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Abstract 1 

Background: Description of the native shape of a defect glenoid helps surgeons to 2 

preoperatively plan the position of a shoulder implant. A statistical shape model (SSM) can be 3 

used to virtually reconstruct a glenoid bone defect and to predict the inclination, version and 4 

center position of the native glenoid. An SSM-based reconstruction method was already 5 

developed for acetabular bone reconstruction. The goal of this study is to evaluate the SSM-6 

based method for the reconstruction of glenoid bone defects and the prediction of native 7 

anatomical parameters. 8 

Methods: First, an SSM was created based on 66 healthy scapulae. Then, artificial bone defects 9 

were created in all scapulae and reconstructed using the SSM-based reconstruction method. For 10 

each bone defect, the reconstructed surface was compared with the original surface. 11 

Furthermore, the inclination, version and glenoid center point of the reconstructed surface were 12 

compared with the original parameters of each scapula. 13 

Results: For small glenoid bone defects, the healthy surface of the glenoid was reconstructed 14 

with a mean RMS error of 1.2mm. Inclination, version and the glenoid center point were 15 

predicted with a mean accuracy of respectively 2.4 +/- 2.1°, 2.9 +/- 2.2° and 1.8 +/- 0.8mm. 16 

Discussion and conclusion: The SSM-based reconstruction method is able to accurately 17 

reconstruct the native glenoid surface and predict the native anatomical parameters. Based on 18 

this outcome, statistical shape modeling can be considered as a successful technique for use in 19 

the preoperative planning of shoulder arthroplasty. 20 

Level of evidence: Modeling Study 21 

Key words: Glenoid bone defects, shoulder arthroplasty, virtual reconstruction, preoperative 22 

planning, statistical shape modeling, reconstruction performance, anatomical parameters  23 
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Introduction 24 

Shoulder implants are commonly used to treat patients with an arthritic glenoid and to restore 25 

the function of the shoulder joint.1,9,22 The inclination, version and position of the glenoid 26 

implant are generally known to affect stability and range of motion of the shoulder joint.2,12,15,23 27 

Assessment of the original inclination, version and glenoid center position is thus an important 28 

factor in the surgical planning of shoulder joint replacements.18 A virtual glenoid bone 29 

reconstruction allows to estimate these parameters and supports surgeons in the preoperative 30 

planning of shoulder implants. 31 

Currently, several techniques exist to assess the native shape of a defect glenoid. The most 32 

common method is to use the contralateral bone as a template.5,6,10 Glenoid arthritis, however, 33 

is often reported at both sides, therefore making this method not usable. Moreover, in general, 34 

only a unilateral scan is taken to avoid the extra radiation dose. To overcome these limitations, 35 

Scalise et al24 used a standard model of the healthy glenoid vault as a template to estimate 36 

glenoid version. Although this template does not take into account glenoid shape variability, it 37 

was able to predict glenoid version with a mean accuracy of 3.68° on a dataset of 19 arthritic 38 

scapula.9 Besides template-based methods, the native glenoid parameters can also be assessed 39 

using correlations between scan measurements. Ganapathi et al9 found that the anterior glenoid 40 

wall angle (AGWA) and the Resch angle (RA) of a pathologic glenoid could predict the native 41 

glenoid version using a linear regression model. On the same dataset of 19 arthritic scapulae, 42 

the AGWA and RA models were able to assess the native glenoid version with a mean error of 43 

respectively 3.23° and 4.70°. Hence, both template-based methods and measurement-based 44 

methods can be used to predict glenoid version of an arthritic scapula with similar accuracies. 45 

The disadvantage of these methods, however, is that their current use is limited to version 46 

estimation only. 47 
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A statistical shape model (SSM) can also be used for the reconstruction of a glenoid bone defect 48 

and the prediction of glenoid inclination, version and center point position. An SSM is a 49 

mathematical model that represents the mean shape of a population and shape variations in that 50 

population. Vanden Berghe et al25 proposed an SSM-based reconstruction method for the 51 

acetabulum and evaluated the prediction of anatomical hip joint parameters. The acetabular 52 

center point and plane direction were reconstructed with a mean accuracy of respectively 3.5 53 

