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Abstract 1 

Background: Assessment of glenoid bone defects is important to select the optimal glenoid 2 

component design during shoulder arthroplasty planning and implantation. This study presents a 3 

fully automated method to describe glenoid bone loss using three-dimensional measurements and 4 

without the need for a healthy contralateral reference scapula. 5 

Methods: The native shape of the glenoid is reconstructed by fitting a statistical shape model 6 

(SSM) of the scapula. The total vault loss percentage, local vault loss percentages, defect depth, 7 

defect area percentage and subluxation distance and region are computed based on a comparison 8 

of the reconstructed and eroded glenoid. The method is evaluated by comparing its results with a 9 

contralateral-based reconstruction approach, on a dataset of 34 scapulae and humeri pairs with 10 

unilateral glenoid bone defects. 11 

Results: The SSM-based defect measurements deviated from the contralateral-based 12 

measurements with a mean absolute difference of 5.5% on the total vault loss percentage, 4.5 to 13 

8.0% on the local vault loss percentages, 1.9mm on the defect depth, 14.8% on the defect area 14 

percentage and 1.6mm on the subluxation distance. The SSM-based method was found to be 15 

statistically equivalent to the contralateral-based method for all parameters except for the defect 16 

area percentage. 17 

Conclusion: The presented method is able to automatically analyze glenoid bone defects using 18 

three-dimensional measurements, without the need for a healthy contralateral bone. 19 

Level of evidence: Basic science study 20 

Key Words: Glenoid bone defects; preoperative planning; statistical shape modeling; shoulder 21 

arthroplasty; defect measurements, automatization   22 
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Introduction 23 

Shoulder joint arthropathy is a frequent and increasing problem in the aging population.16,18 24 

Advanced arthropathy can destruct the glenoid bone stock leading to glenoid bone defects. 25 

Shoulder arthroplasty has gained in popularity because of its efficacy in relieving pain and restoring 26 

function of the arthritic shoulder.22 Accurate assessment of glenoid bone defects can assist the 27 

surgeon in selecting the optimal glenoid component design during shoulder arthroplasty planning 28 

and implantation.11,30 29 

Depending on the type of shoulder arthropathy, surgeons can be confronted with different types of 30 

glenoid bone defects.3,17,23,28 Many classification systems have been developed to describe shape 31 

and size of glenoid bone defects.3,17,23,28 These classification systems play a key role in selecting 32 

the best treatment option during shoulder arthroplasty planning and implantation17,27. Furthermore, 33 

they enable us to better report and compare surgical outcomes of different defect types. 34 

To describe and classify glenoid bone defects, several measurements techniques have been 35 

reported. Most studies use qualitative measurements on standard radiography or single-slice, two-36 

dimensional (2D) computed tomography (CT) scans, like Walch et al28, Koscis et al17, and Sirveaux 37 

et al23. However, these 2D techniques have a poor reliability as a result of their qualitative nature 38 

and due to variations in the gantry angle at the time of CT or plain film acquisition.5,6 Beuckelaers 39 

et al4 used manual three-dimensional (3D) CT-scan based measurements on the eroded scapula, 40 

describing the defect depth in magnitude and localization. Similar to this methodology, Knowles 41 

et al15 focused on the quantification of B2 glenoid bone defects in terms of surface area, position 42 

and orientation. However, both methods require manual measurements which are time-consuming 43 

and can lead to high inter- and intraobserver variability.4 Also, these methods do not take into 44 

account the amount of medialization or bone volume loss since they are unable to compare with 45 

the native shape of the vault. 46 
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In order to account for the native glenoid shape when analyzing glenoid bone defects, the healthy 47 

contralateral bone can be considered as a template.10,21,25 Registration of a healthy contralateral 48 

bone allows identifying the amount of bone erosion and performing quantitative measures on the 49 

glenoid bone defect. However, many patients suffer from bilateral shoulder degeneration and 50 

therefore no healthy contralateral side is available. 51 

Statistical shape modeling has been introduced to predict the native bone shape without requiring 52 

a healthy contralateral bone.1,19,24,26 A statistical shape model (SSM) is a mathematical model that 53 

represents the mean shape and shape variations within a certain population. Each shape generated 54 

by the SSM can be represented by a number of shape coefficients.7 In a previous study19, we created 55 

an SSM of the healthy scapula and evaluated its ability to semi-automatically reconstruct the native 56 

glenoid shape. The goal of the current study is to evaluate the performance of a fully automated 57 

method for describing glenoid bone defects based on 3D scapula and humerus models, and without 58 

a healthy contralateral reference model. Therefore, a fully automated SSM-based reconstruction 59 

method was developed and used to quantify glenoid bone defects. The results of this method were 60 

compared to the results of a contralateral-based reconstruction approach.  61 
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Materials and methods 62 

