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Robustness and Reproducibility of a Glenoid-centered
Scapular Coordinate System Derived
from Low-dose Stereoradiography Analysis

Xavier Ohl,'2 Pierre-Yves Lagacé,’ Fabien Billuart,' Olivier Gagey,'*
Wafa Skalli,' and Nicola Hagemeister3
1Arts et Métiers ParisTech; 2CHU Reims; 3Ecole de Technologie Supérieure - Montréal; *CHU de Bicétre

A robust and reproducible scapular coordinate system is necessary to study scapulothoracic kinematics. The coordinate system
recommended by the ISB (International Society of Biomechanics) is difficult to apply in studies using medical imaging, which
mostly use a glenoid-centered coordinate system. The aim of this study was to assess the robustness of a glenoid-centered coor-
dinate system compared with the ISB coordinate system, and to study the reproducibility of this coordinate system measure
during abduction. A Monte-Carlo analysis was performed to test the robustness of the two coordinate systems. This method
enabled the variability of the orientation of the coordinate system to be assessed in a laboratory setting. A reproducibility study
of the glenoid-centered coordinate system in the thorax reference frame was performed during abduction in the scapular plane
using a low-dose stereoradiography system. We showed that the glenoid-centered coordinate system was slightly more robust
than the ISB-recommended coordinate system. Most reproducible rotation was upward/downward rotation (x axis) and most
reproducible translation was along the Y axis (superior-inferior translation). In conclusion, the glenoid-centered coordinate
system can be used with confidence for scapular kinematics analysis. The uncertainty of the measures derived from our tech-
nique is acceptable compared with that reported in the literature. Functional quantitative analysis of the scapulothoracic joint

is possible with this method.
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Scapular kinematic analysis is essential to gain a better under-
standing of shoulder conditions and their treatments.! For a thorough
appraisal of scapular kinematics, it is mandatory to use a robust,
reproducible coordinate system based on anatomical landmarks
that are identified with adequate accuracy and reproducibility.?

In 2005, the International Society of Biomechanics (ISB)
elaborated recommendations in this respect, and presented the
bony landmarks and the angle sequences to be used to describe the
relative movements of shoulder bones.? These recommendations
describe a scapular coordinate system that is constructed from
the three most easily palpable anatomical landmarks: the trigone
scapulae, the inferior angle, and the acromial angle. Nevertheless,
a subsequent cadaveric study* showed uncertainties of up to 9.8 mm
for the acromial angle. This variability in landmark identification can
thus compromise the robustness of the resulting coordinate system.

With the considerable development of kinematic studies in the
past decade and better access to 3D imaging techniques, scientists
have proposed different types of scapular coordinate systems
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based on landmarks that are not accessible via palpation but vis-
ible on the 3D models. There is therefore a growing interest in a
glenoid-centered coordinate system’~’ in which the center of the
coordinate system is the center of the glenoid and the axes of this
coordinate system are the glenoid axes. This enables a straight-
forward interpretation of resulting scapular motion in terms of
upward/downward rotation, internal/external rotation, and tilt. The
robustness and reproducibility of this glenoid-centered coordinate
system has, however, never been assessed, nor compared with the
ISB coordinate system.

The first aim of this study was to compare the robustness of the
two coordinate systems (ISB and glenoid-centered) in kinematic
analysis of arm elevation in the scapular plane. For this purpose,
the Monte-Carlo method was applied to both coordinate systems. A
second aim was to assess the scapular kinematics of six pathological
subjects and to evaluate the reproducibility of the glenoid-centered
coordinate system, reconstructed three times from stereoradiogra-
phy by two observers.

