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Abstract 
Background: Recent studies have stated the relevance of having new parameters to quantify the 

position and orientation of the scapula with patients standing upright. Although biplanar radiography 

can provide 3D reconstructions of the scapula and the spine, it is not yet possible to acquire these 

images with patients in the same position.  

Methods: Two pairs of images were acquired, one for the 3D reconstruction of the spine and ribcage 

and one for the 3D reconstruction of the scapula. Following 3D reconstructions, scapular alignment 

was performed in two stages, a coarse alignment based on manual annotations of landmarks on the 

clavicle and pelvis, and an adjusted alignment. Clinical parameters were computed:  protraction, 

internal rotation, tilt and upward rotation. Reproducibility was assessed on an in vivo dataset of upright 

biplanar radiographs.  Accuracy was assessed using supine cadaveric CT-scans and digitally 

reconstructed radiographs. 

Findings: The mean error was less than 2° for all clinical parameters, and the 95% confidence interval 

for reproducibility ranged from 2.5° to 5.3°. 

Interpretation: The confidence intervals were lower than the variability measured between 

participants for the clinical parameters assessed, which indicates that this method has the potential to 

detect different patterns in pathological populations.  
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1. Introduction 
The interactions between the shoulder girdle and the spine are increasingly focused on in clinical 

research. For example, Moroder et al., [1] show that patient posture affects simulated mobility after 

reverse shoulder arthroplasty. However, their study was performed retrospectively on 100 patients 

(200 shoulders) using supine CT scans. Meanwhile, Matsumura et al. [2] reported that the position and 

orientation of the scapula changes significantly between supine and standing CT-scans, supporting the 

need for new methods to quantify posture.  
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To our knowledge, none of the tools currently available allow for the simultaneous quantification of 

both parameters, namely spinal alignment and the position and orientation of the scapula in the 

functional (i.e., upright) position. Biplanar radiography systems are used to reconstruct the spine, 

analyze sagittal balance and different spinal curvatures [3], [4]. 3D spine reconstruction requires 

sagittal and frontal radiographs and is based on validated methods [5], [6]. To achieve complete 

imaging of the scapulothoracic complex, it is possible to create a 3D reconstruction of the ribcage [7], 

[8] which can then be assessed with a mean line-to-line error distance of 3.6 mm compared to a 

reference. 

However, modeling the shoulder from frontal and sagittal radiographs is challenging. These images are 

not suitable for scapula reconstruction due to the bony overlap of both shoulders and the spine on the 

lateral radiograph. Nonetheless, 3D reconstruction of the scapula is possible, provided that the images 

are taken with an axial rotation of approximately 40° from the frontal plane [9], [10], [11]. The reported 

morphological error when using this method was less than 2 mm and the orientation and position error 

less than 2 mm and 5.6° (95% confidence interval for inter-rater reliability). 

Moroder et al., described clinical parameters to assess the spine and the shoulder such as the thoracic 

kyphosis, the scapular protraction, internal rotation, upward rotation and tilt [13]. To quantify these 

parameters, it is necessary to have reconstructions of both the spine and the scapula within the same 

reference frame. Therefore, to compute these parameters using low-dose biplanar radiography, an 

extra step is needed for the rigid registration of the 3D reconstruction of the scapula with the images 

used for the 3D spine reconstruction. The reliability of this registration process has yet to be evaluated 

for biplanar radiography. Studies have shown that a 3D reconstruction from a CT-scan is possible with 

biplane fluoroscopy [12] but the present study focuses only on biplanar radiography with the goal of 

improving fluidity. 

The aim of this study was to propose and evaluate a method for  scapula registration on sagittal and 

frontal images to assess two clinical parameters simultaneously: those for the spine and those 

described by Moroder et al. for the shoulder [13]. 

2. Methods 

2.1. In vivo and in vitro databases 
Fourteen patients were included in the reproducibility study after approval by the local ethics 

committees (CER CHUM: 22.036 (2023-10589)) and written informed consent, six men and eight 

women with a mean age of 60 years (between 42 and 83). All patients with an appointment at the 

clinic for shoulder problems were eligible. Patients with known osteoarthritis or major bony 

deformation of the scapula or the humerus were excluded. The other exclusion criteria were: patients 

unable to stand upright or to enter the EOS cabin which is exiguous. Pregnant women and patients 

who already had a shoulder prosthesis were also excluded. 

