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Overview of Various Measurement Tools for Shoulder Kinematics
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Shoulder kinematics is important, as it is associated with shoulder arthropathy and pain mechanisms. Various static and dynamic analysis
methods are prevalent for shoulder kinematics. These include 2-dimensional plane x-ray, computed tomography, and magnetic reso-
nance imaging, cadaver study, electromagnetic motion analysis, transcortical bone pins technique, and in vivo 3-dimensional motion
analysis. Although these methods provide the value of the shoulder kinematics angle, they are unable to explain why such changes oc-
cur. Since each method has its pros and cons, it is important to understand all factors accurately, and to choose a method that best meets

the purpose of the researcher.
(Clin Shoulder Elbow 2017;20(4):244-249)
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Introduction

The shoulder, consisting of three bones (clavicle, humerus,
and scapula), is a very complex joint encompassing four joints
(glenohumeral joint, scapulothoracic joint, acromioclavicular
joint, and sternoclavicular joint), numerous ligaments, and
muscles. The shoulder joints maintain very efficient movements
and stability by moving these components cooperatively. A
problem in any one of these movements affects the other joints,
and eventually the patient complains of pain.” In addition, the
mechanism of the rotator cuff tear (RCT) and pain induction has
not been elucidated yet, but many studies suggest that one of
the factors is a kinematic change of the shoulder.”” In the sub-
acromial impingement syndrome, changes in the glenohumeral
joint kinematics, such as the excessive superior translation of
the humeral head, have been identified as the cause of pain.*”
Scapular and humerus are known to move at a constant rate
during the elevation of the shoulder, and the scapulohumeral
rhythm (SHR) has been elucidated to be in a 2:1 ratio by Inman
and Saunders.” However, recent studies have shown that indi-
vidual differences are significant, and some degree of difference

exists between dominant and non-dominant arms.” Various
diseases around the shoulder are especially known to change the
SHR; hence, measuring the SHR can help predict the morbidity
of a disease.”” Earlier studies mostly used plain radiographs as a
means to measure scapular kinematics (upward rotation angle,
posterior tilting angle, and external rotation angle) including
SHR." Plain radiographs. Although still used frequently, there is
a limitation to measuring the 3-dimensional (3D) changes of the
scapula. Hence, this study evaluates the advantages and disad-
vantages of three methods, mainly focusing on methods that are
frequently used, and with recently applied examples.

Techniques

Two-dimensional (2D) Plane x-ray

Since the time it was employed by Inman and Saunders,” 2D
plane x-ray is one of the oldest research methods used for the
study of static kinematics.'” Paletta et al.” compared the kine-
matics of shoulder abduction in normal, anterior shoulder insta-
bility (ASI) and RCT patients using scapular plane and horizontal
(axillary) plane x-ray. They observed that 39% of preoperative
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ASI patients and 100% of RCT patients had altered glenohu-
meral kinematics such as superior translation of humeral head,
but normal glenohumeral kinematics were reported in 100% of
the ASI patients and 86% of RCT patients at 2 years after surgery.
Various studies undertaken by Yamaguchi et al.” included serial
x-ray of abduction in normal, symptomatic and asymptomatic
RCT patients, and translation of the humeral head. They report-
ed a superior translation of the humeral head during arm abduc-
tion in RCT patients.

Although these studies can be performed relatively easily
compared with other methods, a limitation of this technique is
that a dynamic study is not possible, and the difference in the
interobserver and intraobserver reliability are large.

Computed Tomography and Magnetic Resonance
Imaging

Commonly used in medical practice, both computed tomog-
raphy (CT) and magnetic resonance imaging (MRI) provide use-
ful information regarding the bones and muscles, respectively.
Especially, 3D imaging provides a scope beyond the limit of the
existing 2D plane, thereby enabling 3D analysis.""" It is difficult
to accurately measure the critical shoulder angle (CSA)” in 2D
plane kinematics using conventional plain x-rays because of
the complicated anatomical structure of the shoulder, such as
the scapula. Although a 3D technique enabled the study of the
CSA (Fig. 1), the disadvantage of providing only static kinemat-
ics at certain angles other than dynamic kinematics still remains
valid. Also, it is difficult to capture motion, other than the neutral
position, in CT and MRI due to the unique helical and closed
structure. Several methods have been studied to overcome

Fig. 1. Assessment of the critical shoulder angle on standardized true antero-
posterior radiographs. The angle is formed by a line connecting the superior
and inferior border of the glenoid fossa, and a second line connecting the lat-
ter with the most infero-lateral point of the acromion.