Materials and Methods

Stereoradiography Acquisition

This study used stereoradiographs acquired using the EOS system
(EOS Imaging, Paris, France), which enables acquisition of two
calibrated, low dose, orthogonal radiographs with the subject
standing at a 30° to 40° angle of coronal rotation to the plane of
one of the radiograph beams, to obtain true anteroposterior and
lateral views of the scapula, and to reduce superimposition with the


http://dx.doi.org/10.1123/JAB.2013-0310
http://www.isbweb.org
http://www.JAB-Journal.com

ribcage and spine.® Seven abduction positions in the scapular plane  90°, and 150° (positions 1-7) (Figure 1). Subjects were exposed to
were maintained by the subjects for 10 seconds during radiograph  a radiation dose varying from 0.5 mGy to 3.5 mGy.

acquisition. Between two positions, the subjects returned to a resting First, the radiographs for one subject were used to perform
position. Arm elevations were approximately 0°, 10°, 20°, 30°, 60°,  a robustness study using the Monte-Carlo method.? This method
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Figure 1 — Example of 3D reconstruction of a patient at 0°, 90°, and 150° abduction in the scapular plane.



consists of simulating random errors (within known bounds) applied
to the coordinate system at each position, and evaluating the vari-
ability of the orientation of the coordinate system in the laboratory
coordinate system. Second, radiographs of six subjects were used
to perform a reproducibility study, where two observers analyzed
each subject three times.

Subjects were recruited at the university hospital from a wait-
ing list for rotator cuff repair (mean age: 55.0 years; 2 women, 4
men; mean BMI: 26.7 kg/m?). We used patients rather than healthy
subjects to present a worst case scenario for image processing. All
subjects gave their informed consent and the project was approved
by the local ethics committee.

Coordinate System Construction

The thorax coordinate system was constructed in accordance with
the ISB recommendations,® based on the identification of radio-
opaque markers (6 mm diameter tantalum beads) which had been
fixed to recommended landmarks palpated before radiograph
acquisition. For the scapula, two coordinate systems were created.
The first was called “ISB CS” and corresponded to the ISB rec-
ommendations, and the second, “GC CS”, was glenoid-centered.

* ISB CS: Based on three bony landmarks identified on the ste-
reoradiographs: acromial angle (AA), inferior angle (IA), and
trigone scapulae (TS) according to Wu et al® (Figure 2).

* GC CS: Based on the ellipse fitted to the glenoid rim; the origin
of this coordinate system is the ellipse center. The Z axis was
perpendicular to the least squares plane fitted to the glenoid
cavity. The Ys axis was the vector between the inferior and
superior borders of the glenoid, projected on the glenoid plane
and oriented upward. The Xs axis was perpendicular common
to Y's and Zs, oriented forward (Figure 3).

Robustness of the Glenoid-centered Coordinate
System Using the Monte-Carlo Method

To study the robustness of the glenoid-centered coordinate system,
the Monte-Carlo method® was used. For the ISB CS, errors were
applied to the scapular landmark coordinates used to construct the
ISB coordinate system. These errors range from 0.9 mm to 5.1 mm
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Figure 2 — Representation of the International Society of Biomechanics
recommended coordinate system.

(values obtained from a preliminary reproducibility study for three
abduction positions in the scapular plane: 0° 60°, and 150°). For the
GC CS, errors were applied to the orientation of the glenoid axes
in the global coordinate system. Those errors ranged from 1.5° to
4.0°, also obtained from the above-mentioned reproducibility study
on six subjects.

These uncertainties were randomly applied to both coordinate
systems to generate 100 ISB CS and 100 GC CS measures using
MatLab software (The MathWorks Inc., Natick, MA).

Each scapular coordinate system was described in the thorax
reference coordinate system between position 1 and positions 2
and 3. For each case, scapular orientation in the thorax coordinate
system was calculated following a Y-X-Z angle sequence, and for
each coordinate system, 95% confidence intervals were considered
to be two standard deviations.

