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Abstract

Background Assessments of arm motor function are usually based on clinical examinations or self-reported rating
scales. Wrist-worn accelerometers can be a good complement to measure movement patterns after stroke. Currently
there is limited knowledge of how accelerometry correlate to clinically used scales. The purpose of this study was
therefore to evaluate the relationship between intermittent measurements of wrist-worn accelerometers and the
patient’s progression of arm motor function assessed by routine clinical outcome measures during a rehabilitation
period.

Methods Patients enrolled in in-hospital rehabilitation following a stroke were invited. Included patients were asked
to wear wrist accelerometers for 24 h at the start (T1) and end (T2) of their rehabilitation period. On both occasions
arm motor function was assessed by the modified Motor Assessment Scale (M_MAS) and the Motor Activity Log
(MAL). The recorded accelerometry was compared to M_MAS and MAL.

Results 20 patients were included, of which 18 completed all measurements and were therefore included in the final
analysis. The resulting Spearman’s rank correlation coefficient showed a strong positive correlation between measured
wrist acceleration in the affected arm and M-MAS and MAL values at T1, 0.94 (p < 0.05) for M_MAS and 0.74 (p <0.05)
for the MAL values, and a slightly weaker positive correlation at T2, 0.57 (p < 0.05) for M_MAS and 0.46—0.45 (p=0.06)
for the MAL values. However, no correlation was seen for the difference between the two sessions.

Conclusions The results confirm that the wrist acceleration can differentiate between the affected and non-affected
arm, and that there is a positive correlation between accelerometry and clinical measures. Many of the patients did
not change their M-MAS or MAL scores during the rehabilitation period, which may explain why no correlation was
seen for the difference between measurements during the rehabilitation period. Further studies should include
continuous accelerometry throughout the rehabilitation period to reduce the impact of day-to-day variability.
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Introduction

Assessment of motor function and motion pattern
is a central part of evaluation of neurological condi-
tions. Currently, such evaluation is largely based on
self-reported rating scales and clinical examination by
healthcare professionals. However, clinical examination
is limited to assessing impairments or activity limitations
but not the motion pattern in an objective way. Another
limiting factor is that currently it is not possible to evalu-
ate the patients in an in-home environment apart from
self-reporting rating scales.

With the introduction of comfortable and affordable
wearable sensors, detailed kinetic data can be a useful
complement to clinical outcome measures, and continu-
ously recorded with a low level of intrusiveness for the
patient in an in-home environment. Such sensors include
accelerometers [1-4], EMG sensors [5, 6] and magnets
[7]. Sensors can be worn on the body [1, 8, 9], integrated
in bracelets [2, 3, 7], or in gloves [10]. Sensors can be used
for many purposes, such as activity monitoring of elderly
[11], oncology patients [12], or to monitor vital signs in
surgical patients [13].

One field where measurement of motor function with
sensors is of great importance is within stroke rehabili-
tation, where long-term improvements may be difficult
to quantify and separate from compensatory movement
patterns and a learned non-use behavior [14]. Wearable
sensors have been used within rehabilitation to monitor
gait [8, 15], fall risk [1] and arm motor function [1, 6, 7]
and are shown to be appreciated by rehabilitation profes-
sionals as well as by patients [16]. Sensors have also been
combined with in-app training programs for home reha-
bilitation [2, 17] of chronic stroke patients to improve
participation. Such in-app training programs can help
measure and improve adherence to the training by pro-
viding instructions and guidance, but also providing an
accessible communication platform with the rehabilita-
tion team. Potentially, it could measure the training dose
as well as the use of the affected arm in daily activities
during the rehabilitation.

Sensors have also been used in stroke care, for diagnos-
tic purposes by identifying unliteral arm motor deficit [3,
18-20], and for monitoring and evaluation of rehabilita-
tion following stroke [21-24]. However, a study by Rand
et al. 2012 on 60 stroke patients receiving rehabilitation,
showed that upper extremity activity measured by activ-
ity monitors was not correlated to increased functional
status of the affected arm [21]. Similar result has been
seen in several other studies where functional recovery
has not been correlated to increased arm movement as
measured by accelerometry [23, 24]. Contradictory to
this, Gohlke et al. showed that functional recovery was
associated with increased arm movement when mea-
sured by bilateral wrist accelerometry at multiple times
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during the rehabilitation of 14 stroke patients [22]. Since
the results of the various studies differ, more studies are
needed within this area.

