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ARTICLE INFO ABSTRACT

Keywords: This review investigates current protocols using Inertial Measurement Units (IMUs) in shoulder research, and
Ambulatory outlines future paths regarding IMU use for shoulder research. Different databases were searched for relevant
Shoulder articles. Criteria for study selection were (1) research in healthy persons or persons with shoulder problems, (2)
Movement IMUs applied as assessment tool for the shoulder (in healthy subjects and shoulder patients) or upper limb (in
ISI;ZI;?L sensor shoulder patients), (3) peer-reviewed, full-text papers in English or Dutch. Studies with less than five participants
Kinematic and without ethical approval were excluded. Data extraction included (1) study design, (2) participant char-

acteristics, (3) type/brand of IMU, (4) tasks included in the assessment protocol, and (5) outcomes. Risk of bias
was assessed using the Downs and Black checklist. Scapulothoracic/glenohumeral and humerothoracic kine-
matics were reported in respectively 10 and 27 of the 37 included papers. Only one paper in healthy persons
assessed, next to scapulothoracic/glenohumeral kinematics, other upper limb joints. IMUs’ validity and relia-
bility to capture shoulder function was limited. Considering applied protocols, 39% of the protocols was located
on the International-Classification-of-Functioning (ICF) function level, while 38% and 23% were on the ‘capa-
city’ and ‘actual performance’-sublevel, of the ICF-activity level. Most available IMU-research regarding the
shoulder is clinically less relevant, given the widely reported humerothoracic kinematics which do not add to
clinical-decision-making, and the absence of protocols assessing the complete upper limb chain. Apart from
knowledge on methodological pitfalls and opportunities regarding the use of IMUs, this review provides future

research paths.

1. Introduction

Shoulder dysfunctions are the third most common musculoskeletal
complaint [1]. They hamper proper movement of the upper limb and
negatively influence daily activity performance and daily life au-
tonomy. Since they furthermore lead to work absenteeism, shoulder
dysfunctions are responsible for an increasing burden on the socio-
economical system [1]. To adequately diagnose shoulder complaints
and to plan and follow-up treatment, accurate assessment tools are
critical. Next to clinical shoulder assessments, other objective and
quantitative measurements, assessing on the different levels of the In-
ternational Classification of Functioning (ICF), are needed to provide
insights in the etiology and progression of shoulder dysfunctions. Fur-
thermore, these measurements should be easy-to-use and non-ex-
pensive.

Current clinical shoulder assessment consists of different tests and
scales [2], e.g. the Disabilities of the Arm, Shoulder and Hand (DASH)
questionnaire [3], the Simple Shoulder Test (SST) [4], the Constant-

Murley score [5], the American Shoulder and Elbow Surgeons Stan-
dardized Shoulder Assessment Form (ASES score) [6] and the Visual
Analogue Scale (VAS) score for pain and stiffness. Apart from the easy-
to-use aspect of clinical scales and tests and their opportunity to assess
outcomes on all ICF levels, they have the disadvantage of suffering from
subjectivity. In addition, they provide no or too little information about
specific movement characteristics (i.e. movement velocity, movement
fluidity, joint range of motion, the timing of joints involved) or on
compensatory movements from other joints during movement. Since
these parameters can influence the functional status of the shoulder
girdle, e.g. shoulder pathologies might result from an aberrant or
compensatory movement pattern [7], this is an important weakness of
clinical scales. This is well illustrated by the work of Cutti et al. (2016),
who introduced an adapted version of the Constant-Murley score [8].
This adapted version, taking scapulothoracic movement patterns into
consideration, scored shoulder function in persons recovering from
rotator cuff surgery significantly different than the original Constant-
Murley Score.
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Dynamic movement analysis can thus overcome most of the short-
comings of clinical tests by providing additional information on
movement characteristics. Currently, movement analysis of the
shoulder is mostly done in laboratory settings using optoelectronic or
electromagnetic registration systems [9]. Registered kinematic data
thereby provide detailed and objective information on motor perfor-
mance and movement quality. However, laboratory-based settings have
the disadvantage to suffer from spatial constraints, which hampers the
assessment during a functional movement protocol, resembling daily
activity performances. Mobile measurement systems provide an alter-
native for lab-based methods as they have the potential to measure
shoulder characteristics in real life environments without space con-
straints. They are furthermore much less expensive than laboratory
systems. The last decade, inertial sensor devices are emergent in the
mobile assessment of shoulder characteristics [10]. They consist of an
accelerometer, a gyroscope and often a magnetometer, which enables
them to register kinematic data (velocity, acceleration, orientation,
gravitational forces). However, the value of kinematic movement ana-
lysis by means of inertial sensors in clinical decision-making or the
evaluation of treatment efficacy is entirely dependent on the validity
and reliability of the sensors’ output, and on the clinical relevance of
these outcomes.

It would be helpful and useful for researchers and practitioners
starting in the field of inertial shoulder motion analysis to have an
overview of existing knowledge on the psychometric properties and the
use of inertial sensors for shoulder assessment. However, such an
overview is currently lacking. Therefore, the authors want to provide a
compendium regarding the current status of inertial motion analysis in
shoulder research, i.e. proven psychometric properties of the different
outcome parameters, applied measurement protocols and procedures,
data analysis methods, etc. In this way, the opportunities for inertial
sensors in clinical shoulder research can be emphasized. Secondly, the
authors want to propose specific recommendations for further research
paths regarding the use of inertial measurement units (IMUs) for
shoulder assessment.

2. Methods

Protocol details were registered in the international prospective
register of systematic reviews (PROSPERO, http://www.crd.york.ac.
uk/prospero, registration number is: CRD42016035856). Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were followed [11].

2.1. Search strategy and study selection

Papers were selected from different databases: PubMed, Web of
Science, CINAHL, Pedro, Embase, ACM and IEEE Xplore (until April
2017), using a combination of Medical Subject Headings (Mesh) and
free text terms for inertial sensors (inertia*, inertial sensors) and the
shoulder girdle (scapulohumeral, scapulothoracic, scapula, gleno-
humeral, shoulder). The search terms were customized to each database
(Supplementary material 1). Furthermore, experts were consulted to
ensure that no relevant papers for inclusion were missed.

Selection criteria which were defined in advance according to the
study objectives, had to be fulfilled to be included in the review.
Following inclusion criteria were defined: (1) application of inertial
sensors as assessment tool, (2) the applied inertial sensor(s) consist(s) of
at least an accelerometer and gyroscope, (3) participants are healthy
persons or musculoskeletal shoulder patients, (4) written in English or
Dutch language, (5) peer reviewed, original research journal article and
(6) full-text available. Exclusion criteria were (1) use of inertial sensors
only for rehabilitation/training purposes, (2) reviews, systematic re-
views or meta-analyses, or commentaries, (3) articles with less than five
participants, (4) studies without ethical approval and (5) cadaveric or
animal studies.

Gait & Posture 57 (2017) 278-294

Eligibility assessment was done by two assessors (LDB and TM) in a
blinded manner by screening the title and abstract of all studies re-
trieved form the electronic database search. From all eligible studies
based on title and abstract, and from those studies whose abstract did
not provide enough information for eligibility, full texts were read to
finally select the papers for inclusion. Reference lists of included papers
were manually screened by both reviewers for additional eligible pa-
pers. In case of disagreement between the two assessors, a third assessor
(AT) was contacted for consensus.

2.2. Risk of bias in individual studies

Risk of bias assessment of selected studies was done using the va-
lidated 27-items Downs and Black Checklist [12], which is re-
commended by the Cochrane collaboration for non-randomized studies.
The checklist was modified to suit the observational study designs of
the papers included in this review. Ten items were removed from the
checklist as they related to intervention trials. Furthermore, one item
was not applicable for studies with a cross-sectional design and five
items only pertained to case-control studies. Per study, the total score
was converted to a percentage. A score =65% and =90% was de-
termined as the cut-off to be classified as having substantial and high
quality, respectively [12].

Two raters (LDB and RvdS) independently scored the risk of bias of
the included papers. Raters were not masked for authors and journal
name but were blinded to each other’s quality results. In case of dis-
agreement between assessors, consensus was reached after discussion.

2.3. Data extraction

Data extraction was performed according to a standard form, in-
cluding (1) characteristics of included studies (in terms of participant
characteristics; ICF classification of the protocol; study design; applied
assessment protocol, including type and placement of inertial sensors,
calibration protocol and movement tasks; outcome parameters), and (2)
study results. Data extraction was done by one assessor (LDB) and
checked by a second one (RvdS), using the standardized forms.

