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Abstract 

Introduction: The aim of this study was to identify points on the scapula that can be 

used to predict the anatomy of the native premorbid glenoid. 

Material and methods: Forty-three normal scapulas reconstructed in 3D and 

positioned in a common coordinate system were used. Twenty points distributed over the 

blade of the scapula (portion considered normal and used as a reference) and the glenoid 

(portion considered pathological and needing to be reconstructed) were captured manually. 

Thirteen distances (X) between two points not on the glenoid and 31 distances (Y) between 

two points of which at least one was on the glenoid were then calculated automatically. A 

multiple linear regression model was applied to calculate the Y distances from the X 

distances. The best four equations were retained based on their coefficient of determination 

(R2) to explain a point on the glenoid being reconstructed (p < 0.05). In the first scenario, the 

glenoid was modeled assuming it was completely destroyed. In the second scenario, only the 

inferior portion of the glenoid was worn. 

Results: For a completely destroyed glenoid, the mean error for a chosen distance for a 

given point on the glenoid was 2.4 mm (4.e-3 mm; 12.5 mm). For a partially damaged 

glenoid, the mean error was 1.7 mm (4.e-3 mm; 6.5 mm) for the same distance evaluated for a 

given point on the glenoid. 

Discussion/Conclusion: The proposed statistical model was used to predict the 

premorbid anatomy of the glenoid with an acceptable level of accuracy. A surgeon could use 



this information during the preoperative planning stage and during the actual surgery by using 

a new surgical assistance method. 

Keywords: premorbid glenoid; multiple linear regression; statistical prediction; surgical 

assistance; shoulder arthroplasty  



Introduction 

Any surgical assistance method should allow the surgeon to refer to something visible 

as a reference, and to what is usually considered normal, so the surgeon can modify the 

procedure to correct the causative pathology. One example is the recent application of patient-

specific guides (PSGs) in shoulder surgery, with the customized guides assisting with glenoid 

positioning. The PSG is secured to the glenoid, which is the only landmark visible to the 

surgeon. When PSGs are being designed, they incorporate the deformity correction from the 

preoperative plan, which is based on restoring normal anatomical parameters (version, 

inclination) (1-4). The limitations of PSG technology are that the surgeon uses the 

pathological glenoid to position the guide, which has variable amounts of wear and can be 

difficult to recognize in certain cases. At no point does the surgeon have a reliable, normal 

anatomical standard that could be used in case of technical difficulties. Moreover, no 

intraoperative criterion exists that can be used to assess the quality of the procedure carried 

out. This may result in a similar surgical scenario or can evolve into the situation the surgeon 

experienced before PSG technology was developed. 

Preoperative and intraoperative visual information on the normal glenoid desired by 

the end of the surgery could be beneficial to the surgeon during the procedure. Another piece 

of intraoperative information—anatomical location and orientation of the whole scapula 

within its dense muscular envelope—would also represent meaningful progress for the 

surgeon’s understanding and tracking in the surgical environment (5). 

The end goal of providing the surgeon with intraoperative visual information on the 

appearance of the premorbid glenoid (i.e. state before it became worn) must go through a 

design process like the one used with PSG technology (2, 3, 6-9). Before customized guides 

are manufactured, a preliminary preoperative planning step is required that incorporates three-

dimensional (3D) computed tomography (CT) reconstruction of the scapula (4, 9, 10). The 



first step, namely modeling of the native or premorbid glenoid anatomy, must be completed 

before we can contemplate rebuilding a pathological glenoid into a normal one. The next step 

is transferring this information in the form of visual intraoperative assistance. The scientific 

challenge of restoring a normal glenoid resides in the fact that the information available about 

the glenoid at this preoperative step is, by definition, incomplete or even missing because of 

the glenoid’s deterioration. The only normal anatomical structure usable at this stage is the 

blade of the scapula. These scapular landmarks, which are theoretically stable over time 

because they are not impacted by osteoarthritis, are the key to reconstructing the native 

glenoid. The aim of this first part of this work was to identify points on the scapula that can be 

used to predict the native premorbid glenoid anatomy using mathematical modeling with 

multiple linear regression techniques.  



