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Abstract

Background: Upper limb (UL) paresis is one of the most common stroke consequences and significantly restricts
patients in everyday life. Instruments objectively measuring direct arm use in stroke patients are lacking, but might be
helpful to understand patients'impairment. Aiming to examine whether accelerometry is a suitable objective meas-
ure for everyday UL use in stroke patients, we conducted a systematic review on the association between accelerom-
eter-derived measurements and clinical scales.

Methods: Articles were systematically searched in PubMed, Scopus, Cochrane Library, PeDro and LIVIVO through
December 12™ 2021, screened for inclusion by AH, and subsequently independently screened by CK and MK. Disa-
greements were discussed until consensus. We included English and German peer-reviewed articles dealing with

the validity of accelerometers as a measurement of UL use in stroke patients and eligible systematic reviews. Studies
exclusively using accelerometry as an outcome parameter, book contributions, conference abstracts and case stud-
ies were excluded. Data extraction was conducted by AH and confirmed by CK focussing on study type, objective,
accelerometer device, sample size, stroke status, assessments conducted, measurement method, wearing time and
key results. We analysed all eligible articles regarding the correlation between accelerometry and other clinical assess-
ments and the validity in accordance with the type of accelerometer.

Results: Excluding duplicates, the initial search yielded 477 records. In the 34 eligible studies accelerometers was
used with a predominance of tri-axial accelerometery (n=12) and only few with two-axial application (n=4). Regard-
ing measures to examine association to accelerometer data different clinical scales were applied depending on the
setting, the degree of impairment and/or the status of stroke. Cut-off values to determine correlations varied largely;
most significant correlations are reported for the MAL [Range 0.31- 0.84] and the ARAT [Range 0.15-0.79].

Conclusions: Accelerometers can provide reliable data about daily arm use frequency but do not supply information
about the movements” quality and restrictions on everyday activities of stroke patients. Depending on the context,

it is advisable to use both, accelerometry and other clinical measures. According to the literature there is currently no

accelerometer device most suitable to measure UL activity. High correlations indicate that multi-dimensional acceler-
ometers should be preferred.
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everyday life [1, 2]. Hartman-Maeir et al. [3] estimate,
that stroke patients with arm impairment discontinue
up to 57% of meaningful activities [4]. Accordingly, to
enhance the autonomy of stroke patients, restoring arm
use is a major treatment goal [5]. Studies indicate that
daily use of the affected arm positively influences upper
extremity (UE) function [6, 7] as well as patients’ quality
of life [8]. In order to assess the severity of the impair-
ment and in particular arm function, reliable instruments
are required to allow reasonable therapy planning as
well as an evaluation of therapy success [9]. Indeed, daily
activities of patients may not be adequately reflected
in inpatient settings and hospitals [10], which calls for
measuring UL use outside the clinic [11, 12].

There are different approaches to assess UL use after
stroke, including patients’ self-report (e.g., Stroke Impact
Scale, Motor Activity Log) [13—15], therapists’ observa-
tion, and/or timekeeping [5]. In general, clinical tests
tend to focus on UL function rather than on everyday life
use. However, improved function does not necessarily go
hand-in-hand with increased UL use in everyday activi-
ties at home [16, 17] indicating that UL functional capac-
ity should be assessed separately from the actual UL use
[4, 11, 12, 18]. This necessity is underlined by the phe-
nomenon of so-called “learned non-use’, meaning that
stroke patients learn to more frequently use their unim-
paired instead of their impaired arm for daily activities,
which might thereby become a habit even when the func-
tion of the impaired arm recovers [19, 20].

