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Abstract: Wrist-worn accelerometers are often applied to measure arm use after stroke. They measure
arm movements during all activities, including whole-body movements, such as walking. Whole-
body movements may influence clinimetric properties of arm use measurements—however, this
has not yet been examined. This study investigates to what extent arm use measurements with
wrist-worn accelerometers are affected by whole-body movements. Assuming that arm movements
during whole-body movements are non-functional, we quantify the effect of whole-body movements
by comparing two methods: Arm use measured with wrist-worn accelerometers during all whole-
body postures and movements (P&M method), and during sitting/standing only (sit/stand method).
We have performed a longitudinal observational cohort study with measurements in 33 stroke
patients during weeks 3, 12, and 26 poststroke. The P&M method shows higher daily paretic arm
use outcomes than the sit/stand method (p < 0.001), the mean difference increased from 31% at
week three to 41% at week 26 (p < 0.001). Differences in daily paretic arm use between methods are
strongly related to daily walking time (r = 0.83–0.92). Changes in the difference between methods
are strongly related to changes in daily walking time (r = 0.89). We show that not correcting arm
use measurements for whole-body movements substantially increases arm use outcomes, thereby
threatening the validity of arm use outcomes and measured arm use changes.

Keywords: stroke; upper extremity; arm use; upper limb performance; accelerometer; sensor;
walking; rehabilitation

1. Introduction

In approximately 80% of the cases, a stroke leads to impairments in arm function in
terms of muscle strength, voluntary control, coordination, and range of motion [1]. In-clinic
assessment of arm function after stroke is often assumed to indicate arm use in daily life,
i.e., the activities a person does with the arm in daily life. However, studies indicate that
arm function and arm use are different constructs and need to be measured separately after
stroke [2].

Wrist-worn accelerometers are often applied to measure arm use after stroke. For
example, wrist-worn accelerometers have been used to assess arm use during rehabilita-
tion poststroke [3–5], and to compare arm use levels between stroke patients and healthy
subjects [6,7]. Wrist-worn accelerometers have also been applied to compare the arm use
levels between the paretic and nonparetic arm after stroke [6,8]. Furthermore, studies ex-
plored the relationship between paretic arm use measured with wrist-worn accelerometers,
arm function, and arm capacity after stroke [3,9]. Moreover, the change in arm use after
stroke measured with wrist-worn accelerometers and the potential moderating role of
psychological factors have been investigated [4].
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Wrist-worn accelerometers measure arm use by recording the movements of the
arms during all daily activities [3–5,7,9–12]. Thus, arm movements due to whole-body
movements (e.g., walking, cycling, wheelchair transport, vehicle transport) influence arm
use measurements with wrist-worn accelerometers [13,14]. However, arm movements due
to whole-body movements are conceptually different from arm use during activities as
eating with knife and fork, combing hair, and drinking. Arm movements due to whole-body
movements are primarily non-functional, and therefore, they should ideally not be recorded
as arm use. Quantifying non-functional arm movements due to whole-body movements
as part of functional arm use is potentially problematic, since it may affect the clinimetric
properties (e.g., validity, sensitivity to change, reliability) of arm use measurements with
wrist-worn accelerometers [13]. For instance, when a patient walks, the non-functional arm
movements due to walking will be measured as arm use by wrist-worn accelerometers,
which may significantly increase the arm use outcomes of wrist-worn accelerometers,
thereby reducing the validity of the arm use measurements. Similarly, an increase in the
daily amount of walking after stroke may influence the change in daily arm use measured
with wrist-worn accelerometers, thereby threatening the validity of the measured arm
use changes.

These potential problems have been identified by previous studies, and different
methods have already been proposed to correct arm use measurements with wrist-worn
accelerometers for the effect of whole-body movements. These methods are measuring arm
movements during sitting and standing [13,15], or calculating a ratio outcome between
arms [14]. However, these methods are not widely adopted in the research field, because
(1) they require more complex sensor set-ups and/or signal analyses, and (2) the effect of
whole-body movements on arm use measurements with wrist-worn accelerometers is still
unclear and has not yet been quantified. Most studies report arm use measurements with
wrist-worn accelerometers without correcting for the effect of whole-body movements,
which may affect the clinimetric properties of arm use outcomes. Therefore, studies quan-
tifying the effect of whole-body movements on cross-sectional and longitudinal arm use
measurements with wrist-worn accelerometers are urgently needed to determine the neces-
sity of correcting arm use measurements regarding the effect of whole-body movements.