Materials and methods 

1/ Materials 

a/ Imaging of the scapula 

Forty-three CT scans of normal glenohumeral joints were used in this project. The 

scans were preselected based on patient age and CT indication. Thus the CTs were from 

patients having an average age of 43.3 years (28–55 years). The CTs were initially ordered 

during the work-up of a polytrauma patient or a proximal humerus fracture. Each chosen CT 

was viewed and analyzed in its entirety to ensure the glenoid side of the joint was normal (no 

osteoarthritis, dysplasia or traumatic sequelae) and that the entire scapula was visible. These 

images were initially in DICOM format. They were imported into ImageJ® software to 

extract only the scapula in its entirety. The resulting files were in TIFF format. Lastly, the 

files were converted into OBJ format, so they could be used in the 3D imaging software 

chosen for all the portions of this research project: Blender®. 

b/ 3D imaging software 

Blender® (Blender Foundation, the Netherlands) is an open-source, 3D modeling, 

animation and rendering software. It has advanced modeling, 3D sculpting, texture mapping, 

special effects, 3D animation and rendering functions. Version 2.68a was used in this project. 

With the Blender® software, the coordinates and center of an object were critical 

during the various experiments to ensure the same working coordinate system was used for 

each of the 43 manipulated scapula. 

c/ Data processing and analysis software  

We used the R® software in this project. This is open-source data processing and 

statistical analysis software implemented with the R programming language, which was itself 

inspired by Scheme (The R Foundation). 

 



2/ Methods 

The objective of modeling a native glenoid required several steps to be completed. The 

first was to construct a database with the set of 43 healthy scapulas. Linear regression 

techniques were then applied to model the native normal glenoid. 

a/ Database 

Precise manual pointing of each of the 43 normal scapulas reconstructed in 3D and 

placed in a common reference system was carried out with Blender®. Twenty points were 

captured by the surgeon. These points were chosen to be easily identifiable when they are 

selected on each scapula. A comparison of the pointing done by two, independent, non-

surgeon raters was done beforehand to validate the reproducibility and precision of the 

process that will be repeated on the 43 scapula. 

The points were distributed between the blade of the scapula, which was considered as 

normal over time and thus served as a reference, and the glenoid, which was considered as 

becoming pathological over time, thus a candidate for reconstruction. For each scapula in our 

study, a CSV (comma-separated value) spreadsheet was created to capture the coordinates 

(x,y,z) of each of the 20 points recorded. The following points were chosen, as shown on 

Figure 1: 

  - P1: superior glenoid 

  - P2: inferior glenoid 

  - P3: most posterior point on glenoid 

  - P4: most anterior point on glenoid 

  - P5: most superior point on scapular blade 

  - P6: most inferior point on scapular blade 

  - P7: most medial point on scapular blade (or trigonum spinae) 

  - P8: middle of the base of the spine projected on glenoid 



  - P9: most posterior point on acromion 

  - P10: most anterior point on acromion tip 

  - P11: tip of coracoid process 

  - P12: bottom of suprascapular notch 

  - P13: junction of the pillar’s anterior and posterior ridges 

  - P14: anterosuperior pillar projected on glenoid 

  - P15: posterosuperior pillar projected on glenoid 

  - P16: inferior edge of base of spine projected on glenoid 

  - P17: superior edge of base of spine projected on glenoid 

  - P18: posterior edge of coracoid base projected on glenoid 

  - P19: posterior edge of coracoid base projected on glenoid  

  - P20: middle of coracoid base projected on glenoid. 

 With this set of points, the next step was to define 44 distances to be calculated, which 

corresponded to the variables needed to apply the regression methods. 

- Xi, j distances: 13 of them – the distance between two points, Pi and Pj, not on the 

glenoid. These distances were explanatory parameters, as they are unchanged even in a 

pathological glenoid. The following X distances were retained: X5,6, X5,7, X5,10, X5,11, X6,7, 

X6,9, X6,11, X7,9, X7,10, X7,12, X9,10, X10,11, X11,12. 

