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of humeral head subluxation in osteoarthritic
shoulders
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Hypothesis: During total shoulder arthroplasty (TSA), humeral head subluxation may be difficult to
manage. Furthermore, there is a risk for postoperative recurrence of subluxation, affecting the outcome
of TSA. An accurate evaluation of the subluxation is necessary to evaluate this risk. Currently, subluxation
is measured in 2 dimensions (2D), usually relative to the glenoid face. The goal of this study was to extend
this measure to 3 dimensions (3D) to compare glenohumeral and scapulohumeral subluxation and to eval-
uate the association of subluxation with the glenoid version.

Materials and methods: The study analyzed 112 computed tomography scans of osteoarthritic shoulders.
We extended the usual 2D definition of glenohumeral subluxation, scapulohumeral subluxation, and gle-
noid version by measuring their orientation in 3D relative to the scapular plane and the scapular axis.
We evaluated statistical associations between subluxation and version in 2D and 3D.

Results: Orientation of subluxation and version covered all sectors of the glenoid surface. Scapulohumeral
subluxation and glenoid version were highly correlated in amplitude (R*> = 0.71; P < .01) and in orientation
(R* = 0.86; P < .01). Approximately every degree of glenoid version induced 1% of scapulohumeral sub-
luxation in the same orientation of the version. Conversely, glenohumeral subluxation was not correlated to
glenoid version in 2D or in 3D.

Conclusions: Orientation of the humeral subluxation is rarely within the arbitrary computed tomography
plane and should therefore be measured in 3D to detect out-of-plane subluxation. Scapulohumeral sublux-
ation and glenoid version measured in 3D could bring valuable information for decision making during
TSA.

Level of evidence: Basic Science, Anatomy, Imaging.
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Although total shoulder arthroplasty (TSA) is a suc-
cessful technique to treat primary glenohumeral osteoar-
: : : thritis, complications have been specifically associated with
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erosion of the glenoid.'” Furthermore, there is a risk of
recurrence of the subluxation after TSA that may be
responsible for wear and early loosening of the glenoid
component.”*® Although a causality link between humeral
head subluxation and glenoid version of osteoarthritic
shoulders is intuitively expected, no statistical correlation
has been reported yet,' 74101617

The most accepted measurement of humeral head sub-
luxation was derived by Papilion and Shall.'” It was then
adapted by Badet and Walch"'’ and used by Walch to
propose its classification of glenohumeral osteoarthritis.'®
They defined the glenohumeral subluxation as the per-
centage of humeral head offset from the glenoid axis
relative to the humeral head diameter. This measure is
calculated in 2 dimensions (2D) in a computed tomography
(CT) slice approximately in the middle of the glenoid
surface. Since Badet and Walch, other techniques to mea-
sure the subluxation have been developed.

However, the glenoid surface might not be the optimal
reference to evaluate the subluxation. The humeral head
can indeed perfectly face the glenoid fossa but be highly
unaligned with the scapula and the muscle action lines.
This is particularly true when the glenoid is significantly
eroded or dysplastic. Accordingly, Walch recently proposed
using the scapula as a reference to measure the subluxation
by evaluating the eccentricity of the humeral head center
from the Friedman (scapular) axis. 01113

The glenohumeral subluxation is measured in the arbi-
trary plane of CT images, but subluxation occurs in all
directions.” To date, there is no 3-dimensional (3D) method
to measure the humeral head subluxation out of the CT
plane, as there is for the glenoid version. Therefore, the
goal of this study was to evaluate the advantage of a 3D
measurement of shoulder subluxation and to test its corre-
lation with the 3D measure of glenoid version. Thus we
compared the glenohumeral and scapulohumeral sub-
luxations in 2D and 3D.

Materials and methods

We performed a retrospective case-control study of 2D and 3D
measurements of subluxation and version on a consecutive series
of osteoarthritic shoulders for regular TSA planning. We included
78 female and 34 male patients with an average age of 71 years
(range, 44-89 years).

Shoulder subluxation

Glenohumeral and scapulohumeral subluxations were first
measured in 2D according to the standard method proposed by
Walch'® and extended by Kidder.'” The 2D subluxations were
adapted such that a centered head had 0% subluxation instead of
50%. A subluxation of 55% according to Walch was reported as a
5% posterior subluxation in this study.