Measurements established in post-stroke rehabilita-
tion therapy of UL focus on different areas of impair-
ment. Whereas some address the degree of impairment
(e.g., grip strength, Fugl-Meyer Assessment, FMA), oth-
ers assess activity (e.g., Action Research Arm Test, ARAT,
WOLF Motor Function Test, WMFT) or participation
(e.g., Motor Activity Log, MAL) [5]. Performing assess-
ments is often time-consuming and may be limited due
to the need for specific test material and/or intensive
training of the therapist [20]. Furthermore, many of the
commonly used tests require particular patient skills or
may only be applicable to a selected patient population.
Thus, a standardised procedure may not always be suit-
able. Moreover, taking a look at self-reported measures,
there is a need for reliable, objective and reproducible
assessments in rehabilitation to minimise subjective bias
[21], such as report bias due to cognitive impairment and
social desirability [12]. In a systematic review on valid
and reliable instruments for arm-hand assessments in
persons with hemiplegia, Lemmens et al. (2012) identi-
fied only two available instruments with regard to level
of arm use: the Motor Activity Log and accelerometry
[22]. While the MAL is predominantly driven as a (self-)
assessment of the quality and the amount of arm/hand
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use with regard to prespecified activities of daily living,
accelerometry [23-25] can be used in stroke patients to
quantify arm use at different phases during the rehabili-
tation process [10, 26] and different levels of impairment
[10, 27]. However, so far, no gold standard for measur-
ing UL use post-stroke has been established. Accord-
ingly, guidelines rarely give recommendations as to which
measurement should be used [5, 28].

Although accelerometry allows for an objective and
reliable measurement of direct arm use in patients with
UL paresis after stroke, accelerometry has not yet been
established as the gold standard. Evidence supporting
the use of accelerometers is increasing, but the available
data for UL use in daily life are limited, particularly with
regard to outpatient stroke rehabilitation [4, 23].

Against this background, we conceptualised a valida-
tion study to assess whether wrist-worn accelerometry,
in particular tri-axial accelerometers, is suitable as an
objective measure for everyday UL use in stroke patients
with UL motor impairment. To prepare this study we
conducted a systematic review of the international lit-
erature to provide an overview of the available evidence
regarding the association between accelerometer-derived
measurements and commonly used clinical scales to map
everyday UL function.

Methods

We conducted a systematic literature search in Pub-
Med (including Medline), Cochrane Library, Scopus,
PeDro and LIVIVO. We did not limit the search period.
The search was last updated on December 12, 2021.
Results are reported in accordance with the PRISMA
guidelines [29].

Search strategies

The first search was created on the basis of the PICO
framework (Population, Intervention, Comparison, Out-
come) and conducted in PubMed using MESH terms
and keywords (Additional file 1). The search algorithm
was then adapted for the other databases. Articles had
to include the following terms: (1) accelerometry or
actigraphy, (2) stroke or apoplexy, (3) upper extrem-
ity, arm activity or physical activity, (4) paresis or motor
impairment. Keywords for which no MeSH term exists
were searched in all fields. Boolean operators were cho-
sen to specify matches by excluding studies that exam-
ine the use of accelerometry in other contexts. Used
terms correspond to keywords of known eligible arti-
cles and of used search algorithms in eligible systematic
reviews. The search term was: ((((((((((((Accelerometr*)
OR Accelerometry[MeSH Terms]) OR Actigraph*))
AND (((stroke) OR stroke[MeSH Terms]) OR apo-
plexy))) AND (((Upper extremity) OR Arm activity) OR
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physical activity))) AND ((paresis) OR Motor impair-
ment))))). There were no limitations. Hits were exported
to EndNote X8.

Eligibility criteria

We considered articles as eligible when they were peer-
reviewed, written in either German or English, and
reported about the results of studies (systematic reviews,
observational studies, validation studies, cross-sectional
studies and prospective studies) evaluating the validity or
reliability of accelerometry to measure daily use of UL in
stroke patients with impaired arm function, independent
of individuals’ stroke status (acute, subacute, chronic).
We also screened and included articles with other objec-
tives when UL use was monitored and correlations
between accelerometry and different measures were
reported. To allow a reasonable comparison we included
only studies that used bilateral wrist-worn accelerom-
etry. We excluded studies that validated complementary
systems like the Stroke Upper-Limb Activity Monitor
(ULAM) or the inertial measurement unit (IMU) sys-
tem. Studies conducted among children and those solely
applying accelerometry to measure the effect of an inter-
vention were excluded. Articles without full-text avail-
ability were likewise excluded.