Data 63 

To reconstruct the native glenoid shape, a Statistical Shape Model (SSM) built on 66 3D surface 64 

models of healthy scapulae was used. The surface models were segmented from CT-scan images 65 

of healthy subjects presenting no signs of bone defect or arthropathy (cyst, osteophytes, sclerosis).19  66 

To evaluate the performance of the defect quantification, a dataset of 404 bilateral CT scans of the 67 

scapula and proximal humerus was screened by an experienced shoulder surgeon (FV). A total of 68 

34 CT scan pairs were identified presenting a unilateral glenoid defect and a healthy contralateral 69 

side without any signs of bone defect or arthropathy (cysts, sclerosis or osteophytes). All glenoid 70 

bone defects were caused by omarthropathy, cuff arthropathy or a failed implant component. Failed 71 

hemiarthroplasty or total shoulder arthroplasty resulted in a missing humeral head in 7 of the 34 72 

patients. The selected scapulae and humeri were manually segmented using Mimics v.20 73 

(Materialise, Leuven) and converted to 3D surface meshes. Finally, the models were remeshed to 74 

obtain smooth surfaces with an average triangular edge length of 1.5 mm. 75 

SSM-based reconstruction 76 

To automatically fit the SSM to the target scapula shape, we developed an iterative 77 

correspondence-based fitting method. Starting from the mean SSM shape, a best-fitting SSM shape 78 

is found by iteratively performing four subsequent steps. First, the SSM shape is registered to the 79 

target shape using an iterative closest point (icp) algorithm. Secondly, corresponding points on the 80 

target shape are identified for all points on the SSM shape. The corresponding point search is 81 

extended with an additional normal (assuring similar surface normals) and bidirectional (assuring 82 

bidirectional correspondence) constraint. In a third step, a pseudo corresponding point is predicted 83 

for SSM points for which no corresponding point was found, using posterior shape modeling.2 84 



3D glenoid bone defect quantification 

6 
 

Lastly, the shape formed by these (pseudo) corresponding points, is projected to the SSM space to 85 

find the shape coefficients.7 These four steps are repeated until the shape coefficients converge. 86 

To reconstruct the native glenoid shape, the correspondence-based fitting method is customized for 87 

fitting only on the healthy surfaces of a target scapula.19,24 To avoid the need for manual selection 88 

of the defect site, the SSM surface is divided in 7 distinct surfaces: base, acromion, coracoid, 89 

acromion tip, scapula neck, glenoid neck and glenoid (Figure 1). First, the SSM shape is fit to the 90 

target shape based on points of the base surface only. After convergence of the shape coefficients, 91 

the fit error is computed as the root mean square error (RMSE) between the points on the SSM 92 

shape and the identified corresponding points on the target shape. If the fit error remains below a 93 

threshold of 1.7mm, a second fit is performed which also uses points of the acromion surface. If 94 

the fit error exceeds the threshold, the acromion surface of the target shape is considered as non-95 

healthy. The same selection procedure is subsequently repeated for all surfaces, except for the 96 

glenoid surface. The glenoid is considered to be eroded in all scapulae and never used for fitting. 97 

The threshold of 1.7mm on the fit error, and the size and number of the SSM surfaces are based on 98 

a sensitivity study. 99 

Anatomic parameters 100 

After fitting the SSM and reconstructing the original shape of the scapula, the required landmarks, 101 

axes, surfaces and planes are identified on the fitted SSM shape (Figure 2). The glenoid surface, 102 

the trigonum spinae, the angulus inferior and the acromion base are automatically determined using 103 

SSM point correspondences.19 The glenoid points are defined as the centers of the triangular 104 

elements of the glenoid surface. The glenoid center point is computed as the average of the glenoid 105 

points, weighted by the size of their triangular elements (𝐴𝑖). The glenoid plane is computed by 106 

fitting a plane through the glenoid points. The maximum vault depth (𝑑𝑚𝑎𝑥) is calculated as the 107 