Two pairs of radiographs were taken in a standing position using a biplanar radiography system (EOS 

system). During the acquisition of the first pair of images, the patients were asked to stand in the cabin 

with arms at their sides, and an axial rotation of about 40° with respect to the frontal plane. This pair 

of radiographs will be referred to as Rx40. The second pair of radiographs was taken immediately after 

the first one in a free-standing position [3] for a true antero-posterior view, with the hands on the 

cheekbones ( henceforth referred to as Rx0). Six right and eight left shoulders were imaged.  

Six supine CT scans of Post-Mortem Human Subjects (PMHS) from previous studies were used for the 

accuracy study. Scapulae, acetabula, and T1 vertebrae were manually segmented and reconstructed 

on the CT-scan images using the MITK-GEM software [14].  In addition, two pairs of biplanar Digitally 
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Reconstructed Radiographs (DRR) were generated for each CT-scan to reproduce the calibrated 

biplanar radiographs [15] in the Rx0 and Rx40 positions. This process reproduced the vertical X-ray 

scanning method of the EOS system.  

2.2. 3D reconstruction 
Prior to the image registration, a qualified operator performed all the 3D reconstructions. 

Reconstructions of the spine [6] and the rib cage [7], [8] were completed from images taken in the 

free-standing position [3]. The scapula was reconstructed on the Rx40 images according to the method 

described by Bousigues et al., as shown in figure 1. From these 3D reconstructions, the Trigonum 

Spinae (TS), the Inferior Angle of the scapula (IA) [16] , the Glenoid Centre (defined as the centroid of 

the least-square circle of the inferior glenoid rim, projected onto the glenoid surface) and the 

barycentre of the T1 vertebral body were extracted. Other parameters are described in section 2.5 

(protraction, internal rotation, upward rotation and tilt of the scapula) and were calculated on the 

adjusted alignment. The scapular glenoid-oriented coordinate system described by Kolz  was 

computed [12].  

2.3. Coarse alignment 
To perform the initial coarse alignment, both pairs of radiographs were annotated as follows: 

identifying the centre of the acetabula (using a best-fit circle on the radiographs and identifying the 

centre of the circle) and the centre point between the two ends of the clavicle (also with a best-fit 

circle on the radiographs) using in-house software and MATLAB 2020a. Triangulation was used for 3D 

reconstructions of the landmarks (with the EOS calibration settings) and used to coarsely register the 

scapula within the images to reconstruct the spine and ribcage. 

2.4. Adjusted alignment 
The subject-specific scapula contours for each 3D scapula model were then projected onto the scapula 

contours visible on the Rx0 radiographs. The initial coarse alignment of the scapula was manually 

modified by an operator until the scapula contours matched the radiographic contours in the most 

visible areas. In the frontal view, the lateral border, the glenoid, the coracoid process, the acromion 

and the medial borders were used because the scapula is clear and visible. On the lateral view, the 

lateral border and the scapular spine were the most visible and were used to adjust the 3D scapula 

model. To determine if there were any collisions between the scapula and the ribcage, we used the 

Gilbert Johnson Keerthi algorithm [17]. If a collision was detected, the user was prompted to check 

where the collision occurred and correct it.  
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Figure 1: Flowchart for the methods (the input data are the Rx0 and Rx40 images and the 3D reconstructions performed on 
the images, then with annotations on both sets of images, the coarse alignment is done then the adjusted alignment is done 

to compute the clinical parameters).  

 

2.5. Clinical parameter computation 
The anatomo-gravital frame as defined in Roscop et al. [18] was used in our study. The origin (O) was 

the centre of the segment connecting the centre of the acetabula, the Z-axis was defined according to 

the plumb line and oriented upward and the Y-axis was defined based on a projection on the horizontal 

plane of the centre of the segment joining the centres of the acetabula. The X-axis was defined as a 

cross product of the Y-axis and the Z-axis.  

The clinical parameters described by Moroder et al. [13] were then calculated, with some adaptations. 

More specifically, we used the anatomo-gravital frame axis instead of the sagittal and longitudinal 

vertebral axis, and the T1 vertebral upper endplate normal. 

Protraction was defined as the angle between the X-axis of the anatomo-gravital frame and the line 

defined by the centre of T1 and the projection of the Glenoid Centre (GC) on a horizontal plane 

including T1 (figure 2).  
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Internal rotation was defined as the angle between the Y-axis of the anatomo-gravital frame and the 

line defined by the GC and the Trigonum Spinae (TS), projected onto a horizontal plane (figure 2). 

The tilt was defined as the angle between the Z-axis of the anatomo-gravital frame and the line defined 

by TS and the Inferior Angle (IA) of the scapula projected on the sagittal plane (figure 2). 

