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Kinematic Modeling of the Shoulder Joint

Abstract

Background: Measuring dynamic in vivo shoulder kinematics is crucial to better
understanding numerous pathologies. Motion capture systems using skin-mounted markers
offer good solutions for non-invasive assessment of shoulder kinematics during dynamic
movement. However, none of the current motion capture technigues have been used to
study translation values at the joint, which is crucial to assess shoulder instability. The aim of
the present study was to develop a dedicated patient-specific measurement technique based
on motion capture and magnetic resonance imaging (MRI) to determine shoulder kinematics
accurately.

Hypothesis: Estimation of both rotations and translations at the shoulder joint using motion
capture is feasible thanks to a patient-specific kinematic chain of the shoulder complex
reconstructed from MRI data.

Materials and Methods: We implemented a patient-specific kinematic chain model of the
shoulder complex with loose constraints on joint translation. To assess the effectiveness of
the technique, six subjects underwent data acquisition simultaneously with fluoroscopy and
motion capture during flexion and empty-can abduction. The reference 3D shoulder
kinematics was reconstructed from fluoroscopy and compared to that obtained from the new
technique using skin markers.

Results: Root mean square errors (RMSE) for shoulder orientation were within 4° (mean
range: 2.0° to 3.4°) for each anatomical axis and each motion. For glenohumeral translations,
maximum RMSE for flexion was 3.7 mm and 3.5 mm for empty-can abduction (mean range:
1.9 to 3.3 mm). Although the translation errors were significant, the computed patterns of
humeral translation showed good agreement with published data.

Discussion: To our knowledge, this study is the first attempt to calculate both rotations and
translations at the shoulder joint based on skin-mounted markers. Results were encouraging
and can serve as reference for future developments. The proposed technigue could provide
valuable kinematic data for the study of shoulder pathologies.

Level of evidence: Basic Science Study

Keywords: Shoulder kinematics, Glenohumeral translation, Global optimization, Motion
capture, Fluoroscopy
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1. Introduction

Measuring dynamic in-vivo shoulder kinematics is crucial to better understanding humerous
pathologies and sport injuries, but remains a challenging problem due to the complicated
anatomy and large range of motion. Unfortunately, the motion of the shoulder joints cannot
be explored with standard Magnetic Resonance Imaging (MRI) or Computed Tomography
(CT) because these are limited to static measurement and might therefore miss some
specificities of dynamic motion. Fluoroscopy-based measurement provides sufficient
accuracy for dynamic shoulder analysis [1], but uses ionizing radiation. Motion capture
systems using skin-mounted markers are good solutions to determine shoulder kinematics
non-invasively during dynamic movement [2, 3]. However, these systems are subject to soft
tissue artifacts (STA) due to muscle contractions and skin sliding, causing the markers to
move with respect to the underlying bone. In the upper extremity, the scapula is particularly
affected. To solve this issue, several techniques were proposed such as the scapula locator
device [4], the acromion marker cluster [5, 6] or the use of a large number of markers to track
skin deformation and infer scapular motion [7].

Nevertheless, none of the current motion capture techniques have been used to study
translation values at the shoulder joint. This information is crucial to assessing shoulder
instability and to understanding many motion-related disorders (e.g., shoulder impingement).
One reason for this lack is that studies using the current techniques concentrated either on
analysis of a single shoulder bone (scapula) or on humeral motion relative to the thorax
rather than to its proximal bone. Yet, it is important to consider the contribution of each bone
in assessing shoulder kinematics, taking account of the whole kinematic chain of the
shoulder complex from thorax to humerus via the clavicle and scapula, as this could help
reduce overall STA error [8, 9]. Another important aspect is the ability to combine the
anatomical and kinematic data of the patient: if the patient's anatomy (3D models) can be
integrated into the kinematic model, the true bone axes and rotation center of the patient’s
actual shoulder can be used. Furthermore, this data enables direct assessment of the
patient’s anatomy in motion.

Our hypothesis was that both rotations and translations at the shoulder joint could be
assessed on motion capture thanks to MRI reconstruction of the patient-specific kinematic
chain of the shoulder complex. The purpose of this study was thus: (1) to develop a
dedicated patient-specific measurement technique to determine shoulder kinematics
accurately; (2) to assess the effectiveness of the technique by comparing the resulting 3D
kinematics with that obtained by simultaneous X-ray fluoroscopy during functional activity.