Euclidean distance between the glenoid center point and the acromion base, measured parallel to 108 
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the glenoid plane normal. Finally, the superior glenoid axis is defined as the intersection between 109 

the glenoid plane and the scapular coronal plane (formed by angulus inferior, trigonum spinae and 110 

glenoid center point)9, pointing superiorly. 111 

On the humerus, only the center point of the humeral head is required. To automatically obtain this 112 

landmark, the humeral shaft axis is computed by slicing the humerus, finding the center point in 113 

every slice and fitting a least square regression line through all center points. Then, the humerus is 114 

cut by a plane perpendicular to the humeral shaft axis and at a fixed distance of 45mm from the top 115 

of the humeral head. Finally, the humeral head center point is defined as the center of mass of the 116 

humeral head (Figure 3). 117 

Defect quantification 118 

To describe shape and size of glenoid bone defects, nine parameters are defined. The total vault 119 

loss percentage indicates how much of the glenoid vault volume has been eroded and represents 120 

the severity of the glenoid bone defect. The superior, anterior, inferior and posterior vault loss 121 

percentages express how much of the vault has been eroded in each anatomical region of the 122 

glenoid, giving a better understanding of the shape of the defect.23,28 The defect depth describes 123 

the amount of bone erosion at the deepest site of erosion. This measure can help surgeons to 124 

decide if they should ream or use bone graft during surgery.17 The defect area percentage shows 125 

how much of the native glenoid surface is still intact, giving an indication on the amount of 126 

possible implant-bone support. Finally, the subluxation distance and region describe the amount 127 

and direction of humeral subluxation, which gives a better understanding of the cause of the 128 

glenoid bone defect.23,28 129 

To measure these parameters, a ray-casting algorithm is implemented based on the study of 130 

Gelaude et al12. First, the reconstructed glenoid vault is examined by shooting parallel rays from 131 

the glenoid points of the fitted SSM shape in the opposite direction of the glenoid plane normal 132 
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(Figure 4Error! Reference source not found.a-b). The distance at which a ray 𝑖 intersects the 133 

fitted SSM shape is called the vault depth (𝑑𝑖
𝑣𝑎𝑢𝑙𝑡), with 𝑑𝑚𝑎𝑥 as its maximum value. Secondly, 134 

the amount of bone erosion is assessed by shooting parallel rays from the glenoid points of the 135 

fitted SSM shape towards the bone defect (Figure 4a-c). The measured distance at which the rays 136 

intersect the bone defect is defined as the erosion depth (𝑑𝑖
𝑒𝑟𝑜), being limited to 𝑑𝑚𝑎𝑥 .Next, the 137 

vault loss depth (𝑑𝑖
𝑙𝑜𝑠𝑠) is computed as the depth of the vault that is lost, by taking the minimum 138 

of 𝑑𝑖
𝑣𝑎𝑢𝑙𝑡 and 𝑑𝑖

𝑒𝑟𝑜 for each ray.  139 

𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑟𝑎𝑦 𝑖: 140 

𝑖𝑓 𝑑𝑖
𝑣𝑎𝑢𝑙𝑡 > 𝑑𝑚𝑎𝑥 :    𝑑𝑖

𝑣𝑎𝑢𝑙𝑡 = 𝑑𝑚𝑎𝑥 141 

𝑖𝑓𝑑𝑖
𝑒𝑟𝑜 > 𝑑𝑚𝑎𝑥 ∶     𝑑𝑖

𝑒𝑟𝑜 = 𝑑𝑚𝑎𝑥 142 

𝑑𝑖
𝑙𝑜𝑠𝑠 = min

𝑖
(𝑑𝑖

𝑒𝑟𝑜,  𝑑𝑖
𝑣𝑎𝑢𝑙𝑡) 143 

Based on the depth measurements, the nine parameters that describe the glenoid bone defect can 144 

be computed. First, the vault volume is computed as the sum of all vault depths multiplied by the 145 

size of the corresponding triangular surface elements (𝐴𝑖). Similarly, the vault loss volume is 146 

computed as the sum of the vault loss depths, multiplied by the corresponding triangular surface 147 

areas. Then, the total vault loss percentage is calculated as the percentage of the vault loss volume 148 

compared to the vault volume. For the superior (sup), anterior (ant), inferior (inf) and posterior 149 