The present study quantifies the effect of whole-body movements on cross-sectional
and longitudinal arm use measurements with wrist-worn accelerometers after stroke. As-
suming that all arm movements during whole-body movements are non-functional, we
quantified the effect of whole-body movements by comparing the arm use outcomes of two
measurement methods: (1) Arm use outcomes measured with wrist-worn accelerometers
during all whole-body postures and movements (P&M method), and (2) arm use out-
comes measured with wrist-worn accelerometers during only sitting and standing periods
(sit/stand method) [13,15]. The difference between the arm use outcomes of these two
methods is the effect of whole-body movements on arm use measurements with wrist-worn
accelerometers. We hypothesized that (1) whole-body movements, especially walking,
increase arm use outcomes of wrist-worn accelerometers and the size of the effect depends
on the amount of walking, and (2) the positive effect of walking on arm use measurements
with wrist-worn accelerometers increases with time poststroke as a result of an increase in
the daily amount of walking after stroke.

2. Materials and Methods
2.1. Participants

The present study was a longitudinal observational cohort study and part of another
study investigating the change in objectively measured arm use during the first six months
after stroke [15]. When designing and reporting the present study, we followed the STROBE
recommendations for observational studies [16]. In the present study, we aimed to include
at least 28 stroke patients, since this sample size can detect a medium effect (Cohen’s
d = 0.50) with an alpha of 0.05 and a power of 0.80. Included were patients admitted to
Rijndam Rehabilitation (Rotterdam, The Netherlands) after an ischemic or hemorrhagic
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stroke that suffered from a paretic arm or leg (defined as National Institutes of Health
Stroke Scale (NIHSS) 5A/B or 6A/B 4 ≥ score > 0). Inclusion criteria were (i) 18 years
or older, (ii) Mini-Mental State Examination (MMSE) >19, (iii) able to sit at least 30 min
with back support. Excluded were patients who were more than three weeks after stroke
when admitted to the rehabilitation clinic. The study was performed between September
2016 and September 2019. The study was conducted in accordance with the Declaration of
Helsinki. The study was approved by the Medical Ethics Committee of Erasmus MC Uni-
versity Medical Center Rotterdam in The Netherlands (MEC-2015-687), and all participants
provided written informed consent.

2.2. Procedures

A researcher performed arm use measurements at 3 weeks, 12 weeks, and 26 weeks
poststroke, assessed arm function (Fugl-Meyer upper extremity assessment) and stroke
severity (National Institutes of Health Stroke Scale (NIHSS) [17,18]) and collected demo-
graphic data. At three weeks after stroke, all patients were inpatient at Rijndam Rehabilita-
tion and received standard poststroke treatment. At Rijndam Rehabilitation, the arm-hand
therapy after stroke consists of the Concise Arm and Hand Rehabilitation Approach in
Stroke (CARAS) [19,20]. At week 12 poststroke, some individuals were still at the reha-
bilitation center, while at week 26 poststroke, all patients were at home. The arm use
measurements at home were performed by the same researcher.

2.3. Arm Use Measurements

In this study, we used an arm use monitor developed and validated for the measure-
ment of arm use in stroke patients [13]. The arm use monitor consists of three accelerometers
(Activ8 Activity Monitor, Activ8; 30 × 32 × 10 mm; 20 g). One accelerometer was attached
to each wrist to measure arm movement intensity (see Figure 1), and one accelerometer
was attached to the front side of the nonparetic thigh to recognize body postures and move-
ments (lying, sitting, standing, walking, cycling, running). The applied accelerometers
measured with a sampling frequency of 12.5 Hz [13]. The sensors on the wrists converted
acceleration data to movement counts with 1.6 Hz resolution [13], and stored these data
in epochs of 30 s (per epoch 48 samples). The sensor on the thigh converted acceleration
data to movement counts and body postures/movements with 1.6 Hz resolution [13], and
stored these data in epochs of 30 s (per epoch 48 samples). The recognition of body postures
and movements (lying, sitting, standing, walking, cycling, running) by the sensor on the
thigh is based on (1) the orientation of the sensor compared to gravity, and (2) the intensity
of the movement (in movement counts) [13,21]. An Activ8 sensor on the thigh provides an
accurate recognition of whole-body postures and movements in stroke patients with an
accuracy ranging from 82 to 100% [21].