2. Materials and Methods

2.1. Subjects

Six adult healthy males with no pathologic shoulder instability or limitation of range of motion
were recruited (age = 39.6 £ 7.0 years, height = 181.1 £ 5.9 cm, weight = 81.6 * 4.4 kg) for
the study. Exclusion criteria were history of shoulder injury or shoulder surgery, and
contraindications for MRI. The dominant arm (right arm, except for one subject) was used
throughout testing. Ethical approval was gained from the local Institutional Review Board,
and all participants gave their written informed consent.
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2.2. MRI bone models

All subjects underwent MR shoulder arthrography to assess all images prospectively for
rotator cuff and labral lesions (results not reported in this article). MRI was performed with a
1.5 T HDXT system (General Electric Healthcare, Milwaukee, WI, USA). A shoulder-
dedicated surface coil was used. Three 3D MRI volumes were acquired: a cosmic 3D fast
gradient echo sequence with fat saturation (section thickness 1.8 mm; no gaps; TR/TE ms
6.1/3.0; flip angle 45°) capturing from the acromion to approximately the mid-part of the
scapula, a cosmic 3D fast gradient echo sequence (section thickness 4 mm; no gaps; TR/TE
ms 5.7/2.8) capturing from the acromion to approximately the mid-shaft of the humerus, and
a lava 3D fast gradient echo sequence (section thickness 5.2 mm; no gaps; TR/TE ms
3.7/1.7) capturing from the acromion to the elbow.

The MRI volumes were registered and manually segmented by a musculoskeletal radiologist
(FCK) using ITK-SNAP software [10]. Based on the segmented contours, 3D models of the
shoulder bones (humerus, scapula, clavicle and sternum) were reconstructed for each
volunteer. Local coordinate systems (Fig. 1) were then established based on the definitions
suggested by the International Society of Biomechanics [11] to represent the thorax, clavicle,
scapula and humerus segments, using anatomical landmarks identified on the reconstructed
bone models and MR images. The glenohumeral joint center was calculated using a sphere
fitting method [12].

Figure 1: Bone coordinate systems for the thorax (X; Y, Z,), clavicle (X. Y. Z.), scapula (Xs Ys
Zs) and humerus (X, Yn Zy).

2.3. Data collection

Participants were equipped with spherical retroreflective markers (Fig. 2) placed directly on
the skin. Four markers (914 mm) were attached to the thorax (sternal notch, xyphoid
process, C7 and T8 vertebra), four (6.5 mm) on the clavicle, and four (14 mm) on the
upper arm — two placed on anatomical landmarks (lateral and medial epicondyles) and two
as far as possible from the deltoid. For the scapula, one marker (@14 mm) was fixed on the
acromion. In addition, the scapula was covered with a regular grid of fifty-six markers (6.5
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mm); this number was determined so as to have enough markers to cover the scapula while
limiting the time required to place them.

Figure 2: Markers placement, including markers placed on anatomical landmarks (orange)
and technical markers (black). PX = xyphoid process, SN = sternal notch, AC = acromion, TS
= trigonum spinae, AA = angulus acromialis, Al = angulus inferior, EL = lateral epicondyle,
EM = medial epicondyle.

Kinematic data were collected simultaneously from an X-ray fluoroscopy unit
(MultiDiagnostEleva, Philips Medical Systems, Netherlands) operating at 30 Hz and a Vicon
MXT40S motion capture system (Vicon, Oxford Metrics, UK) consisting of eight cameras
sampling at 120 Hz. Prior to data collection, the fluoroscopy system was calibrated for image
distortion and radiographic projection parameters using a calibration object [13]. A calibration
frame was also acquired with ten non-coplanar retroreflective markers, visible in both
systems, to compute the pose of the coordinate system of the Vicon system relative to the
fluoroscopy coordinate system by a 4x4 homogenous matrix. During testing, subjects were
positioned in front of the fluoroscope with the torso at approximately 30° to the X-ray beam,
so that the scapular plane was parallel to the image intensifier. They were instructed to
perform two tasks: three consecutive flexions of the arm from neutral to maximum flexion,
and three consecutive empty-can abductions of the arm from neutral to maximum abduction
in the scapular plane. These standard movements were chosen because there have been
widely investigated in the literature, facilitating comparison with previous studies. Subjects
were not constrained during motion to allow natural arm movement.