(post) vault loss percentages, the glenoid surface is divided in four parts, using the glenoid center 150 

point and the superior glenoid axis (Figure 5). The vault loss percentages in these regions equal the 151 

local vault loss volume, divided by the local vault volume. Next, the defect depth is computed as 152 

the 95-percentile value of all erosion depth values smaller than 𝑑𝑚𝑎𝑥. The defect area is computed 153 

as the area of all triangles that encountered an erosion depth of more than 2mm. To obtain the 154 

defect area percentage, the defect area is divided by the total area of the glenoid. After projecting 155 



3D glenoid bone defect quantification 

9 
 

the humeral head center point to the glenoid plane, the subluxation distance is computed as the in-156 

plane distance from the humeral head center point to the glenoid center point. The subluxation 157 

region is defined as the region (sup, ant, inf, post) on which the humeral head center point is 158 

projected on the glenoid. 159 

𝑣𝑎𝑢𝑙𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 = ∑ 𝑑𝑖
𝑣𝑎𝑢𝑙𝑡 ⋅ 𝐴𝑖

𝑖

 160 

𝑣𝑎𝑢𝑙𝑡 𝑙𝑜𝑠𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 = ∑ 𝑑𝑖
𝑙𝑜𝑠𝑠 ⋅ 𝐴𝑖

𝑖

 161 

𝑡𝑜𝑡𝑎𝑙 𝑣𝑎𝑢𝑙𝑡 𝑙𝑜𝑠𝑠 𝑝𝑒𝑟𝑐 =
𝑣𝑎𝑢𝑙𝑡 𝑙𝑜𝑠𝑠 𝑣𝑜𝑙𝑢𝑚𝑒

𝑣𝑎𝑢𝑙𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
 162 

𝑙𝑜𝑐𝑎𝑙 𝑣𝑎𝑢𝑙𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 = ∑ 𝑑𝑖
𝑣𝑎𝑢𝑙𝑡 ⋅ 𝐴𝑖

𝑖

, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 𝑖𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 163 

𝑙𝑜𝑐𝑎𝑙 𝑣𝑎𝑢𝑙𝑡 𝑙𝑜𝑠𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 =  ∑ 𝑑𝑖
𝑙𝑜𝑠𝑠 ⋅ 𝐴𝑖

𝑖

, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 𝑖𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 164 

𝑙𝑜𝑐𝑎𝑙 𝑣𝑎𝑢𝑙𝑡 𝑙𝑜𝑠𝑠 𝑝𝑒𝑟𝑐 =
𝑙𝑜𝑐𝑎𝑙 𝑣𝑎𝑢𝑙𝑡 𝑙𝑜𝑠𝑠 𝑣𝑜𝑙𝑢𝑚𝑒

𝑙𝑜𝑐𝑎𝑙 𝑣𝑎𝑢𝑙𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
 165 

𝑑𝑒𝑓𝑒𝑐𝑡 𝑑𝑒𝑝𝑡ℎ = 𝑝95(𝑑𝑖
𝑒𝑟𝑜)  𝑓𝑜𝑟 𝑑𝑖

𝑒𝑟𝑜 <  𝑑𝑚𝑎𝑥 166 

𝑑𝑒𝑓𝑒𝑐𝑡 𝑎𝑟𝑒𝑎 =  ∑ 𝐴𝑖

𝑖

, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 𝑤𝑖𝑡ℎ 𝑑𝑖
𝑒𝑟𝑜 > 2𝑚𝑚 167 

𝑑𝑒𝑓𝑒𝑐𝑡 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟𝑐 =
𝑑𝑒𝑓𝑒𝑐𝑡 𝑎𝑟𝑒𝑎

∑ 𝐴𝑖𝑖
 168 

Visual representation 169 

The erosion depths are visually represented as a color plot on the reconstructed glenoid. The 170 

glenoid and humeral head center point are shown by black dots (Figure 5). This graphical 171 

illustration shows shape and severity of a glenoid bone defect and potential subluxation of the 172 

humeral head. 173 

Evaluation 174 
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The defect quantification was evaluated using 34 scapulae pairs from patients with unilateral bone 175 

defects. The native shape of the glenoid was reconstructed in each defect scapula, as described 176 

above. Regions that were excluded from the iterative SSM fit were visually checked for 177 

