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DEVELOPMENT AND VALIDATION OF A CLINICALLY APPLICABLE ARM USE

MONITOR FOR PEOPLE AFTER STROKE*
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Objective: To develop and validate a clinically app-
licable and easy-to-use accelerometry-based device
to measure arm use in people after stroke; the Ac-
tiv8 arm use monitor (Activ8-AUM).

Design: Development and validation study.

Patients: A total of 25 people at different stages of
rehabilitation after stroke were included in this stu-
dy.

Methods: The Activ8-AUM consists of 3 single-sensor
Activ8s: one on the unaffected thigh and one on each
wrist. Arm use was calculated by combining move-
ment intensity of the arms with data from body pos-
ture and movements on the leg sensor. Data were
divided into 2 sets: one for determining situation-
specific movement intensity thresholds for arm use,
and the other to validate the Activ8-AUM using video
recordings.

Results: Overall agreement between the Activ8-AUM
and video recordings was 75%, sensitivity was 73%
and specificity was 77%. Agreement between the
different categories of arm use ranged from 42% to
939% for the affected arm and from 249% to 82% for
the unaffected arm.

Conclusion: By combining the movement intensity
threshold with body posture and movements, good
agreement was reached between the Activ8-AUM
and video recordings. This result, together with the
easy-to-use configuration, makes the Activ8-AUM a
promising device to measure arm use in people after
stroke.
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fter stroke, approximately 75% of survivors have
impairments of the arm, such as paralysis (1).
These impairments often result in limitations in activi-
ties of daily living, greater dependency, and restrictions
in social participation (2). Limitations in activities of
daily living can be caused by reduced performance of

*This article has been handled and decided upon by Chief-Editor Kristian
Borg.

(LAY ABSTRACT )
After a stroke most people suffer from an impaired arm
resulting in limitations in daily life activities, greater de-
pendency, and restrictions in social participation. Objec-
tively measured arm use is important to evaluate the
effect of motor rehabilitation. In addition, it can be used
for personalized feedback and coaching for stimulating
sufficient arm use. Therefore, we developed and valida-
ted a new easy-to-use and clinically applicable arm use
monitor. This Activ8-AUM consists of three single-sensor
accelerometers (Activ8) combining movement intensity
of the arms (one sensor on each wrist) with data of body
postures and movements (one sensor unaffected thigh).
Combining these data, good agreement was reached
between the Activ8-AUM data and reference video data.
Therefore, this arm use monitor is a promising device to
\/measure arm use in daily life after a stroke. J

the arm, which, in turn, may be the result of decreased
capacity. However, the reduced performance can also
be a result of other factors, leading to a discrepancy
between what people can do (capacity) and what they
actually do (performance), and in a weak to absent
relationship between capacity and performance (3-5).
This so-called non-use of the affected arm is an im-
portant topic in stroke rehabilitation (6). Therefore,
in addition to measuring arm capacity with existing
clinical measures, arm use also needs to be measured.
Objectively measured arm use can be used to evaluate
the effect of rehabilitation and, in coaching and feed-
back during rehabilitation, to stimulate arm use and
personalize treatment.

Accelerometry has been introduced as an objective
method to measure arm use in people after stroke
(7-11). This technique is currently the only one that
objectively measures arm use over long periods of
time, and can thus be used to measure behaviour in
daily life. Wrist-worn accelerometers measure arm
movement and can provide a measure of arm use. Ho-
wever, the use of accelerometry to measure arm use has
specific challenges, particularly regarding sensitivity
and specificity: e.g. to what extent does the device ac-
curately determine periods of arm use when measuring
arm movements. Some types of arm use (e.g. holding
a cup) are associated with as little movement as pos-
sible. In addition, not all movements are necessarily
related to arm use, e.g. arm movements measured
during walking and other whole-body movements are
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functionally different from arm movements during
sitting or standing. This latter issue, in which arm use
is generally overestimated, has been recognized in
other studies. For example, Uswatte et al. (12) used
the ratio of the affected and unaffected arm, assuming
that movements during walking and whole-body mo-
vements affect both arms equally; this notion has also
been applied by others (10, 11, 13). However, being
able to remove arm movements due to walking would
be a more reliable method to overcome this source of
overestimating arm use. Therefore, our group develo-
ped and validated a device (the Vitaport ULAM (14))
that combines the movement intensity of the arms with
data on body posture and movements (hereafter called
“posture/movements”). This additional information
allows walking to be detected and, based on this in-
formation, to separate arm movement during walking
from arm use. Rand & Eng (15, 16) also used such a
configuration to eliminate activity counts of arm swing
while walking.

