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Abstract
Purpose  The aim of the study reveals a new intuitive method for preoperatively assessing defect ratio in glenoid deficiency 
based on the native glenoid width and the bare spot.
Methods  A linear relationship, i.e. the rh formula, between the native glenoid width (2r) and height (h) was revealed by a 
cadaver cohort (n = 204). To validate the reliability of the rh formula, 280 3D-CT images of intact glenoids were recruited. 
To evaluate the accuracy of rh formula in estimating glenoid defect, the 65 anterior–inferior defect models were artificially 
established based on the 3D-CT images of intact glenoids. Moreover, a clinically common anterior–posterior (AP) method 
was compared with the rh formula, to verify the technical superiority of rh formula.
Results  The regression analysis indicated a linear relationship between the width and height of intact glenoid: 
2r = 0.768 × h − 1.222 mm (R2 = 0.820, p < 0.001). An excellent reliability was found between the formula prediction and 
model width (ICC = 0.911, p = 0.266). An excellent agreement was found between the predicted values and model parameters 
(glenoid width, ICCrh = 0.967, prh = 0.778; defect ratio, prh = 0.572, ICCrh = 0.997). And, it is of higher accuracy compared 
to the AP method (glenoid width, ICCAP = 0.933, pAP = 0.001; defect ratio, ICCAP = 0.911, pAP = 0.033).
Conclusion  Applying the cadaver-based formula on 3D-CT scans accurately predicts native glenoid width and redefines 
bare spot for preoperatively determining glenoid bone loss.

Keywords  Glenoid bone loss · Anterior glenohumeral instability · Cadaver-based formula · 3D-CT · Bare spot · Best-fit 
circle

Introduction

The glenoid bone loss, i.e. bony Bankart lesion, has been 
seen in 20% of the first dislocation and 90% of the recurrent 
dislocation [1]. Hence, an accurate estimation of glenoid 
defect helps surgeons determine whether patients should 

undergo arthroscopic Bankart repair or bone block proce-
dures [2]. A high risk of shoulder dislocation during 30 
activities of daily living has been associated with a Bankart 
repair when the anterior–inferior defect corresponds to 
16% of the glenoid width [2]; on this particular occasion, 
a bone graft operation is recommended. Glenoid bone loss 
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is measured preoperatively using the best-fit circle which 
is based on the intact glenoid with the native glenoid width 
as the diameter and the bare spot at the centre of the intact 
glenoid fossa [3]. Though many methods have been devel-
oped to estimate the defect ratio in glenoid deficiency [4], 
including the anterior–posterior (AP) method, bias exists in 
locating the approximate best-fit circle in the defect glenoid 
[5], and no consensus has been reached [6].

Three-dimensional (3D) reconstruction computed tomog-
raphy (CT) helps preoperative treatment decisions in ante-
rior glenohumeral instability [3, 7]. The AP method deter-
mines the glenoid defect ratio based on the height and an 
approximate width perpendicular to the height, and it is 
now commonly used in clinic [8, 9]. However, recent stud-
ies questioned the accuracy of the AP method in quantify-
ing the glenoid bone loss: It overestimates the glenoid bone 
loss via comparing to the defect ratio determined using the 
method based on the en face area [3, 10, 11]. In this study, a 
new intuitive method has been framed step by step to quan-
tify glenoid defect via 3D-CT imaging using a self-control 
design, preoperatively. The aims of this study were to (1) 
identify a cadaver-based formula to accurately predict the 
native glenoid width via the glenoid height, i.e. the rh for-
mula, (2) validate the feasibility of the rh formula on CT 
scans in predicting the native glenoid width, (3) determine 
the accuracy of rh formula on predicting circle size and 
quantifying bone loss in the artificially established glenoid 
defect models and (4) verified its technical superiority via 
comparing to the AP method (Fig. 1).

Materials and methods

Ethics

The donors and their families expressed to willingness for 
the anatomical research. The inclusion of the glenoid spec-
imens and CT images has been demonstrated in the flow 
chart (Fig. 1).

Cadaveric morphometric analysis

Tactile measurement (Fig. 2a), including the native glenoid 
width (2r) and height (h), was performed on 204 dry cadav-
eric glenoid with no sign of bone loss, fracture or arthritis 
using an electronic digital vernier calipre (111–101, San-
liang, Dongguan, China; measurement accuracy ± 0.01 mm). 
Three orthopaedic surgeons measured the height and width 
of the intact glenoid. Each parameter was read for three 
times. The mean of each surgeon was recorded, and the 
inter-observer reliability was determined. The readings 
among surgeons were averaged for linear regression.

