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Accuracy of Currently Available Methods in ®
Quantifying Anterior Glenoid Bone Loss:
Controversy Regarding Gold Standard—A Systematic
Review

Lukas P. E. Verweij, B.Sc., Alexander A. Schuit, B.Sc., Gino M. M. J. Kerkhoffs, M.D., Ph.D.,
Leendert Blankevoort, Ph.D., Michel P. J. van den Bekerom, M.D., Ph.D., and
Derek F. P. van Deurzen, M.D.

Purpose: To determine the accuracy of glenoid bone loss—measuring methods and assess the influence of the imaging
modality on the accuracy of the measurement methods. Methods: A literature search was performed in the PubMed
(MEDLINE), Embase, and Cochrane databases from 1994 to June 11, 2019. The guidelines and algorithm of the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) were used. Included for analysis were articles reporting
the accuracy of glenoid bone loss—measuring methods in patients with anterior shoulder instability by comparing an index test
and a reference test. Furthermore, articles were included if anterior glenoid bone loss was quantified using a ruler during
arthroscopy or by measurements on plain radiograph(s), computed tomography (CT) images, or magnetic resonance images in
living humans. The risk of bias was determined using the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool.
Results: Twenty-one studies were included, showing 17 different methods. Three studies reported on the accuracy of methods
performed on 3-dimensional CT. Two studies determined the accuracy of glenoid bone loss—measuring methods performed on
radiography by comparing them with methods performed on 3-dimensional CT. Six studies determined the accuracy of methods
performed using imaging modalities with an arthroscopic method as the reference. Eight studies reported on the influence of the
imaging modality on the accuracy of the methods. There was no consensus regarding the gold standard. Because of the hetero-
geneity of the data, a quantitative analysis was not feasible. Conclusions: Consensus regarding the gold standard in measuring
glenoid bone loss is lacking. The use of heterogeneous data and varying methods contributes to differences in the gold standard, and
accuracy therefore cannot be determined. Level of Evidence: Level IV, systematic review of Level II, II, and IV studies.
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repair has gained wide popularity and is a frequently per-
formed operative treatment for anterior shoulder insta-
bility. Nonoperative treatment shows an alarming
recurrent dislocation percentage of 50%, as reported in the

Anterior shoulder dislocation is common in the gen-
eral population, showing an incidence of 40.4 per
100,000 person-years for men and 15.5 per 100,000
person-years for women."” Owing to the advantages of a

minimally invasive technique, the arthroscopic Bankart

literature.” Of primary anterior dislocations, 13% to 41%
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cause an anterior glenoid rim fracture or chronic erosion of
the glenoid rim.*” In the case of recurrent shoulder insta-
bility, these percentages may even rise to 86%."“*” These
bony lesions have been identified as an important risk
factor for failure of conservative treatment and arthroscopic
soft-tissue stabilization procedures or revision surgery.'

Several techniques have been proposed to treat bony
insufficiency of the glenoid rim. To date, however,
there is no consensus on the cutoff value to decide
between bony and soft-tissue procedures to lower the
chance of recurrent instability developing.'”'* The
glenoid can be visualized using imaging modalities such
as arthroscopy, plain radiography, computed tomogra-
phy (CT), and magnetic resonance imaging (MRI).
Several quantification methods have been proposed to
calculate the amount of bone that is missing in the
glenoid."”'® For example, one of the first methods,
introduced by Sugaya et al.'” in 2003, is based on the
assumption that the inferior part of the glenoid surface
resembles a circle. The missing part of the circle can be
used to calculate a percentage. In this example, glenoid
bone loss is defined as the proportion of the circle that is
not filled by the surface of the inferior part of the gle-
noid in 2-dimensional (2D) space. In the subsequent
years, numerous adaptations of the Sugaya method and
new methods have been proposed based on circular
and/or linear measurements.

Despite the vast amount of information regarding
measuring glenoid bone loss, it is difficult to differentiate
between the methods because they are very similar.
Previous studies have determined the accuracy of these
measurements in cadavers.'®*’ However, to assess the
clinical applicability of the glenoid bone loss—measuring
methods, accuracy in living humans needs to be deter-
mined. The validity of a (clinical) test can be subdivided
into 2 components: precision and accuracy of the mea-
surement. To achieve high precision, a measurement
needs to report the same value repeatedly under the
same conditions; this is often referred to as “reliability.”
An accurate measurement gives a value that is close to
the actual value. If the test is the best available under
reasonable conditions, it is considered the gold standard.
A recent systematic review by Walter et al.>' evaluated
the accuracy of glenoid bone loss—measuring methods;
however, they did not evaluate the gold standard, and
consensus regarding the gold standard may be lacking.
Furthermore, cadaveric studies were included, and the
Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidelines were not fol-
lowed”'; the current study is an update of the literature
since January 2018.

The aim of this study was to determine the accuracy
of glenoid bone loss—measuring methods and assess the
influence of the imaging modality on the accuracy of
the measurement methods. We hypothesized that there
would be many methods available and that they would

L. P. E. VERWEILJ ET AL.

show high accuracy, which would not be influenced by
the imaging modality.

Methods

This systematic review focused on the accuracy of
currently available methods in quantifying anterior gle-
noid bone loss. The guidelines and algorithm of the
Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) were used.”” The review pro-
tocol (CRD42018083343) has been registered with
PROSPERO (https://www.crd.york.ac.uk/PROSPERO/).

Literature Search

A literature search was performed in the PubMed
(MEDLINE), Embase, and Cochrane databases on June
11, 2019. The search terms for each database are listed
in Appendix Tables 1-3 (available at www.
arthroscopyjournal.org). The search was performed
with the assistance of a clinical librarian and was limited
to articles published after 1994. Sugaya et al.'” intro-
duced the first glenoid bone loss—measuring method
that could measure glenoid bone loss in patients with
anterior shoulder instability; however, the search was
started 10 years in advance to find potential studies on
which their study was based. Articles written in the
English, Dutch, German, or French language were
included.