 - Yi, j distances: 31 of them – the distance between two points, Pi and Pj, at least one of 

which was on the glenoid. These distances were variables to be explained, as they are used to 

reconstruct the glenoid shape, once a model has been chosen for each one. The following Y 

distances were retained: Y1,2, Y3,4, Y1,7, Y2,7, Y3,7, Y4,7, Y7,8, Y7,14, Y7,15, Y7,16, Y7,17, Y7,18, 

Y7,19, Y7,20, Y2,13, Y13,14, Y13,15, Y6,14, Y6,15, Y1,12, Y2,12, Y3,12, Y4,12, Y8,12, Y12,14, Y12,15, Y12,16, 

Y12,17, Y12,18, Y12,19, Y12,20. 



The distances chosen between points were calculated automatically using a tool 

developed in Java. This tool generated a matrix of 44 distances for each of the 43 scapulas or 

individuals. Several successive verifications of the matrix were performed to ensure there 

were no aberrant measurements or individuals. 

b/ Application of multiple linear regression 

The aim was to predict where each point is located on the glenoid based on its 

coordinates (x, y, z). Since these are obviously known beforehand, we could use this 

information to verify the consistency and accuracy of our predictive model. Since it is a 3D 

space, to find the coordinates of a glenoid point, we need to have four distances calculated 

from points with known coordinates. Thus, for each point, a local point-level model was 

composed of four distance equations. For example (Figure 2), to determine the coordinates of 

unknown point P1, we needed the distance estimates P1/P10, P1/P11, P1/P7, P1/P13, with the 

coordinates for the points Pi, ∀i≠1 are known. For each of these distances, a predictive 

equation was calculated; the entire set of these equations formed the local model at point P1. 

The distances P1/P10, P1/P11, P1/P7, P1/P13 were themselves estimated based on known 

distances (P10/P11, P10/P7, P10/P13, P11/P13…) during the use of multiple linear regression. 

When applied specifically to the normal glenoid modeling project, the first regression 

problem was to identify the distances Xi, j to be used to explain the distances Yi, j. In the end, 

all of the possible Xi,j combinations were taken into account. The best combinations were 

then selected based on the highest possible coefficient of determination R2, with a minimum 

of 0.75, a p-value below 0.05 and tests evaluating the squared residuals (Breusch-Pagan and 

Breusch-Godfrey tests). We decided to use up to four explanatory variables per equation. 

The second problem was to identify, among the Yi, j distances to be explained 

(calculated), the best four equations to define the coordinates of the desired point Pi on the 

glenoid. We constructed a matrix of distances Yi, j, ∀j such that Pj was outside the glenoid. A 



new script selected the best four statistically significant equations based on the values of the 

coefficient of determination, R2. 

This method was applied to characterize each point on the glenoid (Figure 1), except 

for points P8 and P20 that we excluded because they were deemed redundant relative to 

neighboring points. In the first scenario, the glenoid modeling was done assuming the glenoid 

was completely destroyed. In practice, glenoid wear is most often localized, as evidenced by 

the classifications schemes of Walch et al. (11) and Favard et al. (12). Thus in the second 

scenario, the glenoid modeling was done assuming only the inferior portion of the glenoid 

was worn. The same regression methods were applied to only the points on the inferior 

portion of the glenoid, assumed to be missing because of inferior wear. Two new 

configuration files were tested in this second scenario. One contained the distance matrix with 

the Xi, j identical to those of the first scenario, but with the Yk,l variables removed, including 

the upper k points on the glenoid, since the latter no longer needed to be determined. In the 

other, new X-type explanatory variables were added, corresponding to the new points, which 

are now known, on the superior portion of the glenoid: P1, P16, P17, P18, P19. In this 

configuration, the Y-type distances involving these points, considered as “to be explained” in 

the first scenario tested, themselves became explanatory variables for the second modeling 

scenario (fig 3).  