Since the previously developed Vitaport ULAM is
an expensive multi-sensor system; and, because it is
not user-friendly for patients to wear, and for therapists
to analyse the data, it is not practical for use in daily
life. To overcome these issues, but to still objectively
measure arm use combined with posture/movements in
daily life, a new clinically applicable and easy-to-use
arm use monitor is required. In a previous study, we
showed that measuring posture/movements in people
after stroke with the Activ8 Physical Activity Monitor
(Activ8) resulted in a >95% accuracy for the “upright
position” and >90% accuracy for “lying/sitting and
bicycling”!. The Activ8 is a simple, single-sensor,
low-cost accelerometer that is suitable for use in daily
life (17). In the present study we used the functionality
of the existing Activ8, placed on the front of the unaf-
fected thigh, combined with 2 additional Activ8s, one
on each arm; this new configuration was called the
“Activ8 arm use monitor” (Activ8-AUM).

The aims of the present study were to
develop an algorithm to detect arm use
with the Activ8-AUM, and to assess the
validity of this new device and algorithm

Arm use

aged between 18 and 75 years. People after stroke were excluded
when mobility problems were not caused by the stroke, or when
they had insufficient communication skills or cognitive function
to understand instructions. To ensure safe participation, people
after stroke with a Functional Ambulation Category score <3 (18)
were also excluded. Between October 2015 and February 2016,
eligible people after stroke were recruited (from Rijndam Reha-
bilitation (inpatients, outpatients and ex-patients)), Rotterdam,
The Netherlands via their physiotherapist or were approached
by letter via their treating physician. For screening, the clinical
expertise of the individual’s physical therapist or physician was
used. All participants provided written informed consent. The
study was approved by the Medical Ethics Committee of Eras-
mus MC University Medical Center Rotterdam (MEC 2015-211).

A total of 25 people after stroke were included: 22 males
and 3 females, mean age 56 years (standard deviation (SD) 12
years). These participants had a mean post-stroke time of 15
months (SD 14); 10 participants had a haemorrhagic stroke, and
11 were affected on the right side. Arm function was measured
with the Frenchay Arm Test (scores 0-5, with higher scores
indicating better function) (19): 14 participants had a score of
0 or 1, 1 participant had a score of 2, and 10 participants had
a score of 4 or 5.

Classification of arm use

For this study, the theoretical starting point was the framework
for arm use, as defined by Schasfoort et al. (20). According to
this framework, arm use is defined as “active movement of parts
of'the arm, holding objects or leaning” (Fig. 1). This framework
also shows that arm use is conceptually not the same as arm mo-
vement, and reveals the challenges and limitations of measuring
arm use with accelerometry. For example, arm use can occur
without much movement (e.g. when holding a cup; Fig. 1, class
1). On the other hand, arm movement is not necessarily related
to arm use, e.g. arm movements that are primarily the result of
whole-body movements, such as changing sitting posture (Fig.
1, class 4). In Schasfoort et al.’s framework (20), arm movement
during walking is considered to be secondary use. In the present
study, we focus only on primary use, assuming that this occurs
only during sitting or standing. Therefore, analysing arm data
during walking was beyond the scope of this study.

Measurement protocol

A measurement protocol was designed (Table I) that included
activities mainly encompassing 1 of the first 3 classes of Fig. 1.

No arm use

to detect arm use in people after stroke.

‘ Without movement ‘ ’ With movement

‘ ‘ Without movement ‘ | With movement ‘

l

l

METHODS

Participants

The present study included people after stroke
with mobility problems in the arm, leg, or both,

'Fanchamps, et al. Accuracy of detection of body

[class 1)
Leaning, holding,
e.g., holding a cup
of coffee

[class 2) [class 3) [class 4)
Primary function Plain no arm use, Passive movement
arm use: e.g., watching TV of the arms due to
gesticulating, walking, whole
operating, body movements,
handling, external
manipulation, e.g., causes/vibration,
making a cup of e.g., changing
coffee seating position

postures and movements using a physical activity
monitor in people after stroke.

www.medicaljournals.se/jrm

Fig. 1. Different classes of arm use showing the relationship between arm use and
arm movement.
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Table I. Activities of daily life included in the measurement protocol

Activities including arm use, but
without arm movement (class 1)

Activities including arm use, and
with arm movement (class 2)

Activities including no arm use, and Activities including no arm use,
without arm movement (class 3) but with arm movement (class 4)

Lying without an arm task No tasks included
Sitting without an arm task?

Standing without an arm task®

Sitting with a dynamic arm task®
Standing with a dynamic arm task®
Vacuuming

Sitting with static an arm task®
Standing with static an arm task®

JRM

Hanging laundry
Packing a bag

Kitchen activities
Personal care activities
Throwing a ball

2These activities were performed twice; bthese activities were performed combined with multiple functional upper limb tasks (e.g. holding/reading a paper,

writing, eating, and getting dressed).