Validating the cadaver‑based formula on 3D‑CT 
scans

A total of 280 shoulder CT scans with no sign of glenoid 
defect, multidirectional instability, shoulder fracture or 
shoulder degenerative diseases were enrolled. The humeral 
head was carefully eliminated to fully expose the glenoid 
using RadiAnt DICOM Viewer (version 2022.1., Medix-
ant, Poland). The 3D-CT model was subsequently adjusted 
to produce an en face sagittal view of glenoid (Fig. 2b). 
One researcher read the height (h) and width (2r) from the 
3D-CT reconstruction images for three times and recorded 
the means. Another researcher plugged h to the rh formula to 
calculate the predicted glenoid width. And, a third surgeon 
examined the agreement between the calculative glenoid 
width and the 3D model displayed width.

Establishing the glenoid defect model

Another 65 3D-CT scans of shoulders were enrolled. The 
acquired 3D-CT images were used to generate raw DICOM 
format data. The data were imported into Mimics (version 
20.0, Materialise, Belgium) software, and the model was 
segmented using the threshold segmentation command to 
extract the complete 3D model of glenoid and export the 
model in STL format. One researcher measured and recorded 

Fig. 1   Flow chart of the study design
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the intact height (h) and width for further analysis. Subse-
quently, after importing into Geomagic Wrap (version 2017, 
Raindrop, USA), the files were saved in STEP format and 
imported into Solidworks (version 2021, Dassault Systemes, 
France) for constructing glenoid models.

Attributing to the high incidence in clinic [12, 13], the 
anterior–inferior glenoid defect models were artificially 
established for further validation. A randomly generated 
sequence range 0–0.25 was randomly assigned to the 3D 
model as the original defect ratio. The ‘split tool’ in the 
Soildwork software was recruited. The splitting point 
was pinned based on the original defect ratio and native 
glenoid width of the model. And, the cutting angle was 

approximately parallel to the glenoid height and perpen-
dicular to the en face of glenoid.

Evaluating the formula in predicting glenoid defect 
ratio

A second researcher plugged the h value into the rh formula 
for a predicted glenoid width (2r). Thus, the size of the best-
fit circle is determined. A circle of fixed size was tangent 
to posterior (P) and inferior (I) rims of the glenoid using 
the ‘perimeter circle’ command in Solidworks (Fig. 3a, full 
line), which located the bare spot in the glenoid fossa. Alter-
natively, two circles of fixed size were centred at the P and 

Fig. 2   Measurement of the 
native glenoid height and width. 
a Specimen; b 3D-CT image. 
The glenoid height (h) was 
identified as the longitudinal 
axis connecting supraglenoid 
tubercle and the most inferior 
point. And, the native glenoid 
width, i.e. the diameter (2r) of 
the best-fit circle, was taken as 
the distance from the anterior 
to posterior rims of the glenoid 
perpendicular to h 

Fig. 3   Diagram of rh formula and AP method in calculating defect 
ratio in artificial established glenoid defect models. The predicted 
width, i.e. the diameter of the approximate best-fit circle (2r, a, b), 
is obtained by putting the glenoid height (h) into the rh formula. a 
The bare spot (O) is located by fitting the circle of known size (full 
line) tangent with the posterior (P) and inferior (I) rims of the glenoid 
using Solidworks or redefined as the intersection point of the circles 

(dashed line) centred at P and I. b The defect ratio is calculated as: 
r−d

2r
 ; d is the distance from O to the deficient anterior glenoid margin. 

c In AP method, O is redefined as the intersection of h and the widest 
diameter (D + d) on the en face deficient glenoid [9], which are at 90° 
to each other. D is from O to the posterior rim and d is from O to the 
anterior rim. D is taken as the radius of the approximate best-fit cir-
cle, and the defect ratio is calculated as: D−d

2D
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I points, and the intersected point of the circles was consid-
ered as the bare spot (Fig. 3a, dotted line).

Then, the distance (d) between O and the deficient ante-
rior rim of the glenoid was measured (Fig.  3b). Subse-
quently, the glenoid defect ratio was calculated using the 
ratio method as (r − d)/2r. A third researcher examined 
the agreement between the model parameter and predicted 
value, including the glenoid width and defect ratio. Moreo-
ver, the AP method was employed which took the intersec-
tion of the longitudinal axis and widest diameter of the defi-
cient glenoid model as the bare spot (O; Fig. 3c). The second 
researcher measured the glenoid width (2D), calculated the 
defect ratio ((D − d)/2D) and the third researcher tested the 
accuracy of AP prediction.