During weeks 3, 12, and 26 poststroke, patients wore the three accelerometers for
seven consecutive days. The wrist-worn sensors were attached with wristbands and were
taken off during the night and during water activities (e.g., showering, swimming). The leg
sensor was worn for seven consecutive days and attached with anti-allergic, water-resistant
skin tape. The data of the sensors were downloaded on a PC for further processing and
analysis after each measurement period of one week.
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Figure 1. Participants wore three accelerometers: One accelerometer on each wrist and one accelerom-
eter on the upper leg of the nonparetic side of the body.

2.4. Analysis of Sensor Data

To process and analyze the sensor data, we developed an algorithm in R [22] using
RStudio (version 1.2.50001, RStudio, Inc., Boston, MA, USA). Firstly, the data of the sensors
were time-synchronized based on the timestamps. We only analyzed waking hours from
7 a.m. to 10 p.m. Non-wear periods were excluded from further analysis and were defined
as zero movement counts measured for at least one hour. Per participant, a measurement
week was included in the analysis when at least two valid measurement days were available.
A valid measurement day was defined as a day with at least ten hours of data of the whole
sensor configuration.

In this study, we assumed that all arm movements during whole-body movements
(e.g., walking, cycling, wheelchair transport, vehicle transport) are non-functional and
conceptually different from arm use (e.g., combing hair, drinking, tooth brushing). Based
on this assumption, we quantified the effect of whole-body movements on arm use mea-
surements with wrist-worn accelerometers by comparing the arm use outcomes of two
measurement methods: (1) Arm use measured with wrist-worn accelerometers during all
whole-body postures and movements (P&M method), and (2) arm use measured with wrist-
worn accelerometers during only sitting and standing periods (sit/stand method) [13,15].
The difference between the arm use outcomes of these two methods is the effect of whole-
body movements on arm use measurements with wrist-worn accelerometers. Per valid
measurement day, we calculated the arm use outcomes described below.

P&M method:

1. Paretic arm use: Calculated by summing the movement counts of the sensor on the
paretic arm over all 30 s epochs.

2. Ratio between arms: Calculated as the paretic arm use during all whole-body postures
and movements divided by the nonparetic arm use during all whole-body postures
and movements.

3. Nonparetic arm use: Calculated by summing the movement counts of the sensor on
the nonparetic arm over all 30 s epochs.

Sit/stand method:

1. Paretic arm use: Calculated by summing the movement counts of the sensor on the
paretic arm over all 30 s epochs of which the posture was sitting or standing. An
epoch was classified as sitting or standing when at least 90% of the 48 samples of the
leg sensor were classified as sitting or standing.
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2. Ratio between arms: Calculated as the paretic arm use during sitting and standing
divided by the nonparetic arm use during sitting and standing.

3. Nonparetic arm use: Calculated by summing the movement counts of the sensor on
the nonparetic arm over all 30 s epochs classified as sitting or standing.

Next, for each week (weeks 3, 12, and 26 poststroke), we calculated a mean daily value
for each arm use outcome measure by averaging over valid measurement days.

2.5. Statistical Analysis

We performed the statistical analysis in R [22] using RStudio (version 1.2.50001, RStu-
dio, Inc., Boston, MA, USA).

Differences in arm use outcomes between the P&M method and the sit/stand method
were investigated at all time points (week 3, week 12, week 26 poststroke) by using
Bland and Altman plots [23]. For the Bland and Altman plots, we calculated the mean
difference in arm use outcome between the two methods (D), the SD of the differences in
arm use outcome between the two methods (SDdiff), and the limits of agreement (LOA) as:
LOA = D ± 1.96*SDdiff.

We applied Generalized Estimating Equation (GEE) [24] to test whether the P&M
method and the sit/stand method differ significantly in cross-sectional and longitudinal
arm use outcomes. In the GEE analysis, we included time (three levels: 3, 12, and 26 weeks),
method (two levels: P&M method, sit/stand method), and the interaction time*method as
factors. We used the Generalized Estimating Equation package (‘geepack’ package [25])
with as settings a Gaussian data distribution and an exchangeable correlation structure.
Statistical significance was set at p < 0.05. For significant effects, posthoc comparisons were
performed using the Estimated Marginal Means package (‘emmeans’ package) and by
applying a Bonferroni correction [26].