Results 

1/ Equations 

In the first scenario of a completely destroyed glenoid, the points P5 and P6 on the 

scapular blade were the best at predicting the coordinates of the glenoid points. The distances 

involving these points were always in the first two equations for modeling each point. The 

other points isolated in the other two equations for each model were more variable in their 

predictive ability. A portion of these results reporting the best four equations of distances Yi, j 

to be explained to characterize all of the glenoid points are provided in fig 4. 

In the second scenario of a glenoid with inferior wear only, the introduction of new 

points with known coordinates, which were as close as possible to the destroyed glenoid 

being reconstructed using the new configuration files of distance matrix enriched with new 

“X” (i.e. X q, 5, Xq, 6, Xq, 7, with q ε {1, 16, 17, 18, 19}), led to a sensible improvement in the 

coefficients of determination, with confirmation of the relevance of points P5, P6 and the point 

P7 (fig 5). 

2/ Relevance of equations 

Verification of the quality of the equations obtained for the two previously described 

models, on the scale of the 43 scapulas used in this project, was done by calculating the mean 

error induced by these equations using the root mean square deviation (residuals). In the 

completely destroyed scenario, the mean error for a chosen distance for a given point was 2.4 

mm (4.e-3 mm; 12.5 mm). In the partially destroyed scenario, the mean error was 1.7 mm 

(4.e-3 mm; 6.5 mm) for the same distance evaluated for a given point; note that the number of 

points to predict was lower in this model. The mean error and its maximum value were cut in 

half relative to the first model.  



Discussion 

In this paper, we presented the complete process for developing a predictive model for 

a normal premorbid glenoid, which was based on a multiple linear regression method using a 

data set consisting of 43 healthy scapulas. The prediction accuracy of a given point on the 

glenoid ranged from 1.7 to 2.4 mm, depending whether part or all the glenoid needed 

reconstruction, and consequently the initial number of known points available as input for the 

statistical model. 

The most important points to the prediction were the superior, inferior and medial 

(trigonum spinae) edges of the scapular blade. The latter two points had already been retained, 

with the center of the glenoid, to establish the reference anatomical coronal plane of the 

scapula (13). A scapular 3D axial or transverse reference plane was also defined, which was 

orthogonal to the prior one, passing through the medial point on the trigonum spinae and the 

glenoid center. These planes were initially defined to provide a reliable analysis method for 

glenoid anatomy. The scapular coordinate system created was independent of the position of 

the patient’s shoulder or the orientation of the scapula during the examination, and 

consequently of its environment. It could be used to measure the defects in version and 

inclination of the pathological glenoid being corrected with a shoulder implant. Nevertheless, 

evaluating these descriptive glenoid criteria required us to define a reference plane for the 

glenoid itself. Several methods, two-dimensional (2D) and 3D, have been described (13-16). 

In addition to being tedious to implement, these methods are challenged when defining points 

of interest on the glenoid to reconstruct a plane, all the more in a pathological situation of 

wear or joint destruction. 

More recently, 3D reconstruction and automatic segmentation software packages have 

been developed and made available to surgeons. These aim to allow accurate preoperative 

planning of a total shoulder arthroplasty procedure (4, 5, 17), and also to design PSGs used to 



transfer and carry out intraoperatively the previously established plan. One of the most well-

designed packages is the one developed by Imascap (Plouzané, France). This software, called 

Glénosys®, uses a least-square method to automatically created new scapular and glenoid 

planes, using all the 3D points on the scapula, no matter where the joint is damaged (17-19). 

In fact, it is based on these observations that this research project was implemented to develop 

a predictive statistical model for the premorbid glenoid. Beyond the description of the 

pathological glenoid, as is commonly done, our goal was to model the native glenoid. In 

practice, this is what surgeons hope to achieve when performing total shoulder arthroplasty. 

The surgeon attempts to use all the normal anatomical landmarks available, such as the blade 

of the scapula. 

