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Abstract…….  

The first carpometacarpal (CMC) joint is one of the most common sites for hand 

osteoarthritis (OA). Hand OA causes pain and increases one’s dependencies in 

performing activities of daily living. To better target and treat the effects of OA, the 

anatomical and biomechanical features of the healthy joint must be understood. Thus, 

the aims of the thesis were to establish the morphological variation of the first CMC 

joint in a healthy population; to quantify the stability of the first CMC joint with intact 

and disrupted ligaments; and to determine the role of the bony features of the joint in 

maintaining stability. 

To examine morphological variability, a novel multi-object statistical shape model was 

created by incorporating a feature selection process prior to coarse-to-fine non-rigid 

registration and projection pursuit principal component analysis (ppPCA). The 

performance of the proposed non-rigid registration strategy was assessed using 50 three-

dimensional models of the first CMC joint. The root mean square error (RMSE) and 

Hausdorff distance (HD) of the resultant objects were quantified. The proposed coarse-

to-fine non-rigid registration performed better than a non-rigid coherent point drift 

(CPD) approach, as the proposed method produced lower values of RMSE and HD (p 

< 0.05). With the same outlier ratio, the proposed non-rigid registration strategy 

required less computational time (11.8 minutes) compared to non-rigid CPD (81.6 

minutes).  

Following the development of the multi-object statistical shape model, a morphological 

analysis was done on the first-two principal components (PCs), which represented 15% 

of the total variation in the population of the study. Four features were measured on the 

shape model, namely articular tilt and torsion angles of the first metacarpal and length 

and width of the first metacarpal facet of the trapezium. The first metacarpal articular 

tilt angle varied between -6.3° and 12.3° and was strongly associated with the first PC 

(R2 = 0.99, p = 0.001). The variability of both articular tilt (𝑅2= 0.829) and torsion 

angles of the first metacarpal (𝑅2= 0.91) were strongly associated with the second PC 

and varied from 1.0° to 6.4° and 0.2° to 14.2°, respectively. The metacarpal facet width 

varied between 10.3 mm and 11.1 mm and was strongly associated with the first PC (R2 

= 0.84). Strongly associated with the second PC (R2 = 0.97), the metacarpal facet length 

varied between 12.3 mm and 17.3 mm. The variation in the first metacarpal articular tilt 
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angle was positively correlated with the variation in the facet width (r = 0.90, p = 0.005). 

In the second PC, the first metacarpal torsion angle was negatively correlated with the 

facet length (r = -0.92, p = 0.003), while the first metacarpal articular tilt angle and the 

facet length were positively correlated (r = 0.94, p = 0.001). 

To examine the role of the ligaments in maintaining stability of the first CMC joint, a 

sequential ligament sectioning study of sixteen specimens was performed. While a small 

compressive force was maintained, loads were applied to displace each specimen in four 

directions – volar, dorsal, radial and ulnar. Translation of the specimen in both dorsal-

volar and radial-ulnar directions was measured. Initially, the tests were conducted with 

the specimen intact. These tests were then repeated following each of four ligaments 

being sectioned in the following order: anterior oblique ligament (AOL), ulnar collateral 

ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). 

When displaced in the dorsal direction, the first CMC joint experienced dorsal 

subluxation when the IML was transected (p = 0.046) and dorsal (p = 0.046) and ulnar 

(p = 0.046) subluxation after the DRL was transected. When displaced in the radial 

direction, the first CMC joint experienced radial subluxation after transection of IML 

(p = 0.003) and radial subluxation (p = 0.012) with volar subluxation (p = 0.046) 

following DRL transection.  

A morphology-function relationship of the first CMC joint was derived through 

combining the results of the statistical shape model and the in vitro experiment. The 

four anatomical features quantified in the first study were measured on the three-

dimensional models of the sixteen specimens. In the first two PCs, the effect of the first 

metacarpal articular tilt angle and first metacarpal torsion angle variations was observed 

when the first CMC joint experienced external loads in the volar, dorsal, radial and ulnar 

directions. The variations in width and length of the trapezium’s articulating surface 

with the first metacarpal were observed to affect the joint translations when the joint 

subjected to external load in ulnar direction as described by the third PC. The 

implementation of morphology-function model allows to establish relationship between 

the variations in anatomical features of the first CMC joint and the ligaments 

surrounding the joint. The anatomical features of the first metacarpal were determined 

to affect the translations of the first CMC joint in all loading conditions.  
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The shape-function analysis shows that articular tilt and torsion angles of the first 

metacarpal and facet width affect the stability of the first CMC joint, especially when 

the ligaments surrounding the joint are disrupted. These findings have implications for 

the early detection of first CMC joint OA, as the morphological features of both first 

metacarpal and trapezium could be used to predict the stability of the first CMC joint. 

In future, a morphology-function relationship focussing on OA patients needs to be 

done to verify this. In addition, a population-based model that incorporates both healthy 

and pathological data could help clinicians in detecting and treating first CMC joint OA 

earlier or more effectively. 
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Chapter 1  Introduction 

 

In this chapter, the motivation behind the execution of the work presented in this thesis 

is explained. The first carpometacarpal (CMC) joint, located at the base of the thumb, 

is a common site of osteoarthritis (OA). First CMC joint OA limits a person’s ability to 

perform activities of daily living. Understanding the role of the joint’s morphology and 

its ligaments in maintaining joint stability could aid in the early diagnosis and improved 

treatment of the joint disease. 
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1.1 Motivation 

Between 2004 and 2010 approximately 1.56 million people in the United Kingdom 

sought treatment for hand or wrist osteoarthritis (OA). Of these, 620 000 were working 

women aged 45 to 64 years old (Arthritis Research UK, 2013), as hand OA is 

particularly prevalent in postmenopausal women (Colman et al., 2007, Doerschuk et al., 

1999, Batra and Kanvinde, 2007, Feydy et al., 2009, Kwok et al., 2013, Patel et al., 

2013). Two common sites for hand OA are the distal interphalangeal joints, which are 

the most distal joints of the fingers, and the first carpometacarpal (CMC) joint, which 

is found at the base of the thumb (Figure 1-1). Although the first CMC joint is the 

second most common site for OA development, as compared to the interphalangeal 

joints (Li and White, 2013), more pain and functional disability are associated with first 

CMC joint OA (Bijsterbosch et al., 2010).  

The first CMC joint is defined as being where the first metacarpal and trapezium bones 

meet. The biconcave-convex saddle shape of the joint surfaces provides little bony 

stability, but permits a large range of motion. Understanding of human movement 

depends on the establishment of knowledge of anatomy and mechanics, as well as on 

 

Figure 1-1: The joints in the human hand.  

There are three joints within the thumb; these are the first carpometacarpal joint, 

metacarpophalangeal joint and interphalangeal joint. There are four joints within each 

finger; these are the carpometacarpal joint, metacarpophalangeal joint, proximal 

interphalangeal joint and distal interphalangeal joint. 
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the advancement of measurement technology (Lu and Chang, 2012). Behaviour, 

anatomical geometry, material properties and loading conditions are all important in 

functional biomechanical assessment (Bischoff et al., 2014). However, these values are 

varied between individuals across a population. Although it is known clinically that first 

CMC joint OA is more common in older women than men, discrepancies between 

findings of morphological studies of the joint articulating surfaces between men and 

women of different ages are still observed (Kovler et al., 2004, Marzke et al., 2012, 

Halilaj et al., 2014a, Schneider et al., 2015). This indicates that there is room for 

improvement in morphological studies of the first CMC joint.  

The analysis of the morphology of the first CMC joint began with gross anatomic 

dissection of cadaveric specimens (Napier, 1955). This analysis was built upon using 

two-dimensional (2D) medical images taken using x-ray (Pieron, 1973, Miura et al., 

2004, Kurosawa et al., 2013), which broadened the analysis to the 2D structure of the 

first metacarpal and trapezium together. Advancements in medical image acquisition 

allowed three-dimensional (3D) morphological analysis, not only at the first CMC joint 

articulating surfaces (Ateshian et al., 1992, Kovler et al., 2004, Marzke et al., 2012, 

Halilaj et al., 2014a), but also of the complete 3D structure of the first metacarpal and 

trapezium (Schneider et al., 2018, Schneider et al., 2015).  

With little bony stability provided by the shape of the first CMC joint, the joint depends 

on its ligaments in order to prevent subluxation. Previous studies have been focused on 

determining the ligaments that act as primary stabilisers of the joint. Three ligaments, 

the anterior oblique ligament (AOL) (Pellegrini, 1991, Pellegrini et al., 1993, Imaeda et 

al., 1994), intermetacarpal ligament (IML) (Pagalidis et al., 1981), and dorsoradial 

ligament (DRL) (Bettinger et al., 1999, Ladd et al., 2012, Najima et al., 1997, Strauch 

et al., 1994, Van Brenk et al., 1998) have been the primary candidates. It is important 

to know the primary stabilisers of the joint because disruption of these ligaments can 

increase instability. Increased joint instability can cause joint impingement, which may 

lead to increases in joint stress (Gillis et al., 2011). The identification of the primary 

stabilisers may also help in designing repair mechanisms to combat first CMC joint 

hypermobility (Freedman et al., 2000, Spekreijse et al., 2016).  

The shape of the first CMC joint and the surrounding ligaments each have their own 

roles to play in preventing joint subluxation. Instead of studying the shape and ligaments 



Chapter 1 Introduction 

26 

of the joint separately, functional morphology allows us to study the form and function 

of the joint. As variability in the shape of the joint is inevitable, functional morphology 

can give insight into the stability or damage caused by joint shape variation. The 

incorporation of morphological variability and the function of the ligaments is important 

in understanding the biomechanical interaction between the morphology of the first 

CMC joint and its ligaments in preventing joint subluxation. 

1.2 Aim and objectives 

The aims of the thesis were to provide a means for early diagnosis and treatment 

stratification for patients with suspected thumb OA with the desired outcome being 

reduction in disease severity and improved patient outcomes.  

There were five objectives in this thesis to achieve the aforementioned aims: 

1) To develop and compare multiple methods used in a multi-object statistical 

shape modelling (SSM) pipeline to best characterise the components of the first 

CMC joint 

2) To quantify the variability of the morphological and anatomical features of the 

bones of the first CMC joint in a healthy population 

3) To quantify the translations of the first CMC joint in the intact state 

4) To quantify the role of each ligament surrounding the first CMC joint in 

maintaining joint stability using a sequential ligament sectioning experiment 

5) To determine the effect of variability in bony anatomy on the stability of the first 

CMC joint using a combination of shape modelling and experimental data. 

1.3 Thesis outline 

Chapter 2 describes the anatomy of the first CMC joint with an emphasis on the 

morphology of the bones that comprise the joint and the ligaments surrounding it. This 

chapter also introduces SSM, the method used in this thesis to quantify shape variation. 

Chapter 3 explains in detail the development of the multi-object SSM approach and its 

evaluation. 
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Chapter 4 details the morphological analysis that was done on the first CMC joint 

models obtained from multi-object SSM. 

Chapter 5 provides a description of the in-vitro experiment that was conducted to 

quantify the translation of the first CMC joint both in the intact state and when its 

ligaments were disrupted. 

Chapter 6 documents the effect of variations in the anatomical features of the first CMC 

joint and hypothesises how these might influence its function and how ligament 

disruption could result in damage to the joint.  

Chapter 7 discusses the influence of interactions between articular surface shape and 

the ligaments in the development of first CMC joint OA, the strengths and limitations 

of the work in this thesis and summarises the findings.
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Chapter 2  Literature review 

 

This chapter introduces two main topics, the first carpometacarpal (CMC) joint and 

statistical shape modelling (SSM). Two aspects of the first CMC joint are discussed: the 

morphology of the bones that comprise the joint and the ligaments surrounding the joint. 

The processes involved in SSM, as it is used in this thesis, medical image segmentation, 

correspondence generation, and dimension reduction, are then described. 
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2.1  First CMC joint 

The first CMC joint is located at the base of the thumb (Figure 2-1). Its biconcave-

convex saddle shape is formed by the proximal articulating surface of the first 

metacarpal and the distal articulating surface of the trapezium. Two prominent 

curvatures can be seen at the articular surface of both the first metacarpal and trapezium, 

the dorsovolar curvature and radioulnar curvature. The saddle shape of the joint 

provides little bony stability (Ladd et al., 2013), as this would compromise the large 

range of motion of the thumb (Neumann and Bielefeld, 2003). Apart from the large 

range of motion, the shape of this joint allows the thumb to perform power and precision 

tasks (Day, 1978), such as opening a jar, turning a key and writing. The first CMC joint 

is capable also of performing rotational movements that help in completing activities of 

daily living (Figure 2-2). 

2.1.1 Morphology 

Over the years many morphological analyses of the articulating surfaces of the first 

CMC joint have been carried out in order to better understand the function of the joint 

(Kuczynski, 1974, Ateshian et al., 1995, Ateshian et al., 1992, Kovler et al., 2004, 

Marzke et al., 2012, Halilaj et al., 2014a). Early in this process, Kuczynski (1974) 

identified one prominent ridge on the distal articulating surface of the trapezium, which 

is now known as the central ridge. This anatomical feature has a prominence near the 

base of the second metacarpal and steadily becomes flatter in the radial direction. This  

 

 

Figure 2-1: The first CMC joint.  

The first metacarpal (purple) and trapezium (green) that form the joint, located at the 

base of the thumb. 
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indicates that the articulating surface of the trapezium is more convex in the ulnar region 

compared to the radial region (Ateshian et al., 1992). The existence of an obliquely 

curved groove running transverse to the central ridge was also observed (Figure 2-3) 

(Kuczynski, 1974). The proximal articulating surface of the first metacarpal was 

observed to be more concave in the dorsal-ulnar region and almost flat in the volar-

radial region (Figure 2-4) (Kuczynski, 1974, Ateshian et al., 1992). The curvature 

profile of the first metacarpal articulating surface was found to match with the curvature 

profile of the trapezium. Both Kuczynski (1974) and Ateshian et al. (1992) discovered  

 

 
 

(a)                   (b)                         (c)                        (d)                    (e) 

Figure 2-2: Five movements of the thumb.  

(a) abduction, (b) adduction, (c) extension, (d) flexion, and (e) opposition. 

 

Figure 2-3: Transverse oblique groove on the distal articulating surface of the 

trapezium. 

As described by (Kuczynski, 1974). The line connecting point A to B represent the 

maximal concavity of the groove. 



Chapter 2 Literature review 

32 

that the first CMC joint was more congruent along the ulnar-radial axis compared to 

along the dorsal-volar axis. Ateshian et al. (1992) also observed that that women’s first 

CMC joints are less congruent than men’s joints. 

Using differential geometry, Ateshian et al. (1995) quantified the principal curvature of 

the first CMC joint articulating surfaces, which allowed them to differentiate the 

articulating surface morphology of one specimen with respect to another. This 

parameter has been used to determine the differences in articulating surfaces of the first 

CMC joint as a function of gender, age, ethnicity and pathology (Ateshian et al., 1992, 

Kovler et al., 2004, Marzke et al., 2012, Halilaj et al., 2014a). Kovler et al. (2004) stated 

that the only difference between males and females in the morphology of the articular 

surfaces of the first CMC joint was the ulnar-radial curvature of the trapezium, where 

females have more concavity than males. However, later studies disagreed with this, as 

they found no differences between males and females in the morphology of the 

articulating surface of both trapezium and first metacarpal (Marzke et al., 2012, Halilaj 

et al., 2014a). Differences in morphology of the first CMC joint between males and 

females were found to be due only to age and health conditions (Halilaj et al., 2014a). 

With respect to ethnicity, European populations have been found to have more 

dorsovolar curvature in the articulating surface of the first CMC joint compared to 

Asian, African and Australian populations (Marzke et al., 2012).  

Instead of just analysing the articulating surfaces of the first CMC joint, it is important 

to measure anatomical features of the complete structure of the first metacarpal and 

 

Figure 2-4: The central ridge (dashed line) of the trapezium.  

According to Kuczynski (1974), the distal articulating surface of the trapezium was 

observed to be almost flat in the radial region (blue area) and highly concave in the ulnar 

region of the articulating surface (orange area). 
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trapezium as well. Metacarpal thickness, width, length and medullary diameter from a 

healthy Caucasian population, aged from 3 to 19 years, were measured on x-ray images 

and these four anatomical features were found to be correlated with bone age throughout 

skeletal maturation and development (Martin et al., 2011). The metacarpal and 

phalangeal length have been determined to be a good indicator in determination of 

gender (El Morsi and Al Hawary, 2013, Tian et al., 2017). The first metacarpal articular 

tilt angle also has been measured and this anatomical feature has been shown to correlate 

with first CMC joint OA (Miura et al., 2004, Kurosawa et al., 2013). Defined as the 

angle produced because of twist of the first metacarpal head relative to its base (Singh, 

1979, Drapeau and Harmon, 2013, Drapeau, 2015), the first metacarpal torsion angle 

has been considered as a sign of morphological adaptation towards fine object 

manipulation that has been observed in modern humans (Drapeau, 2015). In the 

trapezium, the formation of osteophytes has been observed at the radial and ulnar sides 

(width) throughout the progression of first CMC joint OA (Crisco et al., 2019). The 

width of the articulating surface of the first metacarpal on the trapezium, measured 

based on x-ray images (Figure 2-5) has been determined to be a good indicator in 

monitoring the progression of first CMC joint OA (Ladd et al., 2015).  

 

Figure 2-5:  Robert view radiograph of an asymptomatic thumb. 

This provides the volar view of the first CMC joint. The * represents the flexor carpi 

radialis groove, indicating the oblique orientation of the thumb relative to the fingers. 

Image reused from Ladd et al. (2015) with permission obtained from the publisher. 
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In addition to morphological analyses based on two-dimensional medical images, 3D 

analyses have been done by implementing SSM (Schneider et al., 2015, Schneider et 

al., 2018). The aspect ratio of the first metacarpal, defined as the ratio between the length 

of the first metacarpal and its epiphysis diameter, has been shown to be the parameter 

that exhibits the greatest variance (Schneider et al., 2015). Furthermore, this anatomical 

feature has been identified as differing between healthy and first CMC joint OA patients 

(Schneider et al., 2018). In agreement with Ladd et al. (2015), the width of the trapezium 

has been found to be greater in first CMC joint OA patients than in the healthy 

population (Schneider et al., 2018). A longer first metacarpal volar beak also has been 

observed in a population with first CMC joint OA, as compared with a healthy 

population. 

2.1.2 Ligaments 

A study by Bettinger et al. (1999) identified seven ligaments surrounding the first CMC 

joint. These were the superficial AOL, AOL, DRL, posterior oblique ligament (POL), 

ulnar collateral ligament (UCL), IML and dorsal intermetacarpal ligament (DIML). 

Figure 2-6 shows the locations of the ligaments surrounding the first CMC joint and 

Table 2-1 describes the insertion of these ligaments. A recent anatomical study done by 

Ladd et al. (2012) found the same number of ligaments surrounding the joint, but with 

some observational differences. Two of the main differences between these two studies 

were the findings with regards to the AOL and IML. Ladd et al. (2012) observed only 

the AOL; no distinction between a superficial AOL structure and the AOL was found. 

The same was true of the IML; only one structure was identified and thus no DIML 

structure was observed. However, in the study conducted by Ladd et al. (2012), two 

ligaments were identified which were not been mentioned previously. These were the 

dorsal central ligament and first dorsal trapeziometacarpal ligament. The dorsal central 

ligament was located between the DRL and POL, which is the shortest and thickest 

ligament surrounding the joint. The dorsal trapeziometacarpal ligament was suggested 

to be the dorsal counterpart of the UCL (Ladd et al., 2012). 

The morphology of the ligaments surrounding the first CMC joint can be very useful in 

determining the role or function of these ligaments during joint motion. Based on 

anatomical dissection studies, the width and thickness of the dorsal deltoid ligament, 

which is comprised of the DRL, dorsal central ligament and POL, have been measured  



Chapter 2 Literature review 

35 

 

 

Figure 2-6: The ligaments that surround the first carpometacarpal joint. 

Blue – dorsoradial ligament, orange – posterior oblique ligament, pink – intermetacarpal 

ligament, red – ulnar collateral ligament and green – anterior oblique ligament. 

Table 2-1: Origin and insertion location of the ligaments surrounding the first CMC 

joint. 

Ligament Origin Insertion 

anterior oblique ligament 

(Ladd et al., 2012) 

Volar edge of the 

trapezium 

Volar distal extension of 

the first metacarpal beak  

dorsoradial ligament 

(Bettinger et al., 1999) 

Dorsoradial tubercle of 

the trapezium 

Dorsal edge of the base of 

the first metacarpal 

intermetacarpal ligament 

(Ladd et al., 2012) 

Dorsoradial edge of the 

second metacarpal 

Volar-ulnar of the first 

metacarpal 

posterior oblique ligament 

(Ladd et al., 2012) 

Ulnar side of the tubercle 

of the trapezium 

Oblique and ulnar 

direction to the ulnar side 

of the first metacarpal 

ulnar collateral ligament 

(Ladd et al., 2012) 

Distal edge of the 

transverse carpal ligament 

Volar-ulnar ridge of the 

trapezium 
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and compared to the volar ligaments (AOL and UCL) and IML (Bettinger et al., 1999, 

Ladd et al., 2012, Lamas Gomez et al., 2017). However, several studies have identified 

that the DRL has a similar length to the AOL (Tan et al., 2011, Ladd et al., 2012, 

D'Agostino et al., 2014). The length of the AOL has been measured computationally 

and this ligament has been shown to be slackened during first CMC joint flexion, 

abduction and opposition (Tan et al., 2011). This is in agreement with the work from 

Halilaj et al. (2015) where the length of AOL during jar grasp was less than the reported 

mean length of this ligament (Bettinger et al., 1999, Nanno et al., 2006, Tan et al., 2011, 

Ladd et al., 2012). This may indicate that the AOL does not stabilise the first CMC joint 

during these joint motions. Tan et al. (2011) also determined that the greatest changes 

in length of the DRL, POL, IML, DIML were determined during first CMC joint 

flexion, showing the importance of these ligaments in preventing joint subluxation. 

Through cadaveric experimental study it has been shown that the DRL has a higher 

stiffness than the AOL (D'Agostino et al., 2014), which is in agreement with the 

previous study conducted by Bettinger et al. (2000). The DRL also has been determined 

to be tougher than the AOL (Bettinger et al., 2000).  

2.2 Pairwise registration 

Considering two sets of points, a reference object and a source object, the objective of 

the pair-wise registration is to determine a suitable transformation between these two 

sets of points and establish the correct correspondence between the reference and source 

objects. This can be achieved through rigid or non-rigid registration. Zhu et al. (2019) 

categorised pair-wise registration into three methods: distance-based, filter-based and 

probability-based.  

2.2.1 Distance based method 

The distance-based method of pair-wise registration works according to a dual-step 

scheme. Firstly, the distances between two sets of points are computed and the 

correspondences between the point sets are determined. Secondly, based on the 

determined correspondences, the distances between the two-point sets are minimised. 

Iterative closest point (ICP) (Besl and Mckay, 1992), robust point matching (Gold et 

al., 1998), thin plate spline robust point matching (Chui and Rangarajan, 2003), kernel 

correlation (Tsin and Kanade, 2004, Singh et al., 2004), Gaussian mixture model 
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(GMM) (Jian and Vemuri, 2011) and graph matching (Conte et al., 2004) are among 

the methods that have been highlighted in the literature to achieve this minimisation 

(Tam et al., 2013, Maiseli et al., 2017, Zhu et al., 2019).  

Both ICP and robust point matching are restricted to rigid registration. Thin plate spline 

robust point matching has extended the capability of robust point matching to non-rigid 

registration, but this method is difficult to implement in higher dimensions, such as in 

a 3D non-rigid registration problem. Due to its simplicity, the ICP algorithm has been 

extended to tackle the non-rigid registration problem (Amberg et al., 2007, Li et al., 

2008).  

2.2.2 Probability based method 

The coherent point drift (CPD) algorithm is the most popular probability-based method 

for performing rigid and non-rigid registrations (Myronenko and Song, 2010). Using 

CPD, the registration is formulated as a maximum likelihood estimation based on the 

GMM method. As one set of points represents GMM centroids and another set of points 

represents data points, registration is achieved by coherently moving the GMM 

centroids to match the data points. The expectation maximisation algorithm is 

implemented to solve the maximum likelihood optimisation problem to determine the 

transformation between the two sets of points.  

2.3 Statistical shape modelling 

In clinical situations, the shapes of any organs, for example bone, can vary between 

individuals or over time. In order to quantify morphological differences, a deformable 

template is required, rather than a rigid model (Kass et al., 1987, Lipson et al., 1990, 

Pentland, 1990, Cootes et al., 1995). A deformable template allows morphological 

variability in a population to be captured (Bischoff et al., 2014); this can be achieved by 

means of SSM. Point distribution models were introduced by Cootes et al. (1995) in 

which points were used as the basis of the statistical shape model. 

There are three processes involved in SSM. These are point generation, correspondence 

generation, and dimension reduction (Figure 2-7) (Bischoff et al., 2014). The first 

process involves the generation of points for an anatomical object of interest through 

medical image segmentation. Through this process, a dataset containing points from 
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multiple samples of an anatomical object that represents a population can be obtained. 

Common modalities for medical imaging are X-ray, computed tomography and 

magnetic resonance imaging. Rigid and non-rigid registrations are implemented to  

obtain correspondences between samples in a dataset. With current advancements in 

medical technology, very high-resolution medical imaging can be obtained, resulting in 

a dense set of points that represent an anatomical object. Using a dimension reduction 

technique, for example principal component analysis (PCA), enables the high 

dimension data from the dense set of points to be reduced to several dimensions, called 

principal components (PCs). With eigenvalues and eigenvectors obtained from PCA, 

the variation of an anatomical object in each PC can be reconstructed and analysed. 

2.3.1 Point generation 

Medical image segmentation is the process used to obtain the positions of points that 

represent the boundary or surface of an anatomical object. Figure 2-8 shows the semi-

automatic process used in obtaining the 3D bone model based on computed tomography 

images of the first CMC joint. The vertices of the mesh elements that represent the 

surface of the 3D models of the bones on either side of the first CMC joint are taken as 

a set of points. Each of the points is defined by their x, y and z coordinates in the image 

coordinate frame. 

 

Figure 2-7:  Flowchart illustrating the processes involved in statistical shape modelling.  

Rigid and non-rigid registration are the two processes that are implemented to obtain 

correspondence between multiple sets of points.  
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2.3.2 Correspondence generation 

In the process of acquiring medical images, orientation differences between samples 

may occur, despite standardised protocols for image acquisition. Since SSM quantifies 

variability in points that represent the morphology of anatomical objects, these 

differences can affect the outcome of SSM. For example, the variation obtained will 

represent the variability in orientation of the samples in the image coordinate frame, 

rather than the variability in morphology between the samples. Hence, points of all 

samples in a dataset need to undergo a registration process.  