these limitations. Among them, open MRI can be accomplished
in a more free posture than the conventional closed MRI, and
it is possible to conduct 3D glenohumeral motion for in vivo
study. Graichen et al." studied the glenohumeral kinematics
and muscle activity by performing open MRI at 30° intervals,
with passive and active shoulder abduction at 30° to 150°. Kim
et al.” studied the acromioclavicular joint motion by performing
3D CT in the neutral position and full abduction, in patients who
underwent hook plate fixation with comminuted distal clavicle
fracture. They reported that during abduction, the distal clavicle
on the side of the hook plate fixation had less internal rotation
and more translation of the medial acromion compared to the
other side. In addition, Kim et al."” also studied the relation-
ship between scapular fracture, clavicular fracture and scapular
dyskinesis by performing 3D CT in the neutral position and full
elevated position. They reported that clavicular fracture had no
significant effect on scapular kinematics, but scapular fracture
was associated with a decrease in scapular elevation and an in-
crease in the anterior tilt, resulting in the scapular fracture being
a cause for scapular dyskinesis.

These studies also performed motion analysis, which is a limi-
tation of existing CT and MRI studies. However, the impossibility
of dynamic motion analysis still remains a limitation in this tech-
nique.

Cadaver Study

Debski et al.'” conducted a dynamic study of the glenohu-
meral joint using six computer-controlled hydraulic cylinders,
and Su et al."” studied the relationship between RCT and gleno-
humeral translation through a cadaver study using customized
zig. The cadaver study allows for dynamic study of joint motion
or position, imaging study and direct observation."”

It is a very useful tool for measuring the approximate chang-
ing trend of the shoulder kinematic before in vivo measurement
since it is possible to study only one limited movement; also,
kinematics cannot be studied with the muscles and ligaments of
the shoulder being excluded, and this is a controlled test rather
than actual physiologic loading. However, there is a limitation
for complete reproduction in vivo. Recently, the authors studied
shoulder kinematics utilizing cadaveric study with the Vicon mo-
tion analysis system (Vicon Motion System, Oxford, UK) with 6
cameras (X-T10 2 megapixel camera; Fujifilm, Bangkok, Thai-
land) (Fig. 2).

Electromagnetic Motion Analysis

Electromagnetic motion analysis enables the dynamic analysis
of shoulder motion, unlike other modalities such as simple x-
ray, CT, and MRI. This provides dynamic kinematics information
as an electromagnetic tracking method that attaches markers
directly to the patient’s skin. Kolk et al.”” studied the preopera-
tive and postoperative 1 year shoulder kinematics and shoulder
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range of motion (ROM) in RCT patients using an electromag-
netic tracking device. They reported the recovery of shoulder
kinematics and an increase in ROM at the postoperative 1-year
follow-up. Dayanidhi et al.*" studied scapular kinematics in arm
elevation in adults and children using a magnetic tracking device
wherein they reported a significant difference between children
and adults in scapular kinematics. The greater upward rotation
of the scapular and the glenohumeral to scapulothoracic ratio
in shoulder abduction was 2.4:1 in adults and 1.3:1 in children.
This method can be applied to dynamic studies, such as forward
elevation and external rotation, by attaching an electromagnetic
sensor to the anatomical landmark of the scapula, humerus, and
thoracic. It is also possible to study scapulothoracic motion with
glenohumeral motion including the trunk.

However, the electromagnetic tracking method has limita-
tions in that it is difficult to measure the scapular movement
for the overhead activity of 120° or more due to the skin-bone
displacement and the error by the marker being located in the
*#% In particular, an error occurs as the elevation angle in-

creases.**'?

skin.

Transcortical Bone Pins Technique

McClure et al.* studied scapular kinematics by inserting pins
directly into the subject’s bone for direct 3D measurement of
scapular kinematics. Karduna et al.” performed a transcortical
bone-pin technique to attach the sensor directly to the bone to
remove the skin motion artifact that occurs when the sensor is
placed in the skin, as in the previous electromagnetic motion
study. Since the sensor pin is placed on the bone such as the
scapula, accurate kinematics can be measured; furthermore,
flexion motion of 120° or more can be measured, which is oth-
erwise limited by the existing electromyography (EMG). How-
ever, the pin pain may affect kinematics. Also, the invasive study
makes it difficult to collect a large number of subjects, and it is
difficult to perform repeated examinations before and after sur-

gery-

In Vivo 3D Motion Analysis
The recently developed shape matching technique using the
3D-to-2D model registration technique was originally used for
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Fig. 2. Five reflective bony markers were
attached to the proximal and distal sternum
and clavicle to recognize the axis. Vicon mo-
tion analysis system (Vicon Motion System,
UK) with 6 cameras (MX-T10 2 megapixel
camera).