We extended the 2D glenohumeral and scapulohumeral sub-
luxations to 3D to evaluate not only the amplitude but also the

orientation of the subluxation. We defined the 3D glenohumeral
subluxation as the relative distance between the humeral head
center and the glenoid center projected onto a plane perpendicular
to the glenoid centerline (Fig. 1). We defined the 3D scap-
ulohumeral subluxation with the same distance but projected onto a
plane perpendicular to the scapular axis. The 2 projected distances
were normalized to the humeral head diameter. A subluxation of
0% corresponded to a centered head, whereas 50% corresponded to
a subluxation distance equivalent to the humeral head radius. The
orientation of the 3D subluxation was the polar angle of the
humeral head center relative to the glenoid center and the anterior-
posterior axis (Fig. 1). The orientation of the glenohumeral sub-
luxation was measured in a plane perpendicular to the glenoid
centerline, whereas the orientation of the scapulohumeral sublux-
ation was measured in a plane perpendicular to the scapular axis.

Glenoid version

The 2D glenoid version was measured according to a method
proposed by Friedman® and used by Walch.'® This 2D version was
adapted so that it was always positive. A version of —10° was
reported as 10° posterior in this study.

We extended the 2D glenoid version measure to 3D so that we
could obtain its orientation and compare it to the 3D subluxation
measures.'* The 3D version was the angle between the glenoid
centerline and the scapular axis (Fig. 1). The orientation of the
version was the angle between the glenoid centerline and the
anterior-posterior axis. The orientation of the version was
measured in a plane perpendicular to the scapular axis.

3D analysis and bone landmarks

The 3D definitions of glenohumeral subluxation, scapulohumeral
subluxation, and glenoid version required 5 anatomic quantities: the
scapular plane, the scapular axis, the glenoid centerline, the glenoid
center, and the humeral head center. These anatomic quantities were
defined from bone landmarks that were placed on a 3D recon-
struction of the scapula and the humerus.'* The scapular plane was
fitted on 5 points along the supraspinatus fossa and on 5 points
along the axillary border. The scapular axis was fitted on the same 5
points of the supraspinatus fossa, projected onto the scapular plane.
The anterior-posterior axis was perpendicular to the scapular axis
and the scapular plane. The glenoid surface was identified on the
3D reconstruction. We defined the glenoid center as the centroid
(geometric center) of the glenoid surface projected onto the glenoid
surface. The glenoid centerline was the axis passing through the
glenoid center and the center of a sphere fitted on the glenoid
surface. The humeral head center was the center of a sphere fitted
on 5 landmarks placed manually. One point was placed at the
infraspinatus insertion center, 1 point at the upper part of the
bicipital groove, and 3 points on the articular surface (superior,
middle, inferior). CT segmentation and landmark positioning were
achieved with the visualization software Amira (Visage Imaging
GmbH, Berlin, Germany). The geometric analysis was done with
MATLAB (MathWorks, Inc, Natick, MA, USA).

Statistical analysis

In 3D, we evaluated the distribution of orientation of glenohumeral
subluxation, scapulohumeral subluxation, and glenoid version
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The 3D scapulohumeral subluxation (SHS) quantifies the deviation of the humeral head center (H) from the glenoid center (C).

The orientation of the scapulohumeral subluxation (SHSO) is represented by the angle of subluxation relative to the anterior-posterior axis
(AP). The SHS is based on the scapular axis, whereas the glenohumeral subluxation (GHS) is based on the glenoid centerline. The 3D
glenoid version (GV) is the angle between the glenoid centerline and the scapular axis.

within 6 sectors of 60° each. The 6 sectors were posterior, posterior-
superior, posterior-inferior, anterior, anterior-superior, and anterior-
inferior. We also calculated the (linear) correlation between glenoid
version and scapulohumeral subluxation and between glenoid
version and glenohumeral subluxation. We correlated the amplitude
of the subluxation with the amplitude of the glenoid version and the
orientation of the subluxation with the orientation of the glenoid
version. The orientation correlations were performed only with
subluxed shoulders (subluxation above 5%) to avoid orientation
singularity when subluxation is close to zero. We evaluated the
coefficient of determination (Rz) and the P value associated with the
null hypothesis such that the slope of the correlation was zero.