The purpose of this study was to evaluate the relation-
ship between intermittent measurements of wrist-worn
accelerometers and the patient’s progression of arm
motor function as assessed by the clinical outcome mea-
sures Motor Assessment Scale (MAS) [25, 26] and Motor
Activity Log (MAL) [27, 28] during an active rehabilita-
tion period.

Our hypothesis was that an improvement in MAL and
MAS would correlate with an increase in upper limb
activity, as measured by the accelerometers, and normal-
ization in the balance between right and left arm activity.

Materials and methods
Study population
Patients referred to the inpatient rehabilitation unit at
Skane University Hospital in the subacute phase after
stroke were recruited to the study between January 2018
and February 2020.

Inclusion criteria were:

+ Recent stroke with unilateral arm motor deficit,
AND;

+ Ongoing rehabilitation, AND;

+ No previous condition affecting the arm motor
function of the unaffected arm.

Exclusion criteria were:

+ Age younger than 18, OR;
+ Inability to give informed consent, OR;
+ Unwillingness to participate.

Before inclusion in the study, all participants received
verbal and written information about the purpose of the
study and gave written consent to participate. The local
Ethical committee approved the study (#2015-387), and
all study activities were conducted in accordance with the
declaration of Helsinki.

Data collection

A physiotherapist (HC) working at the rehabilitation unit
performed the assessments at the beginning of the reha-
bilitation period (test occasion 1; T1) and at the end of
the rehabilitation period (test occasion 2; T2). All partici-
pants underwent a team-based inpatient rehabilitation
with person-centered training based on their needs and
goals. They received 2 to 3 h of training, 5 days a week
by a physiotherapist and an occupational therapist. The
training consisted of task-specific training in functional
tasks, active and passive arm movements, strength train-
ing and stretching.



Lyckegaérd Finn et al. Journal of NeuroEngineering and Rehabilitation

Accelerometer data collection

Motion data were recorded for 24 h at both T1 and T2
using triaxial accelerometer bracelets on both wrists (E4,
Empatica Inc, Cambridge, MA, USA). Accelerometer
data were collected and downloaded from the bracelets
using the manufacturer’s software (E4 manager, Empatica
Inc, Cambridge, MA, USA). Downloaded data included
date and time, triaxial accelerometer data sampled at
32 Hz and additional sensor data not used here (4 Hz
Electrodermal Activity sensor (EDA), 4 Hz Infrared
Thermopile sensor and 64 Hz Photopletysmogram sen-
sor (PPQG)). Data was further processed using MATLAB
(Mathworks, Cambridge, MA, USA).

Clinical assessment of arm motor function

Two outcome measures were used to assess arm motor
function at T1 and T2: (i) the modified Motor Assess-
ment Scale (MAS) [25, 26, 29]), and (ii) the Motor Activ-
ity Log (MAL) [30].

The modified motor assessment scale

In the modified Motor Assessment Scale [26, 29], the
three domains assessing gross arm motor function, hand
motor function, and advanced hand motor function (i.e.,
dexterity) were used. These domains include 15 items,
where the participant’s ability to complete a task on time
and the quality of movement was assessed on a 0—5-point
scale. Both arms were tested separately, and the total sum
score for each arm ranged from 0 to 15 points. Higher
scores indicate greater ability and arm motor function.
Only the score for the stroke affected arm was later used
in the comparison. The scale has been tested for validity
and reliability in Swedish [26, 29].

Motor activity Log

The Motor Activity Log is a rating scale where partici-
pants are asked to assess how often (amount of use, AoU)
and how well (quality of movement, QoM) they can use
the affected hand in 30 daily activities [27, 28]. The AoU
scale ranges from O (never use the more affected arm for
the activity) to 5 (always use the more affected arm for
the activity), and the QoM scale ranges from 0 (inability
to use the more affected arm for the activity) to 5 (ability
to use the more affected arm for the activity just as well as
before the stroke). The total score of each subscale ranges
from 0 to 150 points, which is divided by 30, resulting in
a mean score. Higher scores indicate greater ability and
arm motor function. The MAL has been shown to be
valid and reliable after stroke [31].

Accelerometer data processing

Data pre-processing

The collected tri-axial accelerometer data in the 8-bit
range —128 to 127, where a value of 64 was equal to
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Earths gravitational constant 9.82 m/s"2, was pre-
processed in the same way as in [3]. The collected arm
movement data was first filtered through a 5th order But-
terworth high-pass filter with a cut off frequency of 3 Hz.
Only the magnitude of the accelerometer signal was of
interest and therefore Euclidian norm was calculated
for the tri-axial accelerometer signal resulting in a single
positive value representing the magnitude of the acceler-
ation for each sample point. The amount of data was then
reduced using a moving average filter over 96 samples
followed by a subsampling of 48 resulting in sampling fre-
quency reduction to 0.67 Hz compared with the original
32 Hz sampling frequency. This helped smooth the data
and made the amount data more manageable as an entire
24 period had been collected at each recording session.