+/- 1.9° and 3.0 +/- 1.3mm. Although this SSM-based reconstruction approach should at least 54 

in theory be applicable to glenoid bone defects, its use has not yet been evaluated. Therefore, 55 

this paper aims to assess the performance of an SSM-based reconstruction method on glenoid 56 

bone reconstruction and anatomical parameter prediction.  57 
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Materials and methods 58 

Dataset and SSM construction 59 

A set of sixty six healthy and unpaired scapulae was selected by an experienced surgeon and 60 

used to construct the SSM. Only scapula without glenohumeral arthropathy signs were 61 

included. The scapula scans were segmented in the image processing software Mimics 62 

(Materialise, Leuven, Belgium) and converted to 3D models, with a mean triangular edge length 63 

of 1.5mm. The SSM was created in three subsequent steps (Figure 1), as described in Vanden 64 

Berghe25 et al using Matlab (Mathworks, Massachusetts). First, one model of the dataset was 65 

registered to all other models to obtain corresponding surfaces.3 Secondly, the models were 66 

aligned to exclude all translational and rotational variations.11 No scaling was performed to 67 

maintain the size information of the models. Finally, the mean shape and the shape variations 68 

of the models were extracted by performing a Principal Component Analysis (PCA). 69 

SSM-based reconstruction method 70 

Using statistical shape modeling, a deformed scapula can be reconstructed by the method 71 

proposed by Vanden Berghe et al (Figure 2).25 This method assumes that the native shape of a 72 

deformed scapula can be predicted by extrapolating the shape of its unaffected or healthy parts. 73 

The reconstruction method consists of two steps. First, the deformed parts of the scapula are 74 

manually removed using the modelling software 3-matic (Materialise, Leuven, Belgium). Then, 75 

the SSM is fitted to the remaining healthy structures of the scapula using Matlab (Mathworks, 76 

Massachusetts). The proposed fitting algorithm optimizes the shape coefficients of the SSM 77 

one by one to minimize the distance between the SSM and the healthy parts of the scapula.25 78 

As explained in Vanden Berghe et al, only the most prominent shape variations are optimized 79 

while using one or more iterations. A sensitivity analysis was performed to select an optimal 80 

number of shape variations and iterations for the fitting. 81 
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In this study, the fitting algorithm was extended with a border weighting option. During the 82 

distance minimization a higher weight could be assigned to the border of the scapula compared 83 

to the other parts. The border weighting was included to encourage a smooth transition between 84 

the reconstructed glenoid and the original healthy regions aiming to improve the reconstruction 85 

results. The effect of the border weighting was investigated as well. 86 

Anatomical parameters 87 

To evaluate the applicability of SSM-based reconstructions in pre-operative shoulder planning, 88 

three anatomical parameters are defined: the inclination and version angle of the glenoid plane 89 

and the position of the glenoid center point. These parameter values can be computed using 90 

manually indicated landmark points. Sixteen points equally distributed along the glenoid rim 91 

are used to localize the glenoid center point and plane (Figure 3a). The glenoid center point is 92 

defined as the center of the circle that fits the points on the inferior glenoid rim, according to 93 

De Wilde4. The glenoid plane is determined as the best-fit plane through all points on the 94 

glenoid rim. Inclination and version are measured by the orientation of the glenoid plane in the 95 

scapular coordinate system8 (Figure 3b). This coordinate system is constructed by three points8: 96 

the glenoid center point, the angulus inferior (most inferior point) and the trigonum spinae 97 

(midpoint of the triangular surface on the medial border of the scapula). The line between 98 

glenoid center point and trigonum spinae defines the Z-axis. The X-axis is defined 99 

perpendicular to the scapular plane formed by all 3 landmark points, while the Y-axis is 100 

perpendicular to the X and Z-axis. To measure inclination and version, the glenoid plane normal 101 

is projected to respectively the YZ plane (scapular plane) and the XZ plane of the coordinate 102 

system. Then, the angle between the projected glenoid plane normal and the Z-axis is measured. 103 