pathological signs. To measure the accuracy of the reconstruction result, the healthy contralateral 178 

scapula was considered as a reference.10,21,25 All healthy scapulae were mirrored and registered to 179 

the defect scapulae using icp registration. To avoid registering on defect parts, the affected regions 180 

of the defect scapulae were manually cut out before registering. As a result, the glenoid of the 181 

registered healthy contralateral scapula served as the golden truth representation of the native shape 182 

of the defect glenoid. Point correspondence on these healthy contralateral scapulae was obtained 183 

by elastic registration of the mean SSM shape to each healthy scapula.8 184 

Next, all defect measurements were computed with both the reconstructed glenoid from the fitted 185 

SSM and with the reconstructed glenoid from the registered contralateral shape. The mean value 186 

and its p95 confidence interval (CI) were calculated for all measurements using bootstrapping 187 

(10000 repetitions)14. 188 

To demonstrate that the SSM-based measurements are significantly equivalent to the contralateral-189 

based measurements, equivalence tests were performed.29 First, the mean absolute pairwise 190 

difference and its one-sided upper p95 CI were computed for all measurements, using 191 

bootstrapping. A one-sided upper CI was used because the upper confidence limit of the mean 192 

absolute error is sufficient to test equivalence. Next, statistical equivalence was tested for each 193 

measurement by computing if the upper confidence limit was below an equivalence margin. As 194 

explained by Walker et al29, equivalence margins express the maximum clinically acceptable 195 

difference that one is willing to accept in return for the secondary benefits of a new method. 196 

According to an experienced shoulder surgeon (F.V.), differences of 10% on the vault loss 197 

percentages and defect area percentage, and 3mm on the defect depth and subluxation distance 198 
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were assumed to be acceptable for clinical practice. Hence, the SSM-based method was considered 199 

to be equivalent to the contralateral-based method, if the mean absolute difference and its upper 200 

confidence limit for each measurement were less than these equivalence margins of respectively 201 

10% and 3mm.  202 
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Results 203 

Using the registered contralateral bone, the glenoid bone defects in the dataset showed a mean (and 204 

p95 CI) of 7.2 mm (5.2-9.2) for the defect depth, 49.3% (37.3-61.6) for the defect area percentage, 205 

25.8% (17.0-35.7) for the total vault loss percentage and 22.5% (13.4-32.9), 29.5% (19.6-40.5), 206 

26.0% (17.1-36.1) and 29.1% (19.7-39.4) for the local vault loss percentages in respectively the 207 

superior, anterior, inferior and posterior region (Figure 6). The subluxation distance had a mean 208 

value of 7.5mm (5.6-9.6) with 5 humeri in the superior region, 5 in the anterior region, 4 in the 209 

inferior region and 13 in the posterior region. Seven defects were excluded from the subluxation 210 

measurements, since the humeral head was absent.  211 

The SSM-based measurements deviated from the contralateral-based measurements, resulting in a 212 

mean absolute difference (and upper limit of one-sided p95 CI) of 1.9 mm (2.2) on the defect depth, 213 

14.8% (19.0) on the defect area percentage, 5.5% (6.6) on the total vault loss percentage and 4.5% 214 

(5.7), 8.0% (9.9), 6.8% (8.2) and 7.8% (9.6) on respectively the superior, anterior, inferior and 215 

posterior vault loss percentages (Figure 7). Furthermore, the subluxation distance showed a mean 216 

absolute difference of 1.6 mm (1.9) with the contralateral-based method. In seven of the 34 defects, 217 

a different subluxation region was assigned. These seven defects had a subluxation distance below 218 

5mm. 219 

For the total vault loss percentage, local vault loss percentages, defect depth and subluxation 220 

distance, the mean absolute difference and the upper limit of its confidence interval were below 221 

the predefined equivalence margins (10% on vault loss percentages and 3mm on defect depth and 222 

subluxation distance). For the defect area percentage, the mean absolute difference and its 223 

confidence interval exceeded the predefined equivalence margin (10%). The p-values for 224 

equivalence were <0.001 for the total vault loss percentage, superior vault loss percentage, inferior 225 

vault loss percentage, defect depth and subluxation distance. The anterior vault loss percentage, 226 
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posterior vault loss percentage and defect area percentage showed a p-value of respectively 0.045, 227 