Reliability of the Glenoid-centered Coordinate
System Location

The reproducibility study used the stereoradiographs of the six
remaining subjects in seven positions (0°, 10°, 20°, 30° 60°, 90°,
150°). For each subject, a personalized 3D reconstruction of the
scapula was created following the method described by Lagacé
et al.!' Briefly, the observer digitizes clearly visible anatomical
landmarks on both stereoradiographs for each arm position. These
landmarks are used to make a first adjustment of a parameterized
3D model of the scapula. This provides a prepersonalized model
of the subject’s scapula. This prepersonalized model is then fitted
onto each stereoradiograph corresponding to the remaining arm
positions. Using additional information in these views (contours,
non-stereo-correspondent landmarks, and others), the preperson-
alized model is iteratively adjusted until its retroprojection most
accurately fits the contours that are visible on the radiographs. This
produces a 3D model of the scapula for each subject. In this model,
the glenoid is parameterized by an ellipse. This ellipse is then used
to construct the glenoid-centered coordinate system.

For each subject and the seven arm positions, both observers
generated position and orientation measurements of the GC CS three
times in the thorax coordinate system. Then, for each rotation (along
the Y, X, and Z axis) and translation (along the Y, X, and Z axis), a ref-
erence measure was defined as the average of six measurements (two
observers, three times). The average and maximum differences of
inter- and intraobservers were calculated from this reference position.

Figure 3 — Representation of the glenoid-centered coordinate system.



The technique error is given by the root-mean-square (RMS), the
95% confidence interval was equivalent to 2¥*RMS. Calculations
were performed according to ISO 5725-2:1994 recommendations.

Statistical Analysis

Statistical analysis was performed using the SPSS software pack-
age (IBM Inc., Chicago, IL). For translation and rotation measures,
a two-way repeated ANOVA measure was performed comparing
interobserver reliability at each elevation angle (positions 1-7).
Significance was set at P < .05.

Results

Variations in scapular orientation with the Monte-Carlo method
were smaller using the GC CS than using the ISB CS (Table 1). In
Table 1, angle variations (95% confidence interval) are presented
for each position and for each coordinate system.

Scapular kinematic analysis in relation to the thorax coordinate
system showed internal rotation, upward rotation, and posterior tilt
(Table 2) between posture 1 and posture 7.

Using the glenoid-centered coordinate system, the most repro-
ducible rotation was upward/downward rotation (X axis), with a 95%
confidence interval varying from 2.7° to 3.6°. The most reproduc-
ible translation was along the Y axis (superior-inferior translation)
with a 95% confidence interval ranging from 1.2 mm to 2.5 mm
(Tables 3a and 3b).

Table 1 Angle variations (95% confidence interval) for
each scapular coordinate system and for each position,
according to the Monte-Carlo method

Humeral Elevation Angle (°) X Y Z()

0 +14 +£31 29

ISB CS 60 +22 +31 +£26
150 +25 x45 £30

0 +24 +08 1.6

GCCS 60 +27 +£13 +29
150 +20 +17 20

Note. ISB CS = International Society of Biomechanics coordinate system; GC CS
= glenoid-centered coordinate system.

Table 2 Scapular kinematics during elevation in the scapular plane; mean (+SD)

translation and rotation for the six subjects

Mean Translation (mm)

Mean Rotation (°)

Along X axis —24.6 + 11.8 (posterior translation)
AlongY axis 38.5 + 7.2 (superior translation)
Along Z axis -34.7 + 4.8 (medial translation)

Along X axis —44.5 + 6.4 (upward rotation)
Along Y axis 22.0 £ 6.1 (internal rotation)
Along Z axis 10.6 + 2.9 (posterior tilt)

Table 3a Translation (T,, T,, and T,) and rotation (R,, R,, and R,) reproducibility of the glenoid centered coordinate
system for positions 1—-4 (mean humeral elevation angle in brackets)