Although no activities with class 4 as a major part of the activity
were included, this class was expected to occur during other
activities. Measurements were performed at a rehabilitation
clinic or at the participant’s home. Each specific activity lasted
approximately 80 s; however, especially at the participant’s home
and during complex activities with an arm task, the duration of
some activities could be shorter (e.g. if the activity was comple-
ted) or longer (e.g. kitchen activities). The total protocol lasted
for amaximum of 1 h (including rests between activities). During
lying, sitting and standing without an arm task, participants were
instructed to stay as still and comfortable as possible. During all
other activities, they were instructed to perform the activity at
a comfortable, self-selected pace and use their own movement
strategy. Any activities that appeared to be too difficult for an
individual were excluded from the protocol. For safety reasons,
participants stated their own physical limits, and supervision was
available during all measurements. However, to ensure that activi-
ties were performed as “normally” as possible (to reflect everyday
life), the supervision was kept as unobtrusive as possible.

Activ8 arm use monitor (Activ8-AUM)

The Activ8-AUM consists of 3 Activ8s (2M Engineering,
Valkenswaard, The Netherlands) (17): one on the front of the
unaffected thigh, and one on each wrist (Fig. 2). All sensors
are easy to attach: those on the wrists are worn dorsally (like
a watch) and attached with a wristband. The sensor on the leg
is attached (with skin tape while sitting) to the front of the
leg approximately halfway between the hip and the knee. The
concept of the Activ8-AUM is similar to that of the Vitaport
ULAM used by Schasfoort et al. (14), which has sensors on the
wrists, chest and legs, and combines the movement intensity of
the arms with data on posture/movements to calculate arm use.

Fig. 2. Placement of the 3 Activ8s of the Activ8 arm use monitor
(Activ8-AUM) device.

The Activ8 contains a triaxial piezoelectric crystal accelero-
meter and was originally designed as a single-sensor device
to wear on the leg or in a trouser pocket. It measures posture/
movements (lying/sitting, standing, walking, cycling, running,
and non-wear) as well as their movement intensity (expressed
in the arbitrary unit movement counts). Detection of posture/
movements is based on the angular position of the sensor and the
movement intensity, whereas movement intensity is based on the
variability around the mean of the raw acceleration signal. Raw
acceleration signals are measured at 12.5 Hz and converted to
posture/movements with a resolution of 1.6 Hz. Data were stored
with the smallest possible epoch (5 s), resulting in 8 samples per
epoch for posture/movements. For each epoch the movement
counts were calculated per detected posture/movements. The
internal clock used a 32 kHz watch crystal (20 ppm), resulting
in a max clock drift of 2 s per 24 h.

To be able to measure arm use, 2 additional Activ8s were used
(1 on each wrist). In the analyses, only the movement intensity
data from these 2 sensors were used. For this, the movement
counts of the detected posture/movements were summed per
wrist sensor to a single value for each 5-s epoch per arm,
representing the total movement intensity of that arm during
those 5 s. Therefore, the smallest unit for which the data could
be analysed was an entire epoch of 5 s.

Video recording as reference method

A handheld digital video camera was used to record all activi-
ties; this served as the reference method. Each second of the
video was classified based on the classes described in Fig. 1:
(i) arm use without movement; (i) arm use with movement;
(7if) no arm use without movement; and (iv) no arm use with
movement. To do this, criteria for the different classes were de-
veloped, extensively discussed and tested. Arm use was defined
as voluntary, purposeful activity of the arm, related to active
movement of the arm, holding objects or leaning. Movement
was defined as at least an observable movement of the wrist
with a minimal duration of 1 s; this meant that a minor finger
movement or a movement lasting only a fraction of 1 s was not
assigned as movement. These 2 definitions were combined to
classify the 4 classes mentioned above. If a classification was
ambiguous, a second researcher was asked to analyse this part
of the measurement. In cases of no agreement a third observer
was involved. Both arms were scored separately, because the
classification of both arms was not necessarily the same during 1
s. Thereafter, the 1-s 4-class classification was converted to a 5-s
2-class classification to be comparable to the 5-s dichotomous
output of the Activ8-AUM, i.e. arm use and no arm use. First,
classes 1 and 2 of the 1-s classification were re-coded to arm
use and classes 3 and 4 were re-coded to no arm use. Then, the

J Rehabil Med 50, 2018
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majority of the samples within an epoch determined the clas-
sification for the entire epoch, either as arm use or no arm use.

