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Abstract: Shoulder kinematics is a measure of interest in the clinical setting for diagnosis, evaluating
treatment, and quantifying possible changes. The aim was to compare shoulder scaption kinematics
between symptomatic and asymptomatic subjects by inertial sensors. Methods: Scaption kinematics
of 27 subjects with shoulder symptomatology and 16 asymptomatic subjects were evaluated using
four inertial sensors placed on the humerus, scapula, forearm, and sternum. Mobility, velocity, and
acceleration were obtained from each sensor and the vector norm was calculated from the three
spatial axis (x,,Z). Shoulder function was measured by Upper Limb Functional Index and Disabilities
of the Arm, Shoulder, and Hand questionnaires. One way ANOVA was calculated to test differences
between the two groups. Effect size was calculated by Cohen’s d with 95% coefficient Intervals.
Pearson’s correlation analysis was performed between the vector norms humerus and scapula
kinematics against DASH and ULFI results in symptomatic subjects. Results: The asymptomatic
group showed higher kinematic values, especially in the humerus and forearm. Symptomatic subjects
showed significantly lower values of mobility for scapular protraction-retraction (Cohen’s d 2.654
(1.819-3.489) and anteriorisation-posteriorisation (Cohen’s d 1.195 (0.527-1.863). Values were also
lower in symptomatic subjects for velocity in all scapular planes of motion. Negative correlation
showed that subjects with higher scores in ULFI or DASH had lower kinematics values. Conclusion:
Asymptomatic subjects tend to present greater kinematics in terms of mobility, velocity, and linear
acceleration of the upper limb, and lower humerus and scapula kinematics in symptomatic subjects
is associated with lower levels of function.

Keywords: shoulder; functional assessment; kinematics; inertial sensors

1. Introduction

The shoulder joint complex consists of four anatomical joints and another virtual
one (subacromial) that gives it excellent mobility [1]. Broad mobility is detrimental to
joint stability [2], making the shoulder prone to several dysfunctions and pathologies [3].
Scapulo-humeral rhythm (SHR) or glenohumeral rhythm was defined by Codman in
1934 [4]. This coordinate movement between the scapula and humerus is needed for efficient
arm movement, the alignment of the glenohumeral joint, and to maximize stability [5].
Different shoulder injuries could produce an alteration of movement [6,7].

Mobility is limited in subjects with chronic shoulder pain, and activities of daily
living are affected [8]. Shoulder kinematics is, therefore, a measure of interest in the clinical
setting [9], since this aspect is important for diagnosis, evaluating treatment and quantifying
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possible changes [10]. In the kinematic field, among the most used devices in recent years
has been inertial sensors, since their small size and portability have overcome the gap
between laboratory systems and those used in the clinic. Moreover, they have shown to
represent a valid, reliable system for movement analysis [11]. In this sense, the application
and development of sensors to monitor physiological and kinematics variablesare under
development. However, the use of the inertial measurement unit (IMU) and other kinds of
sensors requires technical training of the clinician to know the data and to be able to apply
them properly in their professional practice [12].

Shoulder kinematics measured by inertial sensors has been extensively studied. There
is now evidence of the operational feasibility of these devices in various clinical appli-
cations [13]. Their reliability and validity have been reviewed compared to optoelectric
systems in the upper limb, trunk, or lower limb with high validity [11,14], and several pro-
tocols have been developed for analyzing upper limb movements [15], the scapulothoracic,
thoracohumeral, and elbow joints [16], scapula, and SHR [17]. However, once protocols
and validity have been established, there is a need for further research in order to provide
descriptive values that provide information in the clinical setting. Furthermore, although
kinematics covers mobility, velocity, and acceleration [18], previous research has focused
mostly on mobility [19].

One of the planes of motion of most interest is ‘scapular plane elevation’, also called
‘scaption’. Being considered one of the main exercises to stabilize the shoulder joint,
scaption is described with the patient’s arm flexed by 30° with the thumbs positioned
upward [20]; the plane of the scapula and humerus are aligned, which makes SHR and
kinematic measures easier. Given that scaption refers to functional movement patterns
involved in shoulder biomechanics [21], it is an ideal exercise for muscle strengthening
in open chain elevation and beyond the shoulder [19]. In addition, scaption movement
decreases the risk of injury by placing the greater tubercle’s apex under the coracoacromial
arch’s high point [3]. Therefore, scaption is considered the most efficient movement plane
for exercises in the clinical field [22].

Due to the importance of shoulder scaption and affected kinematics in shoulder
injuries, this study hypothesizes that there may be differences in mobility, velocity, and
acceleration between healthy and symptomatic subjects. Hence, this study aimed to
compare upper limb kinematics during shoulder scaption between symptomatic subjects
suffering from shoulder injury and asymptomatic controls using inertial sensors in terms
of mobility, velocity, and acceleration.

2. Materials and Methods
2.1. Participants

This cross-sectional study recruited adult subjects suffering from shoulder injury
(symptomatic group) and adults without shoulder pain (asymptomatic group). The sub-
jects met all inclusion and exclusion criteria and gave informed consent to participate in
the project. The study had ethics approval from the Ethics Committee of the Research
Commission of the Faculty of Health Sciences of the University of Malaga. The principles
of the Declaration of Helsinki were respected.

Patients were recruited from a specialized orthopedics clinic where they had been
previously diagnosed by magnetic resonance imaging [23] and were on the waiting list
for surgery. Subjects were included if they wanted to participate in the study and aged
between 18 and 75 years, as older participants could offer confusing results in the reading
of the inertial sensors due tremors or small motor disorders. Subjects were excluded if
they had any history of surgical intervention, fracture, or previous bone/joint history in
the upper limbs, or if they suffered from any systemic disease related to the shoulder joint.
Subjects with mental impairments which made it impossible to perform the tasks were
excluded. Athletes or professional player were not included to improve the homogeneity
of the sample [24]. Asymptomatic subjects were excluded if they had experienced any
shoulder pain in the last three months, based on the Disabilities of the Arm, Shoulder
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and Hand (DASH) [25] or Upper Limb Functional Index (ULFI) [26], as they had to have
0 punctuation in both questionnaires. They were also excluded if they presented positive
Neer [27] or Hawkins tests [28].