Study selection

After removing duplicates, AH screened all remaining
references on the basis of the title, abstract and potential
eligible full texts. Two reviewers (CK, MK) independently
screened references and full texts for inclusion. In the
second step, we compared the articles that were consid-
ered eligible. Any disagreements were discussed until a
consensus was achieved. Applying the "pyramid scheme"
and snowballing technique, we additionally conducted a
reference check of eligible articles and performed a man-
ual search. Figure 1 illustrates the selection process in a
PRISMA flow diagram.

Data collection process

In line with the objective of this review, we analysed all
eligible articles regarding correlations between acceler-
ometry and clinical assessments, and/or the validity in
accordance with the type of accelerometer.

Data extraction and thematic analysis were used to
synthesise the relevant information as well as to iden-
tity differences and enable a reasonable comparison of
included studies. To analyse correlations, we extracted all
data regarding study type, aim of the study, accelerom-
eter device, sample size of participants, status of stroke
disease (acute, subacute, chronic), assessments used for
comparison, accelerometer measures (method, algo-
rithm), wearing time and results. We then extracted data
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regarding the method of accelerometry measures (used
epoch), level of UL impairment, setting and correlation
coefficients considered. Extracted data were analysed to
identify differences between studies regarding method-
ology and results. This systematic review describes the
reported correlations for accelerometry recordings and
different measures.

Results

Study selection

Excluding duplicates, the literature search vyielded
477 references, of which 31 were included in this review.
In addition, 41 articles were identified via a reference
check and manual search; of these, three articles fulfilled
the inclusion criteria, resulting in a total of 34 articles
eligible for data extraction and analysis. Figure 1 shows
the results of including and excluding references in a
PRISMA flow diagram.

Study characteristics

The 34 articles included reported on RCTs [10, 30, 31]
(n=3), clinical trials [32, 33] (#=2), validation studies
[14, 24, 25, 34—36] (n=6), observational studies [18, 37—
40] (n=5), cross-sectional studies [6, 12, 41-45] (n=7),
prospective studies [27, 46, 47] (n=3), exploratory stud-
ies [48] (n=1), reviews [5, 49] (n=2) and systematic
reviews (n=5) [22, 23, 28, 50, 51].

The number of study participants ranged from 10 to 222,
but the majority of articles reported a sample size below
100 [6, 10, 12, 14, 18, 24, 27, 30, 31, 33—-38, 40-45, 48].

The stroke status of patients was reported in 24 of the
34 included studies: Eleven articles reported on chronic
stroke patients [12, 14, 24, 30, 31, 34, 35, 42, 44, 45, 48],
seven on patients with acute stroke [10, 18, 27, 33, 39, 43,
46] and three articles referred to (early) subacute stroke
[25, 32, 37]. Three studies included participants at differ-
ent stages of rehabilitation after stroke [6, 40, 41]. In most
of the study participants, the severity of UL impairment
was rated as mild to moderate.

For more details on study characteristics and relevant
information extracted from the studies, see Additional
file 2, Table S1 and Table S2.