Rigid registration is a process that is used to eliminate rotational, translational and size 

differences between samples. Consisting of three rotations and three translations, the 

rigid registration process has six degrees of freedom in 3D space. Anatomical objects 

undergoing this process will not experience any changes in their geometry because as 

the name implies, rigid registration only changes the position and orientation of the 

anatomical objects as a whole. The registration process may be divided into two types: 

pair-wise registration and group-wise registration. Pair-wise registration is a process of 

registering one sample, known as the source object, to another sample, known as the 

reference object. Group-wise registration is a process of registering samples in a dataset 

simultaneously. Further discussion regarding registration is focussed on pair-wise 

 

(a)                                             (b)                                                  (c)  
 

Figure 2-8:  Semi-automatic segmentation process of the first metacarpal and trapezium.  

(a) The first metacarpal (purple) and trapezium (green) shown on one slide of a 

computed tomography scan. (b) The 3D bone model with the presence of noise 

generated from the segmentation process. (c) The three-dimensional bone model after 

the smoothing process to eliminate the noise resulting from the segmentation process. 
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registration. The reason why only pair-wise registration was considered in this study is 

because the source of medical image comes from one modality (Sotiras et al., 2009). 

Although bias may happen in pair-wise registration due to the chosen reference object, 

appropriate selection of the reference object can be done to reduce the effect of the bias 

(Park et al., 2005). 

Another issue in obtaining the correspondence of points among samples in a dataset is 

differences in the number of points that represent the morphology for each of the 

samples in a dataset. One-to-one correspondence between points is important when 

quantifying the morphological variation of between samples. Failure to achieve this will 

result in discrepancies in the shape representation by the points for all samples in a 

dataset. Since a point distribution model is based on the location of these points, this 

discrepancy will cause some of the points to be labelled as outliers, contaminating the 

resulting morphological variation. Hence, non-rigid registration is needed to deform the 

reference object to the source object. The addition of local deformations increases the 

number of degrees of freedom for the deformation of the reference object and extends 

the rigid registration to non-rigid registration. Following this process, the shapes of all 

samples are represented by the same number of points.  

2.3.3 Dimension reduction 

The points that represent the shapes of samples in a dataset are used to construct a vector 

known as the shape matrix, V: 

𝑆ℎ𝑎𝑝𝑒 𝑚𝑎𝑡𝑟𝑖𝑥, 𝑉 =  {𝑃1, 𝑃2, … , 𝑃𝑛}𝑇 (2-1) 

where Pn is the vector representing the coordinates of the nth landmark point. PCA has 

been widely used as a dimension reduction technique to quantify the variability in the 

shape matrix by producing eigenvalues and eigenvectors. Arranged in descending order, 

eigenvalues describe the variance of the shape matrix using their respective 

eigenvectors, also known as PCs.  

Eigen decomposition is done by determining the covariance matrix of the shape matrix: 

𝑆 =  
1

𝑛 − 1
(𝑉 − �̅�)(𝑉 − �̅�)𝑇 ,

𝑤ℎ𝑒𝑟𝑒 �̅� 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠ℎ𝑎𝑝𝑒 𝑚𝑎𝑡𝑟𝑖𝑥  

(2-2) 
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The eigenvalues and eigenvectors obtained from the covariance matrix of the shape 

matrix are used to construct new shapes, Pnew that vary from the mean shape, �̅� along 

the PCs. 

𝑃𝑛𝑒𝑤 =  �̅� + 𝒱𝑏 (2-3) 

𝒱 =  {𝓋1, 𝓋2, 𝓋3, … , 𝓋𝑛−1} (2-4) 

𝑏 =  {𝑏1, 𝑏2, 𝑏3, … , 𝑏𝑛−1}𝑇 (2-5) 

where 𝒱 is the matrix that contains the PCs and b is the vector of weights. Based on 

(2-3), the variation in the mean shape along the PCs is limited by suitable limit of b. 

According to Cootes et al. (1995), the suitable limit of b is: 

−3√𝜆𝑖  < 𝑏𝑖 < 3√𝜆𝑖 (2-6) 

where i=1, 2, 3…, n-1 and λ is the eigenvalue. Assuming that the shape matrix has a 

Gaussian distribution, this aims to account for a larger range in the variability of the 

population than that which might be represented by the samples in my dataset. Eigen 

decomposition can be implemented only when the number of variables, also known as 

the dimension, is less than the number of samples. If number of dimensions is larger 

than the number of samples, singular value decomposition can be used to obtain the 

eigenvalues and eigenvectors. Singular value decomposition will give the same result 

and is the most suitable method to use in SSM to obtain the eigenvalues and 

eigenvectors. This is because 3D anatomical objects contain high numbers of points 

(dimension). Thus, it is difficult to obtain a number of samples that is greater than the 

dimension.  

2.4 Summary 

In this chapter, an overview of the morphology of the first metacarpal and trapezium 

that form the first CMC joint has been presented. The importance of the morphology, 

not just at the articulating surface level, but also at the level of the complete structure of 

the two bones, has been explored. Morphological analysis of the first CMC joint can be 

accomplished by implementing SSM. 
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Chapter 3  Multi-object statistical shape modelling 

 

This chapter discusses current issues in non-rigid registration and dimension reduction 

techniques, as these are the two processes involved in obtaining the shape model of the 

first carpometacarpal joint. A new pipeline for non-rigid registration is developed and 

evaluated. Instead of classical principal component analysis, projection-pursuit 

principal component analysis is used to obtain low dimensional data.  
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3.1  Background 

As described in Section 2.3, SSM consists of three processes. These are point 

generation, correspondence generation and dimension reduction. This chapter focuses 

on correspondence generation and dimension reduction. Both rigid and non-rigid 

registration, which are important in correspondence generation, are discussed in this 

section, as are issues related to dimension reduction. 

3.1.1 Rigid registration 

Alignment of samples can be achieved by performing rigid registration. Due to its 

simplicity and low computational cost, the ICP method introduced by Besl and Mckay 

(1992) is a well-known method for aligning two point sets via rigid registration. 

However, a critical limitation of ICP is that it requires the initial position of all samples 

to be adequately close, which potentially leads the solution to be trapped in local minima 

(Jian and Vemuri, 2005, Xie et al., 2011, Chen et al., 2013, Yang et al., 2016, Zhou et 

al., 2018). This is because the ICP algorithm uses the concept of closest points in 

assigning correspondences and employs the least-squares rigid transformation to 

determine the relationship between two point sets. This also means that the performance 

of the ICP algorithm is vulnerable to the presence of noise and outliers (Jian and 

Vemuri, 2005).  

Robust point matching has been developed (Gold et al., 1998) to overcome the issues 

posed by the ICP method. However, the performance of the robust point matching 

method depends on how well the heuristics scheme employed in the algorithm fits with 

the registration problem (Lian and Zhang, 2014).  

Although distance-based methods, such as ICP and robust point matching, require less 

computational cost while maintaining acceptable performance, (Zhu et al., 2019) have 

determined that probabilistic methods perform better than distance-based approaches. 

The CPD method, introduced by Myronenko and Song (2010), is a popular probabilistic 

method for solving the point set registration problem. Rigid registration is important in 

SSM in order to eliminate orientation differences from affecting the shape model. 

Despite the high computational cost of probabilistic approaches, such as the CPD 
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method, the implementation of this method is necessary to ensure the shape model 

obtained from the SSM is free from orientation differences. 

Consider two point sets, X with N points and Y with M points. Using the CPD algorithm, 

the registration of these two point sets is considered as a probability density estimation 

problem and this is achieved using the maximum of the GMM posterior probability of 

X. 

𝐗𝑁𝑥𝐷 = (x1, x2, … , x𝑁)𝑇 (3-1) 

𝐘𝑀𝑥𝐷 = (y1, y2, … , y𝑀)𝑇 (3-2) 

where X are the data points generated by the GMM, Y are the GMM centroids and D is 

the dimension of the point sets. Here, the point set Y is registered according to the point 

set X. The probability density estimation of GMM is formulated as: 

𝑝(x) = ∑ 𝑃(𝑚)𝑝(x|𝑚)

𝑀+1

𝑚=1

 

(3-3) 

The term 𝑝(x|𝑚) is written as follows: 

𝑝(x|𝑚) =
1

(2𝜋𝜎2)
𝐷
2

𝑒𝑥𝑝
−

‖x−y𝑚‖2

2𝜎2 , 𝑚 = 1,2,3, … , 𝑀 
(3-4) 

In order to handle noise and outliers, a uniform distribution is added to the mixture 

model: 

𝑃(x|𝑀 + 1) =
1

𝑁
 

(3-5) 

The weight of the uniform distribution which represents the outlier ratio, 𝜔 has range 

between 0 to 1. Additionally, if equal isotropic covariance, 𝜎2 and equal membership 

probabilities are used for all GMM components, this denotes as: 

𝑃(𝑚) =
(1 − 𝜔)

𝑀
 

(3-6) 

𝑝(𝑥) = 𝜔
1

𝑁
+ (1 − 𝜔)

1

𝑀
∑ 𝑝(x|𝑚)

𝑀

𝑚=1

 

(3-7) 

The GMM centroid location is parameterised by a set of parameters, θ, and these 

parameters will be estimated by maximising the likelihood or equivalently minimising 

the negative log-likelihood function, E, where: 
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𝐸(𝜃, 𝜎2) = − ∑ 𝑙𝑜𝑔 ∑ 𝑃(𝑚)𝑝(x𝑛|𝑚)

𝑀+1

𝑚=1

𝑁

𝑛=1

 

(3-8) 

Correspondence probability between ym and xn is defined as posterior probability of 

GMM centroid, given the data point: 

𝑃(𝑚|x𝑛) = 𝑃(𝑚)𝑝(x𝑛|𝑚)/𝑝(𝑥𝑛) (3-9) 

The expectation maximisation algorithm (Dempster et al., 1977) is used to 

determine the θ and 𝜎2. In the expectation step of the expectation maximisation 

algorithm, Bayes’ theorem is used to compute the posterior probability 

distributions 𝑃𝑜𝑙𝑑(𝑚|𝑥𝑛) of mixture components. Then in the maximisation step, 

new parameter values are computed by minimising the expectation of the 

complete negative log-likelihood function: 

𝑄 = − ∑ ∑ 𝑃𝑜𝑙𝑑(𝑚|x𝑛)𝑙𝑜𝑔(𝑃𝑛𝑒𝑤(𝑚)𝑝𝑛𝑒𝑤(x𝑛|𝑚))

𝑀+1

𝑚=1

𝑁

𝑛=1

 
(3-10) 

This Q function is the objective function of the CPD algorithm and it is also an upper 

bound of the negative log-likelihood function in (3-8). The expectation maximisation 

algorithm will be continued until convergence. (3-10) can then be rewritten as: 

𝑄(𝜃, 𝜎2) =
1

2𝜎2
∑ ∑ 𝑃𝑜𝑙𝑑(𝑚|x𝑛)‖x𝑛 − 𝑇(y𝑚, 𝜃)‖2 +

𝑁𝑝𝐷

2
𝑙𝑜𝑔𝜎2

𝑀

𝑚=1

𝑁

𝑛=1

 

(3-11) 

𝑁𝑝 = ∑ ∑ 𝑃𝑜𝑙𝑑(𝑚|x𝑛) ≤ 𝑁

𝑀

𝑚=1

, 𝑤𝑖𝑡ℎ 𝑁 = 𝑁𝑝 𝑖𝑓 𝜔 = 0

𝑁

𝑛=1

 

(3-12) 

The term 𝑃𝑜𝑙𝑑represents the posterior probabilities of GMM components determined 

using previous parameter values. 

𝑃𝑜𝑙𝑑(x𝑛) =
𝑒𝑥𝑝

−
1
2

‖
x𝑛−𝑇(y𝑚,𝜃𝑜𝑙𝑑)

𝜎𝑜𝑙𝑑 ‖2

∑ 𝑒𝑥𝑝
−

1
2

‖
x𝑛−𝑇(y𝑘,𝜃𝑜𝑙𝑑)

𝜎𝑜𝑙𝑑 ‖2
𝑀
𝑘=1 +  (2𝜋𝜎2)

𝐷
2

𝜔
1 − 𝜔

𝑀
𝑁

 

(3-13) 

In order to solve for rigid registration, the transformation of the GMM centroid locations 

is denoted as: 

𝑇(y𝑚; 𝐑, 𝐭, 𝑠) = 𝑠𝐑y𝑚 + 𝐭 (3-14) 

Where s is scaling factor, R is the rotation matrix and t is the translation vector. Based 

on (3-14), the objective function becomes: 
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𝑄(𝐑, 𝐭, 𝑠, 𝜎2) =
1

2𝜎2
∑ ∑ 𝑃𝑜𝑙𝑑(𝑚|x𝑛)‖x𝑛 − 𝑠𝐑y𝑚 − 𝐭‖2

𝑀

𝑚=1

𝑁

𝑛=1

+
𝑁𝑝𝐷

2
𝑙𝑜𝑔𝜎2 

(3-15) 

and this is subject to RTR = I and det(R) = 1. 

3.1.2 Non-rigid registration 

Non-rigid registration is a much more complex problem than the rigid-registration 

method, as the true non-rigid transformation of two point sets is not known and it is 

difficult to model (Zheng and Doermann, 2006, Myronenko and Song, 2010, Yang, 

2011). From the perspective of performing non-rigid registration of the first CMC joint 

in 3D, it is important to highlight that the two bones that form this joint, the first 

metacarpal and trapezium, have completely different morphology. The first metacarpal 

can be considered as a long bone of the hand, while the trapezium has much more 

complex morphology. Zakariaee et al. (2016) have shown in their study of porcine 

bladders that the non-rigid CPD algorithm proposed by Myronenko and Song (2010) is 

better than other non-rigid registration methods, such as thin plate spline robust point 

matching (Chui and Rangarajan, 2003), GMM (Jian and Vemuri, 2005), shape context 

(Belongie et al., 2002) and ICP finite (Besl and Mckay, 1992) methods, considering 

both processing time and registration error. 

In the CPD algorithm (Myronenko and Song, 2010), instead of using (3-14), which is 

for rigid registration, the transformation for non-rigid registration is defined as the initial 

position plus a displacement function, 𝓋: 

𝑇(𝐘, 𝑣) = 𝐘 + 𝑣(𝐘) (3-16) 

The term 𝓋 is regularised to enforce the smoothness of the function (Chen and Haykin, 

2002). The displacement function between point sets should be smooth to ensure the 

coherent movement of the points that are close to one another and this is formulated as 

a regularisation in the displacement function. Adding this regularisation to the negative 

log-likelihood function changes (3-8) to 

𝑓(𝑣, 𝜎2) = 𝐸(𝑣, 𝜎2) +
𝜆

2
ɸ(𝑣) 

(3-17) 
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where E is the negative log-likelihood function, ɸ is the regularisation term and 𝜆 is the 

trade-off parameter. The displacement function 𝓋 is estimated using variational 

calculus.  

Despite its promising results, non-rigid CPD has two main disadvantages. The first 

drawback is related to its processing time, which increases as the number of points 

increases (Zakariaee et al., 2016). As mentioned in Section 2.2.3, the surface of a 3D 

bone model can be represented by large number of points. The second drawback relates 

to the estimation of the outlier ratio parameter, 𝜔 (Wang et al., 2011, Peng et al., 2016) 

in non-rigid CPD. The value of 𝜔 affects the outcome of the non-rigid CPD, as the 

model becomes sensitive to outliers when this value is small (it ranges between 0 and 

1). It is difficult to manually assign this value, as the actual outlier ratio is not known. 

Although, if the two point sets have the same number of points, the outlier ratio likely 

won’t equal 1, as the point distribution range of one point set can be larger than the other 

(Peng et al., 2016). 

Non-rigid registration of an object with a large number of points requires a long 

computing time because the non-rigid registration method needs to determine the 

individual transformation of each point. One of the ways to reduce the computing time 

is through down-sampling. Rodola et al. (2015) have introduced a relevance-based 

sampling method and compared its performance in rigid registration with other 

sampling methods, such as uniform and normal space samplings. Acting as a feature-

based sampling method, the relevance-based sampling approach produced fewer errors 

in the rigid registration process when compared with the aforementioned sampling 

methods (Rodola et al., 2015). Other studies have also implemented feature-based 

sampling in reducing the number of points and have achieved satisfactory results in 

rigid registration (He et al., 2017, Kwok, 2019). Recently, Saval-Calvo et al. (2018) 

introduced a non-rigid registration that combines the information from colour and shape 

spaces to determine a transformation. The colour-based sampling has produced better 

non-rigid CPD outcomes compared to bilinear and growing neural gas sampling 

methods (Saval-Calvo et al., 2015b, Saval-Calvo et al., 2015a). Feature-based sampling 

(down-sampling), like colour-based sampling, can identify a high density of points in a 

specific region without changing the positions of the points.  
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Advancements in non-rigid CPD have been made to improve the determination of the 

outlier ratio value (Gao et al., 2014, Liu et al., 2015, Peng et al., 2016, Zhou et al., 2018). 

Gao et al. (2014) introduced automated determination of the outlier ratio value in the 

EM, so that the calculated outlier ratio value will be updated iteratively. A similar 

concept of updating the outlier ratio value in expectation maximisation has been 

implemented by Peng et al. (2016) to eliminate the dependency of the initial value on 

the outlier ratio. Although an initial value of the outlier ratio still needs to be manually 

assigned, the outcome of the non-rigid CPD does not depend on this initial value. 

Another approach that has been taken to automatically determine the outlier ratio value 

is implementing a hybrid optimisation scheme (Wang et al., 2011). Liu et al. (2015) has 

introduced automated outlier suppression by judging the inliers and outliers before 

deformation takes place. Zhou et al. (2018) replaced the GMM with the Student’s-t 

mixture model since the latter provides better accuracy and robustness to outliers. 

Despite the satisfactory result shown by all the aforementioned approaches, the 

computing time is still a concern as an extra computational task has been added in the 

non-rigid CPD to determine the outlier ratio value (Liu et al., 2015, Peng et al., 2016). 

A different approach needs to be taken in order to avoid extra computational tasks in 

the non-rigid CPD, since dealing with a high number of points has already increased the 

computational time.  

3.1.3 Dimension reduction 

As the last process in SSM, the dimension reduction process is important to reduce high 

dimensional data to fewer dimensions while still retaining most of the information. In 

this chapter, high dimensional data are defined as data that possess a large number of 

dimensions, d (e.g. variables), compared to the number of samples, n (d>>n). This type 

of data is known as HDLSS data. With the advancement of medical imaging technology, 

medical imaging data often falls into this type of data (Ahn, 2006). In the context of 

SSM, PCA is widely used as the dimension reduction technique. The development of 

PCA is based on the assumption that the number of dimensions of the data is lower than 

the number of samples (d<n). The dimension reduction of HDLSS data using PCA 

contradicts the basic principal of PCA and this raises questions regarding the 

consistencies of the resultant PCs. 
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Using PCA, new orthogonal axes, called PCs, which maximise the data variance in this 

new space are obtained. The eigenvectors and eigenvalues that describe the PCs and the 

data variance, respectively, are determined by performing an eigen-analysis of the 

sample covariance matrix, S. From Section 2.2.3, (2-2) is used to obtain the covariance 

matrix of a shape vector, V. The size of S (d x d configuration matrix) depends on the 

number of dimensions of data V (Jung and Marron, 2009) and in the case of HDLSS 

data, as the dimension increases it is not feasible to compute the eigenvalue. However, 

this problem was solved by determining a parameter called dual S (SD) (Ahn, 2006, Jung 

and Marron, 2009, Seshamani et al., 2011, Jung et al., 2012, Ishii et al., 2014). SD can 

be computed using the following equation: 

𝑆𝐷 =  
1

𝑛
(𝑉 − �̅�)𝑇(𝑉 − �̅�), 𝑤ℎ𝑒𝑟𝑒 �̅� 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠ℎ𝑎𝑝𝑒 𝑚𝑎𝑡𝑟𝑖𝑥  

(3-18) 

By switching the role of columns and rows of the data V (replacing V with VT), SD is an 

n x n configuration matrix. Here, SD and S share the same non-zero eigenvalues (Ahn, 

2006, Jung and Marron, 2009). Let sphered data matrix, Z, defined as (Ahn, 2006): 

𝑍 =  𝛬−1/2 ∨𝑇 𝑉 (3-19) 

where 𝛬 is the diagonal matrix of eigenvalues and ∨ is the matrix of the corresponding 

eigenvectors. Earlier works have looked at the geometric structure of the HDLSS data 

under d-asymptotic (d →∞, n is fixed) using the sphericity condition (Ahn et al., 2007, 

Jung and Marron, 2009): 

𝑡𝑟(∑2)

𝑡𝑟(∑)2
→ 0 𝑎𝑠 𝑑 → ∞ 

(3-20) 

Here  is the non-negative definite covariance matrix. When all of the elements in Z are 

independent (Gaussian), the geometric representation of the HDLSS data becomes 

(Ahn, 2006, Ahn et al., 2007, Jung and Marron, 2009, Aoshima et al., 2018): 

𝑛

𝑡𝑟(∑)
𝑆𝐷

𝑃
→ 𝐼𝑛 𝑎𝑠 𝑑 → ∞ (3-21) 

where 
𝑃
→ shows the convergence of (3-21) in probability. As shown in (3-21), the 

covariance matrix converges to the unit matrix when d increases while n is fixed. 

Eigenvalues obtained from the covariance matrix of HDLSS data become deterministic 

as the dimensionality increases; they converge to a common value of In and the 

corresponding eigenvectors have random directions (Aoshima et al., 2018). Work done 
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by Ishii et al. (2014) has helped in visualising the effect of dimensionality on the 

determination of the eigenvalues and eigenvectors (Figure 3-1). As the dimensions of 

the data increase, instead of showing a distinctive pattern between obtained 

eigenvectors, the data accumulate in a circular pattern around the dual covariance matrix 

(𝑆𝐷

𝑃
→ 𝐼𝑛) (Figure 3-1(d)).  This is why eigen-analysis on the covariance matrix of 

HDLSS data is infeasible to perform. Another important point obtained from the 

geometrical structure of HDLSS data is shown in Figure 3-1(d). It is difficult, if not 

impossible, to eliminate the effect of outliers when performing eigen-analysis. 

Two important findings can be deduced from the aforementioned work on the 

geometrical structure of HDLSS data. The first point is that the eigenvalues obtained 

from eigen-analysis of HDLSS data are deterministic, in which the covariance matrix 

converges to unit matrix. As for the second point, the geometrical structure of HDLSS 

data has shown that the covariance matrix of the data is sensitive to the presence of 

outliers. It is important to relate this to SSM with HDLSS data. In 3D SSM, the 3D 

anatomical object, for example the bone, is represented by a mesh that is defined by 

vertices, called points, edges that connect the points and faces that are confined by the 

edges (Figure 3-2) (Jorstad et al., 2018). Each of the points, L is defined by its 3D 

coordinate: 

𝐿 =  {𝑥, 𝑦, 𝑧} (3-22) 

Then, the 3D surface of the anatomical object is represented by the concatenated points: 

𝑃 = {𝐿1, 𝐿2, … , 𝐿𝐷} 𝑤ℎ𝑒𝑟𝑒 𝐷 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑑𝑚𝑎𝑟𝑘𝑠 (3-23) 

𝐿𝑖 =  {𝑥1, 𝑦2, 𝑧3, … , 𝑥𝐷 , 𝑦𝐷 , 𝑧𝐷} 𝑤ℎ𝑒𝑟𝑒 𝑖 =  (1, 2, 3, … , 𝑛) (3-24) 

𝑆ℎ𝑎𝑝𝑒 𝑚𝑎𝑡𝑟𝑖𝑥, 𝑉 =  {𝑃1, 𝑃2, … , 𝑃𝑛}𝑇 (3-25) 

The V will be the input for the PCA and the dimensionality of V is computed based on 

the following equation: 

𝑑 = 𝑘𝐷 𝑤ℎ𝑒𝑟𝑒 𝑖𝑛 3𝐷 𝑐𝑎𝑠𝑒 𝑘 = 3 (3-26) 
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(a) (b) 

  

(c) (d) 
 

Figure 3-1: The effect of dimensionality on the determination of the eigenvalues and 

eigenvectors. 

This figure shows scatter plot of 20 independent pairs. The number of dimensions, d is 

(a) 4, (b) 40, (c) 400 and (d) 4000. The first principal component is represented by the 

yellow (circle) and the second component is represented by green (cube). The dotted 

line represents the identity matrix, In. As the number of dimensions increases from (a) 

to (d), the first and second principal components gather on the surface of the orthogonal 

complement of In. Images are reproduced with permission from Ishii et al. (2014). 

 

   (a)                (b) 
 

Figure 3-2: Representation of the morphology of an anatomical object by a mesh. 

The first metacarpal is used as an example. (a) 3D surface mesh, (b) edges (orange lines) 

that connect the landmarks (green circles) and faces (yellow triangle). 
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SSM of the first CMC joint has been performed previously (Schneider et al., 2015, 

Schneider et al., 2017, Schneider et al., 2018) and in the study by Schneider et al. (2018), 

the total number of points used to represent the 3D surface model of the first CMC joint 

was 742. Based on (3-26), the dimensionality of their data was 2226 and with only 69 

samples, their data suffered from the HDLSS problem. This leads to the possibility that 

the outcome from 3D SSM does not describe the underlying structure of the data, which 

may lead to inaccurate information gathered from morphological analyses. 

Another important aspect that needs to be considered when performing SSM is the 

presence of outliers in HDLSS data. Since the PCA is sensitive to outliers, the direction 

of the first PC will be affected because in PCA the first PC comes with the highest 

variance. Figure 3-3 visualises the effect of outliers in determining the PCs. Outliers are 

observation points that are far away from the overall pattern of a distribution of 

variables. However, in the context of SSM, it is important to define outliers from the 

perspective of whether the morphology of an anatomical object belongs to the overall 

morphology that best describes a population. In term of morphology, Bruse et al. (2016) 

defined outliers as samples that had large morphological inter-variability, which is 

common with clinical data. Inter-variability of morphology is contributed by both 

variability in anthropometry and pathological abnormalities (Cerveri et al., 2019). In a 

study of magnetic resonance images of the brain, despite the recruitment of a normal 

healthy population, Rueckert et al. (2001) was concerned about the existence of samples 

that were at the extremum of a normal distribution. Hence, in SSM there is the 

possibility that one will encounter samples that have large inter-variability, due to large 

differences in anthropometry or pathological abnormalities. These will affect the 

outcomes of the PCA. 

There are several ways of dealing with the failure of the conventional covariance matrix 

and the presence of outliers in HDLSS data. The first approach is to replace the classical 

covariance matrix with a robust covariance estimator (Maronna, 1976, Campbell, 1980, 

Croux and Haesbroeck, 2000, Salibián-Barrera et al., 2006, Salibian-Barrera and Yohai, 

2006). Despite promising results, this method is limited to data with a small to moderate 

number of dimensions and is computationally not feasible for high dimensional data 

(Hubert et al., 2005, Hubert et al., 2008). The second approach in solving the HDLSS 

issue is the projection pursuit technique (Li and Chen, 1985, Croux and Ruiz-Gazen, 

2005, Croux et al., 2007). Croux and Ruiz-Gazen (2005) developed the Croux-Ruiz 
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algorithm for projection pursuit to perform PCA. Although the Croux-Ruiz algorithm 

is numerically stable, this algorithm experiences implosion when the data contains high 

dimensions (Croux et al., 2007). An advancement on the Croux-Ruiz algorithm resulted 

in the GRID algorithm, which is able to handle HDLSS data (Croux et al., 2007).  