The signals from the two arms were collected indepen-
dently using two separate wristbands which resulted in
a small sync error between the two arms because of the
wristbands being powered on at slightly different times.
The sync error was corrected by identifying the optimal
overlap between the two signals where the sum of the dif-
ferences of the measurements from the two arms were
minimized. In addition, long periods of zero data at the
end of a collection period caused by the bracelets not
being powered off at the time when they were taken off
and placed on a still surface were manually removed.

Extracting the most active period

To remove the impact of the amount of sleep during the
day of measurement and to focus on the time when the
patient was most active with their arms, only the top 10%
most active sample-pairs were selected from each record-
ing. The sum of the two arms at a given point determined
the activity of a sample pair, where a higher sum was
equivalent to more activity. The top 10% most active sam-
ple pairs were extracted for each recording session, and
this was equivalent to extracting roughly the most active
2.5 h period of the day for a 24 h sample recording. The
mean value of each of the two arms from the extracted
period was then calculated and used as the recorded arm
acceleration value for each arm.

Results

Study population

A total of 20 patients (14 men and 6 women) were
included in the study. Two of them failed to complete
both recording sessions. One patient left the rehabilita-
tion program before completing the final measurement
and assessments at T2, and the other patient had a tech-
nical malfunction, where one bracelet accidentally was
not started at the recording session and unfortunately the
patient had left the rehabilitation clinic when the mistake
was discovered and could not be redone. Thus, data from
18 patients were used in the final analysis.
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Table 1 Patient characteristics and stroke characteristics for the
final study population
Patient characteristics

Age, years; median (range) 58.5(27-72)
Gender; male/female 13/5
Stroke characteristics

Stroke type (ischemic/hemorrhagic) 8/10
Time since stroke (months); mean (£ SD) 16 (1)
Pre-stroke mRS, median (range) 0 (0-0)
NIHSS, median 10 (4-40)
Side of paresis; right/left 8/10
Arm weakness (NIHSS), median (range) 3(1-4)
mRS @ 3months 0-2 0

3 5

4 13

5 0

SD=Standard Deviation, mRS=modified Rankin Scale, NIHSS=National

Institute of Health Stroke Scale

Table 2 Data for the 18 participants at Test occasion 1 (before
the rehabilitation period) and 2 (at the end of the rehabilitation

period)
Variable Test occasion 1 Test occasion 2
MAS (0-15p) 3.0(0.0-7.7) 7.5(0.00-12.25)

Median (Q1-Q3)
MAL AOU (0-5p)
Median (Q1-Q3)
MAL QOM (0-5p)
Median (Q1-Q3)
Acceleration (m/s?)
Median (Q1-Q3)

MAS=Modified Motor Assessment Scale, MAL AOU=Motor Activity Log
Amount of Use, MAL QOM=Motor Activity Log Quality of Movement

0.05 (0.00-1.52) 0.18 (0.00-2.18)

0.03 (0.00-1.46) 0.17 (0.00-2.11)

143 (1.01-1.74) 1.72(1.23-2.15)

The characteristics of the 18 participants that com-
pleted both recordings and assessment sessions are
shown in Table 1. On average, the length of the rehabili-
tation period was 29.6 days (SD*9.6).

Arm motor function at the two test occasions

Data of arm motor function for the more affected arm
before (T1) and at the end of the rehabilitation period
(T2) are presented in Table 2.

The measured mean acceleration for the 10% most
active arm movement pairs for each patient and test
occasion can be seen Fig. 1. Each color corresponds to
one patient, and data from the two test occasions (T1 and
T2) have been linked together, where the arrow points
from T1 to T2. As can be seen, most patients are located
away from the symmetry line, either above the line if they
are weaker in their right arm or below the line if they are
weaker in their left arm. As the diagonal line represents
perfect symmetry between the two arms, patients are
expected to be closer to the symmetry line at T2 com-
pared to T1, which means that the arrow should point
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Fig. 1 The measured mean acceleration for the top 10% largest arm
movement pairs for all 18 patients who completed both measurement
sessions (T1 and T2). Each subject is plotted with a unique color and the
two measuring sessions T1 and T2 have been linked with an arrow point-
ing from T1 to T2. The closer a subject is to the diagonal line the more
symmetrical is the movement recorded by the accelerometer on the right
and left wrist. A value further away from the origin point illustrates a larger
overall movement compared with a value closer to the origin point

towards the symmetry line. This can be observed for
some of the patients, but not for all.

