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Abstract

Objective: To evaluate a novel parameter, motion segment size (MSS), in stroke patients with

upper limb impairment and validate its clinical applicability by correlating results with a standard

clinical task-based functional evaluation tool.

Methods: In this cross-sectional study, patients with hemiplegia and healthy controls equipped

with multiple inertial measurement unit (IMU) sensors performed Action Research Arm Test

(ARAT) and activities of daily living (ADL) tasks. Acceleration of the wrist and Euler angles of each

upper limb segment were measured. The average and maximum MSS, accumulated motion, total

performance time, and average motion speed (AMS) were extracted for analysis.

Results: Data from nine patients and 10 controls showed that the average MSS of forearm

supination/pronation and elbow flexion/extension during full ARAT tasks showed a significant

difference between patients and controls and a significant correlation with ARAT scores.

Conclusions: We suggest that MSS may provide clinically relevant information regarding upper

limb functional status in stroke patients.
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Introduction

In the neurorehabilitation of upper extrem-
ities impairment, it is essential to assess the
functional status of the patients’ activities
of daily living or their gait function.1,2

Traditionally, functional status was evalu-
ated by a therapist using verified clinical
assessment tools that capture performance
of various tasks. For upper-extremity eval-
uation, the Fugl-Meyer assessment scale,
Action Research Arm Test (ARAT) and
modified Barthel Index are widely used
in stroke rehabilitation.3,4 Well-verified
assessment tools provide objective informa-
tion on patients’ current functional status,
which plays a critical role in providing
appropriate therapy and serial follow-up.
In addition, the information assists physi-
cians in supporting medical insurance appli-
cations and social care. However, these
outcome measures have limitations and
the same score may not always represent
the same functional status.5 Moreover, per-
forming a full clinical evaluation for each
patient is time consuming and requires
trained personnel. 5

Reports have emerged describing the use
of inertial measurement unit (IMU) sensors
in the acquisition of quantitative motion
data in diseases accompanying neurological
impairment.6,7 A framework of measuring
individual joint movement angles in major
anatomical joints using IMU sensors has
been suggested. 8 In stroke rehabilitation,
several wearable sensor systems that use
accelerometers or IMU sensors, involve
monitoring and feedback on movements
and posture of the upper extremities.9

Using various algorithms, these data have
been used to predict functional assessment
scores.10 However, studies have tended to
focus on signal processing and clinical cor-
relations have only evaluated the difference
between predicted and clinical scores. It is
our opinion that IMU sensors have not
been fully utilised in clinical practice.
However, IMU sensors do have drawbacks
such as drift and the gimbal-lock phenom-
enon,11 which compromises data on posi-
tion tracking. Therefore, to use the sensor-
derived data confidently and take advan-
tage of its simplicity, parameters that are
not significantly affected by common IMU
errors are essential. A good example of this
is the use of measures that minimise jerk.12

Indeed, previous studies have shown that
movement smoothness is important in
stroke rehabilitation and demonstrates sig-
nificant correlation with clinical functional
assessments and brain activation.12–14 In
addition to jerk, the number of movement
units and trajectory errors have also been
used to represent smoothness.15

The aim of this study was to evaluate a
novel parameter, motion segment size
(MSS), in stroke patients with upper limb
impairment and validate its clinical applica-
bility by correlating results with a standard
clinical task-based functional evaluation
tool. From a clinical perspective, we suggest
that MSS may represent motion smoothness.

Methods

This cross-sectional study was performed
from October 2016 to February 2017 and
involved patients with hemiplegic stroke
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and healthy volunteers (controls). Inclusion
criteria for stroke patients were as follows:
hemiplegia due to stroke; Brunnstrom stage
�3 for the hemiplegic arm16; able to per-
form visible movement voluntarily follow-
ing instructions. Patients who were unable
to provide informed consent, those with
cognitive impairment that prevented them
from following instructions, and those
with other medical or personal conditions
that may have affected their participation
were excluded from the study. The report-
ing of this study conforms to STROBE
guidelines.17All participants provided writ-
ten informed consent and the study was
approved by the Institutional Review
Board of Seoul National University
Hospital (IRB No. 1505-017-668). Patient
data were de-identified prior to analysis.