2.4. Calculation of shoulder kinematics using X-ray fluoroscopy

The 3D poses of the scapula and humerus were obtained using a 3D-to-2D shape matching
technique [14] (Fig. 3). The 3D MRI-based models were projected and iteratively matched to
the 2D X-ray images using custom software. After manual initialization of the bones
positions, a non-linear optimization algorithm based on an edge-to-edge metric was used to
calculate the optimal poses of the bones. 3D clavicle and thorax motion was not determined
because of the limited field of view of the fluoroscopy system (structures were not sufficiently
visible). A previous validation study [15] had shown that best-case accuracy for fluoroscopy
measurements was 0.53 mm for in-plane translation (parallel to image plane), 1.6 mm for
out-of-plane translation (perpendicular to image plane), and 0.54° for rotations in all planes.
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Figure 3: 3D-to-2D shape matching technique used to determine 3D motion of the scapula
and humerus during dynamic arm movements.

2.5. Calculation of shoulder kinematics using skin markers

The main issue in estimating kinematics from skin markers is STAs: skin deformation and
displacement due to the muscle activity cause parasitic marker movements with respect to
the underlying bones [16]. Thus, rigid bone motion cannot be robustly estimated, unless
STAs are effectively reduced. It was demonstrated that global optimization could help reduce
overall STA error [8, 9]; this method minimizes overall STA error by taking account of the
anatomical constraints of the entire kinematic chain. We therefore developed a patient-
specific kinematic chain comprising four rigid bodies (thorax, clavicle, scapula and humerus)
using the individual subject's 3D MRI-based models. The position and orientation of the
thorax relative to the global coordinate system was determined with six degrees of freedom
(DoF), and the sternoclavicular (SC), acromioclavicular (AC) and glenohumeral (GH) joints
were each defined as ball-and-socket joint (3 DoF) with loose constraints on translation. Joint
translation was thus permitted but limited.

The optimal pose of the kinematic chain was obtained by finding the best transform RT; for
each segment s that minimize the following equation:

4 Ns 3
min > (D allRToxss = yall® |+ ) s ltgll? &)
s=1 \i=1 s=1

This corresponds to the minimization of two terms:

¢ the distances between the model-based (x;;) and the measured (ys) marker coordinates
in the segment’s cluster (ny; markers in segment’s cluster s) with a weighting factor a, to
reflect different degrees of STA, as described by Lu and O’Connor [8];

e the translation penalty at each joint, with a weighting factor g, to control the amount of
possible translation at the joint and t, the relative translation of the segment s with
respect to its proximal bone.

For simplicity, equal weighting factors (as) were assigned to the markers of the thorax,
clavicle and humerus clusters. Since STAs are significantly less in the flat portion of the

6
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acromion [6], scapular grid markers were weighted inversely to their distance from the
acromion. The weighting factors Bs were chosen to allow translation values of the same order
of magnitude as reported in the literature.

Eqg. (1) was solved using a non-linear sequential quadratic programming algorithm [17].
Figure 4 shows examples of computed motions.

Figure 4: Kinematic animation of the shoulder joints during empty-can abduction, including
the markers setup (small colored spheres).

2.6. Data analysis

Humeral motion with respect to the scapula was determined for both measurement methods
with order of rotation: shoulder abduction/adduction (Xs), flexion/extension (Z’, floating axis)
and internal/external rotation (}). This sequence was used because it is the best in terms of
gimbal lock and amplitude coherence [18]. For the two motor tasks, the mean, standard
deviation (SD) and root mean square error (RMSE) of the difference between the two
measurement methods were calculated, as well as the motion amplitude (i.e., total measured
motion) yielded from the fluoroscopic measurements.

3. Results

RMSEs for shoulder orientation were within 4° for each anatomical axis and each motion
(Table 1). Minimal errors were observed for shoulder abduction/adduction and
flexion/extension during flexion (mean + SD: 2.0° £ 1.7° and 2.0° + 2.4°, respectively). The
range of glenohumeral translation was smallest in the superior-inferior direction (amplitude:
4.6 mm for flexion; 5.1 mm for abduction). Maximal amplitude reached 6 mm during
abduction in lateral-medial direction. Mean error ranged between 1.9 and 3.3 mm. Maximum
RMSE for flexion was 3.7 mm and 3.5 mm for empty-can abduction. Overall, orientation
errors were lower for flexion, whereas translation errors were comparable for both motor
tasks.

