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Abstract 

The aim of this study was to define a body-fixed coordinate 

frame for the scapula that minimises axes variability and is 

closely related to the clinical frame of reference. Medical images 

of twenty-one scapulae were used to quantify fourteen different 

axes from identifiable landmarks. The plane of the blade of the 

scapula was defined. The orientations of the quantified axes to 

this were calculated. The angular relationships between axes 

were quantified and applied to grade the sensitivity of each axis 

to inter-scapular variations in the others. The volume of data 

required to define an axis was noted for its dependency on 

pathology and the three criteria were weighted according to 

relative importance. The two axes with the highest weighting 

were applied to define a body-fixed Cartesian coordinate frame 

for the scapula. A least square medio-lateral line through the 

centre of the spine root was the most optimal axis. The plane 

formed by the spine root line and a least square line through the 

centre of the lateral border ridge was the most optimal scapular 

plane. This body-fixed Cartesian coordinate frame is closely 

aligned to the cardinal planes in the anatomical position and thus 

is a clinically-applicable, specimen invariant coordinate frame 

that can be used in patient-specific kinematics modelling.  

Introduction 

It is known that the functional kinematics of the 

glenohumeral joint is a function of the coordinated 

operations of the soft tissues (Lembeck and Wülker, 2004; 

McMahon et al., 2004; Wong et al., 2003) and the 

characteristic geometry of the associated bones (Hess, 2000; 

Lehtinen et al., 2004), including scapular glenoid 

morphology (Hess, 2000; Lehtinen et al., 2004; Wong et al., 

2003). Different coordinate frames have been proposed for 

defining and describing the motion of the scapula in space 

and the relative motion of the scapula and humerus (Hill, 

2006; Johnson et al., 1993; Novotny et al., 2000; Van der 

Helm, 1997). The choice of anatomical landmarks for the 

definition of some of these frames results in principal axes 

that are oblique to the cardinal planes (coronal, sagittal, axial) 

in the standard anatomical position in which a person is 

upright and erect on both legs, facing forwards, with the arms 

at the sides and the palms turned forwards. This results in 

difficulty in relating data presented using these frames to the 

clinical situation. Therefore there is a need to design a 

clinically compatible coordinate frame that will be able to 

relate to anatomical cardinal directions. In addition, the 

morphology of the scapula is highly variable between 

individuals (Gallino et al., 1998; Stehle et al., 2007). 

Therefore there is a need to define anatomical scapular 

landmarks that are less variable between individuals than the 

variability of the overall shape. Also, some of the landmarks 

used in the literature are highly dependent on the presence of 

pathology, thus introducing more variability in the 

coordinate frame.  Therefore, a pathology-insensitive 

approach to defining the scapular coordinate frame must be 

developed.  

There are numerous methods that are commonly used in the 

description and study of shoulder kinematics (Hill et al., 

2007; Novotny et al., 2000; Van der Helm, 1994; Van der 

Helm and Pronk, 1995; Wu et al, 2005). The description and 

use of a particular coordinate system among researchers have 

so far depended on the individual’s choice and convenience 

as it affected the particular study at hand. All of these 

methods have used landmarks on the surface of the scapula 

to establish a repeatable coordinate frame in space.  

Definition of functional coordinate frames for individual 

scapulae using subjective combinations of these axes is 

susceptible to inconsistencies due to normal variations of 

scapular morphology. This may limit generalised conclusions 

on shoulder kinematics based on the application of these axes. 

It also makes comparisons between studies difficult. 

Kinematics axes that automatically point in the cardinal 

directions in the anatomic position allow easy application 

during clinical analysis. 

The aim of this study was to quantify axes on clearly 

identifiable scapular landmarks, to compare these and to 

compute the best body-fixed coordinate frame that 

demonstrates the functional cardinal directions and to define 
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the landmarks that are least susceptible to scapular 

morphometric variability.  

Materials and Methods 

Twenty-one 3-D image datasets (seventeen CT scans and 

four cryosectional image sets) covering the complete scapula 

were used. These were selected retrospectively from various 

complete scans of the scapula. No scans revealing obvious 

osseous pathologies including severe arthritis or 

fragmentations were included. The scanner orientation of the 

image scans was not considered as a criterion for image 

selection. Sixteen scans were of left shoulders. The mean age 

was 60 years (range 57 - 79 years). Nine of the image scans 

were of 1.0 mm slice thickness, six (1.5 mm), four (1.4 mm) 

and two (1.25mm). There were four contra laterals. 