in vivo 3D motion analysis of total knee arthroplasty.”” However,
this has now been extended to the spine, hip and shoulder in
vivo measurements.””*” Recently, a bi-plane fluoroscopy meth-
od was used to reduce errors in out of plane.”” Shape matching
technique has the disadvantage of radiation hazard, and it is
difficult to measure the relationship with other joints since the
measurement site is confined to one joint only. However, more
accurate dynamic kinematic information can be obtained as
compared to other methods, and the accessibility of researchers
can be improved by using fluoroscopy, which is commonly avail-
able in hospitals. Although the shape matching technique is a
very accurate method, it is also an indirect tool. Shape matching
technique has recently become popular because it provides a
kinematic value that reflects the in vivo state, and can be linked
to the clinic. Since the preoperative and postoperative clinical
results are correlated with the kinematic value, there are high
expectations that they will be able to measure and compensate
for the deficient part in cooperation with the muscles.

1) Shape matching technique based on single plane

fluoroscopy

This is a suitable method to measure the dynamic kinematics
of the glenohumeral joint, such as the relationship between pos-
terior tilt, external rotation, upward rotation of the scapula and
SHR, relationship between superior-inferior translation, internal-
external rotation and scapular value, and relationship between
scapula and humerus.®”” This is achieved by matching the 3D
image acquired by the CT to the dynamic 2D image obtained by
using fluoroscopy.”*” Recently, we used a shape matching tech-
nique to study the effects of short malunion of the clavicle on in
vivo scapular kinematics (Fig. 3, 4).”” Our results showed that
clavicle shortening of >10% greatly affects the scapular kinemat-
ics in vivo. The change in the length of clavicle (one of the bones
constituting the shoulder joint) eventually leads to a change in
scapular kinematics. Matsumura et al.” conducted a cadaver
study on scapular kinematics in studying the shortening deformi-
ties of the clavicles with almost the same subject. Although both
study results were almost similar, the in vivo studies, external
rotation and posterior tilting of the scapula increased significantly
from 100° to maximum abduction, but did not show any differ-
ence according to the elevation angle in the cadaver study. This
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Fig. 3. Using computed tomography images,
3-dimensional (3D) models of the humerus,
scapula, and clavicle were constructed with
ITKSNAP (Penn Image Computing and Sci-
ence Laboratory, Philadelphia, PA, USA),
and anatomic coordination was assigned to
3D models of the humerus (A) and glenoid
(B) with Geomagic studio (X-axis, centroid
of the humeral head; Y-axis, parallel to
the humeral shaft; Z-axis, intertubercular

groove).

reflects the difference between in vivo studies (which reflect real-
time muscle conditions) and the cadaver studies.

The limitations of the shape matching technique are that the
risk of ionizing radiation is higher than other methods, and accu-
racy is less than that of the external plane change due to the use
of single plane fluoroscopy. Also, the study includes the thorax,
unlike the electromagnetic motion analysis.

2) Radiostereometric analysis technique based on dual

plane fluoroscopy

The shape matching technique using single plane fluoros-
copy has the drawback that it is difficult to detect out of plane
translation as compared with in plane translation. On the other
hand, dual plane fluoroscopy is emerging as an alternative. Bey

| 30,33

et al.”*” analyzed the dynamic 2D image obtained by biplane
x-ray system, and 3D scapula and humerus bone model ob-
tained by bilateral CT using model-based tracking technique.
This method provides six kinematic parameters (three rotations,
three translations), which can be used to obtain a more accurate

understanding of the changes in the humerus motion as the

Fig. 4. Three-dimensional (3D) to 2-dimen-
sional model-to-image registration was used
to determine 3D motion of the scapula and
humerus during dynamic arm elevation.

scapula changes, as compared to EMC. In addition, it is possible
to study the joint contact pattern by measuring the minimum
distance between the glenoid and the humerus in each 2D im-
age

However, it has a disadvantage that since this is also a CT
based bone model, the cartilage is excluded from the joint con-
tact pattern, and also radiation hazard using biplane x-ray and
CT is higher than in other studies.

Conclusion

There are static and dynamic analytical methods for shoul-
der kinematics. All methods described above provide valuable
shoulder kinematics angle, although they are unable to explain
why such changes occur. Although EMG should be performed
simultaneously to measure muscle changes around the shoulder
joint, there are many technical difficulties in clinical studies. In
fact, even if EMG is performed, it is necessary to solve the prob-
lem of measuring the muscle state of the moment that causes
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real-time kinematics change, namely, the problem of synchro-
nization. Hence, more researches need to be conducted in this

area

. The methods introduced earlier each have advantages and

disadvantages. It is important to understand this correctly and
choose a measurement method that meets the purpose of the
researcher.
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