Performance evaluation 104 

To evaluate the performance of the SSM-based reconstruction, artificial defect regions were cut 105 

out in all healthy scapulae of the SSM dataset. To account for multiple bone defect types, a 106 
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mild, a severe and an extreme defect region was defined on each scapula based on the Wallace 107 

classification method17 (Figure 4). The mild defect region represents a Wallace type 2 defect 108 

with the deepest point of erosion in the beginning of zone 2. The severe defect region accounts 109 

for a Wallace type 3 defect in which the erosion reaches zone 3 anteriorly. In this defect also 110 

the coracoid is affected by the anterior erosion. In the extreme defect region, the complete 111 

glenoid, coracoid and acromion are affected and all zones are eroded beyond the level of the 112 

spino-glenoid notch. Acromion erosion sometimes occurs for patients with massive rotator cuff 113 

tears. The humerus migrates superiorly and causes abnormal trauma and wear on the 114 

acromion.13,20,21 This extreme defect type is also classified as a Wallace type 3 defect. In this 115 

study, we did not explicitly include a Wallace type 1 defect as this is only slightly smaller than 116 

the mild defect type. Since the scapulae in the SSM dataset have corresponding surfaces, the 117 

artificial defect regions were indicated on only one scapula and then transferred to all other 118 

shapes. 119 

The performance of the SSM-based reconstruction was assessed by a leave-one-out approach. 120 

One scapula was left out of the dataset and an SSM was created with the remaining healthy 121 

scapulae. This new SSM was then used to reconstruct the artificial defect regions of the left-out 122 

scapula, following the reconstruction method described above. This approach was repeated for 123 

every scapula in the dataset. 124 

For each artificial defect reconstruction, the Root Mean Square (RMS) error on the 125 

reconstructed surface and the errors on the anatomical parameters (inclination angle, version 126 

angle and center point position) were computed. The error on the surface was defined as the 127 

RMS distance between the reconstructed scapula and the artificial cut-out of the original 128 

scapula (red surface in Figure 4). It is a general measure of how well the cut surface is 129 

reconstructed. The errors on inclination, version and center point position were measured as the 130 

difference between the reconstructed and the original values. To compute the inclination, 131 
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version and glenoid center point, the landmarks on the glenoid rim were indicated on one shape 132 

of the SSM and again transferred to both original and reconstructed scapulae using the surface 133 

correspondence.  134 
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Results 135 

Figure 5 visualizes the shape variations of the SSM in the first three modes of variation. These 136 

modes of variations are the most prominent ones within the scapula dataset. As can be seen in 137 

the figure, the first mode mainly contains the size variation of the SSM. Optimizing the shape 138 

coefficient of this mode will scale the model towards a scapula. The second mode of variation 139 

correlates to the height and width of the scapula. Finally, the third mode reflects the variation 140 

in acromion and coracoid arm orientation. 141 

Using the fitting algorithm with 20 modes of variation, 2 iterations and border weighting, the 142 

error on the reconstructed surface and the errors on the anatomical parameters all increase as 143 

the defect region enlarges (Figure 6). The surface RMS error increases from 1.2mm for small 144 

bone defects to 2.3mm for large bone defects. Also the error on inclination increases for larger 145 

defects, going from respectively 2.4° to 3.4°. The version error is less dependent on the defect 146 

size and has a value of approximately 2.9°. The total glenoid plane orientation error becomes 147 

4.3° for a mild defect, 4.5° for a severe defect and 5.0° for an extreme defect. The reconstruction 148 

of the center point has an accuracy error of 1.8mm for a small defect and 3.4mm for a large 149 

defect. The center point has the smallest error in the anterior-posterior direction. For an extreme 150 

defect, the error in the anterior-posterior direction was only 1.3mm, while an error of 2.3mm 151 

and 1.7mm was observed in respectively the inferior-superior and medial-lateral direction. 152 

