-value). Both methods for shoulder angle calculations are shown.

Metric IMU Vicon Median Wilcoxon |Spearman
Median Median Absolute test correlation
(IQR) (IQR) Difference | Vicon vs Vicon vs

(IQR) IMU, IMU (p-
p-value value)
Reach to touch object — Touch exercise

Trunk flexion | 5,05 (1,26) | 4.62(2.25) |0.71(0.44) |0.20 1 (0.083)

Elbow flexion | 48,12 39.75 (7.36) |13.32(7.50) | 0.36 0.4 (0.75)
(15,59)

ShoulderUsing | 45,86 37.79 6.99 (1.93) |o0.10 1(0.083)

Sternum - (6.99) (10.00)

flexion

ShoulderUsing | 16,58 14.40 (2.02) | 3.72 (1.19) 0.58 0.4 (0.75)

Sternum - (3.14)

abduction

ShoulderUsing | 11.40 31.91 (4.31) |19.90 (2.46) | 0.10 0.6 (0.42)

Sternum- (3.57)

rotation

ShoulderUsing | 38.93 37.79 2.76 (1.78) |1 0.8 (0.33)

Shoulder- (5.28) (10.00)

flexion

ShoulderUsing | 16.57 14.40 (2.02) | 4.73 (1.19) 0.58 0.4 (0.75)

Shoulder - (4.01)

abduction

ShoulderUsing | 19.16 31.91 (4.31) |12.75(6.19) | 0.10 -1(0.083)

Shoulder - (1.88)

rotation
Reach, grasp, lift and hold object - Lift exercise

Trunk flexion |11.96 10.82 (2.29) | 1.14 (0.66) 0.10 1 (0.083)
(2.95)

Elbow flexion | 80.27 51.14 (4.55) | 27.06 0.10 0.2 (0.92)
(20.38) (18.04)

ShoulderUsing | 48.83 41.75 5.40 (2.18) | 0.10 0.8 (0.33)

Sternum - (9.13) (12.98)

flexion

ShoulderUsing | 20.96 14.76 (6.87) | 9.63(8.38) | 0.58 0.8 (0.33)

Sternum - (5.12)

abduction

ShoulderUsing | 20.87 42.71 (19.01) | 22.21 (6.95) | 0.10 0.8 (0.33)

Sternum- (11.69)

rotation
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ShoulderUsing | 45.01 41.75 5.82(4.35) |0.86 0.8 (0.33)
Shoulder- (3.73) (12.98)
flexion
ShoulderUsing | 20.98 14.76 (6.87) | 9.03(6.55) | 0.86 0.8 (0.33)
Shoulder - (4.24)
abduction
ShoulderUsing | 28.32 42.71 (19.01) | 15.85 (5.02) | 0.1 1 (0.083)
Shoulder - (12.53)
rotation
Reach to the back of the head — Head exercise
Trunk flexion |9.62(4.53) | 3.16 (0.14) | 6.46 (4.67) |0.18 -1(0.33)
Elbow flexion |192.97 62.28 126.08 0.18 0.5 (1)
(119.79) (12.40) (109.70)
ShoulderUsing | 113.22 25.73 62.79 0.18 -0.5 (1)
Sternum - (45.61) (13.83) (47.09)
flexion
ShoulderUsing | 51.08 71.05 29.59 0.18 0.5 (1)
Sternum - (9.09) (16.34) (16.37)
abduction
ShoulderUsing | 89.65 101.47 21.30 0.79 0.5 (1)
Sternum- (46.76) (16.37) (13.83)
rotation
ShoulderUsing | 64.77 25.73 26.55 0.18 -0.5 (1)
Shoulder- (9.71) (13.83) (17.29)
flexion
ShoulderUsing | 39.78 71.05 43.72 (9.24) | 0.18 1(0.33)
Shoulder - (13.33) (16.34)
abduction
ShoulderUsing | 38.17 101.47 54.56 0.18 0.5 (1)
Shoulder - (14.07) (16.37) (10.89)
rotation

Abbreviations: IQR = interquartile range, IMU = Inertial Measurement Unit
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Table E.4: This table shows the calculated validity results of the mean joint angle (in
degrees) during the reach-and-return phase: IMU and Vicon median (+ interquartile
range, IQR), median absolute IMU-Vicon difference (+IQR), Wilcoxon test results and

Spearman correlation (+ p-value). Both methods for shoulder angle calculations are shown.