Hubert et al. (2005) developed a third approach, robust principal component analysis 

(ROBPCA), as a new means to perform robust PCA, by combining the projection pursuit 

techniques with a robust covariance matrix. In this approach, the projection pursuit was 

used to initially reduce the dimension of the data and then, a robust covariance matrix 

based on a minimum covariance determinant estimator was implemented on this low 

dimensional space. In ROBPCA, the projection pursuit acts as a pre-processing step to 

remove the outliers. In SSM, it is important to detect the outliers in order to ensure that 

the resulting PCs are not affected by anomalous samples but not to remove the outliers. 

Hence, ROBPCA is less suitable for use in SSM. A recent study has compared different 

robust PCA approaches, namely projection pursuit principal component analysis 

 

Figure 3-3: The effect of anomalous data on principal components. 

An example of principal component analysis applied to a set of random points (blue 

dots). The introduction of one anomalous sample (red circle) changes the direction of 

first principal component (PC1 – from the black line to the red line). The change in 

direction of PC1 happen to increase the variation. The presence of the outlier in this 

example also affects the second principal component (PC2), since PC2 is orthogonal to 

PC1.  
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(ppPCA), ROBPCA, and spherical PCA, with the original PCA approach (known as 

classical PCA (cPCA) onwards); it determined that the ppPCA was superior to the other 

approaches in dealing with outliers (Rocha et al., 2013).  

3.1.4 Objectives 

The work in this chapter aimed to improve SSM by introducing a newly proposed non-

rigid registration approach and implementing ppPCA. The idea was to obtain better 

points correspondences and a more robust dimension reduction process. The objectives 

of this chapter were: 

1. to develop the coarse-to-fine non-rigid registration strategy; 

2. to compare the performance of the proposed coarse-to-fine non-rigid registration 

with the state of the art non-rigid CPD; and 

3. to compare the performance of ppPCA with cPCA. 

3.2 Methods 

It is important to clarify several terms used in explaining the proposed multi-object SSM 

pipeline. Target object is the term used to represent the 3D bone model that was selected 

as the reference object, while source object refers to all other 3D bone models that were 

available in a dataset. These two terms are used frequently in explaining the processes 

involved in the proposed multi-object SSM. The proposed multi-object SSM pipeline 

consisted of four main stages, namely rigid-registration, feature selection, non-rigid 

registration and dimension reduction (Figure 3-4). The first stage was implemented to 

remove any differences in the orientation and size of the samples by aligning the source 

objects to the reference object using a hierarchical alignment strategy. The second stage 

involved finding correspondences between the 3D bone models in a dataset; this was 

done by estimating the transformation between the source objects and the reference 

object. In the non-rigid registration stage, a coarse-to-fine strategy was implemented to 

determine the correspondences between all 3D bone models. For both rigid registration 

and non-rigid registration, pairwise point set registration was implemented in MATLAB 

R2015b (Math Works, Natick, MA, USA). The final stage was the dimension reduction 

process, where ppPCA was applied to the shape vector, V, that contained dense 
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correspondences of the points representing the morphology of the 3D bone model in a 

dataset. This was done in R (2014 version, R Core Team). 

3.2.1 Hierarchical alignment 

Rigid registration of the first CMC joint was divided into two layers which formed a 

hierarchical network. First, the anatomical hierarchy of the thumb was identified (Figure 

3-5). In the thumb, the scaphoid is usually taken as the root node. However, since the 

scaphoid was not included in this study, the trapezium was taken as the root node. The 

first step was to determine the transformation matrix of the root node between the source 

and target objects. Using this transformation matrix, the source object was aligned with 

the target object (Figure 3-6). During the first rigid registration layer, the aim was to 

eliminate any differences in orientation between the root node of the source object with 

the target object. Once registered, the root node was known as the parent bone. The 

parent bone was defined as the root node that was registered and would remain 

stationary during the remaining process of the alignment (Caplazi et al., 2015). In the 

second layer of rigid registration, the source and target objects of the remaining bone in 

the hierarchy, the first metacarpal, were aligned. The first metacarpal was designated as 

 

Figure 3-4:  The four stages of the proposed multi-object SSM.  

One sample was selected as the (a) reference object while the rest of the samples were 

the (b) source objects. In the (c) rigid registration, the source object was iteratively 

aligned to the reference object. To perform feature selection, (d) relevance-based 

sampling was implemented. Dense correspondences between the reference object and 

source object were obtained by determining the non-linear transformation of the 

reference object using (e) iteratively performed two-level non-rigid registration. Then 

the ppPCA was applied as the (f) dimension reduction technique.  
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the child bone and was defined as the moving object (to be registered) in the second 

layer (Caplazi et al., 2015). In both layers of rigid registration, a rigid CPD algorithm 

was applied so as to obtain the transformation of the source object to the target object 

(Myronenko and Song, 2010). If the 3D point coordinates of both source and target 

objects are represented by matrices Y and Z respectively, 

𝑋

=  {𝐿1
𝑇 , 𝐿2

𝑇 , … , 𝐿𝑁
𝑇 }𝑇 𝑤ℎ𝑒𝑟𝑒 𝑁 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑑𝑚𝑎𝑟𝑘𝑠 𝑖𝑛 𝑌 

(3-27) 

𝑌

=  {𝐿1
𝑇 , 𝐿2

𝑇 , … , 𝐿𝑀
𝑇 }𝑇 𝑤ℎ𝑒𝑟𝑒 𝑀 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑑𝑚𝑎𝑟𝑘𝑠 𝑖𝑛 𝑍 

(3-28) 

then in the CPD algorithm the alignment of the coordinates of the points for both X and 

Y is a probability density estimation problem. The target object, Y, represents the GMM 

centroids, which were forced to move coherently as a group to fit the source object, X, 

which preserved the topological structure of the objects (Myronenko and Song, 2010).  

The optimisation of the rotation matrix, translation vector and scaling parameter was 

done using an expectation-maximisation algorithm. The MATLAB code for the rigid 

CPD algorithm was obtained from Dr. Myronenko’s webpage 

  

(a) (b) 

 

Figure 3-5: Hierarchical anatomy of the joints of the thumb.  

(a) The joints and (b) the bones from the most proximal bone (scaphoid) to the most 

distal (distal phalange). 
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(https://sites.google.com/site/myronenko/research/cpd), where it was made available 

for research purposes. 

3.2.2 Feature selection 

Relevance-based sampling (Rodola et al., 2015) was implemented in the feature 

selection stage. A weight, called relevance, was associated to each point on a surface; 

this allowed assessment of the degree of uniqueness of each point with respect to its 

region. The determination of relevance for a point on a surface is connected with the 

formulisation of influence area, Ap: 

𝐴𝑝 = {𝑞 ∈ 𝑆|𝑁𝑝
𝑇𝑁𝑞 > 𝑇 𝑎𝑛𝑑 𝑝~𝑞} (3-29) 

where Np and Nq are vectors normal to the surface, S, at points p and q. The term pq 

means that there is a path that connects points p and q. While termed threshold, T refers 

to the parameter of approach, which means T can be used as a tuning knob to determine 

the point distribution, depending to the problem the sampling will be used for. Rodola 

 Coronal view Sagittal view 

(a) 

  

(b) 

  

 

Figure 3-6:  Hierarchical alignment. 

(a) The alignment of the source object (green) with the target object (grey) based on the 

transformation matrix of the trapezium. (b) Improvement in the alignment of the first 

metacarpal while the trapezium remained fixed.  
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et al. (2015) have determined that T = 0.96 is suitable for registration problems. By 

obtaining Ap of point p, the determination of the measure of relevance was based on: 

𝑓{𝑝} = ‖𝐴𝑝‖−𝑘 𝑤ℎ𝑒𝑟𝑒 𝑘 𝑖𝑠 𝑎𝑛 𝑒𝑞𝑢𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 (3-30) 

The value of k was used to change the relative weight of a point based upon how 

‘distinctive’ it is. In this study, the value of k was set to 3. By choosing a large value of 

k, a point becomes more distinctive, thus producing a smaller value of Ap. The measure 

of relevance should be low for evenly oriented Ap. The MATLAB code for relevance-

based sampling was obtained from Dr. Rodola’s webpage 

(https://sites.google.com/site/erodola/publications). Figure 3-7 shows the outcome of 

the relevance-based sampling by using different values of k. 

3.2.3 Coarse-to-fine non-rigid registration 

Coarse-to-fine non-rigid registration was achieved using a two level non-rigid 

registration process (Figure 3-8). Called coarse non-rigid registration, the first level of 

the non-rigid registration process involved finding initial correspondences between the 

target and source objects. Non-rigid CPD, introduced by Myronenko and Song (2010), 

was implemented in the coarse non-rigid registration. In non-rigid CPD, the outlier ratio 

needs to be manually set (ranging between 0 and 1) and this parameter was set to 0.1. 

The system becomes sensitive to outliers when the outlier ratio is set to 0 and becomes 

 

Figure 3-7:  The outcome of the relevance-based sampling from using different values 

of k. The scale on the right represents the relevance of an area. 
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a pure uniform distribution when it is set to 1, which does not accurately handle the 

point registration problem (Wang et al., 2011). As the coarse non-rigid registration took 

placed after the feature selection process, this first level of the proposed non-rigid 

registration was implemented to determine the transformation of the down-sampled 

target object to the down-sampled source object. The estimated transformation was used 

to transform the target object with the original number of points. This was done to 

ensure the outcome of the coarse-to-fine non-rigid registration was not affected by the 

down-sampling in the feature selection process.  

Fine non-rigid registration was done after the coarse non-rigid registration. At this level, 

the aim was to register the deformed target object resulting from the coarse non-rigid 

registration to the source object (Figure 3-8). Surface registration introduced by Li et 

al. (2008) was implemented in the fine non-rigid registration process. 

 

Figure 3-8: The proposed two level coarse-to-fine non-rigid registration strategy. 

The (a) deformation of the target object was based on the transformation resulting from 

the non-rigid CPD of the down-sampled target and source objects (dashed arrow). (b) 

In local optimisation, the estimated transformation was based on the deformation of the 

target object to the source object; not using the down-sampled objects. 
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3.2.4 Projection pursuit PCA 

The R package containing the code to implement the ppPCA was obtained from the 

author (Croux et al., 2007) via their website 

https://www.rdocumentation.org/packages/pcaPP/versions/1.9-73. The ppPCA using 

the GRID algorithm (Croux et al., 2007) is the improvement on the Croux-Ruiz 

algorithm by Croux and Ruiz-Gazen (2005).  

Instead of an arithmetic mean, which was not robust (Rousseeuw and Hubert, 2017), an 

L1-median method was used to perform data centring of the shape vector, V. The grid 

algorithm of the ppPCA was implemented in R. 

3.2.5 Evaluation 

In order to evaluate the performance of the proposed multi-object SSM, the proposed 

approach was tested with a real dataset. Computed tomography images of 50 cadaveric 

specimens (mean age = 53.5 ± 10.0 years, 26 right and 24 left hands), consisting of 32 

males and 18 females, were used in this study. Ethical approval for the use of these 

computed tomography images was obtained from the Tissue Management Committee 

of the Imperial College Healthcare Tissue Bank according to the Human Tissue Act. 

All specimens used in this study were donated with written informed consent for use in 

medical research. Semi-automatic segmentation was done to all the computed 

tomography images using MIMICS (v.17, Materialise, Belgium) to obtain 3D models 

of the first metacarpal and trapezium. Smoothing was done in Geomagic v. 12 (3D 

Systems, Research Triangle Park, NC, United States) to remove any noise that resulted 

from the segmentation process (Figure 2-8). The first metacarpals and trapeziums from 

left hands were mirrored to ensure all the 3D models had the same coordinate system.  

3.2.5.1 Evaluation of the coarse-to-fine non-rigid registration 

The accuracy of the proposed coarse-to-fine non-rigid registration strategy was 

compared with the non-rigid CPD algorithm (Myronenko and Song, 2010). Two 

parameters were measured between the deformed target object and its source object 

counterpart, morphological similarity and root mean square error (RMSE). Hausdorff 

distance (HD) (Dubuisson and Jain, 1994) was computed in millimetres and used to 

evaluate the morphological similarity between the resultant target objects after non-

rigid registration using both registration processes and the source object counterpart 
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(Figure 3-9). The HD measured the similarity between the two sets of landmarks. Small 

HDs were expected, as the two sets of landmarks had similar shapes. One important 

feature of the HD is that it is robust to outliers (Dubuisson and Jain, 1994), which was 

important when comparing the deformed target object with its source object counterpart, 

since the  

number of landmarks were not the same. As in Figure 3-9, three paired t-tests were done 

for each of the parameters to determine the accuracy between the proposed coarse-to-

fine non-rigid registration and non-rigid CPD. 

Based on the HD and RMSE, the effect of different outlier ratios in non-rigid CPD were 

also investigated. Two outlier ratios were trialed in the non-rigid CPD, 0.3 and 0.7. An 

outlier ratio value equal to 0.7 has been recommended by Myronenko and Song (2010). 

In the coarse-to-fine non-rigid registration, an outlier ratio of 0.1 was used. 

 

 

 

 

  

(a) (b) 

 

Figure 3-9:  Evaluation of the morphological similarity. 

The flow chart shows the (a) coarse-to-fine non-rigid registration strategy and (b) non-

rigid CPD. HD and RMSE between the deformed target object with its counterpart 

source object were computed at (i), (ii) and (iii). Paired t-tests were conducted to 

compare the outcomes between (i) and (iii), (ii) and (iii) as well as (i) and (ii). 
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A non-parametric combination (NPC) test was implemented to statistically determine 

the differences between both non-rigid registration methods at the coordinate level, 

landmark level, and domain level (Figure 3-10) (Pesarin and Salmaso, 2010). The non-

parametric combination test was chosen because the normality assumption was difficult 

to meet due to the high dimensional dataset used in this study. This method allowed me 

to evaluate whether the morphology of the 3D model of the first metacarpal and 

trapezium resulting from the two non-rigid registration methods were different and 

which points contributed to this morphological difference. In this study, the 3D bone 

model after non-rigid registration consisted of 4868 points. Partial test statistics at the 

coordinate level were used to analyse the x, y and z coordinates individually. By 

combining these partial tests, it was possible to obtain the p-value for each of the 4868 

points. Analysis at the domain level was also conducted, since the 3D model consisted 

of two subgroups of landmarks (first metacarpal and trapezium).  

In an attempt to avoid false positives, since multiple hypotheses were tested, both the 

p-value and family-wise error rate p-value were determined at each level of the 

hypothesis testing (coordinate, landmark, and domain levels). Closed testing was done 

for each of the levels, producing a global family-wise error rate p-value. 

 

Figure 3-10: Three levels of comparisons implemented using the  non-parametric 

combination test. 

The number of points, n equalled 4868. Two domain levels were chosen to represent 

the first metacarpal and trapezium bones. 
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3.2.5.2 Comparison between ppPCA and cPCA 

The eigenvalues for each of the PCs and the percentage of cumulative variation obtained 

from the ppPCA and cPCA were compared. PC scores for each of the components for 

both ppPCA and cPCA were computed and normality tests (Shapiro-Wilk) were done 

on these parameters.  

The diagnostic plots were constructed as proposed by Hubert et al. (2005) (Figure 

3-11(a)). These plots help in determining which samples in the data are classified as 

outliers. The outliers can be divided into three categories, namely orthogonal outliers, 

good leverage outliers and bad leverage outliers. Samples that are categorised as 

orthogonal outliers have large orthogonal distances from the PCA subspace (Figure 

3-11(b)). The good leverage outliers are the samples that lie on the PCA subspace but 

are far away from the regular observations. The bad leverage outliers not only have 

large orthogonal distances from the PCA subspace but are also far away from the regular 

observations. 

The eigenvectors and eigenvalues from both dimension reduction techniques were used 

to reconstruct the shape model of each PC based on the point distribution model 

introduced by Cootes et al. (1995). Distance maps between the mean shape and the 

 

 

 

 

(a) (b) 

 

Figure 3-11:  Categorising outliers.  

(a) The positions of samples in the diagnostic plot according to their category. (b) 

Corresponding locations in the PCA subspace (1 – orthogonal outliers, 2 and 3 – good 

leverage outliers and 4 and 5 – bad leverage outliers). 
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shape model from the PCs were constructed based on (2-3) in order to quantitatively 

evaluate the deviation of the PCs from its mean shape.  

3.3 Results 

3.3.1 Evaluation of the coarse-to-fine non-rigid registration 

When comparing the shape of the outcomes with their counterpart source objects, there 

were statistically significance differences between these two methods for both HD and 

RMSE with p<0.001 (Table 3-1 and Table 3-2). The resultant transformation of the 

target object based on the deformation of the down-sampled target (after the coarse non-

rigid registration Figure 3-10(a)) and source objects was not significantly different for 

both HD and RMSE between the transformation of the target object using non-rigid 

CPD (p=0.2). Using non-rigid CPD, the target object failed to deform locally for both 

the first metacarpal and trapezium (Figures 3-12 and 3-13). Lower mean HD and RMSE 

of the deformed target object after fine non-rigid registration compared to after coarse 

non-rigid registration implies that the fine level of the proposed non-rigid registration 

was able to deform the local structure of both first metacarpal and trapezium.  

By selecting the outlier ratio equal to 0.3, the outcome from the non-rigid registration 

produced mean RMSE and HD of 0.49±0.27 mm and 0.43±0.20 mm, respectively. 

Lower mean values for these two parameters were found when the outlier ratio was set 

to 0.7 (RMSE = 0.42±0.20 mm and HD = 0.36±0.16 mm). A similar result was obtained 

when comparing the outcome from the coarse-to-fine non-rigid registration with the 

non-rigid CPD (outlier ratio was 0.3) (p = 0.011). However, no difference was obtained 

when comparing the outcome from the proposed non-rigid registration with the non-

rigid CPD (outlier ratio was 0.7) (p = 0.204). 
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Table 3-1: Mean Hausdorff distance (HD) of the deformed target object. Outlier ratio 

was 0.1. 

Comparison 
HD (mean ± std. deviation) 

(mm) 

 

Coarse non-rigid registration vs. 

original sample 

0.57±0.13  

Fine non-rigid registration vs. 

original samples 

0.37 ± 0.05 

 

Non-rigid CPD vs. original samples 0.45 ± 0.08 

 

Table 3-2: The mean RMSE of the deformed target object. Outlier ratio was 0.1. 

Comparison 
RMSE (mean ± std. deviation) 

(mm) 

 

Coarse non-rigid registration vs. 

original sample 

0.63±0.16  

Fine non-rigid registration vs. 

original samples 

0.39 ± 0.04 

 

Non-rigid CPD vs. original samples 0.73 ± 0.36 

 

 

 

*p =0.001 

 *p=0.001  

 

 

*p=0.001 

*p=0.001 
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 Volar - Dorsal Ulnar - Radial  

Coarse non-rigid 

registration 

 

 

 

 

 

Fine non-rigid 

registration 

 

 

 

 

 

Non-rigid CPD 

 

 

 

 

 

 

Figure 3-12: The errors in the non-rigid registration.  

Shown for one representative sample from the dataset using coarse non-rigid 

registration, fine non-rigid registration and non-rigid CPD. The distributions of the 

errors are shown on the right of the heat map legends. 
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 Volar - Dorsal Ulnar - Radial  

Non-rigid CPD 

(w = 0.3) 

 

 

 

 

 

Non-rigid CPD 

(w = 0.7) 

 

 

 

 

 

Fine non-rigid 

registration 

 

 

 

 

 

 

 

Figure 3-13: Deviation from the source object counterpart. 

The distance maps showing how much the outcomes from the non-rigid registration 

(with outlier ratio were set as 0.3 and 0.7) and coarse-to-fine non-rigid registration of 

one of the samples deviates from its source object counterpart.  



Chapter 3 Multi-object statistical shape modelling 

69 

At the coordinate level, the non-parametric combination test showed that there was no 

difference after family-wise error rate correction between both coarse-to-fine and CPD 

non-rigid registration methods (global p-value = 0.074). At the landmark level, after the 

combination of the coordinates, there was a significant difference in the transformation 

of the landmark points between the proposed non-rigid registration strategy and the non-

rigid CPD algorithm (global p-value ≤ 0.0001 after family-wise error rate correction). 

Out of 4868 landmarks, 405 showed differences between both non-rigid registration 

methods (Figure 3-14). There was also a difference at the domain level for both first 

metacarpal and trapezium (global p-value ≤ 0.0001) after family-wise error rate 

corrections. Figure 3-15(a) shows the distance map between the deformed target object 

using non-rigid registration and its original sample.  
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 (a) (b) 

Volar - Dorsal 

  

Ulnar - Radial 

  

 

Figure 3-14: Analysis of differences in the non-rigid registration methods at the 

landmark level.  

In the left column, the purple points represent those that are statistically different 

(p<0.05) between the coarse-to-fine non-rigid registration and non-rigid CPD. The red 

points (405 out of 4868 points) in the right column represent those that are statistically 

different after family-wise error rate correction (p<0.05) between both non-rigid 

registration methods. 
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3.3.2 Comparison between ppPCA and cPCA 

After implementing ppPCA in the dimension reduction process, the first and second 

PCs represented 9% and 5.9% of the total variation, respectively. The ppPCA resulted 

 

 

 

  

Volar - Dorsal Volar - Dorsal 

  

Ulnar - Radial Ulnar - Radial 

 (a) (b) 

 

Figure 3-15: Deviation of the target object from the original sample with non-rigid 

registration. 

(a) The distance map shows the deviation of the deformed target object from its original 

sample after undergone coarse-to-fine non-rigid registration. The red circles indicate 

the local structure correspond to the landmarks resulted from the non-parametric 

combination test. (b) Red points correspond to the locations where high deviation of the 

non-rigidly registered reference object from its original counterpart sample were 

observed. 
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in the first thirty-six PCs covering 90.3% of the total variation for the population used 

in this study (Figure 3-16(b)). The third PC and above represented less than 5% of the 

total variation each. The cPCA resulted in the first thirty-three PCs covering 90.6% of 

the total variation and the first-three PCs representing more than 5% of this total 

variation. The rest of the PCs represented less than 5% of the total variation. Figure 3-

16(a) shows that the eigenvalues obtained using ppPCA were higher than the 

eigenvalues obtained from cPCA.  
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(a) 

 

(b) 

 

Figure 3-16: (a) Eigenvalues and (b) percentage of cumulative variation of ppPCA and 

cPCA. 
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 ppPCA cPCA 

PC1 

  

PC2 

  

 

Figure 3-17: Diagnostic plots for the first two principal components obtained from ppPCA and cPCA.  

The ppPCA categorised samples 20, 24 and 47 as orthogonal outliers in first and second principal components. Samples 24 and 47 were regarded 

as good leverage outliers by the cPCA. 
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Normality tests conducted on the principal scores of the first and second PCs obtained 

from ppPCA indicated that they followed a normal distribution with p = 0.110 and p = 

0.056, respectively. This was not the case for the first PCs obtained from cPCA, as the 

first principal score failed the normality test (p = 0.006). However, the second and third 

principal scores from cPCA followed a normal distribution with p = 0.794 and 0.117, 

respectively.  

The diagnostic plot identified and categorised three samples (sample numbers 20, 24 

and 47) in the first PC from ppPCA as orthogonal outliers (Figure 3-17). In contrast, 

cPCA considered samples 24 and 47 as good leverage outliers. In the second PC, ppPCA 

once again categorised the same three samples as orthogonal outliers and cPCA 

continued to include samples 24 and 47 as good leverage outliers. Including samples 24 

and 47 as good leverage outliers does not change the direction of the eigenvector, but 

cPCA includes samples that increase variation because they are far from normal 

observation. In the third PC, the same samples (24 and 47) were categorised as 

orthogonal outliers by the cPCA.  

The first metacarpal shape model in the first PC obtained by cPCA indicated variation 

in its length and width (Figure 3-18). Surprisingly, variation in the first metacarpal 

length and width were also observed in the second PC. Using ppPCA, variation was 

observed in the volar beak of the first metacarpal and the first metacarpal head (Figure 

3-19). In the second PC, there was variation in the direction of the first metacarpal volar 

beak. Variation was also observed in the width of the distal and proximal first 

metacarpal. There was no specific pattern in the variation of the trapezium shape model 

in both first and second PCs of cPCA. Variation in the articulating surface of the 

trapezium with the first metacarpal was observed in the first two PCs obtained using 

ppPCA for the trapezium shape model. 

3.4 Discussion 

This study successfully shows the development of a multi-object SSM approach by 

introduction of coarse-to-fine non-rigid registration and implementation of the ppPCA 

to reduce high dimension data. The proposed non-rigid registration was inspired by the 

non-rigid CPD algorithm introduced by Myronenko and Song (2010), which preserves 

the local structure during deformation. However, the drawback of this method is that it  
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PC1           PC2 

 

   

Figure 3-18: Morphological variations in the first CMC joint. 

Shown for the first (PC1) and second (PC2) principal components. For +3SD, the shape 

model of the first metacarpal and trapezium are shown in pink. For -3SD the shape 

model for both bones are shown in brown. 

 First metacarpal Trapezium 

PC1 

 

 

PC2 

 

 

 

 

Figure 3-19: Morphological variations in the first metacarpal and trapezium. 

Shown for the first (PC1) and second (PC2) principal components. At +3SD, the 

shape model of the first metacarpal and trapezium that were in pink. Whereas at -3SD, 

shape model for both bones were in blue. 
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requires manual assignment of the outlier ratio. It is difficult to determine the best 

outlier ratio, especially when dealing with two point sets that have different numbers of 

points. Inaccurate value for outlier ratio can lead to improper non-rigid registration 

result (Peng et al., 2016). In the proposed non-rigid registration method, the approach 

for feature selection was to perform down-sampling of the point sets. The 

implementation of relevance-based sampling for the feature selection process led to two 

advantages. The first advantage is the reduction of the number of points during the 

coarse non-rigid registration process. This helped to reduce the computational time of 

the coarse non-rigid registration. The time taken to complete the coarse non-rigid 

registration of the 50 down-sampled 3D models of the first metacarpal and trapezium 

was 2.3 minutes, while the non-rigid CPD required 81.6 minutes to complete non-rigid 

registration of the same number of models without down-sampling. In this chapter, it 

has been shown that the result of the coarse non-rigid registration was not statistically 

different from that of the non-rigid CPD. This indicates that the coarse non-rigid 

registration after undergoing the feature selection process does not just reduce the 

computational time, but it also gives a similar outcome to the non-rigid CPD. The 

relevance-based sampling method is beneficial in providing a high density of landmarks 

in specific regions that are unique for the object being deformed.   