Prior knowledge of the anatomy of the premorbid glenoid being reconstructed could 

supplement the information provided by 3D planning and PSG design. The precision of the 

glenoid positioning with conventional manual instrumentation ranges from 7° to 11° for version 

and inclination. The accuracy for the placement of the entry point of the glenoid preparation pin 

when using PSGs is estimated to be 3 mm (1). When there is significant glenoid wear, with the 

need for a graft or augmented implant, we can presume the accuracy will be lower. When using 

PSGs, it is in fact the pin’s entry point that is planned. When using a graft, this entry point no 

longer corresponds to the middle of the glenoid base plate when using a reverse shoulder implant. 

Intraoperatively, there is no way to verify the accuracy of the procedure carried out, or to go back 

to information about the desired correction objective. Thus it may be helpful for the surgeon to 

have a reconstruction of the premorbid glenoid available during the procedure. 

The same ideas on the premorbid anatomy have also been discussed in the context of 

the proximal humerus (18). The problem of reconstructing the humeral epiphysis, especially 

in the trauma context, is comparable to that of correcting an arthritic glenoid. In fact, the 

anatomical landmarks are often missing and can make the fixation and implantation of the 

humeral prosthesis difficult or approximative. 



Our study has several limitations. The first is related to its methods. All of the 

preliminary steps needed to develop the statistical model require manual imaging processing 

procedures (3D reconstruction, segmentation, capturing of points) with different software 

packages (ImageJ®, Blender®). Learning the various operations and mastering them may 

have contributed to imprecisions when putting together the initial database. An inter-rater 

reproducibility study was conducted to make sure the anatomical points captured on each 

scapula were relevant and precise. 

Another limitation is the fact the accuracy of our statistical model was evaluated on 

only the 43 scapulas used to create the regression equations. In the end, this population served 

as its own control to evaluate the predictive method developed. It would have been interesting 

to test the equations developed on pathological cases, meaning scapulas with arthritic 

glenoids that are already worn and deformed. This is actually one of the methodological 

strengths of the project done to predict the premorbid anatomy of the proximal humerus. The 

statistical model developed was proven in cases of fracture and humerus defect (18). 

Lastly, it would be interesting to test our prediction method on more complex 

descriptive features, such as version or inclination, instead of simply on glenoid points. In 

reality, this is the type of information that guides the correction and glenoid implantation 

strategy clinically. 

Nonetheless, the approach used in the current study is relevant and original. Recent 

developments in 3D planning and PSG technology only provide partial information to support 

implant positioning, and on which the surgeon has no means of feedback during the 

procedure. The possibility of knowing the premorbid glenoid anatomy could constitute new 

preoperative and intraoperative information, helping the surgeon perform the needed 

correction and to select the implant features that are most suitable to the reconstructed 

anatomy.  



Conclusion: 

 A statistical model to predict the premorbid anatomy of the glenoid was described in 

this article. This is new information for the surgeon, which could supplement the information 

provided by preoperative 3D planning and PSG design. The next challenge is to find and 

develop the medium by which this information will be made available and delivered to the 

surgeon. The emergence of augmented reality techniques is one potential surgical assistance 

means. This is the second avenue that will be explored and developed in part two of this 

project. 
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Figure 1 : Image of the points picked on the scapula (sagittal view on the left and frontal view 

on the right). 

 

Figure 2: Representation of the goal set for the multiple linear regression model. Schematic 

example of the determination of a point (P1) on the glenoid from different scapular points 

located outside the glenoid (P5, P6, P7, P9, P10, P11, P13). Four distance equations (P1-P10, P1-

P11, P1-P7, P1-P13) were retained each time.  



fig3: Configuration files of the distance matrix used for the regressions. On the left, the 

scenario of a completely destroyed glenoid. On the right, the scenario of a partially worn 

glenoid; the first configuration did not take into account the new variables X with the new 

points available on the upper glenoid, while the second configuration took them into account. 
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Fig 4: Examples of distance regression equations, with the best four explaining the points on 

the completely destroyed glenoid. The points P5 and P6 on scapular blade best predicted the 

coordinates of the points on the glenoid. 

 

  



Fig 5: Examples of distance regression equations, with the best four explaining the points on 

the partially destroyed glenoid. The points P5, P6, and P7 on the blade of the scapula best 

predicted the coordinates of the points on the glenoid. 
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