For the sake of validation of the 3D method, we compared it
with the 2D method for the glenohumeral subluxation, the scap-
ulohumeral subluxation, and the glenoid version. In 2D, the fre-
quency of anterior and posterior subluxation was evaluated. The
same correlations we calculated in 3D were also evaluated in 2D.
For the sake of clarity, the 3D method illustrated with a typical
case is discussed in the next section.

The intraobserver and interobserver variability of our 3D mea-
surements were analyzed with the interclass correlation coefficient.
Three observers each randomly repeated the same measurement
protocol on the 3 CT images 3 times (for a total of 9 measurements
made by each observer). The statistical analysis was done with the
Statistics Toolbox of MATLAB (MathWorks Inc).

Results

The glenohumeral subluxation measured in 2D was
6% + 5% (from 0% to 22%). In 3D, the glenohumeral

subluxation was 7% =+ 4% (from 0% to 20%). In both the
2D and 3D measurements, nearly half of the glenohumeral
subluxations were posterior (Table I). However, in 3D, a
large percentage of the posterior subluxations were either in
the posterior-superior or posterior-inferior sector. The 2D
and 3D glenohumeral subluxations were not statistically
different (P = .083) and were poorly correlated
(R* = 0.226; P < .001).

The scapulohumeral subluxation was 12% =+ 11% (from
0% to 48%) measured in 2D and 16% + 9% (from 0% to
44%) in 3D. In 2D, more than half of the scapulohumeral
subluxations were posterior (Table I), but they were pri-
marily posterior (38%) and posterior-superior (31%) in 3D.
The 2D and 3D scapulohumeral subluxations were statis-
tically different (P < .001) and were moderately correlated
(R* = 0.486; P < .001).

The glenoid version measured in 2D was 12° + 9° (from
0° to 45°). The 3D version was 15° £ 9° (from 0° to 49°).
In 2D, the version was mainly posterior (71%). However, in
3D, it was primarily posterior (41%) and posterior-superior
(30%). The 2D and 3D glenoid versions were statistically
different (P < .01) and were moderately correlated
(R* = 0.540; P < .001).

In 2D, there was no correlation between the gleno-
humeral subluxation and the glenoid version (R* = 0.029;
P = .071), but there was a correlation between the
scapulohumeral subluxation and the glenoid version
(R2 = 0.607; P <.01). In 3D, the glenohumeral subluxation
and the glenoid version were not correlated in amplitude
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Table I

Percentage of cases with glenohumeral subluxation (GHS), scapulohumeral subluxation (SHS), and glenoid version (GV) in the

posterior (P) and anterior (A) sides for the 2D measurements and in the posterior (P), posterior-superior (PS), posterior-inferior (PI),
anterior (A), anterior-superior (AS), and anterior-inferior (AI) sectors for the 3D measurements. For 2D and 3D measurement, cases are
considered centered (C) when the subluxation is not >5% or when the version is not >5°.

2D 3D
Side GHS SHS GV GHS SHS GV Sector
P 46% 56% 71% 18% 38% 41% P
13% 31% 30% PS
4% 7% 10% PI
A 25% 13% 6% 7% 4% 4% A
11% 6% 3% AS
5% 3% 4% AL
C 29% 30% 23% 41% 10% 9% C
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Figure 2  Scapulohumeral subluxation compared with glenoid Figure 3  Orientation of the scapulohumeral subluxation

version in 3D. The amplitude of the scapulohumeral subluxation
and the amplitude of the glenoid version were strongly correlated.

(R2 = 0.020; P = .140), nor were they correlated in
orientation (R2 < 0.001; P = .988). In 3D, the scap-
ulohumeral subluxation and the glenoid version were
highly correlated by both their amplitude (R* = 0.700;
P < .01) and their orientations (R2 =0.864; P <.01). The 2
correlation lines nearly passed through the origin, and their
slopes were very close to 1 (Figs. 2 and 3).