Average Interobserver Interobserver Cl 95% Maximum Interobserver
Difference p Value (2 RMS) Difference
Posture 1 (mean 13.4°) T, (mm) 1.0 .638 3.0 3.7
GC CS / Thorax CS T, (mm) 0.6 427 1.8 22
T, (mm) 0.9 582 2.5 2.3
R, (°) 1.3 .007* 3.6 39
R, (®) 1.9 427 5.2 6.2
R, () 2.3 .892 6.1 5.9
Posture 2 (mean 21.8°) T, (mm) 1.1 772 2.9 3.0
GC CS / Thorax CS T, (mm) 05 775 1.2 1.5
T, (mm) 1.0 .169 2.7 3.6
R, (°) 1.3 275 3.5 3.8
R, (°) 1.8 .672 5.3 6.7
R, (°) 2.3 440 5.9 6.0
Posture 3 (mean 27.6°) T, (mm) 1.4 .234 4.3 6.4
GC CS / Thorax CS T, (mm) 0.6 376 17 2.1
T, (mm) 1.0 581 2.9 3.0
R, (°) 1.2 212 32 2.8
R, (°) 1.9 .616 5.2 6.9
R, (°) 2.1 470 5.8 6.7
Posture 4 (mean 45.5°) T, (mm) 1.3 577 3.7 4.6
GC CS / Thorax CS T, (mm) 0.4 307 1.2 14
T, (mm) 1.0 411 2.5 2.2
R, (°) 1.1 .140 3.2 34
R, (°) 2.0 .829 6.2 9.6
R, (°) 2.1 .792 5.5 5.0

Note: RMS = root mean square, GC CS = glenoid-centered coordinate system; Thorax CS = thorax coordinate system.

*P < .05, significant interobserver difference.



Table 3b Translation (T,, Ty, and T,) and rotation (R, R,, and R;) reproducibility of the glenoid-centered coordinate
system for positions 5-7 (mean humeral elevation angle in brackets)

Average Interobserver Interobserver Cl 95% Maximum Interobserver
Difference p Value (2 RMS) Difference
Posture 5 (mean 55.7°) T, (mm) 1.2 .622 3.3 3.8
GC CS / Thorax CS T, (mm) 0.6 355 1.6 1.8
T, (mm) 1.0 267 2.9 3.1
R, (°) 1.2 281 3.4 3.9
R, (°) 2.3 691 6.5 75
R, (°) 23 651 59 5.4
Posture 6 (mean 73.6°) T, (mm) 1.0 772 2.8 3.1
GC CS / Thorax CS T, (mm) 0.8 350 2.5 2.8
T, (mm) 1.0 .038* 2.7 2.1
R, (°) 1.1 451 33 4.6
R, (®) 23 539 6.4 9.2
R, (°) 2.2 247 5.9 6.1
Posture 7 (mean 131.9°) T, (mm) 0.8 527 2.5 3.6
GC CS / Thorax CS T, (mm) 0.8 .280 2.0 2.1
T, (mm) 1.1 .335 33 4.6
R, (°) 0.9 .600 2.7 4.2
R, (°) 3.0 843 8.0 7.8
R, (°) 2.8 537 7.2 6.7

Note: RMS = root mean square, GC CS = glenoid-centered coordinate system; Thorax CS = thorax coordinate system.

*P < .05, significant interobserver difference.

Discussion

Our results showed that the use of a glenoid-centered coordinate
system provides robust scapular orientation measurements. When
uncertainties are applied to the GC CS, angular variations are
mostly under 2° and always under 3°. With our definition of robust-
ness, we can conclude that the glenoid-centered coordinate system
is highly robust. When the same Monte-Carlo method is applied to
the ISB CS, variations of more than 3° are observed, especially for
internal/external rotation (rotation along the Y axis).

This can be explained by the fact that anatomical landmark
definition is still difficult. Using EOS imaging system, we showed a
95% confidence interval of 11.9 mm for the acromial angle location!”
without using 3D reconstruction. Similarly, Lewis et al performed a
cadaveric study and assessed a 95% confidence interval of 8.8 mm
for the acromial angle location by palpation.* Since the acromial
angle is used to construct the ISB-recommended coordinate system,
these uncertainties will necessarily affect the resulting kinematic
calculations. The arced shape of the posterior part of the acromion
is the main explanation for poor reproducibility in this location.