To investigate whether differences in arm use outcomes between the methods are
related to walking, we calculated Spearman’s rank correlation coefficients between the
daily walking time and the difference in arm use outcome between the methods at each
time point (week 3, week 12, week 26 poststroke). To examine whether changes in the daily
amount of walking after stroke are related to differences in longitudinal arm use outcomes
between the methods, we calculated Spearman’s rank correlation coefficients between
the change in daily walking time from week 3 to week 26 poststroke and the change in
arm use outcome difference between the methods from week 3 to week 26 poststroke.
Correlations were interpreted as follows: Very weak when 0.00 < r < 0.25; weak when
0.25 ≤ r ≤ 0.49; moderate when 0.50 ≤ r ≤ 0.69; strong when 0.70 ≤ r ≤ 0.89; very strong
when 0.90 ≤ r ≤ 1.00 [27].

3. Results

We included 33 stroke patients (26 males, 7 females). Table 1 shows the patient charac-
teristics. The arm use data of three measurement weeks (weeks 3, 12, 26) were available
from 18 patients, while from the other patients’ arm use data of only two measurement
weeks were available. At week three poststroke, arm use data were missing in three par-
ticipants as a result of a technical failure of the sensor system or non-wear of the system.
At week 12 poststroke, arm use data were missing in five patients, due to a technical
failure of the sensor system, non-wear of the system, or participant unavailability for the
measurement. Arm use data were missing at week 26 in seven participants because of
study dropout, a technical failure, or non-wear of the sensor system.
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Table 1. Patient characteristics (n = 33). Data are reported as mean ± SD [minimal value, maximal
value] unless otherwise stated.

Age in Years 55.9 ± 9.2 [37–75]

Gender 26 males, 7 females

Affected body side 12 left side, 21 right side

Dominant side affected 11 (33%)

Admitted to rehabilitation clinic in weeks poststroke 1.6 ± 0.7 [0.4–3.0]

Discharge from a rehabilitation clinic in weeks poststroke 10.5 ± 4.7 [3.7–20.3]

NIHSS a values week 12 poststroke 2.1 ± 2.7 [0–11]

Fugl-Meyer upper extremity assessment:
week 3 poststroke 25.5 ± 20.6 [4–64]

week 12 poststroke 41.2 ± 21.8 [4–64]
week 26 poststroke 51.2 ± 16.8 [9–64]

a National Institutes of Health Stroke Scale.

The daily monitor wearing time did not change over time (p = 0.73; Figure 2A). Daily
sitting and standing time decreased from week 3 to 12 and from week 3 to 26 (Figure 2B).
Daily walking time increased from week 3 to 12 and from week 3 to 26 (Figure 2C).
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with the sensor system. The percentage between brackets represents the change in median value between time points.

The P&M method showed higher paretic arm use, the ratio between arms, and
nonparetic arm use outcomes than the sit/stand method at all time points (p < 0.001;
Figures 3 and 4). The mean difference in paretic arm use outcome between the methods
increased over time (p < 0.001) from 31% at week 3 to 40% at week 12 and 41% at week
26 poststroke (Figure 4). The mean difference in ratio outcome between the methods did
not change over time (p = 0.16) and was 8–9% at the different time points (Figure 4). The
mean difference in nonparetic arm use outcome between the methods increased over time
(p < 0.001) from 17% at week 3 to 30% at week 12 and 32% at week 26 poststroke (Figure 4).
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The differences in paretic and nonparetic arm use outcomes between the methods
were strongly related to very strongly related to the daily walking time at all time points
(r = 0.83–0.92; Figure 5), indicating a significant positive effect of walking on cross-sectional
arm use measurements with the P&M method. The difference in ratio outcomes be-
tween the methods and the daily walking time were strongly related at week 3 poststroke
(r = 0.70; Figure 5), but very weakly to weakly related at week 12 and week 26 poststroke
(r = 0.22–0.33; Figure 5).
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The increase in paretic and nonparetic arm use differences between the methods from
week 3 to week 26 was strongly related to very strongly related to the increase in daily
walking time poststroke (r = 0.89–0.90; Figure 6), indicating a significant positive effect of
walking on longitudinal arm use measurements with the P&M method. The change in the
ratio differences between the methods from week 3 to week 26 was moderately related to
the change in daily walking time (r = 0.64; Figure 6).
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Figure 6. Scatterplots showing the change in daily walking time from week 3 to week 26 poststroke versus the change in
arm use outcome difference between the P&M method and the sit/stand method from week 3 to week 26 poststroke.