The example case (Fig. 4) had no glenohumeral sub-
luxation (<5%) when measured in 2D but a high scap-
ulohumeral subluxation (32%) in 3D. The orientation of the
scapulohumeral subluxation was in the posterior-superior
sector, whereas the CT axial plane used for the 2D mea-
surement was about 60° different from the orientation of
the scapulohumeral subluxation. This is a typical case in
which the subluxation is underevaluated by the usual 2D
glenohumeral measure. The scapulohumeral subluxation
measured in 2D was 7% posterior, and the version
measured in 2D was 15° posterior. However, the version

compared with the orientation of the glenoid version in 3D in the 6
sectors: posterior (P), posterior-superior (PS), posterior-inferior
(PI), anterior (A), anterior-superior (AS), and anterior-inferior
(Al). The orientation of the scapulohumeral subluxation and the
orientation of the glenoid version were strongly correlated. The
orientation of version and the orientation of the subluxation
covered all sectors of the glenoid, but they were mainly in the
posterior and posterior-superior sectors.

measured in 3D was 22° and was oriented in the posterior-
superior sector (50°). The reliability of the 3D measure-
ment was high (Table II).

Discussion

The humeral head subluxation and the glenoid version are
important parameters to take into account in performing a
TSA. They are currently measured on one of the images of
the CT sequence that approximately passes through the
middle of the glenoid surface. These CT images have a
variable orientation relative to the scapula, which can cause
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Figure 4 Typical case comparing the usual glenohumeral subluxation (GHS) measured in 2D (leff) with the scapulohumeral subluxation
(SHS) measured in 3D (right) and their respective measurement plane orientation (center). With the 2D method, the humeral head center
(H) is aligned on the glenoid centerline (yellow continuous line). With the 3D method, the humeral head center (H) presents an important
posterior subluxation (32%). The 2D method uses an image from the CT data set that crosses the center of the glenoid (C). The 3D method
is based on a 3D geometric analysis, but it is illustrated here in 2D, in the plane of maximal scapulohumeral subluxation (SHS plane), which
is characterized by its orientation angle (SHSO). The yellow continuous line represents the scapular axis.

Table I  The interobserver and intraobserver interclass cor-
relation coefficient (ICC) for the glenohumeral subluxation
(GHS), glenohumeral subluxation orientation (GHSO), scap-
ulohumeral subluxation (SHS), scapulohumeral subluxation
orientation (SHS0), glenoid version (GV), and glenoid version
orientation (GV0)

Measure Interobserver ICC Intraobserver ICC
GHS 0.97 0.88
GHSO 0.97 0.90
SHS 0.99 0.90
SHSO 0.97 0.88
GV 0.99 0.98
GVO 0.95 0.70

inaccurate measurements. In this study, we extended these
2D measurements to 3D by evaluating not only their
amplitude but also their orientation. The objective was to
assess the advantage and biomechanical validity of this 3D
measure compared with the usual 2D measure. In 3D, we
have observed a strong correlation between scapulohumeral
subluxation and the glenoid version, which was not previ-
ously reported.

The usual glenohumeral subluxation measurement is
performed in 2D. It characterizes the position of the hu-
meral head relative to the glenoid centerline. This measure
is quantified as a percentage of the humeral head size. The
3D measures of glenohumeral and scapulohumeral sub-
luxation presented here were built on that same basis as a
3D measure of glenoid version.'* They are based on a 3D
analysis that generalizes the 2D measure by quantifying the
maximal eccentricity of the humeral head from an ideal
centered position and the orientation of this maximal ec-
centricity. In 3D, we assumed that the humeral head center
should be facing the glenoid center along the alignment of
the glenoid centerline or along the scapular axis for the
glenohumeral or scapulohumeral subluxation, respectively.

The glenohumeral subluxation was lower than the
scapulohumeral subluxation, but they could coincide if the

glenoid version was zero. The 2D subluxation was lower
than the 3D measure, but they could coincide if the sub-
luxation orientation is the same as the arbitrary CT plane.
The subluxation orientation was not strictly in the posterior
or anterior sector in more than half of the cases, which
emphasizes the importance of taking into account this
orientation.

The biomechanical significance of the 3D measurements
of subluxation and version relies on the choice of the
scapular plane and the scapular axis. The scapular plane is
approximately the plane of symmetry of the rotator cuff
muscles, and the scapular axis is aligned with the supra-
spinatus. The validity of the 3D measurement method
proposed here is supported by the strong correlation be-
tween scapulohumeral subluxation and glenoid version.
Only 5 of the 112 cases presented were outside the 95%
confidence bounds of the version-subluxation correlation.
This correlation appeared in the amplitude but also in the
orientation of version and subluxation. Every degree of
glenoid version was associated with a percentage of sub-
luxation in the same orientation. In our series, the cases
outside the correlation bounds were not correlated to any of
the measured quantities, nor were they correlated to patient
age or sex.

