Glenoid Diameter Is an Inaccurate Method for ®
Percent Glenoid Bone Loss Quantification: Analysis
and Techniques for Improved Accuracy
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Purpose: To compare diameter-based glenoid bone loss quantification with a true geometric calculation for the area of a
circular segment. Methods: By use of Maxima 12.01.0 mathematics modeling software (Macysma, Boston, MA), the
diameter-based glenoid bone loss equation (% Bone loss = [Detect width (w)/Inferior glenoid circle diameter (D)] x 100%)
was compared with a true geometric calculation for the area of a circular segment of the glenoid (Wolfram Research,
Champaign, IL) rearranged in terms of wand D: Percent bone loss = (100/2T) (2 x arccos [1 — 2 (w/D)] — sin {2 x arccos [1 — 2
(w/D)1}). Percent error was calculated by taking the difference between the diameter equation and the true geometric
calculation at varying true glenoid defect widths (w) (0% to 50% of diameter). Results: The commonly used diameter
equation overestimated true glenoid bone loss at all values of w except at 0% and 50% of the diameter. The mean
overestimation error was 3.9% £ 1.9% (range, 0.0% to 5.8 %), with the maximum error occurring when wwas 20% of the
diameter: At this value, w/D x 100% (diameter equation) predicts 20% bone loss when true bone loss is actually 14.2%.
Conclusions: Diameter-based glenoid bone loss quantification overestimates true glenoid bone loss, with the
maximum error occurring when theorized bone loss is 20%. To address situations for which a diameter-based bone loss
quantification method must be performed or to improve the accuracy of surface-area calculations in previous diameter-
based bone loss estimations, a corrective factor can be applied. Clinicians quantifying glenoid loss to make treatment
decisions should be aware of the measurement methods used in the biomechanical studies on which they are basing
their surgical decisions. Clinical Relevance: Diameter-based glenoid bone loss quantification overestimates true
glenoid bone loss, with the maximum error occurring when theorized bone loss is 20%, a commonly used threshold
for bone grafting.

he integrity of the bony architecture of the glenoid
has recently been highlighted as one of the most
important factors influencing the success of treatment
in patients with glenohumeral instability."” After a
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traumatic anterior shoulder dislocation initially occurs,
an associated glenoid rim fracture may compromise the
fundamental static restraints of the glenohumeral joint,
thereby making future shoulder instability events more
likely.">* Loss of the glenoid’s osseous conformity
significantly inhibits its ability to withstand shear
stress.” Over time, recurrent dislocations may further
propagate attritional bone loss, leading to additional
instability.*

In patients with recurrent anterior shoulder insta-
bility, the principles of surgical management are guided
by the extent of glenoid osseous deficiency, in addition
to other factors such as humeral bone defects, surgeon
experience, and patient-specific considerations such as
work and athletic demands.”” Cadaveric studies have
shown that as the amount of glenoid bone loss ap-
proaches 15% to 20% of the anterior glenoid surface,
significant alterations in the biomechanical stability of
the glenohumeral joint occur.® For this reason, current
treatment algorithms in high-demand patients with
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recurrent anterior shoulder instability suggest that an
open procedure, such as the Latarjet procedure or bone
grafting with autologous iliac crest or distal tibial allo-
graft, should be strongly considered over a soft
tissue—only repair when quantified bone loss exceeds
20%."7*

Although surgical decision making in patients with
recurrent shoulder instability depends on the quantifi-
cation of glenoid osseous deficiency, quantification
techniques are still somewhat limited, primarily
because of the non-geometric shape of the glenoid.
Huysmans et al.,” in a cadaveric study involving 40
scapulae, noted that the shape of the inferior two-thirds
of the glenoid can be modeled as a true circle.
Accordingly, this analogy has now been widely used in
most mathematical quantification schemes for glenoid
bone loss calculation to apply principles of geometry to
the unusually shaped bone.'”**'? One of the most
common glenoid bone loss quantification methods
described in the literature uses the diameter of the
“best-fit circle”—as measured on a 3-dimensional (3D)
computed tomography (CT) en face view of the
glenoid—as a guide for measuring bone loss.”'" Simply
put, by measuring the width of the osseous defect and
dividing it by the diameter of the best-fit circle, the
percentage defect can be calculated. As shown by
various authors, this method is easily determined with a
CT scan, as well as arthroscopically, using the glenoid
bare spot as an estimation of the center of the cir-
Cle.%,&l(%lz