Twenty-seven patients (10 men and 17 women) were recruited. Affected shoulders
were measured (8 left arms and 19 right arms). This group of participants presents the
following diagnoses: 15 were suffering from rotator cuff tears (RCT), 7 were suffering from
impingement syndrome; 3 from supraspinatus tendinopathy; 1 from shoulder instability;
and 1 from slap lesion. A total of 32 right shoulders and 11 left shoulders were measured.
Hence, 5 out of 27 measures were carried out in the shoulder from the non-dominant
hemibody. In the asymptomatic group, 3 left arms and 13 right arms were measured, in
order to have measures from right and left sides, as in the symptomatic group. Further,
3 out of 16 measures were carried out in the non-dominant shoulder.

2.2. Equipment and Outcome Measures

Four inertial sensors; InertiaCube3 (Intersense Inc., Billerica, MA, USA) and the Inerti-
aCube3™ software, Intersense Server, were used to register kinematic scaption movement
with a sampling frequency of 1000 Hz. Intersense sensors have been validated in previous
studies for human motion analysis compared to other reference devices [29-31]. Each
inertial sensor has an accelerometer, a gyroscope, and a magnetometer inside. Nine inertial
variables were obtained: mobility angle (°), angular velocity (°/s), and linear acceleration
(m/s?), for each of three spatial axes: x, y, and z of the inertial sensor (Table 1). Kinematic
data were recorded by kinematic Intersense Server Software, and were subsequently trans-
ferred to a database in Microsoft Excel 2007. Based on RAW data, the highest point that the
patient reached in scaption movement during arm elevation recorded in the sensor placed
on the humerus was used as a cut-off point, and the corresponding angles obtained at the
lowest point reached by each sensor were subtracted to calculate angular mobility. No sig-
nal filter was applied to obtain the largest amount of data. Angular mobility was expressed
in degrees (°). The minimum peaks obtained by each sensor and corporal segment were
subtracted from the maximum peaks in order to calculate angular velocity (°/s) and linear
acceleration (m/s?).

Table 1. Equivalence of the yaw, pitch and roll with the movement that they represent.

Surface Placement Humerus Ulna and Radius Scapula Sternum
Anatomical Segment
Represented Humerus Forearm Scapula Thorax
Axis
X IN-EX PR-SU AN-PO Axial rotation
Y AB-AD FL-EX PR-RE Flexion and extension
zZ FL-EX Carrying angle ME-LA Lateral rotation

AB-AD, abduction-adduction; AN-PO, anterior-posterior tiling; FL-EX, flexion-extension; IN-EX, axial rotation;
ME-LA, medio-lateral rotation; PR-RE, protraction-retraction; PR-SU, pronation-supination.

Sensors were placed following the protocol established by Cutti et al. [16]. This
protocol is valid, reliable, and accurate. It is also highly correlated to the gold standard
optoelectronic system [16]. Sensor placement was in the hemi body of the affected shoulder
of each patient as follows:

(1) the middle third of the humerus, a little posterior with the Z axis pointing against
the body;

(2) on the medial third of the scapular upper spine with the x axis in alignment with the
cranial edge of the scapular spine;

(3) on the sternum with the Z axis pointing against the body; and

(4) on the distal surface of the ulna and radius with the Z axis pointing away from
the wrist.
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The placement has been previously validated compared to other positions [32]. Table 1
shows the equivalence between the axes in each sensor and the different axes and planes of
anatomical movement during shoulder motion following the presented protocol.

Descriptive and anthropometric variables related to age, gender, weight, and height
were obtained. Information regarding shoulder disability was measured by two question-
naires, namely the Spanish DASH [25] and ULFI [26] version. The DASH questionnaire is
a standardised measure of upper limb functional status and symptoms [33]. It has been
shown to be a valid, reliable questionnaire for patient populations suffering from several
upper limb disorders [34]. ULFI has also shown to have strong psychometric properties for
reliability and validity [35]. Each participant filled both questionnaires and transferred to a
100-point scale.

Before attaching sensors, body surfaces were cleaned with alcohol for better adhesion
to the skin. Inertial sensors were reset to zero using the Intersense Server Software on a
vertical flat surface, as suggested by the manufacturer. The sensors were attached using
double-sided adhesive tape to ensure fixation. A cohesive elastic bandage was used on
cylindrical body segments (arms and forearm), and an adhesive bandage was used on flat
areas (sternum and scapula) in order to reduce sensor movements due to muscle fat (see
Figure 1A).

s w0 " o » » » 0 o =

Vlocly ()

Figure 1. Cont.
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Figure 1. (A) Inertial sensors placement in the scapula (1), humerus (2), sternum (3) and forearm (4).
(B) Mark placed on the floor to indicate frontal, lateral and scapular plane, as an intermediate line.
(C) Example of SHR (°) during scaption. Blue represent humerus AB-AD. Red represents scapular
PR-RE in asymptomatic control (continuous line) and pathological subject (discontinuous line).
(D) Example of SHR (°/s) during scaption. Blue represent humerus AB-AD. Red represents scapular
PR-RE in asymptomatic control (continuous line) and pathological subject (discontinuous line).
(E) Example of SHR (m/s2) during scaption. Blue represent humerus AB-AD. Red represents
scapular PR-RE in asymptomatic control (continuous line) and pathological subject (discontinuous
line). SHR = Scapulo-humeral rhythm.

2.3. Procedure

After recruitment, participants attended the study in the Human Movement Labora-
tory, Faculty of Health Science of Malaga University. Participants were first asked to fill
in the questionnaires. Sensors were then fitted, and they were asked to perform shoulder
scaption. Participants stood on a mark placed on the floor for this purpose. Hence, 3-line
marks were made to indicate the frontal, lateral, and scapular plane, as an intermediate line
(see Figure 1B). Participants were placed standing in the neutral position to perform shoul-
der elevation in the scapular plane, keeping the elbow extended, the wrist in the neutral
position, and the palm toward the body’s midline at the beginning and end of the scaption.
Subjects were told to perform shoulder scaption to the highest position they could reach. A
preselected speed was not given so as not to influence velocity and acceleration variables.

Once the procedure was explained and it was confirmed that the participant had
understood the action to be carried out, participants were told to perform four repetitions
for the record to save the second one. The beginning and end of each task were indicated
verbally by the researcher.

