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Abstract

In this study, the standard-sequence properties of a joint coordinate system
were implemented for the glenohumeral joint by the use of a set of
instantaneous geometrical planes. These are: a plane that is bounded by
the humeral long axis and an orthogonal axis that is the cross product of the
scapular anterior axis and this long axis, and a plane that is bounded by the
long axis of the humerus and the cross product of the scapular lateral axis
and this long axis. The relevant axes are updated after every decomposition
of a motion component of a humeral position. Flexion, Abduction and
rotation are then implemented upon three of these axes and are applied in a
step-wise uncoupling of an acquired humeral motion to extract the joint
coordinate system angles. This technique was numerically applied to
physiological kinematics data from the literature to convert them to the joint
coordinate system and to visually reconstruct the motion on a set of

glenohumeral bones for validation.

1.0 Introduction

The large range of rotation of the glenohumeral joint (GHJ) causes
difficulties in biomechanical and kinematic analysis of its function when the
full range of motion is required to be analysed. Gimbal lock (Senk and
Cheze, 2006; Masuda et al., 2008) is the manifestation of this problem,
which for the shoulder joint can occur as a mathematically unstable position
of GHJ motion interpretation when the flexion/extension axis and the

internal/external rotation axis of the humerus coincide; this is found in the



clinical position of 90° GHJ abduction. In order to study the kinematics of
shoulder pathologies (range of motion and joint stability) an approach that
ameliorates against sequence-dependent eulerian rotations that suffer from
gimbal lock must be employed (Kontaxis et al., 2009; Hoffmann, 2002;
Karduna et al., 2000). This issue has been addressed in hinge-like joints
such as the knee and elbow (Wu et al., 2002) by applying the principles of
Grood and Suntay’s (1983) ‘joint coordinate system’ (JCS), which is a Z-X-Y
Cardan rotation decomposition with a vectorial approach to quantify
translations. However, because no agreed approach for applying this JCS to
the GHJ, which is essentially a three degree of freedom spherical joint, has
been described in the literature, the ISB have not recommended the use of
this JCS at the GHJ (Wu et al., 2005). In fact, it is clear that current opinion
generally focuses on using different rotation decompositions dependent on
the movement of interest (Senk and Cheze, 2006). It is appealing to devise
a way of adapting the Grood-&-Suntay style of JCS to the GHJ that will allow
the interpretation of kinematic studies in the literature that have used

alternative approaches (Browne et al., 1990; Fung et al., 2001).

Therefore, the aim of this study was to devise and test a technique to adapt
the JCS to the GHJ and allow the conversion of kinematics data from the
literature into the clinical degrees-of-freedom (DOF) variables of abduction,

flexion and rotation.

2.0 Methods

The study was in two parts:



(1) presents a method allowing the ‘Grood and Suntay’ JCS style

to be applied to the GHJ and

(2) presents a method of motion decomposition allowing
quantification of the DOF JCS variables of any GHJ position.

2.1 JCS at the GHJ

Literature-defined body-fixed axes that are consistent with standard
diagnostic shoulder scans were assigned to the humerus and scapula
(Amadi, 2006; Amadi et al., 2008; Amadi et al., 2009a). A JCS was defined
that consists of the infero-superior axis of the humerus (unhy), the medio-
lateral axis of the scapula (us;) and their mutual orthogonal floating axis (us)
(Figure 1). A guiding concept, mobile-square-window (MSW), was devised
to simplify the decomposition process of a GHJ kinematics position in a
JCS. Uszorh is the cross product of upx and the scapular anterior axis (Usy).

This and un, form the orthogonal axes that define the MSW plane.

This window captures the original orientation of the humerus and then
transforms with it as it rotates and translates. The JCS standardised
sequence at the GHJ was evaluated within the mobile-square-window to
enable the quantification of the joint’s angles in clinical terms. Hence, GHJ
angles of flexion, abduction and rotation were resolved about Uszorth, Us and
Upx respectively (Figure 2).

2.2 GHJ Rotation Variables

The scapular coronal, sagittal and humeral transverse planes (perpendicular
to usy, Us; and, uny, respectively) were considered in relation to the special

case when the humeral and scapular coordinate frames coincided



(Figure 1b). This is defined as the GHJ ‘neutral-position’. By the JCS
fundamental definition, the floating axis, scapular usy, humeral uny and Umsw
would all coincide while us;.orn Would coincide with ug, (Figure 1b). Then in
this position, the MSW lies on the coronal plane and so:

() Abduction; defined as the coronal plane elevation angle between [upy]
and the scapular sagittal plane, is zero.

(I)  Flexion; the sagittal plane elevation angle between MSW-plane and the
scapular coronal plane, is also zero.

(111) Internal rotation; the angle of rotation of the humeral lateral axis [up,] on
the transverse plane, i.e. angle between the scapular lateral axis [us]
and that of the humerus [uy,]. This is also zero.

