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Objective: To use image registration techniques to study the clavicular rotation of the shoulders in the sagittal
plane.

Methods: From 28 April 2019 to 20 May 2019, 13 healthy adults (7 males and 6 females) with no history of shoulder
trauma surgery or chronic pain were recruited. Patients’ ages ranged from 22 to 42 years, with a mean age of
26.5 years. Three-dimensional composite images of the sternum–clavicle–humerus were taken using CT images of
upper limb movement in the sagittal plane in the 13 healthy adults. Four different postures were registered:
(i) anatomical supine position; (ii) elbow joints lifted anteriorly in the supine position; (iii) posterosuperior hyperexten-
sion of the elbow joints in the prone position; and (iv) posteroinferior hyperextension of the elbow joints in the prone
position. Image data from the humerus and clavicle in three of the postures were processed to calculate Euler angles
for movements in the sagittal plane. SPSS 19 was used to perform statistical analyses.

Results: There was no significant difference in the angles of change in the clavicle and humerus between the domi-
nant and non-dominant sides under different movement patterns. For upper limb movements in the sagittal plane, the
clavicle displayed different Euler angles in different postures. The rotation angle from the anatomical to the horizontal
position was the smallest angle, with an average value of 7.1�, whereas the rotation angle from horizontal to post-
erosuperior hyperextension was the largest, with an average value of 37.2�. When the upper limb moved from anterior
protraction to a posterosuperior extension, the intrinsic rotation angle of the clavicle reached its maximum, with an
average value of 27.9�; when moved from the anatomical to the horizontal position, 9.1% of the sagittal rotation was
executed by the clavicle. During rotation from the horizontal position to posterosuperior hyperextension and from the
anatomical to posterior extension, the clavicle showed relatively higher weights at 29.5% and 37.0%, respectively.

Conclusion: Our results showed that dominance was not a consideration when studying clavicular rotation. Image reg-
istration is an effective method that can be used to study upper limb scapular movements. Through comparing and
analyzing the data, two postures had relatively large changes in the rotation angle. This can help improve indicators of
clavicular rotational function during physical examinations and postoperative functional evaluations.
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Introduction

For over a century, researchers have attempted to identify
simple principles that account for the generation of

upper limb movements in human subjects1. Upper limb

movement is important for evaluation of stroke recovery;
however, there is no standard for its measurement due to the
complexity of the movement. Currently, consensus is lacking
on the use of kinetic and kinematic measures (metrics) for
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motor recovery. In reviewing 225 studies, Schwartz et al.
found 151 different metrics used for measuring upper limb
movements2.

Most upper limb motor outcome measures at the activ-
ity level of the International Classification of Functioning
(ICF) mainly quantify the time or degree of task completion
on ordinal scales without considering movement quality. To
identify true motor recovery, measures should be able to dis-
tinguish between restitution of premorbid movement pat-
terns and the use of alternative (compensatory) movement
patterns during task accomplishment. This requires the char-
acterization of motor behavior at two levels: the performance
level, describing the movements of the end effector
(i.e. hand) in space, and the movement quality level, describ-
ing the joint rotations in body-centered coordinates. At the
performance level, the speed, precision, and straightness of
endpoint movement can be measured. At the movement
quality level, spatial and temporal characteristics of individ-
ual joint and segment (i.e. trunk) movement are described,
as well as interjoint coordination and muscle activation
patterns3.

Upper limb movement involves the motion of the
clavicle, scapula, and humerus. The sternoclavicular joint,
composed of the clavicle and sternum, is the starting joint
of the shoulder girdle movement. The human clavicle is
the only bone of the shoulder girdle forming a synovial
joint with the trunk and is essential for stability and move-
ments, for circulation, ventilation and tension, and even
for the muscles of expression of the throat, shoulder and
thorax4.