Historically, static humerus subluxation was initially
measured in 2D relative to the glenoid surface. Using 70
CT images of osteoarthritic shoulders, Badet et al re-
ported that posterior subluxation was found in 40% of the
cases, but it was not correlated to glenoid retroversion. '
Assuming a limit of 5% of relative glenohumeral sub-
luxation, Walch reported a posterior subluxation of 45%
of 151 primary AO shoulders.'” He reported that sub-
luxation was not correlated with glenoid retroversion or
with humeral retroversion. In a following paper, the rate
of subluxation (type B in Walch classification) was 32%
in a series of 113 primary osteoarthritic shoulders.'®
Walch suggested that there was a correlation between
subluxation and version but that it was not statistically
significant. The 2D measure of glenohumeral subluxation
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proposed by Walch was later adapted to use the scapula
as a reference instead of the glenoid.'” In the later article,
a scapular axis reference line was defined in the first CT
image under the coracoid process with the medial border
of the scapula and the glenoid center. This scapular axis
reference line is also referred to as the transverse axis or
the Friedman line.” The scapular axis defined in the
present paper can be seen as a 3D extension of this 2D
scapular axis reference line.

With the 2D definition of the scapular axis, Kidder et al
reported that scapulohumeral subluxation was statistically
higher than glenohumeral subluxation.'” In their study, the
scapulohumeral subluxation varied from 37% to 119%,
whereas the glenohumeral subluxation varied from 29% to
92%. Scapulohumeral subluxation was also more frequent
than glenohumeral subluxation, with 100% of cases
exhibiting scapulohumeral subluxation and 58% exhibiting
glenohumeral subluxation. Kidder et al did not report any
correlation between scapulohumeral subluxation and
version.'” Using the same measurement methodology but a
subluxation limit of 15%, Gerber et al reported a posterior
subluxation in 27% of 124 osteoarthritic shoulders but no
correlation between preoperative humerus subluxation
and glenoid version.? In another series of 121 shoulders,
Hoenecke et al measured glenohumeral subluxation and
glenoid version. Glenohumeral subluxation was measured
according to the method of Badet, and the version was
measured by 2 different methods.” They concluded that
glenoid version did not correlate with humeral subluxation
but reported a higher mean subluxation for biconcave
glenoids. Overall, our 2D measurements of glenohumeral
subluxation, scapulohumeral subluxation, and glenoid
version were consistent with the values reported in the
literature.”

The strength of this study is to extend a well-accepted
2D measurement method to 3D. The 3D method is based on
a vector analysis but can also be understood as a 2D
measurement performed in the plane of maximal subluxa-
tion instead of the arbitrary plane of the CT. This plane of
maximal subluxation passes through the humeral head
center and is aligned with the orientation of subluxation.
This theoretically guarantees the maximum value of sub-
luxation. As it is defined here, the scapular axis can be
related to the biomechanical axis of the rotator cuff mus-
cles, which are critical for the stability of the glenohumeral
joint. In addition, the 3D method can be used with a regular
clinical CT study, which usually does not include the entire
scapula. For that purpose, we have defined bone landmarks
that are not located in typical erosion zones.'* Thus we can
assume that the 3D measure would not be affected by
osteoarthritic changes. The methodology presented here
still requires some manual operations. However, for a
practical clinical application, the method will be fully
automated.

Conclusion

This work addresses the problem of measuring shoulder
subluxation in osteoarthritic glenohumeral joints. Gle-
noid version and scapulohumeral subluxation are
important parameters to take into account in performing
a TSA. We have showed that 3D measurement of
scapulohumeral subluxation should be preferred to the
usual 2D measurement of glenohumeral subluxation.
Therefore, we recommend 3D measurements of the
glenoid version and the scapulohumeral subluxation to
detect them when they are out of the CT plane, even if
the best way to correct them is not yet fully known.
However, the strong correlation reported between hu-
merus subluxation and glenoid version does not explain
the cause of the subluxation. One could assume that
muscle misbalance could also play a role in causing
shoulder subluxation, which has the secondary effect of
inducing glenoid erosion. This hypothesis still needs to
be confirmed.
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