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Abstract 
Background: Patient-specific scapular shape in functional posture can be highly relevant to 

clinical research. Biplanar radiography is a relevant modality for that purpose with already two 

existing assessment methods. However, they are either time-consuming or lack accuracy. The 

aim of this study was to propose a new, more user-friendly and accurate method to determine 

scapular shape.  

Methods: The proposed method relied on simplified manual inputs and an upgraded version of 

the first 3D estimate based on statistical inferences and Moving-Least Square (MLS) 

deformation of a template. Then, manual adjustments, with real-time MLS algorithm and 

contour matching adjustments with an adapted minimal path method, were added to improve 

the match between the projected 3D model and the radiographic contours. The accuracy and 

reproducibility of the method were assessed (with 6 and 12 subjects, respectively). 

Findings: The shape accuracy was in average under 2 mm (1.3 mm in the glenoid region). The 

reproducibility study on the clinical parameters found intra-observer 95% confidence intervals 

under 3 mm or 3° for all parameters, except for glenoid inclination and Critical Shoulder Angle, 

ranging between 3° and 6°.  

Interpretation: This method is a first step towards an accurate reconstruction of the scapula to 

assess clinical parameters in a functional posture. This can already be used in clinical research 

on non-pathologic bones to investigate the scapulothoracic joint in functional position. 
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Introduction 
The importance of knowing the patient-specific shape of the scapula for surgical 

planning is widely acknowledged [1]. Clinical parameters such as glenoid size,  version, and 

inclination are commonly calculated to select the most appropriate implant and its orientation 

[1]–[3]. Various imaging modalities can be used to assess scapular shape, such as MRI [4], CT-

scan [5], and biplanar X-rays [6]–[8]. CT-scans remain the most accurate method of assessing 

scapular shape, particularly in the glenoid region.  

Recent studies [9], [10] have shown that information on the position and the orientation 

of this bone can improve therapeutic management. In reverse total shoulder arthroplasty cases, 

the ideal retroversion angle for the humeral component appears associated with the orientation 

of the scapula [9]. Other areas of clinical research that could benefit from this data include 

rotator cuff tear pathologies [11], [12], and novel rehabilitation practices in patients with poor 

shoulder posture because of thoracic hyperkyphosis [13]. Parameters related to scapular 

position and orientation can be calculated using either external measurements, such as an 

inclinometer [14] or a goniometer [15], or medical imaging such as CT-scan, MRI or biplanar 

X-rays. A major drawback with CT-scans or MRI is that patients are in the supine position 

during acquisition. Therefore, biplanar radiography becomes an interesting alternative to obtain 

relevant information on both the shape and the orientation of the scapula while the patient is 

standing. 

In order to obtain data on the clinical parameters and the orientation of the scapula, an 

accurate 3D reconstruction and a robust coordinate system are required. Various coordinate 

systems have been described in the literature [16]–[19] and  many studies have assessed normal 

and abnormal scapular kinematics or pseudo-kinematics [12], [20], [21]. Recent studies show 

that a “glenoid-oriented” coordinate system [22] is worth considering when studying scapular 

kinematics, especially when a 3D model is available. Previously developed 3D reconstruction 

methods [23], [24] to quantify glenohumeral displacements [6], [8], and to study scapular 

pseudo-kinematics [12] have used biplanar radiography. However, these lacked accuracy, were 

too time-consuming and required intensive training. Indeed, the first method described requires 

an expert user and reconstruction takes about 20 minutes [6] and while the second method takes 

only 5 minutes for an expert user, the systematic error was more than 3 mm.[25].  

The aim of this study was to propose a user-friendly 3D reconstruction method of the 

scapula based on biplanar radiographs and to assess its accuracy. Clinical parameters and a 

coordinate system were determined and calculations based on anatomical landmarks extracted 

from the 3D reconstructions. The reproducibility of these parameters and of the chosen scapular 

coordinate system was also assessed to further evaluate the method.  