Clavicle fractures constitute approximately 2.6%–4% of
all fractures, with lateral end fractures comprising 21%–28%
of all clavicle fractures5. The current treatment of choice
involves internal fixation with superior or anterior clavicle
plating; however, their clinical success and patient satisfac-
tion are decreasing. The use of intramedullary devices is on
the rise, but data describing the intramedullary canal param-
eters are lacking6. Therefore, determining how the clavicle
rotates is important for comprehensively understanding
shoulder function, as well as providing a potential target for
disease treatment. However, it is difficult to measure clavicu-
lar motion in different postures as it is affected by the
motion of the sternum and scapulae and by respiratory
movement. In previous studies, the subjects examined were
either living bodies or cadavers. Several methods were used
in these studies, including the optical and magnetic motion
capture system, model-image registration, and sensor
implantation. However, the results were neither consistent
nor convincing. First, the results of clavicular rotation in
studies around the year 2000 vary greatly, especially in the
sagittal plane. Second, numerous studies have used three-
dimensional (3D) motion capture to quantify clavicular
motion, but this method is markedly inaccurate in measuring
the rotation angle of the clavicle in the sagittal plane7–11.
There is no optimal method to measure the rotation angle of
the clavicle in the sagittal plane in vivo.

Image registration is the process of overlaying images
(two or more) of the same scene obtained at different times
from different viewpoints and/or by different sensors; it
involves geometrical alignment of the two images (the refer-
ence and sensed images)12. Image registration provides a
highly advantageous approach for identifying, correlating,
and quantifying regional changes in anatomy and function13.
Commonly used image registration approaches include
intensity-based methods and feature-based methods that use
handcrafted image features14. The interpretation and review
of single-photon emission CT (SPECT) or positron emission
tomography (PET) images registered with MRI, CT, digital
subtraction angiography (DSA), or ultrasound (US) images
often contribute additional and new information to the
workup of subjects beyond that obtained from the individual
procedures13. Image registration has become more impor-
tant. It enables integration of different images into one repre-
sentation such that the complementary information can be
accessed more easily and accurately15.

With the development of medical imaging technology,
the objectives of image registration have changed consider-
ably. Image registration was originally developed to measure
in vivo kinematics of total knee arthroplasty; however, in the
present study we used image registration techniques to study
the clavicular rotation of the shoulders in the sagittal plane.
The purpose of this study is: (i) to prove that image registra-
tion is an effective method of studying complex shoulder
movement and the characteristics of clavicular rotation while
in sagittal motion; (ii) to measure and analyze sterno-
clavicular images of healthy individuals moving their upper
limbs in different dimensions in the sagittal plane, with the
advantages of being non-invasive, accurate, and involving
limited radiation exposure; and (iii) to investigate clavicular
rotation using 3D sternal images in different anatomical
positions.

Materials and Methods

Study Participants
From 28 April 2019 to 20 May 2019, we recruited 13 healthy
adults (7 male and 6 female) with no history of shoulder
trauma surgery or chronic pain. The inclusion criteria were:
(i) the participants were healthy adults; (ii) the shoulder joint
could complete the four movements of the rest position, the
horizontal position, the posterior upper extension position,
and the posterior lower extension position, and the patients
agreed to undergo CT examination of the shoulder joint in
the four positions; (iii) the reconstruction and registration of
CT images of the scapula in the four positions was com-
pleted, and corresponding rotation angles were measured;
and (iv) the study design was basic medical research.

The exclusion criteria were: (i) history of shoulder
trauma or surgery; (ii) history of chronic shoulder pain; (iii)
could not cooperate to complete the specified action; (iv)
unable to accept the radiation exposure required in this
study; and (v) personal privacy issues. Patient ages ranged

494
ORTHOPAEDIC SURGERY

VOLUME 13 • NUMBER 2 • APRIL, 2021
IMAGE REGISTRATION FOR CLAVICULAR ROTATION



from 22 to 42 years, with a mean of 26.5 years. Body mass
indexes ranged from 18.9 to 39.2 kg/m2, with a mean of
24.2 kg/m2. The left shoulder was dominant in 2 participants
and the right was dominant in 11. The appropriate review
board approved this study and all participants provided
informed consent. A total of 26 shoulders (13 cases) were
assigned to two groups according to the participants’
dominant side.

Image Acquisition
A Discovery CT750 HD (GE Healthcare, Milwaukee, WI,
USA) CT scanner was used. The parameter settings for the
CT scans were as follows: slice thickness, 0.625 mm; slice
increment, 0.625 mm. The scanning positions were:
(i) anatomical supine position; (ii) elbow joints lifted anteri-
orly in the supine position; (iii) posterosuperior hyperexten-
sion of the elbow joints in the prone position; and
(iv) posteroinferior hyperextension of the elbow joints in the
prone position. The scanning range spanned from the infe-
rior to 2 cm below the sternal angle plane and the superior
to the acromial end of the clavicle, including the parts above
the deltoid trochanter proximal to the humerus (Fig. 1).