Study Selection

Articles were included for full-text screening when
the abstract mentioned methods to quantify anterior
glenoid bone loss using arthroscopy or plain radio-
graphs, CT, or MRI in living humans. Cadaveric studies,
animal studies, and studies reporting the quantification
of glenoid bone loss for conditions other than an
anterior shoulder dislocation were excluded. During
full-text screening, articles that evaluated accuracy by
means of a comparison between an index test and a
reference test using a glenoid bone loss—measuring
method and at least one of the earlier reported imag-
ing modalities were included for analysis. Glenoid bone
loss was defined as the ratio of the articular glenoid
surface that was missing. Studies that were found by
cross-referencing and matched the inclusion criteria
were included. Studies that did not use the selected
imaging modalities or did not report original data were
excluded. Titles and abstracts were screened by 2 au-
thors (L.P.E.V. and A.A.S.). Any disagreement was
resolved by discussion and consensus. Studies that met
the inclusion criteria underwent full-text screening by
the same authors (L.P.E.V. and A.A.S.) and were pro-
cessed in the same manner.

Outcome

The accuracy of the methods by means of a compar-
ison between the index test and a reference test was
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extracted as the primary outcome measure. Secondary
outcome measures included the use of a gold standard
as reference measurement. The homogeneity of the
data was evaluated to perform a quantitative analysis or
meta-analysis. Correlations of 0.8 to 1.0 were defined
as very strong; 0.6 to 0.8, strong; 0.4 to 0.6, moderate;
0.2 to 0.4, weak; and 0.0 to 0.2, very weak. The level of
evidence was determined according to Poehling and
Jenkins.”’

Risk-of-Bias Analysis

The risk of bias was determined using the Quality
Assessment of Diagnostic Accuracy Studies (QUADAS-
2) tool.”* This tool consists of 4 domains in which risk of
bias is assessed using signaling questions tailored to the
review question to determine low, high, or unclear risk:
patient selection, index test, reference test, and flow
and timing. Moreover, applicability was assessed for
patient selection, the index test, and the reference test
without the use of signaling questions but according to
the review question. If there were any concerns that
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selection, conduction, or interpretation of a domain did
not match the review question, it was labeled high risk.
The risk-of-bias analysis was performed by 2 authors
(L.P.E.V. and A.A.S.). Any disagreement was resolved
by discussion and consensus.

Results

Screening and Study Characteristics

The titles and abstracts of 3,173 articles resulting from
the initial search were screened, 109 articles underwent
full-text screening, and 21 studies were included for
analysis (Fig 1). Cross-referencing did not result in addi-
tional studies. The sample size per study ranged from 7 to
100 shoulders. A total of 673 shoulders were examined.
The studies originated from the United States,””* Can-
ada,”””” China,’*”® Italy,””"" Japan,”' Brazil,"*"*’ Ger-
many,”* and France.”” The included studies were
published between December 2007 and October 2019.

)

Records identified through Additional records identified
g database searching through other sources
= (n=3173 ) (n=0)
2
=
b
c
]
° v
Records after duplicates removed
—
(n=2151)
E“ v
‘c
8 Records screened R Records excluded
S (n=2151) " (n=2042)
— | 4
Fig 1. Flow diagram Full-text articles assessed Full-text articles excluded,
for eligibility > with reasons
(n=109) (n=88)
>
]
:.§ Determine prevalence (n = 17)
[
w . .
v Explanation of proposed method in
surgery (n = 3)
Studies included in
qualitative synthesis Cadaver vs human control (n = 1)
S (n=21)
Perform bone measurements, but
do not determine accuracy (n = 41)
g v Do not use arthroscopy or imaging
-g modality (n =4)
S Studies included in
= quantitative synthesis Could not be found (n = 9)
(meta-analysis)
(n=0) Abstract (n=13)




2298

L. P. E. VERWEILJ ET AL.

FLOW AND TIMING | |

OLow OHigh OUnclear

c

£ REFERENCE STANDARD | |
8

o~

")

<

[=]

< INDEX TEST | |
54

PATIENT SELECTION | |

0% 20% 40% 60%

RISK of BIAS

80%

Proportion of studies with low, high or unclear

20% 40% 60% 80% 100%

Proportion of studies with low, high, or unclear
CONCERNS regarding APPLICABILITY

100% 0%

Fig 2. Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) risk-of-bias analysis: proportions of low, high, or unclear
risk of bias and low, high, or unclear concerns regarding applicability.

Risk-of-Bias Analysis

Risk-of-bias analysis showed a low risk in less than
60% of studies in the flow-and-timing domain, less
than 70% in the reference-standard and index-test
domains, and less than 60% in the patient-selection
domain (Fig 2). For analysis of concerns regarding
applicability, more than 80% of studies had a low risk
in the index-test and patient-selection domains and
100% had a low risk in the reference-test domain (Fig
2). Many studies did not report whether the tests were
blinded or how much time elapsed between the index
and reference tests. That is why these domains

frequently scored an unclear risk. The quality assess-
ment of the individual studies can be found in Table 1.

Characteristics of Glenoid Bone Loss—Measuring
Methods

Seventeen different measurement methods were
used in the included articles (Table 2). All the
methods calculated the ratio of the glenoid surface
that was missing in 2D space. Thirteen methods were
based on unilateral measurement of the glenoid,
whereas 4 were based on bilateral measurements.
Measurements were performed using the glenoid

Table 1. Risk-of-Bias and Applicability Analyses of QUADAS-2 Tool for Each Study

Risk of Bias

Applicability Concerns

Patient

Study Selection Index Test

Reference
Standard

Reference
Standard

Flow and

Timing Patient Selection Index Test

Bakshi et al.?”
Bakshi et al.”®
Chuang et al.?”
Giles et al.”’
Griffith et al.’®
Gyftopoulos et al.*®
Gyftopoulos et al.*’
Lacheta et al.**
Lansdown et al.’”
Lee et al.””
Magarelli et al.>”
Miyatake et al.*!
Murachovsky et a
Pansard et al.*®
Parada et al.”’
Rouleau et al.*’
Souza et al.*’
Stecco et al.*’
Stillwater et al.”’
Tian et al.”®
Vopat et al.”!
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QUADAS-2, Quality Assessment of Diagnostic Accuracy Studies.