4. Discussion

Results of this study confirm our hypotheses by showing that whole-body movements
increase cross-sectionally measured arm use outcomes of wrist-worn accelerometers by
8–41% if arm use data are not corrected for whole-body movements. We found that the
size of the effect of whole-body movements on arm use measurements depends largely
on the amount of walking. Since the daily amount of walking increased from week 3 to
week 26 after stroke, the average effect of whole-body movements on paretic arm use
outcomes increased from 31% at week 3 to 41% at week 26 poststroke when not correcting
for whole-body movements. These findings indicate that not correcting arm use data for
whole-body movements may threaten the validity of arm use outcomes and of measured
changes in arm use over time.

The positive effect of walking on arm use measurements with wrist-worn accelerom-
eters can be explained by the fact that wrist-worn accelerometers measure arm use by
recording all arm movements. This includes non-functional arm movements as a result
of the center of mass displacement during walking, which are measured as arm use by
wrist-worn accelerometers, and which consequently increase the arm use outcomes of
wrist-worn accelerometers. Since most patients increased in daily walking time from week
3 to week 26 poststroke (Figure 2), the positive effect of walking on paretic and nonparetic
arm use measurements increased from week 3 to week 26 after stroke.

The positive effect of walking on the ratio between arms is less clear. Our data suggest
that walking has a larger absolute effect on nonparetic arm use outcomes than on paretic
arm use outcomes (Figure 4A,C)—possibly because of more arm sway of the nonparetic
arm during walking—and that as a result, the ratio between arms is only slightly higher
during walking than during sitting/standing (Figure 4B). This would explain (1) why the
positive effect of whole-body movements on the ratio between arms did not substantially
change over time (Figure 4B), (2) why changes in daily walking time were not strongly
related to changes in the ratio difference between the two methods (Figure 6B), and (3) why
daily walking duration showed relatively weak associations with the difference in ratio
outcome between the methods (Figure 5B).

A noteworthy observation was that at all time points, the differences in paretic arm
use outcomes between the P&M method, and the sit/stand method were larger at higher
paretic arm use levels (Figure 4A). This can be explained by the fact that individuals with
higher paretic arm use levels spend more time walking during the day (see colored data in
Figure 4A), resulting in larger differences in paretic arm use outcomes between the two
methods. The relationship that we found between paretic arm use levels and daily walking
time is in line with other studies showing a relationship between the disability level of the
paretic arm and walking performance after stroke [28].
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Since whole-body movements, especially walking, greatly affect arm use measure-
ments with wrist-worn accelerometers and threaten the validity of arm use outcomes, it
is important to correct arm use measurements for this effect. The use ratio between arms
was proposed by a previous study [14] to correct for the effect of whole-body movements.
However, our results demonstrate that the ratio between arms cannot fully correct for the
effect of whole-body movements, since whole-body movements increased the ratio be-
tween arms on average by 8–9% at all time points (Figure 4B). To correct arm use outcomes
for the effect of whole-body movements, we propose to measure arm use by recording arm
movements with wrist-worn accelerometers during only sitting and standing periods. This
practical and simple method avoids the effect of walking and provides accurate arm use
measurements in stroke patients [13]. The sensor configuration of this method currently
consists of two wrist-worn accelerometers combined with an accelerometer on the upper
leg to detect whole-body postures and movements. To foster the clinical application of this
method, we are currently developing a minimal sensing solution by enabling the detection
of whole-body postures and movements based on wrist-worn accelerometers instead of
using an accelerometer on the upper leg.

Our study may have consequences for interpreting the results of other studies that did
not correct arm use measurements for the effect of whole-body movements. The arm use
outcomes of these studies may be affected by whole-body movements, especially walking.
For example, a recent study applied wrist-worn accelerometers to measure arm use during
the first 12 weeks after stroke without correcting for the effect of whole-body movements [4].
Results showed that the mean daily paretic arm use in 29 stroke patients increased by
approximately 85% from about 2.6 h in week 2 poststroke to almost 5 h in week 12 after
stroke. Since the study did not correct arm use measurements for whole-body movements,
it is possible that whole-body movements, such as walking, have affected the reported
arm use changes. This is plausible since we found a comparable (approximately 75%)
increase in the mean daily paretic arm use from week 3 to week 12 after stroke when not
correcting for whole-body movements, but a much smaller increase (19%) when correcting
for whole-body movements. This example shows that whole-body movements may have
affected the arm use outcomes of studies that did not correct for such an effect. A potential
effect of whole-body movements should be taken into consideration when interpreting the
findings of these studies.