Image Registration
The raw image data was imported into MIMICS 21 (Material-
ise NV, Leuven, Belgium) to form a 3D composite image of
the four positions containing the sternum–clavicle–humerus.
According to the recommendations of the International Soci-
ety of Biomechanics, we adhered to the principle of
immobilizing the sternum during clavicular motion and the

rotation of the clavicle was expressed using Euler angles16.
The 3D image of the sternum in the supine position was reg-
arded as the registration target and registration was per-
formed on the 3D composite images of the other positions.
Finally, we obtained superimposed sternal images in the four
postures and 3D images of the clavicle and humerus in dif-
ferent positions (Fig. 2).

Data Collection and Processing
The connecting line between the center of the sternal end
and the acromial end of the clavicle was taken as the axis
and the conoid tubercle was used as a reference to measure
the Euler angle. For the humerus, the connecting line
between the start and end of the intertubercular groove was
taken as the axis and used to measure the sagittal angle.

The raw image data of each participant was divided
into three groups according to postural changes: position a–
b, position b–c, and position a–d. The 3D composite image
of the sternum–clavicle–humerus in the supine position was
regarded as the standard in capturing the descriptions of the
clavicular Euler angles in different positions. Then, the angu-
lar range of the humerus in the sagittal plane was calculated.

Parameters

Angles
Euler angles17: Start with the frame coincident with a known
frame {A}. Rotate {B} first about YB by an angle θ, then
about XB by an angle ψ, and, finally, about ZB by an angle φ.
In this representation, each rotation is performed about an

Fig. 1 Posture of the volunteers during

the CT projection is demonstrated. The

scanning positions were: (A) anatomical

supine position, (B) elbow joints lifted

anteriorly in the supine position,

(C) posterosuperior hyperextension of the

elbow joints in the prone position, and

(D) posteroinferior hyperextension of the

elbow joints in the prone position.
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axis of the moving system {B} rather than one of the fixed
reference {A}. Such sets of three rotations are called Euler
angles. Note that each rotation takes place about an axis
whose location depends upon the preceding rotations.
Because the three rotations occur about the axes Y, X, and Z,
we will call this representation Y–X–Z Euler angles.

Clavicular nutation angle: The rotation order of the
clavicle is y–x–z, and the corresponding angle is nutation
angle θ.

Clavicular precession angle: The rotation order of the
clavicle is y–x–z and the corresponding angle is the preces-
sion angle ψ.

Clavicular intrinsic rotation angle: The rotation order
of the clavicle is y–x–z, and the corresponding angle is
intrinsic rotation angle φ.

Humeral rotation angle: This is the angle of the
humeral thoracic joint in the sagittal plane.

Measurement methods and significance
After image registration, the spatial 3D coordinates of the
markers of the clavicle and the proximal humerus under dif-
ferent attitudes were known. The measurement is calculated
based on the definition of the Euler angle and the rotation
order of Y–X–Z. The description method of the Euler angle
and corresponding bone marker were selected according to
the ISB recommendation on definitions of joint coordinate
systems16. The three angles of the Euler angle represent the
angle of rotation in order of the axis of rotation, which is
related to the order of rotation.

Statistical Methods
Independent sample t-tests were performed on the two
groups of data obtained from scanning the three postures on
the dominant and non-dominant sides. P < 0.05 was reg-
arded as the test criterion.

The clavicle rotation angles of the active shoulder and
the non-active shoulder were quantitatively studied. The
independent sample t-test was used and the value of
α = 0.05. A quantitative study of the rotation angle of the
clavicle in three different postures was carried out. The sta-
tistical method used was the χ2-test, with a value of α = 0.05
and a value of α = 0.017 between groups.

Image data from the humerus and clavicle were processed
to calculate Euler angles and weights (clavicular intrinsic rotation
angle/humeral rotation angle) for different positions in the sagit-
tal plane. Analysis of variance was applied and P < 0.05 was reg-
arded as the test criterion. Least significant difference post hoc
tests were used for between-group comparisons and P < 0.017
was regarded as the test criterion. SPSS 19 (IBM, Armonk, NY)
was used to perform statistical analyses.