Table 2. Glenoid Bone Loss—Measuring Methods Used in Articles Included in This Study

Unilateral
Method or Bilateral Explanation Image
Bernageau-view Bilateral With the patient’s arm in abduction, bilateral radiographic Bernageau glenoid profile
method*>** views are acquired. The diameter of the pathologic shoulder (A) is divided by the Humerss —
diameter of the healthy shoulder (B) to calculate the percentage using the following
expression: [1 — (A/B)] x 100.
\ — Glenoid
Best-fit circle using Unilateral On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock
glenoid fragment”®* inferior contour and the area (A) is determined. The osseous fragment is located,
and the area (B) is determined as well. The percentage is calculated using the
following expression: B/A x 100.
Best-fit circle using Unilateral On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock

missing area’!>*>7**

inferior contour and the area (A) is determined. The missing area of the circle (B) is
determined as well. The percentage is calculated using the following expression: B/
A x 100.

(continued)
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Table 2. Continued

Method

Unilateral
or Bilateral

Explanation

Image

Best-fit circle using
point selection®”

Best-fit circle using
ratio method*®**

Best-fit circle using Pico
meth0d2 5,26,32,39,40

Unilateral

Unilateral

Bilateral

On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock
inferior contour and the area (A) is determined. The image is enlarged to manually
trace the rim by making point selections, and the area (B) of bone loss is
determined. The percentage is calculated using the following expression: B/

A x 100.

On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock
inferior contour and the radius (A) of the circle is determined. Furthermore, the
distance between the anterior glenoid and the center of the circle (B) is determined.
The ratio is calculated according to the following expression: B/A.

On a sagittal view of the healthy shoulder (left), a circle is placed on the glenoid that
best fits the 3- to 9-0’clock inferior contour, and the area (A) is determined. The
circle is then superimposed onto the injured shoulder (right). The area of bone loss
(B) is determined. The percentage is calculated using the following expression: B/
A x 100.
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Table 2. Continued

Method

Unilateral
or Bilateral

Explanation

Image

Best-fit circle using
clock method’*

Best-fit circle using
circle-line method®®

Unilateral

Unilateral

On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock
inferior contour. The glenoid clock method using angles to determine a “beginning
time” (A), which is the starting point of the measurement, and an “ending time”
(B). The amount of time between the beginning and ending times resembles the
glenoid defect and can be linked to a percentage through an algebraic equation.

On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock
inferior contour, and the area (A) is determined. A straight line best following the
glenoid bone loss is drawn. Furthermore, a line perpendicular to the previous
straight line is drawn. Algebraic geometry can be used to determine the area (B) of
bone loss. The percentage is calculated using the following expression: B/A x 100.

(continued)
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Table 2. Continued

Method

Unilateral
or Bilateral

Explanation

Image

Best-fit circle using bare

Sp0t25,26

Best-fit circle using

glenoid index

27,41

Best-fit circle using

circle diameter

35,37
1

Unilateral

Bilateral

Unilateral

On a sagittal view, a longitudinal axis is drawn from the supraglenoid tubercle

through the inferior aspect of the inferior glenoid rim. Furthermore, a straight line
perpendicular to the longitudinal axis is drawn at the widest point of the glenoid.
The intersection of these lines resembles the bare spot and is used to draw a circle.
The percentage of glenoid bone loss is calculated with the posterior distance (PD)
and anterior distance (AD) using the following expression: [(PD — AD)/(2 x

PD)] x 100.

On a sagittal view of the healthy shoulder (left), a straight line is drawn from the most

superior point to the most inferior point of the glenoid. Furthermore, a straight
perpendicular line is drawn at the widest point of the glenoid. The intersection of
these lines is used as a geometric center to draw a circle. By use of the data of the
healthy shoulder, the geometric center of the healthy shoulder can be
superimposed onto the injured shoulder (right) to determine the width (A) of the
injured glenoid. Moreover, the expected width (B) is determined using the circle.
The ratio is calculated according to the following expression: A/B.

On a sagittal view, a longitudinal axis is drawn from the supraglenoid tubercle

through the inferior aspect of the inferior glenoid rim. Furthermore, guided by the
longitudinal axis, a circle is placed on the glenoid that best fits the 3- to 9-0’clock
inferior contour. A straight line, perpendicular to the previous line, is drawn
through the center of the circle until the defect is reached (A). The diameter of the
circle (B) is determined as well. The percentage of glenoid bone loss is calculated
using the following expression: (B — A/B) x 100.

(continued)
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Table 2. Continued

Unilateral
Method or Bilateral Explanation Image
Best-fit circle using Unilateral On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock
circle diameter 2°* inferior contour. A line is drawn from the posterior side to the anterior side of the
circle to determine the diameter (A); this represents an intact glenoid. A second
straight line is drawn following the glenoid defect; this will enable measurement of
the glenoid defect (B). The percentage of glenoid bone loss is calculated using the
following expression: (B/A) x 100.
Best-fit circle using Unilateral On a sagittal view, a circle is placed on the glenoid that best fits the 3- to 9-0’clock

circle diameter 3°%%*

inferior contour. A line is drawn from the posterior side to the anterior side of the
circle to determine the diameter (A); this represents an intact glenoid. Furthermore,
a line is drawn from the anterior margin of the circle to the glenoid defect (B). The
percentage is calculated using the following expression: (B/A) x 100.

(continued)
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Table 2. Continued

Method

Explanation

Best-fit circle using
circle diameter 4°°

Bilateral AP
distance’**?

Glenoid height—width
correlation®?

On a sagittal view, a straight line is drawn from the superior glenoid tubercle to the

inferior margin of the glenoid; this line is used to place a circle on the glenoid that
best fits the 3- to 9-0’clock inferior contour. A line is drawn from the posterior side
to the anterior side of the circle to determine the diameter (A); this represents an
intact glenoid. Furthermore, a line is drawn from the anterior margin of the circle to
the glenoid defect (B). The percentage is calculated using the following expression:
(B/A) x 100.

