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Abstract

Background: Proper glenoid position in total shoulder arthroplasty (TSA) is important. However, traditional glenoid
version (GV) measurements overestimate retroversion on radiographs (XR) and computed tomography (CT).

The fulcrum axis (FA) uses palpable surface landmarks and may be useful as an intra-operative guide. Also, the FA has not
yet been validated on XR or CT in an arthritic population.

Methods: Four observers measured FA and GV on the XR, CT and three-dimensional CT (3DCT) of 40 patients who
underwent TSA at a single institution from 2009 to 2015. Reliability and accuracy of FA and GV were calculated for XR
and CT, using 3DCT as the gold standard.

Results: The mean FA and GV were 7.768° and 18.910° on XR; 6.23° and 12.920° on CT; and 8.100° and 7.740° on
3DCT, respectively. FA and GV were significantly different for XR and CT (p <0.001) but not for 3DCT (p =0.725).
The inter-rater reliability, intra-rater reliability and accuracy of FA were not significantly different from GV and were
0.929 to 0.948, 0.779 to 0.974 and 0.674 to 0.705, respectively. However, the absolute difference of FA was closer to the
gold standard (3DCT) than GV for XR (0.330° versus |1.172°) and CT (1.871° versus 5.178°) (p <0.001).
Conclusions: FA showed comparable reliability and accuracy to GV. However, FA more accurately reflected the
gold standard.
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to measure the pre-operative glenoid version is essential
to properly plan eccentric glenoid component place-
ment and correct the abnormal arthritic anatomy.

Introduction

Total shoulder arthroplasty (TSA) is an effective
and reliable treatment for severe glenohumeral osteo-
arthritis. Proper glenoid component positioning is

necessary for optimal functional outcome'? and TSA
longevity.>® Although glenoid retroversion in normal
shoulders (defined as shoulders with no history of sur-
gery or significant dysfunction or pain and no evidence
of skeletal dysplasia or arthritis) is typically less than
10° (mean 1° to 3°),”® osteoarthritis may lead to eccen-
tric glenoid wear and up to 50° of retroversion (mean 7°
to 17°).512 As little as 10° to 15° of glenoid component
retroversion can decrease TSA survival*®!* and >20°
of retroversion is associated with poor clinical out-
comes.? Therefore, an accurate and reliable method

Pre-operative imaging

Plain radiographs (XR) are readily available and
involve minimal radiation but quality varies widely
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and glenoid retroversion can vary by as much as 21° and
is overestimated in 86% of cases.>'* Computed tomog-
raphy (CT) is more accurate that XR but involves more
radiation. However, as little as 10° of scapular malrota-
tion during image acquisition can lead to more than 10°
error in the measured glenoid version.'>™'” Magnetic
resonance imaging has the advantages of additional
soft-tissue evaluation and no radiation, although it is
costly and also susceptible to error from scapular mal-
rotation.'® Three-dimensional CT (3DCT) is the best
available imaging modality for glenoid version measure-
ment because errors as a result of scapular rotation
during image acquisition are eliminated through post-
processing rotation correction.®'>!°2! 3DCT has been
recommended in several studies for TSA pre-operative
planning.®!>172! Specific software is required but with
technology advancements 3DCT is becoming readily
available and user-friendly.

Measuring glenoid version (GV)

Freidman et al.” described a technique to measure GV
that was independently validated®*** and is in common
use. The GV is measured at the mid-body of the glenoid
on axial CT slices and is the angle between a line con-
necting the anterior and posterior lips of the glenoid
face and a perpendicular from the line joining the
middle of the glenoid face to the most medial point of
the scapular body. However, there have been concerns
with the accuracy of this technique on CT as a result
of variations in scapular rotation during image acqui-
sition as well as variable curvature of the scapular
body,®15:19-21.23

The fulcrum axis (FA) was described in 2008 by
Braunstein et al.?* The FA was originally used to
improve the quality of anteroposterior shoulder radio-
graphs and is formed by a line connecting the anterior
tip of the coracoid to the posterolateral corner of the
acromion.?* The FA is close to parallel to the glenoid
face [mean (SD) 1.8° (4.5°)] in normal shoulders®> and
uses easily palpable surface anatomy landmarks.
The FA is reproducible and has undergone preliminary
studies as a potential intra-operative guide with promis-
ing results.?®

Purpose

To our knowledge, FA has not previously been mea-
sured in arthritic shoulders, nor has it been compared
with GV for accuracy on XR or CT or reliability on
XR, CT or 3DCT. The present study aimed to describe
the normal range of FA values in patients awaiting
TSA, as well as its accuracy and reliability.