Methods : 
Materials 

1. Subjects

Biplanar radiographs  from a previous study were collected retrospectively [8]. The study 

was approved by local ethics committees (CE09.261 – CHUM 2010-02-03, and BD07.001, 

Canada). Radiographs were taken in 40° axial rotation relative to the antero-posterior view of 

the patient with the EOS acquisition system (hereafter called Rx40) (fig. 1). This technique was 



chosen to avoid bony superimposition of both shoulders and the spine observed with a strict 

lateral view (EOS Imaging, Montréal, Canada) [8]. The EOS acquisition system allows the 

simultaneous acquisition of two low-dose X-ray images in two orthogonal planes. The images 

collected were used to assess the reproducibility of the proposed method.  

Figure 1: Orientation of the patient in the EOS cabin 

To evaluate the accuracy of the method, CT-scans from six cadavers were used. There were 

no CT-scans of the patients for ethical reasons. To create artificial EOS images,  biplane 

Digitally Reconstructed Radiographs (DRR), were generated from each scan using an internal 

software  from a prior publication [26]. This process reproduces the vertical X-ray scanning 

method of the EOS system. DRR were generated to replicate in vivo EOS images, as if the 

patient was in the same Rx40 position (fig. 2). 

Figure 2: Digitally Reconstructed Radiographs (DRR) projection planes 

2. 3D meshes database

A database of 40 scapula meshes described in a previous study [27] was used. Each scapula 

was meshed and registered using the Statismo software framework [7],[28]. Elements annotated 



on the 2D images will be referred to as landmarks and elements taken from the 3D 

reconstruction referred to as points. A mean mesh was generated from an in internal software 

and divided into seven main regions or landmarks (lateral and medial borders, glenoid, 

coracoid, acromial tip, scapular spine and scapular joint line) and sub-regions to assess more 

specific areas such as the anterior border of the glenoid. This produced a reduced number of 

points representing key 3D anatomical elements of the scapulae. The scapulae were then aligned 

using a local coordinate system based on three scapular landmarks: the glenoid inferior border, 

the scapular inferior angle and the trigonum spinae (TS). This database was used to generate a 

statistical model that will be described in the following section. 

Methods 

The reconstruction method involves the following steps: 1. Anatomical landmarks (2D 

coordinates) were digitized on both radiographs. 2. A first estimate was computed 3. Interactive 

manual and semi-automatic adjustments were made. 4. A coordinate system and 5. Clinical 

parameters for the scapula were computed.  

1. Anatomical landmark digitization on radiographs

The following landmarks were annotated on each radiograph:  the inferior and superior 

borders of the glenoid, the inferior and superior angles of the scapula, the coracoid tip and the 

TS. 

1.1. First estimate computation 

The process is summarized in fig. 3 and detailed here. 

From the 2D digitized stereo-corresponding landmarks, we computed the 3D 

coordinates of a primary set of points (fig. 3 a) and b)). A local coordinate system was computed 

for inference purposes (fig. 3b). All scapulae from the database were aligned according to this 

coordinate system. 

The anterior and posterior borders of the glenoid were unclear on the frontal radiograph 

and the view altered by bony superimposition on the lateral radiograph. Hence, these were 

inferred before computing the first estimate. Data were inferred using a posterior shape model 

[29] (with 2 mm noise modelling to account for uncertainty in the manual annotations). The 

primary and additional point sets were then used to deform the above-mentioned scapula mean 

mesh. 