Metric IMU Vicon Median Wilcoxon | Spearman
Median | Median Absolute test correlation
(IQR) (IQR) Difference | Vicon vs Vicon vs

(IQR) IMU, IMU (p-
p-value value)
Reach to touch object — Touch exercise

Trunk flexion | 4.20 12.43 (4.80) |7.83(4.22) |o0.10 0.4 (0.75)
(3.66)

Elbow flexion |19.34 74.30 (3.60) | 54.39 0.10 0.4 (0.75)
(27.86) (26.26)

ShoulderUsing | 38.68 41.46 (1.93) 5.90 (4.67) |1 0.4 (0.75)

Sternum - (11.53)

flexion

ShoulderUsing | -13.85 24.24 (2.09) | 36.60 0.10 0.8 (0.33)

Sternum - (23.52) (22.63)

abduction

ShoulderUsing | -0.89 22.10 (4.58) | 24.05(6.68) | 0.10 -0.4 (0.75)

Sternum- (5.99)

rotation

ShoulderUsing | 28.79 41.46 (1.93) 12.07 0.20 0.4 (0.75)

Shoulder- (18.05) (13.45)

flexion

ShoulderUsing | -9.45 24.24 (2.09) | 32.20 0.10 -0.2 (0.92)

Shoulder - (19.40) (18.51)

abduction

ShoulderUsing | -12.31 22.10 (4.58) | 34.41 0.10 -0.8 (0.33)

Shoulder - (11.46) (11.08)

rotation
Reach, grasp, lift and hold object - Lift exercise

Trunk flexion |5.04 16.85 (4.75) 18.62 0.10 0.2 (0.92)
(7.28) (14.84)

Elbow flexion | 29.53 62.43(8.44) |37.08 0.10 -0.2 (0.92)
(24.68) (24.77)

ShoulderUsing | 46.99 50.22 (14.38) | 8.10 (6.42) | 0.20 0.4 (0.75)

Sternum - (4.81)

flexion

ShoulderUsing | -5.34 16.47 (9.72) 25.09 (9.10) | 0.10 0.8 (0.33)

Sternum - (10.17)

abduction

ShoulderUsing | -7.01 4.41 (18.30) 10.80 0.36 0.6 (0.42)

Sternum- (1.29) (12.64)

rotation

65




ShoulderUsing | 36.67 50.22 (14.38) |19.92 (9.46) | 0.10 0.8 (0.33)

Shoulder- (13.15)

flexion

ShoulderUsing | -6.11 16.47 (9.72) 20.30 (4.13) | 0.10 0.8 (0.33)

Shoulder - (12.33)

abduction

ShoulderUsing | -16.74 4.41 (18.30) 18.16 (10.13) | 0.10 o (1)

Shoulder - (8.36)

rotation
Reach to the back of the head — Head exercise

Trunk flexion |-3.47 10.12 (2.37) 11.71 (4.10) | 0.18 0.5(1)
(4-39)

Elbow flexion |-34.66 121.21 (2.40) |157.90 0.18 0.5 (1)
(9.56) (8.18)

ShoulderUsing | 64.29 43.05(3.98) |21.24(5.94) | 0.18 1(0.33)

Sternum - (9.92)

flexion

ShoulderUsing | 8.46 63.22 (11.57) | 34.53 0.18 0.5 (1)

Sternum - (57.84) (56.39)

abduction

ShoulderUsing | 3.98 -26.03 31.96 0.18 0.5 (1)

Sternum- (8.44) (18.37) (17.02)

rotation

ShoulderUsing | 56.84 43.05(3.98) |13.79 0.18 -1(0.33)

Shoulder- (9.40) (13.38)

flexion

ShoulderUsing | 5.42 63.22 (11.57) | 37.56 0.18 0.5(1)

Shoulder - (44.38) (42.93)

abduction

ShoulderUsing | -13.81 -26.03 12.23 (7.08) | 0.42 1(0.33)

Shoulder - (10.93) (18.37)

rotation

Abbreviations: IQR = interquartile range, IMU = Inertial Measurement Unit
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