Data analysis

As mentioned, the Activ8-AUM combines the movement inten-
sity of the arms with data on posture/movements from the leg
sensor. The Activ8-AUM is based on the assumptions that: (7)
arm use occurs only during sitting and standing, and (i7) arm use
is associated with a movement intensity above a certain level.
The second assumption requires the definition of an optimal
movement intensity threshold. To do this, half of the data were
selected as a development dataset, and the other half were used
to validate the Activ8-AUM. The detection of posture/move-
ments and calculation of the movement counts was performed
with the standard Activ8 software. These data were the input for
an in-house MATLAB programme detecting arm use.

Development of the Activ8 arm use monitor

First, the data on posture/movements from the leg sensor were
combined and time-synchronized with the data on movement
intensity from the arm sensors and with the video data. Synchro-
nization of the sensors was based on the time stamps within the
data files, using the “synchronize” function of MATLAB. The
second step was selecting epochs of lying/sitting and standing,
based on the posture/movements data from the leg sensor. An
epoch was selected as lying/sitting when at least 5/8 samples
within the 5-s epoch were determined as lying/sitting. The same
holds for standing, when at least 5/8 samples had to be determi-
ned as standing for an epoch to be selected as standing. To fulfil
the second assumption of the Activ8-AUM mentioned above,
in the development dataset 4 movement intensity thresholds
were determined, for the following situations: (A) unaffected
arm during lying/sitting; (B) affected arm during lying/sitting;
(C) unaffected arm during standing; (D) affected arm during
standing. Although the protocol was carefully planned, such an
imposed protocol probably has a different ratio of arm use and no
arm use from that in daily life. This different ratio might affect
the optimal movement intensity threshold. Therefore, our data
were adjusted to create a ratio comparable to that established
earlier in the daily life of people after stroke (6). To establish the
optimal movement intensity threshold for each of the 4 situa-
tions mentioned above (A—D), thresholds were systematically
changed between 1 and 40 movement counts, in steps of 1.
Within each of the 4 situations, arm use was determined based
on all possible thresholds (0/1, no arm use/arm use) and was
compared with the 2-class classification of arm use according
to the video data. To determine the accuracy of each threshold
per situation, Youden’s index (21) was calculated as follows:

Youden s index = sensitivity + specificity - 100
In this, sensitivity was defined as:

Number of samples the ActivS8-AUM correctly determined as arm use

100%

number of total samples of arm use

and specificity was defined as:

Number of samples the Activ8-AUM correctly determined as no arm use

100%

number of total samples of no arm use
For each situation listed above (A—D), the movement intensity
threshold with the highest Youden’s index was chosen as the
value for the movement intensity above which that period of
time was classified as arm use.

www.medicaljournals.se/jrm

Validation of the Activ8 arm use monitor

To validate the Activ8-AUM the optimal movement intensity
thresholds, determined in the development dataset, were applied
to the validation dataset. Again, arm use according to the Activ8-
AUM was compared with arm use according to the video data
(both dichotomous measures: arm use/no arm use). Sensitivity,
specificity, and agreement were then calculated overall and for
different groupings of the data: per limb, per class of Fig. 1, and
per activity of the protocol. Agreement was defined as:

Number of samples correctly determined as use + correctly determined as no use

100%

total number of sample

When calculating the outcomes for each activity in the protocol,
no arm use was expected in activities without an arm task, and
arm use was expected only in activities with an arm task. Howe-
ver, since the video recordings were used as the gold standard,
it is possible that some arm use appeared in activities without
an arm task, and sometimes no arm use occurred in activities
with arm tasks. Therefore, both sensitivity and specificity were
calculated per task, provided that arm use or no arm use appeared
for a sufficient length of time, i.e. more than 60 s (12x5-s epochs).

RESULTS
Participants

Six participants (relatively early after stroke onset)
who were unable to perform all the activities in a first
session, agreed to participate in an additional session
later on during rehabilitation; for these participants,
both sessions were used for analysis. The total group
of 31 measurements was divided into 2 datasets; a
development dataset with 16 measurements and a
validation dataset with 15 measurements.

Development of the Activ8 arm use monitor

Fig. 3 presents the movement counts for different acti-
vities of the development dataset. For both the affected
and unaffected arm, the median movement counts of
activities without an arm task were low compared with
those with an arm task, indicating that a threshold could
be set for discriminating between these situations. Ho-
wever, the interquartile range was relatively large for all
activities, indicating that the intensity of arm use and no
arm use differed between and within participants, and
that an overlap in movement counts existed between
arm use and no arm use. For the affected arm, median
movement counts were smaller than for the unaffected
arm, with the largest difference during standing.