On the other hand, the analysis of stereoradiographs enables
the location of other bony landmarks with great accuracy, such as
the coracoid tip or the inferior glenoid rim. For example, on cadav-
ers we have shown that glenoid dimensions and orientation can
be defined with errors of 1° and less than 1 mm on average with
the stereographic method.!! The impact on the robustness of both
coordinate systems indicates that the glenoid-centered coordinate
system can be used with confidence for effective kinematic analysis
of the shoulder.

Like other studies using technical imaging, we used a glenoid-
centered coordinate system,>’!2 which is based on the ellipse fitted
to the glenoid rim. The origin of this coordinate system is the ellipse
center and Xs and Ys are the axes of this ellipse. It is increasingly
used in studies where 3D information on the glenoid is available.
The center of rotation of this coordinate system is aligned with the

scapular plane, which is more relevant for the clinical understanding
of upward rotation (motion perpendicular to the scapular plane).®

Results on the reproducibility of the glenoid-centered coordi-
nate system showed that scapular orientation could be obtained with
a variability ranging from 2.7° to 8.0° (2*RMS, 95% confidence
interval). Most reproducible rotation was upward/downward rota-
tion and it was the least variable movement among the subjects.
Tilt and internal/external rotation were less reproducible; in some
cases these rotations exceed the 3° of predicted reproducibility.
The reproducibility of glenoid translations ranged from 1.2 mm
to 4.3 mm (2*RMS, 95% confidence interval). Most reproducible
translation was along the Y axis (superior/inferior translation).
While interpretation of scapular translation remains difficult at this
point, it is still interesting to note that the measurement of these
translations is fairly reproducible.

Regarding the different techniques used to study scapular kine-
matics, our results are similar to those observed in the literature.
Karduna et al'3 assessed the accuracy of measuring 3D kinematics
of the scapula with the help of magnetic tracking devices, and they
showed RMS errors varying from 2.0° to 9.4° for scapular plane
elevation. Meskers et al'# studied the intertrial variability and
intraobserver reproducibility (after replacement) of an acromial
skin-fixed marker. They observed high intertrial reproducibility
(RMS error about 2°) but intraobserver RMS error around 5°. They
concluded that this method could not be used for repeat studies (ie,
before and after surgery).

Other techniques>" using CT scan and dual fluoroscopy in
cadaveric condition showed great accuracy and reproducibility,
with RMS errors always below 0.5 mm for translations and 0.5°
for rotations of the scapula. More recently, Zhu et al'¢ reported less
satisfactory results in in-vivo conditions on healthy subjects using
MRI 3D model and single fluoroscopy. They observed an in-plane
repeatability of + 0.81 mm and + 1.77° and an out-of-plane repeat-
ability of + 3.19 mm and + 2.37° for translation and rotation of the
scapula, respectively.



Mean rotations are similar to those obtained in the litera-
ture!317-19 except for the internal rotation, which is the most vari-
able rotation in the literature. This can be explained by the use of
symptomatic subjects, by the difference in coordinate system, and
by the plane of arm elevation which seems to influence the rotation
along the Y axis.?0

The main disadvantage of the glenoid-centered coordinate
system is that it necessarily needs a three-dimensional reconstruc-
tion of the glenoid. This is possible via 3D reconstruction of a CT
scan or via stereoradiographic reconstruction using a parametric
model, as proposed by Lagacé et al.l! Another disadvantage is that
a glenoid-based coordinate system will be inherently influenced
by glenoid version and glenoid tilt and therefore may yield results
that are not consistent with a scapular-based coordinate system.

Limitations of the study include the relatively small number of
subjects and the fact that we had only two observers to perform the
analysis. However, it must be noted that the subjects used in this
study were pathological subjects and that their stereoradiographs
were taken in a real-life setting. This, to our mind, strengthens the
conclusions that can be drawn from our results, since radiographs
and subject positions in the EOS system were representative of what
can be obtained in a clinical setting.

In summary, the glenoid-centered coordinate system can be
used with confidence for scapular kinematics analysis. The uncer-
tainty of the measures using our technique is acceptable compared
with that found in the literature. Functional quantitative analysis of
the scapulothoracic joint is possible with this method.
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