Results

No Significant Difference between the Dominant and
Non-dominant Sides
Table 1 compares the clavicle and humerus in different posi-
tions on the dominant and non-dominant sides. There was
no significant difference in the angles of change in the

Fig. 2 Image registration effect demonstration. Three-dimensional

images of the clavicle and humerus in four different positions.

(A) Green, anatomical supine position; (B) pink, elbow joints lifted

anteriorly in the supine position; (C) purple, posterosuperior

hyperextension of the elbow joints in the prone position; and (D) red,

posteroinferior hyperextension of the elbow joints in the prone position.

TABLE 1 Comparison of the dominant and non-dominant sides for different motion postures

Dominant: non-dominant Postures t-value P-value

Clavicular nutation angle θ 1: a–b 0.211 0.650
2: b–c 0.048 0.829
3: a–d 1.938 0.177

Clavicular precession angle ψ 1: a–b 1.971 0.173
2: b–c 0.012 0.915
3: a–d 1.943 0.176

Clavicular intrinsic rotation angle φ 1: a–b 1.402 0.248
2: b–c 0.006 0.940
3: a–d 0.061 0.807

Humeral rotation angle 1: a–b 0.601 0.446
2: b–c 0.030 0.865
3: a–d 0.391 0.538
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clavicle and humerus between the dominant and non-
dominant sides under different movement patterns. There-
fore, all shoulders (13 cases, 26 shoulders) could be included
in the statistical analysis.

Clavicle Displayed Different Euler Angles in Different
Postures
The clavicular nutation angle was θ = 51.4� � 7.1� and the cla-
vicular intrinsic rotation angle was φ = 47.2� � 7.8�. The
humeral rotation angle (anatomical position − posterosuperior)

was 228.5� � 13.9� and the humeral rotation angle (anatomical
position − posteroinferior) was 30.0� � 12.2� (Figs 3–5).

The clavicular Euler angles and weights for different
postures (clavicular intrinsic rotation angle/humeral rotation
angle) are shown in Table 2.

Significant Changes in the Rotation Angle between
Specific Positions
For upper limb movements in the sagittal plane, the clavicle
presented different Euler angles in different positions. The

Fig. 3 Scatter diagram of the

clavicular nutation angle and the

humeral rotation angle (78 sets of

paired data).

Fig. 4 The scatter diagram of the

clavicular precession angle and the

humeral rotation angle (78 sets of

paired data).
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rotation from the anatomical to the horizontal position was
the smallest, with an average value of 7.1�, whereas the rota-
tion from the horizontal position to posterosuperior hyper-
extension was the largest, with an average value of 37.2�.
From the anatomical position to posterosuperior hyperexten-
sion, the clavicle rotated in a posterosuperior direction of
approximately 60�, and during posterior extension, the clavi-
cle rotated in the posteroinferior direction. When the upper
limb moved from anterior protraction to posterosuperior
extension, the intrinsic rotation angle of the clavicle reached
its maximum, with an average value of 27.9�. During upper
limb movement from the anatomical to the horizontal posi-
tion, 9.1% of the sagittal rotation was executed by the clavi-
cle, which had the smallest weight. During rotation from the
horizontal position to posterosuperior hyperextension and
from the anatomical to posterior extension, the clavicle
showed relatively higher weights, at 29.5% and 37.0%,
respectively.

Discussion

CT Images Are Applicable in Analyzing Movement
Characteristics of a Single Joint in Complex Joint
Motion
This research showed that in the study of multi-joint com-
pound motion, CT images are registered to a single joint,
which effectively reduces the measurement error caused by
adjacent joint motion, and can be used to independently
analyze the movement characteristics of a single joint in
complex joint motion. The advantages of using this tech-
nique are: (i) the data was obtained from active motion in
living bodies; (ii) the procedures were noninvasive and

participants were exposed to a limited dose of radiation; and
(iii) the interference of skin, soft tissues, respiratory move-
ment, and other joint movements were eliminated so that
the results were relatively accurate.

Image Registration Was Used to Analyze Clavicular
Kinematics
Some studies using cadavers have examined passive motion,
whereas studies using skin markers have not been able to
measure the relative movement of skin and bones; other
studies using bone markers are more invasive8–11. Image reg-
istration is a technique that uses aligned and superimposed
medical images for evaluation. Aside from using ionizing
radiation, this technique does not require an invasive opera-
tion and is fairly accurate18, 19. Image registration has been
applied to investigate shoulder kinematics19 but has seldom
been used to analyze clavicular kinematics.