The overlap in movement counts between arm use
and no arm use showed that it was not possible to define
a threshold for detecting arm use with 100% accuracy.
Based on the highest Youden’s index, 4 movement
intensity thresholds defining arm use were determined:
for both standing and lying/sitting activities, separately
for the affected and unaffected arm (Fig. 3: see hori-



JRM

JRM

JRM

Development and validation of an arm use monitor 709

50

mUnaffected arm DOAffected arm

[

40

w
o

N
o
—

Intensity counts

lying without  sitting  sitting with
an arm task without an an arm task
arm task

standing

—

standing vacuuming hanging packinga kitchen personal care throwing a
without an with an arm
arm task task

laundry bag activities  activities ball

Fig. 3. Median movement counts (25 to 75t percentile) per activity for the unaffected and affected arm. Note: the first 3 activities are subcategories
of lying/sitting, the remainder are subcategories of standing. Horizontal lines indicate the movement intensity thresholds above which an epoch
is classified as arm use (black for the unaffected and grey for the affected arm). The 75% percentile for throwing a ball with the unaffected arm

was 94 counts.

zontal lines). Table II shows that, after applying these
thresholds in the development dataset, the sensitivity,
specificity, and agreement between the Activ8-AUM
data and the video data were all 74% or higher.

Validation of the Activ8 arm use monitor

Table I1I shows the number of epochs, the sensitivity,
specificity, and agreement between the Activ8-AUM
and the video of the validation dataset for the different
groupings of data. Table Il directly compares these
variables in the development and validation dataset.
The validation dataset contained 2,802 5-s epochs
for the unaffected arm and 2,557 5-s epochs for the
affected arm, which corresponds to >3.5 h of measu-
rement. Overall, detecting arm use had a sensitivity
of 73% and a specificity of 77%. In cases in which
arm use was incorrectly classified, it was classified

as arm use or no arm use depending on what was
classified, since the Activ8-AUM has a dichotomous
output. When evaluating the validity per class of Fig.
1, or per activities of the protocol, the accuracy was
consistent, but with some important exceptions. “Arm
use without movement” (class 1) was frequently de-
tected incorrectly, especially in the unaffected arm
(sensitivity unaffected arm: 24%; affected arm 42%).
An example of this is holding onto the table during
standing, which is arm use without movement but
which was often incorrectly classified as no arm use.
Also “no arm use with movements” (class 4) was less
accurately detected (specificity unaffected arm: 53%;
affected arm: 64%). As expected, when comparing
the validity between the development and validation
dataset, the sensitivity, specificity and agreement was
max. 12% lower, although 2 values were higher, max
10% (Table 11, validation dataset).

Table II1. Data on sensitivity, specificity, and agreement in total time between Activ8 arm use monitor (Activ8-AUM) and video recording

in the development dataset and validation dataset

Development dataset

Validation dataset

Sensitivity Specificity Agreement Sensitivity Specificity Agreement
Lying/Sitting, %
(A) Unaffected arm 80 74 77 71 80 76
(B) Affected arm 78 90 89 78 78 78
Standing, %
(C) Unaffected arm 77 76 77 67 75 69
(D) Affected arm 77 82 80 87 74 78

J Rehabil Med 50, 2018
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Table III. Data on sensitivity, specificity, and agreement in total
time between Activ8 arm use monitor (Activ8-AUM) and video
recording in the validation dataset

n Sensitivity ~ Specificity Agreement
Overall data, % 5,359 73 (3-100) 77 (37-95) 75 (27-88)
Per arm, %
Unaffected arm 2,802 69 79 73
Affected arm 2,557 82 76 78

Per class, %
Arm use without movement (class 1)

Unaffected arm 267 24 N/A 24

Affected arm 154 42 N/A 42
Arm use with movement (class 2)

Unaffected arm 1,360 78 N/A 78

Affected arm 600 93 N/A 93
No arm use without movement (class 3)

Unaffected arm 1,055 N/A 82 82
Affected arm 1,490 N/A 79 79
No arm use with movement (class 4)

Unaffected arm 116 N/A 53 53

Affected arm 298 N/A 64 64

Per activity, %
Lying without an arm task

Unaffected arm 109 N/A 90 90

Affected arm 118 N/A 89 89
Sitting without an arm task

Unaffected arm 495 54 81 77

Affected arm 455 77 79 79
Standing without an arm task

Unaffected arm 318 8 85 55

Affected arm 311 N/A 84 84
Sitting with an arm task

Unaffected arm 842 69 78 73

Affected arm 731 77 73 75
Standing with an arm task

Unaffected arm 311 82 80 82

Affected arm 278 78 64 69
Vacuuming

Unaffected arm 119 57 52 56

Affected arm 117 93 68 77
Hanging laundry

Unaffected arm 130 98 N/A 94

Affected arm 126 100 90 94
Packing a bag

Unaffected arm 62 97 N/A 92

Affected arm 41 100 44 78
Kitchen activities

Unaffected arm 263 58 50 57

Affected arm 228 96 65 79
Personal care activities

Unaffected arm 113 94 31 87

Affected arm 112 59 88 76
Throwing a ball

Unaffected arm 40 100 N/A 70

Affected arm 40 N/A 54 68

Data are grouped according to: (i) the overall data (between brackets: lowest
to highest individual score); (i) per arm; (iii) per class of arm use; and (iv)
per activity.

n: the number of 5-s epochs used to validate the Activ8-ULAM per subgroup. If
there were too few epochs (i.e. <12, thus <60 s) the sensitivity or specificity
were not calculated (N/A: not applicable).