Despite the differences in morphology between the first metacarpal and trapezium, the 

non-rigid registration of the first metacarpal and trapezium were performed at the same 

time. The outcome when using the fine non-rigid registration was different compared 

to both the coarse non-rigid registration and non-rigid CPD. However, coarse non-rigid 

registration alone can be counter-productive when detailed local deformation is needed 

(Ge et al., 2014), especially when dealing with deformation of anatomical objects, such 

as bone, where inter-variability in local structures of the bone can be large. The 

implementation of fine non-rigid registration has made the proposed non-rigid 

registration free from additional computing tasks in determining the outlier ratio value 

and independent from the initial outlier ratio value. With a low outlier ratio (0.1), the 

proposed non-rigid registration can provide similar results for the transformation 

between the target and source objects, as non-rigid CPD with an outlier ratio equal to 

0.7 (Figure 3-14). It is important to avoid dealing with the manual selection of an outlier 

ratio, since it is impossible to predict the real outlier ratio (Gao et al., 2014). The total 

time to complete the non-rigid registration of 50 3D models of the first metacarpal and 
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trapezium at the same time using the proposed method was 707.6 sec or 11.8 minutes 

(consisting of feature selection: 41.5 sec, coarse non-rigid registration: 140.2 sec and 

fine non-rigid registration: 525.9 sec), which is much faster than the non-rigid CPD 

(81.6 minutes).  

The choice of dimension reduction technique in SSM is important; as has been shown 

in Figure 3-17, the ppPCA and cPCA gave different variations of the mean shape model. 

The main idea of a point distribution model in SSM is that the eigenvectors that describe 

the variation of points that represent the shape of any object can be combined linearly 

with the mean shape to describe the variation of the mean shape. The fact that the first 

and second PC scores obtained from ppPCA pass the normality test indicates that these 

two PCs can be taken as a linear case. The first PC score obtained from cPCA failed the 

normality test, resulting in a non-linear case. The non-linearity of this first PC violates 

the core principal of the point distribution model. A non-linear type of model would be 

suitable to use with a non-linear PC (Thimm and Luettin, 1998). As the shapes being 

studied become more complex, there is a tendency for the samples in the dataset to 

produce multiple clusters in the shape space. This source of non-linearity puts the cPCA 

at a disadvantage, as seen in this chapter.  

The percentage of the cumulative variation obtained using cPCA was higher than those 

obtained using ppPCA. However, the higher eigenvalues resulting from ppPCA indicate 

that this method can explain more variation with each of its PCs. The first two PCs 

obtained by cPCA resulted in a similar pattern of variations in the first metacarpal and 

trapezium shape models. Again, a higher percentage of cumulative variation in cPCA 

cannot explain the variability in the data, but it also does not represent the structure of 

the population as a whole. The first PC determined by cPCA was contaminated by 

outliers. However, ppPCA categorised any outliers as orthogonal outliers, indicating 

that there was no effect of these outliers on the direction of the first PC. The cPCA may 

capture these outliers in the PC space and this may lead to changes in the direction of 

the first PC from its regular observation (Alkan and Ganik, 2017). 
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Chapter 4  Morphological analysis of the first 

carpometacarpal joint 

 

Following the development of the multi-object statistical shape model in Chapter 3, this 

chapter aims to implement the shape model so as to quantify the morphological 

variability of the first CMC joint bony anatomy.1  

  

 
1 A version of this chapter has been published. Rusli, W.M.R. & Kedgley, A.E. 2019 Biomechanics and 

Modeling in Mechanobiology https://doi.org/10.1007/s10237-019-01257-8 
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4.1  Motivation 

As described in Section 2.1, the first CMC joint is formed by the junction between the 

first metacarpal and trapezium bones. The biconcave-convex saddle shape of this joint 

facilitates the wide range of motion of the thumb (Neumann and Bielefeld, 2003, Croog 

and Rettig, 2007), but the shape provides little bony stability to the joint (Leversedge, 

2008, Ladd et al., 2013, Burke and Swindells, 2014). The morphology of this joint is 

considered to be one of the potential factors that contributes to first CMC joint OA 

(Ladd et al., 2014).  

Researchers have previously investigated the morphology of the first CMC joint 

(Ateshian et al., 1992, Kovler et al., 2004, Marzke et al., 2012, Halilaj et al., 2014a, 

Schneider et al., 2015, Schneider et al., 2018). Early work by Ateshian et al. (1992) 

looked at the shape characteristics of the articulating surfaces. When the effect of size 

was eliminated, this revealed differences between men and women in the curvature of 

the articulating surface of the trapezium, but not the first metacarpal. In a later study, 

differences were found between females and males in the minimum and maximum 

curvature of the articulating surface of the trapezium and proximal articulating surface 

of the first metacarpal, respectively (Xu et al., 1998). More recent studies have not been 

in agreement, showing no morphological differences in the shape of the articulating 

surfaces between men and women (Marzke et al., 2012, Halilaj et al., 2014a).  

Anatomical features of the first metacarpal, such as the articular tilt angle (Figure 2.5, 

Section 2.1.1), have been found to be greater in first CMC joints with OA compared to 

normal healthy joints (Miura et al., 2004, Kurosawa et al., 2013).  A two- 2D analysis 

of X-ray images also found that the first metacarpal articular tilt angle is moderately 

correlated with first CMC joint subluxation (Kurosawa et al., 2013). Another important 

anatomical feature of the first metacarpal is torsion angle. The first metacarpal torsion 

angle (Figure 2.5, Section 2.1.1) is important for thumb function, since it provides an 

advantage during opposition tasks (Drapeau, 2015). Singh (1979) was the first to 

measure the first metacarpal torsion angle on human cadaveric specimens. Although x-

ray is the most common imaging modality for diagnosing first CMC joint OA (Guang 

and Crisco, 2015), it is not possible to measure first metacarpal torsion angle using the 

current guidelines for care (Excellence, 2018). Measurement of the trapezium width 

based on the 2D Roberts view x-ray image (Figure 2-5) has been found to be a good 
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indicator for the progression of first CMC joint OA (Guang and Crisco, 2015, Ladd et 

al., 2015). Apart from the aforementioned anatomical features, the morphological 

analysis of the first CMC joint has been focused on the articulating surfaces alone, rather 

than the entire structure of both first metacarpal and trapezium. It is important to analyse 

not just regional morphological patterns but also the global morphological pattern; this 

can be done using SSM (Young and Frangi, 2009).  

SSM has been used to quantify the morphological variability across populations of 

many different structures in orthopaedics (Bischoff et al., 2014). This technique allows 

for both non-metric and metric observations. Metric observation is defined as the 

quantitative examination through direct measurement of anatomical traits, while non-

metric is defined as the qualitative assessment of anatomical traits (Pietrusewsky, 2008). 

One morphological analysis of the trapezium and first metacarpal using SSM 

determined that men and women have similar bony morphology (Schneider et al., 

2015). However, previous studies have only focused on non-metric observations 

(Schneider et al., 2015, Schneider et al., 2018). The one exception to this is 

quantification of the volume of the first metacarpal and trapezium mean models 

(Schneider et al., 2015). SSM allows morphological analysis in both two and three 

dimensions. A model constructed from SSM of the entire three-dimensional (3D) bony 

structure of the first CMC joint would allow for the measurement of complex 

anatomical features, such as first metacarpal torsion. This highlights the usefulness of 

SSM in analysing not just the morphological variation of the first CMC joint, but also 

the effect of this variability on the anatomical features of the first metacarpal and 

trapezium. 

4.2 Objectives 

Hence, the objective of this chapter was to quantify the morphological variability of the 

bony structures that comprise the first CMC joint, thus enabling further determination 

of the correlation between the variability in anatomical features of the first metacarpal 

and trapezium. The multi-object SSM pipeline constructed in Chapter 3 was 

implemented in order to achieve this. The hypothesis of this part of the thesis was that 

there are correlations between the variability in the anatomical features of the first 

metacarpal and trapezium. 
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4.3 Method 

The statistical shape model of the first CMC joint was developed using the multi-object 

SSM (Chapter 3) with outlier ratio, 𝜔, set to 0.1 for the non-rigid CPD and k set to 3 for 

relevance-based sampling. The data used to develop the first CMC joint shape model 

were the same as in the dataset described in Chapter 3 (Section 3.2.5). The number of 

PCs obtained was limited to n-1, where n is the total number of  bone models in the 

dataset (Bredbenner et al., 2014). As proposed by Van De Giessen et al. (2009), only 

PCs that represented more than 5% of the total morphological variation were analysed. 

The PCs that represented the morphological variations obtained from the multi-object 

shape model were evaluated based on the model’s compactness, generalisability, and 

specificity (Hufnagel et al., 2008). Compactness was defined as the model’s ability to 

use the fewest possible PCs to cover the same population variance (Hufnagel et al., 

2008). The compactness, C(K) of the first CMC joint shape model was determined 

based on the cumulative plot of the variance:  

𝐶(𝐾) =  ∑ 𝜆𝑘

𝐾

𝑘=1
; 𝑘 = 1,2,3, … , 𝐾 

(4-1) 

where λk is the eigenvalue for the PC, k, and K is the number of PCs that are required 

to represent the shape.   

Specificity is important in evaluating statistical shape models that are to be used for the 

purposes of predicting new shapes that are not included in the shape space during the 

development of the shape model  (Hufnagel et al., 2008). However, since the first CMC 

joint shape model was developed for shape analysis, only compactness and 

generalisability were measured. Generalisability was defined as a measurement of how 

well the shape model could accurately fit unseen instances from the modelled class of 

shapes (Hufnagel et al., 2008). A leave-one-out analysis was carried out to measure the 

generalisability of the first CMC joint shape model developed using the multi-object 

SSM. To perform the leave-one-out analysis, the first CMC shape model was developed 

using all except one sample from the dataset. The RMSE was measured in order to 

determine the accuracy of the developed shape model in describing the excluded 

sample. The process was repeated until all the samples in the dataset were tested. The 

pseudo code to measure the generalisability was: 
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_____________________________________________________________________ 

for M = 1, 2, …, N-1 where M is the developed shape model and N is the total number 

of samples 

 for i = 1, 2, …, N 

Statistical shape model of the first CMC joint when sample Xi was 

excluded from the dataset; 

 

Reconstruction of the excluded sample Xi using the developed shape 

model: 

𝑋𝑖
′(𝐾) =  𝑋𝑖 + ∑ 𝑏𝑖

𝑘 𝜑𝑖
𝑘

𝐾

𝑘=1

; 𝑘 = 1,2,3, . . , 𝐾 𝑎𝑛𝑑 𝑖 = 1,2,3, … , 𝑁 

In this equation, b is the vector of weights and  is the matrix of 

eigenvectors 

 

Calculate the sum of square approximation error between Xi and Xi' 

 

Calculate the RMSE 

 

 end of i 

end of M 

_____________________________________________________________________ 

 

4.3.1 Morphological analysis 

A quantitative analysis was done by taking direct anatomical measurements of the mean 

shape and for models representing the mean ±3 standard deviations (SD) of the PCs in 

3-matic (ver. 9, Materialise, Belgium). Direct anatomical measurement of the shape 

model was important so as to avoid subjective assessment of the multi-object SSM. 

Three measurements of each of the anatomical features for the mean shape model and 

its ±3SD were recorded in order to test the reliability of the measurement. 

Segmental coordinate systems of both the first metacarpal and trapezium were created 

in 3-matic (ver. 9, Materialise, Belgium) based on recommendations from the 

International Society of Biomechanics (Wu et al., 2005). The y-axis of the trapezium 

extended from the mid-point of the trapezium articulating surface with the first 

metacarpal to the centre of the junction of the trapezium, trapezoid and scaphoid, 

located at the proximal ridge of the trapezium. The x-axis pointed in a dorsovolar 

direction and perpendicular to the central ridge of the trapezium. The z-axis was 

constructed by the cross-product of the x- and y-axes. The y-axis for the first metacarpal 

was a line connecting the centre of the lateral and medial distal tubercles to the mid-

point of the proximal articulating surface. The x-axis was a line pointing in a dorsovolar 
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direction. The cross-product between the x- and y-axes of the metacarpal formed the z-

axis, which ran in an ulnar-radial direction. 

4.3.1.1 First metacarpal articular tilt angle,  (°) 

The first metacarpal articular tilt angle,  is shown in Figure 4-1(b). This anatomical 

feature was defined as the complementary angle between the tangent to the dorsal cortex 

and articular surface of the first metacarpal base, as observed in the lateral view 

(Kurosawa et al., 2013). Volar and dorsal cusps at the proximal articulating surface of 

the first metacarpal were identified and an articular line was constructed based on these 

two bony landmarks. Since the dorsal cortex line was not as easy to construct on a 3D 

bone model as it was on an X-ray image, the y-axis of the first metacarpal was used. 

Finally,  was calculated using the following equation: 

θ = 90° −  σ (4-2) 

where  was the angle between the y-axis and proximal articular surface line of the first 

metacarpal.  

4.3.1.2 First metacarpal torsion angle,  (°) 

The first metacarpal torsion angle,  was defined as the angle between the dorsovolar 

axes of the first metacarpal head and articulating surface on the coronal plane (Singh, 

1979, Drapeau, 2015). Figure 4-1(c) shows the two axes on the first metacarpal that 

were created in order to determine . In the same manner as for , the proximal articular 

surface line was constructed based on the volar and dorsal cusps of the proximal 

articular surface of the first metacarpal. This is in contrast to the approach taken in 

previous research, where the midpoints of the first metacarpal head width on the volar 

and dorsal sides were used to construct the dorsovolar axis of the first metacarpal head 

(Singh, 1979). The creation of the x-axis of the first metacarpal and the dorsovolar axis 

of the first metacarpal head had similar results, in that they created a line that divided 

the first metacarpal in half. Previously, these bony landmarks were digitised on 

cadaveric bone (Singh, 1979, Drapeau, 2015). However, these bony landmarks were 

difficult to locate on a 3D bone model, hence the x-axis of the first metacarpal was taken 

to replace the dorsovolar axis of the first metacarpal head. A positive value of first 

metacarpal torsion meant that the first metacarpal head was twisted ulnarly relative to 

the base, while a negative value represented the first metacarpal twisted radially. 
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4.3.1.3 Trapezium length, ℓ and width, 𝓌 

The length (ℓ) and width (𝓌) of the first metacarpal facet on the trapezium, are shown 

in Figure 4-3. Measurement of ℓ and 𝓌 for the mean shape and ±3SD of the first 

metacarpal and trapezium was done for the PCs obtained from the multi-object SSM.  

 

(a) 

  

(b) (c) 
 

Figure 4-1: First metacarpal tilt and torsion. 

(a) Curvature analysis was done (ver. 9, Materialise, Belgium) to identify the volar and 

dorsal cusps (orange circles) located on the proximal articulating surface of the first 

metacarpal. (b) The proximal articular surface line (dark blue) was constructed based 

on the volar and dorsal cusps.  was the angle between the y-axis of the first metacarpal 

and the proximal articular surface line. (c)  was the torsion angle of the first 

metacarpal. It was measured as the angle between the proximal articular surface line 

(dark blue) and the x-axis of the first metacarpal. In this figure, the blue arrow indicates 

a positive torsion angle.  
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4.3.2 Statistical analysis 

Intra-class correlation coefficients (ICC) were determined based on three measurements 

conducted by one measurer for each of the anatomical features involved in this study. 

This was done to ensure that the measurements done for each anatomical feature were 

reliable. The measured variability of the anatomical features in the first two PCs were 

tested using a regression analysis. This was done to determine the association of each 

of the anatomical features with the first and second PCs and allowed for the 

identification of the trends in each anatomical feature associated with these PCs. 

Pearson correlation tests were used to quantify any correlation between the anatomical 

features of the first metacarpal and trapezium. For this test, only the anatomical features 

that were associated with the first two PCs (Van De Giessen et al., 2009), as determined 

by the regression analysis, were selected. In both regression and correlation statistical 

tests, the significance was assessed using p-values equal to 0.05 using IBM SPSS 

Statistics (ver. 25: IBM Corp., Armonk, USA). Guidelines (Table 4-1) given by Evans 

(1996) were used to classify the strength of the correlation between the anatomical 

features of the first metacarpal and trapezium. 

  

 

Figure 4-2:  Quantification of the first metacarpal facet dimensions.  

The trapezium width (𝓌) was defined as the distance between the radial and ulnar 

extreme points (purple circles) while the trapezium length (ℓ) was defined as the 

distance between volar and dorsal extreme points (red circles), determined by a 

curvature analysis (ver. 9, Materialise, Belgium). 
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4.4 Results 

The morphological variation of the bony structures of the first CMC joint was 

represented by 49 PCs (Figure 4-3). The resultant multi-object SSM showed that the 

first thirty-six PCs represent 90.3% of the total morphological variation in the 

population used for this study. The first and second PCs represent 9.1% and 5.9% of the 

total variation, respectively, while the rest of the PCs represent less than 5% of the total 

variation. The RMSE obtained from the leave-one-out analysis was 0.5 mm. 

Figure 4-4 and Figure 4-5 show the morphological variations of the first metacarpal 

determined by the multi-object statistical shape model for the first two PCs. In the first 

PC, there was variation at the proximal end of the first metacarpal, especially at the 

volar beak region. Morphological variations were also observed at the dorsoradial and 

ulnar regions of the first metacarpal shaft. Both the dorsal and proximal articulating 

surfaces varied in the second PC. Variation was also observed in terms of the width at 

the proximal end of the first metacarpal shaft. 

  

Table 4-1: The guidelines in interpreting the coefficient, r (Evans, 1996) 

Coefficient, r Strength of correlation 

0.00 – 0.19 Very weak 

0.20 – 0.39 Weak 

0.40 – 0.59 Moderate 

0.60 – 0.79 Strong 

0.80 – 1.00 Very strong 
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(a) 

 

(b) 
 

Figure 4-3: Variance and variation represented by the principal components. 

(a) The cumulative plot of the variance, C(K) for the 49 principal components. (b) The 

variation represented by each principal component. The first two principal components 

represent the greatest proportions of the morphological variation observed in the first 

CMC joint. 
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 First metacarpal Trapezium 

PC1 

 

 

 

PC2 

 

 

 

 

Figure 4-4:  Appearance of the first (PC1) and second (PC2) principal components for 

both the first metacarpal and trapezium shape models.  

The mean model is shown in green, the model representing +3SD is shown in blue and 

the model representing -3SD is shown in yellow. 
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The morphological variations of the trapezium for the first two PCs, as determined by 

the multi-object statistical shape model, are shown in Figure 4-4 and Figure 4-6. In both 

the first and second PCs, morphological variation at the radial region of the first 

metacarpal facet on the trapezium was observed. In addition, variation was also 

observed at the ulnar and dorsal regions on this articulating surface in the second PC.  

  

 -3SD +3SD 

           Dorsal        Volar          Dorsal         Volar 

PC1 

  

PC2 

  
 

Figure 4-5:  Distance maps of the first metacarpal shape model for the first (PC1) and 

second (PC2) principal components.  

The distance colour map is displayed on the mean shape model of the first metacarpal. 

The distance distribution is shown next to the distance map legend. 



Chapter 4 Morphological analysis of the first carpometacarpal joint 

91 

Table 4-2 summarises the reliability of the measurements conducted on all the 

anatomical features based on the ICC tests. The high values of the ICC indicate that the 

measurements of the anatomical features of the shape model for both the first and 

second principal components were reliable.  

4.4.1 Anatomical features of the first metacarpal shape model 

The articular tilt and torsion angles for the mean model of the first metacarpal were 1.5° 

and 96.3°, respectively. Figure 4-7 and Figure 4-8 show the articular tilt and torsion 

angles for the first two PCs across ±3SD. In the first PC, the articular tilt angle of the 

first metacarpal ranged between -6.3° and 12.3°. The regression analysis indicated that 

the variability in the first metacarpal articular tilt angle was strongly associated with the 

first PC (𝑅2= 0.991, p = 0.001). Compared to the articular tilt angle, variability of the 

first metacarpal torsion angle (-6.8° < 𝛼 < 12.7°) was associated less with the first PC 

(𝑅2= 0.638, p = 0.031). The first metacarpal torsion variation (0.2° < 𝛼 < 14.2°) across 

the population (±3SD) was strongly associated with the second PC (𝑅2= 0.91, p = 0.01).  

                        -3SD                      +3SD 

          Volar                 Dorsal                         Volar                 Dorsal                 

PC1 

  

PC2 

  
 

Figure 4-6: Distance maps of the trapezium shape model for the first (PC1) and second 

(PC2) principal component.  

The distance colour map is displayed on the mean shape model of the first metacarpal. 

The distance distribution is shown next to the distance map legend. 
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Table 4-2:  Summary of the results of the intra-class correlation coefficient (ICC) tests. 

These were conducted to determine the reliability of the measurements of the four 

anatomical features of the statistical shape model. 

 First principal component Second principal component 

 ICC p-value ICC p-value 

First metacarpal 

articular tilt 

angle 

0.999 0.001 0.996 0.001 

First metacarpal 

torsion angle 
0.999 0.001 0.999 0.001 

Trapezium 

length 
0.994 0.001 0.996 0.001 

Trapezium width 0.960 0.001 0.961 0.001 
 

 

Figure 4-7: The first metacarpal articular tilt, θ and torsion angles, 𝛼. 

The first metacarpal articular tilt and torsion angles measured on the mean shape model 

and ±3SD for the first (blue dashed line) and second (orange dashed line) principal 

components. The graph shows the trends between these anatomical features that are 

associated with the first two principal components. 
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This is the same with the first metacarpal articular tilt in the second PC (1.0° < 𝜃 < 6.4°, 

𝑅2= 0.829, p = 0.04). 

4.4.2 Anatomical features of the trapezium shape model 

Figure 4-9 shows the measured values of the length and width of the first metacarpal 

facet on the trapezium across the population (±3SD). The facet length on the mean 

model, ℓ, was 14.5 mm and it varied between 14.5 mm and 16.5 mm in the first PC. In 

the second PC, ℓ varied between 12.3 mm and 17.3 mm. The regression analysis 

indicated that ℓ was more strongly associated with the second PC (𝑅2= 0.972, p = 0.001) 

compared to the first PC (𝑅2= 0.754, p = 0.011). The facet width on the mean model, 

 Articular tilt angle Torsion angle 

PC1 

 

 

PC2 

  
 

Figure 4-8: Anatomical features of the first metacarpal that were associated with the 

first (PC1) and second (PC2) principal components.  

+3 standard deviations is shown in blue and -3 standard deviations is shown in yellow 

for both PC1 and PC2.  
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𝓌, was 10.8 mm. In the first PC, facet width varied between 10.3 mm and 11.1 mm 

across the population (±3SD) (𝑅2= 0.843, p = 0.004). However, this anatomical feature 

was not associated with the second PC (𝑅2= 0.04, p = 0.896).  

 

4.4.3 Correlation between anatomical features of the first metacarpal and 

trapezium 

The variation in the first metacarpal articular tilt angle was positively correlated with 

the variation in the facet width of the trapezium (𝑟 = 0.902, p = 0.005). In the second 

PC, the first metacarpal torsion angle was negatively correlated with the facet length (𝑟 

= -0.923, p = 0.003). A similar strong but positive correlation was determined between 

the first metacarpal articular tilt angle and the facet length (𝑟 = 0.943, p = 0.001). The 

first metacarpal articular tilt angle had negative but strong correlation with the first 

metacarpal torsion angle (𝑟 = -0.847, p = 0.016) in the second PC. 

 

Figure 4-9: The first metacarpal facet length,  ℓ  and width,  𝓌  on the trapezium 

The anatomical features of the trapezium measured on the mean shape model and ±3SD 

for the first (blue dashed line) and second (orange dashed line) principal components. 

The graph shows the trends between these anatomical features that are associated with 

the first two principal components. 
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4.5 Discussion 

Shape analysis of the first CMC joint based on the resultant shape model of the multi-

object SSM was performed successfully. Instead of just quantifying the morphological 

variations of the first CMC joint articulating surface, the multi-object SSM was able to 

also quantify the morphological variations of the entire structure of the first metacarpal 

and trapezium that form this joint. By treating the first metacarpal and trapezium as one 

object, the morphology obtained through dimension reduction did not eliminate the 

morphological relationship between the first metacarpal and trapezium. In this size-

normalised statistical shape model, only the first two PCs were analysed (variation 

represented above 5%). The remaining PCs (variation represented below 5%) were not 

analysed because the morphological variation observed was very subtle. The dimension 

reduction technique implemented in the multi-object SSM, ppPCA, was robust to 

outliers (Section 3.3.2). This technique maximised variability in first few PCs (Croux 

et al., 2007), which were the first two PCs in this study. The rest of the PCs may 

represent outliers or small variabilities that resulted in a very subtle morphological 

variation.   

First metacarpal articular tilt variability could affect the overall stability of the joint. 

Increases in the first metacarpal articular tilt angle may decrease the bony stability 

provided by the volar beak of the first metacarpal and could lead to joint hypermobility. 

The first metacarpal articular tilt angle has been found to be higher in first CMC joint 

OA patients when compared to healthy joints (Miura et al., 2004, Kurosawa et al., 

2013). Miura et al. (2004) have suggested that an increase in the first metacarpal 

articular tilt angle could increase the shear force that translates the first metacarpal 

dorsally. This translation could be supported by the weakening of the first CMC joint 

ligaments during OA. The first metacarpal articular tilt angle has been found to correlate 

with the first CMC joint subluxation angle (Kurosawa et al., 2013). While a small 

articular tilt angle may indicate high proximal first metacarpal facet curvature, this 

could cause the volar beak of the first metacarpal to abut with the convex surface of the 

trapezium facet (Marzke et al., 2012). The width of the trapezium has been shown 

previously as a good indicator for the progression of first CMC joint OA (Ladd et al., 

2015). The strong association of the first metacarpal articular tilt angle and width of the 
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trapezium with the first PC suggests that these anatomical features could be used as 

anatomical biomarkers in predicting first CMC joint OA.  

The size of the trapezoid affects the orientation of the trapezium (Tocheri et al., 2005), 

which positions the dorsovolar first metacarpal facet towards the radioulnar axis of the 

other metacarpals (Drapeau et al., 2005, Tocheri et al., 2005). This repositioning of the 

first metacarpal prevents the opposition of the thumb (Drapeau, 2015). First metacarpal 

torsion is important in compensating for the orientation of the trapezoid-trapezium-first 

metacarpal complex and this reflects on the manipulative tasks involved in daily life 

activities.  

It is important to mention the limitations to this study that may have influenced the 

findings. As cadaveric specimens were used in this work, it was not possible to obtain 

radiographic images that could be graded in the standard way for the presence of OA. 

However, based on previous studies, symptomatic first CMC joint OA is most prevalent 

in populations above 60 years of age (Niu et al., 2003, Wolf et al., 2014b); the mean 

age of the specimens used in this study (53.5 ± 10.0 years) is below this. In addition, no 

osteophytes were observed on the CT scans, so the specimens were classified as healthy. 