2.4. Data Analysis

Priori sample size was calculated for an « error of 0.05, a statistical power of 0.8 and
an effect size of 0.98. Calculation made by G*Power (Version 3.1.9.2) showed a total
sample of 14 subjects for one-way ANOVA test between 2 groups based on kinematic data
from shoulder scaption. The data used for the sample size estimation were an average
maximum flexion of 153.9 degrees (SD 8.8) for control subjects and 142.8 degrees (SD 13.2)
for subjects with impingement in scaption movement [36]. SPSS v22.0 was used for all
statistical computations. Descriptive statistics (mean, standard deviation) were calculated
for all variables using standard procedures. An analysis of variance, one-way ANOVA,
with F and p values was calculated in inertial variables (mobility, velocity and linear
acceleration) to test differences between the two groups for each of the measured body
segments (humerus, forearm, scapula, and thorax). Effect size was calculated by Cohen’s d
with 95% coefficient intervals (CI 95%) in order to complement ANOVA. ANOVA models
were performed on the values obtained in the humerus, scapula, arm, and forearm to
observe the differences between symptomatic and asymptomatic subjects in mobility, speed
and linear acceleration outcomes. Lower values were represented by Cohen’s d < 0.2,
whereas Cohen’s d < 0.5 indicated medium values. Cohen’s d > 0.8 was considered a high
value [37]. The Kolmogorov-Smirnov test showed normal data distribution (p > 0.05). For
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all statistical comparisons, the « level was set at 0.05. Pearson’s correlation analysis was
performed between the vector norms variables of mobility, velocity and acceleration of the
humerus and scapula against DASH and ULFI results in symptomatic subjects.

3. Results

The total sample (1 = 43) was composed of subjects of similar ages, with a mean of
55 in the asymptomatic and 52 years in the symptomatic group, respectively. No statistical
differences were found in age, weight, height, and BMI. The symptomatic group had
(70.07 £ 24.51) and (63.19 £ 20.38) points in ULFI and DASH questionnaires, respectively.

Figure 1C shows examples of the SHR mobility pattern represented by humeral
abduction-adduction (AB-AD) and scapular protraction-retraction (PR-RE) in a patient
and an asymptomatic subject during shoulder scaption. Figure 1D represents velocity and
Figure 1E represents linear acceleration.

In all sensors, descriptive values from the symptomatic and asymptomatic groups
were obtained in terms of mobility, velocity, and acceleration in all sensors (Tables 2—4). As
for humeral kinematics, the asymptomatic group showed greater mobility and acceleration.
The highest significant mobility and acceleration were found in the AB-AD movement, and
the highest significant velocity was found in the flexion-extension (FL-EX) component in
both groups. Although the values were higher for velocity for AB-AD and internal-external
axial rotation (IN-EX) humeral movements in the symptomatic group, these differences
were not significant (Table 2). Regarding the scapula, patients showed significantly lower
mobility values for PR-RE and anterior-posterior tiling (AN-PO). In the symptomatic group,
values were also lower for velocity and acceleration, with significant differences for velocity
in all planes of motion (Table 2).

Regarding the forearm sensor, asymptomatic subjects presented higher FL-EX and
pronation-supination (PR-SU) for all variables, representing a greater elbow component.
However, these differences were only significant in mobility and FL-EX acceleration. The
same was observed for the sternum sensor, with these higher values being significant,
except for velocity in axial rotation (Tables 3 and 4). Correlation analysis examined whether
the vector norm of mobility, velocity, and acceleration was associated with DASH and ULFI,
focusing on symptomatic cases (Table 5). An inverse correlation was shown. Higher levels
of ULFI and DASH imply a higher degree of dysfunction. Thus, subjects with higher scores
in ULFI or DASH have lower mobility, speed, or acceleration, observed in negative values
in terms of correlation. The highest values of correlation and greater statistical significance
were observed in the mobility of the humerus with the DASH and ULFI. Thus, higher
values in the DASH and ULFI tests would imply a decrease in the mobility of the humerus.
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Table 2. Humerus and Scapula kinematics variables mean (SD) in Asymptomatic subjects and Symptomatic and difference between groups.

Mobility (°) Velocity (°/s) Linear Acceleration (m/s?)
Asymptomatic . ANOVA Cohens’d (95% . . ANOVA Cohens’d (95% . . ANOVA Cohens’d (95%
Symptomatic (Ep) cI Asymptomatic Symptomatic (Ep) cI Asymptomatic Symptomatic (Ep) cI
20.104 1.556 —0.043 9.676 1.084
% AB-AD  138.98 (13.55)  88.80(38.92) (<0.001) (0.864-2.267) 84.78 (37.59)  90.22(155.9)  0.015 (0.903) (—0.062-0.575) 17.90 (2.61) 12.28 (6.20) (0.004) (0.425-1.744)
[~ 2.453 0.541 106.09 15.676 1.316 0.741 0.307
E FL-EX 57.24 (27.08) 38.62 (38.03) (0.126) (—088-1.17) 181.76 (49.63) (58.77) (<0.0001) (0.679-2.043) 10.90 (2.97) 8.73 (8.78) (0.395) (~0321-0.922)
2 0.496 0.001, 0.011 0.120 —0.12
T IN-EX 60.29 (50.20) 41.55(28.28)  2.186 (0.148) (~0.131-1.123) 72.15 (31.66) 71.58 (63.01) (0.976) (—0.608-0.629) 5.23 (1.76) 5.71 (4.83) (0.731) (—0.739-0.499)
11.576 1.195 0.853 0.360 0.219
< AN-PO  18.85(10.17) 7.81 (8.66) (0.002) (0.527-1.863) 50.19 (13.89) 30.83 (26.49)  5.580 (0.024) (0.209-1.497) 3.15(1.12) 2.48 (3.74) (0.552) (—0.401-0.839)
S ME-LA 5.38 (3.69) 5.47 (4.01) 0.005 (0.946) ~0.023 44.06 (13.61) 28.37 (19.22)  6.351 (0.017) 0-903 4.32 (2.44) 3.31(3.27) 0893 0.337
% ’ ’ ’ ' ’ ' (—0.641-0.595) ' ’ ’ ’ ’ ' (0.256-1.55) ’ ' ' ’ (0.351) (—0.285-0.96)
0] 56.663 2.654 10.468 1.139 0.867 0.337
@ PR-RE 31.89 (8.63) 10.03 (8) (<0.001) (1.819-3.489) 48.99 (20.37) 27.33 (18.20) (0.003) (0.475-1.802) 5.85 (1.43) 4.50 (4.91) (0.358) (—0.285-0.96)