Although diameter-based quantification schemes are
easy to perform with advanced imaging or arthroscopic
tools, the mathematical accuracy of surface-area cal-
culations involving this technique has never been
validated. Geometrically, when one is modeling the
inferior aspect of the glenoid as a true circle, the
glenoid bone defect is exactly analogous to a circular
segment, a figure with a very complex area calculation.
Therefore the purpose of this study was to compare
diameter-based glenoid bone loss quantification with
the true geometric calculation for the area of a circular
segment. Given that the diameter-based quantification
scheme incorrectly assumes that the geometric area
calculation of a circular segment is analogous to an area
calculation of a segment of a square, it was hypothe-
sized that this method overestimates actual glenoid
bone loss.

Methods
As noted in the literature, glenoid bone loss is
frequently calculated with a simple diameter-based
equation defined by defect width (w) and inferior
glenoid best-fit circle diameter (D): Percent bone
loss = w/D x 100%.>%"'""'? In geometry, the calculation
of the area of a circular segment—an analogous figure

Geometric Terms

Line AO - Radius

Line AB - Chord

Line OE - Apothem

Line ED - Sagitta (rarely used term)

A ‘w B
° Circular segment area = AO2 (6-sing)/ 2
Fig 1. In geometry, a circular segment is an area of a circle
“cut off” from the rest of the circle by a secant or chord. This
relation most closely resembles glenoid bone loss quantifica-
tion schemes that model the inferior glenoid as a circle. The
calculation of the area of a circular segment is far more
complex than simply taking a percentage of the diameter and
often requires an understanding of the circle’s 6 angle
(measured in radians).

to that of a glenoid bone defect—is far more complex
and often requires an understanding of the circle’s 0
angle (measured in radians), in addition to the radius
and possibly also the chord distance: R* (0 — sin 0)/2
(Wolfram Research, Champaign, IL) (Fig 1, Appendix).
By rearranging this equation in terms of w and D, the 2
variables central to the diameter-based equation, a
geometrical proof can be performed to determine
accuracy.

Construction of Geometrical Proof

By use of the expertise of a mathematics consultant
(A.S.) with proficiency in complex equation modeling
and Maxima 12.01.0 mathematics modeling software
(Macysma, Boston, MA), the true geometric calcula-
tion for the area of a circular segment (Wolfram
Research) was rearranged in terms of w and D, the 2
variables necessary for diameter-based bone loss
quantification. The resultant equation, in terms of w
and D, was as follows: Percent bone loss = (100/2T)
(2 x arccos [1 — 2 (w/D)] — sin {2 x arccos [1 — 2 (w/
D)1}) (Fig 2).

To compare the accuracy of the diameter-based
quantification method with the true geometric calcu-
lation for the area of a circular segment, each equation
was modeled at varying true glenoid defect widths (w)
(0% to 50% of diameter). For accuracy in comparisons,
all levels of w were modeled within this range (0% to
50% of diameter). Percent error was then calculated
and graphed by taking the difference between the
diameter equation and the true geometric calculation at
varying true glenoid defect widths (w) (0% to 50% of
diameter). Because we sought to deconstruct the
mathematics involved in comparing the diameter
equation with that of a true geometric calculation,
imaging modalities were not used in this study.
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Bone defect width, w
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Diameter, D, of
Best-fit circle

w
Diameter Percent Bone = — X 100%
Equation: Loss D

Tru?::’izg;tz;: E:;:ent Bone = (i)@*acos(I-2(w/D)7r)-sin(2*acos( 1-2(w/D)))) x 100%
Fig 2. By use of a mathematics consultant with expertise in
complex equation modeling and Maxima 12.01.0 mathe-
matics modeling software, the true geometric calculation
for the area of a circular segment was rearranged in terms of
defect width and diameter, the 2 variables necessary for
diameter-based bone loss quantification. To measure these 2
variables, a best-fit circle is inscribed on the inferior two-thirds
of the glenoid. The diameter of this circle represents the
diameter (D) of the glenoid before injury, whereas the bone
defect width (w) represents the bone missing from the circle.
Reprinted with permission.’