The above scenario pictures the simplest quantifiable orientation of the GHJ.

A complex orientation during function can however be solved if it is broken

down to this simple form by a step-wise subtraction of constituting ‘flexion’,

‘abduction’ and finally ‘internal rotation’ (Figure 2). This was achieved by the

application of an existing vector rotation algorithm from the literature (Amadi

et al., 2009b).

2.3 Motion Decomposition

Uncoupling a GHJ motion would require knowledge of the primary motion,
whether predominately flexion or abduction (Figure 1c and 1d).
1 The primary motion was estimated as follows:
a. Convert upy, Us; and usy into the glenoid coordinate system such
that the vector directions of us, and usy are [1 0 O] and [0 1 0],

respectively.
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b. If ‘absolute[unx(X)]’ is greater than ‘absolute[unx(y)]’ then this is
primarily abduction, else flexion.
Coupled abduction or flexion was subtracted first before quantifying

the primary.

The fundamental variables of rotations at a right GHJ were studied using the

defined and derived axes of humerus, scapula and JCS:

(1)

(1N

(11

Flexion (B); the angle of elevation of the plane of the MSW about Usz-orth
(Figure 2a). This is therefore a measure of the angle “B” between the
normal to MSW (umsw) and the normal to the scapular coronal plane
(usy) (Figure 2b). Flexion was decomposed by extension of uny about
Usz-orth through B° to assume a new orientation unxa (Figure 2c).
Abduction (8); which is the elevation of the humeral long axis on the
plane of the MSW and about the normal to the window (Figure 2c).
This, therefore, measures the angle “©” between (umnx) and the
scapular superior axis (Usx). GHJ abduction angle was decomposed by
adducting unyxa about usy through 8° to assume the same orientation as
Usx. This results in a new us;.orth Orientation that coincides with ug;.
Internal rotation (y); the degree of humeral rotation about its long axis
(unx). This is a measure of the angle between the humeral (un,) and
scapular (us;) lateral axes when coupled flexion and abduction of the
humerus have been removed from up,. To achieve this, the flexion
decomposition rule, step (1), was imposed on the initially quantified uy;
(i.e. rotating up; about Usz.orn through B°). The new orientation so
obtained was further subjected to the abduction decomposition rule,

step (Il), to obtain a transverse plane orientation Unztemp (Figure 2d).



Finally, un,..emp Was rotated about us, through y° to decompose internal
rotation and bring the humeral frame to full alignment with the scapular

frame.

A check on the accuracy of the procedure was performed by the imposition
of the three decomposition rules upon the original humeral anterior axis
[uny]. These rules were rotations through angles B, 8 and y about the axes
Usz-orth, Usy, and Usy respectively. For the procedure to be accurate, the final
position of the humeral anterior axis [uny] must be on the sagittal plane and

must be equal to the scapular anterior axis [usy], in orientation.

2.4 Algorithm testing and validation

The validity of the developed algorithm depends on how accurately a
known physiological motion can be recreated using it. The algorithm was
hence applied to interpret the kinematics of a set of GHJ activities obtained
from the literature (Fung et al., 2001). Fung et al (2001) used the Euler
Cardan rotation matrix approach to quantitatively study shoulder kinematics
in five cadaveric specimens during humeral elevation in three planes to
determine the dynamic coupled rotations of the scapula and the clavicle.
Their published raw data was applied to the Visible Human Female (VHF)
glenohumeral bone set (National Library of Medicine,
http://www.nlm.nih.gov/research/visible/visible_human.html) using Euler’s
sequence as applied by Fung et al as follows:
1. For each arm elevation of Fung et al's experiment, all their
fundamental axes were quantified on the VHF bones. Their

kinematics variables were applied to a vector rotation algorithm



(Amadi et al., 2009b). This recreated the instantaneous relative
bone orientations in their experiment.

2. The recreated orientation was applied to the present algorithm to
qguantify its constituting JCS clinical variables of abduction, flexion
and rotation.

3. The bearing of the recreated humeral long axis from the coronal
plane of the VHF image was quantified to verify the swinging
alignment of the humerus during each range of motion (ROM).

4. The quantified JCS variables for each ROM were applied as input
to a MSW-based kinematics reconstruction tool from the literature
(Amadi et al., 2009b). This re-produced a visual perception of the

planar elevations in Fung et al's experiment.