Upward rotation was defined as the angle between the Z-axis of the anatomo-gravital frame and the 

line defined by TS and the Inferior Angle (IA) of the scapula projected in the frontal plane (figure 2). 

 

 

Figure 2 : Illustration of the protraction (PRO) the internal rotation angles (IR), the upward rotation (UR) and the tilt angles 

 

2.6. Evaluation 

Reproducibility 
A reproducibility study was performed on the biplanar radiographs of the 14 subjects. A qualified 

operator performed the 3D reconstructions of the spine, the ribcage and the scapula beforehand. 

Then, two operators (biomedical engineers) completed the alignment process for all scapulae 3 times. 

The operators waited a minimum of two days before processing the same data set. In addition, the 

data were randomized between each set, with a change in subject identification numbers. The 

reliability of each clinical parameters was computed as twice the standard deviation for repeatability 

and reproducibility as defined in the ISO 5725-2 standards.  

Accuracy 
To assess the accuracy of the method, the DRR from the supine PMHS CT-scans were used as a 

reference. The clinical parameters were calculated on the CT-scan reconstructions. The T1 vertebrae, 

the scapulae and the pelvis were manually segmented and 3D reconstructed from the CT-scans using 

the MITK-GEM software [14]. The landmarks described in section 2.2 were identified on the 3D 

reconstructions. This allowed the calculation of the clinical parameters in the same way as with the 

EOS system. These will be referred to as the “Reference” clinical parameters (fig. 3). 
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Figure 3:Flowchart for the accuracy evaluation  

 

The method for coarse alignment and adjusted alignment was then applied on the PMHS DRR. 

Although the DRR generated from the PHMS were always taken with the body in the same position, a 

modification was made to reproduce the effect of scapular motion between the acquisition of Rx0 and 

Rx40 that is seen in living participants. Indeed, the patient moves in the EOS booth between the 

acquisition of the two pairs of images, requiring the adjusted alignment after the coarse alignment. 

Therefore, after a preliminary evaluation to reflect changes in the position of the scapula (in translation 

and in rotation) between the two pairs of DRR, random rotation angles and translations were applied 

to the scapula to reproduce the conditions when acquiring images with living participants. This was 

done in the following way.  

First, the glenoid-oriented coordinate system for the scapula, as defined by Kolz et al. and Lawrence et 

al. [12], [19], was calculated. Second, random rotation angles (𝜃𝑥, 𝜃𝑦, 𝜃𝑧) as well as random translation 

values (𝑇𝑥, 𝑇𝑦, 𝑇𝑧) in the global coordinate system were generated based on normal distributions with 

standard deviations of 10° and 10 mm, and mean values of 20° for 𝜃𝑥, and of 0° for 𝜃𝑦 and 𝜃𝑧, and 0 

mm for all the translations. Translations were applied to the scapula in the global coordinate system. 

Rotation angles were applied to the scapula around the axis of the glenoid-oriented coordinate system. 

These random rotations and translations were intended to mimic the coarse alignment step, where 

the scapula is never exactly aligned with the contours of the radiograph. Then, the clinical parameters 

were calculated and compared to the reference clinical parameters. The difference in degrees between 

the calculated and the reference clinical parameters was noted. 

3. Results 

Reproducibility (in-vivo) 
The 95% confidence interval for reproducibility calculated on the biplanar radiographs (done in the 

upright position) was less than 3° for protraction, and less than 5.5° for the other clinical parameters 

(table 1 and figure 4). The protraction and the upward rotation were the clinical parameters with the 

lowest variability in the in vivo population with less than 10° standard deviation. The internal rotation 

and the tilt had a higher variability with a standard deviation of 12.5° and 10.6°, respectively (table 1).   
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Table 1 : Reproducibility results 

Clinical parameters Mean (SD) 
Reproducibility (95% 

confidence interval) 
Repeatability (95% 

confidence interval) 

Protraction [°] 83.1 (7.4) 2.5 2.0 

Internal rotation [°] 49.0 (12.5) 4.9 3.8 

Tilt [°] -3.3 (10.6) 5.3 4.2 

Upward rotation [°] 11.9 (8.4) 3.4 2.8 

 

 

Figure 4: Bland-Altman plots for the reproducibility study 

 

Accuracy (PMHS) 
The mean error calculated on the PMHS CT-scans (taken in a supine position) between the reference 

and the reconstruction with alignment process (using the proposed method on the DRR) was less than 

2° and the standard deviation was less than 2.5° for all the clinical parameters (table 2). The Maximum 

Absolute Error (MAE) reached 5.1° for the internal rotation and the upward rotation, and was less than 