AMIRA image processing software (Mercury Computer 

Systems Inc, 189 Riverneck Road, Chelmsford, MA, USA) 

was applied to each image dataset to volumetrically 

reconstruct the scapula and to extract the 3-D pixel values 

describing the structures of interest for analysis.  

The anatomical directions of an individual scapula that are 

considered to be close to the cardinal directions were defined. 

These were the mutually orthogonal anterior, superior and 

lateral scapular directions with the superior direction being 

approximately parallel to a bisecting line of the inferior angle. 

The scapular inferior half is typically triangular in shape and 

approximating to a thin ‘blade’ of bony tissue. The plane of 

the scapular blade was defined using three points (Figure 1). 

These were the angulus inferior (AI) (Wu et al., 2005), the 

spine/medial border intersection (SMI) (Wong et al., 2003) 

and the most inferolateral point of the infra-glenoid tubercle 

(IGT). A reference medio-lateral axis (Rml) was defined on 

the plane as a line directed to IGT from SMI. A reference 

anterior-posterior axis (Rap) was defined as the cross-

product of Rml and a line from AI to the midpoint of Rml. A 

mutual orthogonal to Rml and Rap, inferosuperior axis (Ris), 

was also computed. The three orthogonal axes (Rap, Ris and 

Rml) are specific properties of an individual scapula and are 

referred to here as ‘the blade coordinate frame’. The axes 

point in the anatomical cardinal directions of the scapula. 

The blade coordinate frame was used to compute how much 

a quantified axis deviated from the plane of the scapular 

body, referred to as the ‘axis bearing’. 

 
Figure 1: Scapular blade plane 

 

Landmark regions of interest were extracted from each image 

dataset and reconstructed using a mesh of triangular elements 

with interconnecting nodes (Figure 2). Each node was a 

recognisable coordinate in 3-D space. These were saved in 

individual files.  A fourteen-stage protocol was followed for 

the study of each of the scapulae. This involved the 

quantification of axes that have been defined previously in 

the literature and some newly-defined here. These were: 

 

(I) Lateral border line (LBL): The best-fit inferior-

superior line along the ridge of the scapular lateral border 

(Hill, 2006). The scapular lateral border is anatomically 

characterised by a ridge of thickening here referred to as the 

ridge of the lateral border. Transverse cross-sections of this 

ridge within the limits of the scapular distal one-third and 

proximal one-third are nearly elliptical in shape (Figure 3). 

The centres of the best approximating ellipses to the margins 

of these cross-sections were mathematically calculated by the 

segmentation of its outline, reconstruction (Figure 2) and 

application to geometric shape fitting software. This also 

quantified the least-square straight line through the centres 

(Figure 3). 

(II) Spine root line (SRL): This describes a long-axis 

line through the mid substance of the root of the scapular 

spine. The examination of the cross-section of the spine root, 

between medial one-third and lateral one-third of an image 

stack, reveals that this is fundamentally triangular in cross-

section in the sagittal plane and nearly straight in the coronal 

plane (Figure 3). The vertices of the landmark of these cross-

sections were segmented, reconstructed (Figure 2) and 

applied to the geometric shape fitting software. This 

calculated the incentres of the triangles and quantified the 

least-square straight line through them, directed 

approximately medio-laterally. 

(III) Scapular normal I (SNI): The cross-product (unit 

vector) between LBL and SRL. By definition, the spine root 

line and the lateral-border line are located on the body of the 

scapula and could jointly describe a plane of the scapular 

body. The cross product between the two would result in an 

orthogonal to both of them and hence directed approximately 

anterior posteriorly. The direction cosines of this describe a 

normal to the plane of the scapula, directed anteriorly. 

(IV) Scapular normal II (SNII): The perpendicular line to 

the least square-plane fit over all the points defining the 

entire scapular body within the region of distal two-thirds. 

(V) Scapular normal III (SNIII): The perpendicular line 

to the least square-plane fit over all the points defining the 

rim of the subscapular fossa. In the anterior view, the scapula 

forms a broad triangle with its medial, lateral and superior 

borders (Martini et al., 2001; Gosling et al., 1996; Ashton et 

al., 1965). The borders, up to the suprascapular notch 

superiorly and infraglenoid tubercle laterally (also called the 

Superomediolateral Border) form the rim of the concave-

subscapular fossa. This was segmented, reconstructed 

(Figure 2) and applied to the geometric fitting software to 

quantify the normal unit vector to the plane-fit, directed 

anteriorly. 