Accelerometer devices to measure everyday UL use

in stroke patients

The studies used different types of accelerometer
devices to measure physical activity, e.g., uni-axial
and multi-axial accelerometers. The included articles
reported mainly about the use of tri-axial acceler-
ometry (n=12) [4, 6, 12, 18, 31, 33, 37, 40, 41, 44, 45,
48]. The use of uni-axial accelerometry was reported
in five articles [10, 27, 39, 43, 46], two-axial acceler-
ometry was mentioned in four articles [14, 24, 25, 32],
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Fig. 1 PRISMA flow diagram of the systematic review selection process based on PRISMA 2009 guidelines [29]

and five articles did not comment on the type of accel-
erometer [30, 34—36, 42]. The duration of data collec-
tion via accelerometer ranged from a minimum of 22 h
[40], between 24 h [4, 10, 18, 30, 31, 33, 36, 37, 41, 43],
25-26 h [12, 44], and 48 h [27, 39, 46], up to a maxi-
mum of 72 h [6, 14, 24, 25, 32, 34, 35, 42, 45]. In two
articles accelerometers were worn only while perform-
ing specific activities and tasks [39, 48], and in one
study the duration of data collection was not reported
[36]. None of the included articles provided a rationale
for the chosen wearing time of accelerometers.

The place of application of accelerometry measures
varied reasonably between articles, including the com-
munity setting [12, 25, 44], a medical centre [34], the
hospital setting [27, 33, 43] or a specific rehabilitation
hospital/clinic/centre [6, 18, 35, 37, 38, 40, 48] and the
patient’s home or free living environments outside the
laboratory [14, 24, 30-32, 35, 40, 45]. The articles did not

consistently focus on the daily use of the UL in stroke
patients outside the laboratory or clinic [18, 23, 37, 47].

Criteria for objectivity of accelerometry

concerning everyday UL use in stroke patients

With regard to validation procedures studies included
reported statistical calculations of correlations between
accelerometer recordings and common clinical assess-
ments using Spearman or Pearson coefficients as stand-
ard reference to measure validity. The cut-oftf values
defining weak, moderate and strong correlations dif-
fer between studies. While some studies describe the
strength of correlation by using conventions from meta-
analysis literature, i.e., 0.1 as weak or low, 0.3 as moderate
and 0.5 as strong (according to Cohen 1988 [52]), others
describe coefficients between 0 and 0.25 as low, 0.25 to
0.5 as moderate or fair, and a value between 0.5 and 0.75
as a good to excellent relationship (according to Portney
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& Watkins, 1993 [53]). Urbin et al. [40, 48] considers the
strength of correlation coefficients as moderate at 0.30 to
0.59, and as strong at 0.60 or greater.

We found a large variety of measures with a total of 20
clinical scales (Table S2) used in the studies to assess cor-
relation between accelerometer-derived measurements
and clinical scales. Clinical tests that showed correlations
are outlined in Table 1. Correlations reported by studies
referred predominantly on the MAL and the ARAT.

Regarding the MAL, the included studies used differ-
ent versions for data collection (e.g., MAL-13, MAL-
14, MAL-28, MAL-26, MAL-30). Moreover, in some
studies only the use of one of the two MAL scales [30]
is reported. Correlation coefficients were highest in the
cross-sectional study of Narai et al. (ratio MAL AOU
0.84, delta 0.70; ratio MAL QOM 0.79, delta 0.66), who
used tri-axial accelerometers and reported correlations
between different algorithms. They subtracted the move-
ment counts of the unaffected UL from those of the
affected UL (delta count) to estimate the affected UL use
after controlling for the effect of the activities of other
parts of the body on movement counts [41].

Correlations between accelerometry measures (use
ratio) and the ARAT range from 0.15-0.79. The strong-
est correlation between the ARAT and accelerometry
was found by Urbin et al., who used tri-axial accelerom-
eters and calculated use ratio, magnitude ratio and vari-
ation ratio (0.79, 0.83, 0.85; p<0.001) [40]. The weakest
correlation between median bilateral magnitude values
and the ARAT, measured by tri-axial accelerometers, was
0.30 (p=0.04), but a moderate correlation with median
magnitude ratio values was found (rs=0.66, p<0.001)
[12]. Correlations between activity counts recorded by
uni-axial accelerometers and the ARAT were reported by
Lang et al. (0.40) [10].