Statistical analyses

The data were processed using SPSS 25.0 (IBM, Armonk, 
NY). The outcome parameters were present as mean ± stand-
ard division (SD). The intraclass correlation coefficient 
(ICC) was used to detect the inter-observer reliability in 
tactile measurement and the accuracy of the rh formula and 
AP method (ICC can be interpreted as poor for ICC < 0.5, 
moderate for ICC ranged 0.5–0.75, good for ICC > 0.75 to 
0.9 and excellent for ICC > 0.9). A linear regression was 
calculated to detect the relationship between the intact gle-
noid height and width, and the determination coefficient (R2) 
was used to qualify the linearity and predictability of the 
glenoid height in the native glenoid width. Moreover, paired 
t-test was employed to identify the difference between the 
predicted value and model parameter. A p-value < 0.05 was 
deemed significant.

Results

A Linear relationship exists between the intact 
glenoid height and width

The inter-observer reliability was good to excellent 
(ICCHeight = 0.935, ICCWidth = 0.875; Supplemental Table 1). 
The mean values for the height and width of the glenoid 
in 204 cases were measured to be 36.31 ± 3.16 mm and 
26.66 ± 2.68 mm, respectively (Supplemental Table 1). The 
linear regression formula (rh formula) was revealed by using 
the width of the native glenoid as the dependent variable 
and the height as the independent variable in 204 cases, i.e. 
the rh formula: width (2r) = 0.768 × height (h) − 1.222 mm 
(R2 = 0.820, p < 0.001; Fig. 4).

The cadaver‑based formula validates on 3D‑CT 
images

The glenoid height and width of the 3D-CT image cohort 
were 36.11 ± 2.31 mm and 26.56 ± 1.96 mm (Supplemen-
tal Table 2). Moreover, the calculative glenoid width was 
26.51 ± 1.77 mm (Supplemental Table 2). An excellent 
agreement was found between the model glenoid width and 
the calculative one (ICCWidth = 0.911). No statistically sig-
nificant difference was detected between the model param-
eter and predicted value (p = 0.266). Moreover, in terms 
of gender and should side, the agreements between model 
measurement outcome and rh formula–predicted value were 
good and above, and no difference was found in between 
(Table 1).

Fig. 4   The linear relationship 
between the native glenoid 
height and width. The dot 
represents the glenoid height 
and width of each specimen. 
The solid line represents the 
linear regression based on the 
cadaver cohort. The rh formula: 
glenoid width (2r) = 0.768 × gle-
noid height (h) − 1.222 mm 
(R.2 = 0.820, p < 0.001)
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The rh formula qualifies in predicting glenoid bone 
loss

The glenoid height and width of the intact models were 
36.12 ± 3.19  mm and 26.55 ± 2.75  mm, respectively 
(Supplemental Table 3). Moreover, the rh formula–pre-
dicted glenoid width was 26.52 ± 2.45 mm, while the 
AP method–predicted value was 27.11 ± 2.99 mm (Sup-
plemental Table 3). An excellent agreement was found 
by comparing the rh formula–predicted width and 
AP method–predicted width with the original model 
width (ICCrh = 0.967, ICCAP = 0.933; Table  2). Sta-
tistically significant difference was detected between 
the AP method–predicted width and model parameter 
(pAP = 0.001) while absent as to rh formula (prh = 0.778; 
Table 2).

The glenoid defect ratio was 14.39 ± 5.16% (Supple-
mental Table 3). Moreover, the rh formula–predicted defect 
ratio was 14.23 ± 5.24%, while the AP method–predicted 
value was 15.19 ± 5.36% (Supplemental Table 3). Excel-
lent agreements were found using the rh formula and AP 
method (ICCrh = 0.997, ICCAP = 0.911; Table 2). Statisti-
cally significant difference was only detected between the 
AP method–predicted defect ratio and model parameter 
(pAP = 0.033, prh = 0.572; Table 2).

Discussion

An international survey at 2016 about surgeon’s preferences 
in diagnostic work-up towards treating anterior shoulder 
instability reported no consensus regarding the protocol 
in assessing glenoid bone loss [6], given the difficulties in 
determining the native glenoid in the context of glenoid 
deficiency and redefining the bare spot for the approximate 

best-fit circle. It has been found in this study that the rh for-
mula was qualified in estimating the native width of glenoid 
in 3D-CT images of intact glenoid. It predicted the native 
glenoid width, redefined the bare spot and accurately deter-
mined the defect ratio of the artificially established defect 
model, which is of higher accuracy compared to the clini-
cally common AP method.