Several limitations may have influenced the outcomes of this study. First, the relatively
small sample size and the single recruitment site may limit the generalizability of our results.
However, the sample size of the present study (n = 33) is larger than the required sample
size (n = 28) that we estimated a priori based on a statistical power analysis (see Methods
section). Second, at each time point in the study, there were missing data due to technical
issues, non-wear of the system, or unavailability of participants. To avoid that missing
data affected the outcomes of the study, we applied generalized estimating equations that
can handle missing data appropriately [24]. Third, the accuracy of the detection of sitting,
standing, and walking by the leg accelerometer is not perfect (approximately 90–95% [21]).
However, since the detection accuracy is very high, it is unlikely that misclassification
has affected the findings of the present study. Fourth, we did not consider the effect of
dominance on the paretic arm use measurements, since previous research indicated that
the difference in daily use between the dominant and non-dominant arm in healthy adults
is very small [10]. Fifth, the analysis in the present study assumed that all arm movements
during whole-body movements are non-functional. Although this assumption might not be
fully correct, previous research has shown that measuring arm movements with wrist-worn
accelerometers during only sitting and standing periods provides very accurate arm use
outcomes in stroke patients [13], thereby supporting the validity of our assumption.

5. Conclusions

This study shows that whole-body movements increase cross-sectionally measured
arm use outcomes of wrist-worn accelerometers with 8–41% if not correcting arm use data
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for whole-body movements. We found that the size of the effect of whole-body movements
on arm use measurements depends largely on the amount of walking. Since the daily
amount of walking increased from week 3 to week 26 poststroke, the average effect of
whole-body movements on paretic arm use outcomes increased from 31% at week 3 to 41%
at week 26 poststroke when not correcting for whole-body movements. These findings
indicate that not correcting arm use data for whole-body movements may threaten the
validity of arm use outcomes and of measured changes in arm use over time. To correct arm
use measurements with wrist-worn accelerometers for the effect of whole-body movements
and specifically walking, we propose a practical and valid solution that measures arm
use during only sitting and standing periods with wrist-worn accelerometers and an
accelerometer on the upper leg [13].

Author Contributions: Conceptualization, G.R.H.R., R.W.S. and J.B.J.B.; methodology, G.R.H.R.,
R.W.S. and J.B.J.B.; software, G.R.H.R.; validation, G.R.H.R.; formal analysis, G.R.H.R.; investigation,
G.R.H.R., R.W.S., G.M.R. and J.B.J.B.; resources, G.R.H.R.; data curation, G.R.H.R.; writing—original
draft preparation, G.R.H.R.; writing—review and editing, R.W.S., J.B.J.B., G.R.H.R. and G.M.R.;
visualization, G.R.H.R.; supervision, J.B.J.B., R.W.S., G.M.R.; project administration, J.B.J.B. and
G.M.R.; funding acquisition, J.B.J.B., R.W.S. and G.M.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the ZonMW Innovative Medical Devices Initiative program
(title: “PROFITS—Precision profiling to improve long-term outcome after stroke”; project num-
ber 104003008) and Rijndam Rehabilitation. The collaboration project is co-funded by the PPP
Allowance made available by Health~Holland, Top Sector Life Sciences & Health, to stimulate
public-private partnerships.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Erasmus MC University Medical
Center Rotterdam (MEC-2015-687; date of approval: 28-09-2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy/ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kwakkel, G.; Veerbeek, J.M.; Wegen, E.E.H.V.; Wolf, S.L. Constraint-induced movement therapy after stroke. Lancet Neurol. 2015,

14, 224–234. [CrossRef]
2. Michielsen, M.E.; De Niet, M.; Ribbers, G.; Stam, H.J.; Bussmann, J.B. 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. [CrossRef]
[PubMed]

3. Doman, C.A.; Waddell, K.J.; Bailey, R.R.; Moore, J.L.; Lang, C.E. Changes in Upper-Extremity Functional Capacity and Daily
Performance During Outpatient Occupational Therapy for People with Stroke. Am. J. Occup. Ther. 2016, 70, 1–11. [CrossRef]