Furthermore, there was no bias in the orientation of the inclination and version error or in the 153 

direction of the center point errors: Accounting for the sign of each error, the mean values 154 

deviated from zero with less than one millimeter or degree. 155 

Adding the border weighting to the fitting algorithm has a positive effect on the reconstruction 156 

results as shown by a decrease in all reconstruction errors (Figure 7). For a mild bone defect, 157 

the surface RMS error, the inclination error and the version error decrease from respectively 158 

1.4mm to 1.2mm, 2.6° to 2.4° and 3.3° to 2.9°. Also the glenoid center point error improves 159 



 Virtual glenoid bone reconstruction 

10 
 

from 2.3 to 1.8mm and in all three directions. For the severe and extreme defect, similar 160 

improvements were found. Furthermore, the amount of shape variations and iterations had a 161 

limited effect on the reconstruction results. The reconstruction errors slightly improved when 162 

more modes of variation are used, but after 20 modes no more consistent improvements were 163 

found.  164 
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Discussion 165 

An SSM-based reconstruction method was evaluated for the reconstruction of glenoid bone 166 

defects. In case of a mild glenoid bone defect of Wallace type 2, the 66 scapulae of the dataset 167 

could be reconstructed with a mean error of 1.2mm on the glenoid surface (RMS), 2.4° on the 168 

inclination angle, 2.9° on the version angle and 1.8mm on the center point position, with the 169 

smallest error in the anterior-posterior direction. All reconstruction errors largely depend on the 170 

size of the glenoid bone defect. Adding the border weighting to the fitting algorithm clearly 171 

improved the reconstruction results. The other fitting parameters (number of shape variations 172 

and iterations) showed a smaller impact on the results. 173 

Since reconstruction errors increase for larger bone defects, the defect region should be selected 174 

carefully to obtain the best reconstruction results. Healthy regions should be preserved as good 175 

as possible while all defect regions need to be removed. The positive effect of the border weight 176 

on the reconstruction results shows that the healthy regions close to the defect contain important 177 

information about the missing part. 178 

For surgeons, the mediolateral position of the native glenoid center point helps to determine if 179 

and how much the implant needs to be lateralized with bone grafts. Using an SSM-based 180 

reconstruction this can be predicted with a mean error of less than 2mm, depending on the 181 

defect size. The fact that the observed errors were smallest in the anteroposterior direction can 182 

result from the small width of the scapula, leading to a small shape variation of the SSM in that 183 

direction. 184 

SSM-based reconstruction of glenoid bone defects was found to outperform alternative methods 185 

described in literature: The SSM-based reconstruction method can predict glenoid version with 186 

a smaller mean error that the glenoid vault template model of Scalise et al24 (3.68°) and the 187 

measurement based methods of Ganapathi et al9 (3.23°). Moreover, both alternative methods 188 
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are evaluated on small glenoid bone defects without the coracoid or acromion being affected. 189 

Beside the smaller errors, SSM-based reconstruction enables more than version estimation only. 190 

The reported errors are of the same magnitude as the accuracy of implant positioning using 191 

patient-specific instrumentation. Hendel et al14 studied the accuracy of implant position with a 192 

patient-specific guide and found a mean error of 2.9° of inclination, 4.3° of version and 2.4mm 193 

translational offset. Levy et al19 reported an inclination accuracy of 1.2 +/- 1.2°, a version 194 

accuracy of 2.6 +/- 1.7° and a translational accuracy of 1.2 +/- 0.7mm. Eraly et al7 found an 195 

inclination, version and translational error of respectively 1.2 +/- 1.2°, 1.8 +/- 1.2° and 1.3 +/- 196 

0.7mm using a patient-specific guide and a patient-specific implant. Iannotti et al16 evaluated 197 

the accuracy of a reusable guide with a patient-specific bone model and found an inclination 198 

error of 3.1°, a version error of 4.0° and an anteroposterior and superoinferior position error of 199 

respectively 1.1 mm and 0.9mm. 200 

The glenoid reconstruction performance is similar to the acetabular reconstruction performance 201 

reported in Vanden Berghe et al25. For both acetabulum and glenoid, the defect size showed a 202 

large impact on the reconstruction results, while the effect of the fitting parameters was small. 203 