Therefore, the variability of the anatomical features determined in this study cannot be 

directly associated with the development of first CMC joint OA. Hence, further in vivo 

study with associated radiographic evidence is needed to determine how these 

anatomical features differ between healthy subjects and patients with first CMC joint 

OA.  

4.6 Summary 

Four anatomical features were successfully measured on the shape models obtained 

from multi-object SSM. The variability of these four anatomical features were 

associated with the first two PCs, which indicates that these features varied in the 

population. This study has quantified the strong correlations between the anatomical 

features of the first metacarpal and trapezium; further study is needed in order to know 

how this may affect the function of the first CMC joint. 
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Chapter 5  In vitro experiment: Role of ligaments 

surrounding the first carpometacarpal joint 

 

This chapter explains how the ligaments surrounding the first CMC joint play their roles 

in restraining the joint from subluxation, based on in vitro experiments. The specimens 

used in this experiment were a sub-section of those used in the morphological analysis 

of the first CMC joint, described in Chapters 3 and 4.  
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5.1  Motivation 

The biconcave-convex saddle shape of the first CMC joint articulating surface provides 

little bony stability. Hence, the joint relies heavily on its surrounding ligaments to 

prevent subluxation. Joint hypermobility is one of the joint’s most common disorders 

(Spekreijse et al., 2016). Joint hypermobility and subluxation have been thought to be 

one of the causes of first CMC joint osteoarthritis (Jonsson et al., 1996, Freedman et al., 

2000, Lane and Henley, 2001, Hunter et al., 2005, Lin et al., 2014a).  

There has been controversy in the literature regarding which ligament acts as the 

primary stabiliser of the joint (Lin et al., 2014a) with three ligaments, anterior oblique 

ligament (AOL) (Pellegrini, 1991, Pellegrini et al., 1993, Imaeda et al., 1994), 

intermetacarpal ligament (IML) (Pagalidis et al., 1981) and dorsal radial ligament 

(DRL) (Bettinger et al., 1999, Ladd et al., 2012, Najima et al., 1997, Strauch et al., 1994, 

Van Brenk et al., 1998) being the three primary candidates in debates regarding this 

matter. It is important to know which ligament is the primary stabiliser because if the 

function of this ligament deteriorates due to, for example, trauma, corrective measure 

that replicate the function of this ligament can be conducted. Due to its location near 

the joint centre, the roles of the AOL are to prevent volar first metacarpal subluxation 

and to act as the pivot point for pronation during opposition (Bettinger et al., 1999). 

Colman et al. (2007), using an in vitro experiment in which transection of either AOL 

or DRL was done randomly, determined that the DRL is more important than the AOL 

in stabilising the first CMC joint during most joint motions. The superiority of the DRL 

over AOL in strength (D'Agostino et al., 2014) and thickness (Ladd et al., 2012, 

D'Agostino et al., 2014) have made the DRL the most likely candidate for the ligament 

that is most effective in providing stability and preventing subluxation of the first CMC 

joint. 

Weakening or rupture of the ligaments surrounding the first CMC joint has been linked 

with chronic synovitis (Neumann and Bielefeld, 2003). Hormones have been suggested 

to be involved in the development of first CMC joint osteoarthritis because of the 

attenuation in the ligaments that stabilise the joint following the menopause (Ladd et 

al., 2013, Wolf et al., 2014a). Apart from hormones, ligamentous laxity can result also 

from trauma (Shah and Patel, 1983, Connell et al., 2004). Partial or full ligament rupture 

may cause first CMC joint subluxation because the ligaments can no longer resist loads 
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that try to destabilise the joint (Neumann and Bielefeld, 2003). Lamas Gomez et al. 

(2017) in their 25-cadaver study determined the relationship between tears in the DRL 

and the presence of osteoarthritis in the first CMC joint. From those 25 specimens, 

isolated DRL rupture was observed most frequently (40%), followed by AOL rupture 

(28%). In addition, combinations of tears in IML and DRL (16%) were also observed.  

Regardless of which ligaments are the best candidates to be the main stabiliser for the 

first CMC joint, ligamentous laxity can happen to any of these ligaments. It is not known 

how isolated or combined disruption of the surrounding ligaments alters the function of 

the joint. Deterioration in the function of the ligaments requires a complex surgical 

procedure to repair, such as ligament reconstruction where the anatomy will be 

modified. It is important to understand how the ligaments work individually or 

collectively in maintaining the stability of the first CMC joint because this information 

can be used to design corrective measures that require less modification or remove the 

need to modify the anatomy of the joint. Since the joint has little bony stability and 

requires the surrounding ligaments to prevent subluxation, it is still not clear how the 

ligaments react to loads that try to displace the joint in different directions. Hence, the 

objectives of this study were: 

1. to determine the effect of ligament disruption on first CMC joint translation; 

2. to determine the differences between the primary and secondary translations of 

the first CMC joint due to ligaments disruption; and  

3. to determine the function of the ligaments with respect to different loading 

directions. 

5.2 Method 

5.2.1 Specimens 

Sixteen cadaveric mid-forearms through fingertip specimens, consisting of 8 males and 

8 females (mean age = 52.4±11.7 years, right hand side = 9, left hand side = 7), were 

used in this study. All of these sixteen specimens were part of the group used in 

quantifying the morphology of the first CMC joint, described in Chapters 3 and 4. 

Three-dimensional (3D) bone models of the first metacarpal and trapezium were 

constructed, as described in Section 3.2.5. In addition to this, 3D bone models of the 
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second metacarpal and trapezoid were also constructed from segmentation of the 

computed tomography images using MIMICS v.17 (Materialise, Leuven, Belgium). 

The details of the ethical approval for the use of these specimens is described in Section 

3.2.5.  

5.2.1.1 Dissection 

In this study, the first metacarpal, second metacarpal, trapezium and trapezoid were 

dissected from each specimen without violating the first CMC joint capsule. The second 

metacarpal and trapezoid were dissected along with the first metacarpal and trapezium 

because the intermetacarpal ligament (IML) links the first and second metacarpal, while 

the trapezoid prevents the second metacarpal from collapse. The dissection was done 

by one hand surgeon 24 hours prior to the experiment. Figure 5-1 shows the section of 

the hand that was dissected. The distal half of the second metacarpal was cut to facilitate 

specimen preparation. 

5.2.1.2 Virtual alignment 

Orientation of the specimen was really important to ensure that the placement of the 

specimen on the testing rig was standardised. To begin, in this in vitro experiment the 

first CMC joint was tested in its neutral orientation. Based on the recommendations 

from the International Society of Biomechanics, the neutral posture of the first CMC 

joint is achieved when the proximal (trapezium) and distal (first metacarpal) segmental 

coordinate systems are aligned (Wu et al., 2005). Details of the segmental coordinate 

 

Figure 5-1: The part of the hand that was dissected shown enclosed by the black line.  
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system for both the first metacarpal and trapezium were explained in Section 4.2.1. 

Access to the joint capsule was needed to construct the segmental coordinate systems 

of these two bones. However, this was not possible for this study, as the joint capsule 

of the first CMC joint had to be preserved.  Since it was difficult to construct the 

segmental coordinate systems based on the anatomical landmarks on the specimens, the 

orientation of the specimen in its neutral posture was achieved using specimen-specific 

alignment moulds (Section 5.2.1.3) that were designed based on the neutral posture of 

the specimen’s 3D bone model. 

The segmental coordinate systems for the first metacarpal and trapezium were 

constructed in 3-Matic (Materialise, Leuven, Belgium). The curvature analysis tool that 

comes with the software was used to segment each first CMC joint articulating surface 

from its 3D bone model (Figure 5-2(a)). The centre of boundary box of the segmented 

first CMC joint articulating surface on the first metacarpal was identified and projected 

onto the proximal articulating surface of the first metacarpal 3D model (Figure 5-2(b)). 

The other landmarks used to construct the segmental coordinate systems of the first 

metacarpal and trapezium are shown in Figure 5-3. Finally, the translation and rotation 

tool were used to re-orient the first metacarpal to achieve the neutral orientation of the 

first CMC joint. The aligned 3D bone models were exported to computer-aided drafting 

software, SolidWorks 2016 (Solidworks Corporation, Concord, USA), where they were 

used to design the specimen-specific alignment moulds. 

5.2.1.3 Specimen-specific alignment moulds 

The specimen-specific alignment moulds were 3D printed to orientate each specimen 

in its neutral posture. Two moulds were required; one of the moulds was needed to 

orientate the first metacarpal and the other was used to orientate the trapezium. The 

centres of the two moulds were aligned with the centre of the 3D bone model and the 

impression of the first metacarpal and trapezium were made using the cavity function 

provided in Solidworks 2016. 

The specimen-specific alignment moulds were printed using an Ultimaker 3 Extended 

(Ultimaker B.V., Geldermalsen, Netherlands). The g-code that contained the commands 

on how to print this specimen-specific mould was generated using Cura 2.3.1 

(Ultimaker B.V., Geldermalsen, Netherlands). The material and 3D printer setup used 

to manufacture the moulds were:  
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(a) (b) 
 

Figure 5-2: Segmentation of the articulating surface of the first metacarpal. 

(a) The articulating surface (blue) segmented from the 3D model of the first metacarpal 

from one of the samples in this study (b) The centre point (blue circle) of the boundary 

box (blue 3D rectangle) was projected onto the articulating surface. The green circle 

shows the approximated centre point of the articulating surface. 

  

(a) (b) 
 

Figure 5-3: Anatomical landmarks used to construct the segmental coordinate system 

for the (a) first metacarpal and (b) trapezium.  

FM_L3 is the mid-point between FM_L1 (ulnar condyle) and FM_L2 (radial condyle). 

FM_L4 is the centre point of the first metacarpal proximal articulating surface. TPM_L4 

is the centre point of the trapezium distal articulating surface. TPM_L3 is the mid-point 

between TPM_L1 and TPM_L2 which are the volar and distal points, respectively, on 

the proximal ridge of the trapezium. 
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a. Material: Polylactic acid with diameter of 2.85mm 

b. Layer height: 0.1mm 

c. Wall thickness: 1mm 

d. Infill density: 30% 

e. Print speed: 70mm/s 

The time taken to print each pair of moulds with the aforementioned 3D printer 

parameters was approximately 11.5 hours. The specimen was fixed into the specimen-

specific alignment moulds by using Kirschner wires (K-wires) with diameters of 1.4 

mm and 2.0 mm. The 1.4 mm diameter K-wire was used to fix the trapezium to the 

moulds, whereas the 2.0 mm diameter K-wire was used to fix the first metacarpal and 

second metacarpal-trapezoid to the moulds. Two aluminium pots were fabricated into 

which the specimen-specific alignment moulds were inserted. The upper pot contained 

the first metacarpal, while the lower pot contained the trapezium-trapezoid-second 

metacarpal (Figure 5-4). Polymethylmethacrylate bone cement was used to secure the 

specimen inside the pots. 

5.2.2 Customised experimental jig 

A customised experimental jig was designed and fabricated to displace the specimen by 

means of external load and to measure the translation of the first CMC joint resulting 

from the applied external load. This jig was comprised of three parts: ball table, actuator 

and sensor. The complete unit of this jig was placed on top of the base of material testing 

machine, Instron 8874. The Instron 8874 is a dual axis testing machine, which was 

equipped with a load cell that is capable of measuring loads up to 1 kN (resolution is 

 

Figure 5-4: The aligned trapezium-trapezoid-second metacarpal using the 3D printed 

mould was fixed inside the lower pot by using polymethylmethacrylate bone cement.  
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0.001N) and 25 Nm. The use of this materials testing machine was to apply a 

compressive load to the first metacarpal (Section 5.2.3.1). 

5.2.2.1 Ball table 

The ball table acted as the base on which the specimen could rotate and translate. An 

aluminium plate with dimensions of 450 mm (width) x 400 mm (length) x 20 mm 

(thickness) was used as the base of the ball table. Twenty-five stainless steel ball transfer 

units (MSP14SS; OMNITRACK, Stroud, UK) were secured to the top of the aluminium 

base to allow the three degrees of freedom (Figure 5-5). A hole with M6 thread was 

made in the aluminium base to attach each ball transfer unit (Figure 5-6). The ball 

transfer units were placed 30 mm apart from centre of a ball transfer unit to the other. 

This enabled a minimum of three ball transfer units to support the lower pot at all times 

(Figure 5-6).  

 

 

Figure 5-5: The ball table. 

This allowed three degrees of freedom of the potted specimens. Two were translations, 

as indicated by e1 and e2. The ball transfer units also allowed one rotation (e3) on the 

e1e2 plane. The red arrow indicates the direction of the external load. 
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5.2.2.2 Actuator 

A linear electromechanical actuator (Minimech 32, 100mm stroke length; SMS 

Machine Automation, Barnsley, UK) with a servo motor (SM23165D; Animatics Corp., 

Milpitas, USA) was installed to apply external loads to the specimens with the purpose 

of producing subluxation of the first CMC joint (detailed in Section 5.2.3.1). A direct 

current power supply unit was used to power the servo motor and RS-232 cables were 

used for communication between the servo motor and a computer. The software 

provided by the manufacturer to operate the servo motor was used to set the servo motor 

function. After all parameters were set, the servo motor was controlled in real time by 

a proportional-integral-derivative (PID) controller built in LabVIEW software ver. 2013 

SP 1 (National Instruments, Austin, USA) (Shah and Kedgley, 2016).  

5.2.2.3 Sensor 

There are two types of sensors used in this experiment: a load cell and linear variable 

differential transformers (LVDT). The load cell was used to measure the external load 

applied to the specimen (Section 5.2.3.1) by the linear actuator. It also served as the 

feedback to the proportional-integral-derivative controller in achieving the desired 

external load applied to the specimen. The LVDT was used to measure the translation 

and rotation produced by the specimen due to the external load applied to it.  

The load cell (DBBSMM, 25kgf; Applied Measurements Ltd., Berkshire, UK) was 

attached in series with the linear electromechanical actuator to measure the load applied 

 

Figure 5-6: When the lower pot (black square) was placed on top of the ball table, there 

were three a minimum of ball transfer units to support the lower pot. Eight cylindrical 

rods were placed around the lower pot in order to align the lower pot with the upper pot. 
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to the specimen. The load cell was connected to a full bridge analogue input module (NI 

9237; National Instruments, Austin, USA) and data acquisition system (NI cDAQ-9178; 

National Instruments, Austin, USA), which was used to convert the analogue signals 

from the full bridge analogue input module to digital signals. This enabled real-time 

monitoring of the external load applied to the specimen in LabVIEW. The load cell was 

calibrated in the study conducted by Shah et al. (2017). The following equation was 

used to obtain the external load’s value based on the load-voltage relationship: 

𝐹 = 𝑚(𝑉 − 𝑉0) (5-1) 

where F = measured external load, m = slope of the load-voltage curve, V = measured 

voltage from load cell and V0 = zero error of the load cell. The zero error of the load 

cell was defined as the voltage measured from the load cell when there is no load applied 

to it and this was updated manually in every trial for every specimen in this experiment. 

Signal averaging, over every ten samples of the raw signal, and a second order 

Butterworth filter were implemented to reduce the noise in the raw signal of the load 

cell.  

Six LVDTs (Unipolar (direct current) output, 30 mm measurement range; Solartron 

Metrology, West Sussex, UK) were used to measure the translation of the first CMC 

joint. The LVDTs were powered by one direct current power supply unit and an 

analogue input module (NI 9205; National Instruments, Austin, USA) was used to 

transfer the LVDT signals in real-time in LabVIEW. Calibration for each LVDT was 

done in order to obtain the distance-voltage relationship. The calibration was done by 

using the materials testing machine (Instron 5565) to displace the LVDT in 5 mm 

increments until it reached the maximum measurement range of 30 mm. Linear plots 

were constructed for each of the LVDTs to obtain the linear equation that described the 

distance-voltage relationship: 

𝑑 =  𝑚𝑋 + 𝐶 (5-2) 

where d is the distance measured by the LVDT, m is the slope of the distance-voltage 

linear plot, X is the LVDT voltage output and C is the y-intercept of the linear plot.  
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5.2.2.4 Final setup 

The customised experimental jig was placed on the base of the Instron 8874. Figure 5-

7 shows the experimental setup for the sequential ligament sectioning experiment 

(Section 5.2.3) and Figure 5-8 shows a close-up view of the experimental area. 

 

 

Figure 5-7: Overview of the experimental setup. 

The customised experimental jig was placed on the base of the Instron 8874. The 

dashed-red box indicates the close-up view shown in Figure 5-8. 

 

Figure 5-8: A close-up view of the experimental area.  
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The upper pot was used to hold the first metacarpal, while the trapezium-trapezoid-

second metacarpal structures were fixed in the lower pot. Since the joint construct was 

not a single rigid body, eight 5 mm diameter cylindrical rods were used to ensure that 

the specimen was in its neutral orientation at the start of the experiment (Figure 5-6). A 

connector (Figure 5-9(b)) was fabricated to attach the upper pot to the load cell of the 

Instron 8874.  

The LVDTs were fixed in a 3D printed casing and secured to the ball table parallel with 

the two axes of translation, e1 and e2 (Figure 5-9(a)). Two of the LVDTs were equipped 

with custom-made flat probe tips (Figure 5-9(b)) and were used to measure the 

translations of the lower pot along the e1 and e2 axes. The remaining four LVDTs were 

attached with wheel probe tips (Solartron Metrology, West Sussex, UK) and these 

sensors were used to measure the rotation angle of the lower pot. Technical drawings of 

the components can be found in Appendix A. 

5.2.3 Sequential ligament sectioning 

5.2.3.1 Loading Protocols 

The customised experimental jig was placed on the base of Instron 8874, as shown in 

Figure 5-7. A 10 N compressive load was applied at the distal end of the first metacarpal 

to ensure the articulating surfaces of the first CMC joint were always in contact during 

the testing. External loads were applied by the linear actuator to the lower pot, which 

contained the trapezium, trapezoid and second metacarpal, to displace the first CMC 

joint. These loads were applied in four different directions, in the following sequence: 

volar, dorsal, radial and ulnar (Figure 5-10). The external load applied to the specimen 

was initially 10 N. This was followed by loads increasing in increments of 10 N. For 

each external load applied to the specimen, the translations of the lower pot were  
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measured by the LVDTs. The maximum external load was defined as the external load 

that could be applied to the lower pot while still maintaining full contact with the ball 

table (Figure 5-11). This load was recorded. 

The translation of the of the lower pot was measured in two directions: the dorsal-volar 

axis and ulnar-radial axis. Since the configuration of the specimen changed throughout 

the experiment, these axes of translation were dependent upon the configuration of the 

specimen during testing. The LVDTs quantified the position of the trapezium relative 

to the first metacarpal. However, to ensure that the results presented were in accordance 

with the definitions used to describe first CMC joint subluxation, the translations 

obtained from the experiment were multiplied by -1, making them the position of the 

first metacarpal relative to the trapezium.  The translations produced after the external 

load was applied to the specimen were categorised into two, depending on the direction 

of the external loads, as summarised in Table 5-1. Primary translations were those 

whose directions were parallel with the direction of the applied external load. Secondary 

 

(a)                                                                  (b) 
 

Figure 5-9: Positions of the LVDTs. 

(a) Placement of the LVDTs on the ball table. (b) The flat probe tips attached to the 

central LVDTs to measure the translation of the lower pot. The distance between the 

central and out LVDTs was 33mm (shown as the distance between L1 and L2). A 

connector was used to attach the upper pot with Instron. 
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translations were those whose directions were perpendicular to the external load applied 

to the specimen. 

 

 

 

 

  

(a) (b) 
 

Figure 5-10: The direction of the external load.  

(a) The external load was applied from the volar direction, indicated by the red arrow. 

To achieve (b), where the external load was applied from the dorsal direction, the 

specimen was removed from the Instron 8874 and remounted with the appropriate 

configuration. 
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5.2.3.2 Experiment 

The experiment started with each specimen in its intact condition and this was taken as 

the baseline value of translation of the first CMC joint. Four ligaments were involved 

in the sequential ligament sectioning experiment. They were the AOL, UCL, IML, and 

DRL. The ligaments were sectioned in the aforementioned sequence. The loading 

protocol described in Section 5.2.3.1 was implemented. The baseline translations 

obtained from the intact state were subtracted from those obtained at each stage of the 

sectioning experiment.  

 

Figure 5-11: The moment produced by the specimen. 

Indicated by θ, the moment caused by the applied external load. The testing was stopped 

if this was observed.  

Table 5-1: The terms used to describe the translation of the first CMC joint, based on 

the direction of the external load applied to the specimen. 

Direction of the external load Dorsal-volar axis Ulnar-radial axis 

Volar  Primary translation Secondary translation 

Dorsal Primary translation Secondary translation 

Radial Secondary translation Primary translation 

Ulnar Secondary translation Primary translation 
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5.2.4 Statistical analysis 

IBM SPSS Statistics (ver. 25: IBM Corp., Armonk, USA) was used to run all statistical 

tests implemented in this chapter. The first statistical test was done to determine the 

differences in the translation of the first CMC joint when the ligaments surrounding the 

joint were disrupted. Normality tests of the studentised residuals were conducted on the 

collected data. If the data passed the normality test, a repeated measures analysis of 

variance (RMANOVA) was used, and if not, the non-parametric test equivalent, the 

Friedman test was implemented. If significant interactions with p-values less than 0.05 

were observed following either the RMANOVA or Friedman test, further post-hoc 

analyses or Wilcoxon signed ranks tests with Bonferroni adjustment were implemented, 

respectively. Pairwise differences within the groups were present if the post-hoc 

analysis gave a p-value of less than 0.05 or if the Wilcoxon signed rank test gave a p-

value of less than 0.008.  

A second statistical test was done to determine whether there were differences between 

the primary and secondary translations of the first CMC joint. Normality tests on the 

paired differences were conducted. If the data passed the normality test, a paired-t test 

was conducted, otherwise a Wilcoxon signed rank test was used. A p-value of less than 

0.05 indicated that there were significant differences between the primary and 

secondary translations of the first CMC joint. 

The last statistical test was to determine whether there were differences between the 

translations in the four different directions following each of the ligament sectioning 

tests. Normality tests were conducted on the studentised residuals of the data. The 

statistical procedure was the same as that for the first statistical test.  

5.3 Results 

Table 5-2 shows the mean values of the external loads that were applied to the 

specimens in volar, dorsal, radial and ulnar directions. 

5.3.1 External load in the volar direction 

The mean translation of the first CMC joint caused by an external load in the volar 

direction following each stage of the sequential ligament sectioning experiment is 

presented in Appendix B (Table B-1). The results for of the normality tests are presented 
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in Appendix C. Since the first CMC joint translation along the dorsal-volar direction 

followed a normal distribution, RMANOVA with a Huynh-Feldt correction was used. 

A Friedman test was used to analyse the first CMC joint translation in the ulnar-radial 

direction, since the studentised residuals deviated from a normal distribution. 

From the RMANOVA test I determined that the translation of the joint in the sequential 

ligament sectioning experiment was not significantly different (p = 0.719) in the dorsal-

volar direction (Figure 5-12). The first CMC joint produced the largest mean translation 

(0.57±2.31 mm) in this direction in response to the transection of the DRL. 

The results of the Friedman test indicated that there was a difference on the translation 

of the first CMC joint in the ulnar-radial direction due to the external load from the volar 

direction after the ligaments involved were sequentially transected (p = 0.001). The joint 

translated in the ulnar direction with mean translations of -0.47 ± 1.01 mm and -0.69 ± 

1.17 mm after the AOL and UCL, respectively, were transected. No difference was 

found in the ulnar-radial translation of the joint between the transection of the AOL and 

UCL (p > 0.05). After transection of the IML, the joint translation changed to be in the   
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radial direction (0.39 ± 1.32 mm) and DRL (0.78± 1.50 mm). Significant differences 

were found in the first CMC joint translations in the ulnar-radial axis between 

transection of UCL and IML (p = 0.003) and UCL and DRL (p = 0.001) (Figure 5-12). 

The joint was subluxed in the volar-ulnar direction after the transection of the AOL and 

UCL. However, the subluxation of the joint changed in direction after the IML and DRL 

were transected (Figure B-1). 

 

Table 5-2: Mean (± one standard deviation) of the external loads applied. 

 Load direction Load (N) 

Intact Volar 18.18 (± 8.74) 

Dorsal 23.64 (±10.27) 

Radial 16.36 (±4.67) 

Ulnar 12.73 (±4.67) 

AOL Volar 16.36 (±6.74) 

Dorsal 21.82 (±9.82) 

Radial 15.45 (±5.22) 

Ulnar 10.91 (±3.02) 

UCL Volar 15.45 (±5.22) 

Dorsal 21.82 (±9.82) 

Radial 15.45 (±5.22) 

Ulnar 10.91 (±3.02) 

IML Volar 15.45 (±5.22) 

Dorsal 20.91 (±10.44) 

Radial 14.55 (±5.22) 

Ulnar 10 (±0) 

DRL Volar 14.55 (±5.22) 

Dorsal 17.27 (±0) 

Radial 13.64 (±5.22) 

Ulnar 10 (±0) 
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5.3.2 External load in the dorsal direction 

The first CMC joint translation in both directions followed a normal distribution, thus 

RMANOVA with a Huynh-Feldt correction was used. The first CMC joint translated in 

the dorsal direction as shown in Figure 5-13. Joint translation increased dorsally after 

the AOL, UCL, IML and DRL were sequentially transected, with the highest mean 

translation observed after the transection of DRL (-2.23 ± 2.72 mm). The RMANOVA 

indicated that the translation of the joint after being displaced in the dorsal direction 

differed depending upon the number of ligaments that were transected (p = 0.0001). 

Further post-hoc analysis showed that there were two significant pairwise differences 

within this group; these were between AOL and DRL (p = 0.041) and UCL and DRL 

(p = 0.042) (Figure 5-13). Mean translation of the first CMC joint due to the external 

load in dorsal direction after the AOL, UCL, IML and DRL were transected sequentially 

can be found in Appendix B. 

 

Figure 5-12: Mean translation of the first CMC joint due to an external load in the volar 

direction. 

Following sectioning of the anterior oblique ligament (AOL), ulnar collateral ligament 

(UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). Error bars 

indicate one standard deviation and * indicates a difference with p < 0.05. 
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There was also a difference on the translation of the first CMC joint in the ulnar-radial 

direction as the ligaments were transected (p = 0.002). The transection of the DRL 

produced the highest translation of the joint along this axis (-1.07 ± 1.78 mm). Post-hoc 

analysis determined two significant pairwise differences within this group; these were 

between UCL and IML (p = 0.037) and UCL and DRL (p = 0.027) (Figure 5-13). The 

first CMC joint translated in the radial direction after the AOL and UCL were 

sequentially transected. A change towards the ulnar direction was observed when 

sectioning of the IML and DRL was done. The direction of subluxation due to the 

external load applied from the dorsal direction when the four ligaments were 

sequentially transected (Figure B-2). 