Figure 2 shows the difference in mean acceleration,
Motor Assessment Scale (MAS), Motor Activity Log
Amount of Use (MAL AoU) and Motor Activity Log
Quality of Movement (MAL_QoM) for each patient. A
positive value in Fig. 2 is equivalent to an improvement in
the specific metric, a value of 0 is equal to no difference
between T1 and T2 and a negative value means that the
patient obtained a lower score at T2 compared with the
initial T1.

Figure 3a-c shows the mean acceleration values for
each patient during T1 plotted against either the M_MAS
value (3a), MAL_AoU (3b) or MAL_QoM obtained at
T1. Fig. 4a-c illustrates the corresponding values for T2.
Fig. 5a-c shows the difference in mean acceleration and
one of the three metrics M_MAS (5a), MAL_AoU (5b),
or MAL_QoM between T1 and T2 for each patient.

Table 3 contains the calculated correlations between
the pairwise comparison of the mean acceleration and
any of the other three measured values. The correlations
have been calculated using the Spearman’s ranked corre-
lation test as it does not assume the values to be normally
distributed.
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Fig. 2 Difference in measured acceleration of the affected arm, MAS, MAL_AoU and MAL_QoM between test session T1 and T2 for each patient that
successfully completed two test sessions. Each bar is colored in a color unique to each patient with corresponding patient numbers located on the x-axis.
Bars with red label text on the x-axis correspond to a negative progression between session T1 and T2

Discussion
In this explorative observational study, we compared 24 h
accelerometry with measures of arm motor function used
in clinical rehabilitation practice in patients in the begin-
ning and end of their rehabilitation program following a
stroke. The patients tolerated the devices well and there
was only one case of technical failure at one registration
session.

The measured wrist acceleration on the affected arm
correlated with measurements of arm motor function

(MAS, MAL_AoU and MAL_QoM) as seen in Table 3 as
well as seen in Figs. 3 and 4 at both T1 and T2. At T1
there was a very strong correlation between M_MAS and
wrist acceleration with a calculated Spearman’s ranked
correlation coefficient of 0.94. The correlation for MAL_
AoU and MAL_QoM were slightly lower at 0.74 and 0.73
respectively.

A positive correlation was also observed at T2 between
wrist acceleration and MAS, although lower than at T1
with a Spearman’s correlation coefficient of 0.57. For
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Fig. 3 The figure shows the scores from M_MAS (A), MAL_AoU (B) and MAL_QoM (C) plotted against the average recorded acceleration for the affected
arm at the first test session T1
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Fig. 4 Shows the scores from M_MAS (A), MAL_AoU (B) and MAL_QoM (C) plotted against the average recorded acceleration for the affected arm at
the second test session T2
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Fig.5 The calculated difference in M_MAS (A), MAL_AoU (B) and MAL_QoM (C) against the difference in average recorded acceleration between session
T1 and T2 for the affected arm
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Table 3 Correlation analysis between Accelerometry of the
affected arm and MAS, MAL_AoU and MAL_QoM at Test occasion
1 (T1), Test occasion 2 (T2) and the differences between T1 and
T2 (ATI1-T2)

Correlation analysis between:

Spearman’s rank correlation
coefficient (p-value)

T T2 A

T1-T2

Acceleration affected arm vs. MAS 0.94 (<0.05) 057 0.08
(<0.05) (0.75)

Acceleration affected arm vs. 0.74 (<0.05) 045 0.29
MAL_AoU (0.06) (0.24)

Acceleration affected arm vs. 0.73(<0.05) 046 0.29
MAL_QoM (0.06) (0.24)

MAS=Modified Motor Assessment Scale, MAL_AOU=Motor Activity Log
Amount of Use, MAL_QOM=Motor Activity Log Quality of Movement

MAL_AoU and MAL_QoM correlations were also lower
than T1 with coefficients of 0.45 and 0.46, and these val-
ues were just outside the limit for being statistically sig-
nificant with a p-value of 0.06.