Results

The commonly used diameter equation overestimated
true glenoid bone loss at all values of w (width) except
when w was 0% and 50% of the diameter (D). A
summary comparing diameter-based equation glenoid
bone loss estimations with actual glenoid bone loss
based on corresponding surface-area calculations of
the inferior glenoid is provided in Table 1. The mean
overestimation error was 3.9% £ 1.9% (range, 0.0%
to 5.8%). Interestingly, the maximum error in the
diameter-based equation occurred when the defect
width (w) was 20% of the diameter (D) (Fig 3). At
this value, w/D x 100% (diameter equation) pre-
dicted 20% bone loss when true bone loss was actually
14.2%.

Discussion

The principal findings of this study suggest that
determining percent surface-area glenoid bone loss
based on the glenoid diameter is inaccurate. Diameter-
based glenoid bone loss quantification methods only
represent the deficit in anteroposterior width of the
glenoid and overestimate the true surface-area glenoid
bone loss, with the maximum error occurring when
defect width (w) is 20% of the glenoid diameter (D).
Such a scenario falsely results in diameter-based esti-
mation of glenoid bone loss to be 20%, a threshold
used by many surgeons for determining the need for

open bone grafting versus an arthroscopic approach
for shoulder stabilization. It is important to note in the
original work conducted by Burkhart et al.® describing
diameter-based glenoid bone loss quantification
methods, they did not claim that glenoid diameter
equals glenoid surface area. Nevertheless, because
this is a relatively easy parameter to measure, many
clinicians have interpreted their study findings
falsely, using the diameter of the glenoid as a method
for calculating glenoid bone loss, and therefore may
have overestimated the true amount of glenoid bone
loss.

Although the mathematics necessary for calculating
the area of a circular segment—an analogous figure to
that of a glenoid bone defect when the inferior glenoid
is modeled as a circle—is complex, conceptualizing why
a diameter-based quantification scheme may over-
estimate bone loss is more straightforward. Simply put,
a diameter-based scheme incorrectly assumes that the
geometric area calculation of a circular segment is
analogous to an area calculation of a segment of a
square (Fig 4A). For a square, calculating the percent
area of a segment (relative to the total area of the
square) can easily be performed by dividing the width
of the segment by the total length of the square. Un-
fortunately, this model cannot be applied to a true circle
because of its shape, and applying this model results in
an overestimation error (Fig 4B). Furthermore, when
one is applying this method arthroscopically by relying
on the bare spot as a reference point, the accuracy of
calculations of the defect size may be inaccurate
because the bare spot is not located in the exact center
of the inferior glenoid circle.'>'*

Errors in glenoid bone loss quantification during
surgical decision making in patients with recurrent
anterior shoulder instability may result in poor treat-
ment decisions.”” It is interesting to note that the
maximum error in diameter-based glenoid bone loss
quantification schemes occurred when the defect width
(w) was 20% of the diameter (D). At this value, w/D x
100% (diameter equation) predicted 20% bone loss (a
threshold for strongly considering an open procedure)
when true bone loss was actually 14.2%. By over-
estimating the actual degree of glenoid bone loss (as
defined by the surface area of the glenoid) using a
diameter-based scheme, it is conceivable that a patient
with recurrent anterior shoulder instability could
theoretically be steered toward an open bony
augmentation procedure when an arthroscopic soft
tissue—only procedure may suffice.

By the same token, it is also conceivable that the
threshold for measuring the critical limit for surface-
area bone loss that results in osseous instability of the
glenoid may be inaccurate, given the reliance on
diameter-based bone loss quantification schemes in
previous studies.”'*'”"'” In a classic biomechanical
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Table 1. Comparison Between Diameter-Based Equation Glenoid Bone Loss Estimations and Actual Glenoid Bone Loss Based

on Corresponding Surface-Area Calculations of Inferior Glenoid

Diameter Equation

Bone Defect Width as % of Estimation of Glenoid

Actual Glenoid Bone Loss

Overestimation Error in

Diameter Bone Loss, % Based on Surface Area, % Diameter Equation, % Comments
0 0 0.0 0.0 Zero error
2.5 2.5 0.7 1.8 Increasing error
5 5 1.9 3.1 Increasing error
7.5 7.5 3.4 4.1 Increasing error
10 10 5.2 4.8 Increasing error
12.5 12.5 7.2 5.3 Increasing error
15 15 9.4 5.6 Increasing error
18 18 12.2 5.8 Maximum error
20 20 14.2 5.8 Maximum error
22 22 16.3 5.7 Decreasing error
24 24 18.5 5.5 Decreasing error
26 26 20.7 5.3 Decreasing error
28 28 229 5.1 Decreasing error
30 30 25.2 4.8 Decreasing error
32.5 32.5 28.2 4.3 Decreasing error
35 35 31.2 3.8 Decreasing error
37.5 37.5 34.3 3.2 Decreasing error
40 40 37.4 2.6 Decreasing error
45 45 43.6 1.4 Decreasing error
50 50 50.0 0.0 Zero error