AB-AD: abduction-adduction; AN-PO: anterior—posterior tiling; FL-EX: flexion-extension; IN-EX: internal-external axial rotation.; ME-LA: medio-lateral rotation; PR-RE:

protraction-retraction.
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Table 3. Forearm kinematics variables mean (SD) in Asymptomatic subjects and Symptomatic and difference between groups.
Mobility (°) Velocity (°/s) Linear Acceleration (m/s?)
. . ANOVA Cohens’d (95% . . ANOVA Cohens’d (95% . . ANOVA Cohens’d
Asymptomatic Symptomatic (Ep) cI Asymptomatic Symptomatic (Ep) cI Asymptomatic Symptomatic (Ep) 5% C.I)
Carrying 0.084 0.926 17.214 1.426 (0.738-
angle 44.22 (47.59) 47.17 (25.45) 0.060 (0.809) (—0.702-0.535) 173.03 (46.62)  112.41 (74.21) 6.638 (0.015) (0.277-1.574) 11.64 (3.21) 7.70 (2.39) (<0.001) 2.114)
27.066 1.892 0.374 12.387 1.271 (0.596—
FL-EX 150.44 (10.95)  94.26 (36.35) (<0.001) (1.156-2.628) 116.58 (38.53)  94.38 (68.50) 1.079 (0.306) (—0.249-0.998) 19.23 (3.07) 12.98 (5.72) (0.001) 1.945)
0.661 0.636 1.307 0.407
PRSU  73.61(62.62) 4370(3L.11)  6.638 (0.015) (0.027-1.295) 102.84 (26.10)  81.73(36.70)  3.149 (0.085) (0.003-1.268) 6.29 (1.70) 5.59 (1.73) 0261) (I% ;;)7_
FL-EX: flexion—extension; PR-SU: pronation-supination.
Table 4. Sternum kinematics variables mean (SD) in Asymptomatic subjects and Symptomatic and difference between groups.
Mobility (°) Velocity (°/s) Linear Acceleration (m/s?)
. . ANOVA Cohens’d . . ANOVA Cohens’d . . ANOVA Cohens’d
Asymptomatic Symptomatic (Ep) 5% C.I) Asymptomatic Symptomatic (Ep) ©5% C.I) Asymptomatic Symptomatic (Ep) ©5% C.I)
Lateral rotation 15.72 (9.38) 6.25 (8.12) 10.285 (0.003) 1101 24.05 (8.46) 14.58 (9.61) 8.852 (0.05) 1029 2.01 (0.75) 1.32 (0.85) 5.952 (0.020) 0847
eralrotatio e =2 1o : : (0.44-1.762) Lo te 28 : : (0.373-1.684) GLE =e 8 : : (0.203-1.491)
Flexion and 18.438 1.475 (0.782- 0.669 18.967 1.476
extorsion 4.71 (2.60) 1.29 (2.14) (<0.001) 2167) 2144(559)  1530(1072)  3677(063) (3 L1303 138 (0.657) 0.65 (0.37) (<0.001) (0.783-2.168)
. . 15.173 1.345 (0.665— 17.604 1.444 0.984
Axdial rotation 14.98 (6.34) 5.87 (7.01) (<0.001) 2.026) 19.43 (5.67) 11.55 (5.33) (<0.001) (0.754-2.134) 1.09 (0.34) 073(038)  7.997(0.008) (355" (o)
Table 5. Correlation Person Values for symptomatic subject.
Humerus Mobility Scapula Mobility Humerus Velocity Scapula Velocity Humerus Acceleration Scapula Acceleration
R Value p Value R Value p Value R Value p Value R Value p Value R Value p Value R Value p Value
ULFI100 —0.690 <0.005 —0.766 3.259 —0.327 0.095 —0.401 0.038 —0.493 0.009 —0.556 <0.005
DASH100 —0.682 <0.005 —0.845 3.030 —0.277 0.161 —0.393 0.042 —0.458 0.016 —0.487 0.010
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4. Discussion

The present study compared upper limb kinematics between asymptomatic subjects
and symptomatic patients in terms of mobility, velocity, and acceleration, using four inertial
sensors placed on the humerus, scapula, forearm, and sternum during scaption motion.
All variables tended to be greater in the asymptomatic group, and significant differences
depended on the plane of motion and the kinematic variable analyzed.

As far as the authors are aware, this is the first study that offers results regarding
velocity and acceleration during shoulder scaption, providing information about the quality
and quantity of motion [11]. Although kinematics description includes mobility, velocity,
and acceleration [18], most research has mainly studied shoulder joint angles [19]. Indeed,
beyond many studies assessing shoulder mobility, alterations in the presence of injury
remain controversial, and there is no clear relationship between dyskinesia and a specific
pathology [38].

As for humeral kinematics, differences were found in AB-AD in mobility and accel-
eration variables. However, in the velocity variable, FL-EX was the plane of motion that
showed differences, with lower values in the symptomatic group. Significant differences
in both AB-AD and FL-EX planes of motion would be explained by shoulder scaption
itself, as it implies arm elevation with a flexion component [21]. The lower values obtained
in the asymptomatic group concur with those obtained by fluoroscopic images during
shoulder flexion in damaged shoulders, which was limited to 59° (£25°) [39]. However,
results are not comparable due to differences in methodology, the plane of motion ana-
lyzed, and age (subjects aged on average 74 years). Humerus elevation during scaption
was recently studied by Pascual et al. [40] using the Kinescan/IBV stereophotogrammetry
system. Their study included subjects suffering from rotator cuff tendinopathy (aged 46.89
(£10.69) years) and full-thickness RCT (aged 57 (+7.07) years), obtaining a value of 121.14°
(£6.51°) and 100.50° (£:9.46°), respectively. Differences found between shoulder damage
were significant [40]. In both cases, maximum humeral elevation was higher than the
sample of the present group (88.80° in AB-AD plane and 38.62 in FL-EX plane). Compared
to the present sample, differences could also be explained by the different etiologies of
shoulder damage. Nevertheless, results are not comparable, as in the study compared
above, subjects held different weights while performing shoulder scaption. Furthermore,
subjects were sitting, which may influence kinematics [41]. Pascual et al. [40] also included
maximum humeral velocity while holding 250 g weight, which was 96.79° /s and 45.38° /s
for the rotator cuff tendinopathy group and full-thickness RCT group, respectively. Values
were lower when performing scaption with kg: 76.04° /s and 29.22° /s, respectively. In our
study, maximum humerus velocity during scaption was 90.22° /s for AB-AD, 106.09°/s
in FL-EX plane and 71.58° /s in IN-EX, with all of them presenting significant differences
to the asymptomatic group. Humerus velocity, therefore, seems to be a key variable for
inclusion in shoulder assessment.