3.0 Results

The GHJ JCS reconstruction of the humeral long axis of Fung et al’s
coronal-plane arm elevation shows that the swinging trajectory travelled on
a course 5.5° + 32.5° to the anatomical coronal plane (Table 1). During
scapular and sagittal planes arm elevation, this took the course 36.6° +
7.0° and 73.0° + 1.4°, respectively. Figure 3 shows that passive elevation
of the arm in any of the three experimented planes results into various
degrees of coupled GHJ rotational motions. This interprets Fung et al's 90°
arm elevation in the sagittal plane, for example, as GHJ humeral 79.3°
flexion plus 44° abduction plus 24.9° internal rotation. The method was
further tested in a MSW-based kinematics reconstruction tool to reproduce

such GHJ orientations using different clinical sequences (flexion-abduction-



rotation, abduction-flexion-rotation, rotation-flexion-abduction), all resulting

in the same end point (Amadi et al., 2009b).

4.0 Discussion

The quantified JCS equivalents of the GHJ coupled rotational motions
resulting from each instantaneous arm elevation as shown in Figure 3 can
only make clinical sense if interpreted with a gimbal-lock-free kinematics tool.
It has been argued in the literature that the complexities of the GHJ limit the
application of the principles of Grood-&-Suntay’s JCS to it (Wu et al., 2005).
The International Society of Biomechanics (ISB) therefore recommended the
continued application of Euler rotations for the kinematics of the GHJ. Senk
and Cheze (2006) tested the gimbal-lock effect whilst putting amplitude of arm
motions into account on possible Euler's sequences including the ISB
recommendations. They reported that no tested rotation sequence was found
to be clinically interpretable for all tested movements. The Grood & Suntay’s
style of JCS is a better technique in the description of joint relative motion
(Dunning et al., 2003, Hill et al., 2008). This is because the standardised
sequence property of this JCS makes it clinically easy to use in describing
physiological motions. The robust idea of this JCS was therefore desirable to

be tweaked for the study of a complex joint such as the GHJ.

In the present work, the concept of a ‘mobile-square-window’ has been
introduced to achieve the quantification and decoupling of associated JCS
angles at the GHJ in clinical terms. A motion decomposition algorithm that
guantifies the kinematics variables of the JCS for a given instantaneous

position of the GHJ was developed and was applied to convert kinematics



data from the literature into the JCS clinical variables for reconstruction and
further studies (Amadi et al., 2009b; Fung et al., 2001). In a previous work,
Brenneke et al interpreted 90° coronal plane arm elevation as constituting an
estimated 60° of GHJ abduction (Brenneke et al., 2000; Barnett et al., 1999).
However our MSW interpretation for this humeral orientation is 75°, difference
stemming from variation between Fung’s and Barnettt’'s results as these
reported approximately 18° and 27° of coupled scapular lateral rotation at 90°
arm elevation, respectively. The system remained mathematically stable even
when extreme cases of GHJ clinical manoeuvres that could otherwise result in
gimbal-lock were applied to it (previously shown in Amadi, 2006). This
includes interpretation of the GHJ motion at the position where the

humeral-unx and scapular-us, axes overlap.

Further work would require this tool to be tested for joint translations. This
would require better knowledge from the literature on the magnitude of these
translations which are considered to be of the order of millimetres

(Nishinaka et al., 2008).
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Figure Legends

Figure 1 The JCS mobile square-window (on the right shoulder)

(a) arbitrary GHJ orientation (b) GHJ neutral position (c) primarily abducted
humerus with coupled flexion, B=a-90 (d) primarily flexed humerus with
coupled abduction, 6=¢-90.

Usz: @ medio-lateral line through the spine root; usy: a cross-product of us,
and a line through the ridge of the lateral border; usx: the cross-product of
Usy and Usz; Uny: the cross-product of the humeral canal axis uny and ‘a line
directed from the surface area centriod of the medial epicondyle to that of
the lateral epicondyle’; un,: the cross-product of uny and un, (Amadi et al.,

2008; Amadi et al., 2009a).

Figure 2 (a) arbitrary right humeral position, (b) decomposing flexion,

(c) abduction and (d) rotation

Figure 3 JCS kinematics corresponding to arm elevation in three planes
(Converted from Fung et al, 2001); A: Coronal, B: Scapular and C: Sagittal

plane humeral elevations

Table 1 Range-of-motion (ROM) arm elevation in the coronal, scapular

and sagittal planes showing the true humeral bearing quantified anteriorly

from the image coronal plane of the Visible Human Female.
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Table 1

Humeral long axis bearing anteriorly

from the image coronal plane(®)

ROM arm

elevation (°) Coronal  Scapular ~ Sagittal
0 XXXX XXXX XXXX
20 XXXX XXXX XXXX
30 -46.9 51.2 71.8
40 -37.6 43.9 71.6
50 -29.3 37.6 71.5
60 -22.6 32.3 71.8
0 18 29 727
80 19.2 28.3 73.8
90 23.2 30.3 74
100 28.1 33.7 74.9
110 32.1 36.3 747
120 36.4 39 73.7
130 39.5 40.9 71
140 XXXX XXXX XXXX
150 XXXX XXXX XXXX
average 55 36.6 729
std 325 7.0 1.4
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Figure 3

glenohumeral angulation
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