4. Waddell, K.J.; Strube, M.J.; Tabak, R.G.; Haire-Joshu, D.; Lang, C.E. Upper Limb Performance in Daily Life Improves Over the
First 12 Weeks Poststroke. Neurorehabilit. Neural Repair 2019, 33, 836–847. [CrossRef]

5. Lang, C.E.; Wagner, J.M.; Edwards, D.F.; Dromerick, A.W. Upper Extremity Use in People with Hemiparesis in the First Few
Weeks After Stroke. J. Neurol. Phys. Ther. 2007, 31, 56–63. [CrossRef] [PubMed]

6. Michielsen, M.E.; Selles, R.W.; Stam, H.J.; Ribbers, G.; Bussmann, J.B. 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. [CrossRef]

7. Bailey, R.R.; Klaesner, J.W.; Lang, C.E. Quantifying Real-World Upper-Limb Activity in Nondisabled Adults and Adults with
Chronic Stroke. Neurorehabilit. Neural Repair 2015, 29, 969–978. [CrossRef] [PubMed]

8. de Niet, M.; Bussmann, J.B.; Ribbers, G.; Stam, H.J. 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. [CrossRef]

9. Chin, L.F.; Hayward, K.; Soh, A.J.A.; Tan, C.M.; Wong, C.J.R.; Loh, J.W.; Loke, G.J.H.; Brauer, S. An accelerometry and observational
study to quantify upper limb use after stroke during inpatient rehabilitation. Physiother. Res. Int. 2019, 24, e1784. [CrossRef]

http://doi.org/10.1016/S1474-4422(14)70160-7
http://doi.org/10.2340/16501977-0351
http://www.ncbi.nlm.nih.gov/pubmed/19363564
http://doi.org/10.5014/ajot.2016.020891
http://doi.org/10.1177/1545968319868716
http://doi.org/10.1097/NPT.0b013e31806748bd
http://www.ncbi.nlm.nih.gov/pubmed/17558358
http://doi.org/10.1016/j.apmr.2012.03.016
http://doi.org/10.1177/1545968315583720
http://www.ncbi.nlm.nih.gov/pubmed/25896988
http://doi.org/10.1016/j.apmr.2007.06.005
http://doi.org/10.1002/pri.1784


Sensors 2021, 21, 4353 12 of 12

10. Bailey, R.R.; Lang, C.E. Pt Upper-limb activity in adults: Referent values using accelerometry. J. Rehabil. Res. Dev. 2013, 50,
1213–1222. [CrossRef]

11. Moore, S.A.; Da Silva, R.; Balaam, M.; Brkic, L.; Jackson, D.; Jamieson, D.; Ploetz, T.; Rodgers, H.; Shaw, L.; Van Wijck, F.; et al.
Wristband Accelerometers to motiVate arm Exercise after Stroke (WAVES): Study protocol for a pilot randomized controlled trial.
Trials 2016, 17, 1–9. [CrossRef]

12. Held, J.P.O.; Luft, A.R.; Veerbeek, J.M. Encouragement-Induced Real-World Upper Limb Use after Stroke by a Tracking and
Feedback Device: A Study Protocol for a Multi-Center, Assessor-Blinded, Randomized Controlled Trial. Front. Neurol. 2018, 9,
1–11. [CrossRef]

13. Fanchamps, M.; Selles, R.; Stam, H.; Bussmann, J. Development and validation of a clinically applicable arm use monitor for
people after stroke. J. Rehabil. Med. 2018, 50, 705–712. [CrossRef]

14. Uswatte, G.; Foo, W.L.; Olmstead, H.; Lopez, K.; Holand, A.; Simms, L.B. Ambulatory Monitoring of Arm Movement Using
Accelerometry: An Objective Measure of Upper-Extremity Rehabilitation in Persons with Chronic Stroke. Arch. Phys. Med.
Rehabilitation 2005, 86, 1498–1501. [CrossRef] [PubMed]

15. Regterschot, G.R.H.; Bussmann, J.B.J.; Fanchamps, M.H.J.; Meskers, C.G.M.; Ribbers, G.M.; Selles, R.W. Objectively measured
arm use in daily life improves during the first six months poststroke: A longitudinal observational cohort study. J. NeuroEng.
Rehabil. 2021, 18, 1–10. [CrossRef] [PubMed]