As for scapular kinematics, patients showed significantly lower values for mobility
for PR-RE and AN-PO, with ME-LA mobility being higher in the asymptomatic group
but without significant differences. Increased ME-LA mobility is in line with a study that
found an increased scapular ME-LA in patients with osteoarthritis and frozen shoulder
as a compensatory pattern in symptomatic shoulders compared with the contralateral
one [42]. This compensatory pattern has also been reported among healthy participants
with experimental pain induction [43]. However, our finding contrasts with another study
that found less ME-LA in some planes of arm elevation including scaption [44]. Moreover,
PRE-RE and AN-PO were the movements that showed significant differences in the mobility
variable. This lack of agreement in findings when studying scapular movement has been
discussed recently in a systematic review, which did not find a consensus regarding scapular
kinematic differences in the presence of shoulder pathology [38]. However, significant
differences were obtained in all planes of scapular velocity. This reinforces the importance
of measuring this variable to report how this motion is performed [11]. For example, this
study found no differences in scapular ME-LA mobility, although the symptomatic group



Sensors 2022, 22, 3081

10 of 13

presented significantly lower values of ME-LA velocity (28.37° /s) than the asymptomatic
group (44.06°/s). In any case, the results are not comparable because previous research
is limited to mobility and does not include velocity. There was no significant difference
concerning the acceleration variable. In light of these results, velocity seems to be a key
variable when studying scapular kinematics during scaption motion.

As for sternum, the symptomatic group showed significantly lower values in all
variables except axial rotation velocity. These lower values could be explained by the
lower range of motion performed during shoulder scaption in the humerus and scapula.
According to previous research, during unilateral arm movements, the trunk tends to
perform a lateral and axial flexion to reach the full range of motion [1], as well as an
extension [45]. The symptomatic group performed a mean of 88.80° humerus abductions
compared to the mean of 138.98° performed by the asymptomatic group. The wider
the range of motion, the larger the trunk compensation to reach full motion. This trunk
compensation strategy should be considered as part of shoulder assessment [46].

Overall, the symptomatic group showed higher standard deviations for all variables.
This tallies with previous research indicating that the clinical expression of shoulder injuries
is highly variable [47-49]. Although this symptomatic group presented alterations from
different etiologies, previous research focusing on specific damage, such as full-thickness
RCT, has also shown functional variability under the same diagnosis [48]. Indeed, current
research is moving toward diagnoses based on kinematics instead of anatomic diagno-
sis [50]. Therefore, measuring shoulder kinematics as part of shoulder assessment is vital,
as current clinical shoulder measurements lack reliability [51]. Static measurements [52],
scapular position and mobility tests [53], or clinical tests [54] could be complemented
by three-dimensional kinematics, including variables such as scapular velocity, which
is difficult for clinicians to assess objectively. In addition, the negative values found in
the Pearson correlation (Table 5) show that subjects with higher scores in ULFI or DASH
presented lower scapula or humerus kinematics. Thus, patient-reported outcomes such as
these questionnaires are very useful for complementing shoulder assessment. Moreover,
inertial sensors for measuring kinematic patterns provided traces during scaption perfor-
mance (Figure 1). This real-time kinematic biofeedback could be implemented as part of
treatment [55]. The development of the new textile sensors represents a great advance for
obtaining accurate data, facilitating patients” physiological and biomechanical analysis.
Currently, there are many challenges and opportunities regarding the development of
materials that improve the performance and detection of variables for better practical
application. Elements such as real-time biofeedback used as a biomarker could be relevant
for medical care. This would improve continuous monitoring of chronic diseases [12].

One of the limitations of the present study is the inclusion of shoulder lesions of
different etiologies in the symptomatic group, as kinematic variables from scaption motion
assessment seem to depend on the etiology of the shoulder injury [40]. Another limitation
is that pain was not measured, which has been shown to increase movement variability [56].
Gender could be another limitation. As the literature correlates female gender with lower
shoulder function in patients affected by RCT [57,58], there may be differences between men
and women, but sample size and balance did not allow this analysis with full guarantees.
Finally, this study used inertial sensors. These apparatuses are non-invasive, reliable, and
accurate tools used to analyze motion [11], but one of their limitations is that placing
sensors over the skin can create soft tissue artefacts [15], especially if subjects with high
BMI are measured. Although the results provided by the IMUS are validated at a technical
level, there are still limitations in their application in healthcare practice.

5. Conclusions

The present study analyzed differences in shoulder kinematics during shoulder scap-
tion between asymptomatic and symptomatic subjects in the humerus, scapula, forearm,
and sternum. As highlighted, this study included velocity and acceleration variables. Al-
though all variables tended to be greater in the asymptomatic group, differences depended
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on the plane of motion and the kinematic variable analyzed. Specifically, significant dif-
ferences were found in all planes of scapular velocity, which seems to be a key variable in
symptomatic shoulders. Lower humerus and scapula kinematics values in symptomatic
subjects were associated with lower levels of function. The results reinforce using these
devices to complement the clinical assessment, as it offers information about motion quality.

Author Contributions: Conceptualization, C.R.-]. and A.I.C.-V.,; methodology, C.R.-]. and A.L.C.-V,;
formal analysis, ].M.-M.; investigation, C.R.-]., ALC.-V. and ].M.-M.; data curation, C.R.-J. and ].M.-
M.; writing—original draft preparation, C.R.-J., ALC.-V. and ] M.-M.; writing—review and editing,
C.R.-J.,, ALC.-V. and ] M.-M,; supervision, C.R.-J. and A.I.C.-V.; project administration, C.R.-J. and
A.LC.-V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Research Commission of the Faculty of Health Sciences of the
University of Malaga under the name “Estudio de la cinematica del miembro superior mediante
sensores inerciales”.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to the volunteers for their participation. This study
received a grant for Best Protocol Research 2013 from the Chartered of Physiotherapy of Andalu-
sia, Spain.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kapandji, A. The Physiology of the Joints—Volume 1: The Upper Limb; Handspring Publishing Limited: Pencaitland, Scotland, 2019;
ISBN 978-1-912085-59-0.

2. Clarkson, H.M.; Hurabielle, J.; Doy, K.; Marlowe, J.D. Proceso Evaluativo Musculoesquelético: Amplitud Del Movimiento Articular Y
Test Manual de Fuerza Muscular; Editorial Paidotribo: Badalona, Spain, 2003; ISBN 978-84-8019-671-0.

3. Greene, D.P; Roberts, S.L. Kinesiology: Movement in the Context of Activity; Elsevier Health Sciences: Amsterdam, The Netherlands,
2015; ISBN 978-0-323-29889-6.

4. Codman, E.A. The Shoulder: Rupture of the Supraspinatus Tendon and Other Lesions in or about the Subacromial Bursa; Thomas Todd
Copany: Boston, MA, USA, 1934.