Results of Rotation Angle of the Clavicle Differ from
Previous Studies
In terms of the sagittal rotation angle of the clavicle, the
results of this study differ considerably from those of previous
studies. Previous clavicular rotation results vary widely; during
upper limb abduction, the measurements of elevation angles
were from 7� to 16�, posterior contraction angles ranged from
16� to 31� and rotation angles from 23� to 33�9, 20–23.
However, in this study, clavicular intrinsic rotation and nuta-
tion angles were 47.2� and 54.7�, respectively, showing a mar-
ked deviation. The possible reasons are: (i) differences in
research methods (e.g. with intervening soft tissue and the use
of skin markers) can lead to significant errors, especially for
intrinsic rotation of the clavicle; (ii) cadaver kinematics do

Fig. 5 Scatter diagram of the

clavicular intrinsic rotation angle and

the humeral rotation angle (78 sets

of paired data).
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not include active motion; and (iii) differences in measure-
ment methods. In this study, the connecting line between the
centers of the sternal end and the acromial end of the clavicle
was taken as the axis and the conoid tubercle was used as the
reference to measure the rotation angle, providing more
authentic and reliable measurement results.

Two Positions in the Shoulder Joint Scoring System
Should Be Paid More Attention
The effectiveness of the existing shoulder joint score was
evaluated and analyzed according to the results of the study.
Common scoring systems currently used for the assessment
of injuries to the clavicle, acromioclavicular joint, and sterno-
clavicular joint include the Oxford Shoulder Score, the Con-
stant Score, and the Nottingham Clavicle Score. However,
there are two disadvantages in using these scores: (i) they do
not specifically measure injuries to the clavicle, acro-
mioclavicular joint or sternoclavicular joint and, thus, cannot
precisely determine the degree of post-injury dysfunction;
and (ii) although these scores provide some reference for
evaluating shoulder function, this works as a result of com-
posite movements of multiple joints. Hence, these scoring
systems are more general in their evaluation of the range of
shoulder joint movements in daily life, without detailed
assessments of individual bones and joints24–27. Our results
showed that the clavicular nutation angle gradually increased
when the upper limb moved from the anatomical position to
the posterosuperior extension. Therefore, this position can
better evaluate the function of the sternoclavicular joint. Dur-
ing movement from the horizontal position to posterosuperior
hyperextension and from the anatomical position to posterior
extension, the clavicular intrinsic rotation angle was relatively
large and bore a large weight on upper limb rotation in the
sagittal plane. This position enables better evaluation of the
function of the acromioclavicular joint. These two positions
are most effective in evaluating the sagittal motion of the clav-
icle during assessments of the shoulder joint’s complex
motion. We suggest that more attention should be paid to
these two positions in the shoulder joint scoring system.

Study Limitations
There are a few limitations in this study that should be rec-
ognized. First, our sample was small and, thus, the age
range of participants was restricted. Second, only four pos-
tures were investigated, without consideration of the
movement process. However, the maximum static range of
motion could also effectively reflect the function of the
clavicle. Third, we did not strictly control the posture
of the forearm during movement, which may have affected
the kinematics of the humerus and, thereby, influenced
the clavicle. Because of the presence of the humerus and
scapula between the forearm and the clavicle, the authors
suggest that this effect can be ignored. Finally, we used a
supine or prone position, both of which are affected by
gravity. Because all measurements in this study were made
under muscular tension, the results may be somewhat less
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robust than those obtained for the angle of movement in
an upright position.

Conclusion
Our results showed that dominance was not a consideration
when studying clavicular rotation. This is consistent with
previous research findings that there were no statistically sig-
nificant differences between dominant and nondominant
shoulders for forward elevation or abduction28.

Image registration is an effective method for studying
upper limb scapular movements. There were significant changes
in the intrinsic rotation angle of the clavicle during upper limb
rotations from a horizontal position toward a posterosuperior
direction on the sagittal plane and a vertical position toward
posterior extension. These two positions can help provide a bet-
ter indication of clavicular rotational function during physical
examinations and postoperative functional evaluations.
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(F) For the third rotation, the markers at the end of the ster-
num of the clavicle and the end of the acrosome of the clavi-
cle of the two attitudes with the angle of the two attitudes
overlap. Taking their connecting line as the axis, the included
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