Do et al. [14] and Lacheta et al. [5] proposed that best-fit 
circles based on a deficient glenoid do not always represent 
the native glenoid and may thus lead to inaccurate circle 
sizes and defect estimates. Moreover, an inestimable bare 
spot on en face of the deficient glenoid is the limiting factor 
to the popularization and application of the existed formulas 
[15–18], though the relationship between glenoid height and 
width has been explored in studies [19–21]. For example, 
Giles et al. [21] also found the linear relationship between 
the glenoid height and width on based on the CT images. 
However, a cadaver study revealed a suboptimal accuracy 
of the Giles method with an overestimation of 13.7% [22]. 
In terms of the Barchilon method [3], identifying the defect 
ratio based on the en face area of the defect glenoid within 
the best-fit circle, it is not feasible in clinic due to the lack 
of appropriate area measurement tools in the CT viewers, 
though an overestimation of less than 2% has been reported 
in assessing glenoid deficiency [22]. This study proposes a 
new intuitive way to predict the native glenoid width using 
the rh formula and redefine the bare spot based on predicted 
native glenoid width (Fig. 3A). The self-control study con-
firmed a good accuracy (prh = 0.778) and reproducibility 
(ICCrh > 0.9) of the rh formula in predicting the native width 
in glenoid deficiency.

In the study, the AP method is inferior to the rh formula 
in predicting the intact glenoid width and defect ratio by 
comparing to the model parameters (width, prh = 0.778, 
pAP = 0.001; defect ratio, prh = 0.572, pAP = 0.033), 

Table 1   The accuracy of rh 
formula in predicting intact 
glenoid width on 3D-CT images

a ICC intraclass correlation coefficient

Subgroup Category Model parameter (mm) Predicted value (mm) ICC p-value

Gender Male 27.77 ± 1.84 27.78 ± 1.49 0.878 0.896
Female 25.58 ± 1.44 25.47 ± 1.22 0.842 0.089

Side Left 26.77 ± 2.06 26.72 ± 1.85 0.927 0.350
Right 26.32 ± 1.83 26.28 ± 1.65 0.887 0.521

Table 2   The accuracy of rh 
formula and AP method in 
predicting native glenoid width 
and defect ratio in artificially 
established glenoid defect 
models

ICC intraclass correlation coefficient, rh the native glenoid width (2r) and height (h), AP anterior–posterior.

Model parameter (mm) Method Predicted value (mm) ICC p-value

Glenoid width (mm) 26.55 ± 2.75 rh formula 26.52 ± 2.45 0.967 0.778
AP method 27.11 ± 2.99 0.933 0.001

Defect ratio (%) 14.39 ± 5.16 rh formula 14.23 ± 5.24 0.997 0.572
AP method 15.19 ± 5.36 0.911 0.033
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respectively. The reasons may be as follows: the intersec-
tion of the height and width on the en face of glenoid is 
not equal to the bare spot of the best-fit circle. Paralleled 
with our findings, previous studies indicate that the vari-
ous defect ratios are detected at different clock face location 
using the AP method [7, 23–25]. However, in the rh formula, 
the diameter of the best-fit circle is solely derived from the 
glenoid height regardless of the glenoid face location, which 
overcomes the difficulties.

Limitations exist. The rh formula is developed based on a 
Chinese cadaver cohort. The population effect and individual 
difference, e.g. the shape of glenoid, may diminish the pre-
dictive effect of rh formula. In this study, the superiority of 
the rh formula was found by compared with the AP method 
in determining the diameter of the best-fit circle and defect 
ratio. To date, the glenoid deficiency evaluating methods 
stop at verifying the accuracy statistically. However, a cohort 
study focusing on the postoperative outcome of the bone 
block procedures with preoperatively or perioperatively esti-
mating the glenoid defect ratio using the rh formula, like 
Latarjet and Bristow procedures [26, 27], is advocated in 
the future. Indeed, this intuitive formula takes the glenoid 
height as the only variable in determining the diameter of 
the best-fit circle. Further investigation is needed to evaluate 
if the quick answer from the rh formula is precise enough 
in predicting glenoid bone loss compared to other formulas 
bringing into multiple factors, such as the PICO and Shaha 
methods [28, 29]. The rf formula is designed for unipolar 
glenoid defects. In terms of the bipolar lesion, such as Hill-
Sachs lesions, the rh formula is not qualified and the glenoid 
track method has been applied in clinic [30, 31].

Conclusions

The cadaver-based formula, i.e. the rh formula, is valid in 
3D-CT images and qualified in predicting glenoid defi-
ciency, which helps preoperative treatment decisions in 
anterior glenohumeral instability and motivates personalized 
medicine in orthopaedics. Generally, the flow of this study, 
i.e. validating the routine obtained from intact specimens in 
3D-CT scans to reproduce the native index and predict the 
severity in deficient state, may motivate the development of 
new techniques, including but not limited to preoperatively 
estimating glenoid bone loss.
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