5. Kibler, W.B.; Ludewig, PM.; McClure, PW.; Michener, L.A.; Bak, K.; Sciascia, A.D. Clinical Implications of Scapular Dyskinesis in
Shoulder Injury: The 2013 Consensus Statement from the “Scapular Summit”. Br. J. Sports Med. 2013, 47, 877-885. [CrossRef]
[PubMed]

6. Kibler, W.B.; Sciascia, A.; Wilkes, T. Scapular Dyskinesis and Its Relation to Shoulder Injury. . Am. Acad. Orthop. Surg. 2012, 20,
364-372. [CrossRef] [PubMed]

7. Ludewig, PM.; Reynolds, J.F. The Association of Scapular Kinematics and Glenohumeral Joint Pathologies. J. Orthop. Sports Phys.
Ther. 2009, 39, 90-104. [CrossRef] [PubMed]

8.  Bjelle, A. Epidemiology of Shoulder Problems. Baillieres Clin. Rheumatol. 1989, 3, 437-451. [CrossRef]

9. Gongalves, D.H.M.; de Oliveira, A.S.; Freire, L.C.; Silva, A.B.M.; Garbelotti, S.A.; Lucareli, PR.G. Three-Dimensional Kinematic
Analysis of Upper Limb Movements between Individuals with and without Subacromial Shoulder Pain Exploring the Statistical
Parametric Mapping. J. Biomech. 2021, 129, 110806. [CrossRef]

10.  Muir, SW.; Corea, C.L.; Beaupre, L. Evaluating Change in Clinical Status: Reliability and Measures of Agreement for the
Assessment of Glenohumeral Range of Motion. N. Am. ]. Sports Phys. Ther. NAJSPT 2010, 5, 98-110.

11. Cuesta-Vargas, A.L; Galan-Mercant, A.; Williams, ].M. The Use of Inertial Sensors System for Human Motion Analysis. Phys. Ther.
Rev. 2010, 15, 462-473. [CrossRef]

12.  Luo, H.; Gao, B. Development of Smart Wearable Sensors for Life Healthcare. Eng. Regen. 2021, 2, 163-170. [CrossRef]

13.  Wong, W.Y.; Wong, M.S.; Lo, K.H. Clinical Applications of Sensors for Human Posture and Movement Analysis: A Review.
Prosthet. Orthot. Int. 2007, 31, 62-75. [CrossRef]

14.  McGinley, ].L.; Baker, R.; Wolfe, R.; Morris, M.E. The Reliability of Three-Dimensional Kinematic Gait Measurements: A Systematic

Review. Gait Posture 2009, 29, 360-369. [CrossRef]


http://doi.org/10.1136/bjsports-2013-092425
http://www.ncbi.nlm.nih.gov/pubmed/23580420
http://doi.org/10.5435/JAAOS-20-06-364
http://www.ncbi.nlm.nih.gov/pubmed/22661566
http://doi.org/10.2519/jospt.2009.2808
http://www.ncbi.nlm.nih.gov/pubmed/19194022
http://doi.org/10.1016/S0950-3579(89)80003-2
http://doi.org/10.1016/j.jbiomech.2021.110806
http://doi.org/10.1179/1743288X11Y.0000000006
http://doi.org/10.1016/j.engreg.2021.10.001
http://doi.org/10.1080/03093640600983949
http://doi.org/10.1016/j.gaitpost.2008.09.003

Sensors 2022, 22, 3081 12 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

Kontaxis, A.; Cutti, A.G.; Johnson, G.R.; Veeger, H.E.J. A Framework for the Definition of Standardized Protocols for Measuring
Upper-Extremity Kinematics. Clin. Biomech. 2009, 24, 246-253. [CrossRef] [PubMed]

Cutti, A.G.; Giovanardi, A.; Rocchi, L.; Davalli, A.; Sacchetti, R. Ambulatory Measurement of Shoulder and Elbow Kinematics
through Inertial and Magnetic Sensors. Med. Biol. Eng. Comput. 2008, 46, 169-178. [CrossRef] [PubMed]

Parel, I.; Cutti, A.G.; Fiumana, G.; Porcellini, G.; Verni, G.; Accardo, A.P. Ambulatory Measurement of the Scapulohumeral
Rhythm: Intra- and Inter-Operator Agreement of a Protocol Based on Inertial and Magnetic Sensors. Gait Posture 2012, 35, 636—-640.
[CrossRef] [PubMed]

Shumway-Cook, A.; Woollacott, M.H. Motor Control: Translating Research into Clinical Practice; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2007; ISBN 978-0-7817-6691-3.

De Baets, L.; van der Straaten, R.; Matheve, T.; Timmermans, A. Shoulder Assessment According to the International Classification
of Functioning by Means of Inertial Sensor Technologies: A Systematic Review. Gait Posture 2017, 57, 278-294. [CrossRef]
[PubMed]

Jobe, EW.; Pink, M. Shoulder Injuries in the Athlete: The Instability Continuum and Treatment. |. Hand Ther. 1991, 4, 69-73.
[CrossRef]

Youdas, J.W.; Carey, J.R.; Garrett, T.R.; Suman, V.J. Reliability of Goniometric Measurements of Active Arm Elevation in the
Scapular Plane Obtained in a Clinical Setting. Arch. Phys. Med. Rehabil. 1994, 75, 1137-1144. [CrossRef]

Day, ].M.; Jones, T.; Eiben, K.; Berger, Y. Scapular Motion Is Accelerated in Asymptomatic Individuals with Dyskinesis: An
Observational Study. J. Bodyw. Mov. Ther. 2021, 26, 134-140. [CrossRef]

Roy, J.-S.; Braén, C.; Leblond, J.; Desmeules, F.; Dionne, C.E.; MacDermid, J.C.; Bureau, N.J.; Frémont, P. Diagnostic Accuracy
of Ultrasonography, MRI and MR Arthrography in the Characterisation of Rotator Cuff Disorders: A Systematic Review and
Meta-Analysis. Br. |. Sports Med. 2015, 49, 1316-1328. [CrossRef]

Park, J.-Y;; Kim, J.; Seo, B.H.; Yu, H.D.; Sim, ].H.; Lee, J.H.; Oh, K.S.; Chung, S.W. Three-Dimensional Analysis of Scapular
Kinematics During Arm Elevation in Baseball Players With Scapular Dyskinesis: Comparison of Dominant and Nondominant
Armes. J. Sport Rehabil. 2020, 29, 93-101. [CrossRef]