Basic demographic data, Brunnstrom-
stage, and ARAT scores without assistance
were obtained for all participants. For
upper-extremity motion capture, Perception
NeuronVR (Noitom Ltd., Beijing, China), a
wearable multi-IMU based modular
motion capture system was used. A user
interface software, Axis Neuron (Noitom
Ltd., Beijing, China), was used for motion
recording and data extraction. The data
sampling rate was set to 60Hz. All subjects
wore the IMU sensor-based motion capture
system on both upper extremities. In total
11 sensors (three for axial [head and
trunk], and four on each upper limb
[shoulder-upper arm-forearm-hand]) were
attached to each participant. Left-right hor-
izontal, front-back horizontal, and up-down
vertical axes were defined as x, y, and z axes,
respectively (Figure 1).

Sensor calibration was performed as per
the manufacturer’s guidelines and consisted
of three poses: a steady pose; ‘A’ pose (both
arms down on side); ‘T’ pose (both arms
abducted horizontally). After sensor cali-
bration, all participants performed the 19
Action Research Arm Test (ARAT) items,
followed by six pre-determined activities of

daily living (ADL) tasks (i.e., opening a
bottle cap; peeling a banana; opening and
closing the buttons on a shirt; combing
hair; brushing teeth; opening a door
knob). The ADL tasks were derived from
our previous survey performed on hemiple-
gic stroke patients.18 The ARAT was
chosen because task movements are stan-
dardized with designated equipment and
do not involve lower extremity functions.
The ARAT has four domains: tasks in
domains 1 and 3 consists of grasping and
pinching objects of various sizes (e.g.,
wooden blocks or marbles) and then
moving them using a reaching movement.
Domain 2 mainly involves moving items
on a table, focusing on grip function, and
domain 4 involves gross movement tasks
that require lifting the arm to the head or
face.19 The total score on the ARAT ranges
from 0 to 57. In patients with moderate to
severe hemiparesis, a level of active assistive
support was provided so that the patients
could complete the task.

Using Axis Neuron software, accelera-
tion and position data of the wrist and
hand sensors from the accelerometer, and
the Euler angles for the sensors of all
major joints with reference to their proxi-
mal segment sensors were extracted during

Figure 1. A healthy subject wearing the
Perception NeuronV

R
system performing the Action

Research Arm Test (ARAT). The orthogonal
coordination system used for analysis is indicated.
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the ARAT and ADL tasks. Accelerometer
data were extracted for elbow, wrist, and
hand sensors in x, y, and z directions
(Figure 1). Euler angle data corresponded
to major anatomical joint motions: 1) shoul-
der flexion/extension; 2) shoulder abduc-
tion/adduction; 3) shoulder internal/
external rotation; 4) elbow flexion/exten-
sion; 5) forearm supination/pronation;
6) wrist dorsiflexion/volar flexion; 7) wrist
deviation. Motion segment size (MSS) was
defined as the accumulated change of a
parameter in one direction until its first
derivative becomes zero, which represents
changing the direction in the opposite way.

MSS ¼
Xiþ1

t¼i

jdata tð Þ � data t� 1ð Þj (1)

where i is the dataset of timepoints when
data0 ið Þ ¼ 0.

To determine each motion segment, a
threshold was set to a minimum of 5 cm
for position data and 3� for angle data.
Examples of motion segments are shown
in Figure 2.

For all participants, total performance
time, and average and maximum MSS for
position and angle data were calculated.
Accumulated motion (AM), and average
motion speed (AMS) were also extracted
and analysed. AM was defined as a sum

of all displacements or changes for corre-
sponding measurements and was calculated

as following algorithm.

AM ¼
XT

t¼2

jdata tð Þ � data t� 1ð Þj

whereT is total performance time (2)

AMS was calculated by dividing the AM
by total performance time.