DISCUSSION

This study developed and validated the Activ8-AUM
to measure arm use in people after stroke. This device
consists of 3 simple, low-cost accelerometers (one
on the unaffected thigh and one on each wrist). The
device provides data on the movement intensity of
the arms, and on posture/movements based on the

www.medicaljournals.se/jrm

leg sensor. Combining these different types of data
allowed us to define body posture-specific movement
intensity thresholds for arm use, and to separate arm
movement during walking from arm movement during
sitting and standing. In the validation part of the study,
the Activ8-AUM showed similar results in detecting
arm use as the previously developed Vitaport ULAM
(20), which measured more detailed data on posture/
movements and arm use. However, the Vitaport ULAM
is not practical for use in daily life.

Arm use in people after stroke has also been measu-
red by other groups. In the present study, the method
of measuring arm use was conceptually similar to the
approach of Schasfoort et al. (22) and Michielsen et
al. (6) using the Vitaport ULAM, and to Rand & Eng
(15) using accelerometers on the wrists and hip. Other
studies used simpler sensor configurations, based on
sensors on each wrist (10, 11, 13, 23-25). Besides
measuring arm use in daily life, Lemmens et al. (26)
focused on the detection of specific activities of daily
living, such as “drinking from a cup” and “brushing
hair”. For this they needed several accelerometers
on the hand, wrist, arm and chest. Thus, most of the
available devices do not use information on posture/
movements or a movement intensity threshold; howe-
ver, the effect of using this additional information and
threshold has not yet been evaluated.

A general limitation of using accelerometry to
quantify arm use is that not all arm movement should
be considered as arm use and, vice versa, no arm mo-
vement is not necessarily an indication of no arm use.
The Activ8-AUM also has this limitation: arm use was
poorly detected during holding an object or leaning,
when arms are displaced little or not at all (Table III,
class 1). Also, no arm use was detected less accura-
tely when the arm was moving (class 4). However,
adding data on posture/movements was helpful in
reducing this latter form of mistakes: arm movement
during walking was not incorrectly classified as arm
use, due to the known body movement of walking.
However, during no arm use, arm movements due to
slight general trunk movement during standing were
still misclassified as arm use. This general limitation
of accelerometry should not hamper future usage of
the Activ8-AUM. Arm use that is difficult to detect
with accelerometry (e.g. holding, leaning, small ma-
nipulations) is mainly preceded and followed by arm
movements to bring the arm into the correct position.
While, in people after stroke, less leaning and holding
with the affected arm is expected, easily detectable
arm movements will also be performed less often.
Moreover, it is highly likely that arm movement and
arm use are related (27). Therefore, although it is not
possible to directly measure arm use with accelerome-
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try, the amount of arm movements were considered a
meaningful parameter.

Development of the Activ8-AUM

In the development part of this study, 4 movement
intensity thresholds were determined, above which an
epoch is optimally classified as arm use. Four different
thresholds were used to take into account the differen-
ces in movement intensity between lying/sitting and
standing, and between the affected and unaffected arm.
This approach was supported by the data: the optimal
threshold for standing (when more body movement
affecting arm movement can be expected) was higher
than for lying/sitting. Also, the optimal threshold for
the affected arm (associated with slower movements
and lower movement intensities) was lower than for
the unaffected arm. It should be noted, however, that
the severity of a stroke will affect the movement and
movement intensity of the affected arm. In the present
approach, thresholds are based on group level data,
which may be suboptimal for individuals. In the future,
more individualized thresholds could be explored, e.g.
using different thresholds for different levels of arm
function based on standardized tests (e.g. the Frenchay
Arm Test (19)).

To determine the 4 optimal movement intensity
thresholds, Youden’s index was used because it com-
bines sensitivity and specificity (21). We felt that,
for our device, sensitivity and specificity are equally
important and that, therefore, the highest sum of both
is the best criterion to define the thresholds. An alter-
native criterion could have been the highest agreement;
however, the benefit derived from the highest sum of
both the sensitivity and specificity would then be lost.
Moreover, our data showed that agreement was a less
discriminative criterion, because several thresholds
showed comparable optimal agreement percentages.