A possible reason for the fact that the correlation was
stronger between accelerometry and M_MAS at T1
compared with MAL_AoU and MAL_QoM may be that
patients had difficulties to self-estimate their arm func-
tion early on in their rehabilitation, as they have not yet
had time to properly use their affected arm in daily activi-
ties, which is in line with other studies [Hussain 2020].
Although the correlations increased over time between
Abilhand and other objective measurements in the study
by [32], a decrease in strength of the correlations was
found for 3 out of 4 calculations between day 10 and
week 4, which is similar to the results observed here dur-
ing a similar time frame.

The measured correlation between acceleration and
MAL_AoU and MAL_QoM are also similar in range to
that obtained in other studies [19, 20]. In the study by
van der Pas, 45 stroke patients were measured for three
consecutive days [19], and in the study by Narai 19 stroke
patients wore bilateral triaxial accelerometer bracelets
over a 24-hour period [20], similar to the first measure-
ment in our study. In both studies they observed a cor-
relation between MAL and wrist acceleration in between
those measured at T1 and T2 which is likely explained by
the fact that they had a broader inclusion with regard to
time between stroke occurrence and inclusion into the
study.

Since a positive correlation was observed at both T1
and T2 between wrist accelerometry and the physical
measurements of arm motor function, one would expect
to see a similar positive correlation when comparing the
delta values between T1 and T2. If scores of M_MAS,
MAL_AoU or MAL_QoM are improved between T1 and
T2, it would be expected that the wrist accelerometry
would improve as well due to the positive correlation.
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However, as seen in Fig. 5; Table 3 there are no observed
statistically significant correlation between the delta val-
ues. This is an interesting result which may have several
possible explanations.

One contributing factor to the unobserved correlation
among the delta values could be that many of the patients
obtained the same results in both MAL and M_MAS for
T1 and T2. In fact, 10 out of 18 patients achieved the
same MAL_AoU and MAL_QoM results and 11 out of
18 achieved the same M_MAS results, see Table 2. At the
same time, most patients recorded some difference in
accelerometry value as it is unlikely to measure the exact
same accelerometry value twice since it is a continuous
value instead of discrete. The low improvement in M_
MAS and MAL for many of the patients could be due to
that they were quite severely affected in their weak arm
with low median values in both outcome measures (see
Table 2) compared to other similar studies [33]. The 18
patients in our study had a lower score in M_MAS and
MAL compared to the 30 patients in the study by Ham-
mer and Lindmark [33], and showed less improvement in
MAL and similar improvement in M_MAS.

Another contributing factor to the low correlations
for the delta values between the two test sessions could
be that there is a potential variability in measured accel-
eration for a single individual between different days not
caused by arm motor deficit or rehabilitation. It is most
likely that arm acceleration will to some degree depend
on how active the patient was during the day, and lower
level of acceleration at T2 compared with T1 for four of
the patients, as seen in Figs. 2 and 5, could be a reflection
of this. To obtain more robust results it would be of inter-
est to record wrist acceleration continuously throughout
rehabilitation. By doing so it would be possible to analyze
the trend in level of recorded movement thus removing
the impact of any potential variability between days.

From Fig. 1 it can be seen that the measured wrist
acceleration is able to separate the patients as either
being weak in the left arm — placing their arrow below
the symmetry line, or weaker in their right arm — plac-
ing them above the symmetry line. The side of weakness
derived from Fig. 1 corresponds perfectly with the weak
arm as a result of stroke showing that the accelerometers
are able to determine the correct side of weakness. This is
in line with previous results showing that accelerometers
can be used to separate healthy control individuals from
individuals suffering from unilateral weakness [18].

Lastly, another observation that can be seen in Fig. 2
is that several patients improve in accelerometry in the
affected arm without any improvement in M_MAS (for
example patients 7, 9 and 10). This phenomenon is some-
what counter-intuitive, but previous studies have shown
correlation between accelerometry and functional mea-
surements [22] as well as the lack thereof [21], suggesting
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that accelerometry may not necessary be an alternative,
but rather an addition, to functional outcome measures.

Wearable sensors such as accelerometers are now read-
ily available to use in clinical practice for monitoring
stroke patients undergoing rehabilitation. Accelerometry
may contribute objective information about the objec-
tive arm movement over long periods of time. Continu-
ous measurement over the entire rehabilitation period
and analyzing trends over time may overcome some of
the limitations of short time registration such as in this
study. Future work should therefore aim for continuous
accelerometry over the entire rehabilitation period and
should also aim to include larger populations to over-
come individual variability and include the entire range
of arm motor disabilities.