Prior to mesh deformation, the primary and additional 3D points were also defined on 

the mean mesh (fig. 3d). Then, the mean mesh was deformed using a Moving Least Square 

(MLS) algorithm [30] to fit the model’s landmarks to the annotated and inferred landmarks on 

the radiographs. 
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Figure 3 : a) Annotation step ; b) 3D primary set of points (CT : Coracoid Tip, GIB : Glenoid Inferior Border, GSB : 

Glenoid Superior Border, IA : Inferior Angle, SA : Superior Angle, TS : Trigonum Spinae); c) 3D annotated and inferred 

landmarks (GAB : Glenoid Anterior Border, GPB : Glenoid Posterior Border) ; d) Mean mesh and extracted landmarks 

(GBs : Glenoid Borders) ;  e) 3D annotated and inferred landmarks (blue) and mean mesh extracted landmarks (black) ; f) 

3D reconstruction first estimate 

2. Interactive adjustments

2.1. Manual adjustments 

The first estimate was projected onto both radiographs and the bony contours were 

extracted [31], [32]. Sixteen stereo-corresponding handles were then placed on the projected 

contours of the object (see fig. 4) at the coracoid process, the glenoid, the inferior angle, the 

superior angle, the root of the spine, and partially at the acromion. These handles were editable 

by the user to adjust the contours of the first estimate to the contours viewed on the radiographs. 

Each adjustment triggered real-time MLS [30] deformations of the first estimate. Then, if the 

operator needed to refine the acromion, another MLS deformation step with more specific 

landmarks was possible. This manual adjustment procedure was performed in three to five 

minutes, producing an estimate as close as possible to the final model, thus facilitating the next 

step.  

a)  b)

Figure 4: MLS deformation handle in the first phase of manual refinement a) : on the biplanar radiograph b) on a 3D model 



2.2. Further adjustments 

A Minimal Path Algorithm (MPA) [33] combined with a kriging algorithm [34] adapted 

from Girinon et al., [35] was then implemented for the final adjustments. First, a median 

recursive filter was applied to the images. Some of the contours of the coarse model were 

projected onto the images, and a search band was created around these contours. The gradient 

cost map was associated with the pixels forming this search strip.  

Once the new contour was identified, the 3D object was deformed using a kriging algorithm 

to follow the new contour. An option was then added to the adapted minimal path method [36] 

to allow the operator to confirm that the contour was correctly identified.   

3. Coordinate system definition

A scapula coordinate system (SCS) was proposed to quantify the position and

orientation of the scapula. It was  defined using three anatomical landmarks: the geometrical 

center of the glenoid, the TS and the Inferior Angle (IA) [17] (see fig. 5 d). The Z axis was then 

defined by the line between the center of the glenoid and the TS. The Y axis was the vector 

orthogonal to the plane defined by the center of the glenoid, the TS and the IA of the scapula. 

The X axis was orthogonal to the Z and the Y axes.  

4. Clinical measurements

The following parameters, suggested in a previous study [7], [25] were automatically 

computed as described below and in fig. 5 :  

• The height and width of the glenoid were computed as the distance between the

inferior and superior borders of the glenoid and between the anterior and posterior

borders, respectively [37] [38].

• The morphological inclination of the glenoid [25], [39]. Intrinsic to the shape of the

scapula and therefore it does not vary whether the patient is in the supine or standing

position.

• The inclination of the glenoid in a functional posture [25], [40]. Changes in a

standing position and may vary according to the orientation of the scapula.

• The glenoid version [25]. Calculated in the plane defined by the TS, the glenoid

anterior border (GAB) and the glenoid posterior border (GPB) to calculate the angle
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between the orientation of the glenoid and the plane of the scapula passing through 

the TS and the centre of the glenoid. 

• The Critical Shoulder Angle (CSA) [41]. Calculated between the vector defined by

the inferior and superior borders of the glenoid and the vector defined by the

glenoid’s inferior border and the Critical Acromion Point [42].

a)  b) 

c) d 

Figure 5 : Inspired from Zhang 2016 a) Positional inclination angle : angle between a vector collinear to the 

gravity vector (𝑔⃗) oriented in the opposite direction and the vector defined by the inferior and superior rims of 

the glenoid ; Morphological inclination angle defined by a vector orthogonal to the SGN (Spino Glenoid 

Notch) and TS line oriented upwards and the GIB-BSG vector; CSA : 3D angle computed between the GIB-