(VI) Scapular normal IV (SNIV): The perpendicular line 

to the least square-plane fit over all the points defining the 

entire subscapular fossa. 

(VII) Scapular normal V (SNV): The perpendicular line 

to the least square plane fit over all the points defining the 

anterior aspect of the scapular distal two-thirds (Figure 2). 

(VIII) Scapular transverse axis (STA): A line drawn from 

the mid point of the glenoid fossa to the medial edge on the 
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mid glenoid slice as defined by Friedman et al (1992).  The 

axial imaging slices containing the glenoid most inferior and 

superior aspects, (Zinferior and Zsuperior) were identified 

and noted. The glenoid middle slice (Zmiddle) was hence 

calculated as: 
2

Z-Z
ZZ

inferiorsuperior

inferiormiddle
  

This was examined and the coordinates representing its 

anterior, posterior and medial margins were extracted. The 

midway coordinate between the anterior and posterior 

margins was calculated and the line joining this from the 

medial marginal point quantified. 

 

Figure 2: Various extracted scapular regions and landmarks SRT-spine root triangular vertices outline, SMLb-superomedolateral 

border, LBR-lateral border ridge, GR-glenoid rim 

 

 
Figure 3: Scapular lateral border (LBL) and spine root (SRL) lines, and Wong (WSTA) and Churchill (CSTA) scapular transverse 

axes 
(IX) Bokor scapular transverse axis (BSTA): This was 

based on the proposals of Bokor et al (1999) that scan 

orientation should be such that the glenoid surface is 

perpendicular to the plane of the CT axial cut (Figure 4). The 

AMIRA obliqueslice tool was applied and the dataset was re-

sliced to be consistent with Bokor et al’s proposals. The mid-

glenoid slice of Bokor et al was then identified on the new 

slices and the BSTA was quantified on it by following the 

steps described for STA. 

(X) Transverse axis of second moment of area 

(SMATA): The medio-laterally directed principal axis of the 

‘second moment of area’ of the axial slice at the centroid of 

the glenoid fossa (Figure 2). This definition is concomitant 

with the so called ‘central axis of inertia’ of Couteau et al 

(2000). The glenoid fossa was segmented, reconstructed and 

applied to calculate the coordinates of its centroid. The 

nearest axial slice to this was identified, segmented, 

reconstructed and applied to the geometric shape software. 

This calculated the medio-laterally directed principal axis of 

its second moment of area. 

 
Figure 4: Creating Bokor slices from a previous image scan 

(Image is re-sliced perpendicular to the glenoid face to obtain 

Bokor’s slices) 
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(XI) Wong scapular transverse axis (WSTA): This was a 

mediolateral line joining the spinoglenoid notch and the 

spine/medial border intersection (Wong et al., 2003). The 3-

D coordinates representing the two points were extracted by 

the application of AMIRA’s pointprobe tool to the 

reconstructed scapular body and used to quantify the line. 

(XII) Wu medio-lateral axis (WMLA): This was a line 

joining the ‘trigonum spinae scapulae (TS)’ and the ‘angulus 

acromialis (AA)’ (Wu et al., 2005) (Figure 2). This was 

quantified following similar steps as in WSTA. 

(XIII) Wu anterior-posterior axis (WAPA): This was the 

normal to the plane formed by TS, AA and the ‘angulus 

inferior (AI)’ (Wu et al., 2005). 

(XIV)  Churchill scapular transverse axis (CSTA): This 

represents a line between the centre of the glenoid fossa and 

the spine/medial border intersection of the scapula (Churchill 

et al., 2001). The AMIRA pointprobe tool was used to 

extract the two points as in the case of WSTA. 

 

Statistical Analysis 

Each quantified axis was expressed with respect to the 

scapular blade coordinate frame and the bearing from it 

calculated. The bearings from all the specimens for a 

particular axis were summed and the mean calculated. Axes 

with mean bearing from the blade coordinate axes greater 

than 10° were defined as deviating significantly from the 

scapular frame of reference. These were eliminated. The 

remaining axes were subjected to the next elimination round. 

This considered the insensitivity of the remaining axes to the 

morphological variations of the scapula. The fourteen axes 

were quantified from various aspects of the scapular body. 