16. Von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gotzsche, P.C.; Vandenbroucke, J.P. STROBE Initiative. The strengthening the
reporting of observational studies in epidemiology (STROBE) statement: Guidelines for reporting observational studies. Lancet
2007, 370, 1453–1457. [CrossRef]

17. Brott, T.; Adams, H.P.; Olinger, C.P.; Marler, J.R.; Barsan, W.G.; Biller, J.; Spilker, J.; Holleran, R.; Eberle, R.; Hertzberg, V.
Measurements of acute cerebral infarction: A clinical examination scale. Stroke 1989, 20, 864–870. [CrossRef] [PubMed]

18. Kwah, L.K.; Diong, J. National Institutes of Health Stroke Scale (NIHSS). J. Physiother. 2014, 60, 61. [CrossRef]
19. Franck, J.A.; Smeets, R.J.E.M.; Seelen, H.A.M. Changes in arm-hand function and arm-hand skill performance in patients after

stroke during and after rehabilitation. PLoS ONE 2017, 12, e0179453. [CrossRef]
20. Franck, J.A.; Halfens, J.; Smeets, R.; Seelen, H. Concise Arm and Hand Rehabilitation Approach in Stroke (CARAS): A practical

and evidence-based framework for clinical rehabilitation management. Open J. Occup. Ther. 2015, 3, 10. [CrossRef]
21. Fanchamps, M.H.J.; Horemans, H.L.D.; Ribbers, G.M.; Stam, H.J.; Bussmann, J.B.J. The Accuracy of the Detection of Body Postures

and Movements Using a Physical Activity Monitor in People after a Stroke. Sensors 2018, 18, 2167. [CrossRef]
22. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2018; Available online: https://www.r-project.org/ (accessed on 4 November 2020).
23. Bland, J.M.; Altman, D.G. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1986,

1, 307–310. [CrossRef]
24. Salazar, A.; Ojeda, B.; Dueñas, M.; Fernández, F.; Failde, I. Simple generalized estimating equations (GEEs) and weighted

generalized estimating equations (WGEEs) in longitudinal studies with dropouts: Guidelines and implementation in R. Stat. Med.
2016, 35, 3424–3448. [CrossRef]

25. Højsgaard, S.; Halekoh, U.; Yan, J.; Ekstrøm, C. Generalized Estimating Equation Package. CRAN Repository, 2019. Available
online: https://cran.r-project.org (accessed on 4 November 2020).

26. Lenth, R.; Singmann, H.; Love, J.; Buerkner, P.; Herve, M. Estimated Marginal Means, Aka Least-Squares Means. CRAN
Repository, 2020. Available online: https://cran.r-project.org (accessed on 4 November 2020).

27. Domholdt, E. Physical Therapy Research: Principles and Applications; Saunders: Philadelphia, PA, USA, 2000.
28. Desrosiers, J.; Malouin, F.; Bourbonnais, D.; Richards, C.L.; Rochette, A.; Bravo, G. Arm and leg impairments and disabilities after

stroke rehabilitation: Relation to handicap. Clin. Rehabil. 2003, 17, 666–673. [CrossRef]

http://doi.org/10.1682/JRRD.2012.12.0222
http://doi.org/10.1186/s13063-016-1628-2
http://doi.org/10.3389/fneur.2018.00013
http://doi.org/10.2340/16501977-2358
http://doi.org/10.1016/j.apmr.2005.01.010
http://www.ncbi.nlm.nih.gov/pubmed/16003690
http://doi.org/10.1186/s12984-021-00847-x
http://www.ncbi.nlm.nih.gov/pubmed/33741017
http://doi.org/10.1016/S0140-6736(07)61602-X
http://doi.org/10.1161/01.STR.20.7.864
http://www.ncbi.nlm.nih.gov/pubmed/2749846
http://doi.org/10.1016/j.jphys.2013.12.012
http://doi.org/10.1371/journal.pone.0179453
http://doi.org/10.15453/2168-6408.1164
http://doi.org/10.3390/s18072167
https://www.r-project.org/
http://doi.org/10.1016/S0140-6736(86)90837-8
http://doi.org/10.1002/sim.6947
https://cran.r-project.org
https://cran.r-project.org
http://doi.org/10.1191/0269215503cr662oa

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	Arm Use Measurements 
	Analysis of Sensor Data 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