ASA vector and GIB-GSB vector 

b) Glenoid height and width, c) Glenoid version  d) Scapular coordinate system: Scapular coordinate system

(GC = Glenoid Centre, TS = Trigonum Spinae, IA= Inferior Angle) 



5. Evaluation

5.1. Accuracy study

To evaluate the accuracy, the reconstruction method was applied to the DRRs from the

six cadaver CT-scans. The CT images were also segmented and reconstructed using the Avisio 

software, as described in a previous study [25], to use the same mesh topology as the one for 

the EOS reconstructions. The 3D reconstructed scapulae from the DRRs were then compared 

to the CT-scan reconstructions using a point-to-surface metric. The average errors per region 

were computed with a  metric considering point to point Euclidean distances (AVD : Average 

Distance) [43] as follows: For two finite sets of points A and B AVD was defined 

AVD(A,B) = max(d(A,B),d(B,A)) with 𝑑(𝐴, 𝐵) =
1

𝑁
∑ min

𝑏𝜖𝐵
‖𝑎 − 𝑏‖𝑎𝜖𝐴  with a and b, being 

points of the A and B sets.  This metric is reciprocal, the value given does not depend on the 

direction in which it is calculated (from the object to the reference or from the reference to the 

object). 

5.2. Reproducibility study 

Reproducibility was evaluated using in vivo biplanar radiographs of 12 scapulae from 

12 patients (six women, six men with a mean age of 58 years old (range: 53-64 years)). Three 

operators (one resident in shoulder surgery (OP1) and two biomedical engineers (OP2, OP3)) 

each performed the 3D reconstruction three times. The repeatability and reproducibility of the 

clinical parameters and the coordinate system positions and orientations were evaluated by 

computing the reproducibility standard deviation as recommended by the ISO 5725-2 standard, 

and the associated 95 % confidence interval. The reproducibility standard deviation (𝑠𝑅) was 

computed as follows:  

𝑠𝑅 = √
∑ 𝑆𝑅𝑖²

𝑛
𝑖=1

𝑛

With 𝑆𝑅𝑖
2 =  𝑆𝑖𝑛𝑡𝑟𝑎

2 + 𝑆𝑖𝑛𝑡𝑒𝑟
2 , 𝑆𝑅𝑖

2  being the reproducibility variance for the subject i computed 

as the sum of the intra operator variance (𝑆𝑖𝑛𝑡𝑟𝑎
2 ) and the inter operator variance (𝑆𝑖𝑛𝑡𝑒𝑟

2 ). 95% 

Confidence Interval (95% CI) was 2*SR. 

Results 
1. Accuracy study

The overall mean error for the point-to-surface metric was 1.8 mm (with a standard deviation 

of 1.2 mm and a maximum of 13.1 mm on all the reconstructions). On the glenoid area, the 

mean bias was 1.3 mm with a standard deviation of 0.6 mm.  

In the scapular areas, the mean point-to-surface error was less than 2 mm for the coracoid 

process and the glenoid, and between 2 and 3 mm for the acromion, the scapular spine, as well 



as the lateral and medial borders. Local maxima were found at the medial border, the spine and 

the tip of the acromion and could reach 9 mm. 

Figure 6: Mean error map obtained on the cadaveric scapulae between the 3D scan reconstruction and the EOS system 3D 

reconstruction using the presented method 

2. Reproducibility study

Table 1 presents the 95% CI for inter observer reproducibility for the 108 reconstructions (3 

operators x 3 repetitions x 12 pairs of radiographs).  

The intra-observer 95% CI were under 3 mm or 3° for the clinical parameters except for 

the CSA and the glenoid inclination, with a 95% intra-observer CI between 3° and 6°. 

These results are detailed further in fig. 7 with the Bland-Altman plots showing the clinical 

parameters.  

The reproducibility for scapula position and orientation was less than 2 mm and 6° using the 

coordinate system presented above.  