Materials and Methods
Data collection

The radiographic records of all patients having under-
gone shoulder arthroplasty between 1 January 2009 and
31 October 2015 by three upper limb surgeons at a
single institution were retrieved using a Picture
Archiving and Communication System. The primary
indication for arthroplasty was severe glenohumeral
arthritis. Pre-operative XR and CT of the operated
shoulder were retained for analysis. Cases with more
than 6 months between XR and CT, with poor-quality
axillary XR or with evidence of prior arthroplasty, cor-
acoid fracture, acromial fracture or glenoid body frac-
ture, were eliminated. An axillary XR was acceptable if
five criteria were met: visible glenoid face; visible pos-
terolateral acromion; visible coracoid; visible glenoid
vault; and little to no overlap of the glenoid body
with the ribcage. Examples of acceptable and unaccept-
able axillary XR are shown in Fig. 1.

Institutional review board approval was obtained
and all data and images were anonymized. Data rec-
orded included the age of the patient, the delay between
XR and CT and the Walch classification of the glenoid.
Forty cases with an mean age of 71 years (range 32
years to 86 years) were retained for analysis.

Radiographic preparation

The imaging files were all standardized to the right side
and converted to PDF format. The axillary XR
required no additional modifications. The CT and
3DCT files were prepared as described below.

CT. Three axial cuts from each CT were superimposed:
one with a clear slice of the posterolateral corner of the
acromion; one showing the most anterior aspect of
the tip of the coracoid; and one at the mid-point
of the glenoid vault (within 10 mm inferior to the glen-
oid tip).’?

3DCT. A 3DCT was created from each CT file using
Aquarius-APS (TeraRecon, Foster City, CA, USA)
and rotated to an axillary view.

Measuring the GV and the FA

Measurements were carried out on all XR, CT, and
3DCT images in PDF format using PixelStick (Plum
Amazing LLC, Princeville, HI, USA) to calculate the
GV and FA angles. The GV was measured using the
technique described by Friedman et al.” and the FA
using the technique described by Braunstein et al.>
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Figure 1. (a) An acceptable axillary radiograph (XR). The posterolateral corner of the acromion, the anterior tip of the coracoid and
the glenoid face are visible and are marked in white in (b). Most of the glenoid body is visible and there is minimal ribcage overlap.
(c) An unacceptable axillary XR. The coracoid tip is not visible and the glenoid body is obscured by soft-tissue.

For the glenoid, the line connecting the anterior border
to the posterior border of the glenoid face was used.
Osteophytes were not included and Walch B2?7 glen-
oids were measured across the entire glenoid face (the
neoglenoid was not measured separately). Examples of
the GV and FA drawn on XR, CT and 3DCT are
shown in Figs 2 to 4.

Measurements were taken by three fellowship-
trained orthopaedic surgeons and one upper-extremity
fellow (DN, TA, JM and CS). All measurements were
taken twice with a minimal interval of 4 weeks.

Statistical analysis

Statistical analysis was performed using SPSS, version
23 (IBM Corp., Armonk, NY, USA). The mean GV
and FA and their respective SD were calculated from
measurements obtained on 3DCT. Inter-rater and
intra-rater reliability was calculated for GV and FA
on all imaging modalities.

Accuracy was determined using two methods. The
first employed the intraclass coefficient (ICC) for each
rater’s measurements using the corresponding 3DCT

as the gold standard. The second calculated the differ-
ence, in degrees, of each FA and GV measurement on
XR and CT from their corresponding 3DCT measure-
ments. The mean and SD were reported as the average
difference (AD). Statistical significance was achieved
when p <0.01. The reliability and ICC was considered
poor at 0.01 to 0.20, fair at 0.21 to 0.40, moderate at
0.41 to 0.60, substantial at 0.61 to 0.80 and near-perfect
at 0.81 to 1.00.

Finally, a post hoc analysis was performed using
G*power  statistical  software  (Heinrich-Heine-
Universitat Diisseldorf, Diisseldorf, Germany) to deter-
mine the power (1 — B) of the ICCs of FA and GV for
XR, CT and 3DCT.

Results

A total of 40 radiographic series were retained for final
analysis. Patients had a mean age of 71 years (range
32 years to 86 years) at the time of the axillary radio-
graph and a mean delay of 68 days to CT (range 2 days
to 230 days). Twenty-four series involved the right side
and 16 involved the left. Three cases showed evidence
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Figure 2. An axillary radiograph of the right shoulder. (a) is unmarked; (b) is marked on the posterolateral corner of the acromion,
the anterior tip of the coracoid and the glenoid face; (c) measurement of glenoid version (GV); and (d) measurement of the fulcrum
axis (FA).