0.026 and 0.969. This means that all SSM-based measurements were found to be statistically 228 

equivalent to the contralateral-based measurements, except for the measurement of the defect area 229 

percentage. 230 

Using the iterative SSM-based reconstruction method, the acromion and coracoid region were not 231 

used for fitting in respectively two and four of the 34 scapulae. These scapula were visually 232 

inspected and showed a clear eroded or deformed acromion or coracoid. Also for the other regions, 233 

signs of erosion and/or deformation were observed when a region was excluded from fitting.  234 
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Discussion 235 

Accurate assessment of glenoid bone defects in patients undergoing shoulder arthroplasty is 236 

important to preoperatively select the optimal glenoid component design.11,30 This study presented 237 

a method to automatically describe glenoid bone defects by performing three-dimensional 238 

measurements. 239 

Our methodology has the following advantages compared to currently used techniques: First, 240 

glenoid bone defects are analyzed in 3D, which has been shown to be more accurate than 2D 241 

measurements on standard radiography or single-slice CT scans.5,6 Secondly, the defect 242 

quantification is fully-automated. Most common defect quantification methods require manual 243 

interactions like measurements or registrations, which are time-consuming.4,15,21 Thirdly, defect 244 

depth and vault loss percentage of the glenoid defect can be assessed. These parameters can only 245 

reliably be quantified based on a comparison between the native and eroded condition. In other 246 

methods, a healthy contralateral bone is required to perform these measurements.21 However, many 247 

patients with shoulder degeneration do not have a healthy contralateral side, which makes these 248 

templating methods unreliable. 249 

Our method was evaluated by comparing its results with the results from a contralateral-based 250 

templating method, on a dataset of 34 scapula and humerus pairs. The evaluation dataset contained 251 

all kinds of bone defects, with a defect depth between 0.3 and 23.0 mm and a total vault loss 252 

percentage between 0.7 and 99.7%. The iterative SSM-based reconstruction method correctly 253 

detected and excluded scapula regions with signs of erosion or deformation. 254 

Accuracies of 1.9mm on the defect depth and 5.5% on the total vault loss percentage are 255 

comparable to alternative, but manual methods. Gyftopoulos et al13 reported a mean error of 3.4% 256 

on the measurement of glenoid bone loss using a circle method on MRI. Provencher et al20 257 

measured bone loss in a clinical bone loss simulation model and obtained a mean error between 258 
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1.0-5.4%, which was considered to be sufficiently accurate. Scalise et al21 reported an error of 259 

0.8%+/-1.5% on the vault loss, compared to a contralateral-based method. However, their method 260 

still used the contralateral bone for registration of the vault implant model, resulting in biased 261 

errors. Also Beuckelaers et al4 studied the defect depth, but did not compare their method with a 262 

contralateral-based method. Furthermore, the low interobserver reliability for defect depth 263 

(Intraclass Correlation Coefficient of 0.75) might have a similar effect on the defect depth 264 

measurement than the 1.9mm mean error that we observed. 265 

The SSM-based defect measurements were shown to be statistically equivalent to the contralateral-266 

based defect measurements, except for the measurement of the defect area percentage. For the 267 

defect area percentage, a large difference between both methods was observed when a large portion 268 

of the glenoid had an erosion depth around the threshold value of 2mm. In that case, small 269 

differences on the reconstructed glenoid surface can have a large effect on the defect area 270 

percentage. 271 

Equivalence margins were set to 10% for the vault loss percentages and defect area percentage, 272 

and 3mm for the defect depth and subluxation distance. We assumed these equivalence margins to 273 

be acceptable for clinical decision making. Although this assumption can be a limitation of this 274 

study, accuracies of 10% and 3mm are found to be sufficient for applying commonly used 275 

classification systems. Most classification systems make a distinction between only three levels of 276 

severity in terms of bone loss.3,17,28 So, 10% accuracy on the vault loss percentage and 3mm on the 277 

defect depth is sufficient to distinguish a B1 and B2 defect of Walch28, a mild, moderate and severe 278 

defect of Antuna3 or a type 1, 2 and 3 defect of Koscis17. Although we believe that accuracies of 279 

10% and 3mm are acceptable, it is important that surgeons are aware of these accuracies during 280 

clinical decision making. 281 
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As a limitation of this study, we assumed that the shape of the healthy contralateral bone is the 282 

golden truth representation for the native shape of a bone. This same approach was taken by Scalise 283 

et al21 and Ganapathi et al10. Although a high similarity between scapula pairs was reported by 284 