Figure 7: Glenoid height and width Bland-Altman plots 

Discussion 
1. Method

The 3D reconstruction of the scapula from biplanar radiographs comes with two

imperatives: being user-friendly and precise. Two prior studies proposed a 3D reconstruction 

of the scapula from biplanar x-rays using the EOS system. Lagacé et al., [6]  used seven 

positions  and images to generate their reconstruction. Their method requires some back and 

forth between the images to refine the model. A later study [25] needed only one pair of images, 

but the accuracy and robustness needed to be improved. The method we propose here represents 

the next step in these endeavors, aiming to be both accurate and user-friendly.  

First, we selected anatomical landmarks based on the following considerations. A study on 

the reproducibility of bony landmarks for the shoulder [44] reported that the coracoid tip and 

the glenoid inferior border had the best reproducibility. As the position of the scapula varies 

greatly, we chose to annotate landmarks like the Trigonum Spinae, the inferior angle of the 

scapula (easy to see on the lateral view), and the superior border of the glenoid. Although the 

visibility of the superior angle of the scapula can vary depending on the orientation of the 

scapula, we chose to keep it in the annotation process because it provides good information on 

the position of the scapula, when available.  

Statistical shape models are used to infer the shape of an object from partial data 

(here, the annotated and inferred landmarks), while taking into consideration the variability of 

this object. Albrecht et al., [29] report a method to account for a “noise” or deviation from the 

model with partial data. This is particularly relevant with a manual annotation process where 

variations are common. The deviation from the model was approximately 2 mm, based on a 

preliminary study on the variability in manual annotation. The posterior shape model method 

was used to infer the anterior and posterior borders of the glenoid from the annotated landmarks. 



These landmark points were inferred from a statistical model because of the variability 

associated with manual annotation input. 

To be able to use the minimal path algorithm, an initial estimate close to the final estimate 

is necessary. This explains the manual adjustments made to the model prior to the further 

adjustments. For the latter, the most visible anatomical structures were chosen on the 

radiographs as candidates for the minimal path. The essential criterion when choosing an 

anatomical structure was to ensure it was isolated (no bony superimposition). One exception 

was made for the lateral border on the frontal view because the signal was strong, and the 

neighbouring bones are the ribs which would create orthogonal overlays.  

Some modifications were made to the minimal path method previously used for femur 

reconstruction [36]. First, given that several factors impact the shape and view of the scapula, 

such as the position of the subject in the EOS booth and the position of the scapula in relation 

to the rib cage, we decided to let the operator choose the correctly identified contours to avoid 

altering the model.  

One way to simplify this process would be to use automatic segmentation algorithms such 

as the one proposed by Namayega et al., [45].  As the initial annotation method has been 

simplified as much as possible, the proposed method is already usable for clinical research. Its 

use in different projects will make it possible to gather an annotation database and move 

towards more automatic methods of analysis and implementation in clinical routine. 

Other studies have focused on measuring the kinematics of the shoulder with biplanar 

videography [46], [47]. However, these require a 3D reconstruction from a CT-scan or an MRI 

to generate the 3D model. In this context, the presented method offers an alternative to the CT 

scan/MRI for 3D reconstruction, reducing radiation exposure (CT) and lowering acquisition 

and processing costs.  

2. Accuracy study

The reconstructions for the accuracy study were done by a non-expert operator. The overall 

and glenoid reconstruction errors were evaluated with the same metric as the one used in 

Zhang’s study [7] to make consistent comparisons. The mean error for the overall shape of the 

scapula (1.8 mm) was lower than in the previous study (3.2 mm) [7], [25].    

Local error maxima were found on the medial border, and the spine of the scapula. The 

shape of those structures was not of the greatest clinical interest, but their intersection marks 

the location of the Trigonum Spinae which is essential. Therefore, it may have an impact on the 

coordinate systems and some clinical parameters. 