Hervas, M.T.; Navarro Collado, M.].; Peird, S.; Rodrigo Pérez, ].L.; Lopez Matéu, P.; Martinez Tello, I. Spanish Version of the
DASH Questionnaire. Cross-Cultural Adaptation, Reliability, Validity and Responsiveness. Med. Clinica 2006, 127, 441-447.
Cuesta-Vargas, A.L; Gabel, P.C. Cross-Cultural Adaptation, Reliability and Validity of the Spanish Version of the Upper Limb
Functional Index. Health Qual. Life Outcomes 2013, 11, 126. [CrossRef] [PubMed]

Neer, C.S. Impingement Lesions. Clin. Orthop. 1983, 173, 70-77. [CrossRef]

MacDonald, P.B.; Clark, P.; Sutherland, K. An Analysis of the Diagnostic Accuracy of the Hawkins and Neer Subacromial
Impingement Signs. . Shoulder Elbow Surg. 2000, 9, 299-301. [CrossRef] [PubMed]

Cole, M.H.; van den Hoorn, W.; Kavanagh, ].K.; Morrison, S.; Hodges, PW.; Smeathers, ].E.; Kerr, G.K. Concurrent Validity of
Accelerations Measured Using a Tri-Axial Inertial Measurement Unit While Walking on Firm, Compliant and Uneven Surfaces.
PloS ONE 2014, 9, €98395. [CrossRef]

Jasiewicz, ].M.; Treleaven, J.; Condie, P; Jull, G. Wireless Orientation Sensors: Their Suitability to Measure Head Movement for
Neck Pain Assessment. Man. Ther. 2007, 12, 380-385. [CrossRef]

Roldéan-Jiménez, C.; Martin-Martin, J.; Cuesta-Vargas, A.I. Reliability of a Smartphone Compared With an Inertial Sensor to
Measure Shoulder Mobility: Cross-Sectional Study. JMIR MHealth UHealth 2019, 7, €13640. [CrossRef]

Hoglund, G.; Grip, H.; Ohberg, F. The Importance of Inertial Measurement Unit Placement in Assessing Upper Limb Motion.
Med. Eng. Phys. 2021, 92, 1-9. [CrossRef]

Hudak, PL.; Amadio, P.C.; Bombardier, C. Development of an Upper Extremity Outcome Measure: The DASH (Disabilities of the
Arm, Shoulder and Hand) [Corrected]. The Upper Extremity Collaborative Group (UECG). Am. J. Ind. Med. 1996, 29, 602—608.
[CrossRef]

Gummesson, C.; Atroshi, I.; Ekdahl, C. The Disabilities of the Arm, Shoulder and Hand (DASH) Outcome Questionnaire:
Longitudinal Construct Validity and Measuring Self-Rated Health Change after Surgery. BMC Musculoskelet. Disord. 2003, 4, 11.
[CrossRef]

Gabel, C.P; Michener, L.A.; Burkett, B.; Neller, A. The Upper Limb Functional Index: Development and Determination of
Reliability, Validity, and Responsiveness. J. Hand Ther. Off. ]. Am. Soc. Hand Ther. 2006, 19, 328-348. [CrossRef]

McClure, PW.; Michener, L.A.; Karduna, A.R. Shoulder Function and 3-Dimensional Scapular Kinematics in People with and
without Shoulder Impingement Syndrome. Phys. Ther. 2006, 86, 1075-1090. [CrossRef] [PubMed]

Cohen, ]. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Routledge: England, UK, 1988; ISBN 978-0-8058-0283-2.
Keshavarz, R.; Bashardoust Tajali, S.; Mir, S.M.; Ashrafi, H. The Role of Scapular Kinematics in Patients with Different Shoulder
Musculoskeletal Disorders: A Systematic Review Approach. J. Bodyw. Mov. Ther. 2017, 21, 386—400. [CrossRef] [PubMed]
Matsuki, K.; Sugaya, H.; Hoshika, S.; Takahashi, N.; Kenmoku, T.; Banks, S.A. Scaption Kinematics of Reverse Shoulder
Arthroplasty Do Not Change after the Sixth Postoperative Month. Clin. Biomech. 2018, 58, 1-6. [CrossRef] [PubMed]
Lopez-Pascual, J.; Page, A.; Serra-Afi, P. Dynamic Thoracohumeral Kinematics Are Dependent upon the Etiology of the Shoulder
Injury. PloS ONE 2017, 12, e0183954. [CrossRef]

McKenna, L.; Cornwall, X.; Williams, S. Differences in Scapular Orientation Between Standing and Sitting Postures at Rest and in
120° Scaption: A Cross-Sectional Study. PM R 2017, 9, 579-587. [CrossRef]


http://doi.org/10.1016/j.clinbiomech.2008.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19200628
http://doi.org/10.1007/s11517-007-0296-5
http://www.ncbi.nlm.nih.gov/pubmed/18087742
http://doi.org/10.1016/j.gaitpost.2011.12.015
http://www.ncbi.nlm.nih.gov/pubmed/22300730
http://doi.org/10.1016/j.gaitpost.2017.06.025
http://www.ncbi.nlm.nih.gov/pubmed/28683420
http://doi.org/10.1016/S0894-1130(12)80106-2
http://doi.org/10.1016/0003-9993(94)90091-4
http://doi.org/10.1016/j.jbmt.2020.12.034
http://doi.org/10.1136/bjsports-2014-094148
http://doi.org/10.1123/jsr.2017-0216
http://doi.org/10.1186/1477-7525-11-126
http://www.ncbi.nlm.nih.gov/pubmed/23889883
http://doi.org/10.1097/00003086-198303000-00010
http://doi.org/10.1067/mse.2000.106918
http://www.ncbi.nlm.nih.gov/pubmed/10979525
http://doi.org/10.1371/journal.pone.0098395
http://doi.org/10.1016/j.math.2006.07.005
http://doi.org/10.2196/13640
http://doi.org/10.1016/j.medengphy.2021.03.010
http://doi.org/10.1002/(SICI)1097-0274(199606)29:6&lt;602::AID-AJIM4&gt;3.0.CO;2-L
http://doi.org/10.1186/1471-2474-4-11
http://doi.org/10.1197/j.jht.2006.04.001
http://doi.org/10.1093/ptj/86.8.1075
http://www.ncbi.nlm.nih.gov/pubmed/16879042
http://doi.org/10.1016/j.jbmt.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28532884
http://doi.org/10.1016/j.clinbiomech.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30005421
http://doi.org/10.1371/journal.pone.0183954
http://doi.org/10.1016/j.pmrj.2016.09.010

Sensors 2022, 22, 3081 13 of 13

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

Roren, A.; Lefevre-Colau, M.-M.; Poiraudeau, S.; Fayad, F.; Pasqui, V.; Roby-Brami, A. A New Description of Scapulothoracic
Motion during Arm Movements in Healthy Subjects. Man. Ther. 2015, 20, 46-55. [CrossRef]