The larger plane orientation error of the glenoid compared to the acetabulum can be cause by a 204 

large plane variation in the scapula SSM. This large variation might result from the small 205 

diameter of the glenoid. As our results are similar to the errors reported for acetabular 206 

reconstruction, SSM-based reconstruction can be useful for the defect reconstruction of other 207 

bones as well. 208 

This study has two main limitations. First, the CT scans originated from patients with shoulder 209 

pathology, which could affect the bony morphology of the scapula. However, all CT scans were 210 

visually inspected by an experienced shoulder surgeon and all scapulae with arthritic signs were 211 

removed. Secondly, the reconstruction method was only evaluated for artificially created bone 212 

defects. Arthritis might influence more regions than only the glenoid. This could lead to larger 213 



 Virtual glenoid bone reconstruction 

13 
 

inaccuracies when fitting the SSM towards the expected healthy regions. However, we assume 214 

that arthritis is limited to the glenoid and potentially the coracoid and acromion but that other 215 

regions are only slightly affected. Furthermore, since only the first twenty modes of the SSM 216 

are optimized, small variations on the scapula shape will only have a limited effect on the 217 

reconstruction result.  218 
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Conclusion 219 

This study shows that a statistical shape model enables accurate reconstruction of a glenoid 220 

bone defect and prediction of native anatomical parameters. The observed errors on the 221 

predicted version are smaller than the errors of template-based and measurement-based 222 

methods described in literature. Based on these results, statistical shape modeling can be 223 

considered as a successful tool to support surgeons in the preoperative planning of shoulder 224 

arthroplasty.   225 
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Figure Legends 303 

Figure 1: The subsequent steps in the creation of an SSM. 304 

Figure 2: The reconstruction workflow consists of two steps. First, the defect region is manually 305 

cut out. Then, the SSM is fitted to the remaining healthy regions. 306 

Figure 3: (a) The glenoid plane and center point are defined by 10 points on the inferior rim 307 

(blue) and 6 points on the superior rim (red). These landmark points are manually indicated on 308 

one shape of the SSM and then transferred to all other shapes thanks to the corresponding 309 

surfaces. The glenoid plane is defined as the plane fitting through all 16 points along the glenoid 310 

rim. The glenoid center point is defined as the center of the circle that fits the points on the 311 

inferior rim.4 (b) The coordinate system with the X-axis in the anterior direction, the Y-axis in 312 

the superior direction and the Z-axis in the lateral direction. 313 

Figure 4: The reconstruction performance was assessed for three defect types: (a) a mild defect, 314 

(b) a severe defect and (c) an extreme defect. The red surfaces were cut out to represent the 315 

affected regions. 316 

Figure 5: Shape variation in the first three modes of variation of the SSM. The SSM shape is 317 

shown for a shape coefficient of -3σ, 0 and +3σ, with σ the standard deviation of the shape 318 

coefficient in that mode. The middle column shows the mean scapula shape, for which all shape 319 

coefficients are zero. The first mode mainly reflects the size variation, the second mode 320 

represents the width and height of the scapula and the third mode correlates to acromion and 321 

coracoid arm orientation. 322 

Figure 6: The reconstruction errors increase when the glenoid bone defect enlarges. The mean 323 

(colored bar) and standard deviation (black line) are shown for the surface RMS error (surf), 324 

the inclination error (incl), the version error (vers) and the center point error (center). The center 325 

point error is also reported for each direction separately, being anterior-posterior (ant-post), 326 

inferior-superior (inf-sup) and medial-lateral (med-lat). 327 
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Figure 7: The reconstruction results of a mild bone defect are positively affected by the border 328 

weighting. The mean (colored bar) and standard deviation (black line) are shown for the surface 329 

RMS error (surf), the inclination error (incl), the version error (vers) and the center point error 330 

(center). The center point error is also reported for each direction separately, being anterior-331 

posterior (ant-post), inferior-superior (inf-sup) and medial-lateral (med-lat).  332 
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