3. Reproducibility study

There was some discussion between an engineer and a clinician to standardize the 

annotation and the deformation process of a few anatomical landmarks. The glenoid inferior 

border, the scapular notch, the inferior angle and the trigonum spinae were the main landmarks 

discussed. The glenoid’s inferior border is easy to see on the frontal view on healthy bones 

(with no major deformation), but harder to identify on the lateral view. A consensus was made 

to use the signal with the highest intensity. The inferior angle of the scapula was harder to 

standardize because it is difficult to see on the frontal view. There was no consensus for this 

landmark.   



The trigonum spinae is a point of particular interest. It is critical to certain clinical 

parameters (the morphological inclination of the glenoid and glenoid version), and to  compute 

coordinate systems. Hence, it is useful to characterize the shape and the position of the scapula. 

However, identifying its precise location remains challenging because of variations in the 

position of the scapula.  

In terms of the clinical parameters, considering the anatomical variations found in the 

population, and the reproducibility results, glenoid height and glenoid inclination in a functional 

posture were the most robust.  

4. Limitations

There are still limitations to this method. An important clinical parameter, glenoid version, 

was not among the most robust. It was computed using the anterior and posterior borders of the 

glenoid and the trigonum spinae [25]. However, the anterior and posterior borders of the glenoid 

are difficult to identify on radiographs. Considering that the angle is measured based on these 

border, and that the glenoid is a small structure, it is sensitive to small errors. This clinical 

parameter is commonly measured with a preoperative gleno-humeral joint CT-scan, either with 

an automatic calculation software or manually on the CT slices. This suggests that this method 

is not meant to replace CT-scans [48] particularly in case of major bone deformity, but will 

rather  add complementary information.  

For ethical reasons, we did not obtain CT-scan images of the individuals who underwent 

EOS acquisition. Therefore, two separate and independent studies were made to validate the 

proposed method. The first one used the EOS images to assess reproducibility. The second one 

used the CT-scans and DRR images to assess accuracy. The use of DRR may have had an 

impact on results, but they were generated with a process that replicates the one used for EOS 

X-rays, which should minimize this potential bias.  

The manual adjustment process can also lead to some variability but is necessary because there 

is no baseline data. Manual adjustments will hopefully decrease as contour extraction methods 

evolve. 

This method has not been tested on pathologic bones with major deformity (such as 

osteophytes, or erosion). Future studies focusing on posture could provide a better 

understanding of the scapulothoracic joint. 

5. Perspectives

This method provides a reliable reconstruction of the patient’s scapula in a standing 

position. It provides morphological and pose reproducible data on the scapula for clinical 

research on asymptomatic volunteers which is interesting to provide normative data.   This tool 

also offers new avenues for studies aiming at a better understanding of the scapulothoracic and 

acromioclavicular joints. Several research avenues are possible including the impact of having 

a medialized, lower center of rotation on the scapulothoracic joint with a reverse prosthesis [3]. 

It may also be possible to study the effect of clavicle shortening on posture and the 

scapulothoracic joint by adding a clavicle model. This method may also improve our 

understanding of why there are asymptomatic patients with rotator cuff tears, while others 

experience a loss of mobility and pain. [12]. Finally, other studies have focused on spinal and 

thoracic 3D reconstructions [49], postural alignement [50] and on the 3D reconstruction of 



thoracic structures [51]. Combining all those methods would make it possible to investigate the 

associations between spinal postural alignment and the scapulo-thoracic joint and compensate 

for the lack of information identified in the literature [52].  

Conclusions 
The method presented provides the user with good information on the overall shape of 

the scapula (with a mean error of 1.8 mm) and has the potential to be part of a more general 

assessment of its position since low-dose radiographs are taken with the patient in a functional 

posture. Therefore, we consider this method as a promising first step for a useful algorithm and 

a good complement to CT-scan examination. Nevertheless, it must be noted that a CT-scan may 

be needed when a more comprehensive assessment of the glenoid is necessary. 
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