2.4. Data synthesis and analysis

No meta-analysis could be performed due to study-heterogeneity
(e.g. study population, outcome parameters, movement protocol, etc.).
Therefore, a descriptive review of the included studies’ results is pro-
vided. First, characteristics of the included studies are presented, fol-
lowed by a synthesis of study results according to the validity and re-
liability of outcome parameters, and their ability to discriminate.

3. Results
3.1. Systematic search and risk of bias analysis

Our database search identified 617 articles. The selection process is
visualized in a flow-diagram (Fig. 1). A total of 37 papers were included
in this review. According to the Downs and Black checklist, six papers
did not have substantial quality (score below 65%). Those papers were
all cross-sectional one-group studies, from which four were situated on
the ICF function level [13-16], and three on the ICF activity level
[17-19]. These studies were all in healthy persons. Sixteen papers had
substantial quality [20-35], and another 14 papers high quality
[8,36-48]. The details of the risk of bias assessment can be found in
Supplementary material 2.

3.2. Characteristics of included studies

For a sake of clarity and brevity, general characteristics are de-
scribed in text. Detailed information on the extracted data per study is


http://www.crd.york.ac.uk/prospero
http://www.crd.york.ac.uk/prospero

L. De Baets et al.

Gait & Posture 57 (2017) 278-294

Records excluded
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Fig. 1. Flowchart of search strategy.

described in Table 1 and Supplementary material 3.

3.3. Patient characteristics

Twenty-six studies reported results from healthy persons, while 11
papers (additionally) included persons with shoulder disorders (in-
cluding scapular dyskinesia, rotator cuff pathology, subacromial im-
pingement, glenohumeral osteoarthritis and adhesive capsulitis. Details
on type of shoulder disorder per study can be found in Table 1). Sample
sizes ranged between five and 111 participants for studies on healthy
persons, and between 10 and 175 participants for studies on persons
with shoulder disorders. The mean age of the healthy persons was 31
( = 8) years, while the mean age of the persons with shoulder disorders
was 55 ( % 5) years.

3.4. Classification according ICF-level

From the 26 studies in healthy persons, 13 studies could be situated
on the ICF body function level [13-16,20-22,37,40,45-48]. From the
other 13 papers, seven papers were situated on the ‘capacity’ sublevel
[19,23-25,27,42,44] and six on the ‘actual performance’ sublevel of the
ICF activity level [17,18,26,28,41,43](Fig. 2). In contrast, from the 11

280

studies assessing persons with shoulder disorders, only two were on
body function level [38,49] while nine were on activity level, i.e. seven on
the ‘capacity sublevel’ [8,29,31,33-36] and two on the ‘actual perfor-
mance’ sublevel of the ICF [30,32] (Fig. 2).

Fig. 2. Classification of the included papers following the ICF
[50,51].

3.5. Study designs

The main research question of 21 papers pertained to the psycho-
metric properties of kinematic outcome parameters measured by inertial
sensors (18 in healthy persons, from which nine were located on
function level [13,14,16,22,37,40,46-48] and nine on activity level
[17,19,23-25,27,41,42,44]; three in persons with shoulder disorders,
from which one was located on function level [38] and two on activity
level [33,36]). Four papers in healthy persons (one on function level
[15], three on activity level [17,28,43]) had a purely descriptive char-
acter. Eleven papers, six in healthy persons (five on function level
[20,21,47,48,52], one on activity level [26]) and eight in persons with
shoulder disorders (one on function level [49], seven on activity level
[8,29-32,34,35]) were mainly comparative studies, from which seven
had a longitudinal character [8,29-32,34,35].
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[ International Classification of Functioning ]

@dy functions and structures\ Activity

Outcome measures assessing
physiological function of body s

Outcome measures assessing execution
of a task or action by an individual.

Participation
Qutcome measures assessing involvement
in a life situation.

and anatomical parts of the body.

Healthy persons: Bouvier et al (2015),
Crabolu et al (2017), Cuttietal (2014),
De Viies et al (2010), El Gohary et al
(2012), Lorussiet al (2016), Parel et al
(2014), Pellegrini et al (2016), Picerno
etal (2015), Roldan-Jimenez and
Cuesta-Vargas (2015 and 2016), Schiefer
et al (2015), van den Noortet al (2014)

@pacity

environment.

Shoulder disorders: Parel et al (2012),

wden Noortetal (2015) /

Qutcome measures assessing the

person’s ability to execute a task or
action in a given domain at a given
moment, measured in a standardised |

Healthy persons: Ertzgaardet al
(2015), Fantozziet al (2015), Kim and
Nussbaum (2013), Khurelbaatar et al
(2015), Koda et al (2009), Morrow et
al (2016), Rawashdeh et al (2016)

Shoulder disorders: Coley et al (2007),
Cuttietal (2016), Jolles et al (2011),
Kérver et al (2014a and b), Pichonnaz

\<al (2015b and 2017)

/
\ Performance
Outcome measures assessing the persons

performance of a task or action in his/her
current environment.

Perceived Performance

Outcome measures assessing the
subjective performance experienced by a
person in a given domain at a given
moment in his/her current environment.

G:tual Performance

Outcome measures assessing the

objective performance of a personina

/

given domain at a given moment in
his/her current environment.

Healthy persons: Coley et al (2008a
and b), Kirking et al (2016), Schall et
al (2015 and 2016), Yu et al (2017)

Shoulder disorders: Duc et al (2013),
Pichonnaz et al (2015a),

Fig. 2. Situating of included papers in the International Classification of Functioning.

3.6. Applied assessment protocol

From the applied assessment protocols in the different studies, two
protocols were more often used. The first one is proposed by Cutti et al.
(2008) as part of the “INAIL Shoulder & Elbow Outpatient protocol”
(ISEO) [10]. This protocol or an adapted version was applied by eight
papers (22%) in this review [8,20,21,37,38,40,44,53]. Secondly, nine
assessment protocols (24%) [17,18,29,31-36] on the classification or
quantification of physical activity in terms of postures and tasks were
based on the protocol of Coley et al. (2007) [29].

Detailed specifications about type and placement of inertial sensors,
calibration protocols and movement tasks are given in Supplementary
material 3.

3.7. Outcome parameters

From all included papers, 14 papers reported kinematic outcomes
exclusively from the humerothoracic joint (six papers in healthy persons
[17,18,22,26,27,43] and eight papers in persons with shoulder dis-
orders[29-36]) and 10 exclusively from the scapulothoracic or gleno-
humeral joint (seven in healthy persons [14,20,21,37,40,45,47] and
three in persons with shoulder disorders [8,38,49]. The other 13 papers
in healthy persons reported, next to kinematic outcomes from the hu-
merothoracic joint (n = 12) [13,16,19,23-25,28,41,42,44,46,48] and
scapulothoracic or glenohumeral joint (n = 1) [15], kinematic out-
comes of other joints of the upper limb chain.

3.8. Synthesis of study results

First, results regarding ‘agreement’, ‘repeatability’, ‘reproducibility’
and ‘reliability’ of reported IMU-outcomes (humerothoracic joint an-
gles, scapulothoracic joint angles, other outcomes) are described, using
following terminology [54]: ‘repeatability’ is defined as the agreement
between measurements executed under identical conditions, ‘reprodu-
cibility’ refers to the agreement between measurements made under
changing conditions (e.g. method comparison) and ‘reliability’ is re-
lated to the magnitude of the measurement error in observed mea-
surements relative to the inherent variability between subjects. Finally,
results from the comparative studies are reported.

3.9. Agreement and reliability results

3.9.1. Humerothoracic joint angles

The agreement (reproducibility defined as method comparison)
between humerothoracic joint angles acquired via an IMU-based mea-
surement and a lab-based reference system was only assessed in healthy
persons, by means of different statistics. Bouvier et al. (2015) and
Fantozzi et al. (2015) used the inter-protocol coefficient of multiple
correlation (CMC;p), as described by Ferrari et al. [S5] and based on the
work of Kadaba et al. (1989) [56], to assess humerothoracic waveform
similarity [44,48], and found lower CMC;;, for humerothoracic abduc-
tion-adduction and internal-external rotation (0.53-0.86) than for
flexion-extension (=0.90) [48]. The root mean square error (RMSE) of
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humerothoracic joint angles was reported in five studies
[13,41,42,44,48]. RMSE values were generally below 12°
[13,41,42,44], with the exception of the results of Bouvier et al. (2015)
who reported RMSE values up to 26° [48]. Limits of agreement (LoA)
were analysed by two authors [42,57]. A systematic error of 0° [42] and
of 0.46° [57] for humerothoracic flexion-extension, 1.30° for humer-
othoracic abduction-adduction [57] and —0.29° for humerothoracic
internal-external rotation [57] was reported. Furthermore, Ertzgaard
et al. (2015) described a proportional error of 2° for humerothoracic
abduction-adduction and internal-external rotation, and of 0.01° for
flexion-extension [57]. Morrow et al. (2016) described a general in-
verse proportional error, with an association of r> = 0.55 for the pro-
portional error of the shoulder [42]. The relation between humer-
othoracic joint angles measured with IMUs and those from the reference
system was further assessed using correlation coefficients (r). For hu-
merothoracic joint angles, r was, as reported in three studies
[13,29,44], higher than 0.91.