On a sagittal view, the diameter at the widest point of the glenoid is determined for

the healthy shoulder (A, left glenoid). Furthermore, the diameter of the injured
shoulder (B, right glenoid) is determined to calculate the percentage using the
following expression: [1 — (B/A)] x 100.

On the basis of the correlation between glenoid height and glenoid width, formulas

were created that are sex specific. The formula for male patients is Width = One-
third height + 15 mm. The formula for female patients is Width = One-third
height 4+ 13 mm. The expected glenoid width can be calculated with these formulas,
and the percentage is calculated according to the following expression: [(1 —
Glenoid width)/Expected glenoid width] x 100.

(continued)
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Table 2. Continued

Unilateral

Image

Explanation

or Bilateral

Method

Bare-spot

During arthroscopy, the distance from the posterior glenoid to the bare spot (A) is

Unilateral

[
Q
o
=
a

measured with a probe, as is the distance between the anterior glenoid and the bare
(A x 2)] x 100.

spot (B). The percentage is calculated according to the following expression: [B/

26-29,36,3 3
method 6-29,36,37,41,4

AP, anterior-posterior.
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surface (sagittal en face view of the glenoid) in 16
methods and using the glenoid rim (sagittal view) in
1 method. Eleven methods used a distance that was
divided by a reference distance, 5 methods used a
surface that was divided by a reference surface, and 1
method used the position of the defect to quantify
glenoid bone loss (Table 2). The methods were used
on 6 different imaging modalities (Table 3).

Accuracy of Methods Performed on
3-Dimensional CT

Three studies reported on the accuracy of the
methods on 3-dimensional (3D) CT (Table 4).>>°%°*
Bakshi et al.”” reported an overestimation (P < .001)
with the linear-based best-fit circle (bare spot) (mean,
17.5% =+ 9.7%) compared with the circular-based best-
fit circle (Pico method) (mean, 12.8% =+ 8.0%) on 3D
CT. Parada et al.’’ did not show a difference between
the circular- and linear-based best-fit circle (circle-line
method) and the circular-based best-fit circle (point
selection) in 7 patients whereas they found a difference
in 1 patient with 25% bone loss (P = .005). Rouleau
et al.”® showed a strong correlation between the
circular-based best-fit circle (clock method), best-fit
circle using the missing area (r = 0.793, P < .001),
and best-fit circle using the ratio method (r=0.717, P <
.001).

Accuracy of Methods Performed on Radiography
Compared With 3D CT

Two studies compared the Bernageau-view method
with methods performed on 3D CT.”**” Murachovsky
et al.*? reported no difference between the Bernageau-
view method (mean, 24.10 4+ 4.12 mm) and the bilat-
eral anterior-posterior distance determined on 3D CT
(mean, 23.42 + 4.55 mm; P = .513). Pansard et al.”’
showed a moderate to strong correlation between the
Bernageau view (mean, 8.5% + 4.5%) and best-fit
circle (glenoid fragment) (mean, 9.0% =+ 5.9%), from
r=0.56 (P < .001) tor=0.8 (P < .001).

Accuracy of Methods Performed on Imaging
Modalities Compared With Bare-Spot Method

Six studies compared methods performed on imaging
modalities with the bare-spot method as the reference
(Table 4).?72%2%>7%> Chuang et al.”” showed that the
linear- and circular-based best-fit circle (glenoid index)
determined on 3D CT accurately predicted the same
preferred treatment as the bare-spot method (96%
agreement, P < .001). Griffith et al.”’® found that the
linear-based bilateral anterior-posterior distance deter-
mined on 2D CT (mean, 11.0% =+ 8.1%) did not show a
difference compared with the bare-spot method (mean,
12.3% =+ 8.8%). Gyftopoulos et al.?® reported that the
circular- and linear-based best-fit circle (circle diameter
3) (mean, 12.6%) determined on 3D MRI did not show
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Table 3. Overview of Modalities Used to Perform Glenoid Bone Loss—Measuring Methods

Modality Explanation

Arthroscopy During minimally invasive surgery, a probe can be inserted through one of the incisions to measure distances and
perform the bare-spot method.

Radiography Shoulder radiography is performed in the Bernageau position, in which the arm is elevated and pressed against the
plate and the x-ray tube is placed at an angle of 30°. This view produces a clear image of the glenoid rim.

2D CT A standard CT scan of the shoulder is performed, in which many radiographic measurements are combined to
produce slices of the scanned object. CT can be viewed in the axial, coronal, or sagittal plane. Typically, the scapula
is viewed in the sagittal plane to produce a view of the glenoid surface and perform the measuring methods.

3D CT By combining the 3 planes of the standard (2D) CT scan and a segmentation software tool, a 3D image of the scapula
is created. This image can be viewed from any direction in 3D space. A sagittal view of the scapula produces a clear
view of the glenoid surface to perform the measuring methods.

2D MRI An MRI scan of the shoulder is performed. Depending on the settings during the scan, the MRI can be viewed in the
axial, coronal, or sagittal plane. Typically, the scapula is viewed in the sagittal sequence to produce a view of the
glenoid surface and perform the measuring methods.

3D MRI By combining the axial, coronal, and sagittal planes of the (2D) MRI scan and a segmentation software tool, a 3D

image of the scapula is created. This image can be viewed from any direction in 3D space. A sagittal view of the
scapula produces a clear view of the glenoid surface to perform the measuring methods.