These therefore jointly represent the corporate morphology 

of the scapula. The angles of inclination between each axis 

and the remainder of the fourteen axes were calculated. The 

means and standard deviations (SD) of all these angles for all 

specimens were calculated. A relatively insensitive axis to 

inter-subject variations in scapular body morphology or 

pathology would have smaller sum total of its inclination 

SDs compared to others. The insensitivity index of an axis is 

therefore defined as the average of its inclination SDs. All 

the calculated insensitivity indices were divided with 

smallest index to normalise them relative to the smallest 

index. The values so obtained were the ‘relative insensitivity’ 

of the axes. The final criterion considered was the 

applicability of an axis even in the presence of pathologies. 

Axes that are quantified with three or fewer vector points are 

more likely to lose their integrity in the presence of 

pathologies. Therefore, risk of failure in pathology was 

weighted 1 for a 2-point based axis if any of the landmarks 

associated with its calculation was prone to any regular 

pathology, otherwise this was 0. The weighting scores of the 

last two criteria, insensitivity and applicability, were 

combined to obtain the final grading of the axes.  

 

At the end of the elimination process, the highest ranking 

axis was chosen as the first of the three orthogonal axes for 

the proposed Cartesian coordinate frame (v1). The next top 

ranking axis on a different anatomical plane from that of v1 

was identified as ‘v2 temp’. The cross product of v1 and v2-

temp was calculated. This was orthogonal to both parent 

vectors and directed to the third anatomical plane. This was 

the vector, ‘v3’, the second of the three orthogonal axes of 

the proposed frame. Finally, the cross product of v1 and v3 

produced the last of the three orthogonal axes of the frame, 

directed approximately in same sense as v2 temp. 

Results 

The CSTA of Churchill et al (2001) is the most conforming 

axis with a bearing of 3.7° from the Rml of the scapular 

blade coordinate frame. Five axes including the WMLA of 

Wu et al (2005) had average bearing angle greater than 10° 

and were hence eliminated (Table 1). Among the remainder, 

the CSTA was the most insensitive to variations in scapular 

body morphology. This scored the smallest value of 

insensitivity index and was normalised to 1. The least 

insensitive axis was the lateral border line with a relative 

insensitivity of 1.73 (Table 2).  In consideration of the 

volume of quantification points and failure in pathology, 

CSTA and BSTA weighted 1 while the rest of the axes 

weighted 0 respectively. In the final grading therefore, the 

most optimal axis was the spine root line (SRL). This was 

quantified using many points (Table 2). This was the first of 

the three orthogonal axes of the scapular kinematics 

coordinate frame, directed approximately in the medio-lateral 

sense. The next most optimal axis on a different plane from 

SRL was the anterior-posteriorly directed SNI. This was 

hence the second axis for computing the scapular coordinate 

frame. 

              Axes Bearing (°) 

 Churchill Transverse Axis (CSTA) 3.7 

 Lateral Border Ridge (LBL) 4.6 

 Subscapular Fossa (SNIV) 4.9 

 Bokor Transverse Axis (BSTA) 5.2 

 Spine Root line (SRL) 5.7 

 Wong Transverse Axis (WSTA) 6.0 

 Superomediolateral border (SNIII) 6.6 

 SRL-LBL Plane normal (SNI) 8.6 

 Wu A-P Axis (WAPA) 9.4 

 Anterior aspect-inferior 2/3 (SNV) 12.4 

 Entire Scapular inferior 2/3 (SNII) 12.7 

 Friedman Transverse Axis (STA) 14.3 

 Wu M-L Axis  (WMLA) 16.9 

 2
nd

 Moment Area (SMATA) 34.9 

Table 1: Relative divergence of axes from scapular blade) 

 

              Axes RI PD 

 Spine Root line (SRL) 1.05 0.00  

 Wong Transverse Axis (WSTA) 1.05 0.00 

 Wu A-P Axis (WAPA) 1.08 0.00 

 SRL-LBL Plane normal (SNI) 1.18 0.00 

 Superomediolateral border (SNIII) 1.29 0.00  

 Subscapular Fossa (SNIV) 1.32 0.00  

 Lateral Border Ridge (LBL) 1.73 0.00  

 Churchill Transverse Axis (CSTA) 1.00 1.00 

 Bokor Transverse Axis (BSTA) 1.08 1.00 

Table 2: Summary of Relative Insensitivity (RI) and Pathology 

Dependency (PD) Risk of failure in pathology is 1 for a 2-point 

based axis if any of the landmarks is associated with any 

regular pathology, otherwise this is 0. Relative insensitivity is 

normalised at 1 for a very high insensitive axis to scapular 

morphometric variations. 