 

 

Figure 5-13: Mean translation of the first CMC joint after displacement in the dorsal 

direction 

Following sectioning of the anterior oblique ligament (AOL), ulnar collateral ligament 

(UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). Error bars 

indicate one standard deviation and * indicates a difference with p < 0.05. 
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5.3.3 External load in the radial direction 

The studentised residuals of the joint translation in both dorsal-volar and ulnar-radial 

axes were deviated from a normal distribution; therefore, Friedman tests were used. 

From Figure 5-14, it can be seen that the translation of the first CMC joint progressively 

increased from ulnar to radial directions. The greatest translation of the joint along this 

axis was observed after the transection of the DRL (1.66 ± 2.46 mm). There were 

significant differences in the translation of the first CMC joint in the ulnar-radial axis 

after the ligaments were sequentially transected (p = 0.001). These were comprised of 

pairwise differences between IML and AOL (p = 0.003) and DRL and AOL (p = 0.008) 

(Figure 5-14). Translation of the first CMC joint when being loaded in the radial 

direction is presented in Appendix B. The results of the normality tests are presented in 

Appendix C. 

When the AOL and UCL were sequentially transected, the first CMC joint translated in 

the dorsal direction (Figure 5-14). However, this translation changed to the radial 

direction in response to the further sequential sectioning of the IML and DRL. The 

highest translation was observed after the transection of the DRL (1.27 ± 1.81 mm). 

Translation of the joint in the dorsal-volar direction showed significant differences (p = 

0.0001), and further Wilcoxon signed rank tests determined pairwise differences 

between DRL and AOL (p = 0.005) and DRL and UCL (p = 0.003) (Figure 5-14). The 

first CMC joint translations started in the dorsal-ulnar region following transection of 

the AOL, processed through the dorsal-radial region with transection of the UCL, and 

ended in the volar-radial region after transection of the IML and DRL (Figure B-3).  
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5.3.4 External load in the ulnar direction 

The studentised residuals of the first CMC joint translation in the dorsal-volar direction 

deviated from a normal distribution, thus the Friedman test was used. RMANOVA was 

used to analyse the translation of the joint in the ulnar-radial direction since the 

studentised residuals of the translational data along this axis followed a normal 

distribution. The translations of the first CMC joint progressively increased in the ulnar 

direction as the AOL, UCL, IML and DRL were sequentially transected (Figure B-4).  

The highest translation of the joint along this axis was after the transection of the DRL 

(-1.86 ± 2.27 mm). After transection of the UCL, the translation of the first CMC joint 

increased rapidly, from -0.30 ± 1.00 mm after the transection of AOL to -1.34 ± 1.69 

mm. There was no significant difference found in the translation of the joint along the 

ulnar-radial direction following sequential sectioning of the four ligaments. The highest 

joint translation in the dorsal-volar direction was observed after the transection of the 

UCL (0.43 ± 0.80 mm). There was no clear pattern in the translation of the joint after 

the ligaments were sequentially transected when it was displaced in the ulnar direction 

 

Figure 5-14: Mean translation of the first CMC joint due to an external load in the radial 

direction. 

Following sectioning of the anterior oblique ligament (AOL), ulnar collateral ligament 

(UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). Error bars 

indicate one standard deviation and * indicates a difference with p < 0.008. 
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(Figure B-4). There were no differences found from the RMANOVA test (p = 0.087). 

The translations of the first CMC joint when being loaded in the ulnar direction 

following sequential sectioning of the ligaments are presented in Appendix B. The 

results of the normality tests are presented in Appendix C. 

5.3.5 Differences between primary and secondary translations due to 

ligament disruptions 

The magnitude of both primary and secondary translations of the joint due to the 

sequential transection of the AOL, UCL, IML and DRL are presented in Table 5-3. The 

results of the normality tests are presented in Appendix B, as are the types of statistical 

tests used, which were based on the outcome of these normality tests.  

The magnitudes of primary and secondary translations increased when external loads 

were applied in the volar and dorsal directions, respectively, after the AOL, UCL, IML 

and DRL were sequentially transected (Figures B-5 and B-6). The sequential transection 

of these ligaments did not produce differences in the magnitude of the primary and 

secondary translations of the joint for either case of external loading (p > 0.05) (Table 

5-3). 

In Figure 5-15 it can be seen that both primary and secondary translations of the first 

CMC joint started to increase when the specimen was displaced in the radial direction 

after the transection of IML. Significant differences (p = 0.034) were found between the 

magnitudes of the primary translation of the joint after transection of this ligament (1.92 

± 1.13 mm) and secondary translation (1.03 ± 1.07 mm). No significant difference was 

obtained between the primary and secondary translations of the joint after the 

transection of the DRL (p > 0.05). 

There was progressive increase in the primary translations of the first CMC joint when 

it was displaced in the ulnar direction. However, this was not seen in the secondary 

translations of the joint (Figure 5.16). In this case, significant differences were obtained 

between the magnitudes of the primary and secondary translations of the joint after the 

transection of the UCL (p = 0.010), IML (p = 0.026) and DRL (p = 0.004).
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Table 5-3:  The mean magnitude of primary and secondary translations of the first CMC joint (± one standard deviation).  

The p-value resulted from the paired t-test or Wilcoxon signed ranks test (see Appendix B) between the primary and secondary translations. 

 AOL UCL IML DRL 

(mm) Primary Secondary p-

value 

Primary Secondary p-

value 

Primary Secondary p-

value 

Primary Secondary p-

value 

Volar 
0.73 

(±0.78) 

0.55 

(±0.97) 
0.479 

1.28 

(±1.24) 

0.89 

(±1.01) 
0.148 

1.81 

(±1.53) 

1.11 

(±0.78) 
0.151 

1.81 

(±1.49) 

1.39 

(±0.93) 
0.271 

Dorsal 
0.50 

(±0.32) 

0.50 

(±0.33) 
0.932 

0.89 

(±0.79) 

0.77 

(±0.58) 
0.959 

1.59 

(±1.26) 

1.19 

(±1.08) 
0.334 

2.59 

(±2.36) 

1.68 

(±1.17) 
0.058 

Radial 
0.52 

(±0.72) 

0.45 

(±0.60) 
0.501 

0.69 

(±0.66) 

0.60 

(±0.73) 
0.748 

1.92 

(±1.13) 

1.03 

(±1.07) 
0.034 

2.45 

(±1.61) 

1.58 

(±1.53) 
0.154 

Ulnar 
0.69 

(±0.77) 

0.45 

(±0.67) 
0.234 

1.57 

(±1.46) 

0.61 

(±0.67) 
0.010 

1.98 

(±1.45) 

0.92 

(±0.60) 
0.026 

2.50 

(±1.49) 

0.90 

(±0.76) 
0.004 
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Figure 5-15:  The magnitudes of the primary (ulnar-radial) and secondary (dorsal-volar) 

translations of the first CMC joint (± one standard deviation) due to external loading in 

the radial direction.  

* indicates a significant difference with p < 0.05. 
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5.3.6 Effect of external load direction on joint translation 

The normality tests of the studentised residuals of the magnitudes of both primary and 

secondary translations of the first CMC joint are presented in Appendix B. There were 

no differences between the magnitudes of both primary and secondary joint translations 

as a result of externally applied loads with the presence of ligament disruption except, 

in the primary translation of the joint when the UCL was transected (p = 0.012) (Table 

5-4). In the absence of the UCL, the magnitude of the primary translation was higher 

when the external load was applied from the ulnar direction (1.57 ± 1.46 mm) compared 

to the primary translation caused by the external load from the radial direction (0.69 ± 

0.66 mm) (p = 0.005). 

 

Figure 5-16:  The magnitudes of the primary (ulnar-radial) and secondary (dorsal-volar) 

translations of the first CMC joint due to external load in ulnar direction.  

* indicates a significant difference with p < 0.05. 
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Table 5-4: The mean (±SD) of the primary and secondary translations of the first CMC joint when external loads were applied to the specimens 

during ligament sectioning testing. 

Conditions with significant differences are highlighted in orange.  

 AOL UCL IML DRL 

 Primary Secondary Primary Secondary Primary Secondary Primary Secondary 

Volar 
0.73 

(±0.78) 

0.55 

(±0.97) 

1.28 

(±1.24) 

0.89 

(±1.01) 

1.81 

(±1.53) 

1.11 

(±0.78) 

1.81 

(±1.49) 

1.39 

(±0.93) 

Dorsal 
0.50 

(±0.32) 

0.50 

(±0.33) 

0.89 

(±0.79) 

0.77 

(±0.58) 

1.59 

(±1.26) 

1.19 

(±1.08) 

2.59 

(±2.36) 

1.68 

(±1.17) 

Radial 
0.52 

(±0.72) 

0.45 

(±0.60) 

0.69 

(±0.66) 

0.60 

(±0.73) 

1.92 

(±1.13) 

1.03 

(±1.07) 

2.45 

(±1.61) 

1.58 

(±1.53) 

Ulnar 
0.69 

(±0.77) 

0.45 

(±0.67) 

1.57 

(±1.46) 

0.61 

(±0.67) 

1.98 

(±1.45) 

0.92 

(±0.60) 

2.50 

(±1.49) 

0.90 

(±0.76) 

p-

value 
0.471 0.352 0.012 0.537 0.818 0.599 0.710 0.062 
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5.4 Discussion 

Sequential ligament sectioning of the first CMC joint was done to understand the role 

of the ligaments surrounding the joint. Within the literature, the debate has been about 

which ligament primarily stabilises the joint, the AOL, IML or the DRL. In this in vitro 

experiment, apart from these ligaments, UCL was also included. UCL was included 

because it frequently has been observed to be elongated in first CMC joints with arthritis 

(Lahiji et al., 2015).  

Bettinger et al. (1999) defined the AOL and UCL as the ligaments that prevent volar 

subluxation of the first CMC joint. With the absence of AOL, the first CMC joint 

translated in volar-ulnar, dorsal and volar-ulnar directions when the joint was subjected 

with external loads in the volar, radial and ulnar directions, respectively. These 

translations of the first CMC joint were increased after the resection of the UCL. 

However, when loaded in the radial direction the translation of the joint changed from 

dorsal to dorsal-radial after UCL was transected. As an extracapsular ligament, UCL 

was found to act in a supporting role to the AOL, which is an intracapsular ligament. 

Despite helping the AOL in preventing subluxation of the first CMC joint when 

subjected to external loads in the volar, radial and ulnar directions, no complementary 

action between AOL and UCL was determined when the joint was subjected to load in 

the dorsal direction. When subjected to the load in the radial direction, UCL was 

determined to function similarly to the IML and DRL, which prevent the joint from 

experiencing radial subluxation.  

The IML has been found previously to play a secondary role in maintaining the stability 

of the first CMC joint (Lamas Gomez et al., 2017). The findings in this study are in 

agreement with this thought. Although no significance difference was found in the 

translation of the joint between the resection of IML and DRL, the joint translation was 

increased after the transection of DRL (Figures B-1 and B-2). Both IML and DRL were 

determined to be important in preventing dorsal translation of the first CMC joint when 

it underwent external load in the dorsal direction. These results agree with those of 

previous studies (Lin et al., 2014b, Lamas Gomez et al., 2017). Mirror effects in the 

function between the volar ligaments (AOL and UCL) and the IML and DRL were 

observed (Figures B-1 and B-2). This agrees with the description from a previous study 
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where AOL was shown to prevent volar subluxation of the first CMC joint, while DRL 

prevented dorsal subluxation (Bettinger et al., 1999). This mirror effect was observed 

to be caused by the change in the direction of the secondary translation. After the 

transection of the IML, when the joint was loaded from the volar or dorsal directions, 

the secondary translation of the first CMC joint changed its direction when compared 

to the cases where the AOL and UCL were disrupted. This highlights the influence of 

the secondary translations of the joint in determining the position of the first metacarpal 

following application of an external load that may displace the joint. Although the 

secondary translation changed its direction after the transection of the IML and DRL 

when loaded in the radial direction, the effect of each of the four ligaments differed, as 

subluxation of the joint started in the dorsal region with the absence of the AOL and 

continued to the volar-radial region when the DRL was transected. The same 

phenomenon was observed when the joint was loaded in the ulnar direction. 

It was observed that the direction of the external load caused the first CMC joint to 

function differently when disruption of the ligaments was present. When the joint was 

loaded from the dorsal and radial directions, the absence of the AOL and UCL caused 

only small subluxations of the first CMC joint. However, the joint produced bigger 

subluxations when it was loaded from the volar and ulnar directions. This highlights the 

importance of the AOL and UCL in preventing subluxation of the first CMC joint when 

the joint experiences an imbalanced load in the volar and ulnar directions.  

5.5 Summary 

The experiment conducted in this chapter found that the subluxation of the first CMC 

joint increased when there was disruption of the DRL. The importance of the AOL and 

UCL in preventing subluxation of the first CMC joint depends on the direction of the 

load that causes the joint to displace. In the next chapter, the relationship between the 

variability in the morphology of the first metacarpal and trapezium with the variability 

in the subluxation produced by the first CMC joint due to the external load is described. 
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Chapter 6  Morphology-function relationship of the first 

carpometacarpal joint 

 

In this chapter, a morphology-function model was created to assess the influence of 

variability in bony anatomy of the first CMC joint on the function, and in particular the 

translation, of the joint when there is disruption to the ligaments. 
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6.1  Motivation 

As explained in Section 4.1, morphological analyses of the first CMC joint have been 

performed previously by a range of authors (Ateshian et al., 1992, Kovler et al., 2004, 

Marzke et al., 2012, Halilaj et al., 2014, Schneider et al., 2015, Schneider et al., 2018). 

These analyses have been conducted on the articulating surface of the first CMC joint 

(Ateshian et al., 1992, Kovler et al., 2004, Marzke et al., 2012, Halilaj et al., 2014) and 

complete structure of the first metacarpal and trapezium that form the joint (Schneider 

et al., 2015, Schneider et al., 2018). From these two types of morphological analysis, it 

has been highlighted how variability in the morphology of the first CMC joint can affect 

the function of the joint. However, morphological analysis alone does not conclusively 

define how variability in the morphology of the joint affects its function. 

The importance of the ligaments surrounding the first CMC joint in maintaining joint 

stability has been highlighted by previous researchers, as described in Section 5.1. 

Briefly, Imaeda et al. (1994) conducted an in-vitro experiment and found that the 

anterior oblique ligament (AOL) and ulnar collateral ligament (UCL) were important in 

stabilising the first CMC joint during circumduction tasks. The dorsoradial collateral 

ligament has been determined to be important in preventing dorsal subluxation of the 

first CMC joint (Van Brenk et al., 1998). Colman et al. (2007) conducted a cadaveric 

study to determine the role of the dorsal radial ligament (DRL) and deep AOL during 

thumb lateral pinch and thumb opposition and discovered that the DRL is important in 

providing stability to the first CMC joint. In vitro experiments help to determine the 

effect of the ligaments on the function of the first CMC joint. However, they do not 

include information about any variability in the morphology of the first CMC joint and 

how this variation can contribute to the decline in first CMC joint function.  

In an effort to link joint form and function, Fitzpatrick et al. (2011) analysed the effect 

of morphology of the patella and femoral articular surfaces on patellofemoral joint 

function. The strength of their work was that it allowed simultaneous assessment of the 

interactions of multiple kinematic conditions as a function of anatomical features. 

Hence, the objective of this study was to determine the effect of variability in anatomical 

features of the first CMC joint in the presence of ligament disruption.  
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6.2 Method 

6.2.1 Specimens 

Sixteen specimens were used in this study (mean age = 52.4 ± 11.7 years, nine right 

hands, seven left hands). These were the same specimens as those used in the in-vitro 

experimental study described in Chapter 5. As mentioned in Chapter 5, all sixteen 

specimens were also part of the dataset used in the statistical shape models described in 

Chapters 3 and 4.  

6.2.2 Morphology-function model 

Figure 6-1 shows the morphology-function model implemented in this study. Two types 

of data served as the inputs to this model. The first dataset was the anatomical features 

of both the first metacarpal and trapezium of the sixteen individual samples. These 

anatomical features were selected based on the morphological analysis that was 

conducted in Chapter 4 (Sections 4.4.1and 4.4.2). These four anatomical features were 

the first metacarpal articular tilt angle, first metacarpal torsion angle, and the width and 

length of the first metacarpal facet on the trapezium. Using the multi-object SSM 

(Chapter 3), these measured anatomical features were varied in the population being 

studied.   

The second set of data was the translational data of the first CMC joint when being 

subjected to external load after the resection of the ligaments surrounding the joint, as 

described in Chapter 5. For each specimen, the four ligaments involved were the AOL, 

UCL, IML and DRL. These four ligaments were resected sequentially according to 

order stated in Section 5.2.3.2. External load in the volar, dorsal, radial and ulnar 

directions was then applied to the specimen after the resection of each of the ligaments. 

 

Figure 6-1: Flow chart showing the process for obtaining the relationship between 

morphology and function of the first CMC joint. 
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These loading protocols were described in Chapter 5 (Section 5.2.3.1). The translational 

data of the first CMC joint in the dorsal-volar and ulnar-radial directions were obtained 

for each of the loading protocols after the resection of each of the ligaments (Sections 

5.3.1 - 5.3.4). 

As described by Fitzpatrick et al. (2011), the anatomical features and the kinematic data 

were used to develop the morphology-function model. In order to establish the 

relationship between the morphology in the first CMC joint and the translation of the 

first CMC joint, PCA was implemented. Since the number of variables in the 

morphology-function model was twelve (4 anatomical features and 8 translational 

quantities) cPCA was used. Diagnostic plots (Chapter 3, Section 3.2.5.2) were done to 

ensure that the resultant PCs obtained were not affected by outliers. From this analysis 

it was assured that no PCs were affected by outliers.  

The strength of each of the four anatomical features in explaining the variation in joint 

translation was determined as a percentage, known as the contribution parameter, which 

was obtained from the cPCA (2014 version, R Core Team). Anatomical features that 

obtained a percentage contribution above the expected average (threshold value) were 

selected as the features that contributed the most to variation observed in the PCs. The 

expected average was calculated by the following equation: 

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  ∑(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 ∗  𝜆𝑖),

𝐾

𝑖=1

 

(6-1) 

 

where 𝜆 is the eigenvalue of PC up until K PCs. The modes of variation were 

perturbed by ±2SD (Fitzpatrick et al., 2011). 

6.3 Results 

6.3.1 External load in the volar direction 

The PCA yielded twelve PCs, in which the first-three PCs represented 85.76% of the 

total variation in the morphology-function model. The first PC, which represented 

53.73% of the total variation, showed variability in the first metacarpal torsion angle 

(Table 6-1). The first metacarpal torsion angle and first metacarpal articular tilt angle 

were the anatomical features that contribute the most in the first principal component 
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and second principal component respectively (Appendix D). The torsion angle of the 

first metacarpal head for the +2SD model was 12.06° more ulnarly rotated than that of 

the mean model. The negative value of the first metacarpal torsion angle for the -2SD 

model indicates that the first metacarpal head was twisted radially. The second PC 

represented 20.80% of the total variation in the morphology-function data. The 

difference in the first metacarpal articular tilt angle between the mean and ±2SD models 

was ±7.19° (Table 6-1). Variation in the all four anatomical features did not contribute 

to the variation in joint translations in the third PC. 

6.3.1.1 First principal component 

The effects of the variability in the first metacarpal torsion angle on the variations in 

joint translation are presented in Figure 6-2 and Appendix D (Table D-1). With the 

exception of the joint translations in the ulnar-radial direction after the transection of 

the IML and DRL, there were large variations observed in the translations of the joint. 

Two standard deviations of the joint translation in the dorsal-volar direction were 1.14 

mm, 1.50 mm, 2.38 mm and 2.15 mm following resection of the AOL, UCL, IML and 

DRL. In the ulnar-radial direction, two standard deviations were 0.98 mm and 1.13 mm 

following disruption of the AOL and UCL, respectively. At two standard deviations, 

the variation in the translation in the dorsal-volar direction was less when compared to 

the ulnar-radial direction, which were 0.39 mm and 0.25 mm, when IML and DRL were 

transected, respectively. As the first metacarpal head twisted more ulnarly, the 

translation of the first CMC joint moved towards the radial direction with the absence  

Table 6-1:  First metacarpal torsion and articular tilt angles in the first two principal 

components (PC1 and PC2), when the joint was loaded in the volar direction. 

 First metacarpal 

torsion angle (°) 

First metacarpal 

articular tilt angle (°) 

 PC1 PC2 

+2 SD 21.60 9.86 

+1 SD 15.57 6.26 

Mean 9.54 2.67 

-1 SD 3.51 -0.93 

-2SD -2.52 -4.53 
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of AOL and UCL. However, the opposite relationship was observed between the first 

metacarpal torsion angle and the translation of the joint in the ulnar-radial direction 

when IML and DRL were transected. In Figure 6-2, it can be seen that as the first 

metacarpal twisted more ulnarly (+2SD) the resultant translation of the first CMC joint 

in the ulnar-radial direction became closer to the baseline value, i.e. the intact condition. 

Figure 6-3 shows the region of subluxation of the first CMC joint that resulted from 

variations in the first metacarpal torsion angle, as highlighted by the first PC.   

 

 

 

 

Figure 6-2:  Variation (+2SD: orange triangle and -2SD: blue diamond) from the mean  

(black square) observed in the first principal component of the first CMC joint 

translations following application of an external load in the volar direction. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translations of each individual specimen. Zero 

mm of translation in the y-axis represents the baseline (intact) state. 
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6.3.1.2 Second principal component 

The resultant variations in the first CMC joint translations along the dorsal-volar and 

ulnar-radial direction after the sequential transection of the AOL, UCL, IML and DRL 

for the second PC of the morphological-function model are presented in Figure 6-4 and 

Appendix D (Table D-1). This variation can primarily be ascribed to changes in the first 

metacarpal articular tilt angle. As the first metacarpal articular tilt angle increased at 

+2SD, the first CMC joint translation at +2SD in the volar direction were 1.15 mm and 

1.89 mm when the AOL and UCL, respectively, were transected. However, this 

translation at +2SD were 1.55 mm and 0.33 mm when the IML and DRL, respectively, 

were transected. This indicates a small variation of the first CMC joint translation in the 

dorsal-volar direction after the transection of DRL (Figure 6-4). Small variations were 

also observed in the joint translation in the ulnar-radial direction, but this variation was 

increased by 1.25 mm and 0.74 mm towards the ulnar direction when the IML and DRL, 

 

Figure 6-3: The translations (mean and at ± two standard deviation) of the first CMC 

joint obtained in the first principal component with variation in the first metacarpal 

torsion angle.  

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal torsion angle increased, the first metacarpal 

translated in the volar direction. 
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respectively, were transected. As the first metacarpal articular tilt angle increased the 

first CMC joint translated in the volar-ulnar direction when all four ligaments were 

transected (Figure D-2). 

6.3.2 External load from the dorsal direction 

The results of the PCA showed that the first-three PCs represent 89.24% of the total 

variation in the morphology-function data. The first principal component comprised 

52.33% of the total variation and the first metacarpal torsion angle contributes to the 

variation in the first CMC joint translation when the joint was subjected to the load in 

volar direction (Appendix D). Variation of the first metacarpal torsion angle is presented 

in Appendix D (Table D-2). The first PC indicates that the first metacarpal head twisted 

ulnarly at +2SD and radially at -2SD. The second PC represented 23.96% of the total 

variation and changes in the first metacarpal articular tilt angle contribute to the 

variation in the first CMC joint translation (Appendix D). There was an increase in first 

metacarpal articular tile angle of 6.8° between the mean value and +2SD. Comprised of 

12.94% of the total variation in the third PC, the first metacarpal articular tilt angle, 

which ranged from 0.15° at -2SD to 5.18° at +2SD, contributed to the variation of the 

first CMC joint translation in the third PC. 

 

Figure 6-4: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

(black square) observed in the second principal component of the first CMC joint 

translations.  

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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6.3.2.1 First principal component 

The first CMC joint translation due to the variation in the first metacarpal torsion angle 

is presented in Appendix D (Table D-3). The joint translation in the dorsal direction at 

±2SD was 1.26 mm and 1.88 mm when the IML and DRL were sequentially transected 

as the first metacarpal torsion angle increased. Small variations in the joint translation 

were observed in all other conditions (Figure 6-5). As the first metacarpal head twisted 

more ulnarly at +2SD, the joint translated in the radial direction by 0.05 mm and 0.34 

mm when AOL and UCL were transected. However, the opposite relation was observed 

after the transection of IML and DRL. The joint translated in the ulnar direction by 0.37 

mm and 0.14 mm from mean values at the +2SD of the first metacarpal torsion angle. 

The variation in the first metacarpal torsion angle was observed to affect the subluxation 

of the first CMC joint only after the IML and DRL were transected (Figure D-4). 

6.3.2.2 Second principal component 

The variability (±2SD) of the first metacarpal articular tilt angle caused increased in the 

joint translation in the dorsal-volar direction by ±0.67 mm, ±1.71 mm, ±2.13 mm and 

±3.80 mm after the AOL, UCL, IML and DRL, respectively, were sequentially 

 

Figure 6-5: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

value (black square) observed in the first principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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transected (Appendix D). Small variations of ±0.18 mm and ±0.15 mm in the first CMC 

joint translation were observed in the ulnar-radial direction due to the absence of AOL 

and IML (Figure 6-6). When the first metacarpal articular tilt angle increased, as 

indicated by the +2SD, the first CMC joint translated towards the ulnar region when 

UCL and DRL were disrupted. Figure 6-7 shows that increases in the first metacarpal 

articular tilt angle caused subluxation of the first CMC joint towards the dorsal-radial 

region when AOL was sectioned, but this changed to be subluxation in the dorsal-ulnar 

direction when the UCL, IML and DRL were sectioned.  

 

 

 

 

 

Figure 6-6: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

value (black square) observed in the second principal component of the first CMC joint 

translations.  

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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6.3.2.3 Third principal component 

Due to variation in the first metacarpal articular tilt angle, small variations of ±0.32 mm 

and ±0.40 mm was observed in the translation of the first CMC joint in the dorsal-volar 

direction after the transection of the AOL and UCL (Figure 6-8). The translation of the 

joint started to have large variation in this direction when the IML and DRL were 

transected (Appendix D (Table D-3). The joint started to increase in its translation in 

the ulnar-radial direction after the transection of the UCL and this continued as the IML 

and DRL were transected. The variations in the first CMC joint subluxation was large 

in the ulnar-radial direction, rather than the dorsal-volar direction, when the first 

metacarpal articular tilt angle was 5.18° (+2SD) (Appendix D). 

 

Figure 6-7: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the second principal component with variation in the first metacarpal 

articular tilt angle.  

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal articular tilt angle increased, the first 

metacarpal translated in the dorsal-ulnar direction. 
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6.3.3 External load in the radial direction 

The results of the PCA showed that the first three PCs comprised 85.28% of the total 

variation in translation when an external load was applied in the radial direction. The 

anatomical features that contribute to each of the PCs were presented in Appendix D. 