Verhaegen et al24, the accuracy of the contralateral-based defect measurements in this study is 285 

unknown.  286 

Another limitation of this study concerns the generic computation of the humeral head center point. 287 

When cutting the humerus with a fixed distance of 45mm, various amounts of the proximal humeral 288 

shaft will be included in the center of mass computation, depending on the patient size. This might 289 

affect the humeral head center point location and the measured subluxation distance. A more 290 

patient-specific cut height would solve this. Since the exact same humeral head center point is used 291 

for both the contralateral-based and SSM-based measurements, the difference in subluxation 292 

distance between both methods is only minimally impacted by the humeral head center point 293 

location. 294 

Future work will consist of applying this methodology to the different types of glenoid bone defects 295 

occurring in cuff tear arthropathy, osteoarthritis and revision shoulder surgery. That way, the defect 296 

quantification methodology can be used to gain more quantitative information of the different types 297 

of bone defects and objectify current clinical classification systems by defining quantitative 298 

characteristics on defects belonging to one specific class.  299 
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Conclusion 300 

The defect quantification method presented in this study allows to automatically analyze glenoid 301 

bone defects using three-dimensional measurements. The SSM-based reconstruction method was 302 

equivalent to a contralateral-based method, for the measurement of total vault loss percentage, local 303 

vault loss percentages, defect depth and subluxation distance. These defect measurements can help 304 

surgeons to preoperatively select the best treatment option and to postoperatively compare surgical 305 

results of similar defects. The methodology may be applicable to all types of glenoid bone defect 306 

without the need for a healthy contralateral reference scapula. To our knowledge, this is the first 307 

study that reports on a technique of fully automated quantification of glenoid bone defects that is 308 

time saving and delivers quantitative measurements on glenoid bone defects.  309 
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Figures and Table Legends 403 

Figure 1: The SSM surface is divided in 7 surfaces: base (grey), acromion (dark blue), acromion 404 

tip (light blue), coracoid (green), scapula neck (yellow), glenoid neck (orange), and glenoid (red). 405 

Figure 2: Illustration of the identified landmarks, plane and axes. The angulus inferior (1), trigonum 406 

spinae (2), acromion base (3) and glenoid points (4) are indicated by red dots. The glenoid center 407 

point (5), the glenoid plane (6), the glenoid plane normal (7 - perpendicular to the glenoid plane) 408 

and the superior glenoid axis (8) are visualized in gray. The maximum vault depth (𝑑𝑚𝑎𝑥) is the 409 

distance between the glenoid center point and the acromion base point, measured parallel to the 410 

glenoid plane normal. 411 

Figure 3: Illustration of the humeral shaft axis, the humeral cutting plane and the humeral head 412 

center point. The humeral cutting plane is perpendicular to the humeral shaft axis, at a distance of 413 

45mm from the top of the humeral head. The humeral head center point is computed as the center 414 

of mass of the humeral head. 415 

Figure 4: (a) A glenoid bone defect is reconstructed and the required landmarks are identified. (b) 416 

The depth of the native glenoid vault is assessed by shooting rays from the reconstructed glenoid 417 

points towards the vault of the fitted SSM. (c) The depth of the bone erosion is assessed by shooting 418 

rays from the reconstructed glenoid points towards the eroded glenoid. 419 

Figure 5: Graphical illustration of a glenoid bone defect. The fitted SSM is shown in blue. The 420 

colors on the reconstructed glenoid surface indicate the erosion depth at each point. 421 

Figure 6: Swarm plot of the contralateral-based defect measurements for the 34 glenoid bone 422 

defects. The red dots represent the mean values while the red bars represent the 95% confidence 423 

intervals of those mean values (using bootstrapping). 424 

Figure 7: Box plots of the pairwise absolute differences between the contralateral-based 425 

measurements and the SSM-based measurements for the 34 glenoid bone defects. The red dots 426 
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represent the mean values while the red bars represent the 90% confidence intervals of those mean 427 

values (using bootstrapping). The green dotted line shows the equivalence margins (10% for the 428 

vault loss percentages and erosion area percentage; 3mm for the defect depth and subluxation 429 

distance). 430 

  431 
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