Figure 3. A composite computed tomography of the right shoulder. (a) is unmarked; (b) is marked on the posterolateral corner of
the acromion, the anterior tip of the coracoid and the glenoid face; (c) measurement of glenoid version (GV); and (d) measurement of
the fulcrum axis (FA).
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Figure 4. A three-dimensional computed tomography of the right shoulder. (a) is unmarked; (b) is marked on the posterolateral
corner of the acromion, the anterior tip of the coracoid and the glenoid face; (c) shows the measurement of glenoid version (GV); and

(d) the measurement of the fulcrum axis (FA).

of avascular necrosis with collapse of the humeral head
and the remaining 37 cases showed severe glenohumeral
joint space loss and glenoid wear. The glenoid Walch
classification®” was A in 14 cases, B in 21 cases and C in
five cases.

The mean FA was fairly consistent across the ima-
ging modalities (6.227° to 8.098°) and ranged from
—45.772° to 45.830°. The mean GV across the imaging
modalities was 7.738° to 18.910° of retroversion and
ranged from —70.683° to 38.963°. Measurements of
GYV recorded greater retroversion on XR than measure-
ments on CT or 3DCT (Table 1).

The inter-rater reliability of FA and GV was 0.929
(0.881 to 0.960) and 0.957 (0.931 to 0.975) on XR; 0.958
(0.924 to 0.977) and 0.975 (0.959 to 0.986) on CT; and
0.948 (0.895 to 0.973) and 0.979 (0.962 to 0.989) on
3DCT, respectively. There were no statistically signifi-
cant differences between FA and GV on XR, CT or
3DCT (Table 2).

The intra-rater reliability of FA and GV ranged
from 0.842 to 0.958 and 0.895 to 0.972 on XR; from

Table I. Fulcrum axis (FA) and glenoid version (GV) on
radiograph (XR), computed tomography (CT) and three-
dimensional CT (3DCT).

FA (SD) GV (SD) p
XR 7.768 (13.418) 18910 (15.625)  <0.000!
cT 6.227 (14476) 12916 (14.028)  <0.0001
3DCT  8.098 (12.628) 7.738 (13.210) 0.725

0.913 to 0.956 and 0.919 to 0.982 on CT; and from
0.779 to 0.974 and 0.904 to 0.989 on 3DCT, respect-
ively. There were no statistically significant differences
between FA and GV on XR, CT or 3DCT (Table 3).

The accuracy of FA and GV on XR and CT was
calculated using 3DCT as the gold standard by two
methods, as described in the Materials and methods.
The ICC for FA and GV was 0.674 (0.623 to 0.748)
and 0.578 (0.315 to 0.688) on XR and 0.705 (0.616
to 0.802) and 0.740 (0.536 to 0.0830) on CT,
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respectively (Table 4). The mean (SD) AD for FA and
GV was 0.330° (10.418°) and 11.172° (9.748°) on XR
and 1.871° (10.146°) and 5.178° (8.604°) on CT,
respectively. The accuracy as measured by AD was sig-
nificantly better for FA than GV on both XR
(» <0.0001) and CT (p<0.0001). The GV overesti-
mated glenoid retroversion, by approximately 11° on
XR and 5° on CT (Table 5).

A post hoc analysis using the ICCs for FA and GV
on XR, CT and 3DCT showed powers (1 — ) of 0.85,
0.99 and 0.93, respectively.

Discussion

In the present study, we have described the mean FA
and range on 3DCT (mean 8.098°, range —27.940° to
45.830°) in an arthritic population. To the best of our
knowledge, the FA has only previously been reported
in a non-arthritic population.”** Using the measured
GV on 3DCT (7.737° mean GV on 3DCT) to ‘correct
the version to neutral’ (i.e. 8.098° — 7.737° =0.361°), we
obtain a value of 0.361° from the ‘ideal glenoid plane’.
This is very similar to the 1.8° FA as reported by
Braunstein et al.?> in non-arthritic shoulders. In other
words, the FA, which uses easily palpable landmarks,**

Table 2. Inter-rater reliability of fulcrum axis (FA) and glenoid
version (GV) on radiograph (XR), computed tomography (CT)
and three-dimensional CT (3DCT).

FA (range) GV (range)

XR 0.929 (0.881 to 0.960) 0.957 (0.931 to 0.975)
CT 0.958 (0.924 to 0.977) 0.975 (0.959 to 0.986)
3DCT 0.948 (0.895 to 0.973) 0.979 (0.962 to 0.989)

is close to parallel to the plane of a glenoid component
placed in neutral position (perpendicular to the axis of
the scapular body). Importantly, this near-parallel rela-
tionship, which exists in normal shoulders, persists in
arthritic shoulders despite the significant bony changes
that occur with severe glenohumeral arthritis.