The fact that MAL is a self-reported outcome measure
of daily arm use and quality of movements, may make
it less suitable for comparison with accelerometry since
other aspects of functional improvement than physical
movements are assessed, such as adjustments, learned
ways to compensate for the deficit, or simply accept-
ing the new level of motor function. Other objective
measures, such as Fugl-Meyer Assessment (FMA) of
Upper Extremity or Action Research Arm Test (ARAT)
may be more appropriate in relation to accelerometry.
However, combining accelerometry with functional and
subjective outcome measures may provide a more com-
prehensive and complete assessment of the individual
rehabilitation process and allow the team to adjust the
training to achieve maximal objective as well as subjec-
tive improvement.

Limitations

This study has several limitations. Only patients at one
rehabilitation clinic were included and only one type sen-
sor bracelets were used. The second limitation is that the
length of the rehabilitation periods was generally shorter
than expected, which may have affected the magnitude of
improvement. A third limitation is that the study popu-
lation is small and not based on a preceding power-esti-
mation. A fourth limitation is that the patients in this
study generally had severe deficits from their stroke, and
the study may not reflect the wide variety of deficits seen
post stroke. A fifth limitation is that we chose to use only
the 10% of data during each registered 24 h period. This
method was chosen to reduce the effect of different daily
routines between the two compared time-points and
focus only on the samples containing the most move-
ment, but by doing this it is possible that some aspects
of accelerometry are lost. On the same note, calculating
the Euclidean norm to obtain a single value representing
the magnitude of acceleration is a common practice but
reduced the data and may affect the result.
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Conclusion

The results confirm that there is a positive correla-
tion between accelerometry and clinical measures and
that the wrist acceleration can differentiate between
the affected and non-affected arm. Many of the patients
did not change their M-MAS or MAL scores during the
rehabilitation period, which may explain why no cor-
relation was seen for the difference between measure-
ments during the rehabilitation period. Further studies
should include continuous accelerometry throughout the
rehabilitation period to reduce the impact of day-to-day
variability.

Abbreviations

M_MAS  The Modified Motor Assessment Scale

MAL The Motor Activity Log

T Test occasion 1/beginning of Rehabilitation Period
T2 Test Occasion 2/end of Rehabilitation Period

EMG Electromyography

Hz Hertz

AoU Amount of Use

QoM Quality of Movement

SD Standard Deviation

Acknowledgements

The authors would like to acknowledge Dr Susann Ullén for professional
statistical expertise and Dr Lee Nolan-Lonn for professional language editing.
The authors are grateful to Skane University Hospital and all staff and patients
for their contributions.

Author contributions

ELF, HC, CB and JW designed the study. ELF, HC and JW were involved in data
collection. ELF, HC, PE, KA, CB were involved in data analysis. ELF wrote the first
draft of the manuscript. All authors read and approved the final version of the
manuscript.

Funding

Open access funding provided by Lund University. This research was funded
by the Crafoord Foundation (#20180610), the Swedish ALF (#I-ALF 47447) and
Skane University Hospital Research Funds #96437 to JW.

Open access funding provided by Lund University.

Data availability
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study was conducted according to the guidelines of the Declaration of
Helsinki and was approved by the local Ethics Committee of Lund University
(#2015 —387). Written informed consent was obtained from all subjects
involved in the study.

Consent for publication
Written informed consent was obtained from all subjects involved in the
study.

Competing interests
JW. and PE. are co-founders and shareholders, and KA. is shareholder of Uman
Sense AB. E.L.F is employed by Uman Sense AB.

Author details

"Uman Sense AB, Lund, Sweden

’Department of Neurology, Rehabilitation Medicine, Memory Disorders
and Geriatrics, Skane University Hospital, Lund, Sweden

Department of Health Sciences, Lund University, Lund, Sweden



Lyckegaérd Finn et al. Journal of NeuroEngineering and Rehabilitation

“Centre for Mathematical Sciences, Lund University, Lund, Sweden
°Department of Medical Imaging and Physiology, Skane University
Hospital, Lund 221 85, Sweden

6Depar‘[ment of Clinical Sciences Lund, Lund University, Lund, Sweden

Received: 15 April 2023 / Accepted: 10 May 2024
Published online: 20 May 2024

Reference

1.

Taylor-Piliae RE, Mohler MJ, Najafi B, Coull BM. Objective fall risk detection in
Stroke survivors using Wearable Sensor Technology: a feasibility study. Top
Stroke Rehabil. 2016,23(6):393-99.