NOTE. Overestimation error has been quantified and can be used as a corrective factor when using a diameter-based bone loss quantification

scheme.

study, Itoi et al.® performed sequential osteotomies
resulting in a progressive removal of bone from the
anteroinferior portion of 10 cadaveric glenoid speci-
mens to ascertain the critical amount of bone loss

70

Percent Error (Overestimation)in
. Diameter Equation vs True Bone Loss

5.0

Percent Error (%)

0.0

0 10 50 60

Defeé: Width as T!:ue % of Di;ometer
Fig 3. Percent overestimation error inherent to diameter-
based glenoid bone loss quantification methods. The
commonly used diameter equation overestimated true gle-
noid bone loss at all values of width (w) except when w was
0% and 50% of the diameter (D). The mean overestimation
error was 3.9% =+ 1.9% (range, 0.0% to 5.8%). Interestingly,
the maximum error in the diameter-based equation occurred
when the defect w was 20% of the D. At this value, w/D X
100% (diameter equation) predicted 20% bone loss when
true bone loss was actually 14.2%.

resulting in glenohumeral instability. They correctly
found that glenohumeral instability was significantly
increased when the width of the defect approached 6.8
mm. A percent glenoid length quantification method
was then used to conclude that this amount of bone loss
corresponds to 21% of the glenoid length. As described
by Piasecki et al.,! this 21% threshold must be inter-
preted with care because it is neither a diameter-based
threshold nor a surface-area calculation. In a similar
manner, in patients with recurrent anterior shoulder
instability, Lo et al.'” used arthroscopy to clinically
measure the anteroposterior widths of glenoids that
were determined to have an inverted-pear appearance.
After measuring the width of a bone defect that resulted
in the inverted-pear glenoid shape—7.8 to 8.6 mm
accordingly—they then extrapolated these measure-
ments into a percent bone loss threshold using the
diameter-based equation. They concluded that 28.8%
to 36% of bone loss in the anteroposterior dimension is
necessary to result in an inverted pear—shaped glenoid,
a clinically observed morphology that results in an
inherently unstable glenoid. Although they did not
extrapolate this into a surface-area calculation, their
work has become a commonly used threshold when
interpreting surface-area measurements from advanced
imaging software; it should be noted that significantly
less surface-area bone loss is necessary to result in an
inverted pear—shaped glenoid."'®

Although this is the first work to quantify the percent
error inherent to diameter-based glenoid surface-area
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Extra area erroneously
being included in
diameter equation
calculation of bone loss
(red)
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Percent Area = w/D x 100%
(red)
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Diameter equation
for glenoid bone

Percent Area = w/D x 100%
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Fig 4. (A) Hlustration showing how overestimation of circular segment surface area occurs when diameter is used. In a square,
percent diameter can be used for accurate estimations of the percent surface area of a segment because of its geometric
properties—all sides of the square are equal in length. (B) In a circle, percent diameter does not accurately reflect the percent
surface area of a circular segment because this method erroneously includes the area of the corners of the square, which is not
congruous with the circle. Thus overestimation of area occurs. (D, diameter; w, width.)

quantification methods and illustrate its variability,
other authors have alluded to the same overestimation
error noted in this study."'® Sugaya et al.,'® in a clinical
series involving 42 patients with chronic recurrent
glenohumeral instability, calculated glenoid bone loss
by use of 2 methods—a surface-area digital calculation
with 3D CT scan and a diameter-based equation—and
noted that the 2 values were slightly different. They
concluded that digitally measuring the surface area
with the aid of a computer was more accurate than the
diameter-based method, which was deemed “close.”
Similarly, Piasecki et al.,' in a review, recently sug-
gested that glenoid bone loss quantification is over-
estimated when the diameter of the inferior circle is
used for bone loss quantification rather than the area
ratio of the defect and inferior glenoid circle.