Statistical analyses

Data were analysed using the Statistical
Package for Social Sciences (SPSSVR )

for WindowsVR release 25.0 (IBM Corp.,

Armonk, NY, USA). A P-value <0.05
was considered to indicate statistical signif-

icance. For all sensor-based parameters,

paired t tests were performed between
stoke patients and controls. For parameters

that showed significant differences between
groups, Pearson’s correlation analyses were

performed using the ARAT score as the

dependent variable. For a sensor-based
parameter to be useful as a clinical outcome

measure, the value for stroke patients had
to be significantly different from that for

controls and needed to be distributed in a

sufficient spectrum of values to reflect the
severity of the disease or degree of function-

al impairment.20

Figure 2. Some examples of motion segments (not all motion segments are indicated).
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Results

Demographic and baseline data

Nine patients (four women, five men) with
hemiplegic stroke and 10 healthy controls
(four women, six men) were recruited for this
study. The mean (�SD) age of the stroke
patients was 57.4 (�17.2) years (range: 22–73
years) and mean (� SD) age of the healthy
controls was 29.3 (�4.7) years (range: 23–35
years). All healthy controls were right-handed.

Of the stroke patients, four had left
hemiplegia and five had right hemiplegia
(Table 1). For Brunnstrom-stage 3, 4, 5,
and 6, there were 2, 2, 3, and 2 patients,
respectively. Mean (�SD) ARAT score for
the patients was 34.8 (�21.7) points (range:
2–57). Distribution of Brunnstrom-stage
and ARAT scores showed a distinct
range, therefore, for further analysis,
Brunnstrom-stage 3 (ARAT scores 2) was
considered severely impaired, Brunnstrom-
stage 4 (ARAT scores 26–27) as moderately
impaired, Brunnstrom-stage 5 (ARAT
scores 46–48) as mildly impaired, and
Brunnstrom-stage 6 (ARAT scores 57) as
near ‘normal’.

Correlation of sensor-based parameters
with clinical measures

Sensor-based parameters that showed sta-
tistically significant differences between

stroke patients and controls and a signifi-

cant correlation with clinical measures

(ARAT score) were extracted. For acceler-

ometer data (acceleration, m/s2), average

MSS of hand (P¼ 0.005, 0.002, and 0.006,

for x, y, and z axes, respectively) and wrist

(P¼ 0.023 and <0.001 for x and y axes,

respectively) during the full ARAT perfor-

mance was shown to be significantly differ-

ent between patients and controls. Average

MSS of acceleration for all axes for hand

(R¼ 0.765, 0.680, and 0.739, for x, y, and z

axes, respectively) and y-axis for wrist sen-

sors (R¼ 0.736) showed significant correla-

tion with the ARAT scores (P< 0.01).
For the angle data, all AM values for all

major joint range of motion (ROM) did not

correlate with ARAT scores. For AMS,

there were significant differences between

patients and controls and significant corre-

lation with ARAT scores for forearm supi-

nation/pronation during ADL tasks, elbow

flexion/extension during ARAT domain 3,

and wrist deviation during ADL tasks

(P< 0.001 for comparison vs controls;

R> 0.7 for correlation with ARAT

scores). Total performance time for the

ARAT was negatively correlated with

ARAT score (R¼ –0.914) (Table 2).
For forearm supination/pronation and

elbow flexion/extension, the average MSS

for the full ARAT task was significantly

Table 1. Basic demographic data of the stroke patients (n¼ 9).

Patient number Age y Sex

Pre-stroke

Dominant hand

Hemiplegic

side

Brunnstrom

stage16
ARAT

score

1 58 Male Right Left 3 2

2 73 Female Right Right 5 48

3 71 Male Right Left 4 26

4 63 Male Right Right 3 2

5 70 Male Right Left 5 46

6 22 Female Right Right 4 27

7 64 Female Right Right 5 48

8 36 Female Right Left 6 57

9 60 Male Right Right 6 57

Abbreviation: ARAT, Action Research Arm Test.

Nam et al. 5



different between patients and controls and

was significantly correlated with ARAT

scores (P¼ 0.002 and <0.001 for compari-

son vs controls; R¼ 0.753 and 0.728 for

correlation with ARAT scores). The aver-

age MSS for elbow flexion/extension was

19.4 and 10.5 in near ‘normal’ and severely

impaired patients, respectively.
Individual domains of ARAT (domain 1

and 4 for forearm supination/pronation,

domain 1 and 3 for elbow flexion/extension)

also showed similar results. For wrist dorsi-

flexion/volarflexion, average MSS for full

ARAT task showed significant results

(P¼ 0.001 for comparison vs controls,

R¼ 0.877 for correlation with ARAT scores).