Lin LF, Lin'YJ, Lin ZH, Chuang LY, Hsu WC, Lin YH. Feasibility and efficacy of
Wearable Devices for Upper Limb Rehabilitation in patients with chronic
stroke: a Randomized Controlled Pilot Study. Eur J Phys Rehabil Med.
2017,54(3):388-96.

Wasselius J, Lyckegdrd Finn E, Persson E, Ericson P, Brogérdh C, Lindgren A, et
al. Detection of unilateral arm paresis after stroke by Wearable Accelerom-
eters and Machine Learning. Sensors. 2021;21(23):7784.

Veerubhotla A, Ehrenberg N, Ibironke O, Pilkar R. Accuracy Comparison of
Machine Learning Algorithms at Various Wear-Locations for Activity Identi-
fication Post Stroke: A Pilot Analysis. Annual International Conference of the
IEEE Engineering in Medicine and Biology Society. IEEE Engineering in Medi-
cine and Biology Society. Annual International Conference. 2021: 6106-9.
HsuWC, Chang CC, LinYJ, Yang FC, Lin LF, Chou KN. The Use of Wearable
sensors for the Movement Assessment on Muscle Contraction Sequences in
Post-stroke patients during Sit-to-stand. Sensors. 2019;19(3):657.

Papazian C, Baicoianu NA, Peters KM, Feldner HA, Steele KM. Electromy-
ography recordings detect muscle activity before observable contrac-

tions in Acute Stroke Care. Archives Rehabilitation Res Clin Translation.
2021;3(3):100136.

Schwerz de Lucena D, Rowe J, Chan V, Reinkensmeyer DJ. Magnetically
counting Hand Movements: validation of a calibration-free algorithm and
application to testing the threshold hypothesis of Real-World Hand Use after
Stroke. Sensors. 2021;21(4):1502.

Schifino G, Cimolin V, Pau M, Jaqueline da Cunha M, Leban B, Porta M, et al.
Functional electrical stimulation for Foot Drop in Post-stroke people: quan-
titative effects on Step-to-step symmetry of Gait using a Wearable Inertial
Sensor. Sensors. 2021;21(3):921.

Huizenga D, Rashford L, Darcy B, Lundin E, Medas R, Tyler Shultz S, et al. Wear-
able gait device for Stroke Gait Rehabilitation at Home. Top Stroke Rehabil.
2021,28(6):443-55.

van Ommeren AL, Sawaryn B, Prange-Lasonder GB, Buurke JH, Rietman JS.
Veltink. PH. detection of the intention to grasp during reaching in Stroke
using Inertial sensing. IEEE Trans Neural Syst Rehabilitation Engineering:
Publication IEEE Eng Med Biology Soc. 2019;27(10):2128-34.

Roberts LM, Jaeger BC, Baptista LC, Harper SA, Gardner AK, Jackson EA, et al.
Wearable Technology to reduce sedentary behavior and CVD risk in older
adults: a pilot randomized clinical trial. Clin Interv Aging. 2019;14:1817-28.
Nilanon T, Nocera LP, Martin AS, Kolatkar A, May M, Hasnain Z, et al. Use of

Wearable Activity Tracker in patients with Cancer undergoing chemotherapy:

toward evaluating risk of Unplanned Health Care encounters. JCO Clin Can-
cer Inf. 2020;4(4):839-53.

Breteler MJ, KleinJan EJ, Dohmen DA, Leenen LP, van Hillegersberg R, Ruurda
JP, et al. Vital Signs Monitoring with Wearable sensors in High-Risk Surgical

patients: a clinical validation study: a clinical validation study. Anesthesiology.

2020;132(3):424-39.

Ballester BR, Maier M, San Segundo Mozo RM, Castaneda V, Duff A, Verschure
PF. Counteracting learned non-use in chronic stroke patients with reinforce-
ment-Induced Movement Therapy. J Neuroeng Rehabil. 2016;13(1):74.
SchlieBmann D, Nisser M, Schuld C, Gladow T, Derlien S, Heutehaus

L. Trainer in a Pocket - Proof-of-Concept of Mobile, Real-Time, Foot

(2024) 21:82

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 9 of 9

Kinematics Feedback for Gait Pattern normalization in individuals after stroke,
incomplete spinal cord Injury and Elderly patients. J Neuroeng Rehabil.
2018;29(1):44.

Louie DR, Bird ML, Menon C, Eng JJ. Perspectives on the prospective develop-
ment of stroke-specific Lower Extremity Wearable Monitoring Technology: a
qualitative Focus Group Study with physical therapists and individuals with
Stroke. J Neuroeng Rehabil. 2020;17(1):31.