There were no significant differences in reliability
(intra-rater or inter-rater) between FA or GV for XR,
CT or 3DCT. However, FA more accurately reflected the
gold standard (3DCT) than GV and this was statistically
significant (p < 0.0001). Retroversion is overestimated by
GV by 11.172° on XR and 5.178° on CT. This is con-
sistent with the current literature on GV measurements
on XR/CT with errors of 5° to 15°'1%! and an

Table 4. Accuracy of fulcrum axis (FA) and glenoid version
(GV) on radiograph (XR) and computed tomography (CT) as
measured by intraclass coefficient, using three-dimensional CT as
the gold standard.

FA (range) GV (range)

XR 0.674 (0.623 to 0.748) 0.578 (0.315 to 0.688)

CT 0.705 (0.616 to 0.802) 0.740 (0.536 to 0.830)

Table 5. Accuracy of fulcrum axis (FA) and glenoid version
(GV) on on radiograph (XR) and computed tomography (CT) as
measured by average difference, using three-dimensional CT as
the gold standard.

FA (SD) GV (SD) p
XR 0.330 (10.418) 11.172 (9.748) <0.0001
cT 1.871 (10.146) 5.178 (8.604) <0.0001

Table 3. Intra-rater reliability of fulcrum axis (FA) and glenoid version (GV) on radiograph (XR), com-
puted tomography (CT) and three-dimensional CT (3DCT).

Observer | Observer 2 Observer 3 Observer 4
XR FA 0.842 0.958 0.899 0.889
GV 0.895 0.972 0.933 0.967
CT FA 0913 0915 0.956 0.929
GV 0.982 0919 0.960 0.974
3DCT FA 0.973 0.969 0.779 0.974
GV 0.989 0.981 0.904 0.968
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overestimation of retroversion in 86% of cases and by a
mean of 6.5°.%! The FA, in contrast, was within 2° and 1°
of the gold standard on XR and CT, respectively.

A strength of the present study is the use of images
of a series of patients who went on to TSA, rather than
an artificial model. Our inclusion of all cases with ade-
quate imaging is representative of average practice
awaiting TSA. As a result, however, some of the results
in the present study may differ slightly from those
found in literature isolated to primary glenohumeral
osteoarthritis. The mean glenoid version on 3DCT,
for example, was 7.74° retroversion in the present
study, which is slightly less than the previously reported
11° to 12.1° of retroversion.®” The inclusion of cases
with AVN could have contributed to lowering the mean
because AVN does not typically result in significant
posterior wear. Additionally, the studied population
involved a combination of dominant and nondominant
shoulders. A greater proportion of nondominant shoul-
ders in the present study compared to those reported in
the literature could also contribute to a lowered mean
retroversion.’

A limitation of the present study is the delay between
XR and CT of 68 days on average. It is possible that
glenoid wear progressed during the imaging delay even
though this is unlikely to a significant degree given the
chronic and nonweight-bearing nature of glenohumeral
osteoarthritis. Radiographic follow-up studies in young
patients with glenohumeral arthritis undergoing hemi-
arthroplasty have shown a rate of glenoid wear of
0.75mm year ' to 0.9 mm year ' and increased glenoid
erosion at a mean of 10.7 years.”® *° This delay between
XR and CT would also have had no effect on the com-
parisons between CT and 3DCT. Another weakness is
the need to superimpose images for the measurement of
FA on CT. This is labour-intensive and a potential
source of error that was eliminated as a result of the
conversion of the imaging files to PDF. This was con-
sidered necessary for portability, as well as anonymity,
and had no effect on measurements performed on XR
or 3DCT.

The FA has been previously evaluated as an intra-
operative guide.”® This may represent a very interesting
future avenue of research given the improved accuracy
of FA over GV, as shown in the present study. Current
standard instrumentation deviates as much as 12° from
planned glenoid component positioning'*'*? and, even
in experienced hands, only 82% of glenoids are placed
between neutral version and 20° of retroversion.’
Negative clinical and radiological outcomes have been
reported with >20° of retroversion'” and decreased
TSA survival is a concern at >10° to 15° of retrover-
sion.»®!3 Le et al.?° tested a new glenoid aiming guide
for TSA based on the FA and showed that it was both
accurate and reliable in placing the glenoid within 5° of

ideal version.”® These results are encouraging and the
FA-based guide may show advantages over patient-
specific or navigated instrumentation in terms of cost,
ease-of use and speed.

Conclusions

FA showed comparable reliability to GV on XR, CT
and 3DCT. However, FA was significantly more accur-
ate than GV on both XR and CT when using 3DCT as
the gold standard. Additionally, the FA was shown to
be near-parallel to the ‘ideal’ glenoid plane, a relation-
ship that is true in osteoarthritic as well as normal
shoulders.?

The present study shows that the FA is simple, reli-
able and accurate. It uses easily palpable landmarks
and has the potential for use in pre-operative planning,
intra-operative guidance, and radiographic follow-up.
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