It is important to realize that sensitivity and specifi-
city and, therefore, Youden’s index are influenced by
the activities included in the protocol, and the ratio of
arm use to no arm use. Thus, whether the 4 determined
thresholds will be as optimal to measure arm use in
daily life will depend on the extent to which the ac-
tivities of daily life differ from those in the protocol,
and the ratio of arm use to no arm use in daily life. To
take this into account, our data were adjusted to create
a ratio comparable to that established previously in
people after stroke (6).

Validation of the Activ8 arm use monitor

In the present study an overall agreement of 75% was
found between the Activ8-AUM data and video data,
which is comparable to the agreement scores of the
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previously developed Vitaport ULAM (20). That ear-
lier system provided meaningful outcomes in several
studies in people after stroke (6) and in patients with
complex regional pain syndrome (22), which supports
the conclusion that the agreement percentage of 75% is
acceptable for application in descriptive and evaluative
studies. However, the large individual difference in
overall sensitivity, specificity, and agreement showed
that movement intensity thresholds, which are based
on group level data, are not optimal for all individuals.
One reason for this is the ratio of arm use to no arm
use. Although in the total group we adjusted our data to
create a ratio comparable to that in daily life of people
after stroke (6), the individual data still show a large
difference in that ratio, especially in participants with
low agreement scores. Inspection of specific activities
showed that standing without arm task was often de-
tected incorrectly. During standing, although no arm
tasks were imposed, some participants were holding
onto a table or a walking aid. In the video analyses this
was scored as arm use (without movement, class 1),
whereas the Activ8-AUM detected this as no arm use,
due to the low movement intensity; this is a typical ex-
ample of the above-described source of misdetection.

Study limitations

Some limitations of the study need to be addressed.
First, one Activ8 was used on the thigh to detect pos-
ture/movements, in order to distinguish between lying/
sitting, standing, and other body movements. This
application of the Activ8 was previously validated to
measure posture/movements in healthy persons? and
people after stroke?, and showed good discrimination
between lying/sitting, standing, and other postures and
movements. Nevertheless, detection of posture/move-
ments is not flawless and might have influenced the
periods in which arm use was determined. However,
we expected this influence to be small, i.e. based on
the accuracy of the Activ8, very few periods of actual
lying/sitting or standing will be missed. A second
limitation is that quantifying the reality (i.e. what
actually happened) per second, based on the videos,
was difficult and prone to subjective interpretation.
To decrease this effect, classification of arm use was
performed carefully, based on well-defined criteria for
the different classes. Classification was first practiced
and then performed by one researcher; agreement with
a second researcher was obtained in cases of doubt.

*Horemans, et al. The Activ8 activity monitor: validation of posture and
movement classification.

*Fanchamps, etal. Accuracy of detection of body postures and movements
using a physical activity monitor in people after stroke.
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Conclusion

This study developed a novel, clinically applicable,
easy-to-use arm activity monitor. Acceptable agreement
between the Activ8-AUM and the video recordings was
reached for measuring arm use when a movement inten-
sity threshold for the arm accelerations was combined
with posture/movement data. In addition to this accep-
table agreement, the Activ8-AUM has an easy-to-use
configuration with 3 simple, low-cost, accelerometers
placed on the leg and on both wrists. Therefore, the
Activ8-AUM is a promising device for researchers and
clinicians to measure arm use in people after stroke.

ACKNOWLEDGEMENTS

The authors thank all the people after stroke who participated
in this study, Gerard M. Ribbers for his help in recruiting
participants, and the students involved in the data collection.
The project was internally funded by Rijndam Rehabilitation.
All participants provided written informed consent. The study
was approved by the Medical Ethics Committee of Erasmus MC
University Medical Center Rotterdam.

The authors have no conflicts of interest to declare.

REFERENCES

1. Lawrence ES, Coshall C, Dundas R, Stewart J, Rudd AG,
Howard R, et al. Estimates of the prevalence of acute
stroke impairments and disability in a multiethnic popula-
tion. Stroke 2001; 32: 1279-1284.

2. Wolfe CD. The impact of stroke. Br Med Bull 2000; 56:
275-286.

3. Michielsen ME, de Niet M, Ribbers GM, Stam HJ, Bussmann
JB. Evidence of a logarithmic relationship between motor
capacity and actual performance in daily life of the paretic
arm following stroke. J Rehabil Med 2009; 41: 327-331.

4. Uswatte G, Taub E. Implications of the learned nonuse
formulation for measuring rehabilitation outcomes: les-
sons from constraint-induced movement therapy. Rehabil
Psychol 2005; 50: 34-42.

5. World Health Organization. International classification of
functioning, disability and health (ICF). Geneva: WHO;
2001.