CT, computed tomography; MRI, magnetic resonance imaging; 3D, 3-dimensional; 2D, 2-dimensional.

a difference compared with the bare-spot method
(mean, 12.7%; P = .767). Furthermore, they reported
that the circular- and linear-based best-fit circle (circle
diameter 4) (mean, 16.4% =+ 12.5%) determined on 2D
MRI did not show a difference compared with the bare-
spot method (mean, 16.25% + 12.5%; P = .893).”" Lee
et al.”” reported a very strong correlation between the
circular-based best-fit circle (missing area) determined
on 2D MRI (r = 0.84, P < .001) and circular- and linear-
based best-fit circle (circle diameter 1) determined on
2D CT (r=0.91, P < .001) compared with the bare-spot
method. Souza et al.*’ reported a strong correlation
between the best-fit circle (missing area) determined on
2D MRI and the bare-spot method for observer 1 (r =
0.76), as well as a moderate correlation for observer 2
(r = 0.69).

Two studies compared the bare-spot method with
imaging modalities as the reference (Table 4).%¢*!
Bakshi et al.?° reported an overestimation with the
bare-spot method (18.13% =+ 11.81%) compared with
the best-fit circle using the glenoid fragment (12.15% =+
8.50%, P = .005), best-fit circle using the Pico method
(12.77% =+ 8.17%, P = .002), best-fit circle using the
bare spot (12.44% =+ 10.68%, P = .001), and best-fit
circle using the ratio method (9.50% =+ 8.74%, P <
.001) performed on 3D CT. Miyatake et al.*' reported a
strong correlation (r = 0.63, P < .001) between the
bare-spot method (mean, 15.1% =+ 10.0%) and best-fit
circle (glenoid index) (mean, 13.6% + 9.3%).

Influence of Imaging Modality on Accuracy

Eight studies compared imaging modalities using the
same method (Table 4).”'???%2%494% Giles et al.”” re-
ported a very strong correlation for the glenoid
height—width correlation determined on 3D CT versus
3D MRI (r = 0.9, P < .001) and a very strong sex-
specific correlation for male patients (r = 0.811, P <

.001), as well as a strong correlation for female patients
(r = 0.747, P < .001). Lacheta et al.** reported an
overestimation of the best-fit circle (circle diameter 3)
determined on 2D CT compared with 3D CT in both the
first measurement (mean first measurement, 7.3% =+
3.0% vs 6.1% £ 2.7%; P < .001) and second mea-
surement (mean second measurement, 7.1% =+ 3.1%
Vs 6.0% 4 7.6%; P = .003). Lansdown et al.”” reported
that the best-fit circle (Pico method) determined on 3D
MRI and 3D CT showed a less than 2% difference in
88% of the measurements. This was defined as not
clinically relevant. Magarelli et al.”” reported that the
best-fit circle (Pico method) determined on 2D CT and
3D CT did not show a clinically relevant difference
(0.62%, with a clinically relevant difference defined as
>5%). Stecco et al.”’ reported that the best-fit circle
(Pico method) determined on 2D MRI (mean, 4.38%)
and 2D CT (mean, 4.34%) did not show a difference.
Stillwater et al.”” reported that the best-fit circle (circle
diameter 1) calculated on 3D MRI and 3D CT did not
show a difference (P = .34). Tian et al.”® reported that
the best-fit circle (circle diameter 2) calculated on 2D
MRI (mean, 10.48% =+ 8.71%) and 2D CT (mean,
10.96% =+ 9.00%) showed no difference (P = .288).
Vopat et al.”' reported that the best-fit circle (missing
area) determined on 3D MRI and 3D CT did not show a
difference (P = .852 for automated segmentation and
P = .801 for manual segmentation).

Gold Standard

Bakshi et al.,”” Lansdown et al.,”” Pansard et al.*” and
Vopat et al.”' considered 3D CT the gold standard to
quantify glenoid bone loss but did not mention any-
thing about the gold standard of glenoid bone
loss—measuring methods. Griffith et al.”® reported that
they used arthroscopic assessment as the gold standard
but mentioned that it was not the ideal gold standard.



Table 4. Accuracy of Glenoid Bone Loss—Measuring Methods: Study Characteristics and Outcomes Reported in Included Studies

Index Test

Authors (Year)/ Level of Index Test Measuring RS Measuring
Study Design Evidence Sample Size Modality Method Outcome RS Modality Method

Bakshi et al.>’ il 28:23Mand5F 3D CT Best-fit circle The paired 2-tailed ¢ test showed a significant 3D CT (GS) Best-fit circle
(2018)/ (bare spot) difference (P < .001) between the best-fit circle (Pico method)
retrospective using the bare spot (mean, 17.5% =+ 9.7%) and

best-fit circle using the Pico method (mean,
12.8% =+ 8.0%).

Bakshi et al.*° v 20:15Mand 5F Arthroscopy Bare-spot The paired 2-tailed ¢ test showed significant 3D CT (not true  Best-fit circle
(2015)/ method overestimation with the bare-spot method GS¥) using glenoid
retrospective (18.13% =+ 11.81%) compared with the best-fit fragment

circle using the glenoid fragment (12.15% =+ Best-fit circle
8.50%, P = .005), best-fit circle using the Pico using Pico
method (12.77% =+ 8.17%, P = .002), best-fit method
circle using the bare spot (12.44% =+ 10.68%, Best-fit circle
P = .001), and best-fit circle using the ratio using bare
method (9.50% =+ 8.74%, P < .001). spot

Best-fit circle

using ratio

method

Chuang et al.”’ 1 25 3D CT Best-fit circle The Fisher exact test showed that the best-fit circle ~ Arthroscopy Bare-spot
(2008)/ (glenoid (glenoid index) accurately predicted the same (not true GS*) method
retrospective index) preferred treatment in 96% of patients (24 of 25)

compared with arthroscopy (P < .001).

Giles et al.”’ il 90: 60 M and 30 3D CT Glenoid height—  The Pearson correlation coefficient (r) showed an 3D MRI (not Glenoid height—
(2015)/ F width overall correlation between 3D CT and MRI of true GS¥*) width
retrospective correlation 0.900 (P < .001) and sex-specific correlations of correlation

0.811 (P < .001) for male patients and 0.747 (P <
.001) for female patients.

Griffith et al.”® I 55:45 M and 10 2D CT Bilateral AP The Student ¢ test did not find a significant Arthroscopy Bare-spot
(2007)/ F distance difference (P = .17) between CT (mean, 11.0% (GS) method
prospective + 8.1%) and arthroscopy (mean, 12.3% =+

8.8%), and the Pearson correlation (r) was 0.79
(P < .001).