4° for the protraction and the tilt (table 2).   
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Table 2: Accuracy results 

Clinical parameters Mean error (SD) 
Maximum 

absolute error 

Protraction [°] -1.8 (1.2) 3.7 

Internal rotation [°] -1.1 (2.3) 5.1 

Tilt [°] 0.4 (1.9) 3.2 

Upward rotation [°] -1.0 (2.4) 5.1 
 

 

4. Discussion 
The aim of this study was to propose and evaluate a method for the registration of the scapula in the 

free-standing images used for the 3D reconstruction of the spine and the ribcage. This method involved 

two steps (coarse alignment and adjusted alignment), and was evaluated on two data sets: an in vivo 

database of biplanar radiographs collected from patients and PMHS CT-scans with DRR. Reproducibility 

had a 95% confidence interval of less than 5.5° for all the clinical parameters. The scapula registration 

method took approximately 5 minutes for an expert user, and included the two phases (coarse 

alignment, and adjusted alignment). This makes this method suitable for clinical research and to assess 

the possible associations between the spine and shoulder clinical parameters. Mean errors were less 

than 2° and standard deviations were less than 2.5° when assessing accuracy. 

The shoulder parameters were adapted from Moroder et al. [13]. These clinical parameters were 

calculated in relation to the anatomo-gravital frame axis, instead of the sagittal vertebral axis used to 

calculate the protraction and the internal rotation, while the sagittal longitudinal axis was used to 

measure the upward rotation, and the perpendicular line to the upper baseplate of the T1 vertebra 

was used to measure the tilt. These modifications were meant to provide more robust calculations 

than in the original study [13]. Indeed, as the upper endplate of T1 is a small surface with a visibility 

that may be altered on the lateral view, it may not be a reliable measure for clinical parameter 

computation. Moreover the sagittal vertebral axis as defined by Moroder et al. [13] uses the spinous 

process of the vertebrae, which is not always adjusted in the 3D reconstruction of the spine because 

it is not used to compute spinal parameters. To create the patient’s frontal plane, we used the 

annotation of the acetabula and the best-fit circle process to strengthen reproducibility. The ISB thorax 

coordinate system [20] was not chosen because the anatomical landmarks it requires are not visible 

on the radiographs. It could be used in future studies but it would require radiopaque markers to be 

placed on the anatomical structures of interest beforehand. As this study aimed to present a method 

to study the interactions between the scapula and the spino-pelvic alignment, it was not evaluated 

here.  

Regarding the results, the maximum error in the accuracy study was 5.1° for the internal rotation and 

the upward rotation. The mean values (and standard deviation) observed in the reproducibility study 

were 83.1° (7.4°) for the protraction, 49.0° (12.5°) for the internal rotation, 13.6° (5.0°) for the upward 

rotation, and -3.3° (10.6°) for the tilt. With regard to variations in these clinical parameters in the 

population, the method presented seems to be sufficiently accurate to detect differences in these 

angles, although we must remain cautious regarding the interpretation of the upward rotation and the 

tilt. The method described requires manual adjustments, therefore, the risk of operator bias was 

assessed with the reproducibility study. The whole process (with all 3D reconstructions, and the 

alignment) takes approximately 30 minutes per subjects for an expert operator.  
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The main limitation of this study is the patient position in the EOS booth for the 3D reconstruction of 

the spine. Pan et al., address the reproducibility of different positions for sagittal spine assessment 

[21], but they did not use radiographs. The biplanar radiography system is limited by the issues that 

arise from the bony overlap. Therefore, to avoid the superimposition of the arms and the spine, it is 

necessary to propose a standardized position without the arms over the spine in the sagittal image 

which in turn has an impact on positioning for the scapular pose. Moreover, the acquisition system 

itself limits the possible arm motion in the EOS booth.  

Conclusion 
This study presents an innovative method to accurately characterize both shoulder and spine posture. 

This information could provide new insights on how spinal alignment disorders may affect shoulder 

posture. Patient position for the acquisition of this data should be considered when interpreting the 

results from the proposed method, and still needs to be optimized for routine clinical use. However, it 

could already play a role in research to assess the possible associations between spinal parameters 

and shoulder position and orientation (on asymptomatic volunteers and on volunteers with some 

controlled pathologies). The variations recorded in the studied population would indicate that this 

method is sufficiently accurate to assess different types of postures, pathological differences, and the 

effect of surgery and/or physical therapy. This method could be combined with an analysis of the 

thoracic cage [22] and associated with spinopelvic alignment analyses in order to better understand 

the shoulder's contribution to overall alignment. 
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