Discussion

We aimed to examine whether bilateral accelerometry is
suitable to objectively measure arm use in everyday life
among stroke patients. We found a variety of correlations
between accelerometry data and different measurements.
However, the data from the studies included show many
differences in methodology. They varied largely with
regard to (1) accelerometer devices used, including wear-
ing time and data capture epochs, (2) setting and partici-
pants (e.g., severity of motor impairment and time since
stroke), and (3) coefficients and cut-off values for an anal-
ysis of correlations. These differences make it difficult to
summarise the results and comparisons must be con-
sidered with caution. Data relating to the type of device,
wearing times, and data capture epochs varied reason-
ably and emphasise the need for standardisation: 12 of
the 34 articles included in this review referred to tri-axial
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accelerometry, wearing times ranged from 24 h to three
consecutive days and data capture epochs from one sec-
ond [12, 18, 31, 37, 40, 44, 45, 48] to one minute [34].
A wearing period of seven consecutive days including
a weekend day as recommended by Thiel et al. [54] was
not considered in any of the articles included [55]. How-
ever, until today, there is no consensus as to how long
accelerometer data should be collected in a real-world
environment in order to achieve meaningful results on
everyday UL use [51, 56, 57]. The question regarding a
suitable epoch length has not been systematically studied
in adults either [58]. Conclusive evidence for the supe-
riority of uni-axial, bi-axial or tri-axial accelerometers
measuring activities of daily living is lacking [6, 23, 58].
While some authors suspect that, under certain circum-
stances, there is no difference in the validity of different
device types [32, 59], others recommend the use of multi-
axial accelerometry because they are thought to be more
valid [50]. Trost et al., for example, found stronger corre-
lations with multi-axial accelerometers compared to uni-
axial accelerometers [51, 58].

Overall, the range of available instruments results in an
inconsistent use of outcome measures in studies, thereby
limiting the comparability of study results relating to
correlations between accelerometry and other measures
[22]. Nonetheless, the majority of the studies were able
to demonstrate moderate correlations between acceler-
ometer data and other measurements despite of different
methodologies.

Limitations of accelerometry

Beside the described inconsistencies in the data collec-
tion methods, accelerometry itself has limitations as well.
First, accelerometers do not provide information about
the quality of specific activities [18, 31, 60].

Second, wrist-worn accelerometers are unable to dis-
tinguish between volitional and non-volitional UL move-
ments (e.g., UL swinging while walking) [41, 50, 61, 62].
As a result, measurements may be influenced by differ-
ent activities, such as walking, sleeping, driving a car or
generally times where the accelerometers are not worn
(e.g., Uswatte et al. [24],). Some studies considered these
effects as accelerations, others did not. According to
some studies walking has a negligible influence on accel-
erometer ratio variables [24, 40], while Bailey et al., for
example, compared the effect of walking phases on the
activity level and found that arm swing while walking
may constitute cause a substantial part of overall activ-
ity in patients with severe paresis [12]. As a standard
approach, delta counts (subtracted movement counts of
the unaffected UL from those of the affected UL) are rec-
ommended to produce more reliable data [41].
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Table 1 Correlations between accelerometry (use ratio) and clinical tests for upper extremity
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Clinical test Correlation reported by studies Ref Significance level
Pearson'’s Spearman’s p value
r value
AAUT? r=0.60 [25] p=0.001
ABILHAND® r=045-054 [36]
ARAT® 0=040 [10]
0=0.66 [12] p<0.001
r=0.65 [18]
p=-0.57 [31] p<0.01
0=0.79 [40] p<0.001
0=063 [44]
0=0.50 [45] p<0.05
0=0.15-0.57 48] 0>038=p<0.05
0>048=p<001
BRSY r=0.77 [41] p <005
FAABOS® r=055 [35] p<0.05
FIM® Motor / UE function 0p=067/p=058 [10]
Fimf r=0.50 [41] p<0.05
FMAS/ UEFM r=069 (el
p=054 [27] p=0.001
0=0.28-0.73 [39]
0=-085 [43] p<0.001
p=0.60 [45] p<0.001
0=0.70 [46]
p=070 [47]
MAL" MAL-AOU/QOM 0=060/p=0.66 [6] p<0.001
AOU/QOM r=091/r=073 [14] p=0.01
r=0.71 [24] p=0.001
r=052 [25] p=0.001
AOU/QOM r=047/r=052 [32] p=0.01
Pre/post-intervention r=031/r=052 [30] p=0.01/p<0.001
r=047 [34]
AOU/QOM r=084/r=079 [41] p<0.05
0=061 [42] p<0.001
AOU/QOM 0=058/p=061 [45] p<001
mRS! p=-013- 391
-049
p=-048 [46]
0=-048 [47]
NEADU r=034 [34]
NIHSSK r=-0.69 E| p=001
0=-0.59 [27] p=0.001
0=-025- [39]
-0.49
r=-0.60 [41]
0=-051 [46]
SIS! Subscale Hand Function / Mobility p=0.58/ [6] p<0.001/
p=023 p<0.001
r=0.16 [25] p=0.05
r=042 [34]
WMFT™ Function / Time 0=062/ [10]