Chae SH, Kim Y, Lee KS, Park HS. Development and clinical evaluation of a
web-based Upper Limb Home Rehabilitation System using a Smartwatch
and Machine Learning Model for Chronic Stroke survivors: prospective com-
parative study. JMIR MHealth UHealth. 2020;8(7):e17216.

Lang CE, Wagner JM, Edwards DF, Dromerick AW. Upper extremity use in
people with hemiparesis in the first few weeks after stroke. J Neurologic Phys
Therapy: JNPT. 2007,31(2):56-63.

van der Pas SC, Verbunt JA, Breukelaar DE, van Woerden R, Seelen HA. Assess-
ment of arm activity using triaxial accelerometry in patients with a stroke.
Arch Phys Med Rehabil. 2011;92(9):1437-42.

Narai E, Hagino H, Komatsu T, Togo F. Accelerometer-based monitoring of
upper limb movement in older adults with acute and subacute stroke. J
Geriatr Phys Ther. 2016;39(4):171-7.

Rand D, Eng JJ. Disparity between functional recovery and daily use of the
upper and lower extremities during subacute stroke rehabilitation. Neurore-
habil Neural Repair. 2012,26(1):76-84.

Gohlke J, Juul-Kristensen B, Brunner |. Are changes in upper extremity use
during sub-acute rehabilitation after stroke associated with physical, cogni-
tive, and social activities? An observational cohort pilot study. Physiother Res
Int. 2020,25(2):21818.

Essers B, Coremans M, Veerbeek J, Luft A, Verheyden G. Daily Life Upper

Limb activity for patients with Match and mismatch between observed
function and perceived activity in the chronic phase Post Stroke. Sens (Basel).
2021;21(17):5917.

Lundquist CB, Nguyen BT, Hvidt TB, Stabel HH, Christensen JR, Brunner I.
Changes in Upper Limb Capacity and Performance in the early and late
Subacute Phase after Stroke. J Stroke Cerebrovasc Dis. 2022;31(8):106590.
Carr JH, Shepherd RB, Nordholm L, Lynne D. Investigation of a New Motor
Assessment Scale for Stroke patients. Phys Ther. 1985;65(2):175-80.

Arnell M, Sigge L, Westlin C, Lindmark B. Vidareutveckling Och Reliabil-
itetsprovning Av Modifierad Motor Assessment Scale Enligt Uppsala Aka-
demiska Sjukhus (Swedish). Sjukgymnnasten. 1996;12(3):32-7.

Uswatte G, Taub E, Morris D, Light K, Thompson PA. The Motor Activity
Log-28: assessing Daily Use of the hemiparetic arm after Stroke. Neurology.
2006,67(7):1189-94.

Brogdrdh C, Sjolund BH. Constraint-Induced Movement Therapy in patients
with stroke: a Pilot Study on effects of Small Group Training and of Extended
Mitt Use. Clin Rehabil. 2006;20(3):218-27.

Barkelius K, Johansson A, Korm. K, Lindmark B. Reliabilitets- Och Vali-
ditetsprévning Av Modifierad Motor Assessment Scale Enligt Uppsala
Akademiska Sjukhus-95 (Swedish). Nordisk Fysioterapi. 1997;1:121-6.

Taub E, Wolf SL. Constraint Induced Movement Techniques to facilitate Upper
Extremity Use in Stroke patients. Top Stroke Rehabil. 1997;3(4):38-61.

van der Lee JH, Beckerman H, Knol DL, de Vet HC, Bouter LM. Clinimetric
properties of the Motor Activity Log for the Assessment of Arm Use in Hemi-
paretic patients. Stroke. 2004;35(6):1410-14.

Hussain N, Alt Murphy M, Lundgren-Nilsson A Sunnerhagen KS. Relationship
between self-reported and objectively measured manual ability varies during
the First Year Post-stroke. Sci Rep. 2020;10(1):5093.

Hammer AM, Lindmark B. Responsiveness and validity of the Motor Activity
Log in patients during the subacute phase after stroke. Disabil Rehabil.
2010;32(14):1184-93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿The use of accelerometer bracelets to evaluate arm motor function over a stroke rehabilitation period – an explorative observational study
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study population
	﻿Data collection
	﻿Accelerometer data collection
	﻿Clinical assessment of arm motor function
	﻿The modified motor assessment scale
	﻿Motor activity Log


	﻿Accelerometer data processing
	﻿Data pre-processing
	﻿Extracting the most active period

	﻿Results