Certainly, there is clear variability in previously
published studies regarding which percentage of bone
loss constitutes the need for bone grafting. This per-
centage is reported to be as low as 15% in some studies
and as high as 30% glenoid bone loss in other studies.
Importantly, these percentages—regardless of the
actual number—may, in fact, not be valid because they
may have been measured inaccurately or interpreted
incorrectly by the “circle method.” The results from our
study underscore the need to accurately measure
surface-area bone loss in clinical and biomechanical
models of glenohumeral instability to validate the exact
surface-area percentage of loss required for consider-
ation of bone grafting (as opposed to soft-tissue
reconstruction alone).

Given the errors associated with using the diameter of
the inferior glenoid for surface-area bone loss quanti-
fication, a variety of alternative methods may be tried to
improve accuracy. As described by Sugaya et al.,'''’
digitally measuring the area of both the best-fit circle
on the inferior glenoid and the area of the bone defect

may allow for improved accuracy."** To perform this

technique, a best-fit circle is inscribed on a 3D CT en
face view of the affected glenoid with humeral head
subtraction. The area of this circle is digitally measured
using specialized software and recorded. Next, the
defect is carefully outlined and defined as the area of
missing bone within the best-fit circle (Fig 5). Although
the shape of this structure will inherently be amor-
phous, its area can be digitally calculated because the
software can count the number of pixels within. Once
the area of the defect and the area of the best-fit circle
are known, the values can be inputted into the
following formula”*'”: Percent bone loss = Defect
area/Circle area x 100%. Another technique for
improving accuracy, the Pico method, was first
described by Baudi et al.”’ In this method a CT scan of
the patient’s contralateral uninjured glenoid is per-
formed. By use of a 3D CT en face view of the unin-
jured glenoid, a best-fit circle is drawn on the inferior
portion of the glenoid and its area is digitally calculated
using multiplanar reconstruction software. By super-
imposing this circle onto the inferior portion of the
injured glenoid, the bone defect can easily be outlined
on the anterior glenoid and its area digitally calcu-
lated.””” These 2 area calculations can then be inputted
into the same formula as previously noted.

Recently, Altan et al.”' used 3D CT scans of 36 pa-
tients to compare 2 different techniques for measuring
the size of glenoid bone defects. One technique was
based on linear measurement of bone loss (glenoid
index”?), whereas the other was based on surface-area
measurement, essentially using a best-fit circle and the
following formula'®: Percent bone loss = Defect area/
Circle area x 100%. The authors found a near-perfect
correlation between the methods when the defect
area was less than 6% of the inferior glenoid circle but
noted a worsening correlation with larger defects, in
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A = Surface Area of
"True fit" circle

b = Surface area of
Osseous fragment

Percent Bone Loss = E

x 100%

Fig 5. As described by Sugaya et al.,'""'? digitally measuring the area of both the best-fit circle on the inferior glenoid and the
area of the bone defect may allow for improved accuracy.'>* (A) To perform this technique, a best-fit circle is inscribed on a 3-
dimensional computed tomography en face view of the affected glenoid with humeral head subtraction, as noted on this left
shoulder. The area of this circle is digitally measured using specialized software and recorded. (B) Next, the defect is carefully
outlined and defined as the area of missing bone within the best-fit circle. Although the shape of this structure will inherently be
amorphous, its area can be digitally calculated because the software can count the number of pixels within. Once the area of the
defect and the area of the best-fit circle are known, the values can be inputted into the following formula®*'": Percent bone
loss = Defect area/Circle area x 100%. It is important to note that many times a fragment will not actually be present—in these

situations, bone loss is believed to be attritional and not acute. Reprinted with permission.’

particular after the defect reached 14% of the inferior
glenoid circle. Clearly, the inconsistency of calculating
glenoid bone loss using a circle-based method can be
difficult, and our study suggests incorporating a
corrective factor to improve accuracy. Although math-
ematically quantifying the corrective factor is too
cumbersome for clinical practice, simply understanding
that surface-area bone loss is about 5% less than what
diameter calculations would suggest at bone loss widths
of 10% to 30% of diameter is useful in guiding clinical
decision making (Table 1).