Discussion 

Many current clinical and biomechanical studies that involve 

scapular motion are based on 2-D axes obtained by surface 

tracking of landmarks. However, in the context of 3-D 

modelling of the shoulder, advances in surgical planning and 

navigation systems, and the ability to conduct advanced 

imaging of the shoulder, this study focused on obtaining a 
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coordinate frame that would be able to be used in advanced 

kinematic and surgical studies. 

Patient specific modelling of the kinematics of the 

glenohumeral joint requires a robust definition of the body-

fixed Cartesian coordinate frames of the constituent bones. 

The axes of such a frame need to be close to the standard 

anatomical directions for easy clinical application without 

subjective adjustments to achieve alignment. To achieve 

these requirements and reduce variability especially in the 

presence of pathologies, the present study applied three 

criteria to derive the principal axes of the scapular Cartesian 

coordinate frame. This study has identified the combination 

of axes to define a body-fixed coordinate frame that is 

relatively insensitive to inter-scapular variability. The 

emerged optimal axes (SRL and SNI) have the advantage of 

being independent of any scanning orientation. They rely on 

multiple points and are thus less likely to lose their integrity 

in cases of osseous modifications and fracture (Sugaya et al., 

2003). It should be noted that SRL and LBL (the second 

parent axis of SNI) are quantified from landmarks that are 

not associated with any common osseous pathology or 

modifications due to reconstructive surgery. The medio-

lateral axis defined by Churchill et al (2001) was most 

insensitive to specimen variability when compared to the 

other axes. However, this has the disadvantage of depending 

on only two points and hence might result in large 

quantification variations in some cases of fracture or osseous 

modifications. Similarly, Wu et al’s (2005) WMLA and 

WAPA depend on two to three points only but unlike CSTA 

its landmarks are not commonly affected by any pathology. 

However, the quantification of these require scans that cover 

the most proximal and most distal aspects of the scapula. 

This might require extra radiation exposure since they might 

not possibly be quantified from standard shoulder or chest 

scans. It is possible to use magnetic resonance imaging to 

eliminate radiation exposure, but this would require further 

work on the accuracy of geometric reconstruction using these 

images. By definition WMLA points in a postero-lateral 

direction and this study has demonstrated that this has an 

average bearing of 16.9° relative to the plane of the scapular 

blade. This is a significantly large bearing angle from the 

lateral direction of the scapula and might pose some 

difficulties during clinical application of a coordinate frame 

derived from it. The two emerged optimal axes for the 

definition of the scapular body-fixed coordinate frame from 

this study have good indices of insensitivity.  Their low 

bearing angles relative to the plane of the scapula also ensure 

easy clinical applicability of the coordinate system derived 

from them. Therefore the derived Cartesian coordinate frame 

has its three orthogonal axes as (1) a best-fit line through the 

centre of the spine root, approximately in the medio-lateral 

direction, (2) the normal to a plane formed by the spine root 

line and a line through the centre of the ridge of the scapular 

lateral border, approximately in the anterior-posterior 

direction, and (3) the crosss-product of axes (1) and (2), 

directed approximately inferior superiorly. Further studies 

would apply this as input in modelling patient specific 

glenohumeral kinematics. 

This study has a  number of limitations. The main limitation 

is that 3-D images are required to establish the coordinate 

frame. This increases the cost of the planned treatment and 

might introduce ionising radiation to the patient that is not 

normally included as part of normal clinical practice.  An 

alternative approach to using landmarks would be to use 

statistical shape modelling or morphing technology to 

register either a 2-D x-ray or scan, or some digitised surface 

landmarks to a computational representation of scapular 

morphology (Yang et al, 2008)  Other limitations include the 

use of landmarks that are not readily accessible, or the 

arbitrary nature of some of the landmark choices. 

In conclusion, this study suggests that when describing 

scapular kinematics, axes should be chosen based on 

landmarks that are not likely to be influenced by osseous 

pathologies. Definition of axes based on two points only 

should be avoided where possible as this may introduce 

significant errors. Joint motions are clinically described in 

terms of rotations and translations along cardinal directions 

in anatomical position. Therefore, the choice of landmarks 

for the definition of kinematics axes should be such that the 

resulting axes do not deviate significantly from these cardinal 

directions in the anatomical position.  This work has 

proposed one such a definition that is based on the scapular 

blade plane. 
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