Wassinger, C.A.; Sole, G.; Osborne, H. Clinical Measurement of Scapular Upward Rotation in Response to Acute Subacromial
Pain. |. Orthop. Sports Phys. Ther. 2013, 43, 199-203. [CrossRef]

Lawrence, R.L.; Braman, J.P.; Laprade, R.F,; Ludewig, PM. Comparison of 3-Dimensional Shoulder Complex Kinematics in
Individuals with and without Shoulder Pain, Part 1: Sternoclavicular, Acromioclavicular, and Scapulothoracic Joints. . Orthop.
Sports Phys. Ther. 2014, 44, 634-645, A1-8. [CrossRef]

Theodoridis, D.; Ruston, S. The Effect of Shoulder Movements on Thoracic Spine 3D Motion. Clin. Biomech. Bristol Avon 2002, 17,
418-421. [CrossRef]

Lefevre-Colau, M.-M.; Nguyen, C.; Palazzo, C.; Srour, F; Paris, G.; Vuillemin, V.; Poiraudeau, S.; Roby-Brami, A.; Roren, A.
Kinematic Patterns in Normal and Degenerative Shoulders. Part II: Review of 3-D Scapular Kinematic Patterns in Patients with
Shoulder Pain, and Clinical Implications. Ann. Phys. Rehabil. Med. 2018, 61, 46-53. [CrossRef]

Duckworth, D.G.; Smith, K.L.; Campbell, B.; Matsen, F.A. Self-Assessment Questionnaires Document Substantial Variability in
the Clinical Expression of Rotator Cuff Tears. J. Shoulder Elbow Surg. 1999, 8, 330-333. [CrossRef]

Via, A.G.; De Cupis, M.; Spoliti, M.; Oliva, E. Clinical and Biological Aspects of Rotator Cuff Tears. Muscles Ligaments Tendons J.
2013, 3, 70-79. [CrossRef] [PubMed]

Matthewson, G.; Beach, C.J.; Nelson, A.A.; Woodmass, ].M.; Ono, Y.; Boorman, R.S.; Lo, LK\Y.; Thornton, G.M. Partial Thickness
Rotator Cuff Tears: Current Concepts. Adv. Orthop. 2015, 2015, 458786. [CrossRef] [PubMed]

Ludewig, PM.; Kamonseki, D.H.; Staker, J.L.; Lawrence, R.L.; Camargo, PR.; Braman, J.P. Changing Our Diagnostic Paradigm:
Movement System Diagnostic Classification. Int. ]. Sports Phys. Ther. 2017, 12, 884-893. [CrossRef] [PubMed]

D’hondt, N.E.; Kiers, H.; Pool, ].].M.; Hacquebord, S.T.; Terwee, C.B.; Veeger, D.H.E.J. Reliability of Performance-Based Clinical
Measurements to Assess Shoulder Girdle Kinematics and Positioning: Systematic Review. Phys. Ther. 2017, 97, 124-144. [CrossRef]
[PubMed]

Lewis, J.S.; Valentine, R.E. The Pectoralis Minor Length Test: A Study of the Intra-Rater Reliability and Diagnostic Accuracy in
Subjects with and without Shoulder Symptoms. BMC Musculoskelet. Disord. 2007, 8, 64. [CrossRef] [PubMed]

Hickey, B.W.; Milosavljevic, S.; Bell, M.L.; Milburn, P.D. Accuracy and Reliability of Observational Motion Analysis in Identifying
Shoulder Symptoms. Man. Ther. 2007, 12, 263-270. [CrossRef]

Lewis, J. Rotator Cuff Related Shoulder Pain: Assessment, Management and Uncertainties. Man. Ther. 2016, 23, 57-68. [CrossRef]
Antunes, A.; Carnide, F.; Matias, R. Real-Time Kinematic Biofeedback Improves Scapulothoracic Control and Performance during
Scapular-Focused Exercises: A Single-Blind Randomized Controlled Laboratory Study. Hum. Mov. Sci. 2016, 48, 44-53. [CrossRef]
Loépez-Pascual, J.; Page, A.; Serra-Ai6, P. Movement Variability Increases With Shoulder Pain When Compensatory Strategies of
the Upper Body Are Constrained. J. Mot. Behav. 2018, 50, 510-516. [CrossRef]

Smith, K.L.; Harryman, D.T.; Antoniou, J.; Campbell, B,; Sidles, J.A.; Matsen, F.A. A Prospective, Multipractice Study of Shoulder
Function and Health Status in Patients with Documented Rotator Cuff Tears. . Shoulder Elbow Surg. 2000, 9, 395-402. [CrossRef]
[PubMed]

Habechian, FA.P; Rosa, D.P; Haik, M.N.; Camargo, PR. Sex-Related Differences in Scapular Kinematics During Elevation of the
Arm in Asymptomatic Children and Adults. ]. Appl. Biomech. 2016, 32, 513-519. [CrossRef] [PubMed]


http://doi.org/10.1016/j.math.2014.06.006
http://doi.org/10.2519/jospt.2013.4276
http://doi.org/10.2519/jospt.2014.5339
http://doi.org/10.1016/S0268-0033(02)00026-8
http://doi.org/10.1016/j.rehab.2017.09.002
http://doi.org/10.1016/S1058-2746(99)90155-6
http://doi.org/10.11138/mltj/2013.3.2.070
http://www.ncbi.nlm.nih.gov/pubmed/23888289
http://doi.org/10.1155/2015/458786
http://www.ncbi.nlm.nih.gov/pubmed/26171251
http://doi.org/10.26603/ijspt20170884
http://www.ncbi.nlm.nih.gov/pubmed/29158950
http://doi.org/10.2522/ptj.20160088
http://www.ncbi.nlm.nih.gov/pubmed/27587801
http://doi.org/10.1186/1471-2474-8-64
http://www.ncbi.nlm.nih.gov/pubmed/17620136
http://doi.org/10.1016/j.math.2006.05.005
http://doi.org/10.1016/j.math.2016.03.009
http://doi.org/10.1016/j.humov.2016.04.004
http://doi.org/10.1080/00222895.2017.1371109
http://doi.org/10.1067/mse.2000.108962
http://www.ncbi.nlm.nih.gov/pubmed/11075323
http://doi.org/10.1123/jab.2015-0341
http://www.ncbi.nlm.nih.gov/pubmed/27341188

	Introduction 
	Materials and Methods 
	Participants 
	Equipment and Outcome Measures 
	Procedure 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