Digital quantification of area on a 3D CT en face view
of the glenoid with humeral head subtraction is an
excellent means for area calculation because it allows
for the measurement of both geometric and non-
geometric shapes. Although these methods are
extremely accurate, they are often difficult to perform
without the aid of advanced software programs.
ImageJ, a public-domain Java image processing pro-
gram that is freely available from the National Institutes
of Health (http://rsb.info.nih.gov/ij/), has been shown
to be extremely effective at measuring the area of
elliptical or irregularly shaped selections.””** The pro-
gram simplifies area calculations by digitally measuring
the number of pixels within a selection. As such, it may
be easily be applied to the previously mentioned gle-
noid bone loss quantification schemes for enhancement
of accuracy in measuring the area of a best-fit circle, as
well as the area of the irregularly shaped bone
defect.'”?°

Diameter-based glenoid bone loss quantification has
the inherent advantage of being simple, easy to

conceptualize, and appropriate for intraoperative
measurements of glenoid bone loss with the use of a
graduated probe. In situations for which this technique
is deemed necessary or most convenient, a correction
factor for conversion between percent diameter and
surface area can be applied for improved accuracy
(Table 1). Alternatively, diameter-based quantifica-
tion, when solely used for determining a ratio of defect
width to glenoid width as described by Burkhart et al.,”
could still have a role in identifying troublesome bone
defects; however, care should be taken to properly
distinguish this from surface-area calculations of gle-
noid bone loss.

Limitations

There are some limitations to this study. First, these
results do not consider which amount of glenoid bone
loss is deemed clinically relevant and, thus, do not
consider at which point the differences in the quanti-
fication strategies becomes clinically relevant. Because
of this, it is difficult to make treatment-type recom-
mendations for patients with glenoid bone loss.
Certainly, in future studies, the methods presented in
this study could be used in a biomechanical or clinical
model to validate what percentage of glenoid loss
constitutes the need for bone grafting. In addition, our
model does not account for the concavity of the gle-
noid, which may affect the calculations. Finally, the
lower portion of the glenoid is assumed to represent a
circle, and it could be argued that this area of the gle-
noid should be modeled as the area of an arc of a
sphere, which may also affect the calculations.


http://rsb.info.nih.gov/ij/

614

Conclusions

Diameter-based glenoid bone loss quantification
overestimates true glenoid bone loss, with the
maximum error occurring when theorized bone loss is
20%. To address situations for which a diameter-based
bone loss quantification method must be performed or
to improve the accuracy of surface-area calculations in
previous diameter-based bone loss estimations, a
corrective factor can be applied. Clinicians quantifying
glenoid loss to make treatment decisions should be
aware of the measurement methods used in the
biomechanical studies on which they are basing their
surgical decisions.
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GLENOID DIAMETER AND BONE LOSS

Appendix: Derivation of Glenoid Bone Loss

Formula

Derivation of the glenoid bone loss formula is shown
in Appendix Figure 1. The area of a segment (A4;) was
defined as 4; = (R*/2) (0 — sin 0), where 0 is in radians
and R is any unit of distance (7 equals 180°). The area
of a circle (4,) was defined as 4, = TR?.

Segment area as a percentage of circular
area—analogous to true glenoid bone loss (Y)—was
defined as Y = A,/A,, or Y = (1/2m) (8 — sin 8). How-
ever, the angle 0 is defined as 6 = 2 x arccos (d/R).
Substituting /# (segment height) for 4 (height of the
triangle), we obtain the following:

0 = 2 x arccos [1 — (h/R)]

Substituting R with D/2 (where D is the diameter), we
obtain the following:

0 = 2 x arccos [1 — (2h/D)]

Substituting the value of 8§ in the expression for Y
described earlier, we obtain the following:

Y= (1/2T) (2 x arccos [1 — (2/4/D)] — sin {2 x arccos [1 —
(2RID)]})

Recognizing that / represents the width of the defect (D
minus posterior-anterior distance, also represented as w
in this article), we can express the diameter equation as
X = h/D. We can now rewrite Y (true glenoid bone loss)
in terms of X (diameter equation) as follows:

Y= (1/2m) {2 x arccos (1 — 2X) — sin [2 X arccos (1 —
2X)1)

The true glenoid bone loss equation can also be
expressed as a percent by multiplying the numerator by
100:

614.el

Appendix Figure 1. A circular segment (in red) is enclosed
between a secant/chord (dashed line) and the arc whose
endpoints equal those of the chord (the arc shown above the
red area), where R is the radius of the circle,  is the central
angle in degrees, « is the central angle in radians, ¢ is the
chord length, s is the arc length, / is the height of the segment,
and 4 is the height of the triangular portion.

Y = (100/2T) {2 x arccos (1 — 2X) — sin [2 X arccos
(1-2x)])

For the same glenoid bone loss, the difference be-
tween Y and X represents the error at any specific value
of X. This difference can be indicated as a percent.
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