Gyftopoulos I 15:13Mand2F 3D MRI Best-fit circle The Wilcoxon test showed no significant difference  Arthroscopy Bare-spot
et al.”® (circle between the best-fit circle (circle diameter 3) (GS) method
(2014)/ diameter 3) (mean, 12.6%) and bare-spot method (mean,
retrospective 12.7%; P = .767).

Gyftopoulos 111 12 2D MRI Best-fit circle The Wilcoxon test showed no significant difference  Arthroscopy Bare-spot
et al.”’ (circle between the best-fit circle (circle diameter 4) (RS) method
(2013)/ diameter 4) (mean, 16.4% =+ 12.5%) and bare-spot method
retrospective (mean, 16.25% £ 12.5%; P = .893).

(continued)
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Table 4. Continued

80¢T

Index Test

Authors (Year)/ Level of Index Test Measuring RS Measuring
Study Design Evidence Sample Size Modality Method Outcome RS Modality Method

Lacheta et al.** nr 26 2D CT Best-fit circle The Mann-Whitney U test showed a significant 3D CT (RS) Best-fit circle
(2019)/ (circle overestimation with 2D CT (mean first (circle
retrospective diameter 3) measurement, 7.3% =+ 3.0%; mean second diameter 3)

measurement, 7.1% =+ 3.1%) compared with 3D
CT (mean first measurement, 6.1% =+ 2.7%;
mean second measurement, 6.0% + 7.6%) at
the first (P < .001) and second (P = .003)
measurements.

Lansdown il 16:11 Mand 5F 3D MRI Best-fit circle The Bland-Altman plot showed a <2% difference 3D CT (GS) Best-fit circle
et al.”? (Pico method) between 3D MRI and 3D CT in 88% of the (Pico method)
(2019)/ measurements. This was defined as not clinically
retrospective relevant.

Lee et al.”” I 65 2D MRI Best-fit circle MRI showed Pearson correlations (r) of 0.84 (95%  Arthroscopy Bare-spot
(2013)/ 2D CT using missing CI, 0.81-0.87; P < .001) between the best-fit (RS) method
retrospective area circle using diameter 1 and the bare-spot method

Best-fit circle and 0.81 (95% CI, 0.78-0.83; P < .001) between

using circle the best-fit circle using the missing area and the

diameter 1 bare-spot method. CT showed a Pearson
correlation (r) of 0.91 (95% CI, 0.85-0.95; P <
.001) between the best-fit circle using circle
diameter 1 and the bare-spot method.

Magarelli et al.>” I 100: 83 M and 2D CT Best-fit circle The Bland-Altman plot showed a mean difference 3D CT (not true  Best-fit circle
(2012)/ 17 F (Pico method) of 0.62% between 2D CT and 3D CT (95% CI, GS¥) (Pico method)
prospective 0.29%-0.92%). A clinically important difference

was stated at >5%.

Miyatake et al.*! i 35 Arthroscopy Bare-spot A Pearson correlation coefficient (r) of 0.63 (P < 3D CT (RS) Best-fit circle
(2014)/ method .001) was noted between the bare-spot method (glenoid
prospective (mean, 15.1% =+ 10.0%) and best-fit circle index)

(glenoid index) (mean, 13.6% =+ 9.3%).

Murachovsky 1 10: 9 Mand 1 F  Radiography Bernageau-view The Wilcoxon test showed no significant difference 3D CT (RS) Bilateral AP
et al.*? (Bernageau) method between the Bernageau-view method (mean, distance
(2012)/ 24.10 £+ 4.12 mm) and bilateral AP distance
prospective (mean, 23.42 + 4.55 mm; P = .513).

Pansard et al.*’ 1 20: 12 M and 8 F Radiography Bernageau-view The Spearman rank correlation coefficient (r) 3D CT (GS) Best-fit circle
(2013)/ (Bernageau) method between the Bernageau-view method (mean, (glenoid
retrospective 8.5% =+ 4.5%) and best-fit circle (glenoid fragment)

fragment) (mean, 9.0% =+ 5.9%) was between
0.56 (P < .001) and 0.8 (P < .001), with an
intraclass correlation coefficient (p) between 0.82
(P < .001) and 0.86 (P < .001).

(continued)
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Table 4. Continued

Index Test

Authors (Year)/ Level of Index Test Measuring RS Measuring
Study Design Evidence Sample Size Modality Method Outcome RS Modality Method

Parada et al.”’ ot 8 3D CT Best-fit circle Tukey post hoc honestly significant difference 3D CT (not true  Best-fit circle
(2018)/ (circle-line analysis did not show a significant difference in 7 GS*) (point
retrospective method) patients (6%, 11%, 11%, 15%, 16%, 20%, and selection)

33% bone loss) between the best-fit circle using
the circle-line method and best-fit circle using
point selection and showed a significant
difference in the patients with 25% glenoid bone
loss (P = .005).

Rouleau et al.** il 34:29 Mand 3F 3D CT Best-fit circle The Pearson correlation coefficient (r) showed a 3D CT (not true  Best-fit circle
(2017)/ (clock strong correlation between the best-fit circle GS*) using missing
retrospective method) using the clock method and the best-fit circle area

using the missing area (0.793, P < .001), as well Best-fit circle
as best-fit circle using the ratio method (0.717, P using ratio
< .001). method

Souza et al.”’ 1II 36:29 Mand7F 2D MRI Best-fit circle The Pearson correlation coefficient (r) showed a Arthroscopy Bare-spot
(2014)/ (missing area) correlation between the best-fit circle (missing (GS) method
prospective area) and bare-spot method (mean, 23% =+

7.6%) for observer 1 (mean, 21% =+ 7.8%; r =
0.76; strong correlation) and observer 2 (mean,
20% =+ 6.8%; r = 0.69; moderate correlation).