6. Michielsen ME, Selles RW, Stam HJ, Ribbers GM, Bussmann
JB. Quantifying nonuse in chronic stroke patients: a study
into paretic, nonparetic, and bimanual upper-limb use in
daily life. Arch Phys Med Rehabil 2012; 93: 1975-1981.

7. de Niet M, Bussmann JB, Ribbers GM, Stam HJ. The stroke
upper-limb activity monitor: its sensitivity to measure
hemiplegic upper-limb activity during daily life. Arch Phys
Med Rehabil 2007; 88: 1121-1126.

8. Gebruers N, Vanroy C, Truijen S, Engelborghs S, De Deyn
PP. Monitoring of physical activity after stroke: a systema-
tic review of accelerometry-based measures. Arch Phys
Med Rehabil 2010; 91: 288-297.

9. Noorkoiv M, Rodgers H, Price CI. Accelerometer mea-
surement of upper extremity movement after stroke: a
systematic review of clinical studies. J NeuroEng Rehabil

www.medicaljournals.se/jrm

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

2014; 11: 144.

Urbin MA, Waddell KJ, Lang CE. Acceleration metrics are
responsive to change in upper extremity function of stroke
survivors. Arch Phys Med Rehabil 2015; 96: 854-861.
Uswatte G, Giuliani C, Winstein C, Zeringue A, Hobbs L,
Wolf SL. Validity of accelerometry for monitoring real-world
arm activity in patients with subacute stroke: evidence
from the extremity constraint-induced therapy evaluation
trial. Arch Phys Med Rehabil 2006; 87: 1340-1345.
Uswatte G, Foo WL, Olmstead H, Lopez K, Holand A, Simms
LB. Ambulatory monitoring of arm movement using ac-
celerometry: an objective measure of upper-extremity
rehabilitation in persons with chronic stroke. Arch Phys
Med Rehabil 2005; 86: 1498-1501.

Thrane G, Emaus N, Askim T, Anke A. Arm use in patients
with subacute stroke monitored by accelerometry: as-
sociation with motor impairment and influence on self-
dependence. J Rehabil Med 2011; 43: 299-304.
Schasfoort FC, Bussmann JB, Martens WL, Stam HJ. Ob-
jective measurement of upper limb activity and mobility
during everyday behavior using ambulatory accelerome-
try: the upper limb activity monitor. Behav Res Methods
2006; 38: 439-446.

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

Rand D, Eng 1. Predicting daily use of the affected upper
extremity 1 year after stroke. J Stroke Cerebrovasc Dis
2015; 24: 274-283.

Remedy Distribution L. Activ8. 2017 [cited 2017 May 10].
Available from: http://www.activ8all.com/.

Holden MK, Gill KM, Magliozzi MR, Nathan J, Piehl-Baker L.
Clinical gait assessment in the neurologically impaired. Re-
liability and meaningfulness. Phys Ther 1984; 64: 35-40.
Heller A, Wade DT, Wood VA, Sunderland A, Hewer RL,
Ward E. Arm function after stroke: measurement and
recovery over the first three months. J Neurol Neurosurg
Psychiatry 1987; 50: 714-719.

Schasfoort FC, Bussmann JB, Stam HJ. Ambulatory measu-
rement of upper limb usage and mobility-related activities
during normal daily life with an upper limb-activity monitor:
a feasibility study. Med Biol Eng Comput 2002; 40: 173-182.
Youden WJ. Index for rating diagnostic tests. Cancer
1950; 3: 32-35.

Schasfoort FC, Bussmann JB, Zandbergen AM, Stam HJ.
Impact of upper limb complex regional pain syndrome
type 1 on everyday life measured with a novel upper limb-
activity monitor. Pain 2003; 101: 79-88.

Bailey RR, Klaesner JW, Lang CE. Quantifying real-world
upper-limb activity in nondisabled adults and adults with
chronic stroke. Neurorehabil Neural Repair 2015; 29:
969-978.

Lang CE, Wagner JM, Edwards DF, Dromerick AW. Upper
extremity use in people with hemiparesis in the first few
weeks after stroke. J Neurol Phys Ther 2007; 31: 56-63.
Bailey RR, Klaesner JW, Lang CE. An accelerometry-based
methodology for assessment of real-world bilateral upper
extremity activity. PLoS One 2014; 9: e103135.
Lemmens RJ, Janssen-Potten Y], Timmermans AA, Smeets
RJ, Seelen HA. Recognizing complex upper extremity
activities using body worn sensors. PLoS One 2015; 10:
e0118642.

Uswatte G, Miltner WH, Foo B, Varma M, Moran S, Taub
E. Objective measurement of functional upper-extremity
movement using accelerometer recordings transformed
with a threshold filter. Stroke 2000; 31: 662-667.