In the first PC (54.68%), the first metacarpal torsion angle contributed in the variation 

of the first CMC joint translations. This was followed by the first metacarpal articular 

tilt angle for the second (20.79%) and third (9.80%) PCs. The variation of the 

anatomical features in each of the PCs are presented in Table 6-2. The first metacarpal 

torsion angle varied by ±12.13° at ±2SD, with the first metacarpal twisting more ulnarly 

at +2SD and vice versa for -2SD. The first metacarpal articular tilt angle varied by 

±7.10° at ±2SD in the second PC, while in the third PC this anatomical feature only 

varied by only ±1.83° at ±2SD. For both second and third PCs, the first metacarpal 

articular tilt angle increased for +2SD and decreased for -2SD.  

 

 

Figure 6-8: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

(black square) observed in the third principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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6.3.3.1 First principal component 

Except after the transection of the UCL, variation in the first metacarpal torsion angle 

brought variation in the joint translation in the ulnar-radial direction by ±0.94 mm, 

±0.79 mm and ±2.70 mm when the AOL, IML and DRL were sequentially transected 

(Appendix D (Table D-4)). In the dorsal-volar direction, the translation of the first CMC 

joint only varied after the transection of the AOL and DRL by ±0.63 mm and ±0.51 mm 

respectively. As the first metacarpal head twisted ulnarly at +2SD, the first CMC joint 

translated towards the ulnar direction (Figure 6-9). The joint translated towards the volar 

direction after the transection of AOL and UCL as the first metacarpal torsion angle 

increased ulnarly. However, the opposite relationship was observed after the transection 

of IML and DRL in which the joint translated towards the dorsal direction. The 

subluxation produced as the first metacarpal head twisted more ulnarly was in the volar-

radial direction, except after the transection of AOL and DRL where the first CMC joint 

subluxation was in the volar-ulnar region (Appendix D). 

 

 

  

Table 6-2: Variation of the first metacarpal torsion angle and first metacarpal articular 

tilt angle explained in the first-three principal component when the joint was loaded in 

radial direction. 

 First metacarpal 

torsion angle (°) 

First metacarpal  

articular tilt angle (°) 

 PC1 PC2 PC3 

+2 SD 21.67 9.77 4.50 

+1 SD 15.60 6.22 3.58 

Mean 9.54 2.67 2.67 

-1 SD 3.47 -0.89 1.75 

-2SD -2.60 -4.44 0.84 
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6.3.3.2 Second principal component 

Variability in the first metacarpal articular tilt angle produced variation in the first CMC 

joint translation in both dorsal-volar and ulnar-radial direction after the transection of 

IML and DRL. The translation of the first CMC joint in the ulnar-radial direction varied 

by ±0.68 mm after the transection of IML and this value increased after the transection 

of DRL to ±2.28 mm (Appendix D (Table D-4). In dorsal-volar direction, the translation 

of the joint was varied by ±1.13 mm after the transection of the IML. This value 

decreased after the transection of the DRL to ±0.49 mm. An increase in the first 

metacarpal articular tilt angle caused the first CMC joint to translate towards the dorsal-

ulnar direction (Figure 6.10). The subluxation of the first CMC joint changed direction 

from dorsal direction after the transection of AOL, UCL and IML to volar direction 

when DRL was sectioned (Appendix D). 

 

Figure 6-9: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

(black square) observed in the first principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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6.3.3.3 Third principal component 

The first metacarpal articular tilt angle was the anatomical feature that contribute to the 

variability in the third PC. The translation of the first CMC joint in the ulnar-radial 

direction was observed to vary by ±2.62 mm and ±2.82 mm after the IML and DRL 

were sequentially transected respectively (Appendix D (Table D-4)). In the dorsal-volar 

direction, the translation of the joint varied by ±1.50 mm and ±2.25 mm after the 

transection of UCL and IML respectively. As the first metacarpal articular tilt angle 

increased (+2SD), the translation of the first CMC joint moved towards the volar and 

radial direction in all conditions (Figure 6.11). The first CMC joint subluxation 

increased and moved towards the volar-radial direction after the transection of the IML 

and DRL (Appendix D). 

 

Figure 6-10: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

(black square) observed in the second principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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6.3.4 External load in the ulnar direction 

The first-three PCs comprised of 86.51% of the total variation and the anatomical 

features that contributes to the variability in each of these PCs is presented in Appendix 

D. The first metacarpal torsion angle and first metacarpal articular tilt angle were the 

anatomical features that contributed to the variability in the first PC (57.18%) and 

second PC (21.16%) respectively. Both width and length of the trapezium contributed 

to the third PC (8.17%). The variation of the anatomical features in each of the PCs 

were presented in Table 6.3. The first metacarpal torsion angle varied by ±12.12° at 

±2SD with the first metacarpal head twisted ulnarly at +2SD and vice versa for -2SD. 

The first metacarpal articular tilt angle varied by ±7.25° at ±2SD and this angle was 

increased at +2SD. In the third PC, width and length of the trapezium were increased 

by 2.58 mm and 1.88 mm at +2SD. 

 

 

 

Figure 6-11: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

(black square) observed in the third principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 



Chapter 6 Morphology-function relationship of the first carpometacarpal joint 

143 

6.3.4.1 First principal component 

As the first metacarpal torsion angle varied at ±2SD, the variation in translations of the 

first CMC joint in the ulnar-radial direction were increased by ±0.89 mm, ±1.61 mm, 

±2.10 mm and ±3.11 mm when the AOL, UCL, IML and DRL were sequentially 

transected respectively (Appendix D (Table D-5)). In this direction, the joint translated 

towards the ulnar direction after the transection of the AOL and UCL as the first 

metacarpal head twisted more ulnarly at +2SD (Figure 6.12). However, opposite 

relationship was observed when the IML and DRL were transected in which the joint 

translated in the radial direction. From Figure 6.12, the variation in translations of the 

first CMC joint in the dorsal-volar direction were increased by 0.48 mm and 0.34 mm 

only when the UCL and DRL were transected respectively. When the first metacarpal 

twisted more ulnarly at +2SD, the direction of the first CMC joint translation was 

towards the ulnar direction after the transection of AOL, IML and DRL but, the joint 

translated towards the radial direction after the transection of UCL. The condition of 

this anatomical feature caused the first CMC joint to sublux towards the volar-ulnar 

direction from its baseline position after the transection of the AOL and UCL (Appendix 

D). But the joint subluxation was increased once UCL was disrupted. Change of 

direction was observed after the transection of IML which brought the joint closed to 

its baseline position.  

Table 6-3: Variation in first metacarpal torsion angle and first metacarpal articular tilt 

angle explained by the first three principal components when the joint was loaded in the 

ulnar direction. 

 First metacarpal 

torsion angle (°) 

First metacarpal 

articular tilt angle 

(°) 

Trapezium 

width (mm) 

Trapezium 

length (mm) 

 PC1 PC2 PC3 PC3 

+2 SD 21.66 9.92 16.27 11.66 

+1 SD 15.60 6.29 14.98 10.76 

Mean 9.54 2.67 13.69 9.86 

-1 SD 3.48 -0.96 12.40 8.96 

-2SD -2.58 -4.58 11.11 8.05 
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6.3.4.2 Second principal component 

Variability in the first metacarpal articular tilt angle caused variation in the first CMC 

joint translations along the ulnar-radial increased by ±1.37 mm, ±1.02 mm and ±1.40 

mm after the UCL, IML and DRL were sequentially transected (Appendix D (Table D-

5)). As this anatomical feature increased at +2SD, the joint translated towards the radial 

direction after the transection of the IML and DRL (Figure 6.13). Opposite relationship 

was observed after the AOL and UCL were transected. Along the dorsal-volar direction, 

variability in the first metacarpal articular tilt angle produced variation in the first CMC 

joint translations by ±0.57 mm, ±0.66 mm, ±0.90 mm and ±0.97 mm when the AOL, 

UCL, IML and DRL were sequentially transected (Figure 6.13). Increment in this 

anatomical feature caused the joint translated in the volar direction. As the first 

metacarpal articular tilt angle increased at +2SD the joint sublux in the volar-ulnar 

direction after the transection of the AOL, UCL, IML and DRL (Appendix D). When 

the joint was loaded in the ulnar direction, the IML and DRL acted in the same manner 

in preventing the subluxation of the first CMC joint. This was shown in overlapping of 

the region caused by the transection of the IML and DRL (Figure D-12).  

 

Figure 6-12: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean  

(black square) observed in the first principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 



Chapter 6 Morphology-function relationship of the first carpometacarpal joint 

145 

6.3.4.3 Third principal component 

The increase in the trapezium width and length (Table 6.3) caused the translation of the 

first CMC joint to increase by 0.73 mm, 1.28 mm and 1.97 mm towards the ulnar 

direction from mean values after the AOL, UCL and IML were sequentially transected 

respectively (Appendix D (Table D-5)). Less variation was observed after the 

transection of the DRL (±0.60 mm) (Figure 6.14). With the increase of these anatomical 

features, the translation of the first CMC joint also increased in the volar direction after 

all four ligaments were transected. The first CMC joint translated in the volar-ulnar 

direction after all four ligaments were transected (Appendix D). 

 

Figure 6-13: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean 

(black square) observed in the second principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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6.4 Discussion 

The relationships between the morphological variation of the first CMC joint and joint 

function, particularly the translation of the joint in the dorsal-volar and ulnar-radial 

directions, have been investigated. Out of four anatomical features included in the 

morphology-function model, variations in the first metacarpal torsion angle and first 

metacarpal articular tilt angle contributed the most to the variability in joint translation. 

The size of the trapezoid affects the orientation of the trapezium (Tocheri et al., 2005), 

which positions the dorsovolar first metacarpal facet closer to the radioulnar axis of the 

other metacarpals (Drapeau et al., 2005, Tocheri et al., 2005). This repositioning of the 

first metacarpal causes the first metacarpal to be facing the radial-ulnar side of the other 

metacarpals. In this orientation, it is difficult for the first metacarpal to perform 

opposition of the thumb (Drapeau, 2015). Thus, first metacarpal torsion is important in 

compensating for the orientation of the trapezium-trapezoid-first metacarpal complex. 

In this study, at +2SD the first metacarpal torsion angle was observed to increase, which 

means the first metacarpal twisted more ulnarly. This can increase the ability of the first 

metacarpal to perform internal and external rotation. When the first CMC joint was 

subjected to load in the volar direction, the translation of the joint was observed to be 

brought back to the baseline value as the first metacarpal head twisted more ulnarly 

(Section 6.3.1.1). During functional activities, such as key pinch, the first metacarpal 

has been captured performing flexion, internal rotation and volar translation (Halilaj et 

al., 2014b). As mentioned in Chapter 2, the maximal concavity of the trapezium has 

been observed to follow an oblique curve pattern (Figure 2-3) (Kuczynski, 1974). As 

the joint translates volarly, internal rotation can be important to enable the maximal 

concavity of the trapezium articulating surface to be matched with the maximal 

Figure 6-14: Variation (+2SD: orange-triangle and -2SD: blue-diamond) from the mean  

(black square) observed in the third principal component of the first CMC joint 

translations. 

Following sequential transection of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). The grey circles represent the translation of each individual specimen. Zero mm 

of translation in the y-axis represents the baseline (intact) state. 
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convexity of the first metacarpal articulating surface; this would maximise bony 

stability in the dorsal-volar direction.  

A similar effect of the first metacarpal torsion angle was also observed when the joint 

experience force that tended to cause dorsal subluxation (Section 6.3.2.1). The first 

metacarpal may externally rotate when the joint experiences dorsal subluxation in order 

to match the maximal concavity of the articulating surface of the trapezium with the 

maximal convexity of the articulating surface of the first metacarpal. When the first 

CMC joint translated further in the dorsal direction, ulnar subluxation occurred after the 

transection of IML and DRL as the first metacarpal torsion angle increased. However, 

an increase in first metacarpal torsion produced less variation in the translation in the 

ulnar-radial direction. When the joint experienced a radial or ulnar subluxating force, 

translation of the joint in the dorsal-volar direction was less varied due to the variation 

in the first metacarpal torsion angle. In an opposition task, the first metacarpal is 

required to internally rotate to allow the thumb to touch another finger (Kawanishi et 

al., 2018). Variation in the first metacarpal torsion angle can cause the volar beak of the 

first metacarpal to abut with the ulnar side of articular surface of the trapezium. When 

the first metacarpal head twisted more radially, the joint translated towards the ulnar 

region when the AOL and UCL were transected (Section 6.3.1.1). An increase in first 

metacarpal internal rotation may be required in order to reposition the first metacarpal 

in an orientation that allows the thumb to touch another finger during opposition. 

Without the AOL the stability of the first CMC joint may be decreased because, 

according to Bettinger et al. (1999), this ligament acts as the pivot point for first 

metacarpal rotation. Apart from this negative effect, the variation in the first metacarpal 

torsion angle seems to have a positive effect by not creating large variations in the 

secondary translations of the joint (as shown in Table 5.1), even with the absence of all 

four ligaments.  

Variation in the first metacarpal torsion angle highlighted the twisting effect of the first 

metacarpal head. Although variability may occur across the entire surface of the 

proximal end of the first metacarpal, the morphological analysis done in Section 4.3.1 

shows that the volar beak varied more than the dorsal side of the of the proximal 

articulating surface. In this study, the dorsal region of the proximal articulating surface 

of the first metacarpal was observed to be important in preventing volar subluxation of 

the first CMC joint. This region has been identified as being more concave than the 
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volar region (Kuczynski, 1974). The almost flat surface at the volar region of the 

proximal articulating surface of the first metacarpal (Kuczynski, 1974, Ateshian et al., 

1992) does not match the curvature profile of the volar region of the distal articulating 

surface of the trapezium (Kuczynski, 1974). When a volar subluxating force is applied 

to the first CMC joint, the convex dorsal region of the first metacarpal articulating 

surface meets the concave dorsal region of the trapezium articulating surface; thus, this 

can increase the bony stability by restraining the first metacarpal from translating in the 

volar direction. After transection of the IML and DRL, the joint translated towards the 

volar region by 2.93 mm and 3.00 mm, respectively (Section 6.3.1.1). Small differences 

in the translation of the joint in the dorsal-volar direction may indicate a contribution 

by the convex-concave dorsal region of the first CMC joint in restraining translation.  

A similar phenomenon was also observed when there was variation in the first 

metacarpal articular tilt angle (Section 6.3.1.2). An increase in the first metacarpal 

articular tilt angle increased the translation of the joint in the volar direction after 

transection of the UCL and IML. Although the mean translation of the joint was 

increased after the transection of the DRL, less variation was observed, which may 

indicate the influence of the convex-concave dorsal region of the first CMC joint in 

preventing the first CMC joint from further translating in the volar direction. With the 

presence of the volar subluxating force; the absence of the AOL caused the joint to 

translate further volarly as the first metacarpal articular tilt angle increased. This 

translation was further increased after the transection of the UCL and IML. This 

highlights the important of these three ligaments in preventing volar subluxation before 

the convex-concave dorsal region of the first CMC joint plays its role in providing 

stability to the joint.  

The variation in the first metacarpal articular tilt angle caused by the variability at the 

first metacarpal volar beak also affects the function of the first CMC joint. In the 

presence of a dorsal subluxating force, an increase in the first metacarpal articular tilt 

angle caused the first CMC joint to experience dorsal subluxation following transection 

of the IML and DRL (Section 6.3.2.2). An increase in the first metacarpal articular tilt 

angle may reduce the congruence at the volar articulating surface of the first CMC joint. 

Little bony stability at this region of the articulating surface could cause the dorsal 

component of the shear force to increase, leading to dorsal joint subluxation (Miura et 

al., 2004). The IML and DRL become taut with dorsal or dorsal-radial translation 
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(Bettinger et al., 1999) and loss of these ligaments means that the joint must rely on its 

bony stability to maintain the function of the joint. Increases in the first metacarpal 

articular tilt angle did not help to prevent dorsal subluxation. A small decrease (2.51°) 

in the first metacarpal articular tilt angle caused the first CMC joint to experience dorsal 

subluxation (Section 6.3.2.3). However, the dorsal subluxation of the joint due to the 

decrease in the articular tilt angle was less than the translation of the joint caused by an 

increase in the articular tilt angle. This may indicate the role of the first metacarpal 

articular tilt angle in increasing bony stability of the first CMC joint.  

However, a decrease in the first metacarpal articular tilt angle also increased ulnar 

subluxation of the joint after the transection of the UCL, IML and DRL (Section 

6.3.2.3). Ateshian et al. (1992) determined that the articulating surface of the first CMC 

joint was more congruent in the ulnar-radial direction compared to the dorsal-volar 

direction. The trapezium has been found to be flatter in the radial region compared to 

the ulnar region (Kuczynski, 1974, Ateshian et al., 1992). A decrease in the first 

metacarpal articular tilt angle may cause the first metacarpal to translate towards the 

ulnar region to increase the bony stability of the joint by increasing its congruence. The 

loss of the fan-shaped DRL increased the ulnar subluxation of the joint. With the 

presence of a dorsal subluxating force; the variation of the first metacarpal articular tilt 

angle caused the first CMC joint to sublux not just in the dorsal direction (primary 

translation) but also in the ulnar direction (secondary translation). A similar effect was 

also observed (Section 6.3.3.2 and Section 6.3.3.3) when the joint experienced a radial 

subluxating force. The decrease (Section 6.3.3.2) and increase (Section 6.3.3.3) in the 

first metacarpal articular tilt angle caused radial subluxation (primary translation) and 

volar subluxation (secondary translation). This happened when the UCL, which is 

known to prevent volar subluxation (Bettinger et al., 1999), was disrupted. As the first 

CMC joint has been found to be less congruent in the dorsal-volar direction than the 

ulnar-radial direction (Kuczynski, 1974, Ateshian et al., 1992), translating the joint in 

the volar direction may increase the bony stability through the convex-concave dorsal 

region of the joint. 
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6.5 Summary 

In this study, the importance of the first metacarpal torsion angle and first metacarpal 

articular tilt angle in maintaining the function of the first CMC joint has been shown. 

The morphology-function model that was created in this chapter highlights the interplay 

between the ligaments of the first CMC joint and the anatomical features in providing 

stability to the joint. 
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Chapter 7  Discussion, future work and conclusion 

 

In this chapter, a discussion of how the findings obtained in this thesis can be used to 

better understand the development of first CMC joint osteoarthritis (OA) is presented. 

This is followed by a statement of the potential future work that could be done not just 

to eliminate the limitations of this study, but also to investigate the pathomechanics of 

first CMC joint OA. This chapter ends with conclusions based on the findings obtained 

as a result of this work.  
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7.1  Discussion 

Early in this thesis (Section 1.1) I highlighted the need for improvement in anatomical 

measurement techniques, in part due to disagreements between previous findings 

regarding the variability of the shape of the first CMC joint. The necessity for 

improvement was also related to advancements in medical image acquisition (Section 

3.1.3). In Chapter 3, this thesis has documented a proposed multi-object SSM to 

quantify the morphological variation of the first CMC joint in a healthy population, as 

stated in Section 1.2. The idea behind this multi-object SSM was to perform dimension 

reduction of multi-object model, consisting of the first metacarpal and trapezium in this 

study, at the same time. This was to ensure that the resultant shape models contained 

information regarding the relationship between the morphological variability of the first 

metacarpal and trapezium. This led to the findings described in Section 4.3.3.  

As mentioned in Section 2.2, points that represent the shape of any objects are the key 

parameters in determining the mean shape of that object and its variability. With an 

increase in the number of points that represent an object and based on (3.27, Section 

3.1.3), a high number of points will increase the dimension of the shape vector which 

may lead the problem of HDLSS. Apart from the issue of deviation from a normal 

distribution for a multivariate analysis (Pawar and Shirke, 2019), misconceptions 

regarding the usage of the covariance matrix in determining the eigenvalues and 

eigenvectors of HDLSS data have been observed in previous studies (Gee et al., 2018, 

Cerveri et al., 2017, Gee et al., 2015, Pedoia et al., 2015, Chan et al., 2013, Bredbenner 

et al., 2010). As has been discussed in Section 3.1.3, it is not feasible to determine the 

covariance matrix of a high dimension shape vector.  

An important component in SSM is the point distribution model (PDM) (Luthi et al., 

2018) and a robust dimension reduction technique is required in order to give 

eigenvalues and eigenvectors that are most representative of the high dimensional data 

to be used in (2.3). Based on (2.3), point distribution model is a linear and parametric 

model. Any source of non-linearity can affect the point distribution model and one of 

the sources of non-linearity is the outliers observed in points that represent the shapes 

of objects. The findings in Section 3.3.2 have shown that cPCA produces a first PC that 

deviates from a normal distribution. In addition, not to forget that due to the problem of 

HDLSS (Section 3.1.3), as the covariance matrix converges to In, the cPCA produces 
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eigenvalues that would be approximately similar. Both cPCA and robust dimension 

reduction techniques, such as ppPCA, will produce the eigenvalues and eigenvectors 

which then will be used in (2.3), but one needs to ensure that the data to be processed 

by the chosen dimension reduction techniques does not violate any assumption 

embedded in the technique itself.  

By taking into account the high dimensionality of the shape vector, the developed multi-

object SSM pipeline (Chapter 3) has been used to quantify the morphological variation 

of the first metacarpal and trapezium that form the first CMC joint (Section 4.3). Four 

anatomical features were measured from the shape models obtained from the multi-

object SSM: first metacarpal articular tilt angle, first metacarpal torsion angle, and the 

width and length of the first metacarpal facet on the trapezium (Sections 4.3.1 and 

4.3.2). The importance of the first metacarpal torsion angle in maintaining the 

kinematics which allow normal functional movement, and especially opposition, were 

discussed (Section 4.4).  

The variation in the first metacarpal torsion angle (Section 4.3.1) leads to the question 

of whether this anatomical feature is genetically or plastically developed. A previous 

study highlighted that the types of footwear worn could be the cause of the variability 

in metatarsal torsion in the human population (Drapeau and Harmon, 2013). This may 

suggest that if not fully, this anatomical feature of the metatarsal could be caused, at 

least in part, by plastic deformation; this may also happen to the first metacarpal. If this 

is the case, it would be very interesting to understand how the forces developed across 

the first CMC joint during activities of daily living can affect the morphology of the 

first metacarpal, and especially first metacarpal torsion. Although further study is 

needed, it is important to understand how variability of this morphological trait of the 

first metacarpal could alter the kinematics of the first CMC joint, which may be one 

cause of the development of first CMC joint OA.  

The first CMC joint articular tilt angle was measured on the resultant shape model 

(Section 4.3.1) and the potential use of this anatomical feature in clinical practice to 

help with the identification of first CMC joint OA has been highlighted (Section 4.1). 

Variation in the first metacarpal articular tilt angle may cause changes in the first CMC 

joint in two aspects; bony stability and joint stresses. An increase in the first metacarpal 

articular tilt angle may reduce the bony stability of the first CMC joint provided by the 
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morphology of the first metacarpal. With the possible decrease in bony stability, this 

can result in an increase in the first CMC joint hypermobility, which has been associated 

with first CMC joint OA (Jonsson et al., 1996). An increase in the first metacarpal 

articular tilt angle may also indicate a reduction in contact area between first metacarpal 

and trapezium, which can reduce the first CMC joint congruence. A reduction in joint 

congruence has been found to result in high joint stresses (Ateshian et al., 1994) that 

can lead to the development of OA.  

Variations were identified in the width and length of the distal articulating surface of 

the trapezium shape models (Section 4.3.2). The large surface area of the distal 

articulating surface of the trapezium indicates a large articulating area on which the first 

metacarpal may move. It could also increase the contact area between the first 

metacarpal and trapezium to avoid high stresses between the articulating surfaces of 

these two bones. 

According to the modified Eaton-Glickel classification, which is based on radiographic 

imaging, first CMC joint OA may be classified into four stages (Eaton and Glickel, 

1987). First CMC joint OA is identified by the presence of joint subluxation (stage 1) 

and the observation of joint space narrowing and formation of osteophytes (stage 2). 

This continues with the presence of subchondral sclerosis (stage 3) and advancement of 

the disease into the scaphotrapeziotrapezoid joint (stage 4). The pathophysiology of the 

first CMC joint OA can be related with the classification of first CMC joint OA. 

Presence of first CMC joint instability may cause joint subluxation, which increases the 

possibility of joint impingement that leads to abnormal loading. Abnormal joint loading 

has been found to lead to the formation of osteophytes (Fang et al., 2018). Osteophytes 

also have been correlated with joint space narrowing (van der Kraan and van den Berg, 

2007). As identified by the Eaton-Glickel classification, these are good indicators of 

bony changes in the early stages of OA. Hence, relating both variability in the 

morphology of the first CMC joint and deterioration in ligament function with the 

locations of cartilage degradation and osteophyte formation may give insight into how 

these two parameters that contribute to the stability of the first CMC joint may be 

involved in the development of OA.  

As one common activity of daily living, Halilaj et al. (2014b) identified that key pinch 

involves flexion, internal rotation and volar translation of the first CMC joint. During 
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key pinch, the distances between the articulating surface of the first metacarpal and 

trapezium have been identified to be closed at the volar-ulnar region of the first CMC 

joint (D'Agostino et al., 2017). The variability in the first metacarpal torsion angle may 

play an important role in deciding the proximity of the joint surfaces, as with an increase 

in the angle and an internal rotation of the first metacarpal, the volar beak of the first 

metacarpal may abut with the volar-ulnar region of the trapezium, which has concave 

morphology at this region (Figure 7-1). The abnormal loading between the volar beak 

of the first metacarpal and trapezium may increase as the pinch force increases. Kuo et 

al. (2014) have shown that the first metacarpal moves to the volar-ulnar region due to 

an increase in pinch force. Potentially, as predicted in Section 6.3.1.1, rupture of AOL, 

UCL and DRL may cause the first metacarpal to translate volarly and radially, which 

can reduce impingement between the volar beak and the trapezium. However, 

incongruence between the dorsal region of the proximal articulating surface of the first 

metacarpal and the flat articulating surface in the radial region of the trapezium may 

cause joint impingement and result in high stresses in this region. The consequences of 

the variation of the first metacarpal torsion angle and loss of function in the ligaments 

agrees with the formation of osteophytes which have been found at the ulnar and radial 

regions of the trapezium and volar and dorsal regions of the first metacarpal (Crisco et 

al., 2019).  

 

 

                                                    (a)                              (b)  

Figure 7-1: Variation in the first metacarpal articular tilt and torsion angles observed (a) 

in the second principal component may cause joint impingement at the (b) volar region 

of the joint. 
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It was also mentioned (Section 5.1) that both individual and combination ligament 

rupture has been associated with first CMC joint OA. As this can cause first CMC joint 

laxity, impingement between the dorsal region of the proximal articulating surface of 

the first metacarpal and the flat articulating surface at the radial region of the trapezium 

may cause cartilage degradation. This has been identified by Koff et al. (2003) in the 

dorsal-radial region of the trapezium.  