Stecco et al.*’ I 23:22Mand 1 F 2D MRI Best-fit circle Coefficients of variance analysis showed no 2D CT (GS) Best-fit circle
(2013)/ (Pico method) significant differences between 2D MRI (mean, (Pico method)
prospective 4.38%) and 2D CT (mean, 4.34%).

Stillwater et al.>” I 7 3D MRI Best-fit circle The paired ¢ test did not show a significant 3D CT (GS) Best-fit circle
(2017)/ (circle difference between 3D MRI and 3D CT (P = .34). (circle
prospective diameter 1) diameter 1)

Tian et al.*® I 40 2D MRI Best-fit circle The double-sided paired-sample ¢ test showed no 2D CT (RS) Best-fit circle
(2012)/ (circle significant difference (P = .288) and the (circle
prospective diameter 2) Spearman rank coefficient () showed a high diameter 2)

correlation of 0.912 (P < .001) between 2D MRI
(mean, 10.48% =+ 8.71%) and 2D CT (mean,
10.96% =+ 9.00%).
Vopat et al.”! Jiig 8:6 Mand 2 F 3D MRI Best-fit circle The paired Student ¢ test showed no significant 3D CT (GS) Best-fit circle

(2018)/
prospective

(missing area)

difference between 3D MRI and 3D CT (P = .852
for automated segmentation and P = .801 for
manual segmentation).

(missing area)

AP, anterior-posterior; CI, confidence interval; CT, computed tomography; F, female; GS, study used reference test as gold standard; M, male; MRI, magnetic resonance imaging; RS, study
used modality as reference standard and did not mention anything about it being gold standard; 3D, 3-dimensional; 2D, 2-dimensional.
*The study used the modality as the reference standard and mentioned that this was not the true gold standard.
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They did not mention anything about the gold standard
of glenoid bone loss—measuring methods. Gyftopoulos
et al.”® reported that 3D CT is the current imaging gold
standard and that the bare-spot method is the gold
standard at their institution. Lacheta et al.** and Stecco
et al.”’ considered CT the current standard to quantify
glenoid bone loss but did not mention anything about
the gold standard of glenoid bone loss—measuring
methods. Parada et al.’’ reported that a true gold
standard does not exist but that the best-fit circle (point
selection) method is closest to an actual gold standard.
Souza et al.”” reported that arthroscopic findings are the
gold standard for the measurement of glenoid bone loss
but mentioned that they were not the ideal gold stan-
dard. Moreover, they noted that CT is the gold standard
for preoperative evaluation of glenoid bone loss but did
not mention anything about the gold standard of gle-
noid bone loss—measuring methods. Tian et al.”® re-
ported that some authors consider CT the gold
standard, but they did not report anything about what
they consider the gold standard. Of the remaining
studies, some reported that there is no gold stan-
dard®®*7*>*? whereas others did not mention anything
about a gold standard.””**>7*"*2

Statistical Analysis
Owing to the heterogeneity of the reported data, a
meta-analysis or quantitative analysis was not feasible.

Discussion

The most important finding was that the accuracy of
the glenoid bone loss—measuring methods seems to be
good. However, many different imaging modalities and
measurement methods are used. There is no consensus
regarding a gold standard, which raises the question of
whether a gold standard exists for glenoid bone loss
measurement. Moreover, if the included studies have
been performed without an appropriate gold standard,
it can be questioned whether the accuracy can be
determined at all.

In total, 17 different methods were described in the
included studies, based on either unilateral or bilateral
measurements. These methods use circular and/or
linear measurements and calculate a ratio. In most
studies, this ratio is reported as a percentage. Three
studies determined the accuracy of these methods on
3D CT. One study found an overestimation of the best-
fit circle using the bare spot compared with the best-fit
circle using the Pico method. The other studies did not
show a difference and a strong correlation between the
methods. Two studies compared the Bernageau-view
method with methods performed on 3D CT. They
found a difference and a moderate to strong correlation.
Six studies compared methods performed on imaging
modalities with the bare-spot method; they did not
show a (clinically relevant) difference and a strong

L. P. E. VERWEILJ ET AL.

correlation. Two studies compared the bare-spot
method with methods performed on imaging modal-
ities. One showed an overestimation of the bare-spot
method compared with the best-fit circle using the
glenoid fragment, as well as the best-fit circle using the
Pico method, best-fit circle using the bare spot, and
best-fit circle using the ratio method. The other showed
a strong correlation between the bare-spot method and
best-fit circle (glenoid index).

Eight studies compared imaging modalities using the
same method. Two studies compared 2D CT with 3D
CT. One study showed an overestimation of methods
performed on 2D CT compared with 3D CT, whereas
the other study showed no clinically important differ-
ence. Four studies compared 3D MRI with 3D CT. They
did not show a (clinically important) difference for the
best-fit circle using the missing area, best-fit circle using
the Pico method, and best-fit circle using circle diameter
1. Furthermore, 1 study showed a very strong correla-
tion and a strong to very strong sex-specific correlation
for the glenoid height—width correlation. Two studies
compared 2D MRI and 2D CT and did not show a dif-
ference for the best-fit circle using the Pico method and
the best-fit circle using circle diameter 2.

From a clinical viewpoint, the described methods are
used to assess the risk of recurrence by finding the
percentage or ratio of glenoid bone deficiency.*® How-
ever, glenoid bone loss is not the only factor that de-
termines the stability of the shoulder. Other important
factors are the presence of a Hill-Sachs lesion, neuro-
muscular control, and muscle strength and laxity.®*”*
By taking only one of these factors into account, finding
a cutoff value may be very difficult. Furthermore, this
may partly explain why there is no consensus regarding
the methods.