4. Discussion

We presented a patient-specific measurement technique based on the fusion of motion
capture and MRI data. Kinematics was assessed using a patient-specific kinematic chain
model of the shoulder complex with loose constraints on joint translation. To our knowledge,
this methodology is the first attempt to calculate both rotation and translation at the shoulder
joint based on skin-mounted markers.
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Table 1

Mean + SD errors, root mean square errors (RMSE) of shoulder kinematics between fluoroscopy-based
and markers-based measurement. The motion amplitude (total measured motion) obtained from
fluoroscopic measurement is also reported.

Movement Glenohumeral rotation
Rotation (°) Amplitude Mean+SD RMSE
Flexion
Abduction/adduction (X) 105.0 20+1.7 2.7
Flexion/extension (Z) 53.5 20x24 2.7
Internal/external rotation (Y) 68.6 3.1+25 3.9

Empty-can abduction

Abduction/adduction (X) 92.6 34+23 4.0

Flexion/extension (Z) 32.6 28+22 35

Internal/external rotation (Y) 54.2 3.1+24 3.9
Movement Glenohumeral translation

Translation (mm) Amplitude Mean £ SD RMSE
Flexion

Anterior/posterior translation (X) 5.8 19+£1.2 2.2

Lateral/medial translation (2) 5.9 29+1.6 3.3

Superior/inferior translation (Y) 4.6 31+21 3.7
Empty-can abduction

Anterior/posterior translation (X) 5.7 21+1.38 2.8

Lateral/medial translation (2) 6.0 3.3+1.3 3.5

Superior/inferior translation (Y) 5.1 31+15 35

Orientations RMSEs were within 4°, which is good and acceptable for clinical use in the
study of shoulder pathology. For comparison, Karduna et al. [19] reported RMSEs of 10° for
a scapula tracker and 11.4° for an acromial method against bone pins; Warner et al. [6]
found RMSEs of 3.5° to 7.3° comparing an acromion marker cluster to a scapula locator. We
were not able to find any comparative data in the literature specific to the relative motion of
the humerus with respect to the scapula.

Difficulties were encountered in determining glenohumeral translation due to the great
mobility of the joint. Although our data contained some significant translational errors,
particularly in superior-inferior direction, the patterns of humeral translation were in good
agreement with previous reports. For example, the data computed from the skin markers
showed that the humeral head translated superiorly during the early phase of arm elevation
and inferiorly toward maximum elevation (Fig. 5), as previously reported [14, 20].
Nevertheless, improvement is still needed. One direction could be to replace loose
translational constraints with a full biomechanical simulation (e.g., finite element models) of
the capsular ligaments taking account of their 3D shapes and mechanical properties.
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Superior (+) / inferor (-) translation (mm)

Shoulder elevation angle (deg)

Figure 5: Superior-inferior translations of the humeral head as a function of shoulder
elevation angle during empty-can abduction. Each curve corresponds to one of the six
participants.

Two sources of errors that may contribute to the differences in shoulder kinematics as
determined by fluoroscopy versus motion capture should be considered: Firstly, MRI-based
models were used for the 3D-to-2D matching technique rather than CT-based models, which
may have impaired the quality of the shape matching results [15]. MRI was chosen because
we wanted to review soft-tissue lesions as part of a future study. Secondly, single-plane
fluoroscopy provides poor measurement accuracy for out-of-plane translation. Biplane
fluoroscopy provides smaller measurement errors [1], but subjects are exposed to twice as
much radiation and the equipment is rarely available in a clinical setting.

5. Conclusion

The results of this study showed that the proposed technique could provide valuable
kinematic data at the glenohumeral joint. Most importantly, we demonstrated that a first
estimation of joint translation was feasible using an external measurement system, such as
motion capture. This original technique may open new horizons leading to improved
understanding of shoulder pathologies and opening up new possibilities of analyzing large
ranges of shoulder motion, for instance during sports movements.
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