0=-065
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Table 1 (continued)
Clinical test Correlation reported by studies Ref Significance level
Pearson'’s Spearman’s p value
r value
Function p=059 [45] p<0.01

@ Actual Amount of Use Test

b Test of manual ability of the UE

€ Action Research Arm Test

4 Brunnstrom Recovery Stage

€ Functional Arm Activity Behavioral Observation System
fFunctional Independence Measure for motor and UE function
9 Fugl-Meyer Assessment

P Motor Activity Log

modified Rankin Scale

J Nottingham Extended Activities of Daily Living

K National Institute of Health Stroke Scale

!'Stroke Impact Scale

™ Wolf Motor Function Test

Finally, a secondary analysis by Waddell and Lang revealed
a high variability between self-reported performance of UL
and the use ratio of accelerometers over time [30]. This
might indicate that there is a high error potential regarding
correlations between other measures and accelerometry.

Limitations of the review

The systematic approach conducted in this review can
be regarded as a key strength: identified articles and
relevant results were systematically and independently
extracted by two researchers. Furthermore, the litera-
ture search was not restricted to validity studies, but
also considered articles that used accelerometry as
an outcome parameter and reported on correlations
between accelerometry and other assessments. For
each term, a synonym was used. However, we may have
missed relevant articles since the screening of found
articles first focused on the articles’ titles and abstracts.
Finally, the restriction to full-text availability might rep-
resent another limitation.

Additionally to these methodological limitations,
one has to consider limitations of the cited literature
[14, 23-25, 27, 32], such as a very small sample size or
only weakly moderate correlations. Moreover, only few
studies report on missing data owing to non-compli-
ance with accelerometer measurements in patients or
technical issues, which means there is a lack of infor-
mation on data quality. Also, several studies did not
distinguish between acute and chronic stroke patients.
The inconsistencies in accelerometry use limit the
comparability of study results. Despite these limita-
tions some studies showed significant correlations
between clinical measurements and accelerometry,

indicating that accelerometry might be suitable for
an objective measurement of daily activity in stroke
patients.

Conclusions

Accelerometry can provide objective information about
daily arm use frequency in stroke patients and results cor-
relate moderately with self-reported measures. Collecting
these data is helpful for assessing the rehabilitation pro-
cess, although accelerometry does not supply information
about the quality of movements and the specific restric-
tions on everyday activities of stroke patients. Nonethe-
less, depending on the context, it is advisable to use both,
accelerometer and other clinical measures. When using
accelerometry in further research, the use of multi-dimen-
sional accelerometers is preferable because these devices
measure multiple levels of motion and there is more evi-
dence regarding the suitability of multi-axial than uni-axial
models. However, the variability of the study conditions
does not allow to recommend a particular accelerometer
device most suitable to measure UL activity.
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