In case of an opposition task from a radially abducted position, the first CMC joint has 

been determined to experience abduction, internal rotation and flexion (Kawanishi et 

al., 2018). During opposition, the volar beak of the first metacarpal has been found to 

meet the convex surface of the trapezium (Koebke, 1983). A decrease in the first 

metacarpal articular tilt angle may cause an increase in the first CMC joint stresses in 

this region. Kawanishi et al. (2018) found that due to the internal rotation, the volar beak 

of the first metacarpal moves in a volar-ulnar fashion. In Chapter 6, it was predicted that 

a decrease in the first metacarpal articular tilt angle and loss of AOL, UCL and IML 

would cause the first metacarpal to move dorsally. This may increase the possibility of 

joint impingement between the volar beak and the convex surface of the trapezium.  

A study with a population of 1.24 million (1998 – 2012) in southern Sweden has 

determined that women between the ages of 65 and 69 years have a higher prevalence 

of first CMC joint OA (5.1%) compared to men (1.7%) (Wolf et al., 2014b). First CMC 

joint OA is particularly prevalent in post-menopausal women (Armstrong et al., 1994). 

Hormones, for example relaxin, that are commonly found in post-menopausal women 

have been associated with the attenuation in the ligaments (Ladd et al., 2013, Wolf et 

al., 2014a) and this hormone has been found in the AOL (Wolf et al., 2014a). The 

weakening in the ligaments of the first CMC joint can cause joint hypermobility and 

joint hypermobility have been associated with first CMC joint OA (Jonsson and 

Valtysdottir, 1995, Jonsson et al., 1996).  

Apart from gender, both the variability in the morphology of the first CMC joint, 

especially in the first metacarpal, and joint hypermobility caused by the rupture or loss 

of the ligaments surrounding the joint can be factors that contribute to the development 

of first CMC joint OA. This is supported by the finding of the formation of osteophytes 

at the first CMC joint (Crisco et al., 2019) and the degradation of the cartilage (Koff et 

al., 2003). By understanding the complementary functions of the bony morphology and 
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the ligaments of the first CMC joint we can increase understanding of the effect of 

variability in first CMC joint morphology and joint laxity induced by the rupture or loss 

of ligaments surrounding the joint. 

7.1.1 Limitations and strengths 

The present work was limited to in vitro study. Both the quantification of the variation 

in the morphology of the first CMC joint and determination of the first CMC joint 

translations were based on cadaveric specimens. The findings of this study cannot be 

directly associated with the first CMC joint OA, since the cadaveric specimens used in 

this study were categorised as normal first CMC joints.  

In SSM, the number of the samples used is very important; the number of samples 

should be large so as to represent the population being studied. The number of samples 

in this study was found to be sufficient according to a power analysis. Apart from that, 

the measurement of the anatomical features of the first CMC joint were done by only 

one person. No information was obtained regarding how reliable the measurement of 

the anatomical features is when it is done by others. 

The in vitro experiment conducted had several limitations. Apart from only the 

translations of the first CMC joint being quantified, the order of the ligament sectioning 

in this experiment was not varied. The limited number of specimens that could be used 

in the in vitro experiment did not allow for different configurations of the ligament 

sectioning test. Thus, the findings from the in vitro experiment are limited to the 

configuration of the ligaments sectioning used in this study. 

As mentioned in Section 2.1.2, many versions of ligaments structure have been 

identified previously. For example, two distinct structures of the AOL which are the 

superficial AOL and deep AOL have been identified. If these two structures of the AOL 

existed in the specimens used for the in vitro experiment, they were considered as one 

structure. Because of the long time that it might took to find these two structures of 

AOL, considering it as one structure was done to ensure that the ligament was not 

dehydrated during the experiment. The specimen hydration was maintained with 

distilled water. 

During the in vitro experiment, the orientation of second metacarpal and trapezoid 

relative to the first CMC joint were not considered. This simplification was done 
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because there is no clear definition of how these two bones are oriented relative to the 

first CMC joint. However, the orientation of the second metacarpal was carefully done 

so that it did not create tension in the IML. 

Despite all the limitations, some approximation in quantifying the morphology of first 

CMC joint was done. In this study, the factor of HDLSS has been considered in 

selecting the dimension reduction technique. To the best of my knowledge, this is the 

first study to perform metric observation (direct measurement) on the first CMC joint 

shape model obtained from SSM. Instead of non-metric observation, which is very 

subjective and depends on the experience of the observers, the measurement done on 

the shape model has quantified four anatomical features that varied in the population 

used in this study. Finally, both approaches taken in the morphological analysis of the 

first CMC joint and in vitro experiment allowed for the determination of the 

complimentary function between bony morphology and the ligaments in maintaining 

the stability of the joint. 

7.2 Future work 

In future, this work could be extended to the quantification of the morphological 

variation of both the first metacarpal and trapezium from first CMC joint OA patients. 

A longitudinal study could be done to quantify the changes in the anatomical features 

that have been described in this study throughout the different stages of first CMC joint 

OA. The statistical shape model can be implemented in order to quantify the 

morphology of first CMC joints which suffer with OA. With SSM, a 3D morphological 

analysis can be done. This would allow the determination of which anatomical features 

vary throughout the different stages of first CMC joint OA. The most common imaging 

modality used in diagnosing first CMC joint OA is x-ray. By finding the correlations 

between the anatomical features obtained from the SSM with x-ray, which is common 

in clinical practice, potential anatomical traits can be obtained. 

The effect of the variability in the morphology of the first CMC joint can be continued 

with a finite element analysis study. Through this, the effect of anatomical features of 

the first CMC joint on the joint stresses can be obtained. Correlations between the 

location of the degradation of the cartilage throughout different stages of first CMC 
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joint OA and the joint stresses developed due to morphological variability can be 

quantified.  

Apart from that, it is necessary to quantify in vivo the effect of variability in the 

anatomical features of the first CMC joint to the kinematics of the first CMC joint. This 

type of study would increase understanding of how the variability in anatomical features 

affects the kinematics of the first CMC joint kinematics throughout different stages of 

first CMC joint OA. Quantification in the changes of the kinematics with the 

progression of OA may increase our understanding of the onset or development of the 

condition. This understanding could be beneficial to the treatment of this joint disease.   

7.3 Conclusion 

In this thesis, the complementary functions between the morphological variations of the 

first CMC joint and the rupture or loss of first CMC joint ligaments was performed. 

From the models that were developed, it could be seen that first metacarpal torsion angle 

and the first articular tilt angle were the two anatomical features that affected the 

function of the first CMC joint. Following this, the joint will experience changes in its 

function if the IML or DRL are partially or fully ruptured.  
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Appendix A: Technical drawings 

 

 

 

Figure A-1: The technical drawing of the flat tip that was assembled with linear variable 

differential transformer (LVDT). 
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Figure A-2: The dimension of the wheel tip that was provided by the manufacturer. This 

wheel tip was used together with linear variable differential transformer (LVDT). 
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Appendix B: First carpometacarpal joint translation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table B-1: Mean translations (± one standard deviation) of the first CMC joint due to 

displacement in the volar direction.  

Following sequential sectioning of the anterior oblique ligament (AOL), ulnar collateral 

ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). 

(mm) AOL UCL IML DRL 

Dorsal-volar 

axis 

0.18 (± 1.06) 0.54 (± 1.72) 0.30 (± 2.40) 0.57 (± 2.31) 

Ulnar-radial 

axis 

-0.47 (± 1.01) -0.69 (± 1.17) 0.39 (± 1.32) 0.78 (± 1.50) 
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Figure B-1: End point of the first CMC joint due to the application of an external load 

in the volar direction following transection of the anterior oblique ligament (AOL), 

ulnar collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial 

ligament (DRL).  

The circles represent the centre of the articulating surface of the first metacarpal. The 

lines represent the start and end points of the first metacarpal after an external load was 

applied. The ends of the trajectories represent the mean translation of the first CMC 

joint. The squares represent the average translation for the corresponding components 

in dorsal-volar and ulnar-radial directions. The origin represents the position of the first 

metacarpal after an external load was applied in the volar direction for the intact 

condition. (DU – dorsal-ulnar, DR – Dorsal-radial, VU – volar-ulnar and VR – volar-

radial) 
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Table B-2: Mean translations (± one standard deviation) of the first CMC joint due to 

displacement in the dorsal direction. 

Following sequential sectioning of the anterior oblique ligament (AOL), ulnar collateral 

ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). 

(mm) AOL UCL IML DRL 

Dorsal-volar 

axis 

-0.24 (± 0.56) -0.52 (± 1.08) -1.27 (± 1.59) -2.23 (± 2.72) 

Ulnar-radial 

axis 

0.16 (± 0.59) 0.10 (± 0.97) -0.77 (± 1.43) -1.07 (± 1.78) 
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Figure B-2: End point of the first CMC joint due to the application of an external load 

in the dorsal direction following transection of the anterior oblique ligament (AOL), 

ulnar collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial 

ligament (DRL).  

The circles represent the centre of the articulating surface of the first metacarpal. The 

lines represent the start and end points of the first metacarpal after an external load was 

applied. The end of the trajectories represent the mean translation of the first CMC joint. 

The squares represent the average translation for the corresponding components in 

dorsal-volar and ulnar-radial directions. The origin represents the position of the first 

metacarpal after an external load was applied in the dorsal direction for the intact 

condition. (DU – dorsal-ulnar, DR – Dorsal-radial, VU – volar-ulnar and VR – volar-

radial) 
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Table B-3: Mean translations (± one standard deviation) of the first CMC joint due to 

displacement in the radial direction.  

Following sequential sectioning of the anterior oblique ligament (AOL), ulnar collateral 

ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). 

(mm) AOL UCL IML DRL 

Dorsal-volar 

axis 

-0.35 (± 0.67) -0.19 (± 0.93) 0.49 (± 1.42) 1.27 (± 1.81) 

Ulnar-radial 

axis 

-0.04 (± 0.90) 0.39 (± 0.88) 1.55 (± 1.62) 1.66 (± 2.46) 
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Figure B-3: End point of the first CMC joint due to the application of an external load 

in the radial direction following transection of the anterior oblique ligament (AOL), 

ulnar collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial 

ligament (DRL).  

The circles represent the centre of the articulating surface of the first metacarpal. The 

lines represent the start and end points of the first metacarpal after an external load was 

applied. The ends of the trajectories represent the mean translation of the first CMC 

joint. The squares represent the average translation for the corresponding components 

in dorsal-volar and ulnar-radial directions. The origin represents the position of the first 

metacarpal after an external load was applied in the radial direction for the intact 

condition. (DU – dorsal-ulnar, DR – Dorsal-radial, VU – volar-ulnar and VR – volar-

radial) 
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Table B-4: Mean translations (± one standard deviation) of the first CMC joint due to 

displacement in the ulnar direction.  

Following sequential sectioning of the anterior oblique ligament (AOL), ulnar 

collateral ligament (UCL), intermetacarpal ligament (IML) and dorsal radial ligament 

(DRL). 

 Translation (mm) 

 AOL UCL IML DRL 

Dorsal-volar  0.30 (± 0.76) 0.43 (± 0.80) 0.15 (± 1.12) -0.07 (± 1.20) 

Ulnar-radial  -0.30 (± 1.00) -1.34 (± 1.69) -1.61 (± 1.88) -1.86 (± 2.27) 
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Figure B-4: Mean translation of the first CMC joint due to an external load in the ulnar 

direction. 

Following sectioning of the anterior oblique ligament (AOL), ulnar collateral ligament 

(UCL), intermetacarpal ligament (IML) and dorsal radial ligament (DRL). Error bars 

indicate one standard deviation and * indicates a difference with p < 0.008 and 0.05 for 

dorsal-volar and radial-ulnar translations, respectively. 
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Figure B-5:  The magnitudes of the primary (dorsal-volar) and secondary (ulnar-radial) 

translations of the first CMC joint (± one standard deviation) due to external loading in 

the volar direction. 
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Figure B-6:  The magnitudes of the primary (dorsal-volar) and secondary (ulnar-radial) 

translations of the first CMC joint (± one standard deviation) due to external loading in 

the dorsal direction. 
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Appendix C: Results of the normality tests  

 

Table C-1: The p-values obtained from Shapiro-Wilk test on the translation of the first 

CMC joint when the specimen was loaded in volar direction. 

  AOL UCL IML DRL 

Dorsal-

volar axis 

p-value 0.418 0.755 0.670 0.982 

Ulnar-radial 

axis 

p-value 0.0001 0.022 0.592 0.154 

 

Table C-2: The p-values obtained from Shapiro-Wilk test on the translation of the first 

CMC joint when the specimen was loaded in dorsal direction. 

  AOL UCL IML DRL 

Dorsal-

volar axis 

p-value 0.504 0.332 0.441 0.096 

Ulnar-radial 

axis 

p-value 0.562 0.052 0.907 0.927 

 

Table C-3: The p-values obtained from Shapiro-Wilk test on the translation of the first 

CMC joint when the specimen was loaded in radial direction. 

  AOL UCL IML DRL 

Dorsal-

volar axis 

p-value 0.007 0.005 0.077 0.456 

Ulnar-radial 

axis 

p-value 0.004 0.088 0.286 0.006 
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Table C-4: The p-values obtained from Shapiro-Wilk test on the translation of the first 

CMC joint when the specimen was loaded in ulnar direction. 

  AOL UCL IML DRL 

Dorsal-

volar axis 

p-value 0.0001 0.053 0.033 0.012 

Ulnar-radial 

axis 

p-value 0.043 0.130 0.696 0.851 

 

Table C-5: The p-value from normality test with the corresponding statistical test used 

for each of the groups. (WSR: Wilcoxon signed ranks) 

 p-value 

 AOL Statistical 

test 

UCL Statistical 

test 

IML Statistical 

test 

DRL Statistical 

test 

Volar  0.435 Paired-t 0.016 WSR 0.795 Paired-t 0.189 Paired-t 

Dorsal 0.541 Paired-t 0.069 Paired-t 0.489 Paired-t 0.601 Paired-t 

Radial 0.152 Paired-t 0.036 WSR 0.952 Paired-t 0.037 WSR 

Ulnar 0.778 Paired-t 0.607 Paired-t 0.817 Paired-t 0.978 Paired-t 
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Table C-6: The primary and secondary translations of the first CMC joint with their four 

translational components in the dorsal-volar axis or ulnar-radial axis depending on the 

direction of the applied external load. The third column shows the p-value from the 

Shapiro-Wilk test when AOL was transected.  

 Direction of 

external load 

Axis of translation p-value 

Primary 

translation 

Volar  dorsal-volar axis 0.418 

Dorsal  dorsal-volar axis 0.504 

Radial  ulnar-radial axis 0.004 

Ulnar  ulnar-radial axis 0.043 

Secondary 

translation 

Volar  ulnar-radial axis 0.007 

Dorsal  ulnar-radial axis 0.0001 

Radial  dorsal-volar axis 0.0001 

Ulnar  dorsal-volar axis 0.563 
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Table C-7: The primary and secondary translations of the first CMC joint with their four 

translational components in the dorsal-volar axis or ulnar-radial axis depending on the 

direction of the applied external load. The third column shows the p-value from the 

Shapiro-Wilk test when UCL was transected.  

 Direction of 

external load 

Axis of translation p-value 

Primary 

translation 

Volar  dorsal-volar axis 0.755 

Dorsal  dorsal-volar axis 0.332 

Radial  ulnar-radial axis 0.08 

Ulnar  ulnar-radial axis 0.130 

Secondary 

translation 

Volar  ulnar-radial axis 0.005 

Dorsal  ulnar-radial axis 0.053 

Radial  dorsal-volar axis 0.022 

Ulnar  dorsal-volar axis 0.052 
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Table C-8: The primary and secondary translations of the first CMC joint with their four 

translational components in the dorsal-volar axis or ulnar-radial axis depending on the 

direction of the applied external load. The third column shows the p-value from the 

Shapiro-Wilk test when IML was transected.  

 Direction of 

external load 

Axis of translation p-value 

Primary 

translation 

Volar  dorsal-volar axis 0.67 

Dorsal  dorsal-volar axis 0.077 

Radial  ulnar-radial axis 0.286 

Ulnar  ulnar-radial axis 0.696 

Secondary 

translation 

Volar  ulnar-radial axis 0.077 

Dorsal  ulnar-radial axis 0.033 

Radial  dorsal-volar axis 0.592 

Ulnar  dorsal-volar axis 0.286 
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Table C-9: The primary and secondary translations of the first CMC joint with their four 

translational components in the dorsal-volar axis or ulnar-radial axis depending on the 

direction of the applied external load. The third column shows the p-value from the 

Shapiro-Wilk test when DRL was transected.  

 Direction of 

external load 

Axis of translation p-value 

Primary 

translation 

Volar  dorsal-volar axis 0.289 

Dorsal  dorsal-volar axis 0.004 

Radial  ulnar-radial axis 0.551 

Ulnar  ulnar-radial axis 0.957 

Secondary 

translation 

Volar  ulnar-radial axis 0.021 

Dorsal  ulnar-radial axis 0.002 

Radial  dorsal-volar axis 0.744 

Ulnar  dorsal-volar axis 0.151 
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Appendix D: Morphology-function of the first carpometacarpal 

joint 

 

 

 

Figure D-1: Contribution of the anatomical features in the first three principal 

components (PCs) when the specimens were loaded in the volar direction.  

Table D-1:  Variations in the translations of the first CMC joint observed in the first 

two principal components (PC1 and PC2, respectively) caused by external load in the 

volar direction.  

Following disruption of the anterior oblique ligament (AOL), ulnar collateral ligament 

(UCL), intermetacarpal ligament (IML), and dorsal radial ligament (DRL). 

  AOL UCL IML DRL 

 (mm) DV RU DV RU DV RU DV RU 

P
C

1
 

+2 SD 1.33 0.49 2.05 0.44 2.93 -0.09 3.00 0.44 

+1 SD 0.76 0.00 1.30 -0.13 1.74 0.10 1.92 0.56 

Mean 0.18 -0.49 0.55 -0.70 0.54 0.30 0.84 0.69 

-1 SD -0.39 -0.98 -0.20 -1.26 -0.65 0.49 -0.23 0.81 

-2SD -0.96 -1.47 -0.95 -1.83 -1.84 0.69 -1.31 0.94 

P
C

2
 

+2 SD 1.34 -0.66 2.43 -0.88 2.09 -0.95 1.17 -0.05 

+1 SD 0.76 -0.57 1.49 -0.79 1.32 -0.32 1.01 0.32 

Mean 0.18 -0.49 0.55 -0.70 0.54 0.30 0.84 0.69 

-1 SD -0.39 -0.41 -0.39 -0.61 -0.23 0.92 0.68 1.06 

-2SD -0.97 -0.33 -1.34 -0.51 -1.00 1.55 0.51 1.42 
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Figure D-2: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the second principal component with variation in the first metacarpal 

articular tilt angle. 

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal articular tilt angle increased, the first 

metacarpal translated in the volar-ulnar direction. 
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Figure D-3: Contribution of the anatomical features in the first three principal 

components (PCs) when the specimens were loaded in the dorsal direction. 

 

 

Table D-2: Variation of the first metacarpal torsion angle in the first principal 

component (PC1) and first metacarpal articular tilt angle in the second and third 

principal components (PC2 and PC3) when the joint was loaded in the dorsal 

direction. 

 First metacarpal 

torsion angle (°) 

First metacarpal  

articular tilt angle (°) 

 PC1 PC2 PC3 

+2 SD 21.67 9.47 5.18 

+1 SD 15.60 6.07 3.92 

Mean 9.54 2.67 2.67 

-1 SD 3.47 -0.74 1.41 

-2SD -2.60 -4.14 0.15 
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Table D-3: Variations in the translations of the first CMC joint observed in the first 

three principal components caused by the external load in the dorsal direction with the 

presence of disruption in the AOL, IML, UCL and DRL. 

  AOL UCL IML DRL 

 (mm) DV RU DV RU DV RU DV RU 

P
C

1
 

+2 SD -0.44 0.25 -0.56 0.47 -2.67 -1.14 -4.31 -1.26 

+1 SD -0.33 0.23 -0.53 0.30 -2.04 -0.96 -3.37 -1.19 

Mean -0.22 0.20 -0.50 0.13 -1.41 -0.78 -2.43 -1.12 

-1 SD -0.10 0.17 -0.47 -0.04 -0.78 -0.59 -1.49 -1.05 

-2SD 0.01 0.15 -0.45 -0.22 -0.15 -0.41 -0.55 -0.98 

P
C

2
 

+2 SD -0.89 0.38 -2.22 -0.34 -3.54 -0.63 -6.23 -1.74 

+1 SD -0.55 0.29 -1.36 -0.11 -2.48 -0.70 -4.33 -1.43 

Mean -0.22 0.20 -0.50 0.13 -1.41 -0.78 -2.43 -1.12 

-1 SD 0.12 0.11 0.36 0.36 -0.35 -0.85 -0.53 -0.81 

-2SD 0.45 0.03 1.21 0.59 0.72 -0.92 1.37 -0.50 

P
C

3
 

+2 SD -0.54 0.60 -0.10 1.34 0.04 1.31 0.62 1.95 

+1 SD -0.38 0.40 -0.30 0.73 -0.69 0.26 -0.91 0.42 

Mean -0.22 0.20 -0.50 0.13 -1.41 -0.78 -2.43 -1.12 

-1 SD -0.05 0.00 -0.70 -0.48 -2.14 -1.82 -3.95 -2.66 

-2SD 0.11 -0.20 -0.90 -1.09 -2.86 -2.86 -5.48 -4.19 
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Figure D-4: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the first principal component with variation in the first metacarpal torsion 

angle.  

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal torsion increased, the first metacarpal 

translated in the dorsal-ulnar direction. 
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Figure D-5:  Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the third principal component with variation in the first metacarpal articular 

tilt angle.  

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal articular tilt angle increased, the first 

metacarpal translated in the radial direction. 
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Figure D-6: Contribution of the anatomical features in the first three principal 

components (PCs) when the specimens were loaded in the radial direction.   
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Table D-4: Variations in the translations of the first CMC joint observed in the first-

three principal components caused by the external load in the radial direction with the 

presence of disruption in the AOL, IML, UCL and DRL. 

  AOL UCL IML DRL 

 (mm) DV RU DV RU DV RU DV RU 

P
C

1
 

+2 SD 0.29 -0.99 0.07 0.18 0.25 0.63 0.82 -1.25 

+1 SD -0.02 -0.52 -0.04 0.27 0.38 1.02 1.08 0.11 

Mean -0.34 -0.06 -0.15 0.36 0.51 1.42 1.33 1.46 

-1 SD -0.65 0.41 -0.26 0.44 0.64 1.81 1.58 2.81 

-2SD -0.97 0.88 -0.37 0.53 0.78 2.20 1.84 4.16 

P
C

2
 

+2 SD -0.66 -0.53 -0.59 0.37 -0.61 0.74 0.84 -0.83 

+1 SD -0.50 -0.29 -0.37 0.37 -0.05 1.08 1.09 0.32 

Mean -0.34 -0.06 -0.15 0.36 0.51 1.42 1.33 1.46 

-1 SD -0.18 0.18 0.07 0.35 1.08 1.76 1.57 2.60 

-2SD -0.02 0.41 0.29 0.34 1.64 2.10 1.82 3.74 

P
C

3
 

+2 SD 0.26 0.53 1.35 0.90 2.76 4.04 1.84 4.27 

+1 SD -0.04 0.24 0.60 0.63 1.64 2.73 1.58 2.87 

Mean -0.34 -0.06 -0.15 0.36 0.51 1.42 1.33 1.46 

-1 SD -0.64 -0.35 -0.90 0.08 -0.61 0.11 1.07 0.05 

-2SD -0.94 -0.64 -1.65 -0.19 -1.73 -1.21 0.82 -1.36 
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Figure D-7: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the first principal component with variation in the first metacarpal torsion 

angle.  

At + two standard deviations, as the first metacarpal torsion angle increased, the first 

metacarpal translated in the volar-ulnar direction when the AOL and DRL were 

resected. 
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Figure D-8: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the second principal component with variation in the first metacarpal 

articular tilt angle. 

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal articular tilt angle increased, the first 

metacarpal translated in the dorsal direction when the AOL, UCL and IML were 

resected. 
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Figure D-9: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the third principal component with variation in the first metacarpal articular 

tilt angle. 

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal articular tilt angle increased, the first 

metacarpal translated in the volar-radial direction. 
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Figure D-10: Contribution of the anatomical features in the first three principal 

components (PCs) when the specimens were loaded in the ulnar direction. 
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Table D-5: Variations in the translations of the first CMC joint observed in the first-

three principal components caused by the external load in the ulnar direction with the 

presence of disruption in the AOL, IML, UCL and DRL. 

  AOL UCL IML DRL 

 (mm) DV RU DV RU DV RU DV RU 

P
C

1
 

+2 SD 0.27 -1.20 0.88 -2.94 0.05 0.47 -0.41 1.12 

+1 SD 0.28 -0.76 0.64 -2.13 0.07 -0.58 -0.23 -0.44 

Mean 0.29 -0.31 0.40 -1.33 0.09 -1.63 -0.06 -1.99 

-1 SD 0.30 0.13 0.16 -0.52 0.10 -2.68 0.11 -3.54 

-2SD 0.30 0.58 -0.08 0.28 0.12 -3.73 0.28 -5.10 

P
C

2
 

+2 SD 0.86 -0.11 1.06 -2.70 0.99 -0.61 0.91 -0.59 

+1 SD 0.57 -0.21 0.73 -2.01 0.54 -1.12 0.42 -1.29 

Mean 0.29 -0.31 0.40 -1.33 0.09 -1.63 -0.06 -1.99 

-1 SD 0.00 -0.41 0.07 -0.64 -0.37 -2.14 -0.55 -2.69 

-2SD -0.28 -0.51 -0.26 0.05 -0.82 -2.66 -1.03 -3.39 

P
C

3
 

+2 SD 0.62 -1.04 1.07 -3.61 1.36 -3.61 1.12 -2.59 

+1 SD 0.45 -0.68 0.73 -2.47 0.73 -2.62 0.53 -2.29 

Mean 0.29 -0.31 0.40 -1.33 0.09 -1.63 -0.06 -1.99 

-1 SD 0.12 0.05 0.06 -0.19 -0.55 -0.64 -0.65 -1.69 

-2SD -0.04 0.42 -0.27 0.95 -1.19 0.34 -1.24 -1.39 
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Figure D-11: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the first principal component when the first metacarpal torsion angle varied 

(± two standard deviation).  

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal articular tilt angle increased, the first 

metacarpal showed large subluxation after the resection of UCL. 
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Figure D-12: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the second principal component with variation in the first metacarpal 

articular tilt angle.  

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the first metacarpal articular tilt angle increased, the first 

metacarpal showed large subluxation after the resection of UCL. 
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Figure D-13: Translations (mean and at ± two standard deviation) of the first CMC joint 

obtained in the third principal component with variation in the trapezium width and 

length.  

The origin represents the condition of the first metacarpal for the intact state. At + two 

standard deviations, as the width and length increased, the first CMC joint translated in 

the volar-ulnar direction. 
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