Achieving consensus regarding these methods might
be hampered by several factors.*” First, the methods are
2D measurement methods and are commonly applied
to 3D segmentation models, such as 3D CT and 3D MRI.
They measure the same glenoid surface as 2D CT and
2D MRI. The way in which the methods acquire the
sagittal view differs. This could partly explain the cor-
relation between the 2D and 3D imaging modalities.
Second, in the 3D aspect, glenoid bone loss influences
glenoid version and changes the morphology.’’ It is
impossible to account for glenoid version or concavity if
a 2D measurement method is used.”’”* Third, the
standardization and accuracy of glenoid bone loss
measurements can be questioned because they are
influenced by scapular tilt and best-fit circle place-
ment.’’ Fourth, the location of bone loss is not always
at the same position, and glenoid rims may have vari-
able contours.’*”” Fifth, arthroscopy uses the bare spot
to determine glenoid bone loss, and it has been reported
that this is not always visible or centered in the inferior
glenoid.*'">*”” If these methods are not suited to
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objectively measure glenoid bone loss or determine
recurrence risk, controversy is created.

An example of a contributor to controversy is that
some authors of the included studies considered the 3D
CT imaging modality as the gold standard, referring to
the study by Bishop et al.”® However, Bishop et al. did
not validate 3D CT as the gold-standard imaging mo-
dality used to perform glenoid bone loss measurement.
They concluded that 3D CT is probably the best imaging
modality to predict glenoid bone loss without the use of
electronic measurement tools that may be present in a
viewer—not that 3D CT is the gold standard. Further-
more, several studies referred to an imaging modality as
the gold standard. The gold standard is defined as the
best available test to measure a parameter under
reasonable conditions. The (imaging) modality alone is
not the gold standard to measure glenoid bone loss.
Combined with a glenoid bone loss—measuring
method, it could become the gold standard.

Future studies on the accuracy of measurement
methods should clearly state the index and reference
tests. Radiography and arthroscopy already have a
single method that is used. However, a single method
should be chosen as a future standard for 2D CT, 3D CT,
2D MRI, and 3D MRI to increase standardization and
the strength of the conclusions drawn after this type of
research.’” The methods and views on the 2D CT, 3D
CT, 2D MRI, and 3D MRI modalities are very similar
and seem to produce similar results according to the
included studies. Therefore, choosing a method that is
easy to perform and does not rely on complex mea-
surement tools may be most convenient. Moreover, a
suitable gold standard to measure glenoid bone loss
should probably rely on 3D volume measurements
instead of 2D measurements because this is probably
not influenced by scapular tilt and takes glenoid version
and concavity, as well as the location of the defect, into
account. Furthermore, the glenoid bone
loss—measuring methods may be too simplistic to
determine recurrence risk because they do not take into
account all the stability factors, but they may be valu-
able in quickly estimating glenoid bone loss. In addi-
tion, a different and more comprehensive approach is
needed to create a tool that is able to determine
recurrence risk by finding a cutoff value. Preferably,
this method would take into account all the factors that
determine stability. The strength of this study is that it
includes a systematic search and thorough selection
process with the goal to find all studies reporting on the
accuracy of glenoid bone loss—measuring methods and
the influence of a modality on that accuracy.

Limitations

There were some limitations to this systematic review.
Owing to the heterogeneity of the reported data, a
meta-analysis or quantitative analysis was not feasible.
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Therefore, the data presented in this study just offer an
overview of the current studies covering this subject.
Furthermore, the included studies do not agree on a
reference measure as the gold standard, which creates
controversy on what is considered an accurate
measuring method. The Quality Assessment of Diag-
nostic Accuracy Studies (QUADAS-2) analyses showed
a high number of studies with an unclear risk and a few
studies showing a high risk of bias.

Conclusions
Consensus regarding the gold standard in measuring
glenoid bone loss is lacking. The use of heterogeneous
data and varying methods contributes to differences in
the gold standard, and accuracy therefore cannot be
determined.
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Appendix Table 1. PubMed (MEDLINE) Search Terms
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Appendix Table 3. Cochrane Database Search Terms

((((("Glenoid Cavity"[Mesh] OR gleno*[tiab] OR "Humeral
Head"[Mesh] OR humer*[tiab]) AND (loss[tiab] OR defect*[tiab])))
OR ((bony[tiab] OR osseous[tiab]) AND ("Bankart Lesions"[Mesh]
OR bankart[tiab] OR (Hill[tiab] AND Sachs[tiab]))))) AND
(("Diagnostic Imaging"[Mesh] OR "Radiography"[Mesh] OR
"diagnostic imaging" [Subheading] OR imaging[tiab] OR CT[tiab]
OR MRI[tiab] OR magnetic resonance imaging*[tiab] OR computed
tomograph*[tiab] OR radiography[tiab] OR x-ray*[tiab])) AND
(english[Language] OR dutch[Language] OR german[Language]
OR french[Language]) AND ("1994/01/01"[Date - Publication] :
"3000"[Date - Publication])

Appendix Table 2. Embase Search Terms

No. Search

1 (glenoid cavity/ or humeral head/ or (gleno* or
humer*).ti,ab,kw.) and (loss or defect*).ti,ab,kw.

2 ((bony or osseous) and (bankart or (Hill and
Sachs))).ti,ab,kw.

3 (bony or osseous).ti,ab,kw. and Bankart lesion/

4 lor2or3

5 diagnostic imaging/ or radiography/ or bone radiography/ or
exp joint radiography/

6 (imaging or CT or MRI or magnetic resonance imaging* or
computed tomograph* or radiography or x-ray*).ti,ab,kw.

7 5o0r6

8 4 and 7

9 limit 8 to (dutch or english or french or german)

10 limit 9 to yr="1994 -Current"

No. Search

1 (gleno* or humer*) and (loss or defect*):ti,ab,kw (Word
variations have been searched)

2 (bony or osseous) and (bankart):ti,ab,kw (Word variations
have been searched)

3 (bony or osseous) and (Hill and Sachs):ti,ab,kw (Word
variations have been searched)

4 lor2or3

5 MeSH descriptor: [Diagnostic Imaging] explode all trees

6 MeSH descriptor: [Radiography] explode all trees

7 imaging or CT or MRI or magnetic resonance imaging* or

computed tomograph* or radiography or x-ray*:ti,ab,kw
(Word variations have been searched)

50r6or7

9 4 and 8 Publication Year from 1994 to 2019
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