The agreement (repeatability) and reliability of IMU-based humer-
othoracic joint angles was exclusively investigated in healthy persons.
The repeatability was assessed using the CMC,, i.e. the inter-session
agreement as defined by Kadaba et al. (1989) [48,56] and the m-index
and r-index based on intrinsic and extrinsic error, as proposed by
Schwartz et al. (2004) [48,58]. Results indicated lower CMC, for ab-
duction-adduction and external-internal rotation (0.63-0.92) than for
flexion-extension (=0.96) [48]. The m-index (the mean of the extrinsic
error) was between 5.8°-7.6° for flexion-extension, 4.9°-6.3° for ab-
duction-adduction, and 6.1°—12° for internal-external rotation [48].
The r-index (the ratio of the mean extrinsic error over the mean in-
trinsic error) was between 1.2°-1.9° for flexion-extension, 1.4°-1.9° for
abduction-adduction, and 1.4°-3.1° for internal-external rotation [48].
Reliability of the IMU-assessment of humerothoracic joint angles was
assessed using Intraclass Correlations Coefficients. ICCs for humer-
othoracic abduction-adduction (within-session, ICC(3 1) [16], external-
internal rotation (inter-observer, ICC type not specified) [18] and ele-
vation angle (between-session, ICC(2 x)) [22] were 0.96, 0.68-0.88, and
0.98 respectively.

3.9.2. Scapulothoracic joint angles

The agreement (reproducibility) between scapulothoracic joint an-
gles acquired via an IMU-based measurement and via an optoelectronic-
based assessment was assessed by Parel et al. (2014), in healthy per-
sons, by means of RMSE and LoA analysis [37]. RMSE values were
lower than 5° for medial-lateral rotation (until 120° of arm flexion and
100° of abduction), below 10° for protraction-retraction and below 11°
for anterior-posterior tilt [37]. For medial-lateral rotation, the LoA bias
had a small average value of 1.21 during arm flexion and 1.25 for arm
abduction. The protraction-retraction LoA bias had a maximum value of
8.8° for flexion-extension and 5.8° for abduction. For anterior-posterior
tilt, the LoA bias was negative. The coefficient of repeatability (CR)
ranged for scapulothoracic protraction-retraction, medial-lateral rota-
tion and anterior-posterior tilt between 1 and 10, 1-8 and 2-13, re-
spectively [37]. For scapulothoracic medial-lateral rotation, this CR as
calculated between the protocols (‘CR between’) was smaller than the
CR as calculated within the IMU protocol or the opto-electronic-based
protocol (‘CR within’). For scapulothoracic protraction-retraction, the
‘CR between’ values were only smaller than the ‘CR within’ values for
arm flexion below 70° and arm abduction below 100°. For tilt, the ‘CR
between’ values were larger than the ‘CR within’ values across all
motions [37].

The agreement (defined as ‘repeatability’ in case of measurements
made by one instrument/one observers, and as ‘reproducibility’ in case
of different observers) and reliability of the IMU assessment for sca-
pulothoracic joint angles was assessed in healthy persons, with the
exception of Parel et al. (2012), who included persons with shoulder
disorders [38]. Intra-protocol repeatability was assessed by means of
RMSE values, standard error of the measurement (SEMs) and LoA
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analysis [37]. Reported RMSE values were below 5° [37], SEMs ranged
between 1.2°-3.9°, 1.8°-3.4° and 1.4°-2.8° for scapulothoracic pro-
traction-retraction, medial-lateral rotation and anterior-posterior tilt,
respectively, and LoA biases were within 1° for all scapulothoracic ro-
tations. The CR increased with increased humerothoracic elevation,
with average values across all scapulothoracic motions within 2° [37].

Intra- and inter-operator agreement (‘repeatability’ and ‘reproduci-
bility’, respectively) of scapulothoracic joint angle assessment by means
of IMUs was assessed by Parel et al. (2012) by means of the CMC,,
smallest detectable differences (SDDs) and SEMs [38]. Intra- and inter-
observer CMC, values for scapulohumeral waveforms were between
0.85-0.96 and 0.87-0.95 for the sagittal and scapular plane respec-
tively (with a SD of 0.04 to 0.11) [38]. Concurrent SDDs ranged be-
tween 4.48° and 8.68° for the inter-operator agreement and between
4.98° and 8.58° for the intra-operator agreement [38]. van den Noort
et al. (2014) also reported intra- and inter-observer SDDs and SEMs
[40]: intra- and inter-observer SEMs were for scapulothoracic medial-
lateral rotation and anterior-posterior tilt lower than 5° (except for
intra-observer posterior tilt at high humeral elevation angles). Intra-
observer SEMs for protraction-retraction (range 4°—5°) were lower
than inter-observer SEMs (range 5°-8°) across all humeral elevation
angles [40]. For protraction-retraction, inter-observer SEMs were
higher than intra-observer SEMs [40]. Inter- and intra-observer SDDs,
as reported by van den Noort et al. (2014) ranged between 5° and 21°
for inter-operator agreement and between 3° and 14° for the intra-op-
erator agreement [40].

Finally, van den Noort (2014) assessed intra- and inter-observer
reliability of scapulothoracic movement, using ICCs (type of ICC not
specified)[40]. Both during arm flexion and arm abduction, intra- and
inter-operator ICCs were comparable, especially for scapulothoracic
protraction-retraction (ICC 0.65-0.85) and medial-lateral rotation
(0.56-0.91). Lowest reliability was found for anterior-posterior tilting
during arm flexion and abduction (ICC < 0.40 at 0° and 30° of arm
elevation) [40].

3.9.3. Other outcomes

Apart from joint angles, other outcomes based on kinematic output
from IMUs were reported, such as glenohumeral joint center [47], arm
posture detection [17], arm movement detection [27,30], joint force
and moment [19], shoulder trajectory [25], arm use [32] and kinematic
scores based on angular velocity and acceleration [31,34-36]. These
outcomes and their agreement (‘reproducibility’) results are reported in
Table 2. Additionally, in the study of Pichonnaz et al. (2017), the in-
ertial sensor system was used as reference system for the validation of a
kinematic score based on angular velocity and acceleration as measured
by a smartphone [33].

Furthermore, mainly ‘reliability’ is assessed for the other outcomes.
The within-session ICC(2,1) for “Angular velocity” was 0.97 in healthy
persons [22]. ICCs(3,k) for “angular Exposure Variation Analysis
(EVA)” and “angular velocity EVAs” ranged in healthy persons between
0.77 and 0.97 [57]. The “kinematic scores based on angular rate and
accelerations” had ICCs(2,1) of 0.94 and 0.95 (inter-observer), and 0.90
and 0.91 (intra-observer) respectively in persons with shoulder dis-
orders [36]. Only Picerno et al. (2015) reported the agreement of the
“torque time curve” in healthy persons by means of the intra-protocol
coefficient of multiple determination [56](CMD = 0.87) [22]. Crabolu
et al. (2017) reported the error in the estimation of the glenohumeral
joint center by means of a study specific error term, Egp, ranging be-
tween 5.3-19 mm in healthy persons [47].

3.10. Results of comparative studies

Thirteen studies assessed differences between study protocols, study
groups or between pre- and post-intervention  status
[8,17,20,21,26,29,30,32,34,35,39,45,48]. Results of these comparative
studies can be found in Table 3.
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Table 2

Agreement (reproducibility) of reported IMU-outcomes, other than joint angles.

Gait & Posture 57 (2017) 278-294

Author, year of publication

Reported outcome parameter

Results of applied statistical tests considering the shoulder

Opto-electronic kinematic
system as reference

Coley et al., 2008

Duc et al., 2013*a

Khurelbaatar et al., 2015

Koda et al., 2010

Magnetic resonance imaging as
reference

Crabolu et al, 2047

Clinical scores as reference
Jolles et al., 2011 *

Korver, Heyligers et al., 2014

Korver,Senden et al., 2014b *

Pichonnaz, Duc et al., 2015a *

Pichonnaz, Lécureux et al.,
2015b *

Arm posture detection
Arm movement detection

Joint force
Joint moments
Shoulder trajectory

Glenohumeral joint center estimation

Kinematic scores based on angular velocity and accelerations, i.e. range of
angular velocity score, moment score, power score

Kinematic scores based on angular velocity and accelerations, i.e. COMP score
(product of angular rate and acceleration) and angular rate score

Kinematic scores based on angular velocity and accelerations, i.e. asymmetry
angular rate score between both shoulders of same subject, and relative
asymmetry angular rate score with regards to a healthy reference database
Arm usage

Kinematic scores based on angular velocity and accelerations, i.e. back-bulb
score

Overall sensitivity of 91%
Overall specificity of 98%
Overall sensitivity of 96%
Overall specificity of 98%
RMSE: 6%, r: 0.8

RMSE: 24%, r: 0.5

RMSE: 0.1-0.15m, r: 0.73-0.96

Study-specific error term E: 11.2-38.5 mm

r: 0.61-0.80 (VAS pain, STT, DASH, ASES, Constant score)
COMP score:

- sensitivity of 84%

- specificity of 85%
Angular rate score:

- sensitivity of 98%

- specificity of 81%

r < 0.25 (DASH and SST)

r: 0.39 (DASH); r: 0.32 (SST)

No significant correlations between DASH, SST and relative
Constant score across all stages
r: 0.51-0.77 (DASH, SST, Constant score)

Visual observation as reference
Rawashdeh et al., 2016
gestures occur

Detection and classification approach to count number of times certain motion

Sensitivity of 97%
Specificity of 94%

Bland-Altman statistics: average difference between
algorithm and observation for throwing: —0.45: for
volleyball hits: —0.55

RMSE: Root mean square error; r: correlation coefficient; VAS: visual analogue scale; SST: simple shoulder test; DASH: disabilities of the arm, shoulder and hand questionnaire; ASES:

American Shoulder and Elbow Surgeons shoulder score.
@ indicates studies involving persons with shoulder disorders.

4. Discussion

Being able to objectively measure shoulder function and perfor-
mance in an easy, unconstraint way during daily, functional activities,
would improve the quality of evaluation in clinical research and prac-
tice. IMU-based measurements have the potential for such easy-to-
perform and functional evaluations since IMU-systems are portable and
do not suffer from complexity, space-constraints and expensiveness.

By placing an IMU on each body segment of interest, the relative
motion between two consecutive segments can be calculated, and re-
levant and interpretable IMU-outcomes such as joint angles can be
calculated. However, some considerations should be taken into account
when using IMUs. Firstly, although the orientation of an IMU can be
estimated by integration of the angular velocity measured by its tri-
axial gyroscope, this process is prone to orientation drift problems [59].
In an attempt to resolve this, tri-axial accelerometers and magnet-
ometers are included in IMUs to simultaneously estimate the sensor
inclination with respect to the earth’s vertical axis (based on gravita-
tional acceleration) and the sensor’s heading with respect to the mag-
netic north. Combining the three estimates (orientation by gyroscope,
inclination by accelerometer and heading by magnetometer) is thus a
prerequisite for a stable orientation measurement over time. Secondly,
since IMUs suffer for ferromagnetic drift due to nearby metal objects
[60,61], ferrous materials in the close neighborhood should be avoided.
Lastly, an accurate sensor-to-segment calibration is essential to
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establish the relation between each IMU’s technical coordinate system
and the corresponding human segment on which it is attached (segment
coordinate system) [46]. Given the above-mentioned caveats with re-
gard to the use of IMUs, studies assessing the psychometric properties of
IMUs in terms of reliable and stable measurements over time and in
terms of validity, are essential. In this review, these properties are as-
sessed in 27 of 37 papers.

Another challenge for the use of IMUs in clinical shoulder research
and practice is the translation from a technical tool to a clinical valu-
able tool. Proper determination of clinically relevant outcome variables
complying with the needs of therapists in ambulatory practice is es-
sential. Relevant outcomes from both a therapist’s and a patient’s point
of view (e.g. arm use) were identified in this review.

In this discussion, methodological study considerations are de-
scribed, followed by an integrated interpretation of results based on the
studies with substantial and high quality. Finally, recommendations for
future research are given.

4.1. Methodological considerations

Despite most papers (81%) were of substantial or high quality based
on the Downs and Black checklist, methodological issues should be
considered.

With regard to the included participants, the age-difference between
healthy persons and persons with shoulder complaints in the
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Table 3

Results of comparative studies.

Gait & Posture 57 (2017) 278-294

Author, year of
publication

IMU- outcome

Results

Joint angles
Bouvier et al., 2015

Cutti et al, 2014

Pellegrini et al, 2016

van den Noort et al.,
2015 ?

Roldan-Jimenez and
Cuesta-Vargas, 2016

Other outcomes
Coley et al., 2007 °

Coley, Jolles, Farron,
Pichonnaz, Bassin,
Aminian, 2008

Crabolu et al., 2017

Cutti et al, 2016 *

3D humerothoracic kinematics during
lab-based assessments

Monolateral and differential prediction
bands and intervals for scapulohumeral
movement patterns and resting
orientation

3D scapulohumeral coordination
patterns

3D scapulothoracic kinematics during
lab-based assessments

3D glenohumeral and scapulothoracic
joint angles and accelerations during
lab-based assessments

Kinematic scores based on humeral
angular velocity and acceleration during
lab-based assessments

Arm position in terms of duration and
frequency during long-term daily life
monitoring

Gleno-humeral joint center

Scapula-weighted Constant Murley
Score

Comparison of three classes of calibrations:
segment axes equal to technical axes (TECH),
segment axis generated during a static pose,
segment axis generated during functional
movements

- Comparison between non-parametric Bootstrap
approach and two parametric Gaussian methods to
provide reference data for scapulohumeral patterns
- Comparison between age-groups

- Comparison of throwing side and contralateral
side of baseball pitchers to age-stratified reference
bands

- Comparison of the throwing side before and after
a 4week stretching or control protocol

Comparison between single and double anatomical
calibration (scapula locator) versus standard
calibration (sensor alignment to spina scapulae)

Comparison between younger and older healthy
adults

Comparison between healthy controls and persons
after surgery

Comparison between pre- and postsurgical
measurements in patients
Comparison between dominant and non-dominant

arm side

Comparison between estimation methods and
experimental conditions

- Comparison between Scapula-weighted Constant-
Murley Score and the original Constant-Murley
Score

- Comparison of Scapula-weighted Constant-Murley
Score between 4 different post-surgical time points
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- The TECH calibration appeared less precise than
the other calibrations for humerothoracic internal-
external rotation during arm elevation in the sagittal
and scapular plane

- A mean coverage for Bootstrap from 86% to 90%,
compared to 67%-70% for parametric prediction
bands and 87%-88% for parametric intervals

- Bootstrap prediction bands showed a distinctive
change in amplitude and mean pattern related to
older age, with an increase toward scapula
retraction, lateral rotation and posterior tilt

- Both the throwing shoulder and the contralateral
shoulder are within the age-stratified reference
bands

- 4 out of 6 pitchers that received stretching showed
clear signs of scapulohumeral alterations, all toward
the reference band mean patterns, indicating an
improvement of the scapulohumeral coordination of
the throwing side after stretching

- Single and double calibration resulted in the
measurement of more anterior tilt for all elevation
angles during anteflexion and abduction.

- Single and double calibration showed 7° less
protraction and double calibration resulted in the
measurement of more lateral rotation at higher
abduction angles as compared to standard
calibration (no significant differences)

- During abduction movement, less glenohumeral
flexion-extension and ab-adduction angular mobility
and acceleration was found in older versus younger
adults. Linear acceleration was furthermore higher
for glenohumeral in-external rotation in older versus
younger adults.

- During flexion movement, less glenohumeral
abduction angular mobility and less flexion-
extension acceleration was found in older versus
younger adults. For glenohumeral in-external
rotation, linear acceleration was furthermore higher
in older versus younger adults.

- During abduction and flexion movement, less
scapulothoracic pro-retraction and acceleration was
seen in older versus younger healthy adults

- During flexion movement, more scapulothoracic
medial-lateral angular mobility was seen in younger
versus older adults

- Significantly between the pre-surgical and post-

surgical measurements at 3 and 6 months post-

surgery in persons with shoulder pathology.

- Significant differences between healthy persons

and persons with shoulder pathology at each

measurement (pre-surgical measurement and post-

surgical measurements)

- Arm position in terms of duration and frequency

did not differ between dominant and non-dominant

arm sides in healthy persons

- No differences in gleno-humeral joint center

estimation between experimental conditions were

found.

- the highest accuracy and precision is found for a

variant of the ‘null acceleration point’ algorithm

proposed by Crabolu et al (2016)

- Both scores were significantly different, with

differences between the estimated marginal means

increasing from 6.5 to 10.25 points at 45 days

and > 6 months after arthroscopically rotator cuff

surgery respectively

- At each time point (45 days, 70 days, 90 days, and

after 6 months), the Scapula-weighted Constant-

Murley Score was significantly different from each
(continued on next page)
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Table 3 (continued)
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Author, year of IMU- outcome

publication

Results

Duc et al., 2013 * Quantity and quality of arm use as
measured during daily routine

monitoring

after surgery

Comparison between pre- and postsurgical
measurements in patients

Jolles et al., 2011 *° Kinematic scores based on humeral
angular velocity and acceleration during

lab-based assessments

after surgery

Comparison between pre- and postsurgical
measurements in patients

Korver, senden et al.,
2014 ¢

Asymmetry and relative asymmetry

scores during lab-based assessments after surgery

Comparison between pre- and postsurgical
measurements in patients

Pichonnaz, duc et al.,
2015 *

Arm usage
after surgery

Comparison between pre- and postsurgical
measurements in patients

Comparison between healthy controls and persons

Comparison between healthy controls and persons

Comparison between healthy controls and persons

Comparison between healthy controls and persons

other (p < 0.000). Differences between 45 days and
the other time points were above the MCID. Effect
sizes were > 0.80

- Quantity of arm use was different between patients
and controls at three months post-surgery

- Quality of arm use was different between patients
and controls at three and six months post-surgery

- Quantity of arm use illustrated a change in arm
dominance due to the shoulder disorder whereas
movement quality appeared to be independent of
dominance and occupation and showed a change in
movement velocity

- Significantly between the pre-surgical and post-
surgical measurements at 3, 6 and 12 months after
surgery in persons with shoulder pathology

- Significant differences between healthy persons
and persons with shoulder pathology at each
measurement (pre-surgical measurement and post-
surgical measurements)

- Patients had during a pre-surgical measurement
significantly higher asymmetry and relative
asymmetry scores than healthy subjects

- A significant decreased asymmetry and relative
asymmetry score (improvement) was seen five years
after treatment in patients

- At 3 months post-surgery, shoulder patients had a
significant arm underuse of 10.7% in comparison to
healthy controls

- The patients only recovered to normal arm usage
within 12 months, regardless of surgical side

@ indicates studies involving persons with shoulder disorders.

comparison studies was remarkably high, i.e. on average 31 ( + 8)
versus 55 ( = 5) years of age for healthy persons and persons with
shoulder complaints, respectively. Younger controls were recruited to
ascertain that no unrecognized shoulder pathology was apparent
[30,35]. However, this age-difference makes result-interpretation not
straightforward, as it is clearly indicated by Cutti et al. (2014) and
Roldan-Jimenez and Cuesta-Vargas (2016) that shoulder kinematics are
depending of age (Table 3) [20,45]. As such, it is not clear whether the
reported study-results are either age-related or related to the shoulder
disorder. Since the reported kinematic scores are furthermore calcu-
lated relative to the non-painful shoulder in shoulder patients (above 50
years of age) [29], it is clear that the healthy control population should
also have been recruited from the same age category.

This review furthermore clearly indicates that no IMU-based kine-
matic research currently focusses towards the measurement of the
shoulder as a part of the upper limb chain in shoulder patients. Since
the shoulder consists of three separate joints (i.e. the sternoclavicular
and acromioclavicular joint and the glenohumeral joint) and one
pseudo-articulation (i.e. the scapulothoracic joint), which move by
coordinated muscular actions in close cooperation with each other and
with the elbow and trunk, this is a shortcoming for clinical decision-
making and to plan therapy in case of shoulder disorders. Furthermore,
this review demonstrated that 26 of the included papers (70%) only
provided joint angels and derivative kinematic scores based on the
movement of the humerus relative to the thorax (humerothoracic),
thereby neglecting part of the degrees of freedom in the shoulder
complex, i.e. the movement of the scapula relative to the thorax (sca-
pulothoracic) and to the humerus (glenohumeral). Unfortunately, ki-
nematic parameters derived from the non-specific humerothoracic
movement are only of limited clinical value as they give no indication
whether impaired or altered movement is situated either in the gleno-
humeral or the scapulothoracic joint, which is important information
for adopting rehabilitation strategies toward the specifically impaired

joint. Eleven papers (30%) did describe specific outcomes of the sca-
pulothoracic or glenohumeral joint. Apart from two papers [14,15], all
these papers were highly qualitative research, mainly on agreement/
reliability of scapulothoracic joint angle assessment [37-40,47], sca-
pulothoracic reference data [20], age-related differences in scapu-
lothoracic joint kinematics by means of IMUs [20,45] and the devel-
opment of a modified Constant-Murley Scale, including scapulothoracic
kinematic information [8]. All above-mentioned research only applied
a kinematic measurement protocol consisting of analytical movements
(arm elevation in different movement planes). Since evidence suggest
that analytical measurements do not resemble real life daily move-
ments, this might seem like a shortcoming [62]. However, although
standardized movements are not representative of daily living tasks,
their proper execution is a foundation for proper daily living move-
ments. Arm elevation is an easy to perform, non-invasive, but sensitive
task that provides valuable information on scapular changes associated
with shoulder pathology [7,63]. It is an easy way to have a benchmark
to compare different subjects that can be used in clinical practice, in
contrast to daily living tasks which are more difficult to standardize and
do vary in importance among persons. Furthermore, in the management
of altered glenohumeral and scapulothoracic motor control in persons
at risk for developing shoulder pathology and/or pain, arm elevation is
the first dynamic movement that will be trained [64].

The applied methodology, terminology, and statistics, and the re-
ported results of several included agreement/reliability studies ask for
discussion. IMU-based joint angles are often compared to joint angles of
opto-electronical reference assessments. There are guidelines for-
mulated by the International Society of Biomechanics for the analysis of
three-dimensional movement of the upper limb [65]. The majority of
validity studies included in this review however failed to adhere to
these guidelines, making the reported validity results of limited value
[14,19,24,25,41,48]. Another methodological inaccuracy in several
studies is that only one sensor, located on the humerus, was applied to
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calculate kinematic scores based on humeral acceleration and angular
rate [13,17,18,22,25,29,31,32,34,36]. In this, it is assumed that the
thorax does not move during the measurement, which seems however
unrealistic. With regard to terminology, the terms repeatability,
agreement, reliability and reproducibility were often erroneously and
inconsistently used [16,22,57]. Furthermore, inappropriate statistics
were often applied to assess these constructs. Regarding reliability
statistics, the value of the reported ICCs is limited as they were reported
without measurement errors [16,18,22,36,57]. Since ICCs are influ-
enced by the inter-subject variability, poor reliability can be hidden by
great inter-subject variability. As such, ICCs should always be inter-
preted together with their measurement errors [66]. To assess overall
waveform similarities, the intra- and inter-protocol coefficients of
multiple correlation (CMC) were used [55,56]. In general, the CMC
measures the overall similarity of waveforms. The original within- and
between-day (intra- and inter-session, respectively) CMC (taking con-
current effects of differences in offset, correlation, and gain into ac-
count) [56], was reformulated by Ferrari et al. (2010) [55] to assess the
inter-protocol similarity, i.e. to investigate the effect of different mea-
surement systems on waveform similarity. As such, it is important to
formulate which type of CMC was used in the analysis. This was
properly done by Bouvier et al. (2015) [48], Fantozzi et al. (2015)[44],
Picerno et al. (2015) [22] and Parel et al. (2012) [38]. These studies
furthermore reported CMCs together with their measurement errors
[22,38,41,48]. To end, data was in some studies interpreted based on a
non-statistical analysis, i.e. it was purely done by means of on data-
observation [15,18,29].

4.2. Integrated result interpretation

4.2.1. Scapulothoracic and glenohumeral joint angles

High quality research was performed on the repeatability, re-
producibility and reliability of scapulothoracic joint angle assessment
by means of IMUs by Parel et al. (2012, 2014) and van den Noort et al.
(2014, 2015) [37,38,40,49]. In their papers, the ISEO protocol was
applied [10] which was based on three inertial sensors located on the
thorax, scapula and humerus, and categorized on the ICF function level.
In this protocol, a standard calibration procedure (sensor-to-segment
calibration) was applied. This means that the sensor is aligned per-
pendicular with the spina scapulae while standing in static upright
posture. Results indicated high intra-protocol agreement (intra-ob-
server ‘repeatability’) and reliability (as assessed with SEM [40], RMSE
and LoA [37], and ICC [40]), high inter-observer agreement (‘re-
producibility’) and reliability (as assessed by SEM [38,40], CMC, and
concurrent MDD values [38] and ICC [40]) and good inter-protocol
agreement (as assessed with RMSE and LoA) for scapulothoracic
medial-lateral rotation up to 120° of elevation in the sagittal and frontal
plane [37]. Scapulothoracic protraction-retraction was in agreement
between protocols for a smaller range of humeral elevation [37].
However, in this last study, very strict conditions for inter-protocol
agreement were followed [37]. Furthermore, van den Noort et al.
(2015) evaluated the effect of additional calibration, by means of a
scapula locator with an inertial sensor [39], on scapulothoracic joint
angles. Additional calibration resulted in similar protraction and lateral
rotation angles during arm elevation in the frontal and sagittal plane
and increased anterior tilt in all elevation angles [39]. These results
might indicate that, when using the standard ISEO-protocol calibration,
anterior tilt angles can be under-estimated [39]. It might be of interest
to further investigate in which situations the application of such an
additional calibration is of interest, like in persons with higher body
mass indexes where soft-tissue artefacts can be expected [39].

Furthermore, the paper of Cutti et al. (2014) on reference values of
scapulothoracic joint angles, assessed by means of the ISEO protocol, is
highly valuable from both a clinical and research perspective [20,67]. It
provides monolateral and differential reference data of different age-
categories, which are fundamental for the assessment of kinematics of

292

Gait & Posture 57 (2017) 278-294

pathologic shoulders and can be used to further fine-tune rehabilitation
strategies based on rehabilitation outcomes. Moreover, based on this
work [20], a modified version of the Constant-Murley Score could be
developed, i.e. the Scapula-Weighted Constant-Murley Score [8] which
accounts for scapulothoracic movement as assessed by the ISEO-pro-
tocol. In this Scapula-Weighted Constant-Murley Score, two factors
which are calculated based on kinematic scapulothoracic data of an
individual with respect to the reference values as reported in [20], were
added to the original Constant-Murley Score. The fact that the Scapula-
Weighted Constant-Murley Score is responsive to change and measures
differences which are higher than the minimal clinical important dif-
ference [8], makes it appropriate to use in rehabilitation.

4.2.2. Humerothoracic joint angles

Based on research with substantial to high quality, the maturity of
IMUs to measure humerothoracic joint angles with sufficient reliability
and intra- and inter-protocol agreement, was only assessed and proven
to a limited extend. During an analytical measurement protocol, intra-
and inter-protocol agreement was low for humeral internal/external
rotation [48], and reliability results were high for ab-adduction [22].
During functional movement protocols in a laboratory setting, inter-
protocol agreement for the three humerothoracic rotations seemed
good but reliability or repeatability results were lacking
[24,25,29,44,57]. In a long-term field assessment, i.e. daily parlour
work [41], the intra- and inter-protocol agreement of the degree of
shoulder elevation was reported to be acceptable. However, 3D hu-
merothoracic joint angles were not examined.

Yet, apart from the incomplete data about the psychometrics of
IMUs to measure humerothoracic joint angles, there is only limited
added value for humerothoracic joint angle measurement in the as-
sessment of shoulder function, i.e. there is only clinical relevance if a
distinction between humerothoracic and glenohumeral joint angles is
made.

4.2.3. Other outcomes

Low to moderate agreement results (i.e. results from correlation
analysis, as summarized in Table 2) and high discriminative validity
results (i.e. results from the comparative studies, as summarized in
Table 3) indicate that other outcomes, such as quantity and quality of
arm use [30-32], might have an added value to assess arm function,
next to currently used questionnaires. However, whether these scores
and outcomes can be assessed reliable and in a repeatable manner is
currently not known. Furthermore, as mentioned above, the clinical
value of these outcomes is limited since they are not able to differ-
entiate between glenohumeral or scapulothoracic functioning. Fur-
thermore, apart from Jolles et al. (2011) [35], all research on these
other outcomes only applied a humeral sensor to make their calcula-
tions.

4.2.4. Future directions

Portable sensors do not suffer from space constraints, and thereby
make in-field measurements possible, e.g. in ambulatory settings, work
places, sport centers, patients home, etc. This was already the case for
several measurements, which were included in this review, e.g.
[8,20,26-28,30,32,38,43]. Future research using IMUs should thus
further profit from this advantage of IMUs. Constraint analytical tasks
do not resemble daily living tasks. Ideally, future assessment protocols
are developed for patient-specific functional tasks and are combined
with long-term monitoring of shoulder characteristics during daily ac-
tivities. This objective information would enhance shoulder evaluation
as it assesses the natural and voluntary movement of the patient in an
unconstrained setting. However, the repeatability and reproducibility
from such functional protocols has to be assessed first.

The evaluation of shoulder functionality based on IMUs should
furthermore go further than the assessment of joint angles, range of
motion and outcomes based on velocity and acceleration. The outcomes
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‘movement smoothness’, ‘movement path’ and ‘trajectory length’ might
to be considered as well since they might also represent the functional
status of a joint [68]. These parameters are already assessed in neuro-
logical disorders, such as stroke, but are probably also relevant para-
meters in musculoskeletal rehabilitation, in case of motor control dis-
orders, like scapular dyskinesia or secondary subacromial
impingement. Furthermore, outcomes should be chosen in accordance
with the specific needs of the clinician. Range of motion is probably
more important in pathologies such as frozen shoulder, whereas tra-
jectory length and movement fluency are of value when motor control
is impaired. Finally, outcomes from multiple segments in the upper
limb chain (trunk, shoulder complex, elbow), or at least from all seg-
ments being part of the shoulder complex (trunk, scapula, humerus),
need to be captured. Results of all segments can then be integrated to
enhance correct clinical decision making and therapy planning.

5. Conclusion

In conclusion we can state that different IMU-outcomes are in-
troduced and assessed during protocols located on the ICF function and
activity level. Scapulothoracic joint angles can be assessed in a re-
peatable, reliable and reproducible manner, and a scapulothoracic va-
luable reference data set of different age categories is available.
Furthermore, a questionnaire, which takes scapulothoracic kinematics
into account, is developed. Former results are moreover assessed in
highly qualitative papers. However, the clinical relevance of most re-
search is still limited due to (1) methodological limitations in terms of
correct psychometric properties assessment, (2) the focus on the hu-
merothoracic joint instead of the scapulothoracic and glenohumeral
joint, (3) the limited research assessing the complete upper limb chain
in shoulder patients and (4) the limited number of high quality study
protocols located on the ‘actual performance sublevel’ of the ICF ac-
tivity level. As such, the assessment of the whole upper limb chain,
including the scapulothoracic and glenohumeral joint, during analytical
and functional tasks, might be implemented in future research to pro-
vide clinical meaningful information for shoulder research and clinical
practice.

Conflict of interest statement
None to declare.
Acknowledgements

This study is part of the Limburg Clinical Research Program (LCRP)
UHasselt-ZOL-Jessa, supported by the foundation Limburg Sterk Merk,
province of Limburg, Flemish government, Hasselt University,
Ziekenhuis Oost-Limburg and Jessa Hospital. The funding organizations
did not have a contribution to the creation of this systematic review.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.gaitpost.2017.06.025.

References

[1] J.J. Luime, B.W. Koes, 1.J. Hendriksen, A. Burdorf, A.P. Verhagen, H.S. Miedema,
et al., Prevalence and incidence of shoulder pain in the general population; a sys-
tematic review, Scand. J. Rheumatol. 33 (2004) 73-81.

F. Struyf, J. Nijs, S. Mottram, N.A. Roussel, A.M. Cools, R. Meeusen, Clinical as-
sessment of the scapula: a review of the literature, Br. J. Sports Med. 48 (2014)
883-890.

P.L. Hudak, P.C. Amadio, C. Bombardier, Development of an upper extremity
outcome measure: the DASH (disabilities of the arm, shoulder and hand) [cor-
rected], The Upper Extremity Collaborative Group (UECG). American journal of
industrial medicine 29 (1996) 602-608.

[4] S.B. Lippitt, HDI, F.A. Matsen III, A practical tool for evaluation function: the simple

[2]

[3]

293

[5]
[6]

[71

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Gait & Posture 57 (2017) 278-294

shoulder test, in: F.A. Matsen, IIIR.J. Hawkins (Eds.), The Shoulder: A Balance of
Mobility and Stability, American Academy of Orthopaedic Surgeons, Rosemont, IL,
1933, pp. 501-518.

C.R. Constant, A.H. Murley, A clinical method of functional assessment of the
shoulder, Clin. Orthop. 16 (1987) 0-4.

L.A. Michener, P.W. McClure, B.J. Sennett, American shoulder and elbow surgeons
standardized shoulder assessment form, patient self-report section: reliability, va-
lidity, and responsiveness, J. Shoulder Elbow Surg. 11 (2002) 587-594.

P.M. Ludewig, T.M. Cook, Alterations in shoulder kinematics and associated muscle
activity in people with symptoms of shoulder impingement, Phys. Ther. 80 (2000)
276-291.

A.G. Cutti, L. Parel, A. Pellegrini, P. Paladini, R. Sacchetti, G. Porcellini, et al., The
Constant score and the assessment of scapula dyskinesis: proposal and assessment of
an integrated outcome measure, J. Electromyogr. Kinesiol. 29 (2016) 81-89.

L. De Baets, S. Van Deun, K. Desloovere, E. Jaspers, Dynamic scapular movement
analysis: is it feasible and reliable in stroke patients during arm elevation? PLoS One
8 (2013) e79046.

A.G. Cutti, A. Giovanardi, L. Rocchi, A. Davalli, R. Sacchetti, Ambulatory mea-
surement of shoulder and elbow kinematics through inertial and magnetic sensors,
Med. Biol. Eng. Comput. 46 (2008) 169-178.

D. Moher, A. Liberati, J. Tetzlaff, D.G. Altman, Preferred reporting items for sys-
tematic reviews and meta-analyses: the PRISMA statement, PLoS Med. 6 (2009)
e1000097.

S.H. Downs, N. Black, The feasibility of creating a checklist for the assessment of the
methodological quality both of randomised and non-randomised studies of health
care interventions, J. Epidemiol. Community Health 52 (1998) 377-384.

M. El-Gohary, J. McNames, Shoulder and elbow joint angle tracking with inertial
sensors biomedical engineering, IEEE Trans. on 59 (2012) 2635-2641.

F. Lorussi, N. Carbonaro, D. De Rossi, A. Tognetti, A bi-articular model for scapular-
humeral rhythm reconstruction through data from wearable sensors, J. Neuroeng.
Rehabil. 13 (2016) 40.

C. Roldan-Jimenez, A.I. Cuesta-Vargas, Studying upper-limb kinematics using in-
ertial sensors: a cross-sectional study, BMC Res. Notes 8 (2015) 532.

C. Schiefer, T. Kraus, R.P. Ellegast, E. Ochsmann, A technical support tool for joint
range of motion determination in functional diagnostics — an inter-rater study, J.
Occupat. Med. Toxicol. (London, England) 10 (2015) 16.

B. Coley, B.M. Jolles, A. Farron, C. Pichonnaz, J.P. Bassin, K. Arninian, Estimating
dominant upper-limb segments during daily activity, Gait Posture 27 (2008)
368-375.

B. Coley, B.M. Jolles, A. Farron, K. Aminian, Arm position during daily activity, Gait
Posture 28 (2008) 581-587.

T. Khurelbaatar, K. Kim, S. Lee, Y.H. Kim, Consistent accuracy in whole-body joint
kinetics during gait using wearable inertial motion sensors and in-shoe pressure
sensors, Gait Posture 42 (2015) 65-69.

A.G. Cutti, . Parel, M. Raggi, E. Petracci, A. Pellegrini, A.P. Accardo, et al.,
Prediction bands and intervals for the scapulo-humeral coordination based on the
Bootstrap and two Gaussian methods, J. Biomech. 47 (2014) 1035-1044.

A. Pellegrini, P. Tonino, D. Salazar, K. Hendrix, I. Parel, A. Cutti, et al., Can pos-
terior capsular stretching rehabilitation protocol change scapula kinematics in
asymptomatic baseball pitchers, Musculoskel. Surg. 100 (2016) 39-43.

P. Picerno, V. Viero, M. Donati, T. Triossi, V. Tancredi, G. Melchiorri, Ambulatory
assessment of shoulder abduction strength curve using a single wearable inertial
sensor, J. Rehabil. Res. Dev. 52 (2015) 171-180.

P. Ertzgaard, F. Ohberg, B. Gerdle, H. Grip, A new way of assessing arm function in
activity using kinematic Exposure Variation Analysis and portable inertial sensors
— A validity study, Man.Ther. (2015).

S. Kim, M.A. Nussbaum, Performance evaluation of a wearable inertial motion
capture system for capturing physical exposures during manual material handling
tasks, Ergonomics 56 (2013) 314-326.

H. Koda, K. Sagawa, K. Kuroshima, T. Tsukamoto, K. Urita, Y. Ishibashi, 3D mea-
surement of forearm and upper arm during throwing motion using body mounted
sensor, J. Adv. Mech. Design Syst. Manuf. 4 (2010) 167-178.

M.C. Schall Jr., N.B. Fethke, H. Chen, Working postures and physical activity among
registered nurses, Appl. Ergon. 54 (2016) 243-250.

S.A. Rawashdeh, D.A. Rafeldt, T.L. Uhl, Wearable IMU for shoulder injury pre-
vention in overhead sports, Sensors (Basel, Switzerland) (2016) 16.

D. Yu, C. Dural, M.M.B. Morrow, L. Yang, J.W. Collins, S. Hallbeck, et al.,
Intraoperative workload in robotic surgery assessed by wearable motion tracking
sensors and questionnaires, Surg. Endosc. Other Interven. Techniq. 31 (2017)
877-886.

B. Coley, B.M. Jolles, A. Farron, A. Bourgeois, F. Nussbaumer, C. Pichonnaz, et al.,
Outcome evaluation in shoulder surgery using 3D kinematics sensors, Gait Posture
25 (2007) 523-532.

C. Duc, A. Farron, C. Pichonnaz, B.M. Jolles, J.P. Bassin, K. Aminian, Distribution of
arm velocity and frequency of arm usage during daily activity: objective outcome
evaluation after shoulder surgery, Gait Posture 38 (2013) 247-252.

C. Pichonnaz, E. Lecureux, J.P. Bassin, C. Duc, A. Farron, K. Aminian, et al.,
Enhancing clinically-relevant shoulder function assessment using only essential
movements, Physiol. Meas. 36 (2015) 547-560.

C. Pichonnaz, C. Duc, B.M. Jolles, K. Aminian, J.P. Bassin, A. Farron, Alteration and
recovery of arm usage in daily activities after rotator cuff surgery, J. Shoulder
Elbow Surg. 24 (2015) 1346-1352.

C. Pichonnaz, K. Aminian, C. Ancey, H. Jaccard, E. Lécureux, C. Duc, et al.,
Heightened clinical utility of smartphone versus body-worn inertial system for
shoulder function B-B score, PLoS One 17 (2017).

R.J.P. Korver, R. Senden, I.C. Heyligers, B. Grimm, Objective outcome evaluation


http://dx.doi.org/10.1016/j.gaitpost.2017.06.025
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0005
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0005
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0005
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0010
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0010
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0010
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0015
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0015
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0015
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0015
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0020
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0020
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0020
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0020
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0025
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0025
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0030
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0030
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0030
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0035
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0035
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0035
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0040
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0040
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0040
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0045
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0045
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0045
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0050
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0050
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0050
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0055
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0055
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0055
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0060
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0060
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0060
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0065
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0065
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0070
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0070
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0070
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0075
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0075
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0080
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0080
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0080
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0085
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0085
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0085
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0090
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0090
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0095
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0095
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0095
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0100
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0100
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0100
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0105
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0105
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0105
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0110
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0110
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0110
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0115
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0115
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0115
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0120
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0120
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0120
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0125
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0125
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0125
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0130
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0130
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0135
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0135
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0140
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0140
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0140
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0140
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0145
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0145
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0145
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0150
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0150
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0150
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0155
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0155
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0155
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0160
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0160
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0160
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0165
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0165
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0165
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0170

L. De Baets et al.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

using inertial sensors in subacromial impingement syndrome: a five-year follow-up
study, Physiol. Meas. 35 (2014) 677-686.

B.M. Jolles, C. Duc, B. Coley, K. Aminian, C. Pichonnaz, J.P. Bassin, et al., Objective
evaluation of shoulder function using body-fixed sensors: a new way to detect early
treatment failures, J. Shoulder Elbow Surg. 20 (2011) 1074-1081.

R.J. Korver, I1.C. Heyligers, S.K. Samijo, B. Grimm, Inertia based functional scoring
of the shoulder in clinical practice, Physiol. Meas. 35 (2014) 167-176.

1. Parel, A.G. Cutti, A. Kraszewski, G. Verni, H. Hillstrom, A. Kontaxis, Intra-pro-
tocol repeatability and inter-protocol agreement for the analysis of scapulo-humeral
coordination, Med. Biol. Eng. Comput. 52 (2014) 271-282.

1. Parel, A.G. Cutti, G. Fiumana, G. Porcellini, G. Verni, A.P. Accardo, Ambulatory
measurement of the scapulohumeral rhythm: intra- and inter-operator agreement of
a protocol based on inertial and magnetic sensors, Gait Posture 35 (2012) 636-640.
J.C. van den Noort, S.H. Wiertsema, K.M.C. Hekman, C.P. Schonhuth, J. Dekker,
J. Harlaar, Measurement of scapular dyskinesis using wireless inertial and magnetic
sensors: importance of scapula calibration, J. Biomech. 48 (2015) 3460-3468.
J.C. van den Noort, S.H. Wiertsema, K.M. Hekman, C.P. Schonhuth, J. Dekker,

J. Harlaar, Reliability and precision of 3D wireless measurement of scapular kine-
matics, Med. Biol. Eng. Comput. 52 (2014) 921-931.

M.C. Schall Jr., N.B. Fethke, H. Chen, S. Oyama, D.I. Douphrate, Accuracy and
repeatability of an inertial measurement unit system for field-based occupational
studies, Ergonomics 59 (2016) 591-602.

M.M. Morrow, B. Lowndes, E. Fortune, K.R. Kaufman, S. Hallbeck, Validation of
inertial measurement units for upper body kinematics, J. Appl. Biomech. (2016)
1-19.

B. Kirking, M. El-Gohary, Y. Kwon, The feasibility of shoulder motion tracking
during activities of daily living using inertial measurement units, Gait Posture 49
(2016) 47-53.

S. Fantozzi, A. Giovanardi, F.A. Magalhaes, R. Di Michele, M. Cortesi, G. Gatta,
Assessment of three-dimensional joint kinematics of the upper limb during simu-
lated swimming using wearable inertial-magnetic measurement units, J. Sports Sci.
34 (2016) 1073-1080.

C. Roldén-Jiménez, A.I. Cuesta-Vargas, Age-related changes analyzing shoulder
kinematics by means of inertial sensors, Clin. Biomech. 37 (2016) 70-76.

W.H.K. de Vries, H.E.J. Veeger, A.G. Cutti, C. Baten, F.C.T. van der Helm,
Functionally interpretable local coordinate systems for the upper extremity using
inertial & magnetic measurement systems, J. Biomech. 43 (2010) 1983-1988.

M. Crabolu, D. Pani, L. Raffo, M. Conti, P. Crivelli, A. Cereatti, In vivo estimation of
the shoulder joint center of rotation using magneto-inertial sensors: MRI-based
accuracy and repeatability assessment, Biomed. Eng. Online 16 (2017) 34.

B. Bouvier, S. Duprey, L. Claudon, R. Dumas, A. Savescu, Upper limb kinematics
using inertial and magnetic sensors: comparison of sensor-to-Segment calibrations,
Sensors (Basel, Switzerland) 15 (2015) 18813-18833.

J.C. van den Noort, S.H. Wiertsema, K.M. Hekman, C.P. Schonhuth, J. Dekker,

J. Harlaar, Measurement of scapular dyskinesis using wireless inertial and magnetic
sensors: importance of scapula calibration, J. Biomech. 48 (2015) 3460-3468.
URL:http://www.who.int/classification/icf/en/.

1. Lamers, S. Kelchtermans, I. Baert, P. Feys, Upper limb assessment in multiple
sclerosis: a systematic review of outcome measures and their psychometric

294

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]
[66]

[67]

[68]

Gait & Posture 57 (2017) 278-294

properties, Arch. Phys. Med. Rehabil. 95 (2014) 1184-1200.

C. Roldan-Jimenez, A.I. Cuesta-Vargas, Age-related changes analyzing shoulder
kinematics by means of inertial sensors, Clinical Biomech. (Bristol, Avon) 37 (2016)
70-76.

J.C. Van Den Noort, S.H. Wiertsema, K.M.C. Hekman, C.P. Schonhuth, J. Dekker,
J. Harlaar, Effect of scapula locator double calibration on measurement of scapular
kinematics with inertial and magnetic sensors in scapular dyskinesis, Gait Posture
42 (2015) S27.

J.W. Bartlett, C. Frost, Reliability, repeatability and reproducibility: analysis of
measurement errors in continuous variables, Ultrasound Obstetr. Gynecol. 31
(2008) 466-475.

A. Ferrari, A.G. Cutti, A. Cappello, A new formulation of the coefficient of multiple
correlation to assess the similarity of waveforms measured synchronously by dif-
ferent motion analysis protocols, Gait Posture 31 (2010) 540-542.

M.P. Kadaba, H.K. Ramakrishnan, M.E. Wootten, J. Gainey, G. Gorton,

G.V. Cochran, Repeatability of kinematic, kinetic, and electromyographic data in
normal adult gait, J. Ortho. Res.: Off. Public. Ortho. Res. Soc. 7 (1989) 849-860.
P. Ertzgaard, F. Ohberg, B. Gerdle, H. Grip, A new way of assessing arm function in
activity using kinematic Exposure Variation Analysis and portable inertial sensors
— A validity study, Man. Ther. 21 (2016) 241-249.

M.H. Schwartz, J.P. Trost, R.A. Wervey, Measurement and management of errors in
quantitative gait data, Gait Posture 20 (2004) 196-203.

H.J. Luinge, P.H. Veltink, Measuring orientation of human body segments using
miniature gyroscopes and accelerometers, Med. Biol. Eng. Comput. 43 (2005)
273-282.

D. Roetenberg, H.J. Luinge, C.T. Baten, P.H. Veltink, Compensation of magnetic
disturbances improves inertial and magnetic sensing of human body segment or-
ientation, IEEE Trans. Neural Syst. Rehabilit. Eng. 13 (2005) 395-405.

D. Roetenberg, C.T. Baten, P.H. Veltink, Estimating body segment orientation by
applying inertial and magnetic sensing near ferromagnetic materials, IEEE Trans.
Neural Syst. Rehabilit. Eng. 15 (2007) 469-471.

T. Amasay, A.R. Karduna, Scapular kinematics in constrained and functional upper
extremity movements, J. Ortho. Sports Physical Ther. 39 (2009) 618-627.

A.R. Karduna, P.W. McClure, L.A. Michener, B. Sennett, Dynamic measurements of
three-dimensional scapular kinematics: a validation study, J. Biomech. Eng. 123
(2001) 184-190.

M.E. Magarey, M.A. Jones, Dynamic evaluation and early management of altered
motor control around the shoulder complex, Man. Ther. 8 (2003) 195-206.

Q.C. Wy, X.S. Wang, F.P. Du, Analytical inverse kinematic resolution of a redundant
exoskeleton for upper-Limb rehabilitation, Int. J. Humanoid Rob. (2016) 2016.
J.P. Weir, Quantifying test-retest reliability using the intraclass correlation coeffi-
cient and the SEM, J. Strength Cond. Res. 19 (2005) 231-240.

1. Parel, E. Jaspers, D.E.B. L, A. Amoresano, A.G. Cutti, Motion analysis of the
shoulder in adults: kinematics and electromyography for the clinical practice, Eur.
J. Phys. Rehabil. Med. 52 (2016) 575-582.

A. Parnandi, E. Wade, M. Mataric, Motor function assessment using wearable in-
ertial sensors, Conf. Proc.: Ann. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng. Med.
Biol. Soc. Ann. Conf. 2010 (2010) 86-89.


http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0170
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0170
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0175
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0175
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0175
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0180
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0180
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0185
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0185
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0185
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0190
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0190
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0190
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0195
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0195
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0195
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0200
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0200
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0200
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0205
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0205
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0205
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0210
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0210
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0210
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0215
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0215
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0215
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0220
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0220
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0220
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0220
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0225
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0225
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0230
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0230
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0230
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0235
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0235
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0235
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0240
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0240
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0240
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0245
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0245
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0245
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0255
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0255
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0255
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0260
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0260
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0260
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0265
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0265
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0265
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0265
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0270
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0270
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0270
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0275
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0275
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0275
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0280
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0280
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0280
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0285
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0285
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0285
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0290
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0290
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0295
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0295
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0295
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0300
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0300
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0300
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0305
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0305
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0305
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0310
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0310
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0315
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0315
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0315
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0320
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0320
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0325
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0325
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0330
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0330
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0335
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0335
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0335
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0340
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0340
http://refhub.elsevier.com/S0966-6362(17)30248-5/sbref0340

	Shoulder assessment according to the international classification of functioning by means of inertial sensor technologies: A systematic review
	Introduction
	Methods
	Search strategy and study selection
	Risk of bias in individual studies
	Data extraction
	Data synthesis and analysis

	Results
	Systematic search and risk of bias analysis
	Characteristics of included studies
	Patient characteristics
	Classification according ICF-level
	Study designs
	Applied assessment protocol
	Outcome parameters
	Synthesis of study results
	Agreement and reliability results
	Humerothoracic joint angles
	Scapulothoracic joint angles
	Other outcomes

	Results of comparative studies

	Discussion
	Methodological considerations
	Integrated result interpretation
	Scapulothoracic and glenohumeral joint angles
	Humerothoracic joint angles
	Other outcomes
	Future directions


	Conclusion
	Conflict of interest statement
	Acknowledgements
	Supplementary data
	References