Potential parameters for use as clinical

outcome measures

The average MSS of wrist dorsiflexion/vol-

arflexion during the full ARAT task

showed the largest difference between

severely and mildly impaired patients

(52%), whereas the percentage in severely

impaired patients was lowest for average

MSS of forearm supination/pronation

during ARAT domain 4 (30%), elbow flex-

ion/extension during ARAT domain 1

(28%) and domain 3 (28%). Representative

data are shown in Figure 3.
For the severely impaired group, the

average MSS of acceleration in the left-

right horizontal (x-axis) and up-down ver-

tical (z-axis) directions of the hand and

wrist sensors during full ARAT tasks

showed approximately 46–62% value of

healthy controls. The difference between

severely and mildly impaired patients was

22–35%.

Discussion

In this study, we evaluated a new sensor-

based clinical outcome measure (MSS),

which we believe represents smoothness

from an anatomical perspective. Among

the sensor-based parameters that showed

Table 2. Sensor-derived parameters demonstrating significant correlations with clinical measures.

Task Domain Variable Parameter

Healthy

Controls

(n¼ 10)

Brunnstrom Stage16 Pearson’s

correlation

coefficient

Statistical

Significancea
Statistical

significanceb
3

(n¼ 2)

4

(n¼ 2)

5

(n¼ 3)

6

(n¼ 2)

Forearm supination/pronation

ARAT 1 angle aMSS 18.03 8.67 10.56 14.08 16.78 0.767 P¼ 0.016 P¼ 0.014

ARAT 4 angle aMSS 38.22 11.40 16.14 23.06 29.92 0.725 P¼ 0.027 P¼ 0.004

ARAT Full angle aMSS 19.30 9.94 12.71 14.89 16.15 0.753 P¼ 0.019 P¼ 0.002

ADL task Full angle AMS 0.60 0.14 0.25 0.26 0.37 0.741 P¼ 0.022 P< 0.001

Wrist dorsiflexion/volarflexion

ARAT 2 angle aMSS 13.68 7.71 7.73 9.88 12.38 0.764 P¼ 0.017 P¼ 0.001

ARAT Full angle aMSS 13.57 7.23 8.62 11.61 14.31 0.877 P¼ 0.002 P¼ 0.001

Elbow flexion/extension

ARAT 1 angle aMSS 32.91 9.12 14.49 22.29 22.23 0.745 P¼ 0.021 P<0.001

ARAT 3 angle aMSS 15.60 9.12 15.32 19.23 21.96 0.800 P¼ 0.010 P¼ 0.040

ARAT Full angle aMSS 28.21 10.49 14.67 19.33 19.39 0.728 P¼ 0.026 P<0.001

ARAT 3 angle AMS 0.63 0.16 0.29 0.32 0.39 0.728 P¼ 0.026 P<0.001

ARAT total performance time (sec) 122.44 353.04 268.16 223.42 179.90 �0.914 P <0.001 P¼ 0.010

aPearson’s correlation coefficient for the parameter versus ARAT score.
bComparison between healthy controls and patient using paired t tests.

Abbreviations: ARAT, Action Research Arm Test; aMSS, average motion segment size; AMS, average motion speed.
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significant difference between patients and
controls, the average MSS for wrist dorsi-
flexion/volarflexion for full ARAT task
showed the highest correlation with ARAT
score, and also demonstrated the largest
difference between severely and mildly
impaired patients (52%). Parameters repre-
senting forearm supination/pronation and
elbow flexion/extension also showed high
clinical correlations.

The ARAT tasks were pre-specified
movements mainly consisting of reaching
and overhead motions, whereas the ADL
tasks performed in this study did not
involve detailed movements but the use of
an intact hand was permitted. The move-
ment during ARAT tasks represented
‘capacity’, and the movement during ADL
tasks probably represented ‘perfor-
mance’.21,22 Clinical functional assessments
usually represent ‘capacity’, and so this may
explain our results in that the most relevant
parameters were from the ARAT data. The
finding that the performance time for ADL
tasks was not significantly different
between groups was not surprising since
the participants completed the tasks with
the support of intact hands. However,

AMS, which evaluated the accumulated
movement of the impaired limb over time,
was clinically meaningful for several param-
eters in ADL tasks. Because the AMS has
the velocity feature, it can be inferred that
AMS may represent both the functional
capacity and performance in a practical set-
ting, reflecting the natural use of the
impaired limb.

We suggest that average MSS may rep-
resent smoothness of movement. In previ-
ous studies, jerk, the third derivative of
position data, was used to assess the
smoothness of limb motion.7,23 Results
showed that, in chronic neck pain, there
was a significant correlation between the
jerk index, ROM variability, and the repo-
sitioning acuity of neck muscles.23Various
modifications of jerk, such as root mean
square jerk and dimensionless jerk, have
also been evaluated but their validity and
reliability have not been well verified.24

The concept of a spectral arc-length metric
that uses a movement speed profile’s
Fourier magnitude spectrum to quantify
movement smoothness has shown better
reliability and practicality.25 However, the
aforementioned mentioned parameters are

Figure 3. Average motion segment sizes of selected parameters (angle for wrist dorsiflexion/volarflexion
[DF/VF], forearm supination/pronation, elbow flexion/extension; acceleration for hand x-axis and wrist
y-axis) during full Action Research Arm Test tasks are shown in percentage of mean values compared to
healthy controls. These parameters may serve as potential sensor-based clinical outcome measures as they
show significant correlation with clinical scores as well as sufficient interval difference across the severity of
the impairment.
Brunnstrom stage categorized in this study: 3-severely impaired; 4-moderately impaired; 5-mildly impaired;
6-near ‘normal’.
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dimensionless, and so do not provide intu-
itive information for the clinical setting.
Interestingly, a study on post-stroke patients
using a camera-based motion capture system
for a drinking task and ARAT tasks,
showed that smoothness (defined as
number of movement units) along with
movement time was correlated with clinical-
ly meaningful improvement. 26Our results
are consistent with these findings in that
the decreased number of movement units
in a given task results in a larger motion
segment. In the previous study, the elbow
flexion axis in well-recovered patients
showed decreased number of movement
units from 19.0 to 7.9 and we found an aver-
age MSS of 10.5 in severely impaired and
19.4 in near normal patients. 26 Two metrics
have been proposed in acceleration data to
represent smoothness (i.e., peaks/second and
peak ratio) and they have been shown to be
significantly different between frail and non-
frail persons in performing ADLs. 27These
findings support our results for acceleration
data in that the average MSS of the left-right
horizontal (x-axis) and up-down vertical
(z-axis) in the wrist and hand sensors
during the ARAT task was significantly cor-
related with the ARAT score. In contrast
with previous parameters which are dimen-
sionless, we found that the average MSS,
especially for angular measurements, corre-
sponded to the respective anatomical joint
angle change of the movement unit, which
we believe may provide clinicians with clini-
cally useful information on the patients’
function.

This study had several limitations.
Firstly, the number of subjects was relative-
ly small and so the generalisability of the
results to all hemiplegic stroke patients
may not be applicable. Controlled studies
using large numbers of participants and a
diverse spectrum of diseases are required.
Secondly, the data generated from the
Perception NeuronVR system are based on
a human model which may have led to

some unintentional biases. However, in pre-

vious studies, we verified that the system

shows adequate accuracy and

consistency for clinical applications.28,29

Finally, the ARAT and ADL tasks were to

be completed by all participants and assis-

tance was provided as required. This may

have affected the results for some stroke

patients, especially those with Brunnstrom-

stage 3. However, even with assistance, the

patients showed low average MSS values

compared with patients at a higher recovery

stage, whereas without assistance, the values

would have been even lower.
Average MSS for forearm supination/

pronation and elbow flexion/extension

angles during pre-determined tasks, and

the average MSS of acceleration in left-

right horizontal and up-down vertical axes

were significantly correlated and propor-

tional with the ARAT scores in stroke

patients. Although upper-extremity move-

ments may not be accurately measured

with IMU sensors, specific parameters

such as the average MSS may serve as clin-

ically relevant outcome measures in simple

or serial functional